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ABSTRACT

ETS family proteins play a role in immune responses. A
unique member of this family, Elk-3, is a transcriptional
repressor that regulates the expression of HO-1. EIk-3 is
very sensitive to the effects of inflammatory mediators
and is down-regulated by bacterial endotoxin (LPS). In
the present study, exposure of mouse macrophages to
Escherichia coli LPS resulted in decreased, full-length,
and splice-variant isoforms of Elk-3. We isolated the
Elk-3 promoter and demonstrated that LPS also de-
creased promoter activity. The Elk-3 promoter contains
GC-rich regions that are putative binding sites for zinc-
finger transcription factors, such as Sp1 and KLFs.
Mutation of the GC-rich region from bp -613 to -603
blunted LPS-induced down-regulation of the Elk-3
promoter. Similar to the LPS response, coexpression of
KLF4 led to repression of Elk-3 promoter activity,
whereas coexpression of Sp1 increased activity. ChIP
assays revealed that KLF4 binding to the Elk-3 promoter
was increased by LPS exposure, and Sp1 binding was
decreased. Thus, down-regulation of Elk-3 by bacterial
LPS is regulated, in part, by the transcriptional repressor
KLF4. Overexpression of Elk-3, in the presence of E. coli
bacteria, resulted in decreased macrophage phagocy-
tosis. To determine whether limited expression of HO-1
may contribute to this response, we exposed HO-1-
deficient bone marrow-derived macrophages to E. coli
and found a comparable reduction in bacterial
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phagocytosis. These data suggest that down-regulation
of Elk-3 and the subsequent induction of HO-1 are impor-
tant for macrophage function during the inflammatory
response to infection. J. Leukoc. Biol. 97: 171-180; 2015.

INTRODUCTION

ETS proteins encompass one of the largest families of transcrip-
tion factors, with the prototype member, Ets-1 [1, 2]. Members of
the ETS family of proteins regulate many important biologic
processes in both normal and tumor cells, including the
regulation of immune cell function [3, 4]. ETS family members
retain a highly conserved 85 aa motif, designated as the Ets
domain; recognize a core GGAA/T sequence, referred to as
the EBS; and function as activators or repressors of gene
transcription [2].

ETS transcription factors are divided into several subfamilies,
based on homology within their Ets domains. The ELK sub-
family contains the Ets domain at the N-terminus and a B-box
domain that allows for the formation of a ternary complex with
a serum response factor dimer, referred to as ternary complex
factors [5]. One unique member of the ELK subfamily is Elk-3
(Net/E26 transformation-specific-related protein/serum re-
sponse factor 2) [5, 6]. It has been shown that Elk-3 is a repressor
of transcription [7], and this inhibitory effect on gene expression
occurs through the NID [8] and the C-terminal-binding protein-
interaction domain [9]. In addition to full-length Elk-3, there are
alternatively spliced isoforms, Elk-3b and Elk-3c, that maintain
the NID [10] and a more recently identified Elk-3d that lacks
both inhibitor domains [11]. Interestingly, in the absence of
inhibitor domains, the Elk-3d isoform is capable of activating
gene transcription through EBS [11].

We have demonstrated previously that ETS transcription
factors can activate or repress genes that are regulated by
bacterial endotoxin (LPS) or peptidoglycan [12-16]. One such
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gene is HO-1, a cytoprotective molecule that is transcriptionally
induced during exposure to a number of pathophysiologic
stimuli, including proinflammatory mediators [14, 16-18]. HO-1
and its products of heme catabolism, carbon monoxide, and

bilirubin have anti-inflammatory and antioxidant properties
[19-22], and mice deficient in HO-1 experience increased

mortality, oxidative stress, and end-organ damage when exposed
to bacterial endotoxin [23]. Thus, induction of HO-1 is
important during endotoxemia and also sepsis [24, 25].
Whereas Ets-1, Ets-2, and Elk-1 have been shown to be positive
transactivators of the HO-1 gene [14, 16], Elk-3 is a transcrip-
tional repressor of HO-1 [13]. We have shown previously that in
macrophages, the binding of Elk-3 to the HO-1 promoter helps
to keep its activity at a lower level under basal conditions.
However, when cells are exposed to an inflammatory stimulus,
such as LPS, Elk-3 expression is rapidly down-regulated, releasing
its repressive effects on promoter activity and allowing other
members of the ETS family to increase transcriptional activity
and HO-1 expression [13]. Thus, beyond positive transactivators,
we believe the down-regulation of the transcriptional repressor
Elk-3 during an inflammatory stimulus is critical for the tight
control of gene expression. Beyond bacterial LPS, other stimuli
promoting an inflammatory response, such as hypoxia [26], have
also been shown to decrease Elk-3 expression [27, 28]. In the
setting of HO-1 deficiency, these inflammatory stimuli are
detrimental [23, 29], demonstrating the importance of HO-1
induction to compensate the inflammatory response. Whereas it
has been shown that down-regulation of Elk-3 and removal of its
repressive actions are able to enhance the expression of genes
under inflammatory conditions (such as HO-1), little is known
about regulation of the Elk-3 gene itself or the transcription
factors that coordinate this response. Thus, the goal of this study
was to elucidate the regulation of the Elk-3 gene by an
inflammatory stimulus and to understand further the biologic
consequences of Elk-3 down-regulation in macrophages.

MATERIALS AND METHODS
Cell culture

Murine macrophages (RAW 264.7) were grown according to the recommen-
dations of the American Type Culture Collection (Manassas, VA, USA), as
described previously [30]. Primary bone marrow-derived macrophages were

also isolated and cultured as described previously [31]. In brief, bone marrow
was flushed from femurs and tibias of WT and HO-1 KO mice by use of PBS.
Cells were plated on sterile Petri dishes and incubated for 7 days in DMEM
containing 10% (vol/vol) heatinactivated FBS, penicillin, and streptomycin
and 25% (vol/vol) conditioned medium from 1929 mouse fibroblasts.

LPS from E. coli (serotype O26:B6) was purchased from Sigma-Aldrich

(St. Louis, MO, USA).

RNA extraction and qRT-PCR

Total RNA was extracted from RAW 264.7 cells by TRIzol reagent, according
to the manufacturer’s instructions (Life Technologies, Carlsbad, CA, USA).
qRT-PCR, with SYBR Green Master Mix (Bio-Rad Laboratories, Hercules, CA,
USA), was performed by use of the StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The relative quantity of target
mRNA was calculated by use of the CT method, or 97T a5 described [32],
and normalized by use of B-actin as an endogenous control (Sequence
Detection System software, version 1.7; Applied Biosystems). To discriminate
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among Elk-3 mRNA isoforms, we used a common reverse primer 5-TGT GTT
CGG CCC TTG CA-3' and isoform-specific forward primers to detect
Elk-3/EIk-3b (5'-CCT TCT TCA CCG CAC AGA CA-3"), Elk-3¢ (5'-TCA
GGA CTG TGA TCA GAC ACC AA-3'), and Elk-3d (5'-CTG AGA TAC TAT
TAC GAC AAG ACA CCA A-3") [11].

Plasmid constructs and gene-silencing reagents

The mouse Elk-3 transcription start site (chromosome 10: 93311159, reverse
strand) was identified by use of the University of California at Santa Cruz
(Santa Cruz, CA, USA) genome browser. The Elk-3 gene, including the
promoter region, was isolated from a bacteriophage artificial chromosome
library, derived from mouse spleen genomic DNA (RPCI22.HYB; BACPAC
Resources Center, Oakland, CA, USA). Forward (5'-GGG AGT CTT CTT
GGG GAG A-3') and reverse (5'-CGA AAA CTA CTG GTC AGA AAG-3")
primers were used to amplify region 93310772-93311934 of chromosome 10
and designated this promoter region as Elk-3 (=775/+387) by iProof High-
Fidelity Master Mix (Bio-Rad Laboratories). Deletion constructs Elk-3
(-463/+387), Elk-3 (-163/+387), and Elk-3 (+187/+387) were generated by
use of common forward (5’-GGG AGT CTT CTT GGG GAG A-3') and
different reverse (5'-CCC AAA AGA GGA TCC CAA CTG3', 5-CCA TTA
GCA GGG CAC GAA C-3', and 5'-CCA ACT TCC TGC TCT CAC ACA-3")
primers, respectively. PCR products were verified by sequencing and cloned
into the pGL3-basic vector (Promega, Madison, WI, USA) by use of the TA
Cloning Kit (Invitrogen, Carlsbad, CA, USA). For the Elk-3 silencing
experiments, Elk-3 target sequence CGAAGCCATATTTAGACAATA, or a Scr
sequence, was cloned into the pMSVC vector (Open Biosystems, GE
Dharmacon, Lafayette, CO, USA), and retroviral particles were made in the
EcoPack 2-293 cell line (Clontech Laboratories, Mountain View, CA, USA).
The RAW 264.7 cells were infected with the retroviral particles, and stably
transfected cells were then selected by use of puromycin [33, 34]. EIk-3 shRNA
and Scr shRNA cells were used for phagocytosis assays. For the KLF4 silencing
experiments, the pLKO.1 plasmid, carrying the KLF4 target sequence
CTCTCTCACATGAAGCGACTT (consortium number TRCN0000095370), or
pLKO.1, carrying a Scr sequence, was purchased from Sigma-Aldrich.
Lentiviral particles were generated by use of commercially available packaging
mix, provided by Sigma-Aldrich (catalog number SHP001) in human
embryonic kidney 293 T cells, according to the manufacturer’s instructions.
The RAW 264.7 cells were infected with the lentiviral particles, and stably
infected cells were selected by use of puromycin (10 ug/ml). KLF4 shRNA
and Scr shRNA cells were used for evaluation of the Elk-3 promoter. For cells
that were silenced for Elk-3 or KLF4, the reduced level of target gene
expression was confirmed by qRT-PCR (Supplemental Fig. 1A and B,
respectively). Expression plasmids pcDNA3.1-KLF4 or pcDNA3.1-Sp1 were
cotransfected by use of FuGENE 6 into RAW 264.7 cells for Elk-3 promoter
analysis studies, whereas pCI-Elk-3 or pFLAG-CMV-5a-HO-1 were transiently
transfected into the cells for assessment of phagocytosis. For the generation of
RAW 264.7 cells overexpressing Elk-3 for the confocal microscopy experi-
ments, the coding region of Elk-3 was amplified from plasmid pCI-Elk-3 by use
of forward (5'-ATG GAG AGT GCA ATC ACG CTG TG-3') and reverse
(5'-TCC CCC AGC TCT CAG AAA TCC-3') primers. The PCR product was
then cloned into pCMV6-entry plasmid, containing a neomycin-resistant
gene (OriGene Technologies, Rockville, MD, USA). Transfections of RAW
264.7 cells with pCMV6-ElIk-3 or the vector alone (pCMV6) were performed
by use of FUuGENE 6, and stably transfected cells were selected by use of
G418 (2 mg/ml) for 7 days. pPCMV6-Elk-3 or vector-alone cells were used
for phagocytosis assays, followed by confocal microscopy.

Site-directed mutagenesis and internal
deletion constructs

The mGCerich binding site at —613 bp of the Elk-3 promoter was generated by
site-directed mutagenesis of construct Elk-3 (—775/+387) by use of the Pfu
polymerase (Stratagene, Agilent Technologies, Santa Clara, CA, USA). The
mGCerich binding site, from bp —613 to —603, was generated by substituting

(5'-TGG ACT CCC AAC CCC TGA GGA CAA TGG CCA GGA TCT GAT-3')
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and reverse (5'-TTG TCC TCA GGG GTT GGG AGT CCA GTC TTG AAA
CCA CA-3') PCR primers. Mutated sequences are underlined. The PCR
products were digested with Dpnl, and the undigested plasmids were
transformed into XL2-Blue bacteria (Stratagene, Agilent Technologies).
Internal deletion of a GC-rich region in construct Elk-3 (—775/+387),
encompassing bp —19 to +112, was performed by use of forward (5'-TGT AAA
CAG GCT TTG CTT CCT GCT CGG-3') and reverse (5'-CCG AGC AGG
AAG CAA AGC CTG TTT ACA-3') PCR primers. After the amplification
reaction, PCR products were digested with Dpnl, and the undigested
plasmids were transformed into XL2-Blue bacteria (Stratagene, Agilent
Technologies), as described previously [16]. For these mutated constructs,
sequencing was performed to verify the incorporation of the site mutation
or internal deletion.

Luciferase assays

Transient transfection assays in RAW 264.7 cells were performed by use of
FuGENE 6 transfection reagent (Roche Applied Science, Indianapolis, IN,
USA), as described previously [13, 16]. For promoter analyses, Elk-3 promoter-
reporter constructs (500 ng/well) and a B-galactosidase expression plasmid
(250 ng/well) to correct for transfection efficiency were cotransfected into
murine macrophages. When assessing the response to transcription factors,
Elk-3 promoter-reporter constructs (350 ng/well) and a B-galactosidase
expression plasmid (250 ng/well) were cotransfected in conjunction with
KLF4 or Spl expression plasmids (400 ng/well). For the luciferase assays,

3 X 10° cells/well were plated in triplicate on 6-well plates and incubated for
24 h. Twenty-four hours later, vehicle or LPS (100 ng/ml) was administered.
The cells were harvested for luciferase activity by use of the Luciferase Assay
System (Promega), 6 h after treatment. Luciferase activity was measured in
a Wallace Victor3 1420 multilabel counter (PerkinElmer, Waltham, MA, USA).
B-Galactosidase activity was measured by use of the mammalian S-Galactosidase
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Transfection
efficiency was 24 + 3.2% for the transient assays.

ChIP assay

The ChIP assay was performed by use of an enzymatic Chromatin IP kit from
Cell Signaling Technology (catalog number 9002), according to the
manufacturer’s instructions. In brief, RAW 264.7 cells were exposed to vehicle
or LPS for 6 h and then fixed in 1% formaldehyde for 10 min at room
temperature. Crosslinking was stopped by adding glycine. DNA was digested
by use of micrococcal nuclease to the length of ~150-900 bp. Before
incubation with antibodies, 10 ul of input control solution was taken from
each sample. The remaining chromatin solution was incubated with 10 ug
anti-KLF4 or anti-Sp1 antibody at 4°C overnight (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Immune complexes were precipitated, washed, and
eluted as recommended. DNA-protein cross-links were reversed by heating at
65°C for 2 h, and 10 ul of each sample was used as a template for qRT-PCR.
Elk-3 oligonucleotide sequences for PCR primers were forward 5'-GGC

TTT AGA CAG GCA CTG CTT-3' and reverse 5'-CTC CTG CAT CCT CCG
AGC AAT-3'. This primer set encompasses the EIk-3 promoter segment from
nucleotide -671 to -530. The relative quantity of target Elk-3 promoter was
calculated by by use of the CT method (Sequence Detection System software,
version 1.7; Applied Biosystems), or 9724CT a5 described [32]. The 2724¢T
from immunoprecipitation samples by use of the anti KLF4 or anti-Sp1
antibodies was normalized with the 24T from the input control samples and
graphed as a percentage of the samples not exposed to LPS.

Western blot analysis

Whole cell lysates were harvested from cells, and the concentration of each
sample was determined by use of a bicinchoninic acid protein assay kit
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA). Western blotting for
HO-1 and B-actin were performed as described previously [25] by use of
antibodies from Santa Cruz Biotechnology. To detect Elk-3, the total protein
lysate was electrophoresed on a polyacrylamide gel, which was transferred to
PVDF membranes by use of semidry electrophoretic transfer. The PVDF
membranes were then blocked for 2 h at room temperature in 5% BSA. The
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membranes were washed in TBST buffer for 2 h, periodically changing TBST
buffer every 15 min. After washing, the membranes were incubated overnight
at 4°C with a rabbit polyclonal antibody against Elk-3 (Abcam, Cambridge,
United Kingdom), diluted 1:500 in a solution containing 5% BSA. The next
day, the membranes were washed and then incubated with a HRP-conjugated
secondary antibody (Santa Cruz Technology) at room temperature for 1 h.
The signals were detected by ECL and quantitated by use of the ChemiDoc
XRS+ System (Bio-Rad Laboratories).

Phagocytosis assay

Mouse macrophages (RAW 264.7 or primary bone marrow-derived macro-
phages) were plated and incubated overnight in complete media. Then, GFP-
labeled E. coli (strain MMB1287) was added at 10 MOI/cell. To examine
the extent of phagocytosis, cells were harvested after 2 h (except for the
Elk-3 shRNA experiments, in which phagocytosis was performed at 15 min
before Elk-3 down-regulation by bacteria), stained with 0.2% Trypan blue for
1 min to quench extracellular fluorescence, washed, and incubated with
F4/80-allophycocyanin-conjugated antibody (BioLegend, San Diego, CA, USA).
Following staining, cells were fixed (BD Cytofix/Cytoperm; BD Biosciences,
San Jose, CA, USA), and flow cytometry was performed by use of a BD
FACSCanto II (BD Biosciences). Gating for the GFP and F4/80 channels is
presented in Supplemental Fig. 2. At least 10,000 events were collected, data
were analyzed by use of FlowJo software, and changes were documented as
MFI [35]. For the phagocytosis assays, in which confocal imaging was
performed, GFP-labeled E. coli was added at 100 MOI/RAW 264.7 cell. After
2 h, the cells were washed and stained with 0.2% Trypan blue for 1 min to
quench extracellular fluorescence, washed, and then fixed with 4% para-
formaldehyde for 10 min. The cell membranes were next stained with PKH26
(400 uM for 5 min; Sigma-Aldrich), and then nuclei were stained with DAPI
(Invitrogen). The cells were next imaged by use of confocal microscopy
(FluoView FV1000 unit with IX81 inverted microscope; X600; Olympus,
Center Valley, PA, USA): GFP-labeled bacteria (green), cell membrane
stained with PKH26 (red), and nuclei stained with DAPI (blue). To quantitate
phagocytosis, the percentage of cells that had phagocytized bacteria was
assessed by fluorescent microscopy by use of 6 random images of each group
and performed in two separate experiments.

Statistics

Data are presented as mean * sEM. For comparisons between two groups, we
used Student’s two-tailed, unpaired #test. One-way analysis of variance,
followed by Newman-Keuls or Tukey’s post-test analysis, was used for
comparisons of more than two groups. The numbers of samples/group (n) or
the numbers of experiments are specified in the figure legends. Statistical
significance is accepted at P < 0.05.

RESULTS

Elk-3 and its isoforms are down-regulated by LPS
in macrophages

The Elk-3 gene is expressed not only as a full-length (whole)
form but also as alternatively spliced isoforms, as shown in Fig. 1A
[10, 11]. Thus, we were interested to clarify which of the

Elk-3 isoforms are expressed in macrophages. Elk-3 whole/b

was the predominant isoform expressed in macrophages,
whereas, isoforms Elk-3c and Elk-3d were expressed at very low
mRNA levels. LPS stimulation greatly suppressed the mRNA
levels of Elk-3 whole/b in a dose- and time-dependent fashion
(Fig. 1B and C). Interestingly, LPS also down-regulated Elk-3¢
and Elk-3d mRNA levels (Supplemental Fig. 3A and B). Based on
these data, we believe that full-length Elk-3 and its alternatively
spliced isoforms are regulated in a comparable manner by LPS
stimulation in macrophages.
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Figure 1. Elk-3 is down-regulated by LPS in a dose- and time-dependent
manner in macrophages. (A) Total RNA was isolated from RAW 264.7
cells, and levels of Elk-3 isoforms were measured by qRT-PCR by use of
the comparative CT method (2724€T: also used for B and C). Data are
presented as mean * SEM; n = 4/group, with testing by one-way ANOVA
(*P < 0.0001, significant comparison vs. Elk-3c and Elk-3d). (B) Cells
were exposed to LPS at concentrations of 10, 100, and 500 ng/ml for
6 h. After incubation, total RNA was extracted from cells, and EIk-3 levels
were measured by qRT-PCR. The data are presented as mean * SEM,
n = 4/group, with testing by one-way ANOVA (P < 0.0001; significant
comparisons: * vs. LPS 0 ng/ml; 1 vs. LPS 10 ng/ml; and { vs. LPS

100 ng/ml). (C) Cells were exposed to LPS (100 ng/ml) for 0, 2, 6,
and 12 h. After exposure, total RNA was isolated, and Elk-3 levels

were measured by qRT-PCR. The data are presented as mean * SEMm,
n = 4/group, with testing by one-way ANOVA (P < 0.0001; significant
comparisons: * vs. 0 h; t vs. 2 h; and I vs. 6 h after LPS).

LPS down-regulates Elk-3 promoter activity

in macrophages

As a result of this similar suppression of Elk-3 and its isoforms at
the mRNA level, we hypothesized that the regulation of the Elk-3
gene by LPS may occur at the level of gene transcription. To
test this hypothesis, we cloned the Elk-3 promoter (-775/+387)
into a luciferase reporter plasmid (pGL3) and transfected the
plasmid into macrophages to assess promoter regulation by LPS.
As shown in Fig. 2A and B, LPS treatment significantly decreased
Elk-3 promoter activity in a dose- and time-dependent manner.
To identify LPS-responsive elements, Elk-3 promoter deletion
plasmids were constructed, as shown in Fig. 3 (top). LPS
decreased promoter activity of Elk-3 (-775/+387) by 53%.
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Figure 2. LPS down-regulates Elk-3 promoter activity in macrophages.
RAW 264.7 cells were transiently transfected with Elk-3 promoter plasmid
(500 ng/well) and an expression plasmid for B-galactosidase (250 ng/well)
to correct for transfection efficiency. (A) Cells were allowed to recover
overnight, and then the cells were exposed to LPS (10, 100, 500 ng/ml) for
6 h before harvest. Luciferase activity of each group is presented as
mean * sEM, n=9/group (from 3 independent experiments), with testing
by one-way ANOVA (P < 0.0001; significant comparisons: * vs. LPS 0 ng/ml
and t vs. LPS 10 ng/ml). (B) Cells were exposed to LPS (100 ng/ml) for 0,
2, 4, 6, and 12 h before harvest. Luciferase activity of each group is
presented as mean * seM, n=9/group (from 3 independent experiments),
with testing by one-way ANOVA (P < 0.0013; significant comparisons:
*vs. 0 h; tvs. 2 h; {vs. 6h; and § vs. 4 h after LPS).

However, this degree of suppression in promoter activity by LPS
was blunted in deletion constructs Elk-3 (-463/+387) and Elk-3
(+187/+387), 32% and 14% decreases, respectively (Fig. 3).
These data suggest that regions =775 to —463 and —163 to +187,
may be important for the LPS-induced decrease in Elk-3
transactivation. Interestingly, both of these LPS-responsive
regions of the Elk-3 promoter contain prominent GC-rich
domains (613 to —603 and —19 to +112). To clarify the
importance of these GCrich regions, mutations of —-613 to —603
and/or deletion of —19 to +112 of the Elk-3 promoter were
performed. As demonstrated in Fig. 4, the LPS suppression
was significantly attenuated in the Elk-3 construct, with mutation
in the GCrich region (mGC-rich), beginning at —613. However,
the construct with deletion of the GCrich region from -19
to +112 did not attenuate LPS suppression nor did a construct
with disruption of both GC-rich regions further blunt the LPS-
induced reduction in promoter activity compared with the
construct containing the mGGCrich region (beginning at —613).
These data demonstrate that the GC-rich region from
—613 to —603 is vital for the LPS inhibitory effect on
Elk-3 promoter activity in macrophages.

We also assessed the effects of the Elk-3 promoter deletion
constructs on basal promoter activity, independent of LPS. As
seen in Supplemental Fig. 4A, deletion from —775 to —463
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Figure 3. Elk-3 promoter contains LPS-responsive region(s) downstream
of —775 bp and -163 bp. Elk-3 promoter deletion constructs Elk-3
(=775/+387), Elk-3 (—463/+387), Elk-3 (-163/+387), and Elk-3
(+187/+387) were generated (top). RAW 264.7 cells were transiently
transfected with these promoter deletion plasmids, along with an
expression plasmid for B-galactosidase to correct for transfection
efficiency. Cells were allowed to recover overnight and were then
exposed to LPS (100 ng/ml) or vehicle for 6 h. (Middle) Luciferase
(LUC) activity as mean * SEM in the presence (+) or absence (-) of
LPS, n=9/group (from 3 independent experiments), comparing
LPS-exposed cells with its control in each group by unpaired ttest. P
values are provided above the bars or no significance (NS). (Bottom)
Luciferase activity of each group is presented as a percentage change
relative to cells not receiving LPS. The data are presented as mean *
SEM, n = 9/group (from 3 independent experiments), with testing by
one-way ANOVA (*P < 0.002, significant comparisons vs. —=775/+387).

resulted in an increase in Elk-3 promoter activity, which was
increased further by deletion of the promoter to —163. In
contrast, deletion of the Elk-3 promoter to +187 resulted in

a marked decrease in promoter activity. These data demonstrate
that repressor regions for the basal promoter exist between
=775 and -163 of the Elk-3 5'-flanking sequence. Once the
deletion goes beyond the transcription start site, the overall basal
promoter activity decreases significantly (Supplemental Fig. 4A).
To determine whether the GC-rich regions of the Elk-3 promoter
are responsible for the changes in basal promoter activity, we
assessed the promoter constructs with mutations in region

—613 to —603 or deletion of the GC-rich region from -19 to +112.
In both circumstances, alterations in the GC-rich regions of the
Elk-3 5'-flanking sequence did not significantly change basal
promoter activity (Supplemental Fig. 4B). These data
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Figure 4. GCrrich binding site at —613 to -603 bp of Elk-3 promoter is
important for LPS-induced down-regulation of Elk-3 promoter. RAW
264.7 cells were transiently transfected with (1) WT promoter construct
Elk-3 (-775/+387); (2) EIk-3 (-=775/+387), with GC-rich region -19 to +112
bp deleted; (3) EIk-3 (-775/+387), with mutation of GC-rich region-613 to
—603 bp; or (4) both GCrrich regions disrupted. Along with the promoter
constructs, an expression plasmid for S-galactosidase was transfected to
correct for transfection efficiency. The cells were allowed to recover
overnight and were then exposed to LPS (100 ng/ml) or vehicle for 6 h.
Luciferase activity for each group is presented as mean = Sem in the
presence (+) or absence (—) of LPS, n = 9/group (from 3 independent
experiments), comparing LPS-exposed cells with its control in each group
by unpaired #test. Pvalues are provided above the bars or no significance.
Comparisons between groups are made by one-way ANOVA (P < 0.0001).
Significant comparisons; * versus WT Elk-3 (—775/+387) + LPS.

demonstrate that the GCrich regions are predominantly
regulating the response of the Elk-3 promoter to LPS.

KLF4 and Spl transcription factors regulate the

Elk-3 promoter

GCrich motifs are putative binding sites for zinc-finger tran-
scription factors, such as Spl and KLF4 [36, 37]. Thus, we wanted
to know whether Spl and KLF4 might play a role in Elk-3
promoter regulation by LPS. As shown in Fig. 5A, overexpression
of KLF4 significantly reduced Elk-3 promoter activity in macro-
phages, mimicking the LPS effect, whereas overexpression

of Spl increased Elk-3 promoter activity. ChIP assays were next
performed in macrophages to assess in vivo binding of
transcription factors to region —613 to —603 of the Elk-3 promoter
in the presence or absence of LPS. ChIP for histone H3 was
used as a positive control for this assay (Fig. 5B). Figure 5C
demonstrates that LPS stimulation of macrophages enhanced
KLF4 binding in region —613 to —603 of the Elk-3 promoter,
whereas Spl binding in this region decreased. Thus, a switch in
binding of transcription factors in this GC-rich region after
exposure to LPS, from Spl to KLF4, contributes to the
suppression of Elk-3 by LPS. To demonstrate the importance of
KLF4 in the regulation of Elk-3 by LPS, KLF4 was silenced in
macrophages by use of shRNA compared with Scr (control)
shRNA. In cells silenced for KLF4, the reduction in Elk-3

Volume 97, January 2015 Journal of Leukocyte Biology 175


http://www.jleukbio.org

L‘
-
N

A o 140
Z __120
[%]
s & 100
-l
2% 80
E c
s 60 *
22 4
w
0
775/+387  + + + +
LPS - + - -
KLF4 - - + -
Sp1 - - - +
B P=0.0040 Cc P=0.0026
1400 T 600
5 1200 5 — 500
S 1000 ep
S % 800 R
T 2 € 300
[« =] O w
82 600 2%
£% 40 g2 200 P=0.0046
200 100 ’;';‘
0

I

IgG  Histone H3 Ab LPS -— + -
KLF4Ab + + =
Sp1Ab  — o= + +
D = 120 I
Z% @ 100 T
2o 80 L
g8
O .- .
Eo% 60 s
= & -
= 20
w
0
-775/+387  + + & ck
ScrshRNA  + + =
KLF4 shRNA - = + +
LPS - * = +

Figure 5. KLF4 is an important transcription factor for repression of the
Elk-3 promoter by LPS in macrophages. (A) RAW 264.7 cells were
transiently cotransfected with ElIk-3 promoter (-775/+387) and either an
empty vector (—) or expression plasmids for KLF4 or Sp1 (+). The cells were
also transfected with an expression plasmid for B-galactosidase to correct for
transfection efficiency. Cells were allowed to recover overnight and were
then exposed to LPS (+; 100 ng/ml) or vehicle (-) for 6 h. Luciferase activity
for each group is presented as a percentage change relative to untreated
cells, n = 6/group (from 2 independent experiments) and comparisons
made by one-way ANOVA (*P < 0.0001, significant comparisons vs.
untreated cells). RAW 264.7 cells were either not stimulated (B) or exposed
to LPS (+; 100 ng/ml) or vehicle (=) for 6 h (C). The cells were next fixed
with 1% formaldehyde for 10 min and then harvested for ChIP assay, as
described in Materials and Methods. (B) The untreated samples were
incubated with IgG (negative control) or histone H3 antibody (positive
control). (C) The samples were incubated with an antibody to KLLF4 or Spl.
Binding of protein to DNA was assessed by qRT-PCR, by use of the CT
method (2724¢T), normalized with the 272! from the input control
samples, and graphed as a percentage of the samples not exposed to LPS.
The data are presented as mean * SEM, n = 4 (from two independent
experiments), with testing by unpaired #test in B and C. P values are
provided above the bars. (D) RAW 264.7 cells silenced for KLF4 (KLF4
shRNA) or a Scr control (Scr shRNA) were transiently cotransfected with
Elk-3 promoter (-775/+387), along with an expression plasmid for
B-galactosidase, to correct for transfection efficiency. The cells were then
exposed to LPS (+; 100 ng/ml) or vehicle (=) for 6 h. Luciferase activity for
each group is presented as a percentage change relative to Scr shRNA — LPS,
n=9/group (from 3 independent experiments) and comparisons made by
one-way ANOVA (P < 0.0001; significant comparisons: * vs. Scr shRNA —
LPS; 1 vs. KLF4 shRNA — LPS; and § vs. Scr shRNA + LPS).
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promoter activity by LPS was significantly less than the reduction in
promoter activity in cells receiving Scr shRNA (Fig. 5D). These
data confirm that KLF4 contributes to the repression of the Elk-3
promoter in the presence of LPS. Interestingly, the silencing of
KLF4 did not increase Elk-3 promoter activity in the absence of
LPS, and this is consistent with the fact that under basal conditions,
Spl and not KLF4 is binding to the Elk-3 promoter (Fig. 5C).

Elk-3 overexpression decreases E. coli phagocytosis and
inhibits HO-1 expression
We next wanted to determine whether Elk-3 modulates
macrophage phagocytic activity, as phagocytosis of microbial
pathogens by innate immune cells is a critical component of the
host response to infection [38]. As shown in Fig. 6A, over-
expression of Elk-3 is able to maintain the expression level of
EIk-3 at basal levels when exposed to E. coli LPS. In the presence
of live bacteria, macrophages overexpressing Elk-3 showed
a 3-fold reduction in the percentage of cells phagocytizing
bacteria by confocal microscopy (Fig. 6B), and fewer bacteria
phagocytized per cell compared with vector control cells. These
data were confirmed by use of flow cytometry and demonstrated
that overexpression of Elk-3 led to a 46% decrease in phagocytosis
of GFP-labeled E. coli, as assessed by MFI (Fig. 6C). In contrast,
the silencing of Elk-3 in macrophages by use of shRNA led to an
acute increase in the phagocytosis of E. coli compared with a Scr
(control) shRNA (Fig. 6D), as assessed by flow cytometry.
Finally, overexpression of Elk-3 attenuated the level of HO-1
expression during LPS exposure (Fig. 7A). To determine
whether a lower expression level of HO-1 may contribute to the
decrease in macrophage phagocytosis, we harvested bone
marrow-derived macrophages from HO-1-deficient mice
and exposed the cells to E. coli. Figure 7B demonstrates that
HO-1-deficient macrophages have reduced bacterial phagocyto-
sis compared with WT macrophages. When performing the
inverse experiment, overexpression of HO-1 in macrophages led
to an increase in phagocytosis of E. coli compared with vector
control cells (Fig. 7C). Taken together, these data suggest that
EIk-3 is a negative regulator of bacterial phagocytosis and that the
effect of Elk-3 levels on HO-1 expression may contribute to the
phagocytic response.

DISCUSSION

Elk-3 is a transcriptional repressor in the ELK subfamily of ETS
factors [5-7], and it is expressed in a full-length form or as
alternatively spliced isoforms lacking regions or the entirety of
exon 3 [11]. We [12, 13] and others [27, 28] have shown
previously that Elk-3 is responsive to the effects of inflammatory
stimuli, and in the present study, we demonstrate that full-length
Elk-3 mRNA is the most predominate isoform in mouse macro-
phages, and its message is down-regulated in a dose- and time-
dependent manner by bacterial LPS (Fig. 1). Alternative spliced
isoforms of Elk-3 are also decreased by LPS (Supplemental Fig. 3),
suggesting a common manner of gene regulation. However, to
date, the mechanism responsible for this down-regulation of Elk-3
has not been elucidated. The cloning of the Elk-3 5'-flanking
sequence and subsequent promoter-reporter assays demonstrated
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Figure 6. Overexpression of Elk-3 in macrophages
decreases bacterial phagocytosis. (A) RAW 264.7
cells were transfected with pcDNA3.1 (control,
empty vector) or pcDNA3.1-Elk-3 plasmid. The
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allowed to recover overnight. The next day, GFP-

labeled E. coli was added at 10 MOI/cell. After 2 h, cells were washed and processed for phagocytosis, as described in Materials and Methods. (Left and
middle) Representative flow cytometry zebra plots for macrophages (F4/80+), transfected with vector control or Elk-3, which phagocytized GFP-labeled
E. coli. Quantification is assessed by MFI. (Right) The data are presented as percentage MFI of vector control, » = 4 independent experiments, with
testing by unpaired #test (*P = 0.0147, significance comparison vs. vector control). (D) RAW 264.7 were silenced with Elk-3 shRNA or Scr shRNA as
a control. GFP-labeled E. coli was added at 10 MOI/cell. After 15 min, cells were washed and processed for phagocytosis, as described in Materials
and Methods. (Left and middle) Representative flow cytometry zebra plots for macrophages (F4/80+), transfected with Scr shRNA or Elk-3 shRNA,
which phagocytized GFP-labeled E. coli. Quantification is assessed by MFI. (Right) The data are presented as percentage MFI of Scr shRNA, n = 6

(3 independent experiments), with testing by unpaired #test (*P = 0.045, significance comparison vs. Scr shRNA).

that LPS is also able to down-regulate the Elk-3 promoter (Fig. 2).
These data suggest that repression of transcription contributes to
the down-regulation of Elk-3 mRNA by LPS.

Deletion analysis of the Elk-3 promoter revealed that regions
between bp —775 and —463 and -163 and +187 contain
LPS-induced repressor elements (Fig. 3). In reviewing these
regions of the 5'-flanking sequence, each segment contained
prominent GCrrich regions, starting at bp —613 and -19,
respectively. Whereas deletion of region —19 to +112 had little
effect on repression of the Elk-3 promoter by LPS, mutation of
the GCrich site between —613 and —603 significantly blunted
LPS-induced repression (Fig. 4). These data suggest that
transcription factors binding to GCrich sequences may
contribute to the down-regulation of Elk-3 by bacterial LPS.

Spl is a well-characterized transcription factor that regulates
numerous biologically important genes by binding to GC-rich
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promoter elements via zinc-finger motifs [36, 37]. Additional
Spl-like proteins have also been characterized by the presence of
conserved DNA-binding domains, comprising three Kriippel-like
zinc fingers [36, 37]. Similar to Spl, these KLFs bind GC-rich
DNA elements and regulate gene transcription. However,
whereas Spl is a transcriptional activator, the KLF proteins can
function as activators or repressors of transcription, depending
on the promoter to which they bind and the cellular
environment [36]. In fact, it has been suggested that KLF
proteins can inhibit promoter activity by competing with Spl at
GCrich binding sites [37, 39, 40].

We present data to demonstrate that KLF4, a KLF family
member with repressor activity, contributes to the down-
regulation of Elk-3 by LPS in mouse macrophages. Over-
expression of KLF4 alone produced a decrease in Elk-3 promoter
activity, comparable with the effect of LPS (Fig. 5A). As expected,
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Figure 7. Deficiency of HO-1 in macrophages leads
to decreased bacterial phagocytosis. (A) RAW
264.7 cells were transfected with pcDNA3.1
(control, empty vector) or pcDNA3.1-Elk-3 plas-
mid. The cells were allowed to recover overnight
and were then exposed to E. coli LPS (+; 100 ng/ml)
or vehicle (-) for 6 h. Total protein was then
harvested from the cells for Western blot analy-
ses. (Upper) Representative Western blots for
HO-1 and B-actin as a loading control. The blots
were then quantitated for expression of HO-1,
corrected by B-actin expression, and plotted as
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overexpression of the activator Spl resulted in an increase in
Elk-3 promoter activity. ChIP analysis demonstrated that stimu-
lation of mouse macrophages with LPS resulted in an increased
binding of KLF4 to the Elk-3 promoter at the GC-rich binding
site from —-613 to —-603 (Fig. 5C). In contrast, during LPS
stimulation, the binding of Spl in this same region is decreased
(Fig. 5C). Taken together, these data suggest that KLF4 promotes
a decrease in Elk-3 promoter activity by directly binding to the
Elk-3 promoter and also by decreasing binding of the activator Sp1.
Finally, the silencing of endogenous KLF4 in macrophages led to
an attenuated reduction in Elk-3 promoter activity by LPS (Fig. 5D),
confirming its importance in the down-regulation of Elk-3 by LPS.

KLF4 is expressed in mouse macrophages, and its expres-
sion is markedly increased by proinflammatory mediators,
including LPS [41]. Additional studies showed that KLF4
contributes to the regulation of signaling pathways that
control activation of macrophages. Moreover, investigations in
KLF4-deficient mice have shown that KLF4 is essential for
the differentiation of monocytes [42]. These studies support
KLF4 and the genes targeted by KLLF4 as crucial for
macrophage biology.
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Beyond gene regulation, we also wanted to understand the
role of Elk-3 in the function of macrophages. Previously, Park
and colleagues [43] demonstrated that stabilin-1, an Ets-2-
regulated gene, promotes phagocytosis of apoptotic cells by
macrophages in an acidic environment. Moreover, the ETS
family member PU.1 is important for neutrophil function, and an
absence of PU.1 results in ineffective bacterial uptake and killing
[44]. With the consideration of these properties of other ETS
proteins, we decided to investigate the role of Elk-3 in
macrophage phagocytosis of bacteria. Elk-3 was overexpressed
in RAW 264.7 cells and then exposed to E. coli bacteria.
Assessment of the cells by confocal microscopy showed that
overexpression of Elk-3 led to a marked reduction in the
percentage of macrophages phagocytizing bacteria (Fig. 6B)
compared with control cells, and overall, there was a significant
decrease in the amount of phagocytized, GFP-labeled E. coli in
macrophages overexpressing Elk-3 (Fig. 6C). On the contrary,
the silencing of EIk-3 in RAW 264.7 cells resulted in an acute
increase in the phagocytosis of E. coli (Fig. 6D).

In the presence of E. coli LPS, transfection of the Elk-3
transgene resulted in an expression level of Elk-3 comparable
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with basal levels (Fig. 6A), which subsequently resulted in

a blunted induction of HO-1 protein in macrophages (Fig. 7A).
Thus, we next assessed the ability of primary bone marrow-
derived macrophages, harvested from HO-1 KO mice, to
phagocytize E. coli bacteria. Figure 7B reveals that a deficiency in
HO-1 protein resulted in a 50% decrease in phagocytosis of E. coli
by macrophages, which is similar to the reduction in phagocytosis
by macrophages overexpressing Elk-3 (Fig. 6C). Moreover,
overexpression of HO-1 protein in macrophages resulted in an
increased phagocytosis of E. coli by the cells (Fig. 7C). These data
suggest that the down-regulation of Elk-3 in an activated
macrophage during exposure to bacteria contributes to the
ability of macrophages to phagocytize bacteria, in part, by
increased expression of HO-1.

We have demonstrated previously that transgenic overexpres-
sion of HO-1 in mice leads to increased peritoneal phagocytosis
of bacteria in vivo [24]. Moreover, the downstream product of
heme catabolism by HO-1, carbon monoxide, is also able to
increase bacterial phagocytosis by immune cells in vivo [24], and
macrophages exposed to carbon monoxide have an improved
ability to phagocytize apoptotic cells and accelerate the
resolution of inflammation during a systemic response in mice
[45]. Thus, we propose that the down-regulation of Elk-3 during
exposure to bacteria (or their associated endotoxin), in part,
driven by the transcriptional repressor KLF4, allows for
up-regulation of HO-1 and a compensatory response to clear
bacteria and then resolve the inflammatory response.
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