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The E26 transformation-specific (Ets) proteins are a family of transcription factors with important roles in a
variety of cellular processes ranging from proliferation and differentiation to transformation and metastasis.
Tissue-specific expression of Ets proteins and their ability to interact with other families of transcription
factors contribute to their versatility. In this study, we investigated the regulation of Ets factors in primary
human monocytes and macrophages, and their role in matrix metalloprotease (MMP) and cytokine pro-
duction. The macrophage-activating Toll-like receptor ligand, lipopolysaccharide (LPS), induced the ex-
pression of Ets family members epithelium-specific Ets factor 3 (ESE-3) and TEL-2 but rapidly suppressed
Friend leukemia virus integration 1 (FLI-1) expression. Modulation of FLI-1 expression using either RNA
interference or forced expression identified a positive role for FLI-1 in contributing to LPS-induced ex-
pression of MMP-1, MMP-3, MMP-10, and interleukin-10 (IL-10). Thus, the rapid downregulation of FLI-1
expression after LPS stimulation attenuates the induction of various MMPs and IL-10 under inflammatory
conditions. In contrast, the expression of IL-6 and TNFa and the effects of interferon (IFN)g on LPS responses
were not dependent on FLI-1. Our results define a novel FLI-1-mediated self-regulatory feedback loop that
limits MMP expression and thus may attenuate extent of tissue destruction associated with inflammatory
responses.

Introduction

Since Nunn and others (1983) and Leprince and others
(1983) discovered its first member in 1983, the E26

transformation-specific (Ets) family of transcription factors
have become increasingly recognized as key regulators of
different cellular functions. As of today, *30 members of the
Ets family proteins have been identified in mammals, which
share a conserved DNA-binding domain (ETS domain) that
recognizes a consensus GGA(A/T) motif (Ets binding site, or
EBS) in promoter elements. In addition, the ETS domain al-
lows protein–protein interactions among members of the Ets
family and between Ets and a variety of other transcription
factors, including AP-1 proteins (Li and others 2000). This
adds another level in their orchestrated regulation of a wide
variety of biological processes, which include cellular pro-
liferation, differentiation, development, apoptosis, angio-
genesis, hematopoiesis, tissue remodeling, and malignant

transformation of cells and metastasis (Oikawa Yamada
2003; Cardone and others 2005; Jung and others 2005; Seth
and Watson 2005; Carella and others 2006).

The ability of multiple Ets proteins to recognize similar or
even identical EBS response elements requires that the
function and specificity of each Ets transcription factor be
regulated differentially at multiple levels. Not surprisingly,
the expression of certain Ets proteins was found to be tissue
selective, e.g., epithelium-specific Ets factor (ESE)-1, 2, and
3 are preferentially expressed in epithelium and induced in
hematopoietic cells (Kas and others 2000; Tugores and
others 2001); others such as TEL can change their sub-
cellular localization through interaction with other nu-
clear proteins (Chakrabarti and others 2000). Moreover,
posttranslational modification of Ets factors by specific
signaling pathways (eg, Ets-1 phophorylation by mitogen-
activated protein kinase or calcium signaling pathways)
and their interaction with other unrelated transcription
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factors (eg, AP-1 proteins) on composite DNA elements
also contribute to the context-specific nature (ie, either as
activators or repressors) of gene regulation by Ets proteins
(Li and others 2000; Oikawa and Yamada 2003; Seth and
Watson 2005). For instance, Ets related gene (ERG) has
been found to activate matrix metalloprotease 1 (MMP-1)
gene expression by interacting with c-Fos/c-Jun, but it re-
presses MMP-3 promoter by preventing its activation by
ETS-2 (Basuyaux and others 1997). On the other hand, the
same Ets transcription factor can also behave differently
in different cell types, eg, overexpression of Friend leuke-
mia virus integration 1 (FLI-1) led to induction of the
chicken GATA-1 promoter in COS and HeLa cells but not
in chicken bone marrow erythroblasts (Seth and others
1993; Pereira and others 1999), whereas in human (K562)
and murine (HB60) erythroleukemia cell lines, expression
of FLI-1 negatively regulates GATA-1 gene expression
(Tamir and others 1999; Athanasiou and others 2000).

In this study, we investigated the expression profile of
Ets factors in primary human monocytes and macrophages

under inflammatory conditions and explored the role of
specific Ets proteins in the induction of gene expression by
the Toll-like receptor 4 (TLR4) ligand lipopolysaccharide
(LPS). We found that activation of TLRs led to a strong
induction of ESE-3 and TEL-2, but a rapid reduction in the
level of FLI-1 gene expression in primary human macro-
phages. Forced expression and siRNA knockdown experi-
ments involving FLI-1 further revealed an important role of
this Ets protein in the LPS-induced expression of multiple
MMPs and of the anti-inflammatory cytokine interleukin-10
(IL-10).

Materials and Methods

Biological reagents and cell culture

Peripheral blood mononuclear cells (PBMCs) were ob-
tained from whole blood from disease-free volunteers by
density gradient centrifugation with Ficoll (Invitrogen,
Carlsbad, CA). CD14þ monocytes were purified from fresh

FIG. 1. Effects of lipopolysaccharide (LPS) and interferon (IFN)g on Ets mRNA expression in primary monocytes. (A)
Primary human monocytes were stimulated with 100 ng/mL of LPS with or without IFNg pretreatment (100 U/mL, added
3 h before LPS) for 3 h. (B) Gene expression in primary human monocytes transfected with control or Tel-2-specific short
interfering RNAs. (C) THP-1 cells were transduced with lentiviral particles expressing enhanced green fluorescent protein
(eGFP) or epithelium-specific Ets factor 3 (ESE-3) and stimulated with 100 ng/mL of LPS with or without IFNg pretreatment
(100 U/mL, added 3 h before LPS) for 3 h. mRNA levels were analyzed using real-time PCR and normalized relative to b-
actin; results are expressed as mean� SD of triplicate determinants. Ets, E26 transformation-specific; MMP, matrix me-
talloprotease; IL, interleukin; FLI-1, Friend leukemia virus integration 1.
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PBMCs with anti-CD14 magnetic beads (Miltenyi Biotec,
Auburn, CA), as recommended by the manufacturer. Purity
of monocytes was greater than 97% as verified by FACS, and
freshly isolated monocytes were used in many experiments,
as noted in the text and figure legends. Some experiments
were performed using macrophages, which were derived by
culturing monocytes in RPMI 1640 medium (Invitrogen)
supplemented with 10% FBS (Hyclone, Logan, UT) in the
presence of 10 ng/mL of human macrophage-colony stimu-
lating factor (M-CSF) (Peprotech, Rocky Hill, NJ). THP-1
human monocytic cells were obtained from ATCC (Mana-
ssas, VA) and cultured in RPMI 1640 medium (Invitrogen)
supplemented with 10% FBS (Hyclone, Logan, UT). LPS
(100 ng/mL) and actinomycin D (5mg/mL) were purchased
from Sigma-Aldrich (Milwaukee, WI).

Lentiviral gene transduction and RNA interference

A lentivirus-based vector expressing the human ESE-3 or
FLI-1 cDNA driven by a human phospho-glycerol kinase
(hPGK) promoter was used to generate recombinant lentiviral
particles as described (Rubinson and others 2003). A construct
that contained a transcription cassette encoding enhanced
green fluorescent protein (eGFP) driven by the hPGK pro-
moter was used to generate control viral particles for ESE-3 or
FLI-1 expression experiments. THP-1 cells were incubated
overnight with recombinant lentiviral particles at a ratio of
1:50 in the presence of 4mg/mL polybrene. The efficiency of
transduction was evaluated using flow cytometry and fluo-
rescence microscopy to monitor eGFP expression and was
typically >90%. For RNA interference (RNAi) experiments
with primary monocytes (FLI-1 and TEL-2), prevalidated
siRNAs and nontargeting control siRNAs were purchased
from Dharmacon (Lafayette, CO). siRNAs were transfected
into primary human macrophages using the Amaxa Nucleo-
fector device set to program Y-001 with the Human Monocyte
Nucleofector kit (Amaxa, Cologne, Germany).

Real-time, quantitative RT-PCR

For real-time PCR, total RNA was extracted using an
RNeasy Mini kit and 1 mg of total RNA was reverse tran-
scribed using a First Strand cDNA Synthesis kit (Fermentas,
Hanover, MD). Real-time, quantitative PCR (qPCR) was
performed using iQ� SYBR-Green Supermix and iCycler
iQTM thermal cycler (Biorad, Hercules, CA), following the
manufacturer’s protocols. Triplicate reactions were run for
each sample and mRNA levels were normalized relative to
b-actin. The generation of the correct-size amplification
products was confirmed using agarose gel electrophoresis.

Results

We first determined which Ets factors were induced or
inhibited in monocytes and macrophages by inflammatory
stimuli. Primary monocytes were treated with inflammatory
factors (LPS and/or IFNg) and various Ets mRNA levels
(that included ETS-1, ETS-2, ELK-1, ERF, ERG, FLI-1, NET,
PE-1, SAP-1, TEL, TEL-2) were measured using real-time RT-
qPCR. Upon exposure of monocytes to the TLR4 ligand LPS,
changes in expression of most Ets mRNAs were modest,
except for strong >10-fold induction of ESE-3 and TEL-2
expression and marked 80% suppression of FLI-1 expression

(Fig. 1A and data not shown). Similar results were obtained
using the TLR2 ligand Pam3Cys and IL-1b. Changes in ESE-
3, TEL-2, and FLI-1 mRNA expression were validated using
different sets of amplification primers and were also reflected
by hybridization signals on microarray experiments (data
not shown). Preincubation of monocytes with IFNg did not
alter the effect of LPS on FLI-1 expression but suppressed
ESE-3 induction. Interestingly, IFNg and LPS synergistically
induced TEL-2 expression (Fig. 1A, B).

To assess the role of these Ets factors in LPS/IFNg sig-
naling, we modulated the cellular levels of ESE-3, FLI-1,
and TEL-2 through either forced expression or RNAi in
monocytic cells. Subsequently, we screened for changes in
downstream gene expression profile for several known LPS/
IFNg-inducible genes in our system that included various
matrix metalloproteinases (e.g., MMP-1, MMP-3, and MMP-10)
and cytokines such as IL-6, IL-10, and TNFa. TEL-2 siRNA
knockdown experiments to attenuate its induction by LPS/
IFNg (by *50%–70%) did not result in any noticeable differ-
ence in the expression of any of the analyzed downstream
genes (Fig. 1B). On the other hand, high-level overexpression of
ESE-3 only led to increased MMP-13 expression basally and
upon LPS stimulation, without affecting the expression of other
MMPs and cytokines (Fig. 1C). Because of the limited results
obtained with TEL-2 and ESE-3, we focused on the analysis of
FLI-1 function in mediating macrophage TLR responses.

Using lentivirus-mediated transduction of monocytic cells,
we were able to increase the basal FLI-1 expression by 2-fold,
a level that is comparable to physiological expression. More
importantly, transgene-encoded FLI-1 transcripts (which do
not contain 30 untranslated region sequences) were resistant
to LPS-induced downregulation. Thus, in these transduced
monocytes, FLI-1 levels were maintained at levels compa-
rable to baseline physiological expression even after LPS
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FIG. 2. Modulation of FLI-1 expression in THP-1 monocytic
cells. THP-1 cells were transduced with lentiviral particles
expressing eGFP or FLI-1 and stimulated with LPS with or
without IFNg pretreatment, and FLI-1 mRNA was measured
using real-time PCR. mRNA levels were normalized relative
to b-actin, and real-time PCR results are expressed as
mean� SD of triplicate determinants.
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stimulation (Fig. 2). As shown in Fig. 3, when downregulation
of FLI-1 upon LPS stimulation was prevented, we observed
a marked increase in LPS-induced expression of MMP-1,
MMP-3, and MMP-10 compared with the control cells that
were transduced with eGFP-encoding lentivirus (Fig. 3A, B).

In terms of cytokine expression, increased FLI-1 levels spe-
cifically enhanced IL-10 expression (Fig. 3C), without
affecting LPS induction of IL-6 and TNFa (Fig. 3A, C). In-
terestingly, neither the inhibitory effect of IFNg preincuba-
tion on LPS-mediated induction of MMPs nor the synergistic
effect of IFNg and LPS on IL-6 and TNFa production was
affected by the increased FLI-1 level (Fig. 3). These results
suggested a role for FLI-1 in LPS regulation of MMP and
cytokine expression, and this was further investigated using
RNAi.

Using siRNAs against FLI-1, we were able to knockdown
the basal level of FLI-1 in primary monocytes to about 30% of
control (Fig. 4). When FLI-1 expression was reduced, we
found that LPS-mediated induction of MMP-1, MMP-3, and
MMP-10 was dramatically diminished (Fig. 5A), as was the
LPS induction of IL-10 (Fig. 5B). In contrast, expression of
TNFa and IL-6 was once again not affected by FLI-1
knockdown (Fig. 5C), and there was no effect on IFNg
modulation of LPS-induced gene expression. Overall, our
findings support a role for FLI-1 in the positive and negative
regulation of MMPs and IL-10 expression under inflamma-
tory conditions and suggest that the downregulation of FLI-1
levels by LPS may represent a self-regulatory feedback loop
in TLR signaling in monocytic cells.

Discussion

Macrophage-derived MMP production during chronic
inflammatory conditions has been shown to be involved in
pathological conditions such as rheumatoid arthritis (RA)
and atherosclerosis (Takahashi and others 2002; Stoll and
Bendszus 2006; Szekanecz and Koch 2007). For instance, the
secretion of MMPs by atheromatous plaque-associated
macrophages can cause plaque destabilization, leading to
acute coronary events with high morbidity and mortality in
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FIG. 4. Modulation of FLI-1 expression in primary mono-
cytes. Primary monocytes transfected with control or FLI-1
siRNAs were stimulated with LPS with or without IFNg
pretreatment, and FLI-1 mRNA was measured using real-
time PCR. mRNA levels were normalized relative to b-actin,
and real-time PCR results are expressed as mean� SD of
triplicate determinants.

FIG. 3. FLI-1 overexpression enhances LPS-induced MMP
expression but variably affects cytokine production. (A–C)
THP-1 cells were transduced with lentiviral particles expres-
sing eGFP or FLI-1 and stimulated with 100 ng/mL of LPS
with or without IFNg pretreatment (100 U/mL, added 3 h
before LPS) for 3 h. mRNA levels were analyzed using real-
time PCR and normalized relative to b-actin; results are ex-
pressed as mean� SD of triplicate determinants. TNF, tumor
necrosis factor.
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people with cardiovascular disease (Libby 2000; Takahashi
and others 2002; Stoll and Bendszus 2006). Although Ets
proteins have been implicated in the regulation of various
MMPs expression in different cell types (Buttice and Kurki-
nen 1993; Basuyaux and others 1997; Bidder and others 2000;
Fenrick and others 2000; Oikawa 2004; Jinnin and others
2005; Seth and Watson 2005; Baillat and others 2006), little is
known about their role in MMPs production in primary cells
involved in inflammation, such as monocytes and macro-
phages.

The Ets factor FLI-1 has generated considerable interest in
recent years secondary to its association with malignancy
(e.g., Ewing’s sarcoma and erythroleukemia) and its role in

malignant transformation and tumor invasion (Ben David
and others 1991; Truong and Ben David 2000; Fuchs and
others 2003; Oikawa and Yamada 2003; Seth and Watson
2005). However, FLI-1 also plays a role in the regulation of
hematopoiesis, vasculogenesis, lymphoid cell function, and
embryogenesis (Zhang and others 1995; Brown and others
2000; Spyropoulos and others 2000) and is highly expressed
in hematopoietic tissues (Ben David and others 1991). The
downregulation of FLI-1 in response to inflammatory me-
diators such as LPS has previously been reported by Klemsz
and others (1993), but there was no follow-up on its signifi-
cance. We now demonstrate here that FLI-1 downregulation
plays an important role in limiting the production of MMPs
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FIG. 5. FLI-1 knockdown suppresses LPS-induced MMP expression but variably affects cytokine production. (A–C) Pri-
mary monocytes transfected with control or FLI-1 siRNAs were stimulated with LPS with or without IFNg pretreatment.
mRNA levels were analyzed using real-time PCR and normalized relative to b-actin; results are expressed as mean� SD of
triplicate determinants.
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during inflammation and thus restraining the associated
tissue damage during prolonged immune activation.

Further analysis of the magnitude and kinetics of FLI-1
downregulation revealed that the FLI-1 mRNA level rap-
idly diminished upon LPS stimulation in primary mono-
cytes. As shown in Fig. 6, as little as 30 min into LPS
challenge, FLI-1 mRNA was already down by as much as
35% and reached a trough in about 2 h. Addition of acti-
nomycin D to prevent new FLI-1 mRNA synthesis showed
that FLI-1 RNA transcripts are relatively stable in control
cells (Fig. 6, last 2 bars to the right), indicating that LPS
actively induces rapid FLI-1 mRNA degradation. In the
continuous presence of LPS, FLI-1 level remained near its
trough for at least 24 h (data not shown). Interestingly,
under a similar condition (with prolonged LPS stimulation),
mRNAs of MMP-1, MMP-3, and MMP-10 reached a peak at
about 3–6 h and gradually declined back to basal level after
12–24 h (unpublished observation), suggesting that FLI-1
may be necessary for sustained expression of MMPs.
Moreover, the fact that only certain LPS-inducible genes
[e.g., MMPs and IL-10 (Fig. 5A, B), but not IL-6 and TNFa
(Fig. 5C)], are affected by FLI-1 level points to the more
distal effect of this Ets factor on LPS-signaling pathways—
findings consistent with a general role of Ets proteins as
activators and/or repressors at the individual promoter
level (i.e., without altering the expression levels of the
TLR4/CD14/MD-2 receptor complex and/or positive/
negative regulators of TLR4 signaling).

The genes that were regulated by FLI-1, MMPs 1, 3, and
10, and IL-10 share a common feature of being induced by
AP-1 family transcription factors (Unemori and others 1991;
Benbow and Brinckerhoff 1997; Westermarck and others
1997; Chakraborti and others 2003; Hu and others 2006).
Indeed, the MMP-1 promoter contains a composite Ets/
AP-1 site that is critically important for induction of MMP-1
expression. As Ets and AP-1 proteins can interact, it is
possible that FLI-1 contributes to MMP-1 activation via this

promoter element; we were unable to address this possi-
bility because of limitations of currently available anti-
bodies, which did not work in supershift electrophoretic
mobility shift assay (EMSA) or immunoblotting experi-
ments. We have previously reported that LPS-mediated
induction of MMPs and IL-10 is suppressed by IFNg by a
mechanism that involves inhibition of AP-1 proteins (Hu
and others 2006; Ho and others 2008). We were interested
in testing whether IFNg can regulate FLI-1 expression and/
or function, and whether such regulation could contribute
to IFNg-mediated suppression of gene expression. How-
ever, IFNg did not regulate FLI-1 expression, and changes
in FLI-1 expression did not noticeably alter the inhibition of
MMP-1, 3, and 10 and IL-10 expression by IFNg. Thus,
IFNg inhibits the expression of these genes by a mechanism
independent of FLI-1.

In summary, our results demonstrate that FLI-1 may be
necessary for the initial expression of MMPs by activated
macrophages (e.g., for tissue remodeling); and that the en-
suing rapid downregulation of FLI-1 prevents excessive
MMPs production—a presumably self-protective mecha-
nism to minimize nonspecific tissue damage in prolonged
inflammatory conditions. Moreover, the fact that reduction
in FLI-1 levels specifically leads to suppression of IL-10 (an
anti-inflammatory cytokine) but not IL-6 and TNFa (pro-
inflammatory cytokines) suggests another role of FLI-1 in
immunoregulation, in which downregulation of FLI-1
may be required for sustained immune activation. Taken
together, FLI-1 downregulation may represent a novel
mechanism by which macrophages limit undesirable damage
to tissues without compromising their ability to eradicate in-
fectious pathogens during sustained immune and inflamma-
tory reactions.
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