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The Glucocorticoid Receptor and KLF15 Regulate Gene Expression
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The glucocorticoid receptor (GR) regulates adaptive transcriptional programs that alter metabolism in response to stress. Net-
work properties that allow GR to tune gene expression to match specific physiologic demands are poorly understood. We ana-
lyzed the transcriptional consequences of GR activation in murine lungs deficient for KLF15, a transcriptional regulator of
amino acid metabolism that is induced by glucocorticoids and fasting. Approximately 7% of glucocorticoid-regulated genes had
altered expression in KIf15-knockdown (KIf15~'") mice. KLF15 formed coherent and incoherent feed-forward circuits with GR
that correlated with the expression dynamics of the glucocorticoid response. Coherent feed-forward gene regulation by GR and
KLF15 was characterized by combinatorial activation of linked GR-KLF15 regulatory elements by both factors and increased GR
occupancy, while expression of KLF15 reduced GR occupancy at the incoherent target, MT2A. Serum deprivation, which in-
creased KLF15 expression in a GR-independent manner in vitro, enhanced glucocorticoid-mediated induction of feed-forward
targets of GR and KLF15, such as the loci for the amino acid-metabolizing enzymes proline dehydrogenase and alpha-aminoadi-

pic semialdehyde synthase. Our results establish feed-forward architecture as an organizational principle for the GR network
and provide a novel mechanism through which GR integrates signals and regulates expression dynamics.

Endogenous glucocorticoids (GCs) regulate crucial adaptive re-
sponses to diverse stressors in vertebrates (1), while synthetic
GC-like compounds are widely used clinically in the treatment of
immune-mediated disease (2). The genomic effects of GCs are
mediated through their binding to the glucocorticoid receptor
(GR), which, in response to ligand, induces temporally dynamic
transcriptional programs that modulate myriad physiologic pro-
cesses, including inflammation and metabolism (1). GR regulates
gene expression through associating directly and indirectly with
specific regions of DNA, leading to altered recruitment and activ-
ity of RNA polymerase II-associated transcriptional complexes
(3). Chromatin structure, allostery, receptor phosphorylation,
and restricted coregulator activity are all implicated in contribut-
ing to the induction of tissue-specific gene expression patterns by
GR (4-9). However, the mechanisms through which temporally
dynamic regulation of gene expression is achieved by GR (10) and
the integration of nonligand signals by GR to tune transcriptional
programs within a single cell type are not well understood.

One ancient regulatory mechanism that is employed by pro-
karyotes and eukaryotes alike to integrate signals and confer tem-
poral control to gene expression is the feed-forward transcription
circuit, which is defined by a primary factor regulating the expres-
sion of a second factor, with the two factors together regulating the
expression of additional genes (11). Two basic subtypes of feed-
forward circuits have been described. In the coherent feed-for-
ward motif, factor X induces (or represses) factor Y, and both
factors induce (or repress) a third target, while incoherent circuits
are characterized by factors X and Y having opposing effects on the
expression of a third gene (12). Coherent feed-forward circuits
can confer slow-on, fast-off kinetics to the expression of down-
stream targets, while incoherent feed-forward loops are capable of
fold change signal discrimination and can bestow distinct timing
to peak transcriptional responses (11, 13). Feed-forward circuits
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thus represent a potential mechanism through which to organize
the GR-regulated transcriptome into subunits that integrate dif-
ferent signals and exhibit distinct expression dynamics. Although
numerous transcription factors are directly induced by GR (14),
the role of feed-forward circuits in mediating transcriptional pro-
grams in response to GR activation is not well established.
KLF15 is one of several Kruppel-like, zinc finger transcription
factors (KLFs) whose expression is directly induced by GR (14,
15). KLF15 has been shown to exert transcriptional control over
amino acid, lipid, and glucose metabolism (16-18), and is also
implicated in the induction of proatrophic targets in skeletal mus-
cle in response to GCs (19). However, the genome-wide role of
KLF15 as a downstream regulator of GR signaling and the molec-
ular characteristics of GR-KLF15 gene programming are un-
known. In this study, we used expression profiling of wild-type
and KIf15-knockout (KIf15~/~) mice to define a pulmonary gene
set that requires KLF15 for normal transcriptional responses to
GCs. We used promoter analysis and chromatin immunoprecipi-
tation to determine the regulatory mechanisms that underpin GR-
KLF15 cross talk. Our data indicate that GR and KLF15 form
coherent and incoherent feed-forward circuits, providing a novel
mechanism for temporal control and signal integration by GR.
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MATERIALS AND METHODS

Reagents and antibodies. Dexamethasone (dex) sodium phosphate
(American Regent, Inc., Shirley, NY) diluted in sterile phosphate-buft-
ered saline (PBS) was used for mouse microarray experiments. The dexa-
methasone 21-phosphate disodium salt (D1159) used for mouse reverse
transcription-quantitative PCR (RT-qPCR) experiments, the dexameth-
asone (D1756) used for cell culture studies, and mifepristone (RU-486;
MB8046) were purchased from Sigma-Aldrich. The following antibodies
were used for Western blot analyses: anti-KLF15 (ab81604) and anti-beta
actin (ab75186) from Abcam and enhanced chemiluminescence (ECL)
sheep anti-mouse IgG—horseradish peroxidase (HRP; 95017-332) and
ECL donkey anti-rabbit IgG-HRP (95017-330) from VWR. Antibodies
used for chromatin immunoprecipitation (ChIP) included anti-GR (N-
499; a generous gift from Keith Yamamoto), anti-KLF15 (ab81064), and
anti-FLAG (F1804) from Sigma-Aldrich. The KLF15 full-length expres-
sion plasmid (pcDNA-KLF15), the KLF15-expressing adenovirus (Ad-
KLF15), and the green fluorescent protein (GFP)-expressing adenovirus
(Ad-GFP) control have been described previously (20). Small interfering
RNA (siRNA) studies were performed using the ON-TARGETplus
SMARTpool siRNA reagent against human KLF15 (siKLF15; L-006975-
00-0005) and the ON-TARGETplus nontargeting siRNA control reagent
(siCtrl; D-001810-10-05), obtained from Dharmacon.

Treatment of animals with dexamethasone and processing of lung
tissue. All protocols concerning animal use were approved by the Institu-
tional Animal Care and Use Committee for National Jewish Health or
Case Western Reserve University and conducted in strict accordance with
the National Institutes of Health guidelines for the care and use of labo-
ratory animals (21). Mice were housed in a temperature- and humidity-
controlled facility with a 12-h light/12-h dark cycle and ad libitum access
to water and standard laboratory rodent chow. KIfI5~’~ mice have been
previously described (22). Studies were performed with two independent
cohorts of sex-matched (6- to 8-week-old) wild-type (WT) and KIf15~/~
mice on a pure C57BL/6 background. For microarray experiments, dex
was dissolved in sterile PBS and administered via intraperitoneal injection
at a final concentration of 2.5 mg/kg of body weight in the early phase of
the light cycle. For RT-qPCR validation, dex was dissolved in sterile saline
and administered as indicated above. Equivalent doses of PBS or saline
were administered to vehicle controls. At 4 or 8 h following injections,
mice were euthanized and lung tissue was immediately excised, rinsed in
PBS, and homogenized in TRIzol (Life Technologies) or placed
in RNAlater (Life Technologies) and subsequently homogenized in
TRIzol. Total RNA was extracted and purified from the resulting lysates
using a PureLink RNA minikit (Life Technologies) according to the man-
ufacturer’s instructions.

Microarray. Biologic quadruplicate RNA samples were obtained from
wild-type and KIfI5~/~ mice treated with dex or vehicle for 4 and 8 h. An
Agilent 2100 bioanalyzer was used to assess RNA quality, and fluorescent
linear amplification kits were used to label and amplify RNA according to
the manufacturer’s protocols (Agilent). Equal amounts of Cy3-labeled
target were hybridized to whole mouse genome 4X44K ink-jet arrays
(Agilent) for 14 h. Raw signal intensities were extracted, and the data set
was normalized using the quantile normalization method (23). Three
samples were excluded as technical outliers. A one-way analysis of vari-
ance linear model was used to estimate the mean log, fold changes and
false discovery rate (FDR) values as described previously (24). Computa-
tions were performed using the R package limma functions in the Biocon-
ductor software package (25, 26). For determining biologically relevant
effects on gene expression, genes were identified as differentially regulated
on the basis of having an FDR of <0.05 and a fold change of at least 50%
between treatment conditions or genotype (i.e., a <0.66 or >1.5 differ-
ence between conditions). For construction of GR-KLF15-dependent
Venn diagrams, if multiple probes for a gene were included on the array,
each probe meeting the FDR and fold change criteria was generally
counted. Gene ontology (GO) analysis and functional clustering were
performed using the DAVID bioinformatics resource (27, 28). A given
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ontology term within each gene set was considered to be overrepresented
on the basis of the P value and if ~10% or more of the genes within the set
were associated with that term.

Quantitative PCR. An OpenArray real-time PCR platform (Life Tech-
nologies) was used for high-throughput qPCR. Purified total RNA (1 pg)
was reverse transcribed using the high-capacity cDNA reverse transcrip-
tion kit and protocol from Life Technologies. The resulting cDNA was
diluted 1:10 with water and subjected to 14 cycles of preamplification
using a custom pooled assay mix and preamplification master mix from
Life Technologies, according to the manufacturer’s protocol. The pream-
plification products were diluted 1:20 and analyzed using a customized
OpenArray template and the OpenArray platform according to the man-
ufacturer’s protocol (Life Technologies). This generates standard RT-
qPCR curves and threshold cycle (C;) values; results were normalized to
those for RPL19 following the AAC, method as described previously (29).

For standard RT-qPCR, 1 g of purified total RNA was reverse tran-
scribed using Moloney murine leukemia virus reverse transcriptase (Pro-
mega) primed with random primers (Life Technologies) and then diluted
1:5 prior to qPCR analysis using Fast SYBR green qPCR master mix (Life
Technologies). Expression levels for different conditions were obtained as
described by comparing the mean C;. value for each gene relative to the
mean RPL19C; value (the AAC, method). For repressed genes (i.e., a
AAC; value of <0.0), the relative fold change is depicted graphically as
—(2%), where x is the absolute value of AAC, as indicated in the text and
legends. Samples were generally analyzed in biologic triplicate and tech-
nical duplicate, with obvious outliers excluded. The primer pairs used in
the reported experiments generated single products on the basis of melt-
ing curve analysis and generally had amplification efficiencies of greater
than 90%. Primer sequences are shown in Table S5 in the supplemental
material.

Plasmid construction and bioinformatic analysis. ENCODE data in-
dicating GR ChIP-sequencing (ChIP-seq) peaks previously defined in
A549 cells (14, 30) were visualized in the UCSC genome browser at the
KLF15, PRODH, AASS, and MT2A loci. Genomic areas ranging from
~0.5 to 2.5 kb and containing GR ChIP-seq peak regions were amplified
by PCR, shuttled into pCR2.1-TOPO (Life Technologies), and subse-
quently introduced into the PGL3 promoter vector (Life Technologies).
Each region was scanned with the MatInspector software tool to identify
close matches to sequence consensuses for GR and Kruppel-like factor
(KLF) binding sites. Cloning primers and the sequences of putative GR
and KLF15 binding sites are delineated in Table S5 and Fig. S1 in the
supplemental material. All plasmids will be made available through Add-
gene.

Cell culture and transfections. A549 and Beas-2B cells were grown in
high-glucose Dulbecco modified Eagle medium (DMEM) containing L-
glutamine and supplemented with penicillin-streptomycin (pen-strep)
and 5% or 10% fetal bovine serum (FBS; HyClone), respectively. Cells
were maintained in 5% CO, at 37°C. For reporter assays, ~4 X 10* cells
were plated per well in 48-well dishes. The next day, cells were transfected
as indicated in the Results with firefly luciferase plasmids and the Renilla
luciferase (RL) expression vector pSV40-RL (Promega) at a ratio of 10:1
or with a combination of firefly luciferase plasmids, pcDNA-KLF15 (or
pcDNA control), and pSV40-RL at a ratio of 5:5:1 by adding 50 pl of
Lipofectamine 2000 (Life Technologies) per plasmid DNA (400 ng total)
complex to cells cultured in 250 pl of DMEM containing pen-strep and
FBS. For siRNA studies, cells were cotransfected with firefly and Renilla
luciferase plasmids in combination with a 25 nM concentration of
siKLF15 (or siCtrl) using Lipofectamine RNAIMAX transfection reagent
according to the manufacturer’s protocol (Life Technologies). Approxi-
mately 18 h later, cells were treated with 100 nM dex or vehicle in fresh
complete medium or serum-free medium, as indicated for starvation ex-
periments, for 8 h. Cells were then lysed, and firefly and Renilla luciferase
activities were measured using the dual-luciferase reporter system (Pro-
mega) according to the manufacturer’s protocol. Luminescence was de-
tected from 10 pl lysate using an Infinite M1000 plate reader (Tecan).
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Relative luciferase activity was obtained after normalization of firefly to
Renilla luciferase activity. Each experiment was performed in biologic
quadruplicate and repeated at least once with qualitatively similar results.
P values indicated in the figure legends were calculated using ¢ tests and
nonparametric tests.

ChIP-qPCR. A549 and Beas-2B cells were grown to confluence in
100-mm dishes and treated with 1 WM dex or vehicle (ethanol) for 1 h.
Cross-linking was achieved by adding 37% formaldehyde directly to the
culture medium to a final concentration of 1% and incubating for 3 (A549
cells) or 7 (Beas-2B cells) min at room temperature. Formaldehyde was
quenched with 125 mM glycine for 10 min at 4°C, after which cells were
washed in ice-cold Dulbecco’s phosphate-buffered saline (DPBS) for 5
min at 4°C. Cells were scraped off dishes in ice-cold immunoprecipitation
(IP) lysis buffer (50 mM HEPES-KOH at pH 7.4, 1 mM EDTA, 150 mM
NaCl, 10% glycerol, 0.5% Triton X-100) supplemented with protease in-
hibitor cocktail (PIC; Roche) and nutated for 30 min at 4°C to lyse. Nuclei
were collected by centrifugation (600 X g for 5 min at 4°C) and resus-
pended in ice-cold radioimmunoprecipitation assay (RIPA) buffer (10
mM Tris-HCl at pH 8.0, 1 mM EDTA, 150 mM NaCl, 5% glycerol, 0.1%
sodium deoxycholate, 0.1% SDS, 1% Triton X-100) supplemented with
PIC. Samples were sonicated with a Diagenode Bioruptor at high power in
30-s bursts separated by 30-s incubations in ice water for a total of 24
(A549 cells) or 20 (Beas-2B cells) min. Lysates were cleared by centrifu-
gation (maximum speed for 15 min at 4°C), and supernatants were used
for immunoprecipitation. Protein G magnetic Dynabeads (Invitrogen)
were preincubated with 12 pg/sample GR (N499) or FLAG antibodies
plus bovine serum albumin (BSA) in RIPA buffer for 1 h at 4°C and then
washed twice with ice-cold RIPA buffer, prior to nutating in the presence
of cleared lysates containing sheared chromatin for 2 h at 4°C in RIPA
buffer supplemented with PIC and BSA. Beads were collected and sub-
jected to 4 washes with ice-cold RIPA buffer containing 500 mM NaCl,
followed by 4 washes with ice-cold LiCl buffer (20 mM Tris at pH 8.0, 1
mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate).
Beads were then incubated in TE (Tris-EDTA) containing 0.7% SDS and
200 pg/ml proteinase K (Life Technologies) for 3 h at 55°C, and cross-
links were reversed for 16 h at 65°C. ChIP DNA was purified with a ChIP
DNA clean and concentrator kit (Zymo) using 7 volumes of DNA binding
buffer, followed by elution in 50 pl elution buffer. Analysis of DNA ob-
tained by ChIP was performed using qPCR amplification and SYBR green
detection. Occupancy for a given factor/region under a specific experi-
mental condition was measured as the difference between the C.value for
the specific region relative to the geometric mean of the C; values for three
control regions not predicted to occupy either factor and is thus on a log,
scale. qPCR analysis of input DNA established that control and experi-
mental primer efficiencies were well matched (generally <0.5 cycle differ-
ence) using input dilutions designed to match ChIP samples. Assays were
generally performed in biologic quadruplicate and repeated at least once
with qualitatively similar results. P values were calculated using nonpara-
metric tests to compare data, as indicated in the figure legends. The se-
quences of primers used to amplify specific test and control regions of
ChIP DNA are provided in Table S5 in the supplemental material.

Endogenous KLF15 ChIP was performed as described above with the
following modifications: Beas-2B cells grown to confluence in complete
medium with serum were transferred to fresh serum-free medium for 4 h,
followed by treatment for an additional 4 h with 1 WM dex in serum-free
medium; ~12 pg of anti-KLF15 antibody was used for each immunopre-
cipitation reaction.

Western blotting. For protein expression studies, A549 and Beas-2B
cells were plated on 100-mm dishes in phenol red-free DMEM containing
10% charcoal-dextran-stripped FBS (Life Technologies) and pen-strep.
Approximately 18 h later, cells were treated with dex (100 nM for A549
cells; 1 WM for Beas-2B cells) or vehicle (ethanol), as indicated in the
figure legends, for 4 h. Western blotting and protein detection were per-
formed following standard protocols.
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Microarray data accession number. Raw data and additional experi-
mental details are available at the Gene Expression Omnibus website
(http://www.ncbi.nlm.nih.gov/geo) under accession number GSE44695.

RESULTS

GR-KLF15-dependent transcriptional programming. To exam-
ine the role of the GC-inducible transcription factor KLF15 in
mediating the transcriptional response to GCs, we performed ar-
ray-based expression profiling in whole lungs harvested from WT
and KIf15~/" mice 4 or 8 h after intraperitoneal injection with the
synthetic GC, dex, or saline vehicle. A schematic of the microarray
study is shown in Fig. 1A. We focused on the lung since pulmo-
nary disease is a major clinical target for GCs (31). Over 5,000
genes exhibited significant expression changes in response to any
duration (4 or 8 h) of systemic dex treatment, based on an FDR of
<C0.05 and a fold change in expression of 50% between treatment
conditions. Heat map analysis revealed that the changes in gene
expression induced by dex in WT mice were temporally dynamic.
Specifically, of the 90 transcripts with the greatest absolute fold
changes in expression level after 4 h of dex treatment (in compar-
ison to the expression level with vehicle alone), 78 had expression
levels that were closer to the baseline after 8 h of dex treatment
(visualized as a heat map in Fig. 1B). In contrast, each of the 90
genes with the greatest absolute fold changes in expression after 8
h of dex treatment (Fig. 1C) exhibited smaller changes in expres-
sion at the earlier (4 h) dex treatment time point. One possible
explanation for these temporally dynamic changes in gene expres-
sion, which are similar to results observed in other timed analyses
of responses to GCs (10, 32), is that transcription factors directly
regulated by GR at early time points, such as KLF15, may mediate
downstream transcriptional responses to GCs.

Our analysis of the pulmonary transcriptome in KIf15~/~ mice
with and without dex treatment supported this notion. Using the
same FDR and fold change criteria outlined above, we found that
844 transcripts were differentially expressed in KIfI5 /" mouse
lungs compared to wild-type mouse lungs across drug treatment
conditions. Of the KLF15-regulated gene set, 369 genes, repre-
senting ~7% of all GR-regulated targets that we identified in the
lung, were also regulated by dex (Fig. 2A). High-throughput
qPCR validation for ~95 of the genes regulated by GC signaling,
KLF15, or both showed expression patterns that were qualitatively
similar to the corresponding microarray data for almost all of the
tested genes (see Table S1 in the supplemental material). To-
gether, these findings delineate an extensive pulmonary gene net-
work whose expression is regulated by both GR and KLF15.

Next, we investigated the temporal characteristics of the re-
sponse to dex within the GR-KLF15 gene subset. The majority of
the genes in this subset showed a significant change in expression
after 4 h of dex treatment, which was relatively evenly split be-
tween transcripts that were induced and transcripts that were re-
pressed by dex (Fig. 2A). Since genes induced by GCs at early time
points are frequently regulated directly by GR binding (14), we
focused our subsequent analysis on dex-induced, KLF15-depen-
dent genes (see Table S2 in the supplemental material). Within
this subset, we observed two dominant patterns of GR-KLF15
dependency. The first major pattern was defined by those genes
exhibiting reduced dex induction in KIf15~/~ mouse lungs com-
pared to WT mouse lungs and accounted for ~15% of the targets
within the dex-induced, KLF15-dependent gene set. Representa-
tive examples of genes that follow this pattern, which is consistent
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FIG 1 Activation of GR signaling causes temporally dynamic changes in pulmonary gene expression. (A) Schematic illustrating the experimental design used to
generate whole murine lung samples for microarray expression profiling. RNA was purified from lungs harvested from WT and KIfI5~'~ mice 4 or 8 h after
intraperitoneal injection with 2.5 mg/kg dex or PBS vehicle (veh). (B and C) Heat maps illustrating gene expression changes identified by microarray after both
4 and 8 h of dex treatment in WT mouse lungs. (B) The heat map was generated using the 90 transcripts with the greatest absolute fold change in expression after
4 h of dex treatment; expression changes for this gene set after both 4 and 8 h are shown. (C) The heat map was generated with genes exhibiting the greatest
absolute fold change in expression after 8 h of dex treatment, and expression changes after both 4 and 8 h are again shown. For both heat maps, genes with
expression levels in the lowest quartile across the microarrays as a whole were excluded from analysis.

with an inductive role for KLF15, are illustrated in Fig. 2B. Onto-
logic analysis of this gene set supported a biologic function for this
pattern of GR-KLF15 interaction, as ~60% of the genes in this
subset are implicated in amino acid metabolism or mitochondrial
function, indicative of highly significant enrichment for specific
cellular processes (see Table S3 in the supplemental material).

The second mode of cooperative interaction occurred much
more frequently, contributing to the regulation of greater than
half of the GR-inducible, KLF15-dependent subset. This mode
assumed the form of genes exhibiting greater dex induction in
KIf15~'~ mouse lungs than WT mouse lungs (Fig. 2C), consistent
with a repressive role for KLF15, which has previously been re-
ported to act as either an activator or a repressor (19, 33), depend-
ing on the promoter context. The GR-induced, KLF15-repressed
gene set was strongly enriched for genes implicated in metal bind-
ing and targets of N-glycosylation (see Table S4 in the supplemen-
tal material), among other overrepresented processes, again sug-
gesting that functional significance is associated with specific
patterns of GR-KLF15 dependency.

GR and KLF15 cross talk is consistent with both coherent
and incoherent feed-forward circuitry. The lung contains many
cell types, rendering it difficult to characterize biochemically GR-
KLF15 cross talk in the lung in vivo. Therefore, to explore further
the mechanistic basis for GR-KLF15 dependency, we used two
well-established culture models of human airway epithelium,
A549 and Beas-2B cells. In both cell types, treatment with dex
induced KLFI5 mRNA (Fig. 3A) and protein (Fig. 3B). Next,
based on ENCODE GR ChIP-seq data from A549 cells that are
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accessible through the UCSC genome browser (14, 30), we per-
formed ChIP assays, which showed that GR binds two intronic
glucocorticoid binding regions (GBRs) in the KLF15 locus (Fig. 3C
and D) in both A549 and Beas-2B cells. Reporters containing these
regions were induced in both A549 and Beas-2B cells by dex in
transfection assays (Fig. 3E); the GBR in the first intron had pre-
viously been shown to respond to GR in other cell types (34).
Together these data indicate that KLFI15 is directly induced by GR
signaling in A549 and Beas-2B cells through two glucocorticoid
response elements (GREs).

We next asked whether specific targets of the GR-KLF15 axis
that we had identified in murine lung were regulated by GR and
KLF15 in the cell line models. To accomplish this, we used adeno-
viral transduction to overexpress KLF15 (Ad-KLF15) in A549 and
Beas-2B cells prior to treatment with dex or vehicle for 4 h. This
approach allowed us to distinguish the transcriptional responses
to GR and KLF15 individually and in combination and also to
determine whether the effects of KLF15 overexpression in the cell
lines were concordant with the effects of KLF15 deficiency in mice.
Gene expression was assayed by RT-qPCR, and relative fold
change was determined by comparing transcript levels of each
group to those of vehicle-treated cells infected with a control virus
(Ad-GFP). Although there were some differences between the cell
lines, dex-activated GR expression and adenovirus-mediated
KLF15 overexpresssion were both (in the absence of steroid) suf-
ficient to significantly stimulate the transcription of AASS,
GNMT, and PRODH in at least one of the two cell lines (Fig. 3F,
bottom), while the combination of both inputs led to induction of
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FIG 2 KLF15-dependent transcriptional responses to glucocorticoid. (A) WT and KIf15~/~ mice were injected with 2.5 mg/kg of dex, and lungs were harvested
after 4 and 8 h for microarray expression analysis. The Venn diagram illustrates genes that were differentially expressed in response to dex, genes that were
differentially expressed in WT versus KIf15~/~ mice (either under control conditions or with dex injection), and the intersection of these gene sets. The pie chart
depicting gene number is based on the primary transcriptional response to dex in the GR-KLF15-dependent gene subset defined in the Venn diagram. Genes were
defined as exhibiting differential expression by genotype or with dex treatment on the basis of an FDR of <0.05 and a fold change in expression of at least 50%
between treatment conditions or genotype. (B and C) Representative examples of microarray data for specific genes that exhibited reduced (B) or potentiated (C)
expression after dex treatment in KIf15~/~ mouse lungs compared to WT mouse lungs. Fold change, based on the microarray data, indicates the expression level
compared to that for the WT vehicle-treated control, which was normalized to 1 for each gene and condition. Error bars indicate the normalized standard
deviation for the biologic replicates from each condition calculated from array intensity values.

even greater expression of these genes (P = 0.05). These data show
that GR and KLF15 increase the expression of AASS, GNMT, and
PRODH both individually and in concert, as occurs in type I co-
herent feed-forward gene regulation (Fig. 3F, schematic diagram),
one of eight potential feed-forward architectures that has been
described (12). We also identified two genes, MT2A and TIPARP,
which were induced by dex and repressed by Ad-KLF15 (P = 0.05)
(Fig. 3G, bottom), with combinatorial treatment resulting in an
intermediate level of expression for both genes (P = 0.05). These
responses are consistent with the regulatory logic of a type 1 inco-
herent feed-forward circuit in which GR and KLF15 have oppos-
ing effects on the expression of downstream targets (Fig. 3G, sche-
matic diagram). When considered together with the in vivo
expression patterns for these genes (Fig. 2; see Table S2 in the
supplemental material), these data suggest that A549 and Beas-2B
cells can be used to model GR-KLF15 cross talk at selected genes.
These data also support the hypothesis that KLF15 regulates tran-
scriptional responses to GCs through formation of both coherent
and incoherent feed-forward circuits with GR.

Composite GR-KLF15 response elements mediate feed-for-
ward gene regulation. To determine whether GR and KLF15 di-
rectly regulate presumptive coherent and incoherent feed-for-
ward targets, we again used published GR ChIP-seq data (14) to
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identify likely GBRs within the PRODH, AASS, and MT2A loci.
Analysis of these 0.6- to 2.5-kb genomic regions with MatInspector
identified both consensus GR and consensus KLF binding se-
quences that we reasoned might provide combinatorial regulation
by GR and KLF15 (Fig. 4A; see Fig. S1 in the supplemental mate-
rial). These regions were thus used to generate luciferase reporters
that were transfected into both airway cell lines in combination
with a KLF15 expression plasmid (pcDNA-KLF15) or control vec-
tor. Reporter activity was then assayed after 8 h of dex or vehicle
treatment, allowing us to determine if the putative regulatory re-
gion(s) was capable of responding to GR and/or KLF15. As shown
in Fig. 4B, we found that discrete regulatory regions from each of
the tested loci responded to both dex and KLF15. For example, the
region spanning GBR2 of PRODH exhibited a small but signifi-
cant activation in response to dex treatment, while forced expres-
sion of KLF15 in the absence of steroid elicited a robust 5- to
10-fold increase in reporter activity. Exposure to dex in the pres-
ence of constitutive KLF15 expression resulted in even greater
activity of the PRODH GBR2 reporter than either treatment alone,
indicating that this region is sufficient to confer responsiveness to
simultaneous input from both transcription factors. Similarly,
AASS GBR1 showed a modest induction with dex treatment: ~5-
fold induction with transfection of pcDNA-KLF15 and 10- to 20-
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treatment is different (P =< 0.05) from that under control conditions.

fold induction with both dex and KLF15. In contrast, transfection
of pcDNA-KLFI5 resulted in a decrease in dex-mediated induc-
tion of the MT2A reporter in Beas-2B cells, where endogenous
MT2A expression was robustly repressed by KLF15 (Fig. 3). Thus,
although some differences in response magnitude were observed
(e.g., in A549 cells, the AASS GBRI1 reporter [Fig. 4B] was more
responsive to dex and KLF15 than the endogenous gene [Fig. 3],
while the MT2A reporter was not repressed by KLF15 in A549
cells), the responses of the GBR-containing reporters for PRODH,
AASS, and MT2A were generally consistent with the expression
patterns of the corresponding endogenous genes.

We performed several control experiments to test the specific-
ity of GR-KLF15 coregulation. Reporters containing GREs from
the canonical GR targets FKBP5 and GILZ showed stronger base-
line responses to dex (29, 35) and only modest or absent coregu-
lation by KLF15 (Fig. 4B). Moreover, regions from the PRODH
and AASS loci that span other putative GBRs and/or KLF15 bind-
ing regions were not functional under our treatment conditions
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(Fig. 4), indicating that the mere possession of conserved binding
sequences does not necessitate a functional response element.
Taken together, these data provide additional evidence that
KLF15 forms both coherent and incoherent feed-forward circuits
with GR.

To characterize further the regulation of AASS and PRODH by
GRand KLF15, we generated additional reporter constructs span-
ning portions of the regions that we had defined above to be re-
sponsive to both GR and KLF15 (Fig. 4A). We cotransfected
Beas-2B cells with these reporters and the constitutive KLF15 ex-
pression vector (or an empty vector control). We subsequently
assayed relative luciferase activity following treatment with dex or
vehicle for 8 h. For PRODH, we defined an ~300-bp region con-
taining 2 putative GR binding sites and 2 putative KLF15 binding
sites that exhibited activity similar to that of the parent reporter
construct (Fig. 4C). For AASS, we created two reporters that split
the GR-KLF15 response region and separated several putative KLF
binding sequences from a GR binding sequence. Intriguingly,
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FIG 4 Composite response elements mediate feed-forward gene regulation by GR and KLF15. (A) Schematic diagram illustrating relative genomic locations of
putative GR and KLF15 binding sites within the indicated genes that were used to generate reporter constructs and design primers for ChIP-qPCR. (B and C)
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by asterisks and the corresponding brackets.

each of the two subregions was activated by KLF15 but did not
respond to dex (Fig. 4C). As the subregions contained 20 bp of
overlap, which is larger than canonical GR binding sequences
(36), these data indicate that regulation of AASS likely occurs
through a complex composite GR-KLF15 response element.

To establish that regulation of the AASS and PRODH loci by
GR and KLF15 was associated with both factors binding to chro-
matin at the corresponding endogenous sites, we performed ChIP
assays. Antibodies against GR and FLAG were used to immuno-
precipitate factor-bound chromatin in A549 and Beas-2B cells
treated with dex for 1 h (Fig. 5A) or infected with adenovirus
overexpressing FLAG-tagged KLF15 (Fig. 5B), respectively. Both
manipulations resulted in enrichment of PRODH GBR2 and
AASS GBR1 among purified chromatin products subjected to
qPCR, indicating the capacity for in vivo occupancy by both fac-
tors. We similarly tested whether the GR-KLF15-responsive re-
gion of the MT2A locus was bound by GR and KLF15 in Beas-2B
cells and found enrichment for both factors (Fig. 5D and E). This
establishes that AASS, PRODH, and MT2A are regulated directly
by KLF15 and GR, a fundamental requirement of feed-forward
architecture. Moreover, when Ad-KLF15-infected cells were given
a 1-h pulse of dex, a significant increase in AASS GBRI and
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PRODH GBR2 enrichment was observed among GR-immuno-
precipitated chromatin relative to that in cells treated with dex
alone (or in combination with control Ad-GFP), indicating that
GR binding is potentiated in the presence of KLF15 (Fig. 5C). In
contrast, binding of MT2A by GR was reduced by Ad-KLF15 in-
fection (Fig. 5F). These data thus provide a mechanistic basis for
feed-forward regulation by GR and KLF15 and indicate that the
genomic context determines whether KLF15 potentiates or re-
duces GR binding within chromatin.

Signal integration by GR and KLF15. The output of feed-for-
ward transcriptional circuits can be modulated by two inputs that
independently regulate the two constituent transcription factors
(12), providing a potential mechanism for signal integration. To
determine whether feed-forward regulation by GR and KLF15 in-
tegrates signals to alter transcription, we analyzed the effects of
serum starvation, which has been shown to induce KLFI5 expres-
sion in other cell types (37), on the expression of genes within the
GR-KLF15 network. First, we analyzed the effect of 4 h of serum
deprivation on KLFI5 expression in A549 and Beas-2B cells,
which resulted in a robust induction of KLF15 mRNA (Fig. 6A).
This response did not depend on GR, as KLFI5 expression was
similarly activated by serum deprivation in the presence of the GR
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antagonist RU-486 (Fig. 6A). Serum deprivation also modestly
increased AASS and PRODH expression in both cell types, and the
effect of serum starvation on all three genes—KLF15, AASS, and
PRODH—was significantly augmented by dex (Fig. 6B). These
results are consistent with the combinatorial effects of serum star-
vation and glucocorticoid signaling on regulation of genes within
the GR-KLF15 network. Moreover, ChIP of GR and endogenous
KLF15 under conditions of serum deprivation and dex treatment
revealed simultaneous occupancy of the PRODH and AASS loci by
both factors (Fig. 6C and D); the GR-KLF15-responsive region of
the MT2A locus was similarly co-occupied. These data corrobo-
rate the ChIP data that we obtained with adenoviral-mediated
KLF15 overexpression and serve to formally establish feed-for-
ward regulation of these targets by GR and KLF15.

Next, we asked whether serum deprivation modulated the ex-
pression of the GR-KLF15-dependent AAAS and PRODH report-
ers. Similar to the induction of the corresponding endogenous
genes, we found that serum deprivation modestly induced the
AASS and PRODH reporters and that a combination of dex and
serum deprivation led to still greater induction of reporter activity
(Fig. 6E). To confirm that KLF15 is responsible for the inducing
effects of serum deprivation on the reporters, we used siRNA to
knock down KLF15 expression and achieved reasonable knock-
down efficiency in Beas-2B cells (see Fig. S2 in the supplemental
material). Although knockdown of KLF15 did not reduce the in-
duction of the corresponding endogenous genes (see Fig. S2 in the
supplemental material), likely secondary to compensatory induc-
tion of other metabolic regulators, in conjunction with the broad
general effects of serum deprivation on GR activity (38), KLF15
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knockdown reduced AASS luciferase reporter induction in
Beas-2B cells subjected to serum deprivation with and without dex
cotreatment (Fig. 6F). This indicates that activation of KLF15
through GR-independent signaling can act in combination with
GCs to augment transcription, thus establishing a signal integra-
tion function for GR-KLF15 feed-forward circuitry.
Presumptive GR-KLF15 regulatory logic correlates with ex-
pression dynamics. Our data from the two cell culture models
definitively establish that GR and KLF15 regulate PRODH, AASS,
and MT2A through feed-forward circuitry. These genes are repre-
sentative of the two major GR-inducible, KLF15-dependent gene
subsets that we observed in the microarray analysis (Fig. 2; see
Table S2 in the supplemental material). Since specific feed-for-
ward architectures can confer different temporal characteristics to
client gene regulation (11), we next asked whether the temporal
properties of the dex response in WT animals depended on the
underlying effect of KLF15 deficiency on gene expression after 8 h
of dex treatment (i.e., enhanced or reduced expression in KIf15~/~
animals in comparison to that in WT animals). To accomplish
this, we formulated data from Table S2 in the supplemental ma-
terial as a 2-by-2 contingency table (Table 1) and performed a
Fisher exact test. This test indicated that the categorization of dex-
induced genes by whether expression was higher after 4 or 8 h of
dex treatment in WT mice was strongly influenced (P < 0.00001)
by the primary effect of KLF15 deficiency on gene expression after
8 h of GC treatment. Thus, glucocorticoid-induced, KLF15-de-
pendent genes, grouped by whether the primary effect of KLF15 is
inductive (coherent) or repressive (incoherent), display responses
to dex that are statistically distinguishable on a temporal basis,
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FIG 6 Signal integration by GR-KLF15 coherent feed-forward circuitry. (A) KLF15 mRNA expression following serum starvation in the presence or absence of
the GR antagonist RU-486 (100 nM) in A549 and Beas-2B cells, as measured by qPCR. Bars represent fold induction (mean + SD) compared to that for cells
treated with vehicle in complete medium. (B) qPCR analysis of KLF15, AASS, and PRODH mRNA expression in airway cells transferred to fresh complete or
serum-free medium for 4 h prior to treatment with dex or vehicle for an additional 4 h. Transcript levels are expressed relative to that for cells receiving vehicle
in complete medium. Bars indicate means + SDs. (C and D) ChIP-qPCR analysis of GR (C) and endogenous KLF15 (D) occupancy of AASS GBR1, PRODH
GBR2, and MT2A GBRI1 sites in Beas-2B cells that were serum starved for 4 h prior to treatment with dex for an additional 4 h. Factor occupancy is expressed
relative to that of three negative-control sites, as described for Fig. 3. Data represent means + SDs expressed on a log, scale; values in parentheses indicate fold
enrichment, on a nonlogarithmic basis, of occupied versus nonoccupied control sites, as described for Fig. 5. (E) Luciferase activity of the indicated reporters
transiently transfected into Beas-2B cells prior to treatment with dex or vehicle in serum-free or complete medium. Bars indicate mean reporter activation (+ SD)
relative to the activity of each construct in controls treated with vehicle in complete medium. *, P < 0.05. (F) Luciferase activity of the AASS GBR1 reporter
cotransfected into Beas-2B cells with KLF15 or control siRNA prior to serum starvation in the presence or absence of dex. Reporter activity (mean + SD) is
expressed relative to that in serum-starved cells treated with vehicle and siCtrl. *, P < 0.05.

supporting a role for circuit architecture in modulating the dy-

TABLE 12 X 2 contingency table based on categorizing GR-induced, namics of the gene expression response to glucocorticoids.
KLF15-dependent transcripts

No. of transcripts with relative levels of DISCUSSION

expression in dex-treated WT mice for GR signaling is required for crucial adaptive responses to a wide
which’: range of physiologic stimuli, necessitating precise control and or-
Category” 4h<sh 4h>8h Rowtotal ~ £aNization of subotd.lnate transcription programs. Our data es-
- - - tablish that a surprisingly large fraction (~7%) of GC-regulated

Increased induction by dex in 4 96 100 . . . .
KIf15~'~ vs WT mice genes in the lung requires the presence of a single, direct GR target,
Reduced induction by dex in 13 13 2% KITFIS, for correct expression responses to GC treatme.:nt. Within
KIf15~' vs WT mice this GR-KLF15-dependent subset, the in vivo expression of GC-
inducible genes followed patterns consistent with both coherent
Column total 17 109 126 and incoherent feed-forward circuitries, the two primary subtypes
“ Transcripts in these categories had either increased expression (expression in of this aI’Chet}’Pal regulatory system. We confirmed the basic char-
KIf15~" mice was >1.5 times that in WT mice) or decreased expression (expression in acteristics of feed-forward gene regulation by GRand KLF15 using
WT mice was >1.5 times that in KIf15~/~ mice) in KIf15~/~ mice after 8 h of dex cell culture models, in which GR and KLF15 had combinatorial

compared to that in WT mice, as measured by microarray. . . .
b Transcripts in these categories had significant changes induced by dex after 4 h and inductive effects on coherent targets and opposing effects on the

are grouped according to whether the absolute expression measured by microarray was eXPreSSion of incoherent targets. These effects were mediated
higher after 4 or 8 h of dex treatment. through enhanced recruitment of GR to chromatin by KLF15 at
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FIG 7 Model of feed-forward gene regulation and signal integration by GR. In this model, GR directly regulates the expression of transcription factors such as
KLF15, factor A, and factor B. These target transcription factors subsequently regulate discrete groups of GR target genes in combination with GR, thus forming
feed-forward circuits that control expression dynamics for subsets of the greater GR-regulated transcriptome. As shown here, factor A forms incoherent feed-forward
circuits with GR, while factor B and KLF15 form both coherent and incoherent feed-forward circuits. Target gene groups regulated by specific feed-forward
circuit types are predicted to have linked physiologic functions, illustrated by boxed question marks and exemplified by the unique gene ontology terms (e.g.,
amino acid metabolism, metal binding) that were overrepresented within the coherent and incoherent GR-KLF15-regulated gene groups. Feed-forward circuits
also allow GR to integrate nonligand signals, illustrated here by starvation and signal Z, to alter transcriptional outputs.

the PRODH and AASS loci, while KLF15 reduced GR binding at
the incoherent target, MT2A. Taken together, our data establish
that GR and KLF15 form feed-forward circuits that are correlated
with the timing and magnitude of expression changes induced by
GC signaling. Thus, temporal control of GC signaling not only is
achieved through pulsatile characteristics of endogenous hor-
mone secretion (39) but also is associated with the underlying
architecture of GR-regulated transcriptional circuits. Our results
also support a model in which feed-forward circuitry organizes
GR-regulated transcriptional responses into subprograms (Fig. 7).

Feed-forward circuits have been intensely studied through
both mathematical modeling and direct experimentation, gener-
ally in single-cell organisms, which are readily amenable to both
detailed analyses of transcriptional kinetics and genetic manipu-
lation of circuit components. These approaches have established
that feed-forward architectures can confer specific properties to
client gene expression dynamics (12). In our work, we assayed
changes in steady-state gene expression in response to dex treat-
ment at just two time points, an approach that offered only limited
information with respect to the spectrum of transcriptional dy-
namics within the GR-KLF15 network. Despite this limitation,
our data showed a very strong correlation between presumptive
incoherent feed-forward architecture (i.e., genes that follow the
pattern shown in Fig. 2C) and the likelihood that higher expres-
sion in wild-type mice occurred after 4 h, rather than 8 h, of dex
treatment. More detailed temporal analysis of gene expression,
including assaying changes in transcriptional rates, will provide
additional insight into the dynamics of GR-mediated gene regu-
lation within the GR-KLF15 feed-forward network.
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In addition to regulating expression dynamics, feed-forward
circuits can act as signal integrators that alter client gene expres-
sion in response to combinatorial inputs. Our data support such a
function for GR-KLF15 circuitry. GR-independent induction of
KLF15 through serum deprivation was associated with enhanced
expression of feed-forward targets such as AASS and PRODH in
response to dex, while KLF15 knockdown reduced the inductive
effect of serum starvation on the activity of pAASS-GBR1, one of
the GR-KLF15-responsive luciferase reporters that we generated.
A requirement for two signals to fully activate PRODH, AASS, and
other genes that regulate amino acid metabolism, which were
highly overrepresented among coherent feed-forward GR-KLF15
expression profiles, provides a potential mechanism to constrain
the induction of metabolically costly gene programming by GCs
to appropriate physiologic circumstances. In that regard, mMTOR
signaling has been reported to modulate the catabolic effects of
GCs on skeletal muscle (19, 40). It remains to be determined
whether mTOR and other nutrition-sensitive signaling pathways
function through GR-KLF15 feed-forward logic to regulate amino
acid catabolism and energetics in the lung and other GR target
organs.

Two factors forming both coherent and incoherent feed-for-
ward circuits, as we have shown here for GR and KLF15 cross talk,
were observed only rarely in detailed analyses of circuit architec-
ture in lower organisms (11, 41). Thus, although ChIP data are
required to definitively classify additional members of the GR-
induced, KLF15-dependent gene sets as feed-forward targets, the
unusual coupling of both circuit structures to GR signaling is
likely to reflect distinct physiologic requirements for the expres-
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sion of genes subordinate to either syntax. This notion is sup-
ported by the differing ontologies and expression dynamics of the
presumptive coherent and incoherent GR-KLF15-dependent
gene sets. Whether the incoherent GR circuit provides for fold
change discrimination in response to increasing levels of hor-
mone, a distinguishing feature of incoherent feed-forward gene
regulation (42), remains to be determined. Fold change discrimi-
nation and other properties of feed-forward circuitry may also
contribute to differences in the dose-response to GCs that have
been observed for the expression of individual GR-regulated genes
(43, 44).

Kruppel-like factors are increasingly recognized as important
mediators of vital physiologic processes and are frequently regu-
lated by nuclear receptors (45-48). Relatively little is known about
how KLF family members achieve transcriptional specificity, as
the information content provided by their preferred DNA binding
sequences, the CACCC box and variants (49, 50), is relatively lim-
ited. Our work indicates that specificity for KLF15 is conferred in
part through composite elements containing both CACCC boxes
and GBRs (51), which adds to a growing number of examples of
combinatorial gene regulation by nuclear receptors and the KLF
family (52-55). Nuclear receptor signaling may thus impart spec-
ificity to the KLF family through a bipartite paradigm in which
individual nuclear receptors both induce specific KLF family
members and coregulate their transcriptional activity. This pro-
cess is likely to depend on cofactors both for nuclear receptors and
for KLF family members, such as p300 (56, 57), as well as the
underlying chromatin structure of potential target genes. Coregu-
lator activity, chromatin structure, and other cell type-specific
programming are also likely to selectively tune the output of GR-
KLF15 feed-forward circuits, providing a possible explanation for
the differences in the magnitude of AASS and PRODH induction
that we observed in A549 versus Beas-2B cells following dex treat-
ment and KLF15 transduction (Fig. 3F and G).

In addition to its profound role in normal physiology, GR is
widely targeted in the clinic by synthetic ligands to treat immune-
mediated disease (2). Our results suggest that dysregulated expres-
sion of selected GR targets, such as KLF15, could mediate altered
transcriptional responses to GC treatment for substantial subsets
of the GR-regulated transcriptome. In this model, individual GR
targets serve as feed-forward nodes that influence both therapeu-
tic efficacy and the development of catabolic side effects that fre-
quently complicate GC-based therapies. For example, reduced
food intake increases KLF15 expression (58), potentially predis-
posing malnourished patients to deleterious GC-induced cata-
bolic effects in the lung and other tissues. An expanded under-
standing of the circuit architecture and systems biology of the GR
signaling network thus holds promise for improving the develop-
ment and application of GC-based therapies in the clinic.
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