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Abstract
TIMAP (TGFβ-inhibited membrane-associated protein) is an
endothelium-enriched TGFβ downstream protein and struc-
turally belongs to the targeting subunit of myosin phospha-
tase; however, the mechanism of TGFβ repressing TIMAP
and its functional relevance to TGFβ bioactivity remain large-
ly unknown. Here, we report that TIMAP is reduced in TGFβ-
elevated mouse fibrotic kidney and highly expressed in mac-
rophages. TGFβ repression of TIMAP is associated with
HDAC3 upregulation and its recruitment by Smad2/3 at the
Smad binding element on TIMAP promoter, whereas specific
HDAC3 inhibition reversed the TIMAP repression, suggest-
ing that TGFβ transcriptionally downregulates TIMAP
through HDAC3-associated Smad signaling. Further investi-
gation showed that TIMAP over-expression interrupted
TGFβ-associated Smad signaling and TIMAP repression by
TGFβ correlated with TGFβ-induced macrophage M2 polar-
ization markers, migration, and phagocytosis—the processes
promoted by phosphorylation of the putative TIMAP sub-
strate myosin light chain (MLC). Consistently, TIMAP de-
phosphorylated MLC in macrophages and TGFβ induced
macrophage migration and phagocytosis in TIMAP- and
MLC phosphorylation-dependent manners, suggesting that
TIMAP dephosphorylation of MLC constitutes an essential
regulatory loop mitigating TGFβ-associated macrophage
M2 phenotypic activities. Given that hyperactive TGFβ often
causes excessive macrophage phagocytic activities potentially
leading to various chronic disorders, the strategies targeting

HDAC3/TIMAP axis might improve TGFβ-associated path-
ological processes.
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Introduction

TIMAP (TGFβ-inhibited membrane-associated protein) is
originally identified from glomerular endothelial cells as a
CAAX box protein, and its expression is downregulated by
TGFβ [1], an important cytokine whose deregulation is in-
volved inmany chronic clinic diseases such as chronic inflam-
mation, tissue fibrosis, and cancer [2]. TIMAP structurally
belongs to the myosin phosphatase targeting (MYPT) protein
family [3] and is thought to play a regulatory role in TGFβ-
mediated cellular processes. Past studies have identified sev-
eral plasma membrane proteins—the non-integrin laminin re-
ceptor 1 (LAMR1) [4, 5], Moesin [6], and receptor for acti-
vated C kinase 1 (RACK1) [7] as the TIMAP interacting part-
ners or substrates. These studies indicate that TIMAP is
enriched in endothelial filopodia [5], promotes angiogenesis
of glomerular endothelial cells [8], and functions as a protector
in LPS-induced lung endothelial barrier leakage [6]; however,
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the information about TGFβ-regulated cellular process in-
volving TIMAP is still lacking.

TGFβ induces various cellular responses mainly through
Smad signaling pathway. Upon activation, regulatory Smad2
and 3 (R-Smads) in complex with common Smad4 translocate
to the nucleus and positively or negatively transcribe TGFβ
downstream genes through Smad binding element (SBE) lo-
cated on the promoter [9]. R-Smads can recruit transcription
co-activator CBP (CREB-binding protein), p300, or P/CAF
(p300/CBP-associated factor), which contain intrinsic histone
acetyl-transferase, to promote transactivation [10].
Alternatively R-Smads can recruit transcription co-repressors
such as Ski, NCoR/SMRT, or mSin3A, in association with
histone deacetylase (HDAC), to repress the transcription [11,
12]. TGFβ repression of TIMAP is sensitive to HDAC inhi-
bition [1], suggesting the potential involvement of Smad/
HDAC signaling.

From a developmental point of view, endothelia and hema-
topoietic cells share a common precursor—hemangioblast
[13]. Our initial study showed that TIMAP is also expressed
in hematopoietic cell line KG1a (human myelogenous leuke-
mia cell), Molt4 (human lymphoblastic T cell), and Dami
(human megakaryocytic cell) [1]. Gene expression analysis
from Gene Atlas database (www.biogps.org) reveals that the
highest TIMAP level is found in mouse bone marrow-derived
macrophages, which are the professional phagocytic cells reg-
ulated by TGFβ. Macrophage can polarize to pro-
inflammatory M1 phenotype, or alternatively to M2 pheno-
type influenced by TGFβ or other cytokines, in which mac-
rophage migrates to the injured site to clean harmful cell de-
bris through phagocytosis and repair injury by depositing ex-
tracellular matrix proteins [14]. Macrophage migration and
phagocytosis involve active cytoskeleton reorganization and
cell membrane movement mediated by myosin-involved actin
polymerization [15, 16], which is regulated by the phosphor-
ylation of myosin light chain (MLC) [17, 18]. Recent in vitro
study showed that TIMAP regulated PP1C activity towards
MLC phosphorylation [19], implying that TIMAP might af-
fect TGFβ-regulated cell migration and phagocytosis through
regulating MLC phosphorylation-associated cell cytoskeleton
rearrangements.

In this study, we sought to investigate the mechanism of
TGFβ repressing TIMAP and its functional significance in
TGFβ-associated cellular processes. We showed for the first
time that TIMAP is reduced in TGFβ-elevated fibrotic mouse
kidney and highly expressed in macrophages.We investigated
how TGFβ HDAC-sensitively repressed TIMAP transcrip-
tion and further identified HDAC3 as the subtype involved.
We then tested if TIMAP affected TGFβ-inducedmacrophage
M2 polarization and determined whether TIMAP regulated
MLC phosphorylation and its role in TGFβ-associated mac-
rophage migration and phagocytosis. These results reveal a
novel regulatory pathway and shed new lights on TGFβ-

associatedmacrophage functions potentially related to chronic
disorders.

Materials and methods

Animal work

The use of animals is in accordance with the university guide-
lines and regulations and the animal protocols were approved
by the Nanjing University Animal Welfare and Ethics com-
mittee. C57BL6/J male mice aged at 6–8 weeks were from the
UniversityModel Animal Research Center. Mouse UUO (uni-
lateral ureteral occlusion) model was established as previously
[20]. Sham- and UUO-operated mice were composed of six
animals in each group. After 7 days of experiments, all mice
were euthanized by CO2 inhalation and mouse kidneys were
removed surgically and stored at −80 °C for further
examination.

Histological and immunofluorescent staining

Kidney tissues were prepared as before [20]. Sections (2 μm)
were cut and subjected to Masson’s trichrome staining by stan-
dard procedure. Renal fibrosis areas (the ratio of blue-colored
area of collagen deposition over total renal area) were mea-
sured quantitatively from 10 randomly selected fields from
each kidney section and analyzed by the ImageJ software.

Mouse kidney sections or RAW cells seeded on cover-slips
were incubated with anti-TIMAP or anti-phosphorylatedMLC
(P-MLC) antibody (Santa Cruz, USA) overnight at 4 °C,
followed by incubating with the Alexa Fluor 594-conjugated
AffiniPure donkey anti-goat or anti-rabbit secondary antibody
(Jackson Immuno Research Lab., USA) for additional 1 h at
room temperature. Cultured cells were counter-stained with
DAPI (4′,6-diamidino-2-phenylindole) for nucleus verifica-
tion. Images were taken by a light or a fluorescence confocal
microscope. The levels of fluorescent staining of kidney
sections were measured quantitatively from 10 randomly se-
lected fields from each kidney section. The expression levels of
TIMAP and P-MLC from immunofluorescence-stained RAW
cells were measured quantitatively from 50 cells each time
from at least four randomly selected fields from three repeated
experiments and analyzed by the ImageJ software.

Cell and cell culture

Human embryonic kidney HEK293 and mouse macrophage
RAW cells (ATCC, USA) were cultured in MEM medium
with 10 % fetal bovine serum or DMEM containing 10 %
newborn calf serum, respectively. Mouse peritoneal macro-
phages were collected and cultured basically as before [21].
All cells were cultured at 37 °C in a 5%CO2 incubator. TGFβ
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or lipopolysaccharide (LPS) were added 1 h after TSA (Sigma
Aldrich, USA), SAHA (suberoylanilide hydroxamic acid), or
RGFP966 (Selleck, USA).

Western blotting

Western blotting was performed essentially as before [20]
with antibodies to HDACs, phosphorylated Smad3 and
Smad3 (Cell Signaling Technology, USA), TIMAP, MLC,
P-MLC, Smad2/3, PAI-1 (Santa Cruz, USA), fibronectin
(Protein Technology, China), and goat anti-mouse IgG-
HRP, goat anti-rabbit IgG-HRP, or rabbit anti-goat IgG-
HRP secondary antibodies (Yifeixue Biotech, China).

RT-PCR and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s instructions. RT-PCR
and qRT-PCR were carried out with a Superscript Kit and RT-
PCR/qRT-PCR mix reagents (Vazyme, China). The primer
sequences were listed in Table 1. RT-PCR products were an-
alyzed by agarose gel electrophoresis.

Real-time PCR was performed in 20 μl SYBR Green PCR
Master Mix (Vazyme, China). The primers for TGFβ (TGFβ-
F/TGFβ-R), Arg-1 (Arg-1-F/Arg-1-R), IL-10 (IL-10-F/IL-10-
R), or internal control GAPDH (GADPH-F/GADPH-R) were
listed in Table 1. The original Ct (cycle of the threshold)
values were adjusted to GAPDH. Data were converted and
presented as the fold changes related to control.

Plasmid construction and luciferase reporter assay

Mouse TIMAP (mPPP1R16B) encodes a 568 amino acid pro-
tein, same as bovine TIMAP [1]. HA-tagged mouse wild-type
and mutant TIMAP expression plasmids (HA-TIMAP/HA-
TIMAPC565S) were constructed in pUSE-HA vector [22]
by RT-PCR from RAW cell mRNA using primer pTIMAP-
F, pTIMAP-R, or pmTIMAP-R (see Table 1). The mutated
TIMAP has a serine substitution for cysteine in CAAX box
[1]. Mouse TIMAP promoter (pTIMAP-luc, -5000 to +96,
related to the transcription starting site), and the 5′- or 3′-
deletion (pTimap5d-luc, -2474 to +96 and pTimap3d-luc, -
5000 to -2453) reporter plasmids were constructed in pGL3
basic vector at the XhoI/HindIII sites. The primer sequences
for full-length (pFull-F/R) or 5′/3′ deletions (p5d-F/R) were
listed in Table 1. Two TIMAP-shRNA plasmids were con-
structed in GV102 vector at the BamHI and HindIII sites with
the following oligos: GATCCCGTTCGCTACTTCCTG
AAGATTCAAGAGATCTTCAGGAAG TAGCGAAC
TTTTTTGGAAA and AGCTTTTCCAAAAAAGTTCG
CTACTTCCTGAAGAT CTCTTGAATCTTCAGGAAGT
AGCGAACGG (shRNA-TIMAP1, the target sequences cor-
responding to TIMAP open reading frame 250-268 were

underlined) and GATC CCGCCTATACCGGAAAG
AATATTTCAAGAGAATATTCTTTCCGGTATAGGTTTT
TT GGAAA and AGCTTTTCCAA AAAACCTATACCGG
AAAGAATATTCTCTTGAAATAT TCTTTCCGGTATAG
GCGG (shRNA-TIMAP2, the underlined sequences targeted
1068-1086 of TIMAP). A plasmid containing a scrambled
sequence was used as a control (shRNA control).

For luciferase assay, HEK293 cells were transfected with
reporter plasmids plus a renilla luciferase plasmid by
Lipofectamine 2000 reagent (Invitrogen, USA). The cells
were then treated with TGFβ and/or TSA for 24 h before
the luciferase activity was assessed using a dual luciferase
assay system (Promega, USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was carried out with a ChIP Kit from Millipore
(USA) fo l lowing manufac ture r ’s pro toco l . The

Table 1 Primer sequences

Primer name Sequence (5′-3′)

TGFβ-F CCACCTGCAAGACCATCGAC

TGFβ-R CTGGCGAGCCTTAGTTTGGAC

TIMAP-F CGGCCACATCAACCTGGTGAA

TIMAP-R CCAGTCCTTCACATCCACACG

NOS2-F CAGCTGGGCTGTACAAACCTT

NOS2-R CATTGGAAGTGAAGCGTTTCG

IL-6-F GCTGGTGACAACCACGGCCT

IL-6-R AGCCTCCGACTTGTGAAGTGGT

Arg-1-F GGAATCTGCATGGGCAACCTGTGT

Arg-1-R AGGGTCTACGTCTCGCAAGCC

IL-10-F GCTCTTACTGACTGGCATGAG

IL-10-R CGCAGCTCTAGGAGCATGTG

GAPDH-F AACGACCCCTTCATTGAC

GAPDH-R TCCACGACATACTCAGCA

mChIP-SBEI-F GTCATTGCTCAATGGGCACATG

mChIP-SBEI-R ACAATGAGGCAATGTCCCTTGG

mChIP-SBEII-F CCAGAATTGGAAGGCTCATCTG

mChIP-SBEII-R GAAGAGGACACCATACAGATGG

mChIP-neg-F CCATCTGTATGGTGTCCTCTTC

mChIP-neg-R AAGGCTGAGAACCAGTGTGCTA

hChIP-SBE-F CCAGGGTTCAGCAAATGTGGAT

hChIP-SBE-R ACTCAGGGTTCCTAGCTTGAAG

pTIMAP-F TAAGCGGCCGCCATGGCCAGCCACGTGGAC

pTIMAP-R CCGCTCGAGTCTCTCCTCCAGTTCAAGGACA

pmTIMAP-R CCGCTCGAGCTAGGAGATCCGGGAGCAGCC

pFull-F CCGCTCGAGCATCTGCTACCAAGCATGTGC

pFull-R CCCAAGCTTCACTCATGTGTGAACTGGAGAG

p5d-F CCGCTCGAGCTCTCCAGTTCACACATGAGTG

p3d-R CCCAAGCTTGGCCTGTAGTAGCAGAGAATG
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immunoprecipitation was performed with anti-Smad2/3, anti-
HDAC3, anti-acetylated histone 3, or an isoform-matched im-
munoglobulin, respectively. After precipitation, the antibody-
associated DNA fragments were PCR-amplified using primer
sets for mouse SBEI (ChIP-mSBEI F/R for -4470/-4160 re-
gion), SBEII (ChIP-mSBEII F/R for -3982/-3511 region), the
negative control (mChIP-negF/R, -3532/-3072), or for SBE
on human TIMAP promoter (hChIP-SBE F/R, -384/-919).
The primer sequences were listed in Table 1. PCR products
were analyzed by agarose gel electrophoresis.

Co-immunoprecipitation (Co-IP) assay

Co-immunoprecipitation assay was performed reciprocally
with antibodies specific for TIMAP or MLC as before [23].
The immunoprecipitants were analyzed by Western blotting
using antibodies to MLC or TIMAP respectively.

Macrophage migration assay

RAW cells stably expressing either wild-type or mutant
TIMAP (C565S) were established as before [22]. The conflu-
ent cell monolayer was stroked with a pipette tip. Cells were
washed to remove detached and damaged cells and then treat-
ed with TGFβ and/or ML-7 (Santa Cruz, USA) for 24 h. The
cell migrations were monitored microscopically and the mi-
gration distance was measured from five preset positions for
each treatment condition by the ImageJ software.

Endocytosis assay

Neutral red endocytosis: RAW cells were treated with either
TGFβ or RGFP966 for 24 h before neutral red reagent (100 μl
of 0.1 % solution) was added. The endocytosis underwent at
37 °C for 2 h. Cells were then lysed and the sample absor-
bance was measured at 540 nm on a micro-plate reader [24].

Phagocytosis assay: RAW cells, RAW cells stably express-
ing either wild-type or mutant TIMAP (C565S) or transfected
with shRNA plasmids were treated with M-CSF (Sino
Biological, China) to potentiate M2 polarization [25] before
TGFβ, RGFP966, and/or ML-7 treatment. Zymosan particles
(Sigma Aldrich, USA) were added to the cells at a ratio of
10:1 (zymosan to macrophage) [18, 26]. Phagocytosis was
allowed to proceed for 2 h at 37 °C and then terminated by
washing off non-ingested particles. Cells were stained by
Wright staining and examined and photographed under a light
microscopy at ×600 magnifications. A total of 100 cells from
randomly selected fields for each condition were examined
and phagocytosis index was calculated as the product of per-
centage of phagocytic cells multiplied by the mean of particles
per cell [27].

Statistics

Data were expressed as the mean ± SD (standard deviation).
The statistical significance of difference between two groups
was analyzed by unpaired Student’s t test. The difference is
considered statistically significant or very significant at
p < 0.05 or p < 0.01, respectively.

Results

TGFβ downregulates TIMAP in mouse macrophages

Our previous study indicated that TGFβ strongly inhibited
TIMAP expression in cultured endothelial cells [1]. To gain
insights into the possibility that TGFβ decreases TIMAP
in vivo, we examined TIMAP expression from healthy or
UUO mouse kidney in which TGFβ was a crucial mediator
of disease progression [28]. We found that UUO mouse kid-
ney displayed severe tubule dystrophy and increased intersti-
tial fibrosis represented by blue-stained collagen depositions
(Fig. 1a, upper panel and Fig. 1b, left panel). TIMAP was
preferentially expressed in glomerulus in control kidney, but
the expression was significantly reduced in UUO kidney
(Fig. 1a, right-pointed arrows in lower panel and 1b, right).
In addition, UUO kidney displayed sporadic, although
dimmed, positive staining outside glomerulus where macro-
phages often infiltrated to (Fig. 1a, lower panel right, up-
headed arrows), accompanied by increased TGFβ mRNA
levels (Fig. 1c). To directly test whether macrophage ex-
presses TIMAP and whether TGFβ represses its level, we
treated mouse macrophage RAW cells with TGFβ and found
that TGFβ caused remarkable TIMAP suppression (Fig. 1d,
e). TGFβ also time-dependently reduced TIMAP mRNA in
RAW cells and mouse peritoneal macrophages (Fig. 1f).
Interestingly, the general HDAC inhibitor TSA (trichostatin
A) and SAHA (suberoylanilide hydroxamic acid) prevented
TGFβ inhibition of TIMAP at both mRNA and protein levels
in RAWand peritoneal macrophages, respectively (Fig. 1g, h).
Taken together, these results suggest that TIMAP levels in-
versely correlate with renal fibrosis severity in UUO kidney
and TGFβHDAC-dependently inhibits TIMAP transcription.

TGFβ represses TIMAP transcription through Smad
signaling

To gain further insights into the TGFβ transcriptional regula-
tion of TIMAP, we constructed a mouse TIMAP promoter
(5 kbp) luciferase reporter, which contained two putative
Smad binding sites located at -4347/-4340 and -3817/-3812
related to the transcription starting site, and two additional
deletion mutants that covered 5′ or 3′ half of the 5 K promoter
(Fig. 2a). We transfected the plasmids into HEK293 cells and

276 J Mol Med (2017) 95:273–285



found that TGFβ significantly inhibited the transcriptions of
both full length (pTIMAP-luc) and 3′ deletion (pTIMAP3d-
luc) plasmids, while only marginally affecting the 5′ deletion
plasmid (pTIMAP5d-luc) (Fig. 2b). Since both full length and
3′ deletion plasmids share the same SBEs, we further tested
the Smad2/3 binding of SBE on mouse and human TIMAP
promoter by ChIP assay using a ChIP grade antibody that
recognized both Smad2 and Smad3. The result showed that
TGFβ treatment caused significant increase of Smad2/3 accu-
mulation at both SBEs in mouse RAW cells (Fig. 2c, d) and at
the SBE site in human HEK293 cells (Fig. 2e, f), suggesting
that TGFβ transcriptionally downregulated TIMAP through
Smad signaling.

TGFβ downregulation of TIMAP involves
HDAC3-associated transcription repression

TGFβ/Smad transcriptionally represses downstream gene
in association with transcription repressors and HDACs
[29]. In order to identify the HDAC subtype involved in
TIMAP repression, we tested the expression of a panel of
HDACs that were reported to associate with Smad signal-
ing. We found that the expression of HDAC1, 2, 4, 6, and
8 remained constant, but HDAC3 was notably upregulated
by TGFβ in RAW cells (Fig. 3a) and in UUO kidney
(Fig. 3c). Further, ChIP assay detected that TGFβ treat-
ment caused a significant HDAC3 association with the
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Fig. 1 TGFβ downregulates TIMAP in mouse macrophages. a Kidney
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heads indicated the positive TIMAP staining. b Quantitations of kidney
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RAW cells were treated with TGFβ (5 ng/ml) for 24 h. TIMAP proteins
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staining intensities in d. f TGFβ inhibits TIMAP mRNA. RAW cells
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All the cell-based experiments were repeated at least three times and the
representative results are shown. *p < 0.05 versus control or sham,
#p < 0.05 versus TGFβ treatment
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SBE sites on both mouse and human TIMAP promoters
(Fig. 3d, f). Accordingly, the local histone3 acetylation
was decreased (Fig. 3d, lower panel), presumably due to
the increased local HDAC3 activity. To prove HDAC3 is
responsible for TGFβ repression of TIMAP, we tested the
effect of a specific HDAC3 inhibitor RGFP966 on the
repression. The results showed that TGFβ inhibition of
TIMAP mRNA and protein was almost completely re-
stored by RGFP966 (Fig. 3h, i), suggesting that HDAC3
plays an essential role in TGFβ transcriptional repression
of TIMAP.

TIMAP affects TGFβ regulation of M2 markers
of macrophage polarization

TGFβ is a potent inducer of macrophage M2c polarization
[30]. RAW cells are able to express M1 biomarker NOS2
(nitric oxide synthase 2) and IL-6 stimulated by LPS or M2
marker Arginase-1 (Arg-1) and IL-10 in response to TGFβ,
respectively (Fig. 4a, b, left panel). TSA or RGFP966 treat-
ment inhibited TGFβ-induced expression of Arg-1 and IL-
10 (Fig. 4b, middle and right panel and Fig. 4c). To further
determine whether TIMAP causatively affects TGFβ-
induced macrophage M2 polarization, we employed
TIMAP gain or loss strategies by TIMAP over-expression
(HA-TIMAP) or small hairpin RNA (shRNA-TIMAP)

knockdown technique, respectively. To ensure the result
accuracy, we performed the assay by qRT-PCR. The results
showed that TGFβ induction of both Arg-1 and IL-10 were
enhanced when TIMAP was knocked down by two specific
shRNAs that target different areas on TIMAP mRNA
(Fig. 4d). On the contrary, TIMAP over-expression mark-
edly reduced the TGFβ induction of Arg-1 and IL-10
(Fig. 4e). TIMAP over-expression also repressed TGFβ-
mediated Smad3 phosphorylation, PAI-1 (plasminogen
activator inhibitor -1) and fibronectin (Fig. 4f, g) expres-
sion, the major TGFβ signaling molecule and downstream
proteins highly expressed in M2 phase. Taken together,
these results suggest that TIMAP negatively affects
TGFβ signaling and its regulation of macrophage M2
polarization.

TIMAP regulates TGFβ-induced macrophage M2
phenotypic migration and phagocytosis

Promotion of macrophage migration to the injured site and
removal of dead cell debris are characteristic properties of
macrophage M2 phenotypes incurred by TGFβ during tis-
sue remodeling [31]. We next investigated whether TGFβ
repression of TIMAP affected TGFβ-induced macrophage
migration and phagocytosis. The results showed that
TGFβ treatment led to increased RAW migration, which
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results are shown. *p < 0.05 versus control. #p < 0.05 versus TGFβ
treatment
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was inhibited by RGFP966 (Fig. 5a, b). Macrophage
phagocytosis refers to receptor-mediated internalization of
particles ≥0.5 μm in diameter [32], while fluid-phase and
soluble materials are taken up by a process called
macropinocytosis [33]. We found that TGFβ promoted
the macropinocytosis of neutral red (Fig. 5c) [24] and
phagocytosis of zymosan particles (average 3 μm in diam-
eter, Fig. 5d), which were significantly inhibited by TSA
or RGFP966. To further verify these observations, we
assayed the effects of TIMAP over-expression on TGFβ-
induced macrophage phagocytosis. To avoid the interfer-
ence of excess protein on cell motility, we used a mutant
TIMAP expression plasmid as control, in which the cys-
teine (C565) in CAAX box was substituted with serine
(S), hence prohibiting its functional membrane localization
[1]. The results showed that over-expression of wild-type
TIMAP prevented basal and TGFβ-induced macrophage
phagocytosis (Fig. 5e). On the marked contrary, TIMAP
knockdown by shRNA enhanced the phagocytosis
(Fig. 5f). Taken together, these results indicate that
TIMAP plays an important role in TGFβ-induced macro-
phage migration and phagocytosis.

TIMAP regulates myosin light chain phosphorylation
in macrophages

The phosphorylation ofmyosin light chain (MLC) is critical in
controlling cell membrane movement during cell migration
and phagocytosis [17]. Since MLC phosphorylation is regu-
lated by TIMAP in vitro [19], we assume that TIMAP might
mediate TGFβ-induced cell migration and phagocytosis
through modulating MLC phosphorylation in macrophages.
To test this idea, we first treated RAW cells with TGFβ and
measured the phosphorylated MLC. TGFβ dose and time de-
pendently increased MLC phosphorylation (Fig. 6a), while
RGFP966 inhibited the increment (Fig. 6b). TIMAP over-
expression blunted TGFβ-incurred MLC phosphorylation
(Fig. 6c–e) and on the contrary, TIMAP knockdown by
shRNA increased the basal MLC phosphorylation and
sustained the level in presence of TGFβ (Fig. 6f). To further
determine the relationship between TIMAP and MLC phos-
phorylation, we performed co-immunoprecipitation assay. We
found that TIMAP was physically associated with MLC in
resting RAW cells and TGFβ treatment reduced their associ-
ations (Fig. 6g, h) with a concomitant increase of MLC
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phosphorylation, suggesting that MLC is a TIMAP substrate
in macrophages that potentially mediates TIMAP regulation
of TGFβ-associated macrophage M2 phenotypes.

TIMAP regulation of MLC phosphorylation contributes
to TGFβ-induced macrophage migration
and phagocytosis

To confirm that TIMAP dephosphorylation of MLC con-
tributes to TGFβ-mediated macrophage M2 phenotypic
activities, we tested the effect of a specific MLC kinase
inhibitor ML-7 on TGFβ-induced macrophage migration
and phagocytosis. The results showed that ML-7 signifi-
cantly inhibited the basal and TGFβ-induced macrophage
migration, even when cells over-expressed wilt-type
TIMAP (Fig. 7a, b). In addition, ML-7 also similarly
inhibited TGFβ-induced RAW phagocytosis of zymosan

particles (Fig. 7c, d). Taken together, these results indicate
that TIMAP regulation of MLC phosphorylation plays an
essential role in TGFβ-induced macrophage migration and
phagocytosis.

Discussion

In this study, we have made several novel findings: (a)
TIMAP level is reduced in TGFβ-elevated fibrotic mouse
kidney, providing the first in vivo evidence that TGFβ re-
presses TIMAP in diseased kidneys. (b) TIMAP is highly
expressed in macrophages and TGFβ represses its transcrip-
tion through HDAC3-dependent Smad signaling. (c) TIMAP
interrupts TGFβ/Smad signaling and negatively affects the
TGFβ-induced macrophage M2 polarization, suggesting that
TIMAP participates in TGFβ-associated wound repair/tissue
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remodeling processes. (d) TIMAP dephosphorylates MLC in
macrophages and TGFβ repression of TIMAP increasesMLC
phosphorylation, which constitutes a critical part of TGFβ/
Smad signaling pathways promoting macrophage M2 pheno-
typic phagocytosis (Fig. 8).

TGFβ plays a key role in tissue homeostasis, adult immu-
nity, and wound repair [2]. TGFβ regulates various cellular
processes through either Smad-dependent or Smad-
independent signaling pathways, such as MAPK, RhoA, or
PKC [34]. The identification of the Smad binding elements
on TIMAP promoter and further confirmation of Smad2/3-
dependent repression of TIMAP transcription establish that
TIMAP is a direct TGFβ/Smad target. Discovery of TIMAP
preferential expression in macrophage and its participation in

macrophage M2 polarization are important because TGFβ-
regulated macrophage activity plays an essential role in vari-
ous inflammatory disorders. It is generally accepted that mac-
rophages polarized to M1 phenotype early during inflamma-
tion and shifted to M2 polarization later, which released high
level TGFβ, to repair injured tissues [30, 35]. We clearly
demonstrated that TGFβ HDAC3-dependently represses
TIMAP, which blocked TIMAP dephosphorylation of MLC
and promoted macrophage migration and phagocytosizing ac-
tivities. Therefore, our results elaborate a novel regulatory
loop that provides additional control over TGFβ-associated
injury repair and tissue remodeling processes.

HDAC, as a protein acetylation modifier, is emerging as a
key epigenetic regulator of various physiological or
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Fig. 5 TIMAP regulates TGFβ-induced macrophage M2 phenotypic
migration and phagocytosis. a Cell migration assay. RAW cells were
treated with RGFP966 (10 μM) in the presence or absence of TGFβ
(5 ng/ml). The cell monolayer was wounded by scraping with a pipette
tip and the cell migrations were monitored at time zero (0 h) and 24 h. b
Cell migration distances were measured and analyzed by the ImageJ
software. The number represented the average of 5 measurements from
5 preset locations for each field. c Neutral red endocytosis assay. RAW
cells were first stimulated with M-CSF (50 ng/ml) for 12 h and then
treated with TGFβ (5 ng/ml) in the presence or absence of TSA
(30 ng/ml) or RGFP966 (10 μM) for additional 24 h. Cells were then
subjected to neutral red endocytosis assay. d RAW cells were stimulated

with M-CSF (50 ng/ml) for 12 h and then treated with TGFβ (5 ng/ml) in
the presence or absence of RGFP966 (10 μM) for 24 h before addition of
zymosan particles. Phagocytosis was allowed to proceed for 2 h, then the
photographs were taken at ×600 magnification. The quantification was
underneath the figures. e RAW cells stably expressing either mutant or
wild-type TIMAP or f transfected with shRNA control or shRNA-
TIMAP plasmid were subjected to zymosan phagocytosis assay as in d.
The expressions of exogenous HA-TIMAP or endogenous TIMAP were
verified by Western blotting and the quantifications were underneath the
figures, respectively. All the experiments were repeated at least three
times and representative results are shown. *p < 0.05 versus control,
#p < 0.05 versus TGFβ treatment
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pathological processes. HDAC inhibitions are protective
against various inflammatory disorders, tissue fibrosis, and
cancer, and especially, TGFβ/Smad signaling is markedly af-
fected by HDAC activities [36, 37]. Intriguingly HDAC either
positively or negatively affects TGFβ signaling [38]. For ex-
ample, the inductions of HDAC2 [39], HDAC4 [40] and
HDAC6 [41] are associated with TGFβ-induced upregulation
of pro-fibrogenic proteins and epithelial mesenchymal transi-
tion after kidney injury, which worsen renal fibrosis, while
HDAC3 upregulation, presumably complexed with R-Smad/
transcriptional co-repressors, correlates with the inhibitions of
some TGFβ-regulated renal protective molecules such as

miR-30 [42], PPARγ [43], and TIMAP as demonstrated in
this study. Based on these observations, it seems that HDAC
subtype involvements in TGFβ-associated cellular processes
are cell type- and target gene-specific and the protective ef-
fects of general HDAC inhibition under a specific disease
setting are achieved through its multiple actions on distinct
signaling or effecter molecules. Likewise, the concomitant
inhibition of HDAC3 and reversal of TIMAP repression con-
tribute significantly to the protection.

Macrophage migration and phagocytosis are the crucial
features of TGFβ-associated M2 phenotypes, which involve
cytoskeleton remodeling and cell membrane movement
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Fig. 6 TIMAP mediates TGFβ regulation of myosin light chain
phosphorylation in macrophages. a RAW cells were treated with 2 or
5 ng/ml of TGFβ for 24 h (upper panel) or with 5 ng/ml of TGFβ for 6
or 12 h (lower panel). The phosphorylated MLC (P-MLC) levels were
assayed by Western blotting using a specific anti-phosphorylated MLC
antibody. The changes of TIMAP expression were also monitored. b
RAW cells were treated with specific HDAC3 inhibitor RGFP966
(10 μM) and/or TGFβ (5 ng/ml) for 24 h, and then P-MLC levels were
assayed by Western blotting. The P-MLC levels were normalized to β-
actin and the quantification was underneath the figure. c RAW cells were
transfected with a vector control or an HA-tagged TIMAP expression
plasmid and then treated with or without TGFβ (5 ng/ml) for 24 h. P-
MLC levels were assayed by Western blotting. The levels were
normalized to β-actin and the quantification was underneath the figure.
d Immunofluorescent staining of P-MLC. RAW cells stably transcfected
with control or HA-TIMAP plasmid were treated with or without TGFβ
(5 ng/ml) for 24 h and then stained with anti-P-MLC antibody (upper

panel), counter-stained by DAPI for nucleus DNA (middle panel) and
merged (lower panel). eQuantification of d. fRAWcells were transfected
with a shRNA control or shRNA-TIMAP plasmid and then treated with
or without TGFβ (5 ng/ml) for 24 h. TIMAP and P-MLC levels were
examined by Western blotting. P-MLC levels were normalized to β-actin
and the quantif icat ion was underneath the figure. g Co-
immunoprecipitation of TIMAP and MLC. RAW cells were untreated
or treated with TGFβ (5 ng/ml) for 8 h. The cell lysates were
reciprocally subjected to co-immunoprecipitation with anti-MLC, anti-
TIMAP, or an isoform (IgG)-matched control antibody followed by
Western blotting with TIMAP or MLC antibodies respectively (upper
panel). The total cell lysates were also examined for P-MLC, TIMAP,
or MLC expression by Western blotting (lower panel). h Quantification
of TIMAP and MLC of co-IP assay in g. All the experiments were
repeated at least three times and representative results are shown.
*p < 0.05 versus control, #p < 0.05 versus TGFβ treatment
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driven by myosin-associated actin polymerization and
contractivity [44]. MLC phosphorylation promotes actin/
myosin filament contraction and cell motility [45] and its level
is controlled by MLC kinase and myosin phosphatase (MP)
[46]. MP holoenzyme is composed of a catalytic subunit of
type 1 phosphatase isoform (PP1c), a small subunit (M20) of

unknown function, and a target subunit which determines MP
substrate specificity [47]. Although TIMAP is a member of
MP target subunit family, its substrate in macrophage is un-
known and there is paucity of information regarding the reg-
ulatory cascade mediating TGFβ-induced macrophage
phagocytosis. Our results indicate that MLC is a TIMAP sub-
strate inmacrophages since TIMAP physically associates with
MLC (Fig. 6g, h) and TIMAP levels inversely correlate with
MLC phosphorylation (Fig. 6d–f). More importantly, TGFβ
induces macrophage migration and phagocytosis in TIMAP-
and MLC phosphorylation-sensitive manners (Fig. 7a, c, d),
indicating that TGFβ repression of TIMAP leads to increased
MLC phosphorylation and subsequent macrophage migration
and phagocytosis. Therefore, our study uncovered TIMAP
dephosphorylation of MLC as a critical component mediating
TGFβ-induced macrophage migration and phagocytic
processes.

In conclusion, our studies have identified TIMAP as a
macrophage-enriched protein whose transcription is sup-
pressed by TGFβ through HDAC3-associated Smad signal-
ing.We further demonstrated that TGFβ repression of TIMAP
increased MLC phosphorylation and accelerated macrophage
M2 phenotypic migration and phagocytosis. Macrophage M2
polarization-associated wound repair and tissue remodeling
processes are generally considered beneficial for the host;

24
 h

0 
h

TG
F

C
o
n
tr
o
l

c Control                    ML-7

( noitargi
M

μm
)

HA-TIMAP

HA-TIMAP (C565S)                    HA-TIMAP(WT)

TGFβ - +         - +         - +         - +
ML-7 - - +         +         - - +         + TGF - +        - +       

Ph
ag

oc
yt

os
is 

in
de

x

0
50

100
150
200 *

# #* *

b

0

100

200

300

400

500
*

#

HA-TIMAP (C565S)                                                                                                      HA -TIMAP(WT) 

a

Scale bar:100 m

Scale bar:5 m

Control                 TGF ML-7                 ML-7/TGF Control                   TGF ML-7               ML-7/TGF

d

ML-7    - - +         +         

Fig. 7 TIMAP regulation of MLC phosphorylation contributes to
TGFβ-induced macrophage migration and phagocytosis. a Cell
migration assay. RAW cells were stably transfected with an HA-tagged
mutant (HA-TIMAPC565S) or wild-type TIMAP (HA-TIMAPWT)
expression plasmid and the positive cells were selected. The cells were
treated with TGFβ (5 ng/ml) and/or MLCK inhibitor ML-7 (10 μM),
respectively. The cell monolayer was wounded by scraping with a
pipette tip and the cell migrations were monitored at time zero (0 h) and
24 h. b Cells migration distances were measured and analyzed by the

ImageJ software as before. TIMAP protein expressions were verified by
Western blotting (bottom). cRAW cells were first stimulated withM-CSF
(50 ng/ml) for 12 h and then treated with TGFβ (5 ng/ml) in the presence
or absence of ML-7 (10 μM) for 24 h before addition of zymosan
particles. Phagocytosis was allowed to proceed for 2 h, and photograph
was taken at ×600 magnification. d Quantification of c. All the
experiments were repeated at least three times and representative results
are shown. *p < 0.05 versus control, #p < 0.05 versus TGFβ treatment

MLCK
Smad3

HDAC3

MP MLC  Myosin  Ac�n

TGF

TIMAP

Macrophage

P PP

Ac�n/Myosin filament

β

Fig. 8 A schematic representation of TGFβ repression of TIMAP and its
regulation of macrophage phagocytosis. TGFβ induces HDAC3-
associated Smad signaling that transcriptionally represses TIMAP, a
regulatory subunit of myosin phosphatase (MP) displaying inhibiting
properties against TGFβ/Smad signaling and macrophage M2
polarization. In turn, TIMAP dephosphorylation of MLC is abrogated,
which facilitates TGFβ and myosin light chain kinase (MLCK)
promotion of macrophage migration and phagocytosis

J Mol Med (2017) 95:273–285 283



however, macrophages often become hyper-responsive,
resulting in uncontrolled or deregulated release of TGFβ that
exacerbates acute tissue injury and promotes the development
of chronic diseases [48, 49]. Intervention strategies inhibiting
HDAC and TGFβ activity have been considered the potential
medications in anti-cancer and anti-fibrosis therapies [2, 50];
hence, the strategies targeting HDAC3/TIMAP axis might
beneficially affect TGFβ-associated pathological outcomes.
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