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Graphical Abstract

A palindrome reads the same forward as backward (compare top left to right). A regulatory 

palindrome is a typically imperfect inverted sequence repeat that is bound by a transcription 

factor homodimer, e.g. in mammalian steroid receptor signaling (bottom left) and Drosophila 
photoreceptor differentiation (bottom right). The underlying mechanisms remain incompletely 

understood.

Summary

In human languages, a palindrome reads the same forward as backward (e.g. ‘madam’). In 

regulatory DNA, a palindrome is an inverted sequence repeat that allows a transcription factor to 

bind as a homodimer or as a heterodimer with another type of transcription factor. Regulatory 

palindromes are typically imperfect, i.e. the repeated sequences differ in at least one base pair, 
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but the functional significance of this asymmetry remains poorly understood. Here, we review 

the use of imperfect palindromes in Drosophila photoreceptor differentiation and mammalian 

steroid receptor signaling. Moreover, we discuss mechanistic explanations for the predominance 

of imperfect palindromes over perfect palindromes in these two gene regulatory contexts. Lastly, 

we propose to elucidate whether specific imperfectly palindromic variants have specific regulatory 

functions in steroid receptor signaling and whether such variants can help predict transcriptional 

outcomes as well as the response of individual patients to drug treatments.
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Introduction

Genomic regulatory regions such as enhancers and promoters contain short DNA sequences 

that are called cis-regulatory motifs [1,2]. Cis-regulatory motifs are recognized by sequence-

specific transcription factors that direct where, when, and the levels at which genes are 

expressed [3] (Fig. 1a). A special type of cis-regulatory motif is the palindrome, which 

resembles a palindromic word that, by definition, reads the same forward as backward (e.g. 

‘racecar’; see also Fig. 1b). In cis-regulatory palindromes, the first half of the palindromic 

DNA sequence (which we will call left ‘half-site’) is repeated as its reverse complement 

(the right ‘half-site’) on the same DNA strand and thus follows in reverse orientation on 

the opposite strand (e.g. 5’ TAATTGAATTA 3’ and 3’ ATTAACTTAAT 5’; Fig. 1c). In this 

essay, we thus consider cis-regulatory palindromes to be composed of a left half-site, central 

sequences, and a right half-site.

Palindromic words can have an even (e.g. ‘noon’) or an odd number of letters (e.g. 

‘rotator’). Cis-regulatory palindromes can also consist of an odd number of base pairs, 

which can make it difficult to judge from sequence alone whether the central bases are 

unbound spacer sequences or belong to the bound left and right half-sites (e.g. the central 

G in TAATTGAATTA; Fig. 1c). In human languages, the inverted repeats in single-word 

palindromes have to be perfect in order to mean the same forward as backward (e.g. ‘noon’ 

and not ‘noun’). However, cis-regulatory palindromes rarely have such perfectly inverted 

repeats and the sequences of the left and right half-site therefore differ in at least one base 

pair. Here, we use the word ‘palindromic’ to imply ‘palindrome-like’ and to include both 

perfect and imperfect cis-regulatory palindrome types.

The cis-regulatory palindrome allows a sequence-specific transcription factor to 

cooperatively bind as a homodimer to the left and the right half-sites on opposite DNA 

strands such that each half-site is occupied by one DNA-binding domain [4] (Fig. 1c); the 

central sequences may (see Drosophila retina example below) or may not be bound. This 

cooperative interaction of the two DNA-binding domains can result in stronger dimeric 

binding compared to the binding of a monomeric DNA-binding domain to the left or right 

half-site [4,5].
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Palindromic motifs can also be bound by heterodimers of two different transcription factor 

types (Fig. 1d) and thereby mediate cell type-specific combinatorial gene regulation. For 

instance, Jun family proteins can form homodimers but also heterodimers with Fos family 

proteins on the palindromic AP-1 motif (TGAG/CTCA) [6,7]. Moreover, the bHLHZ protein 

Max can homodimerize, but also heterodimerize with the closely related bHLHZ protein 

Myc on the palindromic E box motif (CACGTG) [8,9]. Max homodimers bind the E box 

with lower affinity than Myc-Max heterodimers [10–12]. Notably, different heterodimer 

combinations can drive different transcriptional outcomes: while the Myc-Max heterodimer 

activates gene expression, the Mad-Max heterodimer mediates transcriptional repression 

[13].

While the cooperative binding of transcription factor homodimers or heterodimers to 

palindromic motifs appears to resemble the cooperative binding of transcription factors 

to nonpalindromic motifs, structural studies of homodimeric glucocorticoid receptor (GR) 

binding to palindromic glucocorticoid response elements (GREs) suggest a unique feature 

of palindromic binding sites: each GRE half-site acts as a sequence-specific allosteric ligand 

for the GR monomer that binds to it and subtle sequence variations in the half-site affect the 

binding affinity as well as the conformation of the bound GR monomer [14]. Remarkably, 

the alteration of the sequence of one half-site can also modify the conformation of the 

second GR monomer that binds to the other half site [15] and the two monomers thus appear 

to be able to communicate with each other across the half-sites [14]. This complex interplay 

between the variations in both palindromic half-sites could allow the GR dimer to interpret 

a longer (palindromic) sequence and communicate this information to the transcription 

machinery to affect target gene expression [15].

To gain insights into the roles of palindromic motifs in gene expression, we review two 

regulatory contexts that rely on them: Drosophila terminal photoreceptor differentiation 

and mammalian steroid hormone signaling. We discuss mechanisms that explain the 

predominance of imperfect palindromes over perfect palindromes in regulatory DNA and 

propose that asymmetric inverted repeats are an evolutionarily conserved mechanism for 

differential gene expression.

1. The role of palindromic motifs in photoreceptor terminal differentiation 

in Drosophila

Sequence-specific terminal selector transcription factors co-regulate sets of functionally 

related genes through shared cis-regulatory motifs; terminal selectors thereby control the 

terminal differentiation of post-mitotic neurons and define their identity and function [16–

18]. The role of homeodomain transcription factors [19] that act as terminal selectors 

through binding to cis-regulatory palindromes (Fig. 2a) in terminally differentiating 

Drosophila photoreceptor neurons has been studied in detail [20,21]. As we discuss below, 

the differential expression of phototransduction genes in all photoreceptor neurons and 

rhodopsin genes in a subset of photoreceptor neurons is based on specific imperfectly 

palindromic motifs with different degrees of half-site symmetry (Fig. 2a).
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1.1. Drosophila photoreceptor neurons express two types of homeodomain transcription 
factors that prefer different palindromic motif variants

The homeodomain transcription factors PvuII-PstI homology 13 (Pph13) and Orthodenticle 

(Otd) drive the broad expression of phototransduction proteins in all photoreceptor neurons 

(Figs. 2b and 2c), but also – in combination with repressors – the restricted expression of 

specific color-sensing Rhodopsin proteins in different photoreceptor subtypes [21–25]. Like 

most homeodomain transcription factors [26–28], Pph13 and Otd bind TAAT homeodomain 

core motifs with high affinity [4,19,27–31]. However, their homeodomains differ in the 

amino acid residue at position 50 – Pph13 has a glutamine/Q50 while Otd has a lysine/K50 

– that is part of the recognition helix and binds to specific base pairs that follow the TAAT 

core motif [4,22,32–34]. These central base pairs are a critical part of the transcription 

factor type-specific left and right half-sites (Fig. 2a): the homeodomain transcription factor 

Pph13/Q50 [30] prefers TA or TG to follow the TAAT core (TAATTA/G; Fig. 2a) [27,33] 

and binds as a homodimer to palindromic ‘P3’ motifs (consensus: TAATYNRATTA; Y = 

C or T and R = A or G) [27,33]. The term ‘P3’ refers to palindromic TAAT core motifs 

that are separated by three central base pairs (TAAT…ATTA) [22,33] (Figs. 2a and 2b, left). 

Specific variants of these central base pairs (TAATYNRATTA) can increase the binding 

affinity of the Q50 homodimer [4,35], likely due to a sequence-specific allosteric effect that 

mediates cooperativity [35]. In this model, the binding of the first Q50 homeodomain to the 

left half-site of the palindromic motif affects the conformation of the DNA-homeodomain 

complex and thereby promotes the binding of the second Q50 homeodomain to the right 

half-site (Fig. 2b, left).

The binding of a Pph13/Q50 homodimer to P3 motifs drives broad expression of 

photoreceptor genes in all photoreceptors through a shared palindromic P3 motif in their 

proximal promoter [21,22,36,37] (Fig. 2b). This ensures that all photoreceptor neurons 

express the same set of phototransduction proteins that transduce and amplify the visual 

stimulus. Strikingly, Q50-type P3 motifs with perfectly palindromic TAAT…ATTA core 

repeats and central base pairs that promote strong homodimer binding (albeit with slightly 

variable central symmetry, e.g., TGA vs. TGC or TAA vs. TAC; Fig. 2a) are only found 

in the promoters of broadly expressed phototransduction genes but not in the photoreceptor 

subtype-restricted rhodopsin genes Rh1-Rh5 (Fig. 2a, compare top to bottom).

In contrast to Pph13/Q50’s binding to palindromic P3 motifs as a homodimer, the 

homeodomain transcription factor Otd/K50 prefers to bind as a monomer to the TAATCC 

(K50) motif [27,33,34] (Fig. 2a), which is not present in the P3 motifs of broadly expressed 

phototransduction genes but is found in the motif variants of the rhodopsin genes Rh3 
and Rh6 (Figs. 2a and 2c, left). While K50 homeodomain transcription factors are able 

to bind as dimers to a subset of P3 motifs (e.g. TAATCCGATTA) [34], they do so with 

only 25-fold cooperativity of the two K50 homeodomains [4]. As we describe below, these 

distinct cis-regulatory motif preferences play important roles in the differential expression of 

Drosophila photoreceptor genes.
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1.2. Drosophila terminal photoreceptor differentiation uses imperfectly palindromic 
motifs for the combinatorial control of complex expression patterns

The P3 motif consensus TAATYNRATTA shows the most frequent bases for each position 

[33,35] and reflects the palindromic nature of the half-sites that are bound by the Pph13/Q50 

homodimer. However, the consensus does not convey that specific sequence variants 

distinguish the two major types of spatial expression patterns, broad and restricted: while 

general phototransduction factors are broadly expressed in all photoreceptors, six color-

sensing Rhodopsins (Rh1-Rh6) are restricted to non-overlapping subsets of photoreceptors 

for wavelength discrimination and color vision [20,21] (Fig. 2a). As we discuss below, 

deviations from the palindromic P3 consensus are critical for the differential expression of 

rhodopsins in specific subsets of photoreceptors.

1.2.1. Variation of central base pairs of the palindromic motif affects the 
spatial rhodopsin expression pattern—The generation of the six non-overlapping 

Rhodopsin expression patterns by the six proximal rhodopsin promoters [38] involves highly 

conserved and imperfectly palindromic P3 motif variants that are called Rhodopsin Core 

Sequence I (RCSI) motifs [39–41] (Fig. 2a, bottom). There are two main types of RCSI 

motif variants [21]. The first type involves specific configurations of the central base pairs. 

The central bases ‘CC’ generate a K50 motif (TAATCC) in Rh3 and Rh6 (TAATCCAATTC 

and TAATCCAATTA; Fig. 2a), as opposed to the Pph13/Q50 (TAATTG) motifs in Rh1, 

Rh2, and Rh4 (TAATTGAATTT and TAATTGGGTTA) (Figs. 2a–2c). Since the K50 

motif is bound by the broadly expressed activator Otd (see above and Fig. 2c, right), 

the introduction of a high affinity Otd/K50 motif instead of a high affinity Pph13/Q50 

motif in the Rh3 and Rh6 RCSI would merely maintain activation in all photoreceptors 

[23,27,38] (Fig. 2c, right). However, this switch to a K50 motif adds repression because the 

same K50 motif recruits the homeodomain repressor Dve that is expressed in a subset of 

photoreceptors (Fig. 2d) [21,42]. In combination with additional repressors [20], Dve/K50 

restricts Rh3 and Rh6 to their ‘correct’ photoreceptor subtypes (Fig. 2d). This elegant switch 

from a Pph13/Q50 activator motif to a dual Otd activator/Dve repressor K50 motif only 

requires the replacement of two central base pairs of the palindromic motif. Consistent 

with the requirement of these K50 motifs for restricting rhodopsins, mutating the Otd/Dve 

K50 motif to a Pph13/Q50 motif causes a Pph13-dependent derepression of Rh3 and Rh6 
reporters in other photoreceptor subsets in vivo and thus a loss of photoreceptor subtype-

specificity, which is indispensable for color vision.

The molecular mechanism for how repression by Dve prevents Otd-mediated activation 

through binding to the same high affinity K50 motif is incompletely understood. Differences 

in the relative expression levels of Dve and Otd could provide the difference in specificity 

(rather than affinity [43]) that allows the repressor to outcompete the activator. Indeed, Dve’s 

cell type-specific expression levels are tightly controlled by combinatorial transcription 

factor input, enhancer redundancy, and autoregulation [44]. Moreover, insufficient Dve 

levels in dve hypomorphs cause an expansion of Rh3 and Rh6 into other photoreceptor 

subsets [42,45]. Dve could also prevail over Otd due to special properties of its DNA 

binding domains [46]: while Dve’s recognition helix closely resembles the one of Otd, 

its first and second helix are more homologous to POU domain transcription factors and 
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thus could mediate interactions with yet to be identified sequences flanking the K50 

motifs. Moreover, a second homeodomain has been identified in Dve that, together with 

the first homeodomain, generates higher order protein-DNA interactions with the rhodopsin 
promoters in vitro, which are neither shown by a single Dve homeodomain nor by Otd’s 

homeodomain [42].

The replacement of a high affinity Pph13/Q50 activator motif with a slightly different high 

affinity dual function Otd activator/Dve repressor K50 motif in rhodopsins to generate 

restricted expression patterns, i.e. the switch from high affinity binding of one transcription 

factor type to high affinity binding of another transcription factor type, differs from how Hox 

transcription factors direct restricted expression patterns in the Drosophila embryo: in this 

context, low affinity homeodomain binding sites that substantially differ from the consensus 

motif recruit specific Hox transcription factors in distinct regions of the embryo to generate 

spatially restricted expression patterns, while the conversion to high affinity motifs generates 

broad (ectopic) expression patterns [47].

1.2.2. Variations of the right palindromic half-site affect the spatial rhodopsin 
expression pattern—The second type of RCSI variation breaks the symmetry of the 

palindromic TAAT…ATTA repeat due to specific and highly conserved replacements of 

the last base pair in the right half-site’s ATTA motif (Fig. 2a). For instance, the inverted 

repeat is ATTC (in Rh3 or Rh5) or ATTT (in Rh1 or Rh4) instead of ATTA in the more 

symmetrical P3 motifs of broadly expressed phototransduction genes (Fig. 2a). The RCSI 

consensus is thus TAATYNRATTN rather than the P3 consensus TAATYNRATTA [39]. 

However, the RCSI consensus is misleading because it suggests that the last base pair could 

be any base and thus might be functionally irrelevant. Yet, each rhodopsin prefers a specific 

base pair that disrupts the 3’ ATTA core repeat (Fig. 2a). The functional relevance of these 

single base pair differences has been demonstrated with reporter constructs in vivo: for 

instance, mutating a single base pair to convert the 3’ ATTC motif of Rh3 or Rh5 to a 

perfect inverse ATTA repeat (TAAT…ATTA) causes a derepression of the Rh3 and Rh5 
reporters in other photoreceptor subsets [21]. Therefore, the specific RCSI motif variant in 

each rhodopsin gene is fine-tuned to recruit specific combinations of transcription factors 

to generate a specific spatial expression pattern. The ‘imperfections’ of the palindrome 

are critical for photoreceptor subtype-specificity: the RCSI motif of a given rhodopsin can 

neither be replaced with a palindromic P3 motif nor another RCSI sequence variant without 

compromising the spatial expression pattern of this rhodopsin [21,38].

In summary, the cis-regulatory logic of Drosophila terminal photoreceptor differentiation 

involves subtle single base pair differences that generate imperfectly palindromic variants 

and introduce novel motifs for specific combinations of transcriptional activators and 

repressors. Asymmetries in a shared palindromic motif thus allow combinatorial regulation 

that facilitates the generation of complex gene expression patterns, which form the basis for 

color vision [38].
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2. Steroid receptors regulate mammalian gene expression through 

palindromic hormone response elements

Mammalian steroid hormone signaling uses palindromic cis-regulatory motifs to control a 

variety of essential processes such as immune responses, inflammation, metabolism, and the 

development of sexual characteristics. Steroid hormones are ligands that bind to sequence-

specific transcription factors called steroid receptors [48–52] (Fig. 3), which include the 

glucocorticoid, mineralocorticoid, androgen, estrogen, and progesterone receptors [53]. 

In the absence of a steroid hormone ligand, steroid receptors remain associated with 

chaperones in the cytoplasm [48]. The binding of a steroid hormone activates and releases 

the steroid receptors from the chaperone, allows them to homodimerize, and exposes their 

nuclear localization sequence [54]. After translocation to the nucleus, steroid receptors bind 

to palindromic cis-regulatory motifs called Hormone Response Elements (HREs, Fig. 3). 

HREs typically consist of two hexameric half-sites that are separated by a central three 

base pair sequence which acts as a spacer [48,51]. Similar to specific P3 and RCSI motif 

variants that recruit different transcription factors as monomers or dimers (see above), the 

specific HRE sequence determines whether a steroid receptor binds as a monomer or a dimer 

[53–56] (Fig. 3).

The corticosteroid hormone-induced binding of the glucocorticoid receptor (GR) to the 

glucocorticoid response element (GRE), which controls large gene regulatory networks and 

diverse processes in a tissue-specific manner [57], is a powerful model for steroid receptor-

HRE interactions [58]. In the classical model, GR binds cooperatively as a homodimer 

to a palindromic GRE (Fig. 4a) that consists of hexameric left and right half-sites that 

are separated by a central three base pair spacer (consensus: AGAACANNNTGTTCT) 

[5,49,59–62]. In this essay, we focus exclusively on direct effects of GR on target gene 

expression through GREs rather than indirect effects through protein-protein interactions 

[63].

2.1. Imperfectly palindromic motifs in glucocorticoid receptor signaling: sequence 
variants and compensatory mechanisms

In this section, we discuss explanations for the predominance of imperfect GREs in the 

regulatory genome without the necessity of a specific functional role of specific sequence 

variants, which is covered in the section that follows. GREs that are bound by GR in vivo 
are usually imperfectly palindromic [58] (Fig. 4a): some base pair positions of the GRE 

are more variable than others [64] and structural studies have revealed that each DNA 

binding domain of the GR homodimer contacts only three base pairs of each hexameric 

GRE half-site [58]. The symmetry of the half-sites in the GRE consensus sequence 

(AGAACANNNTGTTCT), which can be read as an absolute requirement for a specific base 

pair at each half-site position, is thus misleading. Instead, there are few GRE variants with 

perfectly symmetrical half-sites, while there is a larger pool of GRE variants with minor 

sequence differences between the half-sites that are imperfect matches to the consensus but 

still generate physiologically sufficient transcriptional outcomes. This rationale also applies 

to the larger repertoire of lower affinity transcription factor binding sites as compared to 
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the much fewer options for ‘perfect’ highest affinity binding sites (see discussion for Hox 

binding sites [65]).

When individual imperfect palindromes drive suboptimal gene expression levels, their 

insufficiency could be counterbalanced by compensatory mechanisms. Three examples 

for such compensatory mechanisms are allosteric effects, motif clustering, or cooperative 

interactions with other types of transcription factors. Palindromic motifs are particularly 

suited for mediating allosteric interactions (see also above): the binding of a steroid receptor 

to a higher affinity half-site can facilitate binding of the second steroid receptor to an 

imperfect lower affinity half site and thereby promote homodimer formation in a cooperative 

manner [66] (Fig. 4a). To achieve physiologically optimal hormone-responsiveness and 

expression levels, perfectly symmetrical half-sites might thus be unnecessary, as long as the 

spacing and orientation of the second, imperfect half-site provide sufficient stability for the 

transcription factor dimer [67].

A second compensatory mechanism is the cooperativity of clusters of imperfectly 

palindromic (low affinity) GREs [68] (Fig. 4b), as has also been reported for clusters of 

estrogen receptor (ER) response elements (EREs) [69,70] and non-palindromic low affinity 

binding sites in other contexts [71–73]. EREs can interact in both positive and negative ways 

[69,70]; for instance, two neighboring and imperfectly palindromic EREs of the vit B1 gene 

[74] that are inactive on their own become functional when combined [75]. Similarly, two 

imperfectly palindromic GREs of the tyrosine aminotransferase gene, which are individually 

insufficient to stimulate transcription, drive target gene expression when combined [76]. 

Moreover, pairs of GREs can bioinformatically predict GR-responsiveness better than single 

GREs [68]. However, it remains unclear whether specific sequence variations of imperfect 

palindromes are required for these cooperative interactions in motif clusters.

A third compensatory mechanism is the increase of the affinity of imperfect palindromes 

through cooperative interactions with other transcription factors that bind the same 

regulatory region and provide a high affinity binding environment. An example is the weak 

binding of GR to non-consensus (imperfect) GREs in the PEPCK gene that is enhanced by 

accessory motifs for other types of transcription factors (COUP-TF/HNF4 and HNF3) that 

generate a high affinity binding environment [77]. Taken together, allosteric effects of GRE 

half-sites, the cooperativity of clusters of imperfect GREs, or interactions with other types 

of transcription factors allow imperfectly palindromic motifs to achieve robust levels of gene 

expression.

2.2. Conserved imperfectly palindromic motif variants in glucocorticoid receptor 
signaling: potential functional implications

While the roles of imperfect palindromes in Drosophila terminal photoreceptor 

differentiation are well understood, the much larger repertoire of imperfectly palindromic 

GRE variants remains understudied. Genome-wide binding analyses revealed that conserved 

GR-bound GREs vary substantially around the consensus sequence in vivo [78] and include 

half-sites that are bound by GR monomers [79–81]. Similar findings have been reported 

for EREs in estrogen-stimulated cultured human cells [82]: only 8% of the bound EREs 

matched the perfectly palindromic consensus sequence [83]. The evolutionary conservation 
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of specific GRE variants strongly suggests that not all variations of individual base pairs are 

redundant but are functionally relevant, as is the case for RCSI variants (see above). In this 

section, we will consider functional roles of specific GRE variants, which could also apply 

to other contexts that employ palindromic motifs [6–8].

One function of imperfectly palindromic GRE variants could be to generate specific target 

gene expression levels. Rather than directing gene expression in a binary on/off manner, 

imperfectly palindromic GRE variants can generate a range of GR affinities that drive a 

range of target gene expression levels in vitro [66,84]. While GR’s affinity to a specific 

GRE variant is an important parameter that influences target gene expression in vivo, its 

relative contribution needs further research [84]: other parameters of the cellular context like 

the levels of the steroid hormone, cofactor interactions, allosteric effects, posttranslational 

modifications, flanking sequences [85], and the chromatin architecture also influence the 

steroid receptor-GRE interaction and the transcriptional response.

Like P3/RCSI half-sites, a GRE half-site acts as an allosteric ligand [14] that influences the 

conformation of the bound GR monomer. Subtle sequence differences in the GRE sequence 

of one half-site thus alter the conformation of the GR bound to that half-site, but also of 

the GR bound to the other half-site [15]. In addition, the allosteric influence of the specific 

GRE half-site sequence on the conformation of the bound GR dimer [14] can also modify 

the interaction with other nuclear receptors or cofactors that modify chromatin and thereby 

cause different transcriptional outcomes [14,15,61,86].

Moreover, specific deviations from the palindromic consensus can result in different modes 

of GR-mediated transcriptional regulation. GR can repress transcription and it has been 

proposed that this involves ‘negative GREs’ [87] (consensus: CTCCN0–2GGAGA) that are 

bound by GR monomers on opposite sides of the DNA with negative cooperativity (Fig. 

4c). This involves the formation of a complex of the GR with corepressors and histone 

deacetylases [55,88]. However, such interactions of GR and negative GREs have not been 

reproducibly enriched on a genome-wide level in vivo and alternative competition-based 

mechanisms have been proposed [89].

Lastly, specific GRE half-site variants could recruit heterodimers for combinatorial gene 

regulation, like specific RCSI motif variants recruit different transcription factors for 

combinatorial control of rhodopsin expression. The heterodimer could involve specific 

isoforms of the same steroid receptor, different types of steroid receptors, or other types 

of transcription factors (Fig. 4d). For instance, the symmetric replacement of only one 

or two base pairs in each half-site is sufficient to convert an estrogen-responsive ERE 

[74,75] into a GR-responsive GRE [75,90–93]. Such similar binding site preferences allow 

for competition of different steroid receptor types for the same motif and other modes of 

regulation. Like Otd and Dve bind the same K50 motif but promote opposite transcriptional 

outcomes, ER and thyroid receptor (TR) bind the same half-sites [94] but TR decreases 

ER-mediated activation in vitro [95]. Conversely, ER stimulates the expression of the human 

glycoprotein hormone α subunit gene by antagonizing inhibitory TR binding at a TRE in 

the promoter [96]. It has been suggested that the TR binds to the imperfectly palindromic 

TRE as a monomer rather than a dimer [96,97]. Moreover, GR and the androgen receptor 
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(AR) can bind to the same motifs, but different sequence preferences within and outside the 

half-sites affect the binding specificity [98]. With increasing expression in some castration-

resistant prostate cancers, the more promiscuous GR can bind to AREs and thus functionally 

substitute AR [98].

Taken together, genomic GREs could be divided into distinct subsets of functionally 

specialized variants [79] that direct different transcriptional outcomes by inducing particular 

GR conformations [14], cofactor interactions or competition, and/or heterodimer formation.

3. The use of imperfectly palindromic motifs in two gene regulatory 

contexts

The fact that two very different gene regulatory contexts use imperfectly palindromic 

motifs for various functions suggests that these motifs are versatile tools to fine-tune 

gene expression. In the Drosophila eye, stably maintained homeodomain transcription 

factors bind palindromic motifs with different degrees of symmetry to control the terminal 

differentiation of different color photoreceptor fates that need to be maintained throughout 

the entire life of the photoreceptor neurons. In mammalian steroid hormone signaling, 

steroid hormones, whose levels are variable due to circadian regulation, bind imperfectly 

palindromic motifs to control the tissue-specific differentiation, growth, and metabolism 

of a large number of cell types in a transient or a long-lasting manner. Moreover, GR 

signaling is very complex, because it has different effects in different organs and target 

genes can be activated by glucocorticoids in one tissue but repressed in another. It is 

conceivable that these differences between the two contexts affect the usage and diversity of 

the imperfectly palindromic motif variants: the pool of GRE variants might be more diverse 

and mediate a larger range of affinities because variable levels of steroid hormones need to 

control a variety of tissue-specific target gene responses, while P3/RCSI motif sequences 

might be more constrained and require higher affinity binding sites because rhodopsins and 

phototransduction genes need to be expressed and maintained at very high levels.

However, there are mechanistic similarities between the two regulatory contexts. First, in 

both, imperfectly palindromic motifs consist of two asymmetric half-sites that promote 

the cooperativity of two transcription factors and allosterically control their conformations, 

which affects the expression of the target gene. Second, the DNA binding domains of 

different types of homeodomain transcription factors or different types of steroid receptors 

can have a common evolutionary origin, which means that specific single base pair changes 

in the palindromic motif can recruit different (but related) transcription factors to change the 

mode of transcriptional regulation, for instance from activation to repression. Just like single 

base pair changes in palindromic P3/RCSI motifs recruit a different type of homeodomain 

transcription factor (K50 instead of Q50), single base pair differences in palindromic 

HRE motifs recruit a different type of steroid receptor (GR instead of ER). Third, the 

target gene-specific evolutionary conservation of specific imperfectly palindromic variants 

strongly suggests that they are functionally relevant. Like different rhodopsin genes ‘prefer’ 

specific evolutionarily conserved RCSI variants that deviate from the more symmetrical 

P3 consensus and have been shown to be critical for the spatial expression pattern, 
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GR-regulated genes ‘prefer’ specific evolutionarily conserved deviations from the GRE 

consensus sequence in vivo [78]. Future studies will elucidate whether sets of conserved 

GRE variants similarly correlate with specific gene expression patterns.

4. Conclusions and future directions

Since the functional significance of evolutionarily conserved imperfectly palindromic 

GRE variants remains poorly understood, an important goal of future studies will be 

the identification of functional GRE variants in primary corticosteroid-responsive target 

genes, i.e. whose expression is modulated by the presence or absence of an exogenous 

glucocorticoid (e.g. dexamethasone) [99] and shows a short response time after hormone 

treatment. GR occupancy data alone will not suffice because they can include unspecific 

DNA binding events. Conversely, since motifs that match the general GRE consensus or 

the position weight matrix occur in any sufficiently long stretch of DNA [100], the role of 

specific GRE sequence variants cannot be deciphered by merely correlating the presence of 

a specific GRE variant with a transcriptional effect on a nearby target gene. In this respect, 

the evolutionary conservation of GRE sequences is a valuable indicator of functionality, 

since it is sufficient to predict GR occupancy at glucocorticoid-induced genes, while there is 

no such correlation at glucocorticoid-repressed genes [78].

The strength of the Drosophila terminal differentiation context for the analysis of cis-

regulatory palindromic motifs is that the rhodopsin promoters have been dissected in detail, 

the binding sites for key regulators (Pph13, Otd, Dve, etc.) are known, and motif mutations 

can be correlated with changes of expression [21,38]. Since the GRE-controlled genes 

are understudied, the next critical step will be to perform functional analyses of GRE 

variants through mutations that either inactivate a GRE or swap a GRE variant with another 

conserved GRE variant (analogous to swapping RCSI motifs) in reporter assays or through 

CRISPR-Cas9-mediated genome editing. Complementary computational approaches will 

help elucidate whether specific functional GRE motif variants can be used to predict 

hormone responsiveness, tissue-specific effects, and/or transcriptional outcomes such as 

activation or repression and expression levels.

Gaining more detailed mechanistic insights into the tissue-specific regulation of target genes 

by specific imperfectly palindromic GRE variants has clinical relevance, since synthetic 

glucocorticoids are widely prescribed for various immune or inflammatory disorders 

[101]: a deeper understanding of the underlying mechanisms could be the foundation 

for personalized therapies due to better predictions of the outcomes of steroid hormone 

treatments as well as the patients’ sensitivity to steroid treatments. It is conceivable that 

specific motif variants make patients vulnerable to specific diseases and/or unwanted side 

effects of long-term steroid treatments such as decreased bone mass and increased fracture 

risk [102]. Promisingly, patient-specific GRE sequence variants (albeit a minority of the 

individual-specific variants that affected GR binding) have been associated with adverse 

effects on GR-mediated gene regulation and glucocorticoid treatment in adipocytes and 

hepatocytes from patient-derived stem cells [103]. Similar studies could ultimately lead to 

the development of personalized steroid treatments with fewer side effects.
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Figure 1. 
A: The schematic represents the binding of a sequence-specific transcription factor to a 

cis-regulatory motif in the regulatory DNA of a target gene. The transcription factor controls 

where, when, and at which levels the gene is expressed.

B: The ‘Sator square’ is a complex square palindrome that consists of five Latin words 

(‘sator arepo tenet opera rotas’) that can be read top-to-bottom, bottom-to-top, left-to-right, 

and right-to-left (image from wikipedia.com).

C: A homeodomain transcription factor (purple) binds as a homodimer to a palindromic 

cis-regulatory motif. Note the TAAT homeodomain core motif repeat on the opposite DNA 

strand (5’ TAAT…ATTA 3’ and 3’ ATTA…TAAT 5’).

D: The right TAAT core motif repeat is disrupted in an imperfectly palindromic motif 

variant (TAAT…ATTC instead of TAAT…ATTA), which recruits a different transcription 

factor type (red) and results in the binding of a heterodimer.
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Figure 2. 
A: Comparison of palindromic P3 motif variants (top) in phototransduction genes that are 

broadly expressed in all Drosophila photoreceptors with RCSI motif variants (Rhodopsin 
Core Sequence I, bottom) in rhodopsin genes (Rh1-Rh6) whose expression is restricted to 

different subsets of photoreceptors.

Top, P3 motif variants in broadly expressed phototransduction genes contain Q50 motifs 

(TAATTA/G, blue) and have a palindromic repeat of the homeodomain core motif (TAAT…

ATTA).

Bottom, each rhodopsin gene ‘prefers’ a specific imperfectly palindromic RCSI motif 

variant. Note that Rh3 and Rh6 contain K50 motifs (TAATCC, green). Only the 5’ 

TAAT core motif of rhodopsins matches the palindromic repeat in broadly expressed 

phototransduction genes (dashed box), while the inverted 3’ repeat is imperfect in Rh1-Rh5 
(indicated by purple letters: ATTT, GTTA, or ATTC instead of ATTA).

B: Left, a homodimer of the Q50 homeodomain transcription factor Pph13 binds to 

a palindromic P3 motif (that contains a Q50 motif, TAATTG) in broadly expressed 

phototransduction genes. Right, the activator Pph13 (blue) is expressed in all photoreceptors 

(R) of the unit eye and drives broad expression of phototransduction genes.
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C: Left, the central base pairs of the RCSI motif differ in some rhodopsin genes, for 

instance in Rh6. This generates a K50 motif (TAATCC) that recruits the K50 homeodomain 

transcription factor Otd. Right, like Pph13 (blue), the activator Otd (green) is expressed in 

all photoreceptors of the unit eye and drives broad expression of its target genes.

D: Left, the same K50 motif (TAATCC) recruits the K50 homeodomain transcription 

factor Dve, which is a repressor. Right, the repressor Dve (red) is expressed in ‘outer’ 

photoreceptors (R1-R6) where it prevents activation of Rh6 by Pph13 and Otd. However, 

the ‘inner’ photoreceptor R8 does not express Dve and therefore Pph13 and Otd can activate 

Rh6 in this subset of photoreceptor neurons.
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Figure 3. 
The schematic shows how a steroid hormone conveys a signal through binding to a steroid 

receptor. The steroid hormone enters the cell (1) and binds to the steroid receptor, which 

is associated with a chaperone (2). Binding the steroid hormone results in the release of 

the steroid receptor from the chaperone (3). After translocation to the nucleus, the steroid 

receptor binds as a dimer to a palindromic motif called Hormone Response Element (HRE) 

in regulatory DNA (4).
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Figure 4. 
Mechanistic explanations for the predominance of imperfectly palindromic Glucocorticoid 

Response Elements (GREs) in glucocorticoid receptor signaling. For details, see text.

A: The left, high affinity half-site (arrow) facilitates glucocorticoid receptor binding to the 

right, imperfect half-site (dashed arrow) of the GRE.

B: Cooperativity of clusters of imperfectly (dashed arrow) palindromic GREs.

C: ‘Negative GREs’ have been proposed to be bound by glucocorticoid receptor monomers 

with negative cooperativity and reversed binding polarity, which results in new cofactor 

interactions (e.g. with a histone deacetylase, HDAC) and target gene repression.

D: A modified right half-site (blue, dashed arrow) of the GRE could recruit a different 

transcription factor (blue) and result in the formation of a heterodimer for combinatorial 

control of gene expression.
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