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Background: Alcohol (EtOH) exposure has detrimental effects on fracture healing.
Results: EtOH inhibits TGF-�1 protein expression via interference with the transcription factor myeloid zinc finger 1.
Conclusion: EtOH-induced deficient fracture healing may be related to reduced TGF-�1.
Significance: Further understanding of the mechanisms responsible for the effects of EtOH are crucial for the development of
interventions aimed at averting morbidities related to EtOH consumption.

Alcohol (EtOH) intoxication is a risk factor for increased mor-
bidity and mortality with traumatic injuries, in part through
inhibition of bone fracture healing. Animal models have shown
that EtOH decreases fracture callus volume, diameter, and bio-
mechanical strength. Transforming growth factor �1 (TGF-�1)
and osteopontin (OPN) play important roles in bone remodel-
ing and fracture healing. Mesenchymal stem cells (MSC) reside
in bone and are recruited to fracture sites for the healing pro-
cess. Resident MSC are critical for fracture healing and function
as a source of TGF-�1 induced by local OPN, which acts through
the transcription factor myeloid zinc finger 1 (MZF1). The
molecular mechanisms responsible for the effect of EtOH on
fracture healing are still incompletely understood, and this
study investigated the role of EtOH in affecting OPN-dependent
TGF-�1 expression in MSC. We have demonstrated that EtOH
inhibits OPN-induced TGF-�1 protein expression, decreases
MZF1-dependent TGF-�1 transcription and MZF1 transcrip-
tion, and blocks OPN-induced MZF1 phosphorylation. We also
found that PKA signaling enhances OPN-induced TGF-�1
expression. Last, we showed that EtOH exposure reduces the
TGF-�1 protein levels in mouse fracture callus. We conclude
that EtOH acts in a novel mechanism by interfering directly with
the OPN-MZF1-TGF-�1 signaling pathway in MSC.

Alcohol intoxication is a significant risk factor associated
with traumatic injury. Nearly half of patients with traumatic
injuries who present to emergency departments test positive
for blood alcohol content (1), and intoxication is associated
with an increased risk of mortality among trauma patients (2).
Among the numerous physiological effects of alcohol exposure,
it has been widely shown that alcohol interferes with bone for-
mation and fracture healing. Patients who abuse alcohol have
prolonged healing time following transverse tibial fractures (3).

The link between alcohol use and bone healing has serious
implications for intoxicated patients suffering from fractures.

Much has been discovered regarding the effects of alcohol on
fracture healing in animal models. Alcohol exposure in rodents
prior to fracture injury results in inhibition of bone repair,
decreased fracture callus volume, and reduced biomechanical
strength (4 – 6). Although some of the signaling pathways
involved in alcohol-induced deficient bone repair have been
implicated, such as Wnt signaling (4), the molecular mecha-
nisms and signaling pathways responsible for the physical man-
ifestations remain to be elucidated.

Central to the process of bone healing is the role of mesen-
chymal stem cells (MSC).2 MSC are vital to bone healing
through their ability to migrate to fracture sites in response to
chemokines, secrete cytokines, and differentiate into multiple
cell types that constitute mesenchymal tissues. Differentiation
of MSC into osteoblasts and chondrocytes forms the fracture
callus, which serves as the scaffolding for bone repair (7, 8).
Interestingly, exogenous intravenous administration of MSC to
alcohol-exposed mice can partly reverse the deficits in fracture
healing attributed to alcohol exposure (9). This raises the pos-
sibility of MSC use as a treatment modality. Any direct inter-
ference in MSC function due to alcohol would clearly disrupt
normal fracture healing.

One of the important signaling molecules that affect MSC
function during fracture healing is osteopontin (OPN). Animal
models show OPN mRNA increases during the mineralization
phase of fracture healing (10), and in vitro studies show that
OPN functionally stimulates MSC migration and attachment to
fracture sites (11). OPN-deficient mice display smaller fracture
calluses, reduced bone strength, decreased fracture neovascu-
larization, and altered osteoclast functionality (12). OPN has
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also been implicated in human studies, as patients show a
marked increase in serum OPN within a few days following long
bone fractures (13).

The transforming growth factor-� (TGF-�) superfamily,
including bone morphogenetic proteins, is widely implicated in
fracture healing (14). TGF-�1, in particular, has been shown to
have functions related to bone repair. TGF-�1 is known to be
chemotactic toward MSC, and it induces proliferation of osteo-
blasts and chondrocytes (15). TGF-�1 regulates bone remodel-
ing (16), and also has been shown to affect angiogenesis through
inducing expression of vascular endothelial growth factor dur-
ing membranous bone fracture healing (17).

Recent work in our laboratory has shown that OPN induces
expression of TGF-�1 in MSC (18). This mechanism is depen-
dent on activation of the transcription factor myeloid zinc fin-
ger 1 (MZF1), which strongly activates the TGF-�1 promoter.
Because of the importance of MSC, OPN, and TGF-�1 in nor-
mal fracture healing, we sought to investigate if alcohol (EtOH)
exposure interrupted OPN-mediated TGF-�1 expression in
MSC. In this study, we demonstrated that EtOH exposure
inhibits OPN-induced TGF-�1 mRNA and protein expression.
We further demonstrated that EtOH inhibits RNA polymerase
II and MZF1 binding to the TGF-�1 promoter, pointing to an
explanation for decreased TGF-�1 protein levels. Correlative in
vivo studies showed that alcohol-treated mice had decreased
levels of TGF-�1 protein within the fracture callus 3 days fol-
lowing an induced tibial fracture. Moreover, we found that
EtOH inhibits MZF1 mRNA expression, blocks RNA polymer-
ase II and MZF1 from binding to the MZF1 promoter in a pos-
itive feedback mechanism, and abolishes OPN-induced activa-
tion of a MZF1-luciferase construct. Next we showed that
alteration of the protein kinase A (PKA) signaling pathway
influences TGF-�1 protein expression and MZF1 promoter
activity in the presence of OPN. Last, we found that OPN and
PKA activity were sufficient for stimulation of MZF1 protein
phosphorylation.

EXPERIMENTAL PROCEDURES

Materials—The OPN-R3 aptamer and OPN-R3 mutant
aptamer were synthesized by Dharmaco (Lafayette, CO). The
aptamer was developed in our laboratory to specifically bind to
and functionally block extracellular OPN (in vitro Kd � 18 �
0.2 nM) (19). Mutant aptamer, which lacks OPN binding or IgG
served as negative controls. All cysteine and uracil bases are 2�-O-
methylated, and the molecules have 5� cholesterol and 3� IDT
modification. The sequences for the OPN-R3 aptamer and mutant
aptamer are as follows: APT, 5�-GCCACAGAAUGAAAAACC-
UCAUCGAUGUUGCA-3� and MuAPT, 5�-CGGCCACA-
GAAUGAAUCAUCGAUGUUGCAUAGUUG-3�.

Recombinant human OPN protein was obtained from R&D
Systems (Minneapolis, MN). The �v�3 integrin antibody,
CD44 antibody, and Sp-adenosine 3�,5�-cyclic monophos-
phorothioate triethylammonium salt hydrate (SP8) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). H-89
was purchased from Sigma.

Cell Culture—Human MSC, CD105/CD73/CD44 positive
and CD34/CD45/CD14/HLA-DR negative, were obtained
from the Texas A&M Institute for Regenerative Medicine

Health Science Center College of Medicine (Temple, TX). MSC
were cultured in MEM-� supplemented with 20% fetal bovine
serum, penicillin (100 units/ml), and streptomycin (100
mg/ml), and were maintained at 37 °C in a humidified atmo-
sphere of 5% CO2. MSC differentiation experiments were con-
ducted using special media from the StemPro Osteogenesis Dif-
ferentiation Kit and StemPro Chondrogenesis Differentiation
Kit, which were purchased from Life Technologies. Cells were
treated with OPN (180 ng/ml), 100% EtOH (25 mM), OPN
aptamer (APT) (100 nM), mutant aptamer (MuAPT) (100 nM),
SP8 (10 �M), H-89 (50 �M), and TGF-�1 (6 ng/ml). Most exper-
iments were conducted with a 24-h exposure of MSC to the
aforementioned treatments. Osteogenesis and chondrogenesis
differentiation experiments were performed for a 2-week dura-
tion with medium changed and cells re-treated every 3 days.

Quantitative Real-time PCR—RNA were isolated from MSC
using TRIzol reagent (Invitrogen) and cDNA was synthesized
from 5.0 �g of total RNA using the iScript Select cDNA synthe-
sis kit (Bio-Rad Laboratories), according to the manufacturer’s
protocol. Quantitative real-time PCR was performed with iQ
SYBR Green super mix, using the iCycler iQ Real time PCR
Detection System (Bio-Rad), according to the manufacturer’s
instructions. GAPDH was used as an endogenous control, and
��CT values were calculated after GAPDH normalization.

Quantitative Real-time PCR Primer Sequences—The se-
quences were as follows: TGF-�1, PCR product length 405 bp:
5�-TGGCGATACCTCAGCAACC-3� and 5�-CTCGTGGAT-
CCACTTCCAG-3�; MZF1, PCR product length 137 bp: 5�-
AGTGTAAGCCCTCACCTCC-3� and 5�-GGGTCCTGTTC-
ACTCCTCAG-3�; SOX-9, PCR product length 174 bp: 5�-
TAAAGGCAACTCGTACCCAA-3� and 5�-ATTCTCCATC-
ATCCTCCACG-3�; Collagen-1 �1, PCR product length 372
bp: 5�-CTCGAGGTGGACACCACCCT-3� and 5�-CAGCTG-
GATGGCCACATCGG-3�; GATA4, PCR product length 255
bp: 5�-CTGTCATCTCACTATGGGCA-3� and 5�-CAAGTC-
CGAGCAGGAATTT-3�; GAPDH, PCR product length 146 bp:
5�-CTCTCTGCTCCTCCTGTTCG-3� and 5�-TTAAAA-
GCAGCCCTGGTGAC-3�.

Enzyme-linked Immunosorbent Assay (ELISA)—TGF-�1
protein quantification was performed using a Human TGF-�1
Quantikine ELISA kit, following the manufacturer’s guidelines
(R&D Systems). MSC were grown in serum-free MEM-�, as
fetal bovine serum contains TGF-�1. Cells were subjected to
appropriate treatments for 24 h, and the resulting supernatant
was isolated for TGF-�1 protein analysis. Measurement of the
active form did not require any additional steps, whereas mea-
surement of the total protein required acidification using 1 N

HCl followed by neutralization with 1.2 N NaOH, 0.5 M HEPES
prior to assay.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed following treatment of MSC with recombinant
human OPN and/or 25 mM EtOH and cultured for 24 h prior to
DNA cross-linking and lysis. Chromatin was fixed and immu-
noprecipitated using the EZ-ChIP assay kit (Millipore, Billerica,
MA), following the manufacturer’s protocol. The DNA was
sonicated to 500-bp fragments using standard settings. Purified
chromatin was immunoprecipitated using anti-RNA polymer-
ase II antibody (1 �g), normal goat IgG (5 �g), and anti-MZF1
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antibody (5 �g, Santa Cruz Biotechnology). After DNA purifi-
cation, Real Time-PCR assay was performed to determine the
presence of RNA polymerase II bound to the TGF-�1 TATA
box, the final TGF-�1 exon, and the MZF1 TATA box. In addi-
tion, we used Real Time-PCR to determine the presence of
MZF1 bound to the putative binding site for MZF1 on the
TGF-�1 promoter. All CT values were normalized to either
input CT values to calculate a percent input, or normalized to
IgG CT values to calculate fold-increase. PCR DNA products
were visualized on a 1% agarose gel. Primers used for Real
Time-PCR for ChIP assays are as follows: TGF-�1 promoter/
gene: TATA box: PCR product length 145 bp: 5�-CCCAGCC-
TGACTCTCCTTCCGTTC-3� 5�-GGTGATCCAGATGCG-
CTGTGGCTT-3�; final exon: PCR product length 147 bp: 5�-
GGTGGAGCAGCTGTCCAACATGAT-3� and 5�-GCACG-
GGTGTCCTTAAATACAGCC-3�; MZF1 promoter: TATA
box PCR product length 515 bp: 5�-GTGTCTCTTTCATC-
TGCATCC-3�; 5�-TCCGGCAGATGTAGTCAGCAG-3�; and
GATA4 promoter: TATA box: PCR product length 103 bp; 5�-
CCCTTCAGCCTTAAGTTCC-3� and 5�-GCGACACAC-
TTAGGGTTTCTTC-3�.

Construction of Promoter Plasmids—Human genomic DNA
was isolated from a normal human lung fibroblast cell line
(ATCC, Manassas, VA), and the human MZF1 promoter was
cloned using PCR. The promoter region was defined using the
NCBI Reference 8 Sequence NM_000660.4. The full-length
promoter (�2180/�192) and four deletion constructs (�1578/
�192, �599/�192, �490/�192, and �382/�192) were gener-
ated, setting the ATG start site as 0. All promoter fragments
were then cloned into the pGL4.10(luc2) vector (Promega,
Madison, WI) to generate luciferase reporter constructs.

Construction of Promoter Mutations—Point mutations of the
putative binding site of MZF1 on the MZF1 promoter were
made using the QuikChange II Site-directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA), according to the man-
ufacturer’s guidelines. The mutated promoter fragment was
also cloned into pGL4.10(luc2) vector, and its sequence was
verified with direct sequencing analysis.

Dual Luciferase Reporter Assay—To measure promoter
activity, 4 �g of each of the luciferase reporter constructs were
co-transfected with 0.4 �g of Renilla into MSC. After 24 h fol-
lowing transfection, cells were exposed to OPN and/or EtOH
for an additional 24 h. Using a Dual Luciferase assay system
(Promega, Madison, WI), the cells were passively lysed and the
Firefly luciferase and Renilla luciferase activity was measured in
each lysate using the Modulus Luminometer (Turner Biosys-
tems Inc., Sunnyvale, CA). The reporter activity of each con-
struct is shown as a ratio of Firefly:Renilla luciferase activity.

Dot Blot—Treated cells were lysed with CelLytic M (Sigma)
and centrifuged for 20 min at 12,000 � g at 4 °C. 50-�g protein
samples were applied to PVDF membrane by following Bio-Dot
microfiltration manufactures protocol (Bio-Rad). The mem-
brane was blocked in 5% BSA in TBS (20 mM Tris-HCl, 150 mM

NaCl, pH 7.5, and 0.05% Tween 20) and shaken for 1 h at 4 °C. A
1:1000 dilution of phospho-(Ser/Thr) PKA substrate antibody
(Cell Signaling) (5% BSA, TBS) was added to the membrane and
incubated overnight at 4 °C. Next the membrane was rinsed
with TBS, and incubated with anti-rabbit secondary antibody at

room temperature for 1 h. Protein was detected using standard
horseradish peroxidase system.

Immunoprecipitation of MZF1—Treated cells were lysed
with CelLytic M (purchased from Sigma; C2978) and centri-
fuged for 20 min at 12,000 � g at 4 °C. Then 500 �g of protein/
treatment or control group was incubated with 2 �g of MZF1
antibody or IgG control (Abcam) for 4 h at 4 °C. After binding
the MZF1 protein with antibody, 20 �l of Protein A-agarose
beads (Santa Cruz Biotechnology) were added to the protein-
antibody conjugate and incubated overnight at 4 °C. Superna-
tant was discarded after tubes were spun at 1000 rpm for 30 s.
Pellets of agarose bead-MZF1 antibody-MZF1 protein were
washed 3 times with 500 �l of RIPA buffer (50 mM Tris-HCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 150 mM NaCl, 2 mM EDTA, 50 mM NaF), with centri-
fugation and supernatant removal after each wash. After the
final supernatant removal, 40 �l of 2� sample buffer was added,
samples were boiled for 10 min, and conjugates were centri-
fuged for 5 min at 1000 rpm to remove the beads from the
MZF1 protein. Western blots were performed with anti-phos-
phoserine/threonine Ab (BD Transduction Laboratories).

ImageStream Flow Cytometry—The recombinant human
OPN (R&D Systems) was labeled using the Alexa Fluor 647
microscale protein labeling kit (Life Technologies), according
to the manufacturer’s instructions. Briefly, 50 �g of human
OPN protein (1 mg/ml) was incubated with 7.94 nmol/�l of
Alexa Fluor 647 succinimidyl ester for 15 min at room temper-
ature. The Bio-Gel P-6 spin column was used to purify the
OPN-Alexa Fluor 647 conjugate from the unreacted dye. The
protein concentration and degree of labeling were measured by
Nano Drop ND-1000 spectrophotometer, according to the
manufacturer’s protocol. Human MSC were detached using
calcium sequestration under physiological conditions. The cell
suspension was blocked with BSA and stained with OPN-Alexa
Fluor 647 or Ab �v�3-FITC and/or Ab CD44-APC conjugates
or isotype controls. The cells were illuminated using Aminis
ImageStream Mark II (Amnis Corp., Seattle, WA) by a bright-
field lamp at a magnification of �60 and a 488-nm excitation
laser (100 milliwatts) for FITC, 642-nm excitation laser (50 mil-
liwatt) for APC or Alexa Fluor 647. A minimum of 500 cells for
every population was collected. Data were analyzed by IDEAS
software (Amnis Corp., Seattle, WA). Positive cutoff values
were calculated on the basis of the background “bright detail
similarity” feature of IDEAS software. Staining specificity was
determined with the isotype-matched control antibody.

Mouse Alcohol Fracture Model—Male C57Bl/6 mice 6 to 7
weeks of age were obtained from Harlan Laboratories (Indian-
apolis, IN) and housed in a facility approved by the Institutional
Animal Care and Use Committee at Loyola University Medical
Center. The mice were allowed to acclimate to the environment
for 1 week prior to the initiation of the experimental proce-
dures. Animals were randomly assigned to either the saline �
fracture group or the alcohol � fracture group. The acute alco-
hol exposure used in all experiments consisted of a daily intra-
peritoneal injection of a 20% (v/v) EtOH/saline solution made
from 100% molecular grade absolute EtOH (Sigma) and sterile
isotonic saline. Mice were administered the EtOH/saline solu-
tion at a dose of 2 g/kg once per day for 3 consecutive days and
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were weighed daily prior to injection to ensure correct dosage.
Mice in the saline control groups were administered sterile iso-
tonic saline only. One hour after the third and final injection, all
mice were subjected to the stabilized tibial fracture surgery.
Blood alcohol levels averaged 	200 mg/dl at the time of frac-
ture (1 h post-injection).

Stabilized Tibial Fracture Creation—One hour after admin-
istration of the final alcohol or saline injection, mice were given
an induction dose of anesthesia (0.5 to 0.75 mg/kg of ketamine
and 0.06 to 0.08 mg/kg of xylazine) to facilitate hair removal
from the left hind limb of the animal. Mice were given 5 mg/kg
of prophylactic gentamicin subcutaneously and anesthetized
completely with isofluorane for the duration of the procedure.
Under sterile conditions, the surgery site was swabbed with
povidone-iodine solution followed by 70% EtOH. A small inci-
sion was made to expose the patellar tendon and a 27-gauge
needle was used to ream a hole into the medullary cavity at the
proximal aspect of the tibia. An insect pin, 0.25 mm in diameter
(Fine Science Tools, Inc., Foster City, CA), was inserted into the
reamed hole to stabilize the tibia. A pair of angled bone scissors
(Fine Science Tools) was used to surgically create a mid-diaph-
yseal tibial fracture. The insect pin was cut flush with the bone,
and the wound was sutured closed. Mice were then placed in
clean cages on heating pads with free access to food and water.
All animals received postoperative buprenex subcutaneously
(0.05 mg/kg) for pain control.

Fracture Callus Histology—Injured tibias were harvested
from the mice 7 days post-fracture and placed in 10% neutral
buffered formalin for 48 h. The tibias were decalcified in 10%
EDTA with agitation for 5 days, processed through a graded
series of alcohol solutions and xylene, and infiltrated overnight
with melted paraffin at 56 to 58 °C. The tibias were oriented
identically during paraffin embedding to identify mid-callus
sections. Five-micrometer sections were placed onto Super-
frost� Plus slides (Fisher Scientific, Pittsburgh, PA) and baked
on a 60 °C slide warmer overnight. Sections from each group
were stained with hematoxylin and eosin, using standard pro-
tocols. Immunohistochemistry was also performed in all sec-
tions, staining for OPN, TGF-�1, and �-smooth muscle actin
(�-SMA).

Mouse Fracture Callus TGF-�1 Protein Quantification—
Injured tibias were harvested from mice 3 and 7 days post-
fracture and snap-frozen in liquid nitrogen. Fracture callus tis-
sue was isolated using a Dremel tool (Dremel Inc., Racine, WI)
while frozen and pulverized in lysis buffer using a freezer mill
(SPEX CertiPrep Inc., Metuchen, NJ). An equivalent fragment
of bone was isolated from contralateral tibias, which served as
baseline levels in uninjured control tissue. Total protein was
measured using a bicinchoninic acid assay (Thermo Fisher Sci-
entific Inc.). Fifteen micrograms of total protein from each
sample was used for analysis of active TGF-�1 using a Mouse
TGF-�1 Quantikine ELISA, following manufacturer’s guide-
lines (R&D Systems).

Statistical Analysis—All experiments were done in triplicate.
Data are presented as mean � S.E. Student’s t tests were used
for analysis. Values of p 
 0.05 were considered significant.

RESULTS

EtOH Inhibits OPN-mediated TGF-�1 Protein and mRNA
Expression, and OPN-mediated MZF1 mRNA Expression—The
effects of EtOH on TGF-�1 expression were assessed by analyz-
ing both protein and mRNA levels. MSC were exposed to vary-
ing combinations of OPN (180 ng/ml), EtOH (25 mM), OPN-R3
aptamer (100 nM), and mutant aptamer (100 nM). The concen-
tration of secreted active and total TGF-�1 protein was mea-
sured after 24 h of exposure. The mean concentration of active
TGF-�1 was 991.7 pg/ml following OPN treatment, whereas
exposure to EtOH significantly reduced active TGF-�1 to 33.0
pg/ml, exposure of MSC to R3 aptamer significantly reduced
OPN-mediated active TGF-�1 expression to 48.0 pg/ml,
whereas exposure to mutant R3 aptamer had no significant
effect on TGF-�1 expression (Fig. 1A). Similar results were
found when measuring the total concentration of TGF-�1 pro-
tein, which includes the inactive latent form. OPN-treated
MSC displayed mean total TGF-�1 concentration of 4,938.0
pg/ml, whereas exposure to EtOH significantly reduced the
total TGF-�1 to 295.4 pg/ml. R3 aptamer also markedly
reduced OPN-mediated TGF-�1 expression to 347.3 pg/ml,
whereas mutant R3 aptamer had no significant effect on total
TGF-�1 expression (Fig. 1B).

Next we sought to determine the effects of OPN, EtOH, and
R3 aptamer on TGF-�1 mRNA levels in MSC using qRT-PCR.
Exposure of MSC to OPN significantly increased TGF-�1
mRNA compared with MSC alone (��CT, 14.4 versus 2.3).
OPN-mediated TGF-�1 mRNA expression was decreased in
EtOH and R3 aptamer-treated cells, as compared with MSC
treated with OPN alone (��CT, 14.4 versus 2.3 and 2.0, respec-
tively) (Fig. 1C). These results demonstrate the ability of 25 mM

EtOH exposure to inhibit OPN-mediated TGF-�1 mRNA and
protein expression in MSC.

MZF1 has been shown to play a key role in the transcriptional
regulation of TGF-�1 expression. Thus, we next evaluated the
effects of OPN, EtOH, and R3 aptamer on MZF1 mRNA levels
in MSC using qRT-PCR. OPN-treated MSC showed signifi-
cantly increased MZF1 mRNA compared with untreated MSC
(��CT, 9.5 versus 1.5). MSC exposure to EtOH and R3 aptamer
significantly reduced OPN-mediated MZF1 mRNA expression
(��CT, 9.5 versus 3.1 and 4.5, respectively), whereas R3 mutant
aptamer had no significant effect on MZF1 mRNA levels (Fig.
1D). EtOH appears to have a significant inhibitory effect on
MZF1 mRNA expression, which is induced by OPN.

EtOH Blocks RNA Polymerase II and MZF1-mediated
TGF-�1 Promoter Activation and RNA Polymerase II-mediated
MZF1 Promoter Activation—To further understand the mech-
anism by which EtOH alters TGF-�1 expression, chromatin
immunoprecipitation (ChIP) Real Time-PCR was used to
determine the role of OPN and EtOH in transcriptional regu-
lation of the TGF-�1 promoter in MSC. Two primer sets were
designed to include either one of the consensus TATA boxes in
the TGF-�1 promoter region, or the third and final exon of the
TGF-�1 coding region. DNA amplification utilized by Real
Time-PCR following ChIP determined recruitment of RNA
polymerase II to the TATA box and the last exon of the TGF-�1
gene. We have previously demonstrated that MZF1 is required
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for TGF-�1 promoter activation in MSC (18). Thus, we also
investigated the recruitment of MZF1 to the TGF-�1 promoter
region via PCR following ChIP assay. Quantification of RNA
polymerase II and MZF1 binding activity was determined by
calculating the percent input following Real Time-PCR DNA
amplification. OPN was found to significantly induce binding
of RNA pol II to the TGF-�1 promoter (0.73% input) and to the
last exon of TGF-�1 (0.75% input). EtOH exposure diminished
this OPN-mediated binding of RNA polymerase II (Fig. 2, A and
B). Using the ChIP assay, we further demonstrated that OPN
induces binding of MZF1 to the TGF-�1 promoter following
Real Time-PCR amplification of the TGF-�1 TATA box and

the last exon (0.45 and 0.55% input, respectively). EtOH expo-
sure was found to completely ablate OPN induced binding of
MZF1 to the TGF-�1 promoter (Fig. 2, A–D). These results
suggest that EtOH exposure is sufficient to completely block
TGF-�1 promoter induction following treatment with OPN.

To further assess the role of OPN and EtOH in modulating
MZF1 activity, ChIP Real Time-PCR was used to examine tran-
scriptional regulation of the MZF1 gene in MSC. A primer set
was designed to include the MZF1 promoter TATA box. OPN
was found to significantly induce binding of RNA polymerase II
to the MZF1 promoter (1.2% input), whereas EtOH blocked
OPN-mediated RNA polymerase II binding (Fig. 2, E and F).

FIGURE 1. EtOH inhibits OPN-mediated TGF-�1 protein and mRNA expression and OPN-mediated MZF1 mRNA expression. A, active TGF-�1 protein in
MSC medium. MSC were exposed to OPN (180 ng/ml), EtOH (25 mM), APT (100 nM), and MuAPT (100 nM) for 24 h and secreted protein was measured with ELISA
(*, p 
 0.0001). B, total TGF-�1 protein in MSC medium. MSC were exposed to identical aforementioned treatments and secreted protein was measured with
ELISA (*, p 
 0.0001). C, expression of TGF-�1 mRNA. MSCs were exposed to OPN (180 ng/ml), EtOH (25 mM), APT (100 nM), and MuAPT (100 nM) for 24 h and
TGF-�1 mRNA levels were measured using qRT-PCR (*, p 
 0.0001). D, expression of MZF1 mRNA. MSCs were exposed to OPN, EtOH, APT, and MuAPT for 24 h
and MZF1 mRNA levels were measured using qRT-PCR (*, p 
 0.0001). Data are presented as mean � S.E. of three experiments.
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This supports the role of EtOH as a transcriptional repressor of
MZF1.

EtOH Inhibits OPN-mediated MZF1-luciferase Construct
Activation—Additional information regarding the effects of
OPN and EtOH on MZF1 promoter activation was gathered by
utilizing a luciferase reporter plasmid. The human MZF1 pro-
moter sequence was amplified, and the PCR products (2.2, 1.8,
0.7, 0.6, 0.5, and 0.4 kb) were sequenced and subcloned into the
pGL3 luciferase reporter (Fig. 3A). Luciferase induction was
quantified as relative luciferase activity (RLA) using Renilla sig-
nal to control for transfection efficiency. Stimulation with OPN
significantly induced luciferase activation of the 2.3 (21,409
RLA), 1.8 (29,664 RLA), and 0.7 kb (20,007 RLA) MZF1 pro-

moter sequences, but was not sufficient for induction of the
shorter MZF1 promoter sequences. MSC exposure to EtOH
completely ablated OPN-mediated luciferase activation of the
2.3-, 1.8-, and 0.7-kb MZF1 promoter sequences (Fig. 3B). Next
the MZF1 promoter DNA sequence was analyzed for known
transcription factor binding sequences. A MZF1 binding
sequence within the MZF1 gene promoter region was identified
and then mutated (Fig. 3C). The 2.2-kb fragment of the MZF1
promoter containing the mutated MZF1 DNA binding site was
subcloned into the pGL3 luciferase reporter. Luciferase assay
demonstrated that mutation of the MZF1 binding site was suf-
ficient to nearly completely ablate the luciferase activity of the
2.2-kb MZF1 promoter fragment when stimulated with OPN

FIGURE 2. EtOH blocks RNA polymerase II and MZF1-mediated TGF-�1 promoter activation and RNA polymerase II-mediated MZF1 promoter activa-
tion. A, binding of RNA pol II and MZF1 to the TGF-�1 promoter. ChIP Real Time-PCR was performed using primers that included the TGF-�1 promoter TATA box
to determine the role of OPN and EtOH in transcriptional regulation of TGF-�1 expression. B, graphical representation of RNA pol II and MZF1 binding to the
TGF-�1 promoter. The percent input was calculated from ChIP Real Time-PCR CT values using input samples as internal controls for the amount of chromatin.
C, binding of RNA pol II and MZF1 to the TGF-�1 third exon. ChIP Real Time-PCR was performed using primers that included the TGF-�1 third and final exon to
determine the role of OPN and EtOH in transcriptional regulation of TGF-�1 expression. D, graphical representation of RNA pol II and MZF1 binding to the
TGF-�1 third exon. The percent input was calculated from ChIP Real Time-PCR CT values using input samples as internal controls for the chromatin amount. E,
binding of RNA pol II to the MZF1 promoter. ChIP Real Time-PCR was performed using primers that included the MZF1 TATA box. F, graphical representation of
RNA pol II binding to the MZF1 promoter. The percent input was calculated from ChIP Real Time-PCR CT values using input samples as internal controls for the
amount of chromatin. Data are presented as mean � S.E. of three experiments. Gels are representative of three experiments.
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(Fig. 3D). These results show that EtOH interferes with MZF1
promoter activation in the presence of stimulating OPN. The
results also further suggest that EtOH exerts its effects by
interfering with a positive regulation or feed-forward type of
mechanism, which we showed is important for MZF1 gene
activation.

EtOH Blocks MZF1 Binding to the MZF1 Promoter—DNA
sequence analysis revealed a putative MZF1 binding site within
the MZF1 promoter region. ChIP Real Time-PCR was used to
determine the effect of OPN and EtOH on the interactions of
MZF1 with its binding site located within the MZF1 promoter.
ChIP and subsequent pulldown with an anti-MZF1 antibody
showed that OPN exposure induced binding of MZF1 to its
own promoter at the expected MZF1 binding site. EtOH expo-
sure blocked OPN-mediated binding of MZF1 to its pro-
moter sequence (fold-enrichment, MSC � OPN, 31305.0
versus MSC � OPN � EtOH, 2.6). Binding of RNA poly-
merase to the MZF1 promoter was similarly induced by
OPN, but this was significantly reduced when exposed to
EtOH (fold-enrichment: MSC � OPN, 82614.6 versus

MSC � OPN � EtOH, 3.0) (Fig. 4, A and B). These results
support a positive feedback mechanism in which the MZF1
protein induces its own transcription via binding to the
MZF1 promoter, and exposure to EtOH interferes with this
regulatory process.

Manipulation of the PKA Signaling Pathway Alters OPN-me-
diated TGF-�1 Protein and mRNA Expression, and MZF1
mRNA Expression and Promoter Activation—A three-dimen-
sional structural analysis of the MZF1 protein sequence by
PhosphoSitePlus revealed a phosphorylation site on MZF1 with
a high likelihood of being targeted by the PKA signaling path-
way. We assessed the effect of PKA modulation in the presence
of varying concentrations of OPN and EtOH by measuring
TGF-�1 mRNA and active and total TGF-�1 protein. SP8 is a
small molecule known to increase PKA signaling activity (20,
21). SP8 treatment of MSC increased active and total TGF-�1
protein expression in the presence of OPN, and partially res-
cued EtOH inhibition of OPN-mediated TGF-�1 protein
expression at 24 and 72 h post-treatment (Fig. 5, A and B).
Inhibition of the PKA signaling pathway was achieved by treat-

FIGURE 3. EtOH inhibits OPN-mediated MZF1-luciferase construct activation. A, schematic depiction of MZF1 promoter-luciferase reporter constructs. B,
luciferase activity of MZF1 promoter constructs in MSC (*, p 
 0.0001). C, schematic representation of the wild type and mutated MZF1 binding site within the
MZF1 promoter sequence. D, luciferase activity of the wild type and mutant MZF1 promoter constructs in MSC (*, p 
 0.0001). Data are presented as mean �
S.E. of at least three experiments.
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ing MSC with a known PKA inhibitor, H-89. PKA inhibition
with H-89 resulted in decreased active and total TGF-�1 pro-
tein expression at 24 and 72 h post-treatment in MSC treated
with OPN (Fig. 5, C and D). Similar results were found with
TGF-�1 mRNA expression following PKA signaling modula-
tion. SP8 enhanced TGF-�1 mRNA levels in the presence of
OPN and partially rescued EtOH-mediated inhibition of
TGF-�1 mRNA expression. H-89 treatment significantly
reduced TGF-�1 mRNA expression in the presence of OPN
(Fig. 5E). Treatment of MSC with SP8 in the presence of OPN
enhanced MZF1 mRNA expression, and SP8 exposure partially
reversed EtOH-mediated inhibition of MZF1 mRNA expres-
sion. Exposure of OPN-treated MSC to the PKA inhibitor H-89
resulted in decreased MZF1 mRNA expression when compared
with OPN treatment alone (Fig. 5F). These findings suggest that
PKA activation may function to enhance TGF-�1 protein
expression via the OPN-MZF1-dependent signaling pathway.

ChIP was then performed to investigate the role of PKA sig-
naling in influencing activation of the MZF1 promoter. ChIP
Real Time-PCR was used to assess the binding of MZF1 protein
to the MZF1 promoter region following MSC treatment with
SP8, H-89, and varying combinations of OPN and EtOH. As
previously demonstrated, OPN treatment of MSC induced
binding of MZF1 to its own promoter, and SP8 increased this
binding (fold-enrichment: MSC � OPN, 47341.8 versus
MSC � OPN � SP8, 1326120.0), and also partially rescued
EtOH inhibition of MZF1 binding (fold-enrichment: MSC �
OPN � EtOH, 1.0 versus MSC � OPN � EtOH � SP8, 5940.5),
thus enhancing MZF1 transcriptional activation. Treatment
with H-89 was found to significantly reduce OPN induced
binding of MZF1 to its promoter (fold-enrichment: MSC �
OPN, 47341.8 versus MSC � OPN � H-89, 6998.5) (Fig. 5, G
and H).

OPN and EtOH Influence Phosphorylation of PKA Down-
stream Targets and MZF1—With experimental evidence show-
ing that PKA signaling can enhance MZF1 activity and TGF-�1

expression, we further explored the effects of OPN and EtOH
on PKA activity by examining phosphorylation of PKA sub-
strates. An antibody specific for phosphorylated PKA target
proteins was used to identify the effects of OPN and EtOH on
downstream phosphorylation by PKA. OPN treatment of MSC
was shown to strongly induce phosphorylation of downstream
PKA targets, whereas EtOH exposure reversed the effect of
OPN on phosphorylation. As expected, the PKA activator SP8
was sufficient for inducing phosphorylation of PKA substrates,
as well as reversing the inhibitory effect of EtOH on OPN-in-
duced phosphorylation (Fig. 6A). Next we sought to determine
whether MZF1 exists in a phosphorylated state, and if so, how
phosphorylation of MZF1 might be affected by OPN, EtOH,
and PKA. This experiment consisted of co-immunoprecipita-
tion of the MZF1 protein with anti-MZF1 antibody, followed
by precipitation with anti-phosphoserine/threonine antibody.
OPN treatment resulted in the presence of phosphorylated
MZF1 (p-MZF1), which was detectable by Western blot. MSC
alone yielded no detectable p-MZF1. EtOH treatment inhibited
any detection of p-MZF1 from MSC stimulated with OPN.
Next we showed that PKA stimulation with SP8 was sufficient
for detection of p-MZF1. SP8 was also able to partially reverse
the effect of EtOH on blocking OPN-mediated phosphoryla-
tion of MZF1 (Fig. 6B). Last, a similar co-immunoprecipitation
study was performed using an anti-MZF1 antibody followed by
pulldown with a phospho-(Ser/Thr) PKA substrate antibody.
This experiment failed to detect phosphorylated MZF1 on
Western blots, indicating that MZF1 is not likely a direct sub-
strate of PKA (data not shown).

Global Transcription in MSC Is Not Affected by EtOH
Exposure—Although the literature supports the use of EtOH in
the 25–100 mM range as a reasonable concentration for in vitro
models, with no reported increase in cell death or apoptotic rate
in human monocytes or dendritic cells, we conducted addi-
tional control experiments to screen for the effects of EtOH on
global transcription. We performed control experiments with

FIGURE 4. EtOH blocks MZF1 binding to the MZF1 promoter. A, binding of MZF1 to the MZF1 promoter. ChIP Real Time-PCR was done using primers that
amplified the promoter region at �545 to �537 base pairs upstream of the MZF1 start codon that contains an MZF1 binding sequence. B, graphical represen-
tation of RNA pol II and MZF1 binding to the MZF1 promoter. Fold-enrichment was calculated using nonspecific IgG binding as an internal control (*, p 

0.0001). Data are presented as mean � S.E. of three experiments. The gel is representative of three experiments.
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the GATA4 gene, which encodes a transcription factor con-
taining a zinc finger motif, similar to MZF1. MSC were
exposed to standard combinations of OPN and EtOH for
24 h. ChIP Real Time-PCR was used to examine the effect of
EtOH on GATA4 transcriptional activation via binding of
RNA polymerase II to the GATA4 promoter. RNA polymer-
ase II was consistently activated and bound to the GATA4
promoter. EtOH exposure did not perturb this interaction
(Fig. 7A). Fold-enrichment was calculated to graphically rep-
resent the effect of OPN and EtOH on RNA polymerase II
binding to the GATA4 promoter (Fig. 7B). qRT-PCR was

then used to measure GATA4 mRNA levels. There was no
significant difference in GATA4 mRNA among the four dif-
ferent treatment groups. EtOH exhibited no discernible
effect on GATA4 mRNA expression (Fig. 7C).

EtOH Does Not Interfere with OPN-Receptor Interactions or
OPN Receptor Cell Surface Density—The effect of EtOH expo-
sure on OPN cell surface receptor density was measured by
fluorescently labeling antibodies specific for two confirmed
OPN receptors, specifically CD44 and �v�3. Fluorescence
intensity measured by AMNIS demonstrated that both recep-
tors have identical cell surface density across all treatment

FIGURE 5. Manipulation of the PKA signaling pathway alters OPN-mediated TGF-�1 protein and mRNA expression, and MZF1 mRNA expression and
promoter activation. A–D, active and total secreted TGF-�1 protein following varying treatments of MSC with OPN, EtOH, the PKA activator, SP8, and the PKA
inhibitor, H-89. SP8 partially rescues EtOH inhibition of OPN-mediated TGF-�1 expression. H-89 reduced the level of TGF-�1 protein expression following
treatment with OPN. E, expression of TGF-�1 mRNA following varying treatments of OPN, EtOH, SP8, and H-89. F, MZF1 mRNA expression following varying
treatments of OPN, EtOH, SP8, and H-89 (*, p 
 0.0001). G, binding of MZF1 to the MZF1 promoter in the presence of OPN, EtOH, and PKA modulators SP8 and
H-89. ChIP Real Time-PCR was performed using primers that amplified the MZF1 binding site within the MZF1 promoter. H, graphical representation of MZF1
binding the MZF1 promoter. Fold-enrichment values were calculated using IgG pulldown CT values as internal control (*, p 
 0.0001). Data are presented as
mean � S.E. of three experiments. The gel is representative of three experiments.
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groups, suggesting that EtOH plays no role in OPN-receptor
down-regulation (Fig. 8A). To investigate the kinetic interac-
tions of OPN with its receptors in the presence of EtOH, OPN
was fluorescently labeled with FITC and then added to MSC in
the presence of EtOH. This showed equivalent cell surface OPN
levels with or without EtOH present, thus supporting the lack of
effect of EtOH on OPN-receptor binding interactions (Fig. 8B).

OPN, EtOH, and TGF-�1 Regulate SOX-9 and Collagen-1
mRNA Expression—Data were obtained regarding the influ-
ence of OPN and EtOH on MSC expression profiles indicative
of differentiation into the osteoblast and chondrocyte lineages.
SOX-9 and collagen-1 were chosen as markers for chondrocyte
and osteoblast differentiation, respectively, and mRNA levels

were measured using qRT-PCR. MSC treated with OPN
showed a significant increase in SOX-9 (��CT, 4.1 versus 1.3)
and collagen-1 mRNA (��CT, 4.8 versus 1.5) compared with
untreated MSC. MSC exposure to EtOH significantly reduced
OPN-mediated SOX-9 (��CT,4.1 versus 1.1) and collagen-1
(��CT, 4.8 versus 1.1) mRNA expression (Fig. 9A).

Next, differentiation studies were carried out by treating
MSC with specific cell medium (Life Technologies) designed to
induce differentiation into either the osteogenic or chondro-
genic lineages. Standard treatments with OPN and EtOH were
applied under both culture conditions, and exogenous TGF-�1
was administered to determine whether TGF-�1 could coun-
teract the inhibitory effect of EtOH on OPN-induced colla-

FIGURE 6. OPN and EtOH influence phosphorylation of PKA downstream targets and MZF1. A, dot blot showing the effect of OPN, EtOH, SP8, and H-89 on
the phosphorylation state of downstream PKA substrate proteins. PKA substrate-specific anti-phosphoserine/threonine Ab was utilized to show that OPN
stimulates PKA substrate phosphorylation, an effect reversed by EtOH. B, Western blot of phosphorylated MZF1 protein following co-immunoprecipitation
with anti-MZF1 Ab and anti-phosphoserine/threonine Ab. OPN and PKA activator SP8 stimulated phosphorylation of MZF1 protein, and the effect of OPN was
blocked by both EtOH exposure as well as PKA inhibition with H-89 the gel is representative of three experiments.

FIGURE 7. Global transcription in MSC is not affected by EtOH exposure. A, ChIP showing binding of RNA pol II to the GATA4 promoter in MSC following
treatment with OPN and EtOH. EtOH did not alter RNA pol II binding to GATA4 promoter and subsequent transcriptional activation. B, graphical representation
of MZF1 binding to the MZF1 promoter. Fold-enrichment was calculated using nonspecific IgG binding as an internal control. C, expression of GATA4 mRNA in
OPN- and EtOH-treated MSC. GATA4 mRNA levels were unaffected by exposure to EtOH. Data are presented as mean � S.E. of three experiments. Teh gel is
representative of three experiments.

Alcohol Inhibits Transforming Growth Factor-�1 Expression

9968 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 16 • APRIL 17, 2015



gen-1 and SOX-9 mRNA expression. Under the osteogenic dif-
ferentiation conditions, treatment of MSC with TGF-�1 alone
significantly increased collagen-1 mRNA expression compared
with untreated MSC (��CT, 6.4 versus 4.4). TGF-�1 was also
able to increase collagen-1 in the presence of OPN and EtOH
(��CT, 6.3 versus 4.5), thus partially reversing the inhibitory
effect of EtOH on OPN-induced collagen-1 expression (Fig.
9B). Under the chondrogenic differentiation conditions, similar
results were found regarding TGF-�1 effects on SOX-9 expres-
sion. Exogenous TGF-�1 treatment was able to partially reverse
inhibition of EtOH of the OPN-mediated SOX-9 expression
(��CT, 6.2 versus 5.4), however, TGF-�1 application to
untreated MSC did not significantly increase SOX-9 mRNA
levels (��CT, 4.2 versus 4.1) (Fig. 9C). These results suggest that
OPN stimulates expression of known protein markers associ-
ated with osteoblast and chondrocyte differentiation, and
EtOH exposure partially inhibits expression of these protein

markers. Exogenous TGF-�1 application to MSC appears to
enhance expression of collagen-1 and SOX-9 in the presence of
EtOH.

EtOH Exposure Affects Mouse Fracture Callus Protein
Composition—In vivo studies were conducted using a mouse
model system that allowed for histological analysis of the bone
fracture environment.

Mice were treated with either saline or EtOH and then sub-
jected to a tibial fracture. Tibial fracture callus sections from
saline and EtOH-treated mice were isolated 7 days post-frac-
ture and sliced for histological analysis of the fracture environ-
ment. Hematoxylin and esosin staining of the healing callus 7
days post-fracture showed normal post-fracture healing with
well formed new bone trabeculae (Fig. 10A). The fracture from
EtOH-treated mice, however, showed a marked decrease in cal-
lus formation and new bone deposition (Fig. 10B), supporting
previous work by Lauing et al. (4). OPN immunohistochemistry

FIGURE 8. EtOH does not interfere with OPN-receptor interactions or OPN receptor cell surface density. A, integrin CD44 and �v�3 receptor density on
MSC in the absence or presence of EtOH. A fluorescently tagged antibody binding to OPN receptors CD44 and �v�3 was unaffected by OPN and EtOH
exposure, indicating a constant receptor population among treatment groups. B, fluorescent signal of FITC-labeled OPN in the absence and presence of EtOH
in MSC. OPN receptor interactions in the presence of EtOH were analyzed using OPN conjugated to FITC. EtOH did not alter OPN-receptor interactions. Data are
presented as mean � S.E. of three experiments.

FIGURE 9. OPN, EtOH, and TGF-�1 regulate SOX-9 and collagen-1 mRNA expression. A, expression of SOX-9 and collagen-1 mRNA. MSC were exposed to
OPN and EtOH for 24 h, and SOX-9 and collagen-1 mRNA levels were measured using qRT-PCR (*, p 
 0.0001). B, effect of TGF-�1 on collagen-1 mRNA
expression in MSC grown in osteogenic inducing cell culture medium. Application of exogenous TGF-�1 to MSC partially reversed EtOH inhibition of OPN-
induced collagen-1 expression (*, p 
 0.0001). C, effect of TGF-�1 on SOX-9 mRNA expression in MSC grown in chondrogenic inducing cell culture medium.
Exogenous TGF-�1 treatment also partially reversed EtOH inhibition of OPN-induced SOX-9 mRNA expression (*, p 
 0.0001). Data are presented as mean �
S.E. of three experiments.
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revealed considerable OPN expression in the fracture environ-
ment from both saline- and EtOH-treated mice (Fig. 10, C and
D). Immunohistochemistry for TGF-�1 demonstrated visible
focal staining in the normal fracture callus environment. Focal
staining of TGF-�1 in the EtOH-treated fracture callus
appeared to be reduced or nearly absent (Fig. 10, E and F).
Staining for the MSC marker, �-SMA, showed strong expres-
sion in the normal healing fracture environment. Fracture cal-
lus from EtOH-treated mice demonstrated decreased �-SMA
staining, correlating to a decreased activated fibroblast pheno-
type in the fracture callus (Fig. 10, G and H). Tibial fracture
callus sections from saline- and EtOH-treated mice also under-
went a protein isolation procedure 3 and 7 days post-fracture,
and then subsequent quantification of TGF-�1 protein using
ELISA. EtOH-treated mice showed significantly decreased
active TGF-�1 protein in the fracture callus environment on

day 3 post-fracture compared with saline-treated control mice
(883.6 versus 547.1 pg/ml) (Fig. 9I).

DISCUSSION

EtOH exposure has been shown to interfere with numerous
aspects of fracture healing across a broad scope of experimental
models. However, the signaling mechanisms responsible for the
effects of EtOH are still not completely understood. In this
study, we have demonstrated that EtOH inhibits MSC produc-
tion of the OPN-dependent TGF-�1 protein, and that EtOH
mediates its activity by interfering with the phosphorylation
and transcriptional activation of MZF1 gene. OPN was found to
induce MZF1 to stimulate its own transcription via a positive
feedback mechanism. We also provided evidence supporting
that MZF1 can exist in a phosphorylated state, which can be
induced by OPN. In addition, we demonstrated that PKA sig-

FIGURE 10. EtOH exposure affects mouse fracture callus protein composition. A–H, histological analysis of binge EtOH treatment on mouse fracture callus
composition. Fracture callus sections were stained with hematoxylin and esosin, and antibodies against OPN, TGF-�1, and �-SMA. The black bar indicates the
length of 60 �m. I, active TGF-�1 protein in mouse fracture callus. The concentration of active TGF-�1 protein in the tibial fracture callus from saline- and
EtOH-treated mice 3 and 7 days post-fracture was measured using ELISA (*, p 
 0.01).
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naling enhances TGF-�1 protein expression and MZF1 pro-
moter activation and phosphorylation in the presence of OPN.
Last, we found that EtOH-treated mice demonstrate a altered
fracture callus environment and protein composition. Our lab-
oratory was the first to describe the OPN-MZF1-TGF-�1
linked pathway, and we have shown here that EtOH exposure
impedes this pathway in the production of TGF-�1 in MSC.

Although EtOH consumption in alcoholic patients has been
shown to have a range of negative effects on bone physiology,
including decreased bone mineral density and increased risk for
osteoporosis, the effect of EtOH on fracture healing is of par-
ticular clinical relevance. Acute alcohol intoxication is a com-
mon presentation to emergency departments, and it is associ-
ated with traumatic injuries requiring longer hospital stays (1,
22). Intoxication increases risks for both sustaining fracture
injuries as well as adversely affecting the healing process.
Human studies have shown that healing and recovery from
fractures is adversely affected and is prolonged with higher
rates of complications in patients with significant EtOH expo-
sure (3, 23, 24).

OPN and TGF-�1 have been widely implicated in normal
bone formation and remodeling. Both signaling molecules pro-
mote MSC migration from bone marrow, and TGF-�1 stimu-
lates MSC differentiation vital for proper fracture healing (25).
A particular spatial-temporal pattern of TGF-�1 expression in
the bone and stromal environment is necessary for efficient
bone remodeling. Genetic mutations in TGF-�1 signaling are
implicated in the pathogenesis of a number of skeletal defects
and bone diseases. TGF-�1 has been shown to influence frac-
ture healing (26), stimulate angiogenesis within the fracture site
(17), and recruit MSC from bone marrow (27). OPN is believed
to be involved in numerous aspects of bone function, including
migration, attachment, and osteoclastogenesis during bone
remodeling (28, 29). OPN deficiency also has adverse effects on
fracture healing, as OPN null mice exhibit decreased size and
reduced biomechanical properties of the healing fracture callus
(12).

MSC play an essential role in fracture healing, both by their
strong expression of TGF-�1 and by their ability to differentiate
into cell types that constitute new bone, specifically osteoblasts
and chondrocytes. Many studies have outlined the ability of
MSC to migrate and attach to a fracture environment, thereby
contributing to callus formation and healing (30, 31). There is
much clinical interest in using MSC as an exogenous source to
enhance fracture healing, and this has been already shown to
partially reverse EtOH-induced deficits in fracture healing in
animal models (9). It has been shown that TGF-�1 contributes
to induction of MSC differentiation into several cell lineages
(25). It has also been previously shown that EtOH exposure
specifically can inhibit MSC differentiation into the osteogenic
lineage (32), and instead induces adipogenic differentiation
(33), which is an important finding related to EtOH-induced
deficient bone formation. We examined the role of EtOH in
affecting MSC differentiation and showed that in the low
TGF-�1 environment following EtOH administration, MSC
exhibited reduced levels of osteoblast and chondrocyte markers
collagen-1 and SOX-9, respectively. In addition, treatment of
MSC with exogenous TGF-�1 was able to partially reverse the

inhibitory effect of EtOH on OPN-induced collagen-1 and
SOX-9 mRNA expression. These findings suggest that down-
stream signaling of OPN leading to TGF-�1 expression plays an
important role in stimulating collagen-1 and SOX-9 expres-
sion. TGF-�1 may be acting in a feedback mechanism on MSC,
which may ultimately play an important role in MSC differen-
tiation into the osteogenic and chondrogenic lineages.

Although the link between OPN and TGF-�1 has been
described extensively in numerous settings including inflam-
mation, fibrosis, and cancer, our laboratory was the first to
identify MZF1 as the primary transcription factor activated by
OPN, which then induces TGF-�1 expression (18). MZF1
belongs to the Kruppel family of zinc finger proteins, and has
been shown to be expressed in totipotent hematopoietic cells as
well as in myeloid progenitors (34). In this study, MZF1 func-
tion was found to be an important target of EtOH. Exposure of
OPN-treated MSC to EtOH leads to decreased TGF-�1 protein
expression and negligible binding of MZF1 to the TGF-�1 pro-
moter. Further investigation showed that EtOH interferes with
MZF1 expression and promoter activation. In addition to
decreasing MZF1 mRNA levels, EtOH blocked binding of RNA
polymerase II and MZF1 to its own promoter, thus shutting
down transcriptional activation. Luciferase studies demon-
strated that the MZF1 binding site between �545 and �537 bp
upstream of the MZF1 start codon is necessary for full pro-
moter activation, as directed mutations at this site blocked pro-
moter activity. ChIP revealed that EtOH exposure in OPN-
treated MSC ablated MZF1 binding to this promoter site, thus
inhibiting the autoinduction mechanism responsible for MZF1
expression.

To date there have not been any studies linking OPN signal-
ing and MZF1 activation. OPN interacts with receptors CD44
and integrin �v�3 on MSC (35), and it was shown in this study
that EtOH exposure neither interferes with OPN-receptor
interactions or alters the cell surface receptor density. Previous
work in our laboratory demonstrated that antibody blockade of
the �v�3 integrin receptor specifically prevented MSC produc-
tion of TGF-�1 in response to OPN treatment. It is possible that
downstream signaling from the �v�3 receptor in response to
OPN leads to MZF1 activation, and thus is targeted by EtOH.
However, with little known about the intracellular signaling
cascade leading to MZF1 activation, we used predictive model-
ing to determine potential target sites on MZF1 for phosphor-
ylation. The PKA signaling pathway was chosen as a candidate
based off the computational analysis, and its activity was exper-
imentally modulated using the small activator and inhibitor
molecules SP8 and H-89, respectively. Both molecules were
found to significantly influence MZF1 promoter activation as
well as subsequent expression of TGF-�1 mRNA and active and
total protein. SP8, a cAMP activator, was shown to partially
rescue EtOH inhibition of OPN-dependent TGF-�1 expres-
sion. To the contrary, exposure of MSC to the PKA inhibitor
H-89 resulted in reduced MZF1 activation and decreased
TGF-�1 expression in the presence of OPN.

This study further demonstrated the relationship between
OPN, PKA, and MZF1 in showing that OPN alone can stimu-
late phosphorylation of known PKA downstream substrate
proteins, a phenomenon that can be blocked by EtOH. We also
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demonstrated that MZF1 can exist in a phosphorylated state by
utilizing co-immunoprecipitation techniques. Both OPN treat-
ment and PKA activation by SP8 induces phosphorylation of
MZF1, and EtOH exposure blocks the observed effect of OPN
and reverses MZF1 phosphorylation. Taken together, these
findings link OPN to PKA activity and subsequent phosphory-
lation of downstream PKA targets, as well as to phosphoryla-
tion of MZF1. Co-immunoprecipitation studies using a phos-
phoantibody specific for phosphorylated PKA substrates (data
not shown) failed to bind MZF1, thus indicating that MZF1 is
not a direct substrate of PKA. Phosphorylation of MZF1 is more
likely performed by one of downstream target kinases of the
PKA. The ability of PKA signaling to augment and enhance
MZF1 activity and subsequent TGF-�1 expression of MSC in
the presence of EtOH opens up exciting possibilities, as modu-
lation of this pathway can be achieved using well known small
molecules that are amenable to future animal models and
potential clinical scenarios.

EtOH exposure to rodents prior to bone fracture has been
shown to alter the protein composition and biomechanical
properties of the healing fracture callus (4, 6). Here we showed
that intraperitoneal injection of EtOH in mice prior to fracture
injury leads to altered fracture callus composition. EtOH expo-
sure decreased deposition of new bone and aberrant signaling
molecule expression in the fracture callus environment. Focal
TGF-�1 expression was suggestively decreased, and �-SMA, a
marker of activated fibroblasts in response to TGF-�1, was
markedly decreased in the callus of EtOH-treated mice. Inter-
estingly, OPN staining appeared to be similar across treatment
groups.

In summary, we described a novel mechanism by which
EtOH interferes with OPN-dependent MZF1 and TGF-�1
function in MSC. EtOH appears to exert its inhibitory effects in
the signaling pathway downstream of OPN-receptor binding
but upstream of MZF1 phosphorylation and promoter activa-
tion. Further characterization of the OPN-MZF1-TGF-�1 sig-
naling pathway will be required to better understand the exact
mechanism by which EtOH acts. This study also found that
PKA signaling potentiates OPN stimulation and is linked
to MZF1 function. This finding may serve as an avenue for
continued experimental investigation and potential clinical
intervention.
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