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Abstract

Osteoblast differentiation leading to bone formation requires a coordinated transcriptional program. Osteoblastic cells with low
level of microtubule actin crosslinking factor 1 (MACF1) show reduced osteoblast differentiation ability, however, the
comprehensive mechanism of MACF1’s action remains unexplored. In the current study, we found that MACFI1 knockdown
suppressed osteoblast differentiation by altering the transcriptome dynamics. We further identified two MACF1-interacted
proteins, cyclin-dependent kinase 12 (CDK12) and MYST/Esal-associated factor 6 (MEAF6), and two MACFI-interacted
transcription factors (TFs), transcription factor 12 (TCF12) and E2F transcription factor 6 (E2F6), which repress osteoblast
differentiation by altering the expression of osteogenic TFs and genes. Moreover, we found that MACF1 regulated cytoplasmic-
nuclear localization of itself, TCF12 and E2F6 in a concentration-dependent manner. MACF1 oppositely regulates the
expression of TCF12 and transcription factor 7 (TCF7), two TFs that drive osteoblast differentiation to opposite directions. This
study reveals that MACFI1, a cytoskeletal protein, acts as a sponge for repressors of osteoblast differentiation to promote
osteoblast differentiation and contributes to a novel mechanistic insight of osteoblast differentiation and transcription dynamics.
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modulation of cytoskeleton dynamics results in changes in
osteoblast differentiation.

Microtubule actin crosslinking factor 1 (MACF1) is a
multidomain cytoskeletal protein that belongs to spec-
traplakin family [19-21]. As a scaffolding protein linking
both microtubule and F-actin, MACF1 is crucial for
cytoskeleton dynamics and widely involved in cell func-
tions, including cell migration, proliferation, and differ-
entiation [22-27]. We have found that MACF1 colocalizes
with microtubule and F-actin in osteoblastic cells and reg-
ulates the distribution of microtubule and F-actin [24, 28].
Moreover, MACF1 promotes osteoblast differentiation
and bone formation by altering osteogenic gene expression
[29-31], however, a comprehensive understanding of the
underlying mechanism remains unexplored.

In the current study, we report a comprehensive study of
MACEF1 regulating osteoblast differentiation. We found that
MACF1 knockdown changed the normal transcriptional
pattern of osteogenic genes and the down-regulated genes
were mostly enriched in the osteoblast-differentiation-
related functions and the regulation was dynamics. In
addition, we identified two MACFI-interacted proteins
(cyclin-dependent kinase 12 (CDK12), MYST/Esal-asso-
ciated factor 6 (MEAF6)) and two MACFI-interacted
transcription  factors (TFs) (transcription factor 12
(TCF12), E2F transcription factor 6 (E2F6)) as repressors of
osteoblast differentiation. We further demonstrated that
MACEFI1 regulated the cytoplasmic-nuclear localization of
itself and TCF12 and E2F6 in a concentration-dependent
manner, which contributes to the transcriptional dynamics.
These findings indicate that MACFI promotes osteoblast
differentiation by sequestering the repressors in cytoplasm
to facilitate the osteogenic genes expression.

Collectively, our findings extend our understanding of
cytoskeletal protein and provide new knowledge about the
regulation of osteoblast differentiation.

Materials and methods
Cell culture and transfection

The murine MC3T3-E1 osteoblastic cell line was a kind gift
from Dr. Hong Zhou of the University of Sydney and
grown in alpha-Minimum Essential Medium (a-MEM)
(Life Technologies, Thermo Fisher Scientific, Carlsbad,
CA) supplemented with 2.2 g/l sodium bicarbonate, 10%
fetal bovine serum (FBS) (Biological Industries, Kibbutz
Beit Haemek, Israel), 100 ug/ml streptomycin and 100
units/ml penicillin. The stable murine MACF1 knockdown
(MACFI1-KD) osteoblastic cell line and the corresponding
Control cell line were generated by lentivirus-mediated
short-hairpin RNA (shRNA) technology as reported

previously [24] and cultured in a-MEM supplemented with
2.2 g/l sodium bicarbonate, 10% FBS, 100 ug/ml strepto-
mycin and 100 units/ml penicillin. Human SaOS-2 osteo-
blast-like cell line was purchased from Procell Life Science
& Technology Co., Ltd (Wuhan, China) and maintained in
McCoy’s 5 A medium (Procell Life Science & Technology
Co., Ltd, Wuhan, China) supplemented with 15% FBS
(Genetimes Excell Technology, Montevideo, Uruguay),
100 pg/ml streptomycin and 100 units/ml penicillin. All
cells were cultured at humidified, 37 °C, 5% CO, incubator.
For osteoblast differentiation, confluent cells were cultured
with osteogenic medium which contained the culture med-
ium supplemented with 50 ug/ml ascorbic acid (AA)
(Sigma-Aldrich, St Louis, MO, USA) and 10mM
B—glycerophosphate (3-GP) (Sigma-Aldrich, St Louis, MO,
USA) and the medium was changed every 2 days.

To knock down the expression of CDKI12, MEAFG6,
TCF12, and E2F6 in cells, MC3T3-E1 cells were transfected
with CDK12-siRNA, MEAF6-siRNA, TCF12-siRNA, E2F6-
siRNA, and their corresponding control siRNAs (Ribobio,
Guangzhou, China) respectively by using Lipofectamine 2000
Reagent (Life Technologies, Shanghai, China). To knock
down the expression of MACF1 in SaOS-2 cells, SaOS-2 cells
were transfected with MACF1-siRNA and its corresponding
control siRNA (RQCON Biological Technology Co., Ltd,
Xi’an, China) respectively by using Lipofectamine 2000
Reagent (Life Technologies, Shanghai, China).

Alkaline phosphatase staining

Alkaline phosphatase (ALP) of osteoblasts was stained by
using BCIP (5-bromo-4-chloro-3-indolyl phosphate)/NBT
(nitro blue tetrazolium) Alkaline Phosphatase Color
Development Kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instruction.
Briefly, cells were fixed in 10% buffered formaldehyde for
20 min, followed by washing with phosphate-buffered
saline (PBS, pH7.4) for three times, 5 min/times, then were
stained using BCIP/NBT solution. The staining reaction
was stopped by washing with distilled water and the cell
staining was imaged by a scanner (CanoScan 9000 F Mark
II, Canon, Thailand).

Alizarin red s staining

Mineralized nodules were detected by alizarin red s (ARS,
Sigma-Aldrich, St Louis, MO, USA) staining as previously
described [29]. Briefly, cell cultures were fixed with 4%
paraformaldehyde for 15 min, rinsed with PBS, and then
stained with 0.5% ARS (pH4.2) for 15 min at room tem-
perature. After washing with tap water for four times of
5 min each time, the mineralized nodules were imaged by a
scanner (CanoScan 9000 F Mark II, Canon, Thailand).

SPRINGER NATURE



2162

L. Hu et al.

Table 1 Primer sequences used for real-time PCR.

Gene Primer sequences (5'- 3') Annealing
name tempera-
(species) ture (°C)
ALP F: GTTGCCAAGCTGGGAAGAACAC 58
(mouse)  R: CCCACCCCGCTATTCCAAAC

Runx2 F: TGCACCTACCAGCCTCACCATAC 58
(mouse) R: GACAGCGACTTCATTCGACTTCC

TCF7 F: CAGAATCCACAGATACAGCA 60
(mouse)  R: CAGCCTTTGAAATCTTCATC

LEF1 F: GATCCCCTTCAAGGACGAAG 60
(mouse) R: GGCTTGTCTGACCACCTCAT

Col Ial F: GAAGGCAACAGTCGATTCACC 58
(mouse)  R: GACTGTCTTGCCCCAAGTTCC

CDK12 F: CTGAATAACAGCGGGCAAAT 60
(mouse) R: AGCTCTGGAGGTCGATACCA

MEAF6  F: TGCCTCTTTGGCTTCTTGAT 60
(mouse)  R: AGCTTCTTGTTCCTCCCACA

TCF12 F: TCAAAGCAACTGGTCAGCAC 60
(mouse)  R: ATTGTGCAGAAGCGACACAC

E2F6 F: TGTGATTTGGTCCTGGTGAA 60
(mouse)  R: GGGTACAATGCACAGGAGGT

GAPDH F: TGCACCACCAACTGCTTAG 60
(mouse)  R: GGATGCAGGGATGATGTTC

Real-time PCR

Total RNA was extracted from cells using either TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad,
CA) or Total RNA Kit I (Omega Bio-tek, Georgia, USA)
according to the manufacturer’s instruction. After extrac-
tion, 1 pg of total RNA sample was reverse transcribed into
complementary DNA (cDNA) using PrimeScript™ RT
reagent kit (Perfect Real Time) (TaKaRa, Dalian, China).
The expression of genes was detected by real-time PCR
carried out in C1000™ Thermal Cycler (Bio-Rad Labs,
Hercules, CA) with specific primers (Tables 1 and S1) and
SYBR Premix Ex Taqg™ (TaKaRa). Samples were ampli-
fied using the following program: pre-denaturation at 95 °C
for 30 s, followed by 45 cycles of 95 °C for 10s, 58 °C or
60 °C for 30s, and 72 °C for 5s. Fluorescence detection
was performed at the annealing phase at 80 °C to exclude
the interference of primer dimer. The relative expression
was calculated via 27" method [32] by using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for
normalization of the threshold cycle (Ct) value.

Western blot

For western blot detection of protein levels, cellular total
protein extracts were prepared on ice using Cell Lysis
Buffer (Beyotime Biotechnology, Shanghai, China) sup-
plemented with 1% Protease Inhibitor Cocktail Set III
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(Merck, Kenilworth, NJ). Nuclear and cytoplasmic protein
extracts were prepared using a Nuclear and Cytoplasmic
Extraction Kit (Pioneer Biotechnology, Xi’an, China). The
protein concentration was determined by using BCA protein
assay kit (Pioneer Biotechnology, Xi’an, China) and an
equal amount of proteins for each sample was subjected to
6% (for MACF1) or 12.5% (for other proteins) SDS-PAGE
and transblotted to nitrocellulose membrane (PALL Cor-
poration, Port Washington, NY, USA). After incubation
with the blocking buffer (5% nonfat milk), the membrane
was incubated with appropriate primary antibodies against
the following proteins in accordance with the manu-
facturer’s instructions: runt related transcription factor 2
(Runx?2) (8486, Cell Signaling Technology, Danvers, MA,
USA), Osterix (AF7580, Affinity Biosciences, Jiangsu,
China), transcription factor 7 (TCF7) (2203, Cell Signaling
Technology, Danvers, MA, USA), lymphoid enhancer-
binding factor 1 (LEF1) (14972-1-AP, Proteintech, Wuhan,
China), CDK12 (ab37914, Abcam, Cambridge, MA, USA),
MEAF6 (26465-1-AP, Proteintech, Wuhan, China),
MACF1 (ab117418, Abcam, Cambridge, MA, USA, or
Proteintech, Wuhan, China), TCF12 (ab201573, Abcam,
Cambridge, MA, USA), E2F6 (ab53061, Abcam, Cam-
bridge, MA, USA), Lamin B1 (12987-1-AP, Proteintech,
Wuhan, China) and GAPDH (60004-1-Ig, Proteintech,
Wuhan, China) at 4 °C overnight. The horseradish perox-
idase (HRP) conjugated secondary antibody was further
used (Pierce, Rockford, IL, USA). Protein bands were
visualized by chemiluminescence using an ECL kit (Pioneer
Biotechnology, Xi’an, China) and exposed to X-ray film.
Protein band intensities were quantified using Image J
software (National Institutes of Health, NIH). The GAPDH
was used as the internal control for total protein and cyto-
plasmic protein, and Lamin B1 was used as the internal
control for nuclear protein.

RNA-seq sample preparation and analysis

After extracting RNA from cells, total RNA was treated
with RQ1 DNase (Promega, Fitchburg, WI) to remove
DNA. The quality and quantity of the purified RNA were
determined by measuring the absorbance at 260 nm/280 nm
(A260/A280) using smartspec plus (Bio-Rad, CA, USA).
RNA integrity was further verified by 1.5% agarose gel
electrophoresis.

For each sample, 5 pg total RNA was used for RNA-seq
library preparation (Gnomegen, California, USA). Poly-
adenylated RNAs were purified and concentrated with oligo
(dT)-conjugated magnetic beads (Thermo Fisher Scientific,
Waltham, MA, USA) prior to use for directional RNA-seq
library preparation. Purified mRNAs were iron fragmented
at 95°C followed by end repair and 5’-adapter ligation.
Next, reverse transcription was performed with RT primer
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harboring a 3’-adapter sequence and randomized hexamer
using RT Master mix (Gnomegen, California, USA), with
the reaction conditions: 25°C, 10min, 42 °C, 40 min,
70 °C, 15 min, cool to 4 °C. The cDNAs were purified and
amplified, and polymerase chain reaction (PCR) was per-
formed using 2x HiFi PCR Master Mix (Gnomegen, Cali-
fornia, USA) with the reaction conditions as below: 98 °C
455, 98°C 155, 60°C 30s, 72°C 30s, 13 cycles. PCR
products corresponding to 200-500 bps were collected by
Size Selector (Gnomegen, California, USA), quantified, and
stored at —80 °C until used for sequencing.

For high-throughput sequencing, the libraries were pre-
pared following the manufacturer’s instructions and applied
to NextSeq 500 system for 151 nt pair-end sequencing
(ABLife Inc., Wuhan, China).

After obtaining the raw sequenced reads, we firstly dis-
carded raw reads containing unknown bases (N). Then
sequencing adapters and the low-quality bases (quality score
<20) were trimmed from raw sequencing reads using
FASTX-Toolkit (Version 0.0.13). The short reads <16 nt
were also dropped. Quality control for the filtered reads in
fastq format was performed with FastQC (Version 0.9.5).
Then filtered reads were aligned to the mouse GRCm38
genome (https://www.gencodegenes.org/mouse/) by TopHat2
[33] with four mismatches. Aligned reads with multiple
genomic locations were removed, and only the reads with
unique genomic location were kept for the following analysis.
The RPKM (reads per kilobase and per million) value for
each gene was calculated. Other statistical results, such as
gene coverage and depth, reads distribution around tran-
scription start sites (TSSs) and transcription terminal sites
(TTSs), were also obtained. The maSigPro [34] package from
Bioconductor was used to identify differentially expressed
genes (DEGs) in measured time-courses with FDR <0.05 as
threshold. The edgeR [35] package was also used to deter-
mine the DEGs for sample comparisons, based on the fold
change (fold change >2 or <0.5) and false discovery rate
(FDR £0.05) as thresholds.

Luciferase reporter assay

To analyze the activities of TFs TCF7 and TCF12, 8 repeats
of each TF’s motif sequence have been inserted to the
promoter region of nanoluc luciferase gene sequence in
PNLI1.1 plasmid (N1351, Promega, Fitchburg, WI).
MC3T3-E1 cells were seeded on a 12-well plate at 4 x 10°
cells/well and cultured with a-MEM medium supplemented
with 10% FBS overnight. Nanoluc luciferase reporter
plasmid was transfected into MC3T3-El cells using
Engreen Entranster™ H4000 Reagent (Engreen, 4000-6,
Beijing, China), with blank nanoluc luciferase plasmid as
normal control. Then the cells were transfected with siR-
NAs (CDKI12-siRNA, MEAF6-siRNA, TCF12-siRNA,

E2F6-siRNA) and negative control siRNA, respectively. A
luciferase reporter assay was performed using the Nano-
Glo® Luciferase Assay System (Promega, N1120, Fitch-
burg, WI) according to the manufacturer’s instruction.
Briefly, 100 ul cell culture medium was collected into a
microplate, then 100 pl diluted Nano-Glo® Luciferase Assay
Substrate was added. Nanoluc luciferase luminescent sig-
nals were quantified by a microplate reader (Synergy, USA)
at 460 nm, and each value from the nanoluc luciferase
constructs was normalized by a normal control.

Co-immunoprecipitation (Co-IP) and mass
spectrometry (MS)

After verification of the specificity and IP ability of MACF1
antibody (ab117418, Abcam, Cambridge, MA, USA), the
Control and MACFI-KD cells were adopted for Co-
immunoprecipitation (Co-IP) and mass spectrometry (MS)
assays. Cells were digested with 0.25% trypsin and col-
lected after centrifugation with PBS washing. The cells
were resuspended with NP-40 lysis buffer (S0 mM Tris
(pH7.4), 150 mM NaCl, 1% NP-40, 1mM PMSF, 1 x
protease inhibitor cocktail) and lysed on ice for 30 min. The
cell lysate was mixed with MACFI antibody and the
antibody-lysate mix was incubated on a turning wheel
overnight at 4 °C. Pierce™ Protein A/G Magnetic Beads
(Thermo Fisher Scientific, Waltham, MA, USA) were
washed with NP-40 lysis buffer for three times, and were
added to the antibody-lysate complex and incubated on
turning wheel for 2 h at 4 °C. After applying to magnet and
removing the supernatants, the beads were washed with NP-
40 lysis buffer for 4 times, 10 min/times, and the immu-
noprecipitates were eluted from the beads with elution
buffer (50 nM Tris 8.0, 10 mM EDTA, and 1% SDS). After
confirming the IP efficiency by Western blot, the eluted
samples were detected by tandem mass spectrometer Q
Exactive HF-X (Thermo Fisher Scientific, San Jose, CA,
USA). Based on the UniProt mouse protein database, pro-
tein pilot software (SCIEX, Framingham, MA, USA) was
used for protein matching analysis of MS results and the
MACFl!-interacted proteins were obtained.

Chromatin immunoprecipitation sequencing (ChIP-
seq) and analysis

Samples were placed in tubes containing 1% paraf-
ormaldehyde (PFA) and fixed for 10 min. Glycine (1.25 M)
was then added for 5 min to stop the reaction followed by
centrifugation and wash with PBS to remove PFA. Samples
were harvested with RIPA buffer (1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, 1 x PBS, 2% phe-
nylmethylsulfonyl fluorid (PMSF) and 1 x protease inhi-
bitor cocktail) followed by sonication on ice (15 min with
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10 s pulse-on and 10 s pulse-off, 20% amplitude). DNA was
sonicated to 200-500 bp. The lysate was then incubated
with MACF1 antibody (ab117418, Abcam, Cambridge,
MA, USA) at 4 °C overnight. The immunoprecipitates were
further incubated with Pierce™ Protein A/G Magnetic
Beads (Thermo Fisher Scientific, Waltham, MA, USA) for
2h at 4°C. After applying to magnet and removing the
supernatants, we washed beads once with Low Salt Immune
Complex wash buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM NaCl) and added
1 ml of buffer to each tube, rotated at 4 °C for 5 min. We
then placed the tube on the magnet for 30 s, then discarded
the supernatant. We repeated washing first with high salt
immune complex wash buffer (0.1% SDS, 1% Triton X-
100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, 500 mM
NaCl) and LiCl immune complex wash buffer (0.25M
LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium
salt), 1 mM EDTA, 10 mM Tris, pH 8.1) and second with
TE Buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) for a
total of five washes. The immunoprecipitates were eluted
from the beads with elution buffer (50 nM Tris 8.0, 10 mM
EDTA, and 1% SDS) and incubated at 65 °C overnight.
After sequential RNase A and proteinase K treatment, DNA
fragments were purified by phenol extraction and ethanol
precipitation. Chromatin immunoprecipitation and sequen-
cing (ChIP-seq) was performed by using ThruPLEX®
DNA-seq kit (Rubicon Genomics, Michigan, USA)
according to manufacturer’s instructions. The PCR products
corresponding to 300-500 bps were gel purified, quantified,
and stored at —80 °C until used for sequencing. ChIP-seq
sequencing was performed on NextSeqS00 platform with
151 bp paired-end sequencing. The IP DNA and matched
input DNA were prepared based on two independent
experiments.

For ChIP-seq data analysis, the strategy of raw reads fil-
tering is the same with RNA-seq data. The filtered clean reads
were aligned to the mouse GRCm38 genome (https:/www.
gencodegenes.org/mouse/) by Bowtie2 software [36] with no
>1 mismatch in seed region. Only the reads with unique
genomic location were used for the following analysis. To
assess the quality of ChIP-seq data, we used standard criteria
of the ENCODE consortia [37]. The fraction of reads falling
within peak regions was measured by FRiP (fraction of reads
in peaks) method. The irreproducible discovery rate (IDR)
analysis methodology [37] was used to assess the replicate
agreement. The normalized ratio between the fragment-length
cross-correlation peak and the background cross-correlation
(normalized strand coefficient, NSC) and the ratio between
the fragment-length peak and the read-length peak (relative
strand correlation, RSC), were used to assess the signal-to-
noise ratios in a ChIP-seq experiment [38]. To identify the
binding sites of MACF1, we used Model-based Analysis for
ChIP-seq (MACS version1.4) [39] to obtain the binding sites.

SPRINGER NATURE

The input samples without immunoprecipitation were treated
as background. DeepTools [40] was used for the assignment
of genomic features, such as relative location to TSS to the
peaks and visualization of binding profiles. HOMER
(Hypergeometric Optimization of Motif EnRichment) soft-
ware [41] was used to search the enriched binding motifs
in peaks.

Duolinker PLA staining

To analyze the binding effect of MACF1 and TCF12/E2F6
in osteoblastic cells, MACF1-KD cells and Control cells
were seeded into 96-well plates with coverslips at a density
of 4x10* cells/cm?. After 3 days’ osteogenic differentia-
tion, the binding of MACF1 and TCF12, and MACF1 and
E2F6 was determined by duolinker PLA staining with
Duolink® In Situ Red Starter Kit Mouse/Rabbit
(DUO092101, Sigma-Aldrich, St Louis, MO, USA) accord-
ing to the manufacturer’s instruction. Briefly, cells were
washed by PBS (pH7.4) and then fixed in 10% buffered
formaldehyde, followed by permeated with 0.5% Triton X-
100 (TBS), then the cells were blocked with blocking
solution for 30 min at room temperature. For the binding
effects of MACF1/TCF12, and MACF1/E2F6, the cells
were incubated with either rabbit MACF1 antibody (1:40,
ab117418, Abcam, Cambridge, MA, USA), mouse TCF12
antibody (1:10, ab201573, Abcam, Cambridge, MA, USA),
or mouse E2F6 antibody (1:30, MABES7, Sigma-Aldrich,
St Louis, MO, USA) overnight at 4 °C. The cells were
further incubated with mixed anti-mouse IgG PLA probe
and anti-rabbit IgG PLA probe (1:5, respectively). PLA
probes were combined by ligase (0.025U/ul) and amplifi-
cated with Amplification Polymerase (0.125U/ul). The cell
nuclei were counterstained by 4',6-diamidino-2-pheny-
lindole (DAPI, 1 pg/ml, Roche Life Science, USA). Duo-
link® Mounting Media was used to mount the coverslips.
The cells were observed by laser scanning confocal
microscope (Leica TCS SP5, Wetzlar, Germany).

Immunofluorescence staining and laser scanning
confocal microscopy

The Control and MACF1-KD osteoblastic cells were seeded
on coverslips at a density of 2.5x 10*/cm?, respectively.
After growing confluence, the cells were cultured with
osteogenic media for 3 days and the cellular distribution of
MACF1, TCF12, E2F6, F-actin, and microtubules was
detected by immunofluorescence staining. After wash with
PBS, the cells were fixed with 4% paraformaldehyde for
15 min and permeated with 0.5% Triton X-100 (TBS) at
room temperature. The cells were blocked with 2% bovine
serum albumin (BSA) and 0.1% sodium azide in 0.1%
Triton X-100 (TBS) for 10 min at room temperature. Then,
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for detecting the distribution of MACF1, TCF12, and E2F6,
the cells were incubated with either rabbit MACF1 antibody
(1:40, ab117418, Abcam, Cambridge, MA, USA) and
mouse TCF12 antibody (1:10, ab201573, Abcam, Cam-
bridge, MA, USA), or rabbit MACF1 antibody and mouse
E2F6 antibody (1:30, MABES57, Sigma-Aldrich, St Louis,
MO, USA) overnight at 4 °C. For detecting the localization
of MACF1, F-actin, and microtubules, the cells were
incubated with either rabbit MACF1 antibody and cyto-
painter phalloidin-iFluor 488 reagent (1:1000, ab176753,
Abcam, Cambridge, MA, USA), or rabbit MACF1 antibody
and mouse a-tubulin antibody (1:80, 3873, Cell Signaling
Technology, Danvers, MA, USA) overnight at 4 °C. After
overnight incubation, the cells were further incubated with
the corresponding secondary antibodies (goat anti-rabbit
Cy3-IgG secondary antibody or goat anti-mouse FITC-IgG
secondary antibody) for 1h. DAPI Staining Solution
(C1006, Beyotime Biotechnology, Shanghai, China) was
used to counterstain cell nuclei for 10 min. Finally, the cells
were enveloped with Fluoromount-G (Southern Biotech,
USA). The stained cells were observed by laser scanning
confocal microscope (Leica TCS SP5, Wetzlar, Germany).
Cy3 (red fluorescence), FITC (green fluorescence), and
DAPI (blue fluorescence) were excited at a wavelength of
543 nm, 488 nm, and 405 nm, respectively.

Statistical analysis

RNA-seq and ChIP-seq were independently performed for
twice and other experiments were independently performed
for three times. The statistical analysis of the data was
performed with GraphPad Prism version 6.0 software
(GraphPad Software Inc, La Jolla, CA). Significance of
differences between two groups was evaluated with Student
t-test. The data are presented as mean + standard deviation
(SD). Statistical significance was set at p <0.05 (*p <0.05;
*#p <0.01; ***%p <0.001).

Results

MACF1 regulates the transcription dynamics of
genes for osteoblast differentiation, bone
mineralization and Wnt signaling

We previously found that MACF1 knockdown inhibited
osteoblast differentiation from the beginning by altering the
expression of Runx2, a key transcription factor for osteo-
genic differentiation [29]. Moreover, we found that MACF1
knockdown inhibited osteoblast differentiation in human
osteoblast-like cells (SaOS-2 cell line), showing decreased
ALP activity and mineralized nodules, and reduction of
Runx2 and Osterix expression (Fig. S1). However, the

comprehensive understanding of the underlying mechanism
is still unclear. Here, we showed that MACF1 knockdown
significantly decreased ALP activity (Fig. 1A) and mRNA
level (Fig. 1B) after 0 day, 3 days, 5 days and 10 days
osteoblast differentiation. The expressions of Runx2 and
Osterix were also reduced in MACFI-KD cells during
osteoblast differentiation (Fig. 1B, C).

To explore the potential mechanism of MACF1 inhibit-
ing osteoblast differentiation, we performed whole-
transcriptome analysis by high-throughput sequencing
method (RNA-seq) for both Control and MACF1-KD cells,
which were induced for osteoblast differentiation for 0 day,
3 days, S days, and 10 days, respectively (Fig. 1A). Sample
correlation analysis revealed that except 10 days’ samples,
the global expression pattern between Control and MACF1-
KD samples was distinctly separated (Fig. S2A). RNA-seq
data showed that Runx2 gene was suppressed in MACF1-
KD cells at each time point compared to Control cells
(Fig. S2B), suggesting the reliability of our data. We
identified and clustered genes with dynamic expression
patterns along the differentiation time points for Control
cells and MACF1-KD cells by using updated maSigPro
method [34]. Seven clusters for 7321 genes with dynamic
expression patterns were revealed (Fig. 1D; Table S2, FDR
(False Discovery Rate) <0.05). In the first cluster, genes
showed increased level at 3 days and 5 days and decreased
level at 10 days, and the varied pattern was more pro-
nounced in Control group (Fig. 1D), which was coordinated
with the ALP expression pattern in Fig. 1B. Moreover,
genes in the seventh cluster showed consistently high levels
in Control group compared with that in MACF1-KD group.
Gene Ontology (GO) enrichment analysis revealed that
these two clusters were enriched with DNA replication/cell
cycle and translation biological processes, respectively, and
both enriched with osteoblast differentiation term (Fig. 1D).
For genes in cluster 2, 4, and 5, whose expression levels
were higher in MACF1-KD group, were enriched with
angiogenesis, barbed-end actin filament capping, and tran-
scription related terms (Fig. 1D).

Further analysis of DEGs between MACF1-KD and
Control cells showed that more up-regulated DEGs were
induced by MACF1 knockdown at each detected time point
of osteoblast differentiation (Fig. S2C). Gene ontology
(GO) analysis of DEGs revealed that the most striking
enrichment for osteoblast-differentiation-related categories
such as osteoblast differentiation, ossification, and collagen
fibril organization were associated with downregulated
DEGs and the enrichments were decreased following dif-
ferentiation process (Fig. 1E). Moreover, it was indicated
that the alteration of expression patterns of osteoblast-
differentiation-related genes occurred since 3 days’ differ-
entiation and was more significant on day 3 and day 5 time
point (Fig. 1E). Besides, negative regulation of canonical
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Fig. 1 MACF1 knockdown inhibits osteoblast differentiation and
alters osteoblast differentiation transcriptome dynamics. A ALP
activity of Control and MACFI-KD cells was detected by ALP
staining. B The expression of ALP and Runx2 examined by real-time
PCR during osteoblastic differentiation in Control and MACF1-KD
cells. Data represent mean value + SD (n =3). (**P<0.01, ***P<
0.001). C The protein levels of Runx2 and Osterix determined by
Western blot during osteoblastic differentiation in Control and
MACFI1-KD cells. Representative Western blots visualized by

Whnt signaling pathway was significantly enriched in all four
sample comparisons (Fig. 1E). These patterns of altered
transcription were consistent with the striking difference in
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enhanced chemiluminescence method (left) and the quantification
results with GAPDH as internal control (right) (n =3). (*P<0.05,
**P<0.01). D Heatmap showing the seven clusters of the differen-
tially expressed genes (DEGs) identified by maSigPro program. The
enriched GO biological process (BP) terms of each cluster were shown
on the figure. E Bubble diagram showing the top 10 enriched GO BP
terms for the downregulated genes during osteoblastic differentiation
after MACF1 knockdown.

the phenotypic change after MACF1 knockdown. For the
up-regulated genes in MACF1-KD cells, cell adhesion
and angiogenesis-related terms were enriched (Fig. S2D).
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Fig. 2 MACF1 knockdown changes the expression profile of
transcription factors during osteoblast differentiation. A Heatmap
showing the differentially expressed transcription factors (TFs)
between Control and MACF1-KD cells detected by maSigPro pro-
gram. TFs were sorted by the rank of clusters. B Heatmap showing
several key differentially expressed TFs in Wnt signaling pathway
screened from (A). C Real-time PCR verification of the Tc¢f7 and Lef]
expression in Control and MACF1-KD cells. Data represent mean

These results together demonstrate that MACF1 deficiency
alters the transcriptome dynamics of early-phase osteoblast
differentiation.

Knockdown of MACF1 downregulates the
expression of transcription factors (TFs) TCF7 and
LEF1

TFs are critical for both osteoblast differentiation and its
transcriptional program [42]. Thus, we analyzed the
expression of TFs and obtained differentially expressed TFs
(Fig. 2A; Table S3), among which Runx2 and Sp7 (Osterix)
are two essential TFs known for osteoblast differentiation
[42]. Their expression patterns belong to the cluster 1
(Fig. 2A). Figure 1E has indicated that MACF1-regulated
genes were enriched in canonical Wnt signaling pathway.
By screening the differentially expressed TFs that partici-
pate in the regulation of Wnt signaling pathway, we
obtained several TFs (Fig. 2B). Among these differentially

value + SD (n = 3). (***P <0.001) D Western blot verification of the
TCF7 and LEF1 expression in Control and MACFI-KD cells.
Representative Western blots visualized by enhanced chemilumines-
cence method (left) and the quantification results with GAPDH as
internal control (right) (n=3). (**P<0.01, ***P<0.001). E Luci-
ferase reporter assay validation of the transcription activity of TCF7/
LEF1 in Control and MACF1-KD cells. Data represent mean value +
SD (n=3). (**P<0.01).

expressed TFs, TCF7 and LEF1 are two key mediators of
Whnt signaling and play important role in regulating osteo-
blast differentiation [43], presenting low levels in MACF1-
KD cells (Fig. 2B). Further experimental verification
showed that MACF1 knockdown significantly down-
regulated the expression of TCF7 and LEF1 at both mRNA
and protein level (Fig. 2C, D), and inhibited the transcrip-
tion activity of TCF7/LEF1 (Fig. 2E). As TCF7 is critical
for osteoblast differentiation by modulating the downstream
osteogenic genes’ expression, these results suggest that
MACF! may modulate the transcriptional program of
osteoblast differentiation via TCF7 and LEFI.

Two MACF1-interacted proteins, CDK12 and MEAF6,
are repressors of osteoblast differentiation and
suppress expression of TCF7 and LEF1

The above results showed that the expression and transcrip-
tion activity of TCF7 and LEF1 were regulated by MACF1.

SPRINGER NATURE
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To investigate how MACF]I affects TCF7 and LEF1, we
performed co-immunoprecipitation (co-IP) for MACF1 and
further detected the MACFI1 physically interacted proteins
using protein mass spectrometry assay. We identified 41 and
43 MACFl-interacted proteins in Control cells and MACF1-
KD cells, respectively (Table S4). There were five proteins
emerged in both Control cells and MACF1-KD cells
(Fig. 3A), implying that the physically interacted proteins
with MACF1 may be altered by MACF1 knockdown. By
performing functional enrichment analysis of the MACFI1-
interacted proteins, we found that there were mainly inter-
mediate filament and extracellular matrix (ECM) proteins
who physically interact with  MACF1 in Control cells
(Fig. 3B), while nucleus was among the top enriched terms in
MACF1-KD cells (Fig. 3B). Among the five proteins iden-
tified in both Control cells and MACF1-KD cells (Fig. 3A),
actin (ACTB), vimentin (VIM), and histone H4 (HIST1H4A)
all play roles in regulating osteoblast differentiation
[15, 17, 44-46]. Different status of F-actin exerts either inhi-
bitory or promotion effect on osteoblast differentiation [15-18],
while vimentin inhibits osteoblast differentiation [44, 45].
Moreover, we also detected that MACF1 interacted with
Dickkopfl (DKK1) (Fig. 3A), which plays inhibitory effect on
TCF7/LEF1 and osteoblast differentiation. Thus, we wondered
if other MACF1-interacted protein functions in a similar way.
To test this notion, we detected the function of CDK12 and
MEAF6 in osteoblasts by knocking down them using small
interfering RNA (siRNA) respectively (Fig. S3A-D). The
results showed that knockdown of CDKI12 significantly
increased ALP activity and mineralized nodules (Fig. 3C), up-
regulated the expression of osteogenic genes Runx2 and type |
collagen al (Col Ial) (Fig. 3D), and the protein level of Runx2
and Osterix (Fig. 3E). In addition, knockdown of
CDK12 significantly upregulated the expression of TCF7 and
LEF1 at both mRNA level and protein level (Fig. 3F, G), and
increased the TCF7/LEF1 transcription activity (Fig. 3H).
Similar results were obtained for MEAF6. As shown in Fig. 31,
J, and K, knockdown of MEAF6 increased ALP activity,
mineralized nodules, Runx2 and Col Ial gene expression, and
Runx2 and Osterix protein levels. Moreover, knockdown of
MEAF®6 increased the expression of TCF7 and LEF1, and the
TCF7/LEF1 transcription activity (Fig. 3L-N). These results
indicate the inhibitory effect of CDKI12 and MEAF6 on
osteoblast differentiation and the expression of TCF7 and
LEF1, suggesting that they are potential repressors of osteoblast
differentiation.

Two MACF1-interacted TFs, TCF12 and E2F6, are
repressors of osteoblast differentiation and
suppress expression of TCF7 and LEF1

Co-IP together with protein mass spectrometry revealed that
MACEF1 could physically interacts with TFs (e.g., HESI,
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Table S4). Moreover, previous studies indicate the possi-
bility of MACF1’s localization in the nucleus [47]. These
findings suggest that MACF1 might regulate gene tran-
scription by directly interacting with  osteoblast
differentiation-related TFs. To test this hypothesis, we
performed ChIP-seq for Control and MACF1-KD cells after
3 days’ osteoblast differentiation, respectively. The binding
profile around TSS region showed that in MACF1-KD
cells, the MACF1 peaks were highly clustered near the TSS
region (Fig. 4A), consistent with the hypothesis of the
promoter binding via MACF1-TFs complex. However, in
Control cells, no enriched MACFI peaks around TSS
region were evident (Fig. 4A). These data could be
explained if the interaction between MACF1-TFs depends
on the lower MACF1 expression level, which we will
present below.

The MACF1-binding genes in MACF1-KD cells were
further analyzed with KEGG pathway cluster analysis, and
the results showed that Wnt signaling pathway was highly
affected by MACF1 knockdown (Fig. 4B), which coin-
cides with the RNA-seq results (Fig. 1E). The binding
motifs of MACF1 complex were then searched by Homer
software [41], which could find similar binding motifs of
known TFs. Binding motifs of TCF12 were at the top of
ranked motif by P value (Fig. 4C), and CA[GC]CT con-
taining motifs were occupied the first top 8 motifs except
the GC bias motif (Fig. S4). Besides, we also found the
binding motif of E2F6, which was also presented with
significant priority (Fig. 4C).

We then screened the potential binding targets of
TCF12 and E2F6 by searching their binding motifs in the
promoter region (see Methods for detailed information).
By accumulating the binding density for the above-
predicted targets of TCF12 and E2F6 in ChIP-seq data,
we found that the binding densities of TCF12 and E2F6
within 10kb of TSS were significantly enriched in
MACF1-KD cells (Fig. 4D, E), further supporting that
lower concentration of MACF1 is essential for the nuclear
location of MACFI1-TCF12 and MACFI-E2F6 and for
their promoter binding activity.

To explore the function of TCF12 and E2F6 in osteoblast
differentiation, we used siRNAs to knock down their
expression, respectively (Fig. SSA-D). TCF12 or E2F6
knockdown significantly increased ALP activity, miner-
alized nodules, the mRNA level of Runx2 and Col Ial, and
the protein level of Runx2 and Osterix (Fig. 4F-H, L-N). In
addition, the expression of TCF7 and LEF1 (Fig. 41, J, O, P)
and the TCF7/LEF1 transcription activity (Fig. 4K, Q) were
up-regulated upon TCF12 or E2F6 knockdown. These
results reveal that TCF12 and E2F6 are repressors of
osteoblast differentiation via repressing the expression of
TCF7 and LEF1, which is similar to the repressor activities
of CDK12 and MEAF®6.
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Fig. 3 CDK12 and MEAF6 are identified as MACF1-interacted
proteins, knockdown of which promotes osteoblast differentiation
and upregulates the expression of TCF7 and LEF1. A Venn dia-
gram showing the overlapped MACFI-interacted proteins between
Control and MACF1-KD cells detected by co-IP with protein mass
spectrometry (MS). B Bubble diagram showing the top enriched GO
cellular component (CC) terms for the detected proteins in Control
(left panel) and MACF1-KD (right panel) cells, respectively. MC3T3-
El osteoblasts were treated with or without CDK12 siRNA (si-
CDK12) (C) or MEAF6 siRNA (si-MEAF6) (I) for ALP activity
detection (ALP staining) and mineralized nodules formation determi-
nation (ARS staining) after 3 days’ and around 19 days’ osteoblast
differentiation, respectively. The expression of osteogenic genes
Runx2 and Col lal examined by real-time PCR after si-CDK12 (D)
or si-MEAF6 (J) treatment. Data represent mean value + SD (n = 3).
(*P<0.05, **P<0.01). The protein level of Runx2 and Osterix
determined by Western blot after si-CDK12 (E) or si-MEAF6 treat-
ment (K). Representative Western blots visualized by enhanced che-
miluminescence method (left of E, K) and the quantification results
with GAPDH as internal control (right of E, K) (n=3). (*P<0.05,
**P <0.01). The expression of Tc¢f7 and Lefl examined by real time
PCR after si-CDK12 (F) or si-MEAF6 (L) treatment. Data represent
mean value + SD (n = 3). (*P <0.05, ¥**P <0.01). The protein level of
TCF7 and LEF1 determined by Western blot after si-CDK12 (G) or si-
MEAF6 (M) treatment. Representative Western blots visualized by
enhanced chemiluminescence method (left of G, M) and the quanti-
fication results with GAPDH as internal control (right of G, M) (n =
3). (*P<0.05). The transcription activity of TCF7/LEF1 was exam-
ined by luciferase reporter assay after si-CDK12 (H) or si-MEAF6 (N)
treatment. Data represent mean value+SD (n=3). (*P<0.05,
*#P <0.01).

High level of MACF1 sequesters itself, TCF12 and
E2F6 in cytoplasm

The above results demonstrate that TCF12 and E2F6 are
MACF1-interacted TFs repressing osteoblast differentiation,
and suggest that the nuclear interaction of MACF1 with
TCF12 and E2F6 depends on a low MACF]I concentration.
Duolinker PLA assay was performed to test this hypothesis,
showing that MACF1 interacted with both TCF12 and E2F6
in cytoplasm under higher MACF1 expression level
(Fig. 5A, B). In MACF1-KD cells, the cytoplasmic inter-
action was almost lost, while the nuclear interaction between
MACF1 and TCF12 and E2F6 was evident, as reflected by
the appearance of nuclear red spots (Fig. 5SA, B).

Further immunofluorescence staining showed that in
Control cells, MACF1 and E2F6 were mainly distributed in
the cytoplasm, while TCF12 localized both in cytoplasm
and in nucleus (Fig. 5C, D). In MACF1-KD cells, although
total MACF1 amount was decreased, the nuclear amount of
MACEF1 increased, together with the increased amount of
nuclear TCF12 and E2F6 (Fig. 5C, D).

In light of these findings, we speculated that high level of
MACF!1 might sequester TCF12 and E2F6, repressors of
osteoblast differentiation, in cytoplasm and prevent them
from translocating into nucleus. However, when MACF1
was reduced, TCF12 and E2F6 were translocated into the
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nucleus together with MACF]1. To test this hypothesis, we
detected the cellular localization of MACF1, TCF12, and
E2F6 in Control and MACF1-KD cells by western blot. As
shown in Fig. SE, F, compared to Control group, there
was significant increase of the nuclear fraction of MACFI,
TCF12, and E2F6 in MACF1-KD cells. These results
demonstrate that MACFI regulates the cytoplasmic-
nuclear localization of itself, TCF12 and E2F6, and sup-
port the hypothesis of the high concentration-dependent
MACEF1 sequestering mechanism.

Based on the above findings and the capacity of MACF1
in crosslinking microtubule and F-actin, we speculated that
at high levels, MACF1 might bind to microtubule and F-
actin cytoskeleton, which not only helps to maintain the
normal distribution and organization of cytoskeleton but
also sequesters MACF1 and its-interacted TFs in cyto-
plasm. However, at low levels, MACF1 interaction with
microtubule and F-actin cytoskeleton is reduced, resulting
in the altered cytoskeleton organization and an easy
translocation into the nucleus together with its-interacted
TFs. To verify this hypothesis, we detected the cellular
localization of MACF1, F-actin and microtubules in Con-
trol and MACFI-KD cells by immunofluorescence stain-
ing. As shown in Fig. S6, in Control cells, MACF1 was
mainly distributed in the cytoplasm and colocalized with F-
actin filaments (Fig. S6A) and microtubules (Fig. S6B).
The F-actin filaments were abundant and distributed at cell
periphery or passed through the cytoplasm as rope-like
structure (Fig. S6A) and microtubules bundles projected
radially toward the cell periphery (Fig. S6B). However, in
MACF1-KD cells, F-actin became less and were mainly
localized at cell periphery (Fig. S6A) and microtubules
became noncontinuous, curled, and bent (Fig. S6B).
Meanwhile, the cytoplasmic distribution of MACF1 was
largely reduced, no longer colocalizing with F-actin and
microtubules, and the increase in the nuclear MACF1 was
profound (Fig. S6A, B). These results reveal that
MACFI1 stably associates with cytoskeleton and supports
the cytoskeleton structure in a concentration-dependent
manner, which in turn retains MACF1 and MACFI1-
interacted proteins in cytoplasm.

MACF1 promotes TCF7 transcription by repressing
TCF12 function

MACF1 promoted the transcription activity of TCF7/LEF1
(Fig. 2), while MACFl-interacted TCF12 inhibited the tran-
scription activity of TCF7/LEF1 (Fig. 4), suggesting a rela-
tionship between these two events. By constructing the TCF7
and TCF12 nano-luc luciferase reporter plasmids (Fig. 6A),
we detected the effects of MACF1 on the transcription
activity of TCF12 and TCF7 in osteoblast differentiation. The
results showed that in Control cells, upon osteoblast
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differentiation, TCF12’s transcription activity decreased while  increased, while TCF7’s transcription activity decreased
TCF7’s transcription activity increased (Fig. 6B, C). In con-  (Fig. 6B, C). This finding suggests the opposite regulatory
trast, in MACF1-KD cells, TCF12’s transcription activity — roles of MACF1 on the TCF12 and TCF7.

SPRINGER NATURE



2172

L. Hu et al.

Fig. 4 Transcription factors (TFs) TCF12 and E2F6 are deter-
mined as MACF1-interacted TFs, knockdown of which promotes
osteoblast differentiation and upregulates the expression of TCF7
and LEF1. A Density and heatmap plot showing the binding profiles
around TSS region for all genes in Control and MACF1-KD cells,
respectively. B Bubble diagram showing the top KEGG pathways for
the genes bound by MACF1 in MACF1-KD cells. C The binding
motifs of two known TFs and their significant p values. The motifs
were extracted from the binding peaks of MACF1 by Homer software
in MACF1-KD cells. Line plot showing the enriched density for genes
with binding motifs of TCF12 (D) or E2F6 (E) in MACF1-KD cells
compared with Control cells detected by ChIP-seq. The input sample
represented genomic DNA density without immunoprecipitation.
MC3T3-E1 osteoblasts were treated with or without TCF12 siRNA
(si-TCF12) (F) or E2F6 siRNA (si-E2F6) (L) for ALP activity (ALP
staining) and mineralized nodules formation detection (ARS staining)
after 3 days’ and around 19 days’ osteoblast differentiation, respec-
tively. The expression of osteogenic genes Runx2 and Col lal
examined by real-time PCR after si-TCF12 (G) or si-E2F6 (M)
treatment. Data represent mean value = SD (n = 3). (*P <0.05, **P<
0.01, ***P<0.001). The protein level of Runx2 and Osterix deter-
mined by Western blot after si-TCF12 (H) or si-E2F6 treatment (N).
Representative Western blots visualized by enhanced chemilumines-
cence method (left of H, N) and the quantification results with
GAPDH as internal control (right of H, N) (n =3). (*P <0.05). The
expression of Tcf7 and Lefl examined by real-time PCR after si-
TCF12 (I) or si-E2F6 (O) treatment. Data represent mean value + SD
(n=3). (*P<0.05, **P<0.01, ***P<0.001). The protein level of
TCF7 and LEF1 determined by Western blot after si-TCF12 (J) or si-
E2F6 treatment (P). Representative Western blots visualized by
enhanced chemiluminescence method (left of J, P) and the quantifi-
cation results with GAPDH as internal control (right of J, P) (n =3).
(*P <0.05). The transcription activity of TCF7/LEF1 was examined
by luciferase reporter assay after si-TCF12 (K) or si-E2F6 (Q) treat-
ment. Data represent mean value + SD (n = 3). (***P <0.001).

Because MACF1 binds to TCF12, we further determined
whether TCF12 was involved in MACF1-promoted TCF7’s
transcription activity. The results showed that the regulatory
effect of MACF1 on TCF7’s transcription activity dis-
appeared when TCF12 was knocked down (Fig. 6D).

We then analyzed the enriched functional GO terms for
the predicted bound genes of TCF12 and TCF7, and found
they were both enriched in multicellular organismal devel-
opment and bone mineralization terms for TCF12 and
TCF7, respectively (Fig. 6E, F). These data together
demonstrate that, although functionally opposite, both
TCF12 and TCF7 are transcription factors targeting osteo-
blast differentiation, and TCF12 negative regulation of
TCF7 expression is dampened by high level of MACFI.

Discussion

This study has identified two MACFI-interacted proteins
(CDK12 and MEAF6) and two MACFI-interacted TFs
(TCF12 and E2F6) as repressors of osteoblast differentia-
tion. Our results demonstrate that MACF1 functions as a
positive regulator of osteoblast differentiation by seques-
tering the repressors. Moreover, MACF1 regulates
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cytoplasmic-nuclear localization of itself and the sup-
pressors TCF12 and E2F6 in a concentration-dependent
manner, which may be related to the F-actin and micro-
tubule cytoskeleton distribution and organization regulated
by MACF1 level. This study contributes to a novel
mechanistic insight of osteoblast differentiation and tran-
scription dynamics.

MACF1, a broadly expressed scaffolding protein by
linking both microtubules and actin, has been shown to be
important for numerous cell functions, such as cell migra-
tion, proliferation, and differentiation [22-25]. We have
previously revealed that MACF1 promotes osteoblast dif-
ferentiation and bone formation [29, 30]. In this study,
RNA-seq analysis of the Control and MACF1-KD cells
under osteoblast differentiation revealed that MACF1-
downregulated genes were mostly enriched in the
osteoblast-differentiation-related functions and the regula-
tion was dynamics, consistent with the current model that
osteoblast differentiation is driven by unique spatial and
temporal expression of functionally related genes [1, 2, 4, 5].

The RNA-seq results also confirmed our previous finding
of MACF1 promoting the expression of TCF7, LEFI, and
Runx2 [29], indicating that MACFI1 participates in the
regulation of gene expression. Runx2 is the master regulator
of osteoblastogenesis [5, 48]. Sp7/Osterix functions down-
stream of Runx2 and also regulates Runx2 expression [49—
51]. TCF7 and LEF]1 are best known as nuclear effectors of
Whnt/B-catenin signaling, which is a key pathway promoting
osteoblast differentiation. Runx2 directly regulates the
expression of TCF7 and TCF7 and B-catenin activate the
P1 promoter and osteoblast-specific enhancer of Runx2
[51-53]. MACF1 positive regulation of the expression of
Runx2, Sp7/Osterix, TCF7, and LEF1 suggests that
MACEF1 is a master regulator of controlling the transcrip-
tional dynamics of osteoblast differentiation, and also
indicates the presence of a mechanism for MACFI in
supporting the expression of these key transcription factors.

To elucidate the mechanism of the mast role of MACF1
in controlling the osteoblast differentiation programs, we
firstly applied proteomic approach which has identified five
MACFl-interacted proteins (ACTB, CDK12, HIST1H4A,
MEAF6, and VIM) emerged in both Control cells and
MACFI1-KD cells. As ACTB, VIM and HIST1H4A have
been demonstrated roles in regulating osteoblast differ-
entiation [15-18, 44—46], we detected the roles of CDK12
and MEAF6, two key regulators of cellular functions
[54-57], in osteoblast differentiation. Further functional
analysis revealed that both CDK12 and MEAF6 were
repressors of osteoblast differentiation. It has reported
that Runx2 harbors a conservative binding site for CDK
family members [58, 59], and cyclin D1-CDK4 binds to
Runx2 to induce it degradation, which inhibits osteoblast
differentiation [59]. Our finding suggests that CDK12, a
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Fig. 5 MACF1 knockdown promotes the nuclear translocation of
MACF1, TCF12, and E2F6. A, B The interactions between MACF1
and TCF12, MACF]1, and E2F6, were determined by duolinker PLA
assay. Red staining (arrow) shows the interactions. Bar: 50 um. C, D
The cellular distribution of MACFI1, TCF12, and E2F6, and the
colocalization between MACFI and TCF12, MACF1 and E2F6
detected by immunofluorescence staining. Bar: 50 um. E Repre-
sentative Western blots of the nuclear (nucleus) and cytosolic (cytosol)
fractions of MACF1, TCF12, and E2F6. Lamin B1 and GAPDH were
used as internal controls for nuclear and cytosolic fractions, respec-
tively. F Quantification of nuclear and cytosol levels of MACFI1,
TCF12, and E2F6 with Lamin B1 and GAPDH as internal control,
respectively. Data represent mean value+SD (n=3). (*P<0.05,
##P<0.01, ***P<0.001).

We further applied MACF1 ChIP-seq experiments to
identify TFs that may cooperate with MACFI to regulate
gene expression, via analysis of their DNA binding sites. Two
such TFs TCF12 [62] and E2F6 [63, 64] have been identified.
Yi et al. have reported lately that knockdown of TCF12
promoted osteoblastic differentiation of mesenchymal
stem cells (MSCs) while overexpression of TCF12 suppressed
it [65]. Our functional analysis revealed both TCF12 and
E2F6 as negative regulators of osteoblast differentiation. For
the first time to our knowledge, the suppressor function of
CDK12, MEAF6, and E2F6 in regulating osteoblast differ-
entiation has been discovered. In light of these findings, we
propose a model in which MACF1 promotes osteoblast dif-
ferentiation by sequestering the repressors of this process
(Fig. 7).

Although MACF1 is a cytoskeletal protein, Aguirre
et al. have recently reported the nuclear localization of
MACFIla in the oocyte of zebrafish [47], indicating the
possibility of MACF1 translocating into the nucleus. In this
study, we reveal that knockdown of MACF1 promotes the
nuclear localization of both TCF12 and E2F6, as well as
itself, suggesting that high-level MACF1 sequesters
repressor TFs in cytoplasm to secure osteoblast differ-
entiation. Consistent with this model, we showed that
MACEF]1 oppositely regulates the expression of TCF12 and
TCF7, two TFs that drive osteoblast differentiation to
opposite directions. These findings extend our knowledge
capacity that a cytoskeletal protein can act as a master
transcriptional regulator by the concentration-dependent
regulation of the nuclear translocation of its associated TFs
and other regulatory proteins.

Interestingly, a number of proteins involved in regulating
cytoskeleton structure have been demonstrated to play roles
in regulating osteoblast differentiation. Microtubule-
associated protein DCAMKLI1 (Doublecortin-like and
CAM kinase-like 1) suppresses osteoblast differentiation by
promoting microtubule polymerization, which antagonizing
Runx2 [66]. However, stathmin, a microtubule accessory
protein that inhibits microtubule assembly, enhances
osteoblast differentiation [67]. As DCAMKLI1 is a different
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kind microtubule-associated protein compared with stath-
min, these findings suggest a precise regulation of multiple
proteins that control microtubule dynamics on osteoblast
differentiation. Moreover, inhibition of cofilin 1 and destrin,
two main actin-depolymerizing factors, results in stabilized F-
actin and enhanced osteoblastic differentiation of human
MSCs [15]. Our findings of the involvement of MACFI in
maintaining F-actin and microtubules’ distribution and
organization, and also supporting osteoblast differentiation,
are in line with this scenario. In addition, Wang et al. have
demonstrated that Kank, a protein regulating actin dynamics,
is a nucleo-cytoplasmic shuttling protein that binds to f-
catenin to enter into the nucleus together [68]. In this context,
our findings of the concentration-dependent dynamics of the
MACF1 cytoplasmic-nuclear localization and the similar
dynamics of its associated TCF12 and E2F6, suggest a
concentration-dependent nuclear shuttling mechanism of
MACFI and its associated regulatory proteins.

MACF1 has been demonstrated to interact with
nesprin-3a (nuclear envelope spectrin repeat 3a) via its
actin-binding domain (ABD) [69]. Nesprin-3a is a mem-
ber of nesprin family that is component of LINC (linker of
nucleoskeleton and cytoskeleton) complexes connecting
cytoskeleton to the nuclear interior [70]. By interacting
with nesprin-3a that is located at the nuclear envelope,
MACF]1 connects microtubules to the nucleus. According
to our previous findings [24] and results from this study,
MACEF]1 stably associates with cytoskeleton at high levels
and the low level of MACF]1 causes disorganization of F-
actin and microtubule cytoskeleton, we thusly propose
that MACF1 may stably associate with cytoskeleton and
support the cytoskeleton structure in a concentration-
dependent manner. This strong association retains other
MACFl-interacting proteins including the differentiation
suppressors TCF12, E2F6, MEAF6, and CDKI12 in
cytoplasm, when MACF1 concentration is high during
differentiation. On the contrary, when MACF1 con-
centration is low during the undifferentiation state,
MACF]1 does not associate with cytoskeleton well. Con-
sequently, MACF1 interaction with nesprin-3a, TCF12,
and MEAF6 may allow an efficient translocation of
MACF]1 into nucleus.

In summary, MACF1, a cytoskeletal protein, effectively
sequesters suppressive transcription regulators of osteogenic
genes in cytoplasm to ensure successful osteoblast differ-
entiation, while its down-regulation results in the nuclear
translocation of repressors and shuts off the transcriptional
program for osteoblast differentiation (Fig. 7). This pro-
vides a novel mechanism for effective switching on and off
the transcription programs for differentiation of osteoblast
and possibly of other cells. We propose that regulation of
the nuclear shuttling of regulatory proteins by association
with cytoskeleton and/or cytoskeleton-associated proteins



MACF1 promotes osteoblast differentiation by sequestering repressors in cytoplasm 2175

A TCF7 motif TCF12 motif B
TCF12
TTC 1.5+
CAAA ? *%
> —~~
© C
AGATCAAAGG, 8 repeats CAGCTGCTG 8 repeats o &) 1.0
n
(33) Xhol l Hindlll (65) (33) Xhol l Hindlll (65) © >,
V. V. 53
‘ / J ( :'.: 'O
f G 3
o R sne & Toaweste 2N
e e 0 g 0.5
=}
TE
o
% % c
PNL : PNL - g <
1.1 - 1.1 -
3233bp g' 3233bp S' z
g g £ g 0.0-
£ £ 2d 3d 4d 5d  2d 3d 4d 5d
o o
Control MACF1-KD
C TCF7 ; D
- TCF7
— kK -
> 2.5 — 1.5
= 2
-~ =
5} 2T
B 201 £ 3
33 5 5
q) -
O > 1.5 © >
= 0 —
50 5o
= Q0 © 0
oN 1.0 2N
2© S '® 0.5
o £ < €
§S 05 05
zE™ SE
0.0- 0.0-
2d 3d 4d 5d 2d 3d 4d 5d 2d 3d 4d 5d 2d 3d 4d 5d
Control MACF1-KD Control MACF1-KD
+si-TCF12 +si-TCF12
TCF12 motif deg GO enrichment BP TCF7 motif deg GO enrichment BP
Multicellular organismal development ’___——_—i Bone mineralization .
Negative regulation of Notch signaling pathway < FDR Positive regulation of cell death .
Signal transduction o o.0109 Inflammatory response
Cell differentiation o 0.0050 Pattern specification process . FDSSSES
Skeletal system development . 00025 Transcription from RNA pol Il promoter { @ -
Transcription from RNA pol || promoter [ ] Number Response to lipopolysaccharide §§l§
Positive regulation of transcription [ ] e 70 Skeletal system development | « ’
In utero embryonic development @ é 15 Multicellular organismal development § @ Number
Osteoblast differentiation - « H = Positive regulation of angiogenesis 1 « 5
Blood vessel development - « @0 Cell adhesion {® 2
@35 @ 20
3 4 5 6 3 4
-log10 P-value -log10 P-value

Fig. 6 MACF1 oppositely regulates the transcription activity of
TCF12 and TCF7 to regulate their downstream genes expression.
A Schematic illustration of the design of the TCF7 and TCF12 nano-
luc luciferase reporter plasmids. B Transcription activity of TCF12 in
Control or MACF1-KD cells detected by luciferase reporter assay.
Data represent mean value + SD (n = 3). Statistical analysis was per-
formed using Student #-test compared to the corresponding control
group (**P <0.01, ***P <0.001). C Transcription activity of TCF7 in

Control or MACF1-KD cells detected by luciferase reporter assay.
Data represent mean value + SD (n = 3). Statistical analysis was per-
formed using Student #-test compared to the corresponding control
group (*P<0.05, ***P<0.001). D Transcription activity of TCF7
after TCF12 siRNA (si-TCF12) treatment in Control or MACF1-KD
cells detected by luciferase reporter assay. Data represent mean value
+SD (n = 3). Bubble diagram showing the enriched GO BP terms for
the DEGs downstream of TCF12 (E) and TCF7 (F).
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Fig. 7 Proposed model of
MACEF1 regulating osteoblast
differentiation by sequestering
the repressors in cytoplasm.
MACF]1 stably associates with
cytoskeleton at high level and
effectively sequesters
suppressive transcription
regulators of osteogenic genes in
cytoplasm to ensure successful
osteoblast differentiation, while
low level of MACF]I results in
the nuclear translocation of
repressors and shuts off the
transcriptional program for
osteoblast differentiation.
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may represent a general mechanism for switching on and
off transcriptional programs in various biological processes.
The novel mechanism of MACF1 in regulating osteoblast
differentiation in mouse cells may be extended to human
cells, as we have demonstrated the similar function of
MACEFI! in regulating human osteoblast differentiation in
Sa0S-2 cell line. If this is true, the present findings may
shed light on developing new therapeutic applications in
curing bone diseases.
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