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Abstract Hepatic fibrosis represents a pathological wound
healing and tissue repair process triggered in response to
chronic liver injury. A heterogeneous population of activated
non-parenchymal liver cells, known as liver myofibroblasts,
functions as the effector cells in hepatic fibrosis. Upon activa-
tion, liver myofibroblasts become fibrogenic, acquiring con-
tractile properties and increasing collagen production capaci-
ty, while developing enhanced sensitivity to endogenous mol-
ecules and factors released in the local microenvironment.
Hepatic extracellular adenosine is a bioactive small molecule,
increasingly recognized as an important regulator of liver
myofibroblast functions, and an important mediator in the
pathogenesis of liver fibrosis overall. Remarkably, ecto-5"-nu-
cleotidase/Nt5e/Cd73 enzyme, which accounts for the domi-
nant adenosine-generating activity in the extracellular medi-
um, is expressed by activated liver myofibroblasts. However,
the molecular signals regulating Nt5e gene expression in liver
myofibroblasts remain poorly understood. Here, we show that
activated mouse liver myofibroblasts express NtSe gene prod-
ucts and characterize the putative Nt5e minimal promoter in
the mouse species. We describe the existence of an enhancer
sequence upstream of the mouse NtSe minimal promoter and
establish that the mouse Nt5e minimal promoter transcription-
al activity is negatively regulated by an Elf2-like Ets-related
transcription factor in activated mouse liver myofibroblasts.
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Introduction

Hepatic fibrosis, evolving to cirrhosis, is a hallmark feature of
almost all chronic liver diseases. This tissue repair and wound
healing process is triggered in response to tissue/cell injury or
exposure to various insults [1]. It is well known that liver
myofibroblasts (MF) are the primary effector cells responsible
for extracellular matrix production and scar formation ob-
served during hepatic fibrosis, in both clinical and experimen-
tal settings [2]. Essentially absent from the healthy tissue, MF
rapidly accumulate within the injured liver [3]. Liver MF may
derive, upon cell activation, from a variety of sources, includ-
ing intrahepatic non-parenchymal cells, such as hepatic stel-
late cells, periportal and perivascular fibroblasts, mesothelial
cells, and extrahepatic cells, such as bone marrow-derived
fibrocytes [4]. However, hepatic stellate cells (HSC) and por-
tal fibroblasts (PF) are by far the best-characterized sources of
liver MF [5]. As the major liver fibrogenic cells implicated in
tissue repair and wound healing response, liver MF represent
excellent targets for anti-fibrotic therapies and treatment of
chronic liver diseases.

During liver fibrosis, MF functionally contribute to critical
pathophysiological processes such as local inflammation, vas-
cular remodeling, and tissue regeneration, which are regulated
by a number of small signaling molecules including extracel-
lular ATP nucleotide and its degradation end product adeno-
sine nucleoside [6]. Particularly, extracellular adenosine nu-
cleoside can induce signal transduction through four
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transmembrane receptors in liver MF and modulate various
cell functions/properties that impact the progression of hepatic
fibrosis, such as matrix protein production, cytokine release,
cell proliferation, and cell motility [7, 8]. Fittingly, experimen-
tal liver fibrosis models in rodents using gene silencing or
pharmacological inhibition approaches targeting adenosine re-
ceptors have demonstrated the biological relevance of extra-
cellular adenosine as a critical regulator of the hepatic
fibrogenesis process [9—11]. Although most evidence points
towards pro-fibrotic actions for adenosine, it can also exert
anti-fibrotic effects in the liver [9] and other organs [12].
Within the liver, the primary determinant of tissue adeno-
sine levels is the cell surface Cd73/NtSe/ecto-5"-nucleotidase
enzyme [13]. In the healthy liver, Cd73 expression is mostly
found in parenchyma, endothelium, and both quiescent hepat-
ic stellate cells, and portal cells [14]. In the fibrosing liver, it is
redistributed to, and transcriptionally regulated, the liver MF
deriving from activated HSC and PF of murine and human
origins [15-18]. For instance, Sp1/Smad transcription factors
regulate Cd73 gene expression in rat HSC-derived liver MF
[15]. Moreover, other transcription factors that have functional
relevance in the setting of chronic liver injury, such as Hiflx
[19], Stat3 [20], and Tgf-3 [21] have been shown to regulate
Cd73 gene expression in other cell types. In addition, Cd73
has been shown to participate in and influence fibrosis pro-
gression experimentally [14, 22]. Taken together, these data
suggest that regulation of liver Cd73 expression is critical in
the pathogenesis of hepatic fibrosis. Therefore, to further elu-
cidate the genetic mechanisms regulating Cd73 expression in
liver MF, we sought to clone and characterize a mouse geno-
mic DNA corresponding to the putative NtSe gene promoter.

Experimental procedures

Materials and reagents Cell culture reagents and media were
obtained from Life Technologies (Life Technologies,
Carlsbad, CA), Fisher Scientific (Fisher Scientific,
Pittsburgh, PA), and Thermo Scientific (Thermo Scientific,
Rockland, MA). Molecular biology and SDS-PAGE reagents
and kits were obtained from Qiagen (Qiagen, Valencia, CA),
Bio-Rad Laboratories (Bio-Rad Laboratories, Hercules, CA),
and Life Technologies. Restriction enzymes and T4 DNA li-
gase were obtained from New England Biolabs (Ipswich,
MA).

Animal care All mouse experiments were performed in ac-
cordance with regulations approved by the University of
Arkansas for Medical Sciences Institutional Animal Care
and Use Committee. Male C57BI16 mice (6—8 weeks, n = 5
per group) were purchased from Charles River Laboratories
(Redfield, AR) and subjected to experimental liver fibrosis
induced by carbon tetrachloride intoxication (0.5 ml/kg
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diluted in sterile olive oil intraperitoneally, 9 injections total)
for 3 weeks, as previously described [22].

Cell culture Immortalized NIH3T3 mouse embryonic fibro-
blasts [24], JS1 mouse myofibroblastic hepatic stellate cells
[25], and Col-GFP mouse myofibroblastic hepatic stellate
cells [26] were grown in DMEM supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin antibiotics as
described previously. All cells were maintained at 37 °C, un-
der 95% air-5% CO,.

Primary cell isolation and culture Primary HSC were iso-
lated from mouse livers as previously described [27]. Briefly,
hepatocyte and non-parenchymal cell fractions were obtained
by in situ pronase/collagenase perfusion of livers. Mouse non-
parenchymal cells were subsequently used for isolation of
HSC by density gradient centrifugation [28]. The resulting
cell suspension were plated onto tissue culture plastic dishes
in DMEM/F-12 containing 10% FBS and antibiotics. Primary
mouse HSC were used before day 3 (quiescent) and past day 4
(myofibroblastic/activated) after plating, as previously de-
scribed [28]. All cells were maintained at 37 °C, under 95%
air-5% CO,.

RT-PCR Total RNA was isolated from cultured mouse JS1,
Col-GFP, and primary mouse HSC cells using the RNeasy
Plus Kit (Qiagen). Each RNA sample (1 pg) was digested
with DNase 1 enzyme (Ambion, Life Technologies) to re-
move any genomic DNA contamination and reverse-
transcribed using the iScript RT Supermix (Bio-Rad). Each
RT reaction product (1 pl of 10 fold-dilution) was further used
for PCR amplifications. Semi-quantitative PCR amplification
was performed using the TopTaq Master Mix Kit (Qiagen)
with the following protocol for the PCR reactions:
Initialization at 94 °C for 2 min followed by 35 cycles of
30 s denaturation at 94 °C, 30 s annealing at 60 °C, and 30 s
elongation at 72 °C; the amplification was then completed
with a 10-min final elongation at 72 °C using an S1000
Thermo Cycler (Bio-Rad). The primer sequences used for
the semi-quantitative RT-PCR reactions are listed in Table 1.
Amplification products were visualized on 3% agarose gels
via ethidium bromide staining. Real-time PCR amplification
was performed using the SsoAdvanced Universal Real-Time
PCR Supermix (Bio-Rad) and probes for Ntje (ecto-5'-nucle-
otidase, IDT#Mm.PT.56a.12096204), Elf2 (E74-like factor 2,
IDT#Mm.PT.58.9437524), and housekeeping Gapdh (glycer-
aldehyde 3-phosphate dehydrogenase, IDT#Mm.PT.39a.1)
genes in mouse species. The following PCR protocol was
used: initial denaturation step at 95 °C for 3 min, followed
40 repetitions of a 2-step cycling program consisting of 10 s at
95 °C, 30 s at 57 °C. Relative fold change in mRNA expres-
sion was estimated using the 2(—Delta Delta C(T)) method
[29].
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Table 1 The primer sequences

used for the PCR
amplification reactions

Name Sequence Location (relative Experiment
to ATG)

pmCd73-R AGATCTCTGGCTAGAGCGCG —20to -3 Promoter cloning
TTGAG

pmCd73-F1 GGTACCAGAGATTTGCTTGC —2069 to —2050 Promoter cloning
CTTTGC

pmCd73-F2 GGTACCATGCAGACCTGGTG —1010 to =991 Promoter cloning
CATTCT

pmCd73-F3 GGTACCGGTTGCGTCCTCAA =567 to —548 Promoter cloning
ACCTAA

pmCd73-F4 GGTACCCAGCCTCTCGGACC =275 to —258 Promoter cloning
TGCT

pmCd73-F5 GGTACCGTGACTCGGGGAGT —162 to —143 Promoter cloning
GTGTCT

pmCd73-F6 GGTACCTCTACTCCGCAGTT —87 to —65 Promoter cloning
TAGTAGAGG

pmCd73-R-ENH AGATCTGCACCAGGTCTGCA —1014 to =996 Enhancer cloning
TTGTT

pmCd73-L-ENH'"*  GGTACCAGAGATTTGCTTGC 2069 to —2050 Enhancer cloning
CTTTGC

pmCd73-L-ENH’"'  GGTACCATGCAATGTTGACT —1506 to —1487 Enhancer cloning
GCCAGA

pmCd73-R’° AAGCTTCTGGCTAGAGCGCG —20to -3 Enhancer cloning
TTGAG

pmCd73-F5’ AGATCTGTGACTCGGGGAGT —162 to —143 Enhancer cloning
GTGTCT

mutElf2 sense GGGCCTGGGGCAGGAA —132 to —102 Mutagenesis,
GTGACGGGTCTGTCC EMSA probe

mut£lf2 antisense GGACAGACCCGTCACTTC —132to —102 Mutagenesis,
CTIGCCCCAGGCCC EMSA probe

mEIf2 L GTCCTGGCAATCGTCTGTGA N/A semi-quantitative PCR

mEIlf2 R TGGGAACTGGCTCCACAATC N/A semi-quantitative PCR

mCd73 L ACTCCACCAAGTGCCTCAAC N/A semi-quantitative PCR

mCd73 R GGGATCAATCAGTCCTTCCA N/A semi-quantitative PCR

mGapdh L TTGTGCAGTGCCAGCCTC N/A semi-quantitative PCR

mGapdh R CTGGAAGATGGTGATGGGCT N/A semi-quantitative PCR

mCd73-elf2 L1 AGGGCCTGGGGCTGGAAGAG —131 to —100 EMSA probe
GCGGGTCTGT

mCd73-elf2 R1 ACAGACCCGCCTCTTCCAGC —131 to —100 EMSA probe
CCCAGGCCCT

Bold emphasis indicates added restriction enzyme site(s). Underlined letters indicate base pair change(s)

Immunohistochemistry and immunofluorescence For im-
munohistochemistry, liver sections from paraffin-embedded tis-
sues were prepared at 5-pum thickness using a routine procedure
at the University of Arkansas for Medical Sciences
Experimental Pathology Core Laboratory. Serial sections were
used for Masson’s Trichrome staining method to identify inter-
stitial collagen fibrils with blue coloring. Another set of sections
were used for immunostaining method using the standard
Vectastain Elite ABC HRP kit according to the manufacturer’s
instructions (#PK-6100, Vector Laboratories, Burlingame, CA)
to monitor the liver distribution of mouse alpha smooth muscle
actin (xSMA), Cd73, and EIf2 proteins with the following pri-
mary antibodies: rabbit polyclonal anti-aSMA (ab#5694,
Abcam, Cambridge, MA), rabbit monoclonal anti-mouse/rat/hu-
man Cd73 (clone D7F9A, #13160S, Cell Signaling Technology,

Danvers, MA), and rabbit polyclonal anti-mouse/rat/human
Elf2 #NBP1-84770, Novus Biologicals, Littleton, CO) anti-
bodies, and a secondary donkey biotinylated anti-rabbit IgG
antibody (Affinipure #711-065-152, Jackson ImmunoResearch
Laboratories, West Grove, PA). Mowiol-based mountant was
then added to stained tissue sections. Bright-field microscopy
images were acquired using an Olympus BX-51 microscope
(Olympus America, Melville, NY). For immunofluorescence,
primary culture-activated HSC were plated and grown overnight
on coverslips. The following day, cells were fixed with neutral
(pH = 7.2) 4% paraformaldehyde solution (diluted in 1x
Phosphate-Buffered Saline, PBS) for 20 min, washed in 1x
PBS, and further permeabilized with Triton X-100 0.1% solu-
tion (diluted in 1x PBS) for 10 min, all steps at room tempera-
ture. After several washes in 1x PBS, coverslips were incubated
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with a 7% goat serum (Life Technologies), 0.5% bovine serum
albumin (Fisher Scientific) blocking solution (diluted in 1x
PBS) at room temperature for 1 h, and then with rabbit poly-
clonal anti-«aSMA (ab#5694, Abcam), rabbit polyclonal anti-
mouse/rat/human collagen type 1 (#234167, EMD Millipore,
Billerica, MA), rabbit polyclonal anti-Pdgfr3 (958) (#sc-432,
Santa Cruz BioTechnology, Dallas TX), and rabbit monoclonal
anti-mouse/ratthuman Cd73 (clone H300, #sc-25603, Santa
Cruz BioTechnology) at 4 °C overnight. After several washes
in 1x PBS, coverslips were further incubated with a goat
Alexa488-conjugated anti-rabbit IgG antibody (diluted in
blocking solution). After several washes in 1x PBS, DAPI-
supplemented Prolong Diamond anti-fade mountant (Life
Technologies) was added to coverslips. As negative controls,
primary antibody or labeling probe was omitted, with no stain-
ing occurring (not shown). Confocal fluorescence microscopy
images were acquired using Zeiss LSM 510 Meta imaging sys-
tem (Zeiss Laboratories, White Plains, NY).

Plasmids The genomic DNA sequence corresponding to the 5
untranslated region of mouse Ntje gene (NCBI Gene ID 23959)
was extracted from the NCBI/GenBank database to determine
the location of ATG start codon (defined as +1 position). To
analyze the promoter activity of the 5’ untranslated region of
mouse Ntde gene, six separate fragments of the promoter region
with length varying between 2067 (—2069 to —3 position relative
to start codon) and 85 (=87 to —3) base pairs (bp) were initially
generated using a PCR-based cloning approach. An additional
restriction enzyme site was added to each forward (Kpnl) and
reverse (Bglll) primer (primer sequences and positions are listed
in Table 1). For PCR amplification of the longest fragment
(2067 bp) that was hypothesized to contain the complete pro-
moter, 100 ng of commercially available mouse genomic DNA
(Clonetch, Mountain View, CA) was used as template with the
primers pmCd73-F1 and pmCd73-R. Approximately 10 ng of
the first plasmid DNA was then used as template for PCR am-
plification of all other promoter fragments, with five different
forward primers (pmCd73-F2 to pmCd73-F6) and the same re-
verse primer (pmCd73-R). All PCR amplifications were done
with Expand High-Fidelity PCR System (Roche Biosciences)
for maximum of fidelity of the elongation, as follows: 95 °C for
2 min, 30 cycles of 95 °C for 30 s (denaturation), 62 °C for 30 s
(annealing), and 72 °C for 2 min 30 s (elongation), and com-
pleted by a 7-min incubation at 72 °C. Amplification products
were ligated into the Kpnl/BglII cloning site in the Luciferase
reporter gene pGL3-Basic vector (Promega, Madison, WI) to
generate pmCd73 F1- to F6-Luc constructs.

To characterize a putative 1074-bp-long regulatory sequence
(—2069 to —996) contained in the longest fragment (—2069 to —3)
of the promoter region (F1-Luc construct), one fragment of the
promoter region with length of 160 bp (=162 to —3) was gener-
ated by PCR. An additional restriction enzyme site was added to
each forward (Bglll) and reverse (HindIIl) primer (primer
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sequences and positions are listed in Table 1). Approximately
10 ng of the F5-Luc plasmid DNA (described above) was used
as template for PCR amplification with forward (pmCd73-F5’)
and reverse (pmCd73-R’) primers and Expand High-Fidelity
PCR System (Roche Biosciences) for maximum of fidelity of
the elongation as described above, except for elongation time that
was 30 s. Amplification products were ligated into the BglIl/
HindIII cloning site in the Luciferase reporter gene pGL3-Basic
vector to generate the ENH-F5-Luc construct. Next, two separate
fragments of the promoter region 1074 bp (—2069 to —996) and
511 bp (—1506 to —996) were generated by PCR. An additional
restriction enzyme site was added to each forward (Kpnl) and
reverse (BglIl) primer (primer sequences and positions are listed
in Table 1). Approximately 10 ng of the F1-Luc plasmid DNA
(described above) was used as template for PCR amplification of
all promoter fragments with two different forward primers
(pmCd73-L-ENH'"7* and pmCd73-L-ENH>"") and the same re-
verse primer (pmCd73-R-ENH) and primer sets corresponding
to four contiguous portions of the analyzed 564-bp-long regula-
tory sequence. All PCR amplifications were done with Expand
High-Fidelity PCR System (Roche Biosciences) for maximum
of fidelity of the elongation, as described above, except for elon-
gation time that was 1 min and 10 s. Amplification products were
ligated into the Kpnl/BglII cloning site in the Luciferase reporter
gene pGL3-Basic vector to generate ENH'*7%- and ENH>''-F5-
Luc constructs. Plasmid nucleotide sequences were confirmed by
automated sequencing at the UAMS Sequencing Core Facility
using a 3130XL Genetic Analyzer (Applied Biosystems, Foster
City, CA).

Site-directed mutagenesis A putative promoter responsive el-
ement for mouse Elf2 transcription factor was identified using the
bioinformatics software tool Matlnspector (Genomatix GmbH,
Munich, Germany), and a fragment lacking such element was
generated by site-directed mutagenesis. Site-directed mutagene-
sis was performed using binding site-specific primer sets and the
QuikChange II XL kit (Stratagene, La Jolla, CA). PCR amplifi-
cation of mutants was performed using PfuUltra High Fidelity
DNA polymerase (Stratagene) under the following parameters:
95 °C for 1 min, followed by 18 cycles of 95 °C for 50 s, 60 °C
for 50 s, 68 °C for 6 min, and then 68 °C for 7 min. Sequence
mutation was confirmed by automated sequencing before use.

DNA transfection NIH3T3 cells were split into 24-well plates
(0.5 x 10° Awell) on the day before transfection. Plasmid DNAs
(300 ng of each Firefly Luciferase reporter vector and 10 ng of
Renilla luciferase vector) were mixed with Fugene6 transfection
reagent (1 pl; Roche) diluted in Opti-MEMI (total volume 20 11/
well). The mixture was incubated for 2025 min at room tem-
perature and then added to cells in a stepwise fashion. Transfected
cells were allowed to grow for 48 h before testing transgene
expression. Transfections for every construct were performed
independently in triplicate and repeated at least three times.
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Luciferase activity assays Changes in firefly luciferase activ-
ity of transfected NIH3T3 cells were normalized to Renilla
luciferase activity using the Dual-Luciferase Reporter assay
system (Promega) and detected using a Synergy HT
multidetection microplate reader (BioTek, Winooski, VT).

Electromobility shift assays Nuclear extracts from JS1 and
Col-GFP cells were prepared using the Subcellular Protein
Fractionation Kit (#NBP2-47659, Novus Biologicals) according
to the manufacturer’s instructions. DNA-binding assays were
performed with nuclear extracts using the DIG Gel shift 2nd
generation kit (Roche Biosciences) according to the manufac-
turer’s instructions. The DIG-labeled double-stranded oligonu-
cleotides used as probes are described in Table 1. For competition
experiments, a 125-fold molar excess of unlabeled double-
stranded oligonucleotides was added to the binding reaction.
Assays were performed independently using at minimum two
preparations of nuclear extracts for each cell line.

Statistical analysis One-way ANOVA followed by
Bonferroni’s post hoc Multiple Comparison test and two-
tailed unpaired ¢ test were performed using GraphPad Prism
v5.00, GraphPad Software (San Diego, CA, USA, www.
graphpad.com). P value (p) was considered significant when
*p < 0.05, #*p < 0.01, ***p < 0.001, and ****p < 0.0001.

TRICHROME

Results

We have previously cloned and characterized the rat NtSe
promoter and shown that Ntje gene expression is transcrip-
tionally regulated in activated liver myofibroblasts during fi-
brosis in the rat species [15]. Here, we use a similar approach
to identify Nz5e gene promoter in the mouse species and study
the regulation of its transcriptional activity in activated mouse
liver myofibroblasts.

Experimental fibrosis was induced in livers of wild-type
mice subjected to carbon tetrachloride (CCly) intoxication
for 3 weeks, and protein expression of classical activated liver
myofibroblast marker alpha smooth muscle actin (xkSMA)
and purinergic cell-surface marker Cd73 was monitored and
analyzed in livers of normal and fibrotic animals (Fig. 1a). In
the CCly model, histological examination of serial liver tissue
sections from olive oil vehicle-injected animals shows, as ex-
pected, the typical organization of normal liver tissue, with
obvious expression of collagen in perivascular areas
(Fig. 1a, TRICHROME, olive oil), modest expression of al-
pha smooth muscle actin that is restricted to portal areas sur-
rounding arteries and veins (Fig. 1a, xSMA, olive oil), while
expression of Cd73 is largely observed in hepatocytes and
circulating mesenchymal cells (likely hepatic stellate cells)
(Fig. la, Cd73, olive oil). In contrast, in CCl-intoxicated

Cd73

] OIive‘oi‘I

[m|ccla 3 weeks

Fig.1 a Experimental liver fibrosis was induced by carbon tetrachloride
(CCly) intoxication for 3 weeks. In serial sections of livers from control
(olive oil-injected) animals, the typical distribution of collagen fibrils
(perivascular areas), xSMA (blood vessels), and Cd73 (parenchymal,
sinusoidal areas) is observed. In serial sections of livers from fibrotic
(CCly-intoxicated) animals, important accumulation of collagen fibrils
is seen around nodules of parenchymal cells, along with xSMA and

Cd73 proteins. Scale bar 200 um. b «SMA, Collxl, Pdgfrf, and
Cd73 protein expression and distribution (green color) is assessed by
immunofluorescence staining, in primary mouse hepatic stellate cells
upon culture activation. Culture-activated «SMA* Collx1™ Pdgfrp*
are positive for Cd73 protein expression. DAPI (blue color) was used
as nuclear stain. Scale bar 50 pm
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animals, induction of fibrosis is clearly observed in injured
liver areas, as evidenced by important structural changes in
hepatic tissue architecture, prominent accumulation of extra-
cellular matrix deposition, mainly fibrillar collagen (Fig. 1a,
TRICHROME, CCl, 3 weeks), and expression of both con-
tractile -smooth muscle actin (Fig. 1a, xSMA, CCly 3 weeks)
and Cd73 proteins in a number of activated liver
myofibroblasts (Fig. 1a, Cd73, CCl, 3 weeks). Finally, expres-
sion of Cd73 protein, along the one of classical xSMA, col-
lagen 1 alpha 1 (Collxl), and beta-type platelet-derived
growth factor receptor (Pdgfr3) markers, was detected in pri-
mary isolated mouse HSC upon culture activation (Fig. 1b).
Taken together, these data demonstrate that Cd73 protein is
expressed in activated mouse liver myofibroblasts during he-
patic fibrosis, as recently reported [18].

To better understand how N#5e gene expression is regulated
in mouse liver myofibroblasts, we sought to clone and char-
acterize the mouse Nt5e promoter. The ATG start codon of the
mouse NtSe gene was extracted from the reference NCBI da-
tabase (Fig. 2). A 2067-bp-long mouse genomic DNA se-
quence corresponding to the putative NtSe gene promoter
was cloned into a luciferase reporter plasmid (F1-Luc,
—2069 to —3 bp relative to ATG start codon) and used as
template for the subsequent generation of serial truncation
luciferase constructs (F2- to F6-Luc). The transcriptional ac-
tivity of each construct was studied by a dual-luciferase assay
upon transfection in mouse NIH3T3 fibroblasts that are defi-
cient for Ntje gene expression and can be transfected with
high efficiency (Fig. 3). Of all serial deletion constructs gen-
erated, the F1-Luc construct (—2069 to —3 bp) displayed the
highest luciferase activity relative to empty vector control
plasmid (F1-Luc, 14.99 = 0.59 vs. EV, 1 £ 0.04,
*#F¥p < 0.0001), which was significantly elevated compared
with shorter F2- to F6-Luc constructs (F2-Luc, 3.122 £ 0.14;
F3-Luc, 3.389 £ 0.19; F4-Luc, 4.391 + 0.28; F5-Luc,
4.532 £ 0.35; F6-Luc, 0.6554 + 0.05, ****p < 0.0001), sug-
gesting the existence of enhancer element(s) in the cloned
putative mouse Nt5e promoter sequence. There was no signif-
icant change in luciferase activity when comparing F2- to F4-
Luc constructs altogether. Furthermore, the luciferase activity
of F5-Luc construct was significantly higher than the one of

pmCd73-F5

F2-Luc construct (F2-Luc, 3.122 + 0.14 vs. F5-Luc,
4.532 £ 0.3, *p < 0.05). The luciferase activity of F6-Luc
construct was almost completely abolished with levels similar
to the ones measured for the control empty vector (F6-Luc,
0.6554 £ 0.05 vs. EV, 1 + 0.04, NYS), indicating the F5-Luc
(=162 to —3 bp) construct as the minimal promoter required
for the transcriptional activity of the mouse NtSe gene, follow-
ing transient transfection in NIH3T3 fibroblasts.

We next attempted to characterize the putative “enhancer”
(=2069 to —996 bp) sequence entirely spanning the genomic
DNA region present F1-Luc construct, but deleted in F2-Luc
construct. The full (=2069 to —996 bp) or a short portion
(—=1514 to —996 bp) of the putative enhancer sequence was
cloned immediately adjacent to the identified putative mouse
Nt5e promoter corresponding to F5-Luc construct to generate
ENH'?7- and ENH®''-F5-Luc constructs. Wild-type and
enhancer-containing F5-Luc constructs were transfected in
NIH3T3 cells, followed by luciferase activity measurement
using a dual-luciferase assay (Fig. 4). Luciferase activity as-
says showed that the ENH'®7*-F5-Luc construct containing
the full putative enhancer (—2069 to —996 bp) sequence has
the ability to enhance the luciferase activity of the identified
putative mouse NtSe promoter, i.e., F5-Luc construct
(ENH'"7_F5-Luc, 32.18 + 2.61 vs. F5-Luc, 9.389 + 0.51,
*#*k%%p < 0.0001). In contrast, the ENH>'""-F5-Luc construct
containing a shorter portion of the putative enhancer sequence
(=1514 to —996 bp) displays luciferase activity levels similar
to the one measured for the F5-Luc construct (ENH>'!-F5-
Luc, 9.467 + 1.71 vs. F5-Luc, 9.389 + 0.51, NS). These data
suggest that key elements responsible for that enhancer activ-
ity are contained, at least in part, in the genomic DNA region
corresponding to —2069 to —1514 bp relative to ATG star
codon. Of note, in additional control experiments, versions
of ENH'?7%- and ENH>''-F5-Luc constructs lacking the se-
quence (—162 to —3 bp) corresponding to the minimal putative
mouse Ntje promoter did not display detectable luciferase
activity, indicating that the putative enhancer sequence cannot
act as a promoter per se (not shown).

We further performed a detailed analysis of the putative
mouse NtSe promoter elements to better understand the mecha-
nisms involved in the regulation of its transcriptional activity. In

- 162 GTGACTCBGGGAGTGTGTICTGCARGC|GGGRGHGCCTHEGGCIGGRAGAGGCEGGTCTGT]

TIEG/EGR-a

c-Krox Zfp/AP-2y

Elf-2/Nerfla GC box

pmCd73-F6
-102 CCCGCCCCGCCCTCCTCTACTCCGCAGTTTAGTAGAGGCCCCGGTGGCCGGTGCTCACTGG

pmCd73-R

—+1

-41 GCTCAGGGCCAGTCCACCCGCTCAACGCGCTCTAGCCAGCCATG

Fig. 2 The putative mouse Nt5e minimal promoter nucleotide sequence
was extracted from NCBI/GenBank database, and putative binding
motifs for transcription factors were identified and scored using
bioinformatics analysis. An upward arrow at the nucleotide +1
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indicates the adenine of the translation initiation site (ATG). The
pmCd73-F5, pmCd73-F6, and pmCd73-R primer sequences are
indicated in bold type. Black empty boxes indicate predicted
transcription factor binding sites
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Mouse Nt5e gene 5’flanking region

serial deletion constructs

ENHANCER 5UTR
F1-LUC 060 =
F2-LUC -1010 -3
F3-LUC
567 3
F4-LUC
F5-LUC
F6-LUC

Fig. 3 Serial truncations of mouse wild-type Nt5e promoter-luciferase
constructs were transiently expressed in mouse NIH3T3 fibroblasts.
NIH3T3 cells were transfected with baseline control pGL3 plasmid
(empty vector, EV) or serial deletions (F2- to F6-Luc) of the putative
mouse NtSe promoter (F1 or nucleotide sequence spanning —2069 to
=3 bp from ATG), and luciferase activity was determined relatively to
that of EV. Maximal luciferase activity was measured for F1-Luc
construct, which was significantly higher than the ones of F2- to F6-
Luc constructs. The measured luciferase activity noticeably decreased
between F1- and F2-Luc constructs, suggesting that F1-Luc construct

silico analysis of the putative mouse Cd73 minimal promoter F5
(—=162 to —3 bp) construct revealed the presence of a response
element (—121 to —113 bp) for E74-like factor 2/new E26
transformation-specific (Ets)-related factor (EIf2/Nerf) among
other potential transcription factors identified (Fig. 2). Of note,
EIf2 transcription factor is known to be involved the maturation
and differentiation process in immune cells by gene regulation
[30]. We evaluated the impact of site-directed mutagenesis
targeting EIf2 transcription factor binding site on the luciferase
activity of F5-Luc construct. Wild-type and mutant F5-Luc

Mouse Nt5e gene 5’flanking region
enhancer serial deletion constructs

ENHANCER 5’UTR

F1-LUC

ENH’".F5.LUC

F5-LUC

Fig. 4 A putative regulatory genomic DNA sequence (nucleotides
—2069 to —996 bp relative to mouse NtSe gene start codon) was cloned
upstream of the mouse wild-type Nt5e promoter-luciferase (F5) construct
(nucleotides —162 to —3 bp) before transient expression in mouse
NIH3T3 fibroblasts. The luciferase activity of a F5-Luc construct is
enhanced when 5'flanked by a genomic DNA sequence corresponding

Luciferase

= O
-2069 996 3
L L I 1
ENH -Fs-LUC -2069 0061162 3 Luciferase

-162

Relative Luciferase activity
fold change
0 5 10 15 20

a7 3 cterasd

contains a potential enhancer sequence, which spans approximately
1000 bp (2069 to —996 bp) and is absent in the shorter F2-Luc
construct. When compared, luciferase activities of F3- to F5-Luc
constructs were not meaningfully different. Also, luciferase activity of
F6-Luc construct was notably reduced relatively to that of F5-Luc
construct and essentially similar to that of EV, indicating that F5-Luc
construct (—162 to —3 bp) represents the minimal promoter required for
mouse NtSe gene expression (data are representative of, at least, three
independent experiments)

constructs were transfected in NIH3T3 cells, followed by lucif-
erase activity measurement using a dual-luciferase assay (Fig. 5).
We found that mutation of EIf2 responsive element alone was
sufficient to significantly increase the F5-Luc construct luciferase
activity (F5-Luc, 11.79 £ 1.41 vs. mut EIf2-F5-Luc,
20.48 £ 2.96, **p < 0.01). These data indicate that repression
of mouse Nt5e promoter activity is likely mediated by transcrip-
tion factor(s) acting at the identified EIf2 site in NIH3T3 fibro-
blasts. Similar site-directed mutagenesis experiments test-
ing the impact of binding motifs for TGF-beta-inducible

Relative Luciferase activity
fold change
10 20 30 40 50

to nucleotides —2069 to —996 bp relative to mouse NtSe gene start codon.
This increase in luciferase activity is suppressed in a F5-Luc construct
when 5'flanked by a genomic DNA sequence corresponding to
nucleotides —1514 to —996 bp relative to mouse NtSe gene start codon
(data are representative of, at least, three independent experiments)
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Mouse Nt5e gene 5’flanking region
site-directed mutagenesis

Fs-LUC , ,—{I - CLuciferase)

FOLUC 16K 5 Luciteras)

Fig. 5 Site-directed mutagenesis of the mouse wild-type Nt5e promoter-
luciferase (F5) construct (—162 to —3 bp relative to mouse Nt5e gene start
codon) was performed before transient expression in mouse NIH3T3
fibroblasts. The luciferase activity of a F5-Luc construct which contains
a mutated mouse EIf2 transcription factor binding site was significantly

early-response gene (Tieg) [31], zinc finger, and BTB do-
main containing 7B (Zbtb7b/c-krox) [32] and Activator
protein 2y (Ap-27vy) [33] transcription factors identified
by in silico analysis did not reveal the presence of other
biologically relevant regulatory elements (not shown).

Fig. 6 Experimental liver

Relative Luciferase activity
fold change
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' N 2 ']
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higher than the one measured for the un-mutated F5-Luc construct,
indicating that Elf2-like transcription factor acts as a potential repressor
of mouse NtSe gene expression (data are representative of, at least, three
independent experiments)

We next monitored and analyzed the expression of EIf2
protein in CCly-induced fibrotic mouse livers (Fig. 6).
Histological examination shows that a faint nuclear EIf2 stain-
ing is mostly observed in biliary epithelial cells and mesen-
chymal cells in vehicle-injected animals (Fig. 6a, olive oil,

Cd73_ Elf2

fibrosis was induced by carbon
tetrachloride (CCly) intoxication
for 3 weeks. In serial sections of
livers from control (olive oil-
injected) animals, normal
expression of «SMA (blood
vessels), Cd73 (parenchymal,

Olive oil

_oSMA

e
N

sinusoidal areas), and EIf2 (non-
parenchymal area) is depicted. In
serial sections of livers from
fibrotic (CCly-intoxicated)
animals, significant accumulation
of *’SMA protein is observed in
lesion areas surrounding
parenchymal cell nodules, along

CCl43 weeks‘q

uonesyubew X001

with Cd73 and EIf2 proteins.
Scale bar 200 um

Olive oil
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Elf2); it clearly redistributed to the nuclei of myofibroblasts
present within fibrotic liver tissue areas in CClg-intoxicated
animals (Fig. 6, CCl, 3 weeks, Elf2). Low power field images
show EIf2 staining along those of xSMA and Cd73 clearly
outlines fibrotic nodules in CCly-intoxicated animals (Fig. 6,
CCly 3 weeks, Elf2). In addition, EIf2 antibody did not appear
to stain hepatocytes found in damaged areas surrounding scar-
ring liver tissue. In summary, these data demonstrate that EIf2
protein expression is observed in activated mouse liver
myofibroblasts during hepatic fibrosis. Furthermore, EIf2 ex-
pression by activated liver myofibroblasts was confirmed, as
Nt5e and Elf2 mRNA expression was both detected in both
quiescent (2 days) and activated (28 days) primary mouse
HSC cultured in vitro (Fig. 7a). Interestingly, culture-
induced activation of primary mouse HSC led to an estimated
10-time decrease in NtSe gene expression (quiescent,
101.6 + 13.04 vs. activated, 9.8 £4.9, ***p < 0.001) and, in
contrast, to an estimated two-time increase in EIf2 gene ex-
pression (quiescent, 101.5 £ 12.94 vs. activated,
207.1 + 30.87, *p < 0.05) (Fig. 7a). We then tested the DNA
motif requirements for EIf2 binding to the putative mouse
Nt5e promoter sequence by performing electrophoretic

mobility shift assays (using oligonucleotide probes mimicking
the identified EIf2 promoter elements) in well-characterized
immortalized JS1 and Col-GFP liver myofibroblasts that ex-
hibit activated cell phenotype [25, 26]. Initially, expression of
both Cd73 and EIf2 at the mRNA level was confirmed in both
liver myofibroblast cell lines used (Fig. 7b). When nuclear
extracts isolated from JS1 and Col-GFP cells were incubated
with a digoxigenin-labeled wild-type EMSA probe containing
a putative EIf2 binding site, multiple bands corresponding to
formed DNA-nuclear protein complexes were observed
(Fig. 7c, left panel). Next, the binding specificity was con-
firmed after addition of cold (unlabeled) wild-type probe in
excess (125-fold molar), which considerably decreased signal
detection. Interestingly, similar results were obtained for com-
petitive binding experiments with cold probes harboring pre-
viously published Ets-related consensus sequences for
Drosophila E74 gene promoter and murine blk gene promoter
binding sites (not shown). These findings were further vali-
dated when incubation of JS1 and Col-GFP nuclear extracts
with a mutated EMSA probe containing a disrupted putative
EIf2 binding site did not results in the formation of DNA-
nuclear protein complexes (Fig. 7c, right panel). These results

Nt5e wtElf2 probe  Nt5e mut Eif2 probe
I LI | 1
JS1_ COL-GFP JS1 COL-GFP
- : |

quiescent activated
EIf2

4 NUCLEAR
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NUCLEAR EXTRACTS =

Relative mRNA expression vs. Gapdh
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UNLABELED PROBE =
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Fig. 7 a Relative mRNA expression of NtSe and Elf2 genes is
determined by quantitative real-time PCR analysis in quiescent and
activated primary mouse HSC; mouse Gapdh was used as reference gene.
b Expression of NtSe and Elf2 mRNAs is determined by semi-
quantitative PCR analysis in immortalized activated JS1 and Col-GFP
mouse HSC, total mouse liver, and water (reaction control); mouse
Gapdh was used as reference gene. ¢ Electro-motility shift assays were
performed using nuclear extracts obtained from mouse JS1 and Col-GFP

+ + + + + 4+
+ + + + + o+ 4+
+ - 4+ - -+ -+

cells, and digoxigenin-labeled probes corresponding to the minimal
mouse Nt5e promoter containing the wild-type (Nz5e™ ' probe, left
panel) and mutated (Nt5¢™" ®'™ probe, right panel) EIf2 motif
(nucleotides —132 to —102) (see Table 1 for sequences). Competitive
analysis was performed in the presence of a 125-fold molar excess of
unlabeled competitors, as indicated. Arrowheads indicate formation of
DNA-protein complexes (depicted image is representative of three
independent experiments)
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demonstrate that mouse Cd73-expressing cells including liver
myofibroblasts express regulatory transcription factors that
can bind the identified EIf2 motif contained in the minimal
mouse Nt5e promoter. Taken together, these data suggest that
the activity of the putative minimal mouse Nt5e promoter is
regulated by Elf2-like transcription factor(s).

Discussion

In the present study, we report the cloning and characterization of
the putative mouse NtSe gene promoter. We have previously
shown that Cd73 is expressed by activated liver myofibroblasts
in both human and rat species and, now, show that it also applies
in the mouse species using the classical CCly model of experi-
mental liver fibrosis and both primary isolated and immortalized
activated/myofibroblastic HSC. Using site-directed mutagenesis,
we show that the sequence corresponding to the minimal mouse
NtSe gene promoter activity possesses a response element for
Elf2-like transcription factor(s), acting as repressor upon binding.
Fittingly, we further show that quiescent and activated primary
isolated mouse HSC express both Ntje and Elf2 gene products
and their respective expression levels (NVt5e, down) and (Elf2, up)
are inversely regulated during culture-induced activation. We
also establish that nuclear extracts from Cd73-expressing activat-
ed liver JS1 and Col-GFP myofibroblasts contain Elf2-like tran-
scription factor(s) that can bind to the minimal mouse Nzje gene
promoter. Taken together, our data suggest that Elf2-like tran-
scription factor(s) mediate down-regulation of Nt5e gene expres-
sion in activated mouse HSC.

Our observation that Nt5e gene expression is down-regulated
in mouse-activated liver myofibroblasts is directly in line with a
previous study providing evidence that in vitro “myofibroblastic-
to-quiescent” phenotype conversion of mouse-immortalized
GRX myofibroblastic HSC induced by exogenous retinol treat-
ment is accompanied with an increase of Nt5e gene expression
[34]. Remarkably, Elf2 is a member of “E-twenty-six” (Ets)-
related transcription factor family that all recognize a core
DNA motif GGAA/T [35], akin to the GGAA element we have
identified in the putative minimal mouse Ntje gene promoter.
Moreover, Ets-related transcription factors act as constitutive ac-
tivators as well as repressors of genes involved in key cellular
processes including proliferation, maturation, and differentiation
[35, 36] that are taking place in liver myofibroblasts upon acti-
vation triggered by hepatic insult or injury [37]. Interestingly,
examples of transcriptional regulation of “fibrogenic” genes by
Ets-related transcription factors have been previously reported
[38]. For instance, numerous studies have shown that the well-
characterized Ets-related transcription factors are implicated in
the regulation of matrix metalloproteinases [39], tissue inhibitors
of metalloproteinases [40], tenascin [41], collagen [42], connec-
tive tissue growth factor [43] gene expression in activated skin-,
lung-, and/or liver-derived stromal fibroblasts. While our results
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imply that Elf2-like transcription factor(s) can negatively regulate
the putative mouse Nt5e gene promoter activity, it nevertheless
remains challenging to predict the exact nature of DNA interac-
tion and promoter-activity regulation occurring here. Importantly,
gene expression regulation by Ets-related transcription factors is
being rendered complex for several reasons. First, in vitro pro-
moter studies performed have shown that multiple Ets-related
transcription factors either positively or negatively promoting
target gene expression can be expressed in the same cell type
[30], and that promoter binding overlap exists between Ets-
related transcription factors [44]. Additionally, in silico analysis
of the full putative mouse Nt5e promoter reveals the presence of
potential binding sites for Ets-related Elk1 and ERG transcription
factors. Second, Ets-related transcription factors can be regulated
by post-translational modifications such as phosphorylation [45]
and glycosylation [46] that modulate their DNA-binding ability
and function(s) [35]. For instance, a recent study has shown that
transgenic mice overexpressing a mutant form of Ets2 transcrip-
tion factor that cannot be site-specific phosphorylated are
protected against experimental lung fibrosis when compared to
wild-type animals [47]. Indeed, comparative protein sequence
analysis indicates the existence of Elf2 splice variants that are
lacking potential regulatory N-terminal phosphorylation sites
[30]. Finally, the biological functions Ets-related transcription
factors are usually dependent on the presence of another co-
regulatory transcription factor [35, 36]. Overall, our results indi-
cate that down-regulation of Nzje gene expression in activated
liver myofibroblasts is controlled by Elf2-like transcription fac-
tor(s). However, the possibility that additional mechanisms of
regulation could be conferred by potential interacting partner
transcription factor(s) or own Elf2-like transcription factor gene
expression regulation in cell- and stage-dependent manner can-
not be excluded. Importantly, in silico analysis of putative human
and rat minimal promoter sequences did not reveal the existence
of putative binding sites for EIf2 transcription factor or other Ets-
related transcription factors (not shown).

We have also identified a potential enhancer region (—2069 to
—1514 bp relative to mouse Cd73 ATG start codon). Luciferase
assays show that the enhancer sequence can actually increase the
activity of the putative minimal mouse Nt5e gene promoter, but
cannot initiate transcription on its own. Moreover, in preliminary
experiments in which we generated and used four consecutive
truncations of the putative enhancer sequence for luciferase ac-
tivity assays, we were not able to determine that a particular
portion (out of the four analyzed) conferred the enhancing activ-
ity, as none of the constructs tested exhibited detectable levels of
activity (not shown). Further investigation will be needed to
identify what are the exact nature and identity of the transcription
factors responsible for the described enhancer activity.

Lastly, our data showing down-regulation of mouse NtSe
gene expression in fibrotic liver and activated myofibroblasts
are in agreement with previous reports describing an overall
decrease in Ntje gene expression is observed in experimental
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mouse models of chronic liver injury such as chronically feed-
ing with cholestasis inducer 3,5-diethoxycarbonyl-1,4-
dihydrocollidine compound or long-term exposure to oxidative
stress inducer cerium trichloride [48, 49]. Additionally, human
liver NTSE mRNA expression is decreased in biopsies from
patients with established fibrosis secondary to hepatitis C infec-
tion or non-alcoholic fatty liver disease [48]. In contrast, up-
regulation of mouse NtJe gene expression has been reported in
experimental models acute liver injury such as ethanol-induced
steatosis and thioacetamide-induced acute liver failure [50, 51].
Moreover, observations made by our laboratory and others
have shown up-regulation of rat Ntje gene expression occurs
in fibrotic livers and activated myofibroblasts, subjected to car-
bon tetrachloride intoxication, or exposed to low-dose ionizing
radiation [15, 16, 52, 53]. Altogether, these findings may sim-
ply reflect differences in injury mechanisms associated with
acute versus chronic liver diseases, as well as spatio-temporal
regulation of NtSe gene between species, indicating that mouse
species is more suitable than rat species, to investigate the role
of Cd73 biological activity in chronic liver diseases settings.

In conclusion, we establish that Cd73 is expressed by acti-
vated mouse liver myofibroblasts during hepatic fibrosis and
show that down-regulation of Ntje gene expression is partly
mediated by Elf2-like Ets-related transcription factor(s) in
these non-parenchymal cells. A better understanding of NtSe
gene expression and regulation may provide a new hindsight
in the pathogenesis of liver fibrosis and lead to the develop-
ment of novel anti-fibrotic therapies.
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