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Abstract

Nuclear receptors (NRs) are widely targeted to treat a range of human diseases. Feed-forward 

loops are an ancient mechanism through which single cell organisms organize transcriptional 

programming and modulate gene expression dynamics, but they have not been systematically 

studied as a regulatory paradigm for NR-mediated transcriptional responses. Here, we provide an 

overview of the basic properties of feed-forward loops as predicted by mathematical models and 

validated experimentally in single cell organisms. We review existing evidence implicating feed-

forward loops as important in controlling clinically relevant transcriptional responses to estrogens, 

progestins, and glucocorticoids, among other NR ligands. We propose that feed-forward 

transcriptional circuits are a major mechanism through which NRs integrate signals, exert 

temporal control over gene regulation, and compartmentalize client transcriptomes into discrete 

subunits. Implications for the design and function of novel selective NR ligands are discussed.
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1. Introduction

The nuclear receptor (NR) superfamily forms one of the most abundant classes of metazoan 

transcription factors (Mangelsdorf et al., 1995). Many NRs function as ligand-dependent, 

DNA-binding transcription factors that transduce specific molecular signals into adaptive 

responses at the level of gene expression. Their intrinsic abilities to bind and respond to 

small drug-like molecules, coupled with the regulatory control they exert over myriad 

physiologic and pathologic processes, have led to effective pharmacological targeting of a 

number of NRs (Huang, Chandra, & Rastinejad, 2010). However, the impact of therapeutic 

exploitation of NRs is substantially reduced by treatment resistance that variably occurs 

across a spectrum of diseases treated with NR modulators, and also by frequently severe side 

effects that are associated with systemic use of various NR ligands (Kremoser et al., 2007; 
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McMaster & Ray, 2007; Gross et al., 2009; Higgins & Depaoli, 2010; Ryan & Tindall, 

2011; Green et al., 2012; Rosenson et al., 2012; Ahmadian et al., 2013). Efforts to design 

new NR-based therapies that improve on these drawbacks have been complicated by several 

underlying features of NR biology (Aranda & Pascual, 2001; Deblois & Giguere, 2008; 

Bagamasbad & Denver, 2011; Jagannathan & Robinson-Rechavi, 2011), including: 1) a 

single NR can impact the expression of thousands of genes, including those encoding other 

NRs and DNA-binding transcription factors, 2) many downstream genes are regulatory 

targets of multiple NRs and other NR-regulated transcription factors, and 3) transcription of 

NR-regulated genes is a highly complex and tightly regulated event, involving other 

transcription factors and co-factors, the basal transcription machinery, and covalent 

modifications of both regulatory factors and chromatin. Thus, as highly intricate networks of 

interactions between target genes, proteins, and regulatory pathways influence NR signaling, 

developing compounds that precisely control a limited subset of downstream responses 

subject to regulation by a given NR remains a significant challenge.

Complex transcription regulatory networks have been intensely studied in lower model 

organisms, and these detailed theoretical, mathematical, and experimental analyses have 

clearly revealed that their structural organization is not random (see (Alon, 2007) for 

review). Rather, these networks were found to contain a common set of simple connectivity 

patterns called network motifs, each of which is predicted to carry out specific information 

processing functions (Milo et al., 2002). One of the most commonly recurring network 

motifs identified initially within the transcription networks of the bacterium Escherichia coli 

(Shen-Orr et al., 2002) and the yeast Saccharomyces cerevisiae (Lee et al., 2002) is the feed-

forward loop (FFL). The FFL appears in hundreds of gene networks in bacteria and yeast, 

and has since been recognized to be prevalent in regulatory hierarchies of plant (Saddic et 

al., 2006), animal (Duggan et al., 1998; Davidson et al., 2002; Iranfar et al., 2006), and even 

human (Moroni et al., 2001; Mullen et al., 2002; Boyer et al., 2005; Swiers et al., 2006; 

Krejci et al., 2009) cells, suggesting an important role for this highly conserved motif in 

controlling metazoan gene expression. Here, we will briefly review the architecture of the 

FFL, as well as its predicted functional properties based on the different structural 

configurations it can assume. We will present evidence suggesting that NRs participate in 

canonical FFLs to regulate subsets of downstream target genes, and then examine how this 

organization may confer specific timing and signal integration properties to client gene 

expression in mammalian cells. We will lastly consider how feed-forward logic could 

potentially explain some of the pharmacologic outcomes of NR targeting that remain poorly 

understood.

2. Overview of feed-forward loop (FFL) structure and function

In contrast to a basic positive feedback (autoregulatory) transcriptional loop, which consists 

of a single transcription factor X that directly or indirectly enhances its own rate of 

production (Alon, 2007), the feed-forward loop is represented by a three-node directional 

structure (Mangan & Alon, 2003) that is driven by a primary, inducible transcription factor 

X. In the FFL, the regulatory effect of factor X on target gene Z is the combinatorial result 

of 1) a direct path from factor X to target gene Z, where X binds to and directly regulates Z 

expression, and 2) an indirect path from factor X to gene Z via a secondary, inducible 
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transcription factor Y, in which X binds to and directly regulates Y expression, and then Y 

binds to and directly regulates Z expression. Thus, there are three separate, obligate 

regulatory events within an FFL (X to Z, X to Y, and Y to Z), and each can result in either 

positive (induction) or negative (repression) effects on transcription, providing 8 possible 

structural configurations of the circuit (Fig. 1). If the regulatory effect of the direct 

regulation path (X to Z) is the same as the overall effect of the indirect regulation path (X 

through Y to Z), the FFL has a coherent configuration (Fig. 1, top); if these effects are 

opposing, the FFL has an incoherent configuration (Fig. 1, bottom). The combinatorial effect 

of X and Y on Z expression will further depend on the type of logic that integrates the two 

inputs (X and Y), for example, AND-like logic is often utilized in biological systems, in 

which both X and Y are required to regulate Z. As will be explored in greater detail below, 

these distinct connectivity patterns can be modeled mathematically and validated 

experimentally to bestow unique response characteristics to feed-forward target genes. This 

suggests the intriguing possibility that a given target gene’s response to a specific signal or 

set of signals could be predicted if the structural configuration of its regulatory FFL were 

known.

In E. coli and S. cerevisiae, two of the possible eight structural configurations of 

transcriptional FFLs have been found to occur significantly more frequently than any other 

(Mangan & Alon, 2003; Alon, 2007). The most abundant FFL configuration in both species 

was the coherent-type 1, in which both X and Y are activators of target gene Z (Fig. 1, top 

left). In the coherent-type 1 FFL with AND-like logic (both X and Y are required), 

theoretical and synthetic circuit analyses in isolated systems predict a temporal delay in the 

response of gene Z to activation of primary factor X, as Z production would not begin until 

secondary factor Y had accumulated to a sufficient amount to cross the activation threshold 

for Z (Shen-Orr et al., 2002; Mangan & Alon, 2003). Such a response delay could provide a 

useful mechanism by which only persistent signals would be sufficient to induce Z, as any 

background noise generating brief pulses of signal would be filtered out. This anticipated 

function was experimentally validated in the context of the living cell using the well-

characterized L-arabinose utilization system of E. coli (Mangan et al., 2003). In this FFL 

with demonstrated coherent-type 1 connectivity and AND-like logic, addition of primary 

input signal (cAMP, a cellular indicator of glucose deprivation) was followed by a nearly 20 

minute delay before significant changes in target gene expression were detectable, indicating 

that a temporal delay function can be fulfilled by coherent-type 1 FFL architecture in vivo. 

The second most frequently recurring circuit structure in E. coli and yeast transcriptional 

FFLs was the incoherent-type 1, in which X is an activator of Y and Z, but Y represses Z 

(Fig. 1, bottom left). Although only one of the three regulatory events is different in this 

configuration (Y repressing Z) as compared to the coherent-type 1 FFL, the predicted 

effects on the response of target gene Z are fundamentally different. For example, modeling 

analyses in isolated incoherent-type 1 FFL systems predict an accelerated response time (to 

reach steady-state) of target gene Z following activation of primary factor X, as production 

of Z (driven by a strong promoter) would achieve rapid initial induction/overshoot followed 

by a delayed reduction to desired steady-state levels as the concentration of repressor Y 

accumulates to threshold levels (Mangan & Alon, 2003). This behavior was observed in 

studies of the galactose utilization system of living E. coli (Mangan et al., 2006), an FFL 
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exhibiting incoherent-type 1 connectivity that showed a nearly threefold faster response time 

(to reach steady-state) of its target gene (galETK) compared to a reference gene under 

simple (not feed-forward) regulatory control.

Experimental validation of the predicted dynamic properties of the eight possible FFL 

configurations has been, to our knowledge, limited to type 1 coherent and incoherent 

circuitries, likely reflecting their vast overrepresentation among FFLs identified in lower 

model organisms. However, functions are still predictable for the other less common 

configurations. According to Alon and colleagues (Mangan & Alon, 2003), all four coherent 

FFL types could provide a delay function, and all four incoherent FFLs could facilitate 

response acceleration, but the specific properties of these responses would be dictated by the 

interactions among the major regulatory players. For example, a type 3-coherent FFL (see 

Fig. 1) is predicted to confer a delayed return to baseline expression of the downstream 

target Z if accumulated repressor Y maintains active repression of Z even after the activity 

of factor X has terminated. FFL regulatory systems thus appear to confer distinct timing 

properties to target gene expression responses that depend on the underlying circuit 

architecture.

In addition to providing a mechanism to control expression dynamics, some feed-forward 

configurations enable the effects of two signals to be integrated at the transcriptional level 

(Mangan & Alon, 2003). For example, in a coherent-type 1 or incoherent-type 1 FFL (Fig. 

1), a signal that influences the expression of factor Y would be expected to alter the timing 

and magnitude of gene Z expression in response to a primary signal that induces factor X 

activity. Moreover, if the level of factor Y that is required for regulation of Z cannot be 

achieved simply through factor X-mediated induction of factor Y, a second signal that 

induces factor Y could serve as a gating event required for downstream regulation of gene Z 

in response to factor X activation. Under this regime, clients of factor X:Y FFLs would only 

be induced in the presence of signals activating both factors X and Y. Thus, pharmacologic 

manipulation of factor X would be predicted to variably alter gene Z expression depending 

on the presence or absence of signals regulating factor Y activity.

3. Evidence for NR-controlled FFLs

NRs are subject to a wide range of regulatory mechanisms including cell-type specific 

combinations of co-regulator expression, tissue-restricted chromatin organization, and post-

translational modifications (George et al., 2011; Yokoyama et al., 2011; King et al., 2012; 

Magnani et al., 2012; Knutson & Lange, 2013; Oakley & Cidlowski, 2013; Sever & Glass, 

2013; Abdel-Hafiz & Horwitz, 2014). In addition to these, a growing number of reports 

directly or indirectly establish that feed-forward circuitry contributes to the hierarchical 

organization and control of NR-regulated gene expression networks (Zhang et al., 2002, 

2003; Laganiere et al., 2005; Carroll et al., 2006; Villanueva et al., 2011; Grunewald et al., 

2012; Ross-Innes et al., 2012; Tan et al., 2012; Sasse et al., 2013). Our working definition of 

an NR-controlled FFL is congruent with that of Mangan and Alon (2003), in that 1) it would 

be driven by the NR as the primary transcription factor (factor X) that would directly 

regulate the expression of a secondary transcription factor (factor Y), and 2) the NR and 

factor Y would both bind the regulatory region of target gene Z and jointly modulate its 
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transcription. While few studies have systematically demonstrated fulfillment of all of the 

above defining criteria for a single putative NR-driven FFL (e.g. Villanueva et al., 2011, 

Sasse et al., 2013), we identified examples within existing publications focusing on 

progesterone receptor (PR; Zhang et al., 2002, 2003; Velarde et al., 2006; Pabona et al., 

2012; Rubel et al., 2012), estrogen receptor-α (ERα; Robyr et al., 2000; Laganiere et al., 

2005; Carroll et al., 2006; Fullwood et al., 2009; Al Saleh et al., 2011; Ross-Innes et al., 

2012; Mohammed et al., 2013), androgen receptor (AR; Thomas et al., 2010; Tan et al., 

2012), peroxisome proliferator-activated receptor gamma (PPARγ; Villanueva et al., 2011), 

and glucocorticoid receptor (GR; Sasse et al., 2013) signaling that are consistent with these 

NRs forming multiple feed-forward circuits that regulate target gene expression. Examples 

will be briefly reviewed below and are summarized in Table 1.

3.1. PR forms FFLs with KLF9 and SOX17

Induction of PR signaling is a cornerstone in the treatment of endometriosis, a painful 

disorder defined by ectopic growth of endometrial tissue that afflicts roughly 5% of 

Caucasian females between the ages of 18 and 49 (Johnson & Hummelshoj, 2013; Rogers et 

al., 2013). Thus, mechanisms of PR action have important implications for therapeutics. 

With that backdrop, it was intriguing to find a series of studies suggesting that PR and the 

transcription factor Kruppel-like factor 9 (KLF9) meet many of the basic requirements for 

factors X and Y of a feed-forward circuit. For example, progesterone treatment induced 

KLF9 expression in endometrial epithelial cells that was abrogated by PR knockdown 

(Velarde et al., 2006), and several PR-occupied genomic sites were discovered in close 

proximity to the KLF9 locus (Rubel et al., 2012), indicating that KLF9 is a direct 

transcriptional target of PR. Velarde et al. (2006) subsequently identified secretory 

leukocyte peptidase inhibitor (SLPI) as a PR target gene whose induction by progesterone 

was reduced following KLF9 knockdown. Further, SLPI expression was dose-dependently 

increased by KLF9 overexpression, and the SLPI promoter was co-occupied by PR and 

KLF9, suggestive of coherent-type 1 feed-forward regulation of SLPI by PR and KLF9 (see 

Fig. 1). PR and KLF9 were also shown to physically interact in endometrial epithelial cells 

(Zhang et al., 2002), where they co-regulated the expression of several progesterone-

responsive genes, including dickkopf WNT signaling pathway inhibitor 1 (DKK1), whose 

promoter was bound by both PR and KLF9 (Pabona et al., 2012).

Like many transcription factors (Latchman, 2001), KLF9 can act as both transcriptional 

activator and repressor, depending on cell and promoter context (Zhang et al., 2003). This 

implies that the same two factors (PR and KLF9 in this case) are capable of regulating 

downstream target genes through either type I coherent or incoherent feed-forward logic. 

Accordingly, KLF9 knockdown in endometrial stromal cells was shown to decrease the 

expression of some direct PR targets (e.g. protein regulator of cytokinesis 1 (PRC1), 

ubiquitin-like with PHD and ring finger domains 1 (UHRF1)) while simultaneously 

increasing the expression of others (e.g. insulin-like growth factor binding protein 1 

(IGFBP1), family with sequence similarity 167, member A (FAM167A)), consistent with 

both coherent-type 1 (in the former case) and incoherent-type 1 (in the latter case) feed-

forward regulation by PR:KLF9 cross-talk (Pabona et al., 2012). Thus, while additional 

work is required to establish direct binding and regulation of these putative target genes by 
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PR and KLF9, these findings strongly suggest that subsets of the transcriptional response to 

progesterone in the endometrium are differentially regulated by distinct configurations of 

PR:KLF9 FFLs. Intriguingly, varied chemistry of PR ligands altered the transcriptional 

effects of PR:KLF9 cross-talk (Zhang et al., 2003), indicating that ligand chemistry may 

exert selective effects on NR-mediated gene regulation in part through perturbing FFL 

function, a concept we will explore in greater detail later in the review.

Beyond providing supporting evidence of direct regulation of KLF9 by PR, data from a 

genome-wide study of PR occupancy identified another transcription factor termed SRY 

(sex determining region Y)-box 17 (Sox17) as a direct target of PR signaling in the mouse 

uterus (Rubel et al., 2012). SOX17 binding site motifs were significantly enriched near PR-

binding sites of known PR target genes, and further analysis revealed PR:SOX17 co-

occupancy at a subset of these genes (Rubel et al., 2012). Another study in rabbit 

endometrium (Garcia et al., 2007) characterized the secretoglobin, family 1A, member 1 

(uteroglobin; SCGB1A1) gene as a direct PR target with a co-localized SOX17 binding site 

in its promoter region. Although additional experiments would be required to confirm direct 

regulatory effects of PR and SOX17 on these putative target genes, the results support the 

notion that PR:SOX17 feed-forward architecture regulates a sector of endometrial 

transcriptional responses to progesterone.

3.2. ERα forms FFLs with FOXA1 and other targets

ERα signaling is a major driver of breast cancer proliferation, and pharmacologic inhibition 

of ERα activity is employed widely in the clinic to reduce the risk of breast cancer 

recurrence. Research on ERα signaling led to the discovery by several groups that the 

transcription factor named forkhead box A1 (FOXA1) is a key co-regulator of ERα activity 

(Robyr et al., 2000; Carroll et al., 2005; Laganiere et al., 2005). A number of studies provide 

evidence that FOXA1 expression is directly induced by ERα at the transcriptional level, 

including data showing that ERα knockdown reduces FOXA1 expression (Al Saleh et al., 

2011), and that ERα occupies chromatin within/near the FOXA1 coding region (Laganiere et 

al., 2005; Fullwood et al., 2009) in MCF-7 breast cancer cells. Moreover, substantial 

genome-wide overlap between ERα and FOXA1 occupancy has been observed in clinical 

samples of breast cancer tissue and in breast cancer cell lines (Ross-Innes et al., 2012), 

where FOXA1 regulates a subset of ERα-dependent gene expression responses, including 

genes implicated in estrogen-mediated proliferation. For example, trefoil factor 1 (TFF1) 

was identified as a direct ERα and FOXA1 gene target in MCF-7 cells whose induction by 

estrogen was markedly reduced with FOXA1 knockdown (Carroll et al., 2005; Laganiere et 

al., 2005), consistent with coherent-type 1 feed-forward regulation of TFF1 by ERα and 

FOXA1 (see Fig. 1). ERα and FOXA1 may thus be poised to utilize feed-forward signaling 

to regulate the expression of multiple therapeutically relevant effectors of estrogen 

signaling.

While most work investigating ER-regulated transcription has focused on estrogen-induced 

genes, repression of gene expression constitutes a significant portion of all ER-dependent 

transcriptional changes in a cell (Carroll et al., 2006), although the underlying mechanisms 

are less well understood. In this regard, it has been found that ERα uses the corepressor 
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termed nuclear receptor interacting protein 1 (NRIP1) to influence estrogen-mediated gene 

repression through a mechanism corresponding to coherent-type 3 feed-forward circuitry 

(see Fig. 1). Specifically, NRIP1 was directly bound and induced by ERα in MCF-7 cells 

(Carroll et al., 2005), where it was required for subsequent regulation of several late 

estrogen-repressed target genes. This subset included breast carcinoma amplified sequence 4 

(BCAS4), iroquois homeobox 4 (IRX4), glucuronidase, beta (GUSB) and mucin 1, cell 

surface associated (MUC1), the regulatory regions of which were co-occupied by ERα and 

NRIP1 (Carroll et al., 2006). More recently, ERα-mediated induction of growth regulation 

by estrogen in breast cancer 1 (GREB1) was shown to result in ERα:GREB1 regulatory 

complexes that occupied genomic loci corresponding to subsets of both ER-induced and -

repressed genes, such as chemokine (C-X-C motif) ligand 12 (CXCL12) and tripartite motif 

containing 5 (TRIM5), respectively (Mohammed et al., 2013). Coherent-type 3 FFLs may 

thus represent a novel mechanism through which ER and likely other nuclear receptors 

mediate target gene repression. However, verifying that a putative NR-FFL meets the 

criteria for a coherent-type 3 circuit may be complicated by accumulating genome-wide 

evidence that relatively few NR-repressed genes are located within realistic proximity to 

genomic NR binding sites to be direct targets (e.g. Santos et al., 2010). Nevertheless, these 

studies of ERα cross-talk with FOXA1, NRIP1, and GREB1 collectively suggest that FFLs 

feature prominently in the molecular control of ERα-mediated transcriptional regulation.

3.3. Induction of NKX3-1 by AR drives feed-forward gene regulation in prostate cancer 
cells

Similar to the important role of ERα in breast cancer, AR signaling drives prostate cancer 

cell proliferation. Two recent studies indicate that the transcription factor NK3 homeobox 1 

(NKX3-1) is an important co-regulator of AR-mediated transcriptional responses in cell line 

models of prostate cancer. For example, Thomas et al. (2010) showed that AR directly binds 

to and induces expression of NKX3-1 in LnCAP prostate cancer cells. This was followed by 

a genome-wide characterization of AR:NKX3-1 cross-talk in LnCAP cells (Tan et al., 2012) 

that confirmed direct regulation of NKX3-1 by AR, which subsequently co-regulates the 

expression of a subset of AR target genes. In fact, overlap between AR and NKX3-1 

genomic occupancy occurred at ~10% of all AR binding regions in this study. Notably, this 

subset of AR:NKX3-1 co-occupied genes contained many targets found in advanced 

prostate cancer, and was particularly enriched for genes involved in protein trafficking, 

including several members of the RAS oncogene family (RAB3B, RAB36, RAB20). Tan et 

al. (2012) reported reduced androgenic induction of RAB3B with NKX3-1 knockdown, 

suggestive of coherent-type 1 regulation of RAB3B by AR:NKX3-1, and further showed that 

RAB3B knockdown resulted in significant LnCAP cell death, indicating a critical role for 

RAB3B in prostate cancer cell survival. These findings suggest that AR forms feed-forward 

loops with NKX3-1 that modulate the transcriptional regulation of AR targets with 

important roles in prostate cancer survival and treatment responses.

3.4. PPARγ:TLE3 feed-forward regulation of adipogenesis

PPARγ is a central regulator of adipogenesis and also is targeted as an insulin sensitizer to 

treat type II diabetes. Villanueva and colleagues found that mRNA and protein expression of 

the transcription factor transducin-like enhancer of split 3 (TLE3) was dynamically 
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increased during PPARγ-dependent adipogenesis of cultured murine preadipocytes (10T1/2 

and 3T3-L1) and was further enhanced by treatment with a PPARγ (Villanueva et al., 2013). 

They mined existing genome-wide PPARγ binding data (Nielsen et al., 2008) to identify 

putative PPARγ binding sites in the mouse Tle3 locus, and then demonstrated through 

chromatin immunoprecipitation that Tle3 is a direct transcriptional target of PPARγ. They 

used cultured preadipocytes to show that Tle3 knockdown diminished adipogenic gene 

programming whereas stable overexpression of Tle3 promoted adipogenesis in a PPARγ-

dependent process, and an in vivo model to illustrate that forced expression of TLE3 in 

murine adipose tissue altered fatty acid oxidation, improved systemic glucose homeostasis, 

and led to enhanced insulin sensitivity (Villanueva et al., 2013). Moreover, microarray 

analysis revealed that TLE3 regulated the expression of ~25% of PPARγ-regulated genes in 

10T1/2 cells, including many established direct targets of PPARγ, such as fatty acid binding 

protein 4, adipocyte (Fabp4) and CD36 molecule (thrombospondin receptor; Cd36). These, 

and several other up-regulated adipocyte-selective genes (e.g. aquaporin 7 (Aqp7), 1-

acylglycerol-3-phosphate O-acyltransferase 2 (Agpat2), lipoprotein lipase (Lpl)) were 

further shown to be co-occupied by PPARγ and TLE3 at genomic PPARγ response 

elements, indicating that multiple adipogenic genes are subject to PPARγ:TLE3 coherent-

type 1 feed-forward regulation. Together, these findings by Villanueva et al. (2011), many 

of which were validated in a subsequent study (Villanueva et al., 2013), establish that 

PPARγ and TLE3 form FFLs that regulate adipogenic differentiation and may determine 

both therapeutic and pathologic consequences of PPARγ signaling.

3.5. Glucocorticoid receptor (GR):KLF15 FFLs influence transcriptional dynamics

Despite the growing number of reports indicating that NRs interact with secondary 

transcription factors in a manner consistent with FFL architecture, few studies have 

determined whether FFLs endow properties to NR-driven gene regulation that mirror the 

functions of these circuits in lower organisms. Our work (Sasse et al., 2013), and also work 

from Chen and colleagues (Chen et al., 2013), has begun to address this largely unexplored 

area. We showed that induction of the transcription factor Kruppel-like factor 15 (KLF15) 

by GR leads to both coherent (e.g. aminoadipate-semialdehyde synthase (AASS), glycine N-

methyltransferase (GNMT), proline dehydrogenase (oxidase) 1 (PRODH)) and incoherent 

(e.g. metallothionein 2A (MT2A), TCDD-inducible poly(ADP-ribose) polymerase 

(TIPARP)) feed-forward gene regulation, and that ~7% of the GR-regulated transcriptome in 

murine lungs depended on Klf15 for correct expression responses to systemic injection of 

dexamethasone (dex), a synthetic GR agonist widely used in the clinic. The expression 

dynamics (i.e. expression changes as a function of time) of genes with reduced expression in 

Klf15−/− mice following dex treatment, a pattern consistent with GR:KLF15 coherent feed-

forward circuitry, were distinct from those of GR:KLF15 target genes that followed 

incoherent logic (those with enhanced expression in Klf15−/− mice after dex treatment). 

Interestingly, the sets of genes under coherent versus incoherent feed-forward regulatory 

control had distinct gene ontologies, with coherent targets of the GR:KLF15 axis remarkably 

enriched for genes implicated in amino acid catabolism, and incoherent targets strongly 

enriched for genes implicated in metal binding and N-glycosylation, indicating that 

functional significance is associated with specific patterns of GR:KLF15 dependency. 

Moreover, we found that KLF15 expression was induced by acute serum deprivation in 
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cultured human airway epithelial cells, corresponding with enhanced responses to GR 

induction for a subset of coherent GR:KLF15 targets. This suggests that regulation of 

KLF15 through GR-independent mechanisms may be integrated to modulate catabolic gene 

programming responses to GR activation. Taken together, these data indicate that many of 

the regulatory properties associated with FFLs in bacteria and yeast appear to be similarly 

enabled in mammalian cells by GR:KLF15 FFLs.

4. Feed-forward circuitry and NRs: implications for therapeutics

As we have reviewed above, a growing number of feed-forward circuits have been identified 

as contributing to NR-mediated gene regulation. Moreover, the prevalence of transcription 

factors among direct and/or strongly induced targets of various NRs, as revealed by genome-

wide expression profiling and occupancy analyses (Carroll et al., 2006; Reddy et al., 2009; 

Masuno et al., 2011; Rubel et al., 2012), suggests a much broader potential footprint for this 

ancient regulatory motif within the architecture of NR signaling networks. That (secondary) 

transcription factors can be regulatory targets of multiple nuclear receptors adds an 

additional layer of complexity when viewing these circuits and their potential for cross-talk 

in the context of a global transcriptional regulatory network. For the GR:KLF15 network, 

FFL motifs appear to confer many of the specific timing properties to client gene regulation 

that are predicted by elegant work in lower organisms. Similarly, genes under control of 

ERα:NRIP1 feed-forward circuitry exhibited late repression, a predicted outcome of 

coherent-type 3 FFL gene regulation (Mangan & Alon, 2003). We therefore propose that 

feed-forward regulation is a major mechanism through which the temporal properties of NR-

regulated gene programming are controlled. Further, FFLs provide an important system 

through which non-ligand signals can be integrated into NR-regulated gene expression 

responses. Specifically, signals that control the “factor Y” in any NR-driven FFL would be 

predicted to exert control over the subset of genes subordinate to regulation through FFLs 

comprised of the NR and factor Y.

The potentially broad role of FFLs within NR networks has important implications for 

pharmacologic manipulation of individual NRs. For example, a range of so-called selective 

GR ligands that enable only a subset of the transcriptional effects of GR activation by 

standard ligands have been developed, with a goal of minimizing GR-associated side effects 

associated with the induction of specific GR targets (De Bosscher, Haegeman, and Elewaut, 

2010). Many of these ligands act as partial agonists with respect to gene induction by GR 

(for example, see Bungard et al., 2011). In Fig. 2, in a highly simplified model, we consider 

the theoretical transcriptional responses to a hypothetical selective GR ligand in the context 

of GR:KLF15 FFLs. Although the structures of the FFLs we depict have been established 

experimentally, the combinatorial effects of GR and KLF15 on target gene transcription 

represented in this model should be construed as a heuristic tool rather than a direct 

reflection of GR:KLF15 composite interactions on transcriptional rates. As seen in Fig. 2A, 

in this model, a standard GR ligand enables the GR: KLF15 coherent-type 1 feed-forward 

target, AASS, to achieve a specific expression level, Ȳ, secondary to combined inductive 

activity of GR and KLF15 on AASS expression. In Fig. 2B, the incoherent-type 1 feed-

forward target, MT2A, is expressed at level Z̄, which is a result of the inductive effects of 

GR combined with repressive effects of KLF15. In Fig. 2C–D, the hypothetical effects of a 
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selective ligand, which enables only 50% of GR-mediated gene induction, are illustrated. In 

this scenario, regulation of AASS would be reduced to 25% of Y (Fig. 2C), secondary to 

combinatorial effects of reduced direct induction of AASS by GR, and reduced GR-mediated 

induction of KLF15. In contrast, MT2A expression would be at 75% of the level attained 

with a traditional ligand, as reduced induction of MT2A by GR would be offset by reduced 

KLF15-driven inhibition (Fig. 2D). Thus, a selective ligand that simply enables reduced GR 

inductive activity at primary targets could generate distinct transcriptional responses at GR 

targets regulated through coherent versus incoherent feed-forward logic.

In addition to implications for selective ligands, feed-forward gene regulation could enable 

threshold responses to standard NR ligands that do not correlate with traditional dose 

response characteristics. Specifically, in line with the reasoning outlined above, dose 

response effects of traditional ligands on gene expression would be expected to vary 

between coherent and incoherent targets. It is also conceivable that clients of putative 

NR:factor Y coherent-type 1 FFLs may require prolonged exposure to an NR ligand, or a 

secondary signal that increases factor Y activity, for efficient induction to occur. An 

extension of this notion is that selected side effects of NRs that are regulated through the 

activity of FFLs may only occur if specific cross-regulatory pathways are also activated. For 

example, metabolic stress induces KLF15 in a GR-independent process (Gray et al., 2007), 

and KLF15 is implicated in mediating aspects of GR-induced muscle atrophy (Shimizu et 

al., 2011). Thus, patients with elevated KLF15 expression, perhaps secondary to critical 

illness-related alterations in metabolism, may be especially susceptible to GR-induced 

muscle atrophy. This, and many other potential implications of feed-forward circuitry in 

mediating side effects and modulating therapeutic effects of NR ligands, awaits further 

study.

In summary, FFLs represent an evolutionarily conserved system for controlling gene 

expression dynamics and facilitating the integration of multiple signals at the transcriptional 

level. Emerging evidence indicates that FFLs are prevalent in NR-mediated transcriptional 

regulation. A small number of studies have also linked NR-driven FFLs to established 

properties of FFLs in lower organisms. Future research is needed to fully establish the roles 

that FFLs play in regulating varied gene expression responses to selective NR ligands and in 

modulating treatment responses through non-ligand signal integration.
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PR progesterone receptor

PPAR peroxisome proliferator-activated receptor

GR glucocorticoid receptor
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Fig. 1. 
Structural configurations of the transcriptional feed-forward loop (FFL). The FFL consists 

of a primary transcription factor X, which regulates a secondary transcription factor Y, such 

that X and Y both individually and combinatorially regulate expression of target gene Z. 

Each of the three regulatory events can be positive or negative, providing for the 8 possible 

structural configurations of the FFL presented here. In this schematic, lines heading in 

arrowheads represent induction, and lines ending with a perpendicular dash indicate 

repression. The two most common types of transcriptional feed-forward networks of E. coli 

and yeast are the coherent-type 1 and incoherent-type 1 FFLs, depicted in the top left and 

bottom left panels, respectively. Each distinct connectivity pattern has been found/is 

predicted to confer unique response profiles to feed-forward target genes.
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Fig. 2. 
A simplified, theoretical model comparing the effects of a hypothetical selective GR ligand 

on the expression of a GR:KLF15 coherent feed-forward target, AASS, and a GR:KLF15 

incoherent feed-forward target, MT2A. A. With a standard GR ligand, shown as a blue 

circle, AASS expression is induced to level Ȳ, based on the combinatorial activity of both 

GR and KLF15. B. Similar to A, MT2A is induced to level Z̄, which represents combined 

inductive effects of GR and repressive effects of GR-induced KLF15. C. Here, a selective 

GR ligand, shown as an orange circle, causes GR to induce 50% of the expression level of 

KLF15 and AASS that was achieved with the standard ligand. However, the final level of 

AASS expression is 25% Ȳ, since lower GR-induced KLF15 levels lead to further decreases 

in AASS expression. D. Here the putative effects of the selective GR ligand are shown on the 

expression of the incoherent feed-forward target, MT2A. In this case, reduced GR-mediated 

induction of KLF15 in part balances the reduced inductive effect of GR on MT2A, leading to 

75% expression of MT2A.
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Table 1

Selected nuclear receptors, their feed-forward regulatory partners, and examples of (putative) feed-forward 

gene targets highlighted in this review.

Primary transcription factor (nuclear 
receptor)

Secondary transcription factor/alternative 
name Feed-forward target gene(s)

[Factor X] [Factor Y] [Gene Z]

PR KLF9/BTEB1 SLP1, DKK1, PRC1, UHRF1, IGFBP1, FAM167A

PR SOX17/VUR3 Ihh, Areg, SCGB1A1

ERα FOXA1/HNF3A TFF1

ERα NRIP1/RIP140 BCAS4, IRX4, GUSB, MUC1

ERα GREB1 CXCL12, TRIM5

AR NKX3-1/NKX3A RAB3B, RAB36, RAB20

PPARγ TLE3/GRG3 Ap2, Cd36, Aqp7, Agpat2, Lpl

GR KLF15/KKLF AASS, PRODH, MT2A
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