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Abstract

Background Mesenchymal stem cells (MSCs) are widely used in a variety of tissue regeneration and clinical trials
due to their multiple differentiation potency. However, it remains challenging to maintain their replicative capabil-
ity during in vitro passaging while preventing their premature cellular senescence. Forkhead Box P1 (FOXP1), a FOX
family transcription factor, has been revealed to regulate MSC cell fate commitment and self-renewal capacity in our
previous study.

Methods Mass spectra analysis was performed to identify acetylation sites in FOXP1 protein. Single and double
knockout mice of FOXP1 and HDACY were generated and analyzed with bone marrow MSCs properties. Gene
engineering in human embryonic stem cell (hESC)-derived MSCs was obtained to evaluate the impact of FOXP1 key
modification on MSC self-renewal potency.

Results FOXP1 is deacetylated and potentiated by histone deacetylase 7 (HDAC?) in MSCs. FOXP1 and HDAC7
cooperatively sustain bone marrow MSC self-renewal potency while attenuating their cellular senescence. A mutation
within human FOXP1 at acetylation site (T176G) homologous to murine FOXP1 T172G profoundly augmented MSC
expansion capacity during early passages.

Conclusion These findings reveal a heretofore unanticipated mechanism by which deacetylation of FOXP1 potenti-
ates self-renewal of MSC and protects them from cellular senescence. Acetylation of FOXP1 residue T172 as a criti-
cal modification underlying MSC proliferative capacity. We suggest that in vivo gene editing of FOXP1 may provide

a novel avenue for manipulating MSC capability during large-scale expansion in clinical trials.
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Introduction

Bone marrow mesenchymal stem cells (BM MSCs) con-
stitute a specific stem cell population that accounts for
bone regeneration and homeostasis. As initially char-
acterized by Friedenstein (1974), BM MSCs have the
capacity of self-renewal and tri-lineage differentiation
that can give rise to osteoblasts, chondrocytes, and adi-
pocytes. During development, MSCs, preferentially des-
ignated as skeletal stem cells (SSCs), were identified in
growth plates and within the periosteum of developing
bone [1-5]. MSCs also are the primary stem cells within
the perivascular vicinity of adult BM—a tissue that can
be specifically targeted by PrxI-Cre [6]. In addition,
MSCs possess stromal immunomodulatory capacities
that allow them to inhibit proliferation and function of
several major categories of hematopoietic cells; thus, pro-
viding cell sources for tissue regeneration and immune
therapies [7-9].

These in vitro self-renewal and expansion properties
of MSCs conversely correlate with cellular senescence—
a state of durable and irreversible growth arrest [10].
Alterations of oxidative stress and epigenetic modifica-
tions, which also drive cellular senescence in stem cells,
are partially controlled by SIRT1/FOXO transcriptional
pathways [11, 12]. For example, inhibition of SIRT1, a
Class III histone deacetylase (HDAC), deteriorates the
self-renewal and differentiation capacities of BM MSCs
[13-15]. Several additional SIRT family proteins have
similar functions in protecting MSCs from senescence.
SIRT6 safeguards human MSCs from oxidative stress-
induced senescence by coactivating NRF2, an essential
transcription factor that regulates an array of detoxifying
and antioxidant defense genes in the liver [16]. SIRT3, on
the other hand, enhances MSC longevity and differen-
tiation capacity against oxidative stress [17—19], whereas
SIRT7 acts to protect human stem cells from aging by
stabilizing their heterochromatin [20].

SIRT1 deacetylates Forkhead Box O3 (FOXO3), a cru-
cial transcriptional effector of insulin/insulin-like growth
factor (IGF)/SIRT signaling with anti-aging potency [21,
22], in response to oxidative stress [11]. FOXO fam-
ily proteins also are deacetylated and activated by Class
IITa HDACs (HDAC4, 5 and 7) in regulating glucose
homeostasis [23]. Therefore, tipping FOXO-depend-
ent responses away from apoptosis and toward stress
resistance is a promising strategy for promoting MSC
self-renewal and for increasing organism longevity. For
instance, phosphorylated sites engineered FOXO3 into
human MSCs enhance their stress resistance, attenu-
ate cellular senescence, and promote cardiac repair after
myocardial infarction [24, 25].

FOXO-induced apoptosis is regulated via a negative
feedback loop by Forkhead Box P1 (FOXP1) [26]. The
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FOXP1 transcription factor also controls self-renewal
potency and quiescence in multiple stem cell lineages,
including embryonic stem cells [27], hematopoietic stem
cells [28, 29], hair follicle and mammary stem cells [30,
31], neural stem cells [32] and lung epithelial stem cells
[33]. Our previous studies revealed an age-dependent
role for FOXP1 in maintaining MSC self-renewal potency
through direct transcriptional repression of p16, a tumor
suppressor which plays an important role in cell cycle
regulation [34].

In contrast to the extensive body of study directed
toward FOXP1 transcription and function (recently
reviewed by [35]), its protein modification and the effects
thereof are largely unknown. In this report, we show that
FOXP1 is deacetylated and stabilized by HDAC?7 to pro-
mote self-renewal of BM MSCs. A single deacetylation
event at FOXP1 residue T172 site within its glutamine-
rich domain (amino acids 140-261) is key in manipu-
lating MSC replicative capacity. Our findings reveal a
potential site for FOXP1 protein which could be engi-
neered in vivo to increase MSCs expansion capacity.

Materials and methods
Mouse models
Foxp ™" [36] and PrxI-Cre [37] mice were generated as
described elsewhere. The genetic backgrounds of all mice
were C57BL/6N. Mice were bred in pathogen-free condi-
tions with standard rodent chow food (Nanjing Xietong,
# 1,010,009). Male mice were used in the experiments
unless otherwise indicated. The experiments were not
randomized, and the investigators were not blinded to
allocation during experiments or outcome assessments.
The housing temperature of cages was 20~22 °C, cou-
pled with 12-h light (07:00-19:00 h) and 12-h dark cycles
(19:00-07:00 h). Mice were anesthetized unconsciously
by CO,, captured with image by cameras (Canon,
DS126231), and decapped before harvesting of tissues.
All animal experiments were performed according to
the guidelines (SYXK 2011-0112) and received ethical
approval from committee of Bio-X Institutes of Shanghai
Jiao Tong University.

All the reporting of animal experiments adheres to the
ARRIVE guidelines.

Plasmids and retroviral packaging

For expression plasmids, c¢cDNA of FOXP1 and
FOXP1"726 was cloned into the pcDNA3.0-His vec-
tor, and HDAC7 ¢cDNA was cloned into the pcDNA3.0-
Flag vector. For retroviral plasmids, FOXP1 and HDAC?7
cDNA were cloned into pMSCV-puro vector. To pack-
age retrovirus, pMSCV-FOXP1-puro, pMSCV-HDAC?7-
puro, and pMSCV-GFP-puro were co-transfected with
Gag-Pol and VSV-G into HEK293T cells using Lipo 8000



Ling et al. Stem Cell Research & Therapy ~ (2023) 14:188

(Beyotime). After 48 h, culture supernatants were col-
lected and used for hMSCs infection. Stable transfor-
mants of hMSCs were selected with 2 pg/mL puromycin.
Then, western blot and qPCR were used to detect the
expression of FOXP1 and HDAC?7.

Generation of HDAC7.* mice by CRISPR/Cas9

A 142 bp-fragment was deleted in HDAC? exon 2 down-
stream of ATG, resulting premature stop of protein
translation. A chemically modifying sgRNA (TGCCCT
CCAGCCAGACACACC) (Genscript) for HDAC7 was
synthesized, and spCas9 protein was purchased from
NovoProtein (# E365-01A). The generation of HDAC7-
deficient mice by CRISPR/Cas9 was performed as a
protocol previously described [38]. Briefly, the zygotes
of mouse embryos were isolated from the oviduct at 0.5
d post-coitum (dpc) and washed clean of cumulus cells.
The 50 pl RNP mixture of sgRNA (25-50 ng/ul) and
spCas9 protein (50-100 ng/pl) was introduced into mouse
zygotes by microinjection. Founder mice (C57BL/6N X
ICR) were genotyped by PCR amplification and crossed
with C57BL/6N mice to generate N; germline mice. The
N, mice were genotyped by PCR and backcrossed with
C57BL/6N mice for at least 4 generations prior to strain
expansion. The genotyping primers of all mice are listed
in Additional file 1: Table s1.

Human ESC and MSC cells and cell culture
Mouse MSCs were extracted from bone marrow and
expanded using a mouse MesenCult Proliferation Kit
(STEMCELL Technologies) according to the manufac-
turer’s protocols. Briefly, mouse bone marrow cells from
tibias and femurs were flushed out with 2 ml DMEM plus
10% FBS. Nucleated cells were counted using methylene
blue dissolved in 3% acetic acid (STEMCELL Technolo-
gies). Cell lines 293 T and C3H10T1/2 (obtained from
ATCC) were cultured in DMEM with 10% FBS. Diffuse
Large B-Cell Lymphomas (DLBCLs) were the kind gift of
Dr. Louis Staudt (Center for Cancer Research, National
Cancer Institute, Bethesda MD. USA). hMSCs (UMSC
10.2.2) were established from human amnion and con-
tributed by Prof. Lianju Qin in the First Affiliated Hospi-
tal of Nanjing Medical University. The stem cell identity,
genetic safety, biological safety, toxicology, tumorigenic-
ity, pluripotency, biological activity, and safe dose were
completely assessed and all tested items were up to
standard. The hMSCs were cultured with a-MEM plus
10% FBS and 1% Glutamine during lentiviral transfection.
A human ESC cell line CCRM-hESC-22 was gener-
ated as described previously [39] and contributed by
Prof. Lianju Qin in the First Affiliated Hospital of Nanjing
Medical University. For gene editing in this study, hESCs
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were cultured with PGM1 medium (Cellapy) as previ-
ously described [40].

The detailed procedures of generation of FOXP
hESCs and directed differentiation into hMSCs are
described in Additional file 1: Materials and Methods.

Ji T176G

Evaluation of tri-lineage differentiation of MSCs,
and generation of FOXP171766 hESCs

Cells were differentiated toward osteoblasts, chondro-
cytes, and adipocytes as indicated in Additional file 1:
Materials and Methods.

UCT analysis

Femurs were dissected from mice and kept in 70% etha-
nol at 4 °C, prior to fixation in 4% PFA for 24 h. uCT scan-
ning of bone was performed on a SkyScan 1176 (Bruker).
A 3D model was reconstructed, and structural indices
were calculated using CTAn software. ROIs (regions of
interest) were selected 5 mm below bone growth plates.

Co-IP

For in vitro coimmunoprecipitation (Co-IP), His, Flag, or
Myc-tagged proteins were produced in 293 T cells trans-
fected by Lipo 8000 with the corresponding plasmids. For
in vitro co-IP, His- or FLAG-tagged proteins were pro-
duced in HEK293T cells transfected with corresponding
plasmids. For in vivo co-IP, BM MSCs or DLBCLS were
isolated and cultured from adult wild-type mice or from
established lines obtained from human donors. Total cell
lysates were incubated overnight at 4 °C with antibodies
(described below) or normal IgG (Santa Cruz Biotech-
nology Inc., sc-2027) as control. Protein complexes were
precleared with Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology Inc., sc-2003), washed several times, then
boiled and analyzed by western blotting.

Mass spectra analysis

For mass spectrum analysis, FOXP1 was over-expressed
in HEK293T cells; 48 h later, the cells were treated with
NP40 lysis buffer. Then, total cell lysates were incubated
overnight at 4 °C with anti-His. Protein complexes were
precleared with Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology Inc., sc-2003), washed several times and
boiled. Proteins were fractionated on SDS-PAGE and
then Western blotted with anti-FOXP1 antisera. The
peptides then were analyzed with an EASY-nL 1200 sys-
tem coupled with a Q Exactive plus mass spectrometer
(Thermo Scientific, Bremen, Germany), as described in
supplemental information with details. The raw MS data
of FOXP1 protein modifications were deposited in Pep-
tideAtlas (dataset Identifier: PASS03792). The detailed
procedures of mass spectra analysis are described in
Additional file 1: Materials and Methods.
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Western blotting

Cells were lysed by T-PER lysis buffer (Thermo Scien-
tific) for 15 min in 4°C. Protein samples were separated
by SDS-PAGE, transferred to Immobilon-PVDF mem-
brane (Millipore), blocked by 5% non-fat milk (Sangon),
and incubated with primary antibodies against FOXP1
(Millipore, ABE68, 1:1000), His-tag (Transgen, HT501-
01, 1:1000), Flag (Earth OX, E022060-02, 1:1000),
HDAC7 (ABclonal, A13008, 1:1000), Acetyl lysine
(PTM Bio, PTM-101, 1:1000), GFP (Transgen, HT801-
01, 1:1000), Actin (Transgen, HC201-01, 1:1000) at 4°C
overnight. Proteins were visualized using horserad-
ish peroxidase—conjugated (HRP-conjugated) second-
ary antibody and chemiluminescent HRP substrate
(Share-bio).

Immunofluorescence

Cultured MSCs or 293 T cell lines were fixed in 4% PFA
for 15 min at room temperature (RT). Cells were blocked
with 5% normal goat serum at RT for 1 h, cells were
then incubated with antibodies against y-H2AX(Gene
Tex, GTX11174, 1:200), LAP2 (BD, 611,000, 1:200), His
(Transgen, HT501-01, 1:200), Flag (Earth OX, E022060-
02, 1:1000), followed by the incubation with Alexa Fluor
488- or Alexa Fluor 594-conjugated secondary antibod-
ies. The white field or fluorescence images were acquired
with resolution more than 800dpi through microscopes
DMI3000B (Leica), ECLIPSE 80i (Nikon) and Microsys-
tems CMS GmhH (Leica). Images analyzed by Adobe
Photoshop 2020 with average resolution more than
500dpi.

Luciferase reporter assay

Luciferase assays were performed in C3H10T1/2 cell
lines. The pI16-Luc and RBPjx-Luc reporter plasmids
have been described [34]. Luciferase and expression
plasmids of FOXP1 or HDAC7 were co-transfected into
C3H10T1/2 cell lines. Cells were transfected using Lipo
8000 (Beyotime) in 24-well plates. The transfection
amount of each plasmid was 200 pg, and the total amount
of plasmid DNA was balanced among each transfection
with pcDNA3.0 vector where necessary. After 48 h, dual
luciferase assay was performed according to the manu-
facturer’s protocols (Vazyme).

Senescence-associated beta-galactosidase (SA-Bgal)
staining

SA-B-gal staining assay was performed according to the
manufacturer’s protocols (Beyotime). Briefly, cells were
fixed for 10 min at RT and then stained overnight at 37°C.
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The percentages of SA-B-gal positive cells were quanti-
fied microscopically.

gPCR
Total RNA was extracted with Trizol (Vazyme). Reverse
transcriptase was used for cDNA generation by employ-
ing the Hiscript III reverse transcription system
(Vazyme). RT-qPCR was performed on a real-time PCR
system (Roche 480) using SYBR Green (Vazyme). The
primer sequences are listed in Additional file 1: Table s1.

Statistical analysis
All data are presented as mean+SEM. Two-tailed Stu-
dent’s t tests were employed for comparisons between
two groups, and two-way ANOVA was used for multiple
group comparisons. *, P<0.05; **, P<0.01; ***, P<0.001;
ns, not significant.

Results
Multiple acetylation and deacetylation of FOXP1 by HDAC7
At least four FOXP1 isoforms have been identified in var-
ious vertebrate tissues. To investigate their potential pro-
tein acetylation, one of these (isoform 2; 673aa; GenBank:
AAH64764.1) was pulled down in primary human mes-
enchymal stem cells (hMSCs) by immunoprecipitation
(IP) with anti-FOXP1 antibody. We observed that FOXP1
protein was extensively acetylated as detected with an
anti-Pan Acetyl-Lysine antibody (Fig. 1a). Next, His-
tagged, full-length FOXP1 protein was harvested from
293 T cells following transfection with a pcDNA-FOXP1-
His plasmid. Mass spectrum analysis revealed numerous
acetylation sites within key FOXP1 domains, including its
glutamine-rich domain (QR, amino acids 140-261), its
zinc finger (ZF, residues 302—327), its leucine zipper (LZ,
341-369) and its Foxhead DNA binding domain (Fkh,
461-555). These domains are highly conserved in FOXP
(1-4) family proteins (Additional file 1: Fig. Sla). Sin-
gly acetylated residues include K10, T172, T273, R370,
T386, T404, T423, R434, R461, K517, and T531 (Fig. 1b,
¢; Additional file 1: Fig. S1b). Of note, several sites were
detected with dual modification of phosphorylation/
acetylation or ubiquitination/acetylation, including K166,
T232, T236, T240, T250, T253, K305, K438 and K480.
The 18 human Histone Deacetylases (HDACs) are
divided into shared homology groups, including Class I
(HDAC1-3 and 8), Class II (HDAC4, 5-7, 9 and 10), Class
III (SIRT1-7), and Class IV (HDAC11) [41]. We cloned
the cDNA encoding each of these HDACs into pcDNA
expression vectors tagged with either FLAG- or His-tags
at their C-termini. To identify which of these HDACs are
specific modifiers of FOXP1, Co-IP was performed in
293 T cells co-transfected with pcDNA-FOXP1-His and
pcDNA-HDAC-FLAG expression plasmids. As shown
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Fig. 1 Deacetylation of FOXP1 by HDAC7.a FOXP1 protein was enriched by immunoprecipitation (IP) from mesenchymal cells of human
mesenchymal stem cells (MSCs) and was detected for acetylation by western blot with anti-Pan Acetyl-Lysine antibody (Ab). b A pcDNA-FOXP1-His
plasmid was expressed in 293 T cells and FOXP1 was harvested via IP with anti-His Ab. Extensive acetylation was identified by mass spectrum
analysis. ¢ Mass spectral characterization of murine FOXP1 protein acetylation at amino acid T172. d Co-IP detection of the in vitro interaction

of FOXP1 and HDAC7 in 293 T cells following their transfection with the indicated plasmids (representative of 3 independent experiments). e
Co-IP detection of the in vivo interaction of FOXP1 and HDACY in bone marrow (BM) MSCs (representative of 3 independent experiments). f
Immunostaining with anti-His (green) and anti-Flag (red) detects the co-localization of FOXP1 and HDAC? within perinuclear region of C3H10T1/2
cells transfected with the indicated plasmids. Bar, 25 um. g Deacetylation of FOXP1 by HDAC7 in 293 T cells. h Diagram depicting the expression
subregions of FOXP1 protein. FOXP1-N: FOXP1 protein N-terminal(1-302aa); FOXP1-M: middle part (302-369aa), including zinc finger (ZF)

and leucine zipper (LZ) domains; FOXP1-N/M: N-terminal and Middle part (1-369aa); FOXP1-C: C-terminal (369-673aa), containing the Forkhead
(Fkh) domain [FOXP1-C(Fkh)]. Blue lines indicated the potential interaction domain between FOXP1 and HDAC7 protein. i-l Co-IP detection

of the in vitro interaction of FOXP1-N/M and HDAC7-C in 293 T cells transfected with the indicated plasmids (representative of 3 independent

experiments)

in Fig. 1d and e, only HDAC?7 interacted specifically
with FOXP1, both in vitro and in vivo. Immunostain-
ing with anti-FLAG or anti-His Abs in C3H10T1/2 cells
co-transfected with FOXP1/HDAC7 expression plas-
mids identified the interaction within the perinuclear
region (Fig. 1f). HDAC?7 association also decreased the

acetylation level of FOXP1 in vitro, as evidenced by west-
ern blot with anti-Pan Acetyl-Lysine antibody in 293 T
cells (Fig. 1g), as well as by MS analysis (Additional file 1:
Fig. Slc).

To assist in identifying more precisely the HDAC7?
site, we divided murine FOXP1 into three sections:
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N-terminal (N; residues 1-301 which span the QRF
region), the middle residues (M, residues 302-369)
which include the zinc finger plus leucine zipper and the
C-terminal residues (Fkh, residues 370-673) which span
the Forkhead domain (Fig. 1h). We also divided murine
HDAC?7 into N-terminal (residues1-500) and the C-ter-
minal catalytic domain (residues 501-938). Co-IP per-
formed between each of the truncated domains revealed
the strongest FOXP1-HDAC? interaction to be within
the zinc finger/leucine zipper of FOXP1 and the C-termi-
nus of HDAC? (Fig. 1i-1).

Collectively these findings indicate that FOXP1 inter-
acts with and is specifically deacetylated by HDAC?7 in
mesenchymal cells.

HDAC?7 stabilizes FOXP1 from ubiquitination-mediated
degradation

To determine the functional consequence of HDAC7
modification and interaction with-FOXP1, we varied the
expression levels of HDAC?7 in transfected 293 T cells by
increasing the input concentration of pcDNA-HDAC7-
FLAG plasmid from O to 5 pg (Fig. 2a). In addition, we
measured FOXP1 expression levels over a post-transfec-
tion time course of 12—48 h (Fig. 2b) using inputs of 2ug
of pcDNA-FOXP1-His and pcDNA-HDAC7-FLAG. As
shown in Fig. 2a and b, FOXP1 protein levels increased
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in the presence of HDAC7 in dose- and time-dependent
manners.

Next 293 T cell cultures transfected with and express-
ing tagged FOXP1 were treated for 24 h with cyclohex-
imide (CHX, an established inhibitor of protein
synthesis), or with Chloroquine (an inhibitor of lyso-
somal activity), or with Bafilomycin Al (an inhibitor of
autophagy) or with MG132 (a proteasome inhibitor). As
shown in Fig. 2c, only MG132 treatment was capable
of increasing FOXP1 protein levels. FOXP1 levels were
stabilized following 24-h exposure to MG132 (10 pM)
to a similar extent as that of transfection with HDAC7
(Fig. 2d; compare lanes 2 and 5). Yet the function of
HDAC? in stabilization of FOXP1 could be reversed by
a 48-h exposure to 40 nM trichostatin A (TSA), an inhib-
itor of HDAC (Fig. 2d, Lanes 4 and 5). In addition, the
presence of HDAC7 markedly diminished the gross ubiq-
uitination level of FOXP1, and in particular, the polyubiq-
uitination modifications (Fig. 2e). Meanwhile, exposure
to HDAC7 enhanced FOXP1 accumulation in both the
nucleus and the cytoplasm (Fig. 2f). The classical cellular
senescence marker, p16, was previously reported to be a
direct readout of FOXP1 transactivation activity in MSCs
[34]. A luciferase reporter assay (detailed in Materials
and Methods) confirmed that HDAC7 also enhanced the
repressive activity of FOXP1 (Fig. 2g).
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E
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| — —— ——— I Anti-B actin

g
FOXP1-EGFP +  + .
HDACT = : ns [ Basal
Nuclear Ehs; EGFP 125kD w0y 1 = Foxp1
rotein -
P - |B: H3 17kD 2F L — W HOACT
E .2_ Il FOXP1+HDAC7
Cytoplasm === ||B: EGFP 125kD &8
= @ 40-
[ i8: p-actin 424D R
é g 20
1B: EGFP 125kD 23
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Fig. 2 HDACY facilitates FOXP1 protein stabilization. a The expression of FOXP1 protein increased as the dosage of HDAC? increased. Different
levels (0, 1 pug and 2 pg) of HDAC7 and FOXP1 (1 ug) expression plasmids were transfected into 293 T cells and then analyzed 24 h later. 3-actin
levels served as loading control here and in subsequent sub-figures. b The expression of FOXP1 increased following harvesting from 293 T cells
post-transfection at the indicated times (12, 24, 36, 48 h) with the indicated plasmids (2 pg). ¢ FOXP1 expression assessed in 293 T cells that were
treated for 12 h with either Cycloheximide (CHX, an inhibitor of protein synthesis, 10 pg/ml), or Chloroquine (an inhibitor of lysosomal activity,
50 uM), or Bafilomycin A1 (an inhibitor of autophagy, 100 uM) and with MG132 (a proteasome inhibitor, 10 pM). d Stabilization of FOXP1 by HDAC7
is sensitive to HDAC inhibitor TSA. 293 T cells transfected with the indicated plasmids were treated with 40 nM TSA for 48 h, or 10 uM MG132

for 24 h prior harvesting of FOXP1 via its His tag. FOXP1 acetylation was assessed simultaneously (as described in the legend for Fig. 1). e HDAC7
reduces FOXP1 ubiquitination levels in 293 T cells transfected with the plasmids indicated on the figure. f HDACY facilitates FOXP1 accumulation
both within the nucleus and the cytoplasm of 293 T cells transfected with the indicated plasmids. g Luciferase reporter assays demonstrate

that FOXP1 transcriptional repression of p16 is enhanced by HDAC7. C3H/10T1/2 cells were co-transfected with p16-Luc, FOXP1-His, and/

or HDAC7-Flag. Reporter activity is presented as relative luciferase units (RLU). Data shown are representative of 3 independent experiments). ¥,

P<0.05; **, P<0.01;*** P<0.001; ns, non-significant
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Taken together, these data demonstrate that HDAC7?
facilitates FOXP1 stabilization and activates its function,
possibly by protecting it from proteasome-dependent
degradation.

Deletion of FOXP1/HDAC?7 in MSCs exacerbates bone loss
FOXP1 controls cell differentiation and self-renewal
of MSCs in an age-dependent manner [34]. To test the
effect of HDAC7 on FOXP1 in MSC self-renewal and dif-
ferentiation, we inactivated both of them in BM MSCs
by crossing a floxed (fl) allele, Foxp ™", with Prxi-Cre
and HDAC7*'~ C57BL/6N mice. The conditional Fox"/!
allele was floxed within Foxhead domain [36]. The Prx1I-
Cre transgenic mice could express Cre activity specially
targeted MSCs within perivascular region of bone mar-
row [37]. Prxi1-Cre;Foxp " conditional Knockout (cKO)
mice were hereafter designated as Foxp1p,, .

HDAC7''~ mice were generated by CRISPR/Cas9,
which was primed by a sgRNA aligning just upstream of
the translation start site at Exon 2 of HDAC?7 (Additional
file 1: Fig. S2a). In HDAC7+'~ mice, a genomic fragment
containing the ATG codon in Exon 2 was deleted, leading
to an out-of-frame codon and to premature termination
of HDACY? translation, which mimic the strategy as pre-
viously described [42]. The knockout efficiency was evi-
denced by extensive down-regulation of HDAC7 mRNA
and protein (Additional file 1: Fig. S2b, c).

These single and double KO mice showed no varia-
tion in size, weight nor growth as compared to Foxp "/
controls (Fig. 3a, Additional file 1: Fig. S2d and data not
shown). qPCR and western blot analyses confirmed effi-
cient depletion of Foxpl and HDAC?7 expression (Fig. 3b
and c).

Next, we analyzed each single and double cKO mouse
for both trabecular and cortical bone parameters using
microcomputer tomography (uCT). As shown in Fig. 3d
and e, a significant loss of trabecular bone mass was
detected in both Foxplp, ,** and HDAC7"'~ mice at
3 months of age, as evidenced by a decline in trabecular
bone mineral density (Tb. BMD), bone volume/total vol-
ume (Tb. BV/TV), bone thickness (Tb. Th) and trabecu-
lar bone number (Tb. N) as well as by a modest increase
in trabecular bone space (Tb. sp). Of note, the trabecular
bone loss was exacerbated for each of these parameters
in double cKO (Foxp1,,,,~; HDAC7*) mice. By contrast,
no evident defect was observed in these properties within
cortical bones of single and double cKO mice (Fig. 3f).

These findings indicate that FOXP1 and HDAC?7 pro-
vide an additive role in bone mass maintenance.
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FOXP1/HDAC7 deficiency perturbs differentiation

and self-renewal potency of MSCs

Bone mass accrual primarily stems from MSC expansion
and osteogenic differentiation. Therefore, we first exam-
ined the differentiation capacity of MSCs, flushed from
BM of single and double cKO mice and induced to dif-
ferentiate in vitro. Within 14 to 21 days post-osteogenic
induction, alkaline phosphate (ALP) and alizarin red
(ARS) staining showed a relative decrease in osteogenic
differentiation of MSCs from Foxplp, ,** mice (Addi-
tional file 1: Fig. S3a and b, left panels). These results were
in line with what we observed previously [34]. HDAC7
was previously shown to act as a co-repressor of Runx2
during osteoblast differentiation [43]. Parallel with those
findings, we observed a marked augmentation of the
osteogenic capacity of MSCs from HDAC7"'~ and double
cKO mice as compared to controls (Additional file 1: Fig.
S3a and b). This change in MSC differentiation potency
was validated by parallel alterations of osteoblast-specific
Runx2 transcripts as well as those of Alp, Collal and
Osterix. Of note, HDAC7 deficiency appeared to have no
significant effect on osteoblast maturation, as revealed by
only modest alterations in expression levels of the typical
osteocyte markers, SOST and DMPI (Additional file 1:
Fig. S3a and b, right panels). The adipogenic potency of
MSCs also was increased in HDAC7'~ and double KO
mice as compared to controls (Additional file 1: Fig. S3c).
But their chondrogenic potency was barely altered (Addi-
tional file 1: Fig. S3d).

We conclude from these experiments that deficiency of
both FOXP1 and HDAC7 enhances early osteogenic dif-
ferentiation of MSCs, but have little effect upon osteo-
blast maturation and osteocyte formation.

Most importantly, however, the self-renewal capacity
of MSCs was additively impaired upon loss of FOXP1
and HDAC?, as evidenced by loss of colony-forming unit
fibroblasts (CFU-F) (Fig. 3g). In agreement with these
data, in vitro expansion of MSCs was arrested within
each single or double cKO mice compared to controls as
measured by their rates of population doubling (Fig. 4a).

To address the mechanism of proliferative loss, senes-
cence-associated [-galactosidase (SA-P-gal) staining
was performed on MSCs at passage 5 (P5) of cultures.
As shown in Fig. 5b, this hypothesis was validated, as
premature senescence of MSCs from double KO mice
was enhanced. This conclusion was corroborated by the
observed increase in p16 expression (Fig. 4b, e), by the
relative decrease in the frequency of lamina-associated
polypeptide 2 (LAP2)-positive cells (Fig. 4c, e), and by
the increased numbers of yH2AX-positive cells—both
canonical markers of DNA damage in senescent cells
(Fig. 4d).
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Fig. 3 Knockout of FOXP1/HDACT exacerbates bone mass loss. a Representative dorsal view of 3-month-old Foxp 1™, Foxp1,,,,*%, HDAC7*~and Fox
P p™AHDAC7~ double KO mice. b Western blot detection of FOXP1 and HDAC7 within BM MSCs of mice at 3 months of age. ¢ gPCR validation

of mRNA level of FOXP1 and HDAC7 in MSCs from mice at 3 months of age.

Data shown are representative of 3 independent assays. d 3D view

of cortical and trabecular bone structure by uCT analysis of femur bones of mice at 3 months of age. e-f Quantification of cortical and trabecular
bone properties by uCT analysis (n=6). Abbreviations: BV/TV, bone volume/tissue volume; BMD, bone mineral density; Tb. N., trabecular bone

number; Tb. Sp,, trabecular bone spacing; Tb. Th., trabecular bone thickness;

BS, bone surface; Cb. Th.,, cortical bone thickness. Two-tailed Student’s t

tests for comparisons between two groups. Each group consists of 9 mice of each phenotype. g Crystal purple staining of CFU-F colonies of MSCs
from 3-month-old mice (n=3) of the indicated genotypes.*, P<0.05; **, P<0.01; ***, P<0.001; ns, non-significant

Taking with the impact of FOXP1/HDAC?7 deficiency
on MSC differentiation and self-renewal, we suggest that
HDAC?7 cooperatives with FOXP1 and facilitates FOXP1
transcription during bone mass maintenance, possibly
through promotion of MSC self-renewal and prevention
of premature senescence.

Overexpression of FOXP1/HDAC7 in human MSCs
augments their replicative capacity

Given the necessity of both FOXP1 and HDAC?7 in MSC
self-renewal, we tested whether overexpression of FOXPI
and HDAC7 might attenuate senescence in human
MSCs. Primary human MSCs (hereafter termed hMSC)
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[44] were infected with retroviral pMSCV-FOXPI and/or
pMSCV-HDAC?. Overexpression efficiency was assessed
by qPCR and western blot (Additional file 1: Fig. S4a, b).
Of note, overexpression of HADC7 decreased the acety-
lation of FOXP1 as compared to controls (Additional
file 1: Fig. S4c). As judged by the population doubling
time of MSCs during in vitro passages, overexpression
of HDAC? had little effect on MSC replicative capac-
ity, whereas FOXPI overexpression clearly promoted
MSC expansion (Fig. 5a). Of note, dual overexpres-
sion of FOXPI and HDAC?7 had an additive effect on
MSC expansion capacity (Fig. 5a). For example, in pas-
sage 5 of MSC dual overexpressing cultures, significant
downregulation of the p16 and the p21 cell cycle inhibi-
tors were observed (Fig. 5b). Within the same passage,
these MSCs also showed reduction in SA-B-gal stain-
ing (Fig. 5¢), increased LAP2-positive cells and reduced
YH2AX-positive DNA damage percentages (Fig. 5d and
e). In addition, tri-lineage (osteogenic, chondrogenic and
adipogenic) differentiation assays revealed that overex-
pression of FOXP1 and HDAC7 promoted MSC osteo-
genic capacity while suppressing adipogenic potency to
a similar extent as that of single FOXPI overexpression
(Additional file 1: Fig. S4d, e). Of note, overexpression of
HDAC?7 and FOXPI had little impact on chondrogenic
differentiation, as revealed by Alcian blue staining and
qPCR analysis with chondrogenic markers (Additional
file 1: Fig. S4f).

These observations indicate that overexpression of
FOXP1 and HDAC? additively augments MSC replicative
capacity and attenuates their cellular senescence in vitro.

Deacetylation of FOXP1772 s crucial for self-renewal
potency of hMSCs
Given that deacetylation of FOXP1 by HDAC? is cru-
cial for MSC self-renewal potency, we set out to deter-
mine the FOXP1 residues crucial for this process. As
shown by our mass spectral (MS) analysis (Additional
file 1: Fig. S1b), an array of amino acids composed of
lysine and threonine was detected in acetylated clusters
within the conserved leucine zipper (LZ), zinc finger (ZF)
and forkhead (Fkh) domains. Recurrent variants within
these domains are frequently observed in cohorts of neu-
rodevelopmental disorders [45] as well as in cardiovas-
cular, immunologic and several cases of malignancy [35,
46, 47], highlighting the susceptibility to mutation within
these regions. Of note, there are two residues (T172 and
T273) within the N-terminal QRF region, which lie dis-
tant, both linearly and three dimensionally [48], from the
above “core conserved,” singly acetylated residues.

To address this issue, we constructed a FOXP1 cDNA
expression vector carrying either T'726 or T?73S point
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mutation. The effect of these substitution mutations
was then evaluated on FOXP1 transactivation ability
by employing luciferase reporters pi16-Luc and RBPjk-
Luc in C3H10T1/2 cells (Additional file 1: Fig. S5a, b).
FOXP1T7%6 catalyzed higher levels of p16-driven tran-
scription repression than did the FOXP1"2736, Both WT
and FOXP1"726 mildly alleviated repression of RBPjx-
driven transactivation.

To determine the consequences of FOXP1T1726 muta-
tion on FOXP1 acetylation, we transfected pcDNA-
FOXP1-T'72-His or pcDNA-FOXP1-T172%-His into 293 T
cells, harvested cell lysates via anti-His IP, and examined
pan-acetylation by western blotting. As shown in Fig. 6a
and b, FOXP171726 demonstrated significantly higher lev-
els of both gross acetylation and ubiquitination than did
FOXP1T'72, These results, when combined with those
of the MS and transcriptional analyses, confirmed that
T172 was a critical site for acetylation potency.

To evaluate the impact of these point mutations on
MSC self-renewal capacity, we generated an embryonic
stem cell (ESC) line that expressed the hFOXP17176¢
point mutant through CRISPR/Cas9 engineering of a
human ESC line (CCRM-hESC-22). Note that murine
FOXP1"'72 is equivalent to human FOXP177% due to
modest isoform variation between the two species (Addi-
tional file 1: Fig. S5c, d). As illustrated in Fig. 6¢c, hESC
cells were then transfected with episomal-Cas9n/donor
DNA, screened with puromycin for one week, diluted as
single cells/well, and selected with massive parallel PCR
genotyping to obtain an ESC colony of the "FOXP17176¢
point mutant (Fig. 6¢, d, Additional file 1: Fig. S5¢, d).
The hFOXP17175% ESC colony was further expanded and
directly induced to transdifferentiate into the MSC line-
age using a method previously described [25].

The self-renewal and replicative capacity of these
transduced MSCs were then assessed by colony form-
ing (CFU-F) and proliferation assays. As shown in Fig. 6e
and f), WFOXP1717%6 MSCs displayed higher expansion
capability in vitro as compared to control cells prior
to passage 10 (P10). In addition, #FOXPI1T!7°¢ MSCs
exhibited higher osteogenic and adipogenic potency at
P10 (Additional file 1: Fig. $6). However, hFOXP17175¢
MSCs underwent premature cellular senescence at pas-
sage 15 (P15), as evidenced by their higher expression of
cell cycle inhibitors (p16/p21/p27) and tumor suppres-
sor (p53/Rb)transcripts (Fig. 6g), their elevated SA-B-gal
staining (Fig. 6h) as well as their lower levels of LAP2-
positivity and higher percentages of yH2AX positivity as
compared to controls (Fig. 6i, j).

Collectively, these data demonstrate that a single point
mutation at T176 within an acetylation site of human
FOXP1 increased not only hMSC self-renewal potency
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but potentially led to precocious exhaustion of their rep-  histone deacetylase 7 (HDAC7). We employed an array

licative capacity. of biochemical and genetic approaches that revealed
that FOXP1 and HDAC7 cooperatively sustain bone
Discussion marrow (BM) self-renewal of mesenchymal stem cells

In this study, we showed that the FOXP1 transcription (MSCs) while diminishing their cellular senescence.
factor bears multiple acetylation sites within several of its For example, deacetylation of FOXP1 facilitated its sta-

functional domains which are subject to deacetylation by bilization, while potentiating MSC maintenance and
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protecting them from precocious senescence (Fig. 6k).
Either ablation or dual-overexpression of FOXP1 and
HDAC?7 demonstrated their additive role in MSC replica-
tive capability. Through genetic engineering, we created
transgenic human embryonic stem cell-derived MSCs
carrying a mutation within a conserved acetylation site
(residue T172 in mice or T176 in humans) which dramat-
ically augmented MSC expansion. These and additional
findings revealed a mechanism by which deacetylation of
FOXP1 controls MSC self-renewal and attenuates MSC
cellular senescence.

While this posttranslational mechanism was unantici-
pated for FOXP1, a highly conserved paralog, FOXP3,
also was reported to undergo HDAC7/9-mediated dea-
cetylation by SIRT1 in regulatory T cells [49, 50]. How-
ever, the functional consequences of FOXP3 acetylation/
deacetylation remain unclear.

The HDAC that regulates FOXP1 deacetylation may be
context-dependent. We screened 18 HDACs compris-
ing each of their homology classes to identify HDAC?
as the critical mediator for FOXP1 in MSCs. HDAC?
action was confirmed by co-IP both in vitro and in vivo.
However, we cannot exclude the potential involvement
of other HDACs in FOXP1 modification in other tissues.
For instance, FOXO3 is deacetylated either by SIRT1 in
T cells [11], but by several Class Ila HDACs in other cel-
lular contexts [23].

During the course of the acetylation studies, we also
observed that FOXP1 is ubiquitinated. We suggest that
the acetylation of FOXP1 may prime its ubiquitination.
MG132, a traditional ubiquitin-dependent degrada-
tion inhibitor, appeared to stabilize FOXP1 protein to
an extent comparable to that of HDAC7. Importantly,
deacetylation by HDAC7 was observed to particularly
disrupt FOXP1 polyubiquitination at several sites con-
ceivably to protect FOXP1 from proteasome-mediated
degradation.

We observed that HDAC7 was most likely to inter-
act with central and C-terminal domains of FOXPI.
The central deacetylated residue for HDAC7 (T172 in
mice and T176 in humans) resides within a relatively
uncharacterized region termed the poly-glutamine-
(or poly-Q)-rich domain. This region carries a run of
25-28 consecutive glutamines and is heavily glutamine-
enriched for another ~ 100 residues (Additional file 1: Fig.
Sla). Although structurally disordered [48], the Q-rich
region is conserved in each of the 4 FOXP1 orthologs.

We also suspect that differential acetylation among
the numerous sites in FOXP1 may cooperate with one
other. For example, when FOXP1 T172 was mutated to
G, neither total acetylation nor ubiquitination levels
were decreased, but conversely, were increased (Fig. 6a,
b). While we deem the potential interaction among
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acetylation and ubiquitination sites of FOXP1 an inter-
esting topic, to further pursuit requires development of
modification site-specific antibodies.

FOXP1 and HDAC?7 cooperate in controlling MSC
self-renewal, but have independent roles in regulating
MSC differentiation potency, particularly in osteogen-
esis. As we previously reported [34], loss of FOXP1 in
MSCs impairs their osteogenic potency at the expense
of adipogenic differentiation. In contrast, HDAC7 dele-
tion augments MSC-mediated osteoblast differentiation,
possibly due to perturbation of its repressive interaction
with RUNX2 [43]. Consequentially, the FOXP1/HDAC7
double cKO, as compared to each single KO, displayed
higher potency at an early development stage, but not
at a more mature stage of osteogenic differentiation.
MSCs with FOXP1/HDAC?7 double deficiency showed
higher expression levels of early osteogenic markers
(Alp, Runx2, Osterix), but not mature osteoblast mark-
ers (DMPI and SOST), as compared to MSCs with sin-
gle HDAC7 depletion (Fig. S3a, b). HDAC7"'~ KO MSCs
also exhibited higher adipogenic potency, but the muta-
tion had little effect on chondrogenesis. On the contrary,
overexpression of HDAC7 and FOXP1 in hMSCs aug-
mented their osteogenic capacity as compared to that
with single FOXP1 overexpression (Additional file 1: Fig.
S4d, e). Therefore, FOXP1 and HDAC?7 exert differential
effects on MSC self-renewal and differentiation, possibly
through different pathways.

The development of site-specific gene editing based on
CRISPR/Cas9 technology has led to an array of longevity
genes engineered to extend lifespan, or to promote tissue
regeneration. For instance, when two FOXO3 phospho-
rylation sites were replaced with alanine (S253A, S315A)
via targeted gene editing, the nucleocytoplasmic shut-
tling of FOXO3 was stabilized within the nucleus where
it promoted vascular protection and regeneration of
MSCs [24, 25]. Here, we identified murine FOXP1 T172
as a candidate site for human gene engineering, as its
mutation enhances MSC self-renewal. Curiously, a low
frequency missense variation T176N in human FOXP1
(the equivalent position of murine FOXP1 T172) was
detected in the Genome Aggregation Database (gno-
mAD) (Additional file 1: Fig. S7a). In addition, the T172
site is conserved in most mammalian genomes, other
than zebrafish (Additional file 1: Fig. S7b). This suggests
that variants within FOXP1 T172 are relatively safe and
unsusceptible to developmental disorders.

Another reason we chose to focus our engineer-
ing on an acetylation site, such as T172, was that only a
few mutations have been reported in the N-terminal,
Q-rich region of FOXP1 in human diseases. The LZ and
ZF domains of FOXP1 are crucial for dimerization, and
the Fkh domain is responsible for DNA binding [51].
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Mutations or variants within those conserved domains
are susceptible to neurodevelopmental disorders, which
are characterized by intellectual disability, autism, and
language impairment [45]. For instance, a battery of mis-
sense mutations, including within the Fkh domain of
human FOX1, has been detected in cohorts with intel-
lectual syndrome [45, 52]. A P568S mutation near the
C-terminus of FOXP1 is associated with congenital heart
defects [53]. In contrast, a P215A substitution within the
FOXP1 Q-rich region was deemed unlikely to underlie
developmental verbal dyspraxia (DVD) [54].

Human MSCs of different origins have been widely
employed to treat various diseases or promote tissue
regeneration. At last citing, more than one thousand clin-
ical trials with MSCs have been registered (https://www.
clinicaltrials.gov/). The increased numbers of those clini-
cal trials generate huge demands for MSCs of high repli-
cative capacity and low risk of tumorigenesis. FOXP1 has
been reported to be associated several human malignan-
cies, including endometrial cancer, lung cancer, head and
neck cancer, prostate cancer, renal cell carcinoma, ovar-
ian carcinoma, osteosarcoma, hepatocellular carcinoma
and B cell lymphoma [33, 47, 55-60].

In this regard, we demonstrated that FOXP1 is essential
for tumorigenesis of the more aggressive form of Diffuse
Large B-Cell Lymphoma, termed Activated B Cell (ABC-
DLBCL)[60]. We find it interestingly in the present con-
text that ABC-DLBCL tumors display high enrichment
of acetylated lysine relative to the quite modest levels
observed in the more indolent Germinal Center (GC)-
DLBCL (Data not shown).

FOXP1™7%%_engineered hMSCs retain high expansive
capability during early passages, and precocious cellular
senescence at later stages. After a vigorous phase of rep-
lication prior to passage P10, FOXP1-engineered hMSCs
reached stationary phase at~P15. At this stage, higher
expression of cell cycle inhibitor transcripts (p16, p21,
p27) and tumor suppressor transcripts (p53, Rb) were
observed. Thus, the likelihood for tumorigenesis induc-
tion within FOXP1T17%G_engineered hMSCs is quite low.

Conclusion

In summary, we have unraveled the deacetylation mecha-
nism mediated on FOXP1 by HDAC? which is critical to
the maintenance of MSC self-renewal potency and safe-
guard them from senescence. The studies summarized
above allow us to predict that FOXP1-T172 will provide
a safe and promising approach for bioengineering highly
replicative MHCs. Our study sheds new light onto the
strategy utilizing FOXP1-engineered stem cells for large-
scale MSC in vitro expansion in the clinical setting.
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