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ABSTRACT 

ThPOK is a "master regulator" of T lymphocyte lineage choice, whose presence or absence is 

sufficient to dictate development to the CD4 or CD8 lineages, respectively.  

Induction of  ThPOK is critically regulated at the transcriptional level, via a lineage-specific 

silencer element , SilThPOK. Here, we take advantage of the available genome sequence data as 

well as site-specific gene targeting technology, to evaluate the functional conservation of ThPOK 

regulation across mammalian evolution, and assess the importance of motif grammar (order and 

orientation of TF binding sites) on SilThPOK function in vivo.  We make 3 important points: First, 

the SilThPOK is present in marsupial and placental mammals, but is not found in available genome 

assemblies of non-mammalian vertebrates, indicating that it arose after divergence of mammals 

from other vertebrates. Secondly, by replacing the murine SilThPOK in situ with its marsupial 

equivalent using a knockin approach, we demonstrate that the marsupial SilThPOK supports correct 

CD4 T lymphocyte lineage-specification in mice. To our knowledge, this is the first in vivo 

demonstration of functional equivalency for a silencer element between marsupial and placental 

mammals using a definitive knockin approach. Finally, we show that alteration of the 

position/orientation of a highly conserved region within the murine SilThPOK is sufficient to 

destroy silencer activity in vivo, demonstrating that motif grammar of this “solid” synteny block 

is critical for silencer function. Dependence of SilThPOK function on motif grammar conserved 

since the mid-Jurassic age, 165 million years ago, suggests that the SilThPOK operates as a 

silenceosome, by analogy with the previously proposed enhanceosome model.  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 3 

INTRODUCTION 

The proper execution of biological processes depends on the highly orchestrated spatial and 

temporal expression of genes. Although gene transcription is initiated at promoters, which recruit 

the basal transcription machinery, fine tuning of expression pattern and levels depends on 

collective action of multiple transcriptional regulatory elements (TREs), which may be more-or-

less distant from the promoter, including enhancers and silencers (Arnosti and Kulkarni, 2005).  

 Enhancers, which represent the best-studied category of remote regulatory element 

(Blackwood and Kadonaga, 1998; Pennacchio et al., 2013; Shlyueva et al., 2014), are often 

associated with key developmental genes (Nobrega et al., 2003; Sandelin et al., 2004; Siepel et 

al., 2005), and studies in transgenic animals suggest that many of these elements function as 

tissue-specific enhancers during development (de la Calle-Mustienes et al., 2005; Nobrega et al., 

2003; Pennacchio et al., 2006). Based on their structure/function correlations, enhancers have 

been broadly classified into 2 functional categories, i.e. enhanceosomes and billboard enhancers. 

Enhancers that operate according to the enhanceosome model exhibit strong conservation of 

motif grammar, i.e. the relative order, orientation and spacing of TF motifs, and are highly 

sensitive to mutations of key nucleotides. Such enhancers act as scaffolds for higher-order TF 

complexes of precise composition and organization, whose full activity requires occupancy of 

most TF sites (Merika and Thanos, 2001; Panne, 2008; Panne et al., 2007; Thanos and Maniatis, 

1995). Function of enhanceosomes is driven by cooperative action of multiple TFs, as affinity of 

individual TF binding sites may be quite weak (Farley et al., 2016). High cooperativity in TF 

binding in the enhanceosome model is thought to promote rapid switch-like activation, as occurs 

during the antiviral response in the case of the interferon-β enhancer, the best-studied example of 

such an enhancer. Such enhancers exhibit strong evolutionary conservation of their motif 
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grammar, and may belong to the class of ultraconserved non-coding elements that are almost 

perfectly conserved between humans and rodents (Dimitrieva and Bucher, 2013). The billboard 

model applies to enhancers which exhibit flexibility in motif grammar and TF binding, and retain 

substantial activity even if some TF motifs are not occupied (Arnosti and Kulkarni, 2005; Spitz 

and Furlong, 2012). Billboard enhancers are therefore expected to show greater evolutionary 

divergence compared to enhanceosomes, since by definition they can sustain small changes 

without drastic loss of function. Indeed, it’s been argued that TRE mutations play an important 

role in evolution, by causing changes in gene expression that drive adaptation and speciation 

(King and Wilson, 1975; Raff and Kaufman, 1983; Rebeiz et al., 2009; Wray et al., 2003). 

Accordingly, many enhancers show rapid evolutionary divergence and are species- or lineage-

specific (Villar et al., 2015). 

 The extent to which such models may be applicable to silencers, a class of TREs that exert 

context-dependent gene repression (Kolovos et al., 2012; Ogbourne and Antalis, 1998), has not 

so far been explored. Compared to enhancers, silencers have been relatively neglected, although 

recent genome-wide approaches have shown them to be widespread and functionally diverse 

(Kolovos et al., 2012; Ogbourne and Antalis, 1998; Riethoven, 2010). Indeed, mutations of 

transcriptional silencer elements have been linked to several human diseases including asthma, 

fascioscapulohumeral muscular dystrophy and Huntington’s disease (Gabellini et al., 2002; 

Gabellini et al., 2003; Maston et al., 2006). We and others previously highlighted critical roles of 

silencers in development of the functionally distinct CD4 and CD8 T lymphocyte subsets (He et 

al., 2008; Sawada et al., 1994; Setoguchi et al., 2008; Siu et al., 1994).  

 CD4 and CD8 T lymphocytes develop in the thymus via a series of intermediate stages, 

defined by differential expression of the CD4 and CD8 surface markers (Suppl. Fig. 1). Mature 
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CD4 and CD8 SP (single-positive) cells arise from CD4+CD8+ (double-positive or DP) 

precursors via an intermediate CD4+ CD8lo stage. SP CD4 and CD8 cells correspond to distinct 

helper and killer lineages, whose TCRs recognize class II or class I Major Histocompatibility 

complex (MHC) molecules, respectively. There is increasing consensus that differentiation of 

immature DP precursors to CD4 or CD8 lineage cells is controlled by differences in signaling by 

the clonotypic T cell receptor (TCR) (Singer et al., 2008). We previously have shown that the 

transcription factor ThPOK, encoded by the Zbtb7b gene, acts as a master regulator of this 

process in mice, such that its presence or absence dictates development to the CD4 or CD8 

lineages, respectively (He et al., 2005). Since CD4 and CD8 T cells have been identified in 

vertebrates as far back as teleost (bony) fish, we carried out a bioinformatics search for ThPOK 

homologues in available vertebrate genomes. This revealed an unambiguous homolog of the 

gene encoding ThPOK (Zbtb7b) even in zebrafish (located on zChr16, and exhibiting 57 and 

86% amino acid identity within critical BTB and Zn finger domains, respectively). Furthermore, 

a zebrafish knockout line that lacks functional ThPOK shows impaired development of CD4 

helper T cells, demonstrating that the requirement for ThPOK in this process has been conserved 

for over 400 million years [Li et al, submitted].  

  We and others have shown that in mice ThPOK expression in thymocytes and mature T cells 

is regulated primarily at the transcriptional level via several stage- and lineage-specific cis 

elements (He et al., 2008; Setoguchi et al., 2008). Of particular importance is the ~350bp 

silencer, SilThPOK, which is located several kb upstream of the distal ThPOK promoter, and seems 

to act only on the ThPOK gene. We further demonstrated that, the SilThPOK selectively shuts 

down ThPOK expression in cells that receive CD8 lineage-specifying signals via their surface T 

cell receptors (TCRs), but not in those that receive CD4 lineage-specifying signals (He et al., 
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2008). Deletion of the endogenous SilThPOK in mice causes promiscuous expression of ThPOK 

and diversion of all thymocytes to the CD4 lineage, demonstrating that the SilThPOK is essential 

for repression of ThPOK transcription during CD8 lineage commitment (Setoguchi et al., 2008). 

We have evidence from reporter knockin mice lacking the SilThPOK that it also plays a role in 

repressing ThPOK in several non-T cell and even non-lymphoid cell types [J.M.-B. & D.J.K., 

unpublished], indicating that the SilThPOK may encode pleiotropic functions in multiple cell types. 

 In the present study, we examined the organization and function of the SilThPOK across 

mammalian evolution. Bioinformatic analysis shows that the SilThPOK is present in all sequenced 

genomes of therian mammals (placental mammals and marsupials), but not in other vertebrates, 

indicating that it represents a regulatory innovation of early mammals. Between marsupial and 

placental mammals, the motif ‘grammar’ of the SilThPOK, i.e. the relative order, orientation and 

spacing of TF motifs, exhibits both conserved and divergent aspects. Thus there are blocks of 

synteny with perfectly conserved motif grammar, while conservation of consensus TF binding 

sites across the whole SilThPOK is <50%. Using a genetic approach we have tested functional 

conservation of the SilThPOK across mammalian evolution. Remarkably, we find that a marsupial 

SilThPOK supports normal T cell development when substituted for the endogenous SilThPOK in 

knockin mice. Using additional knockin mice with altered SilThPOK motif grammar, we directly 

establish that SilThPOK function depends critically on motif grammar within one of the syntenic 

blocks conserved between placental and marsupial mammals. This functional dependence on 

motif grammar suggests a “silenceosome” mode of action, analogous to the enhanceosome 

model.  
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RESULTS 

The ThPOK silencer is conserved between marsupial and placental mammals. BLAST 

analysis using the murine ThPOK cDNA as a probe identified unambiguous homologs of 

ThPOK in all three available marsupial genomes (gray short-tailed opossum, Monodelphis 

domestica; Tasmanian devil, Sarcophilus harrisii; and tammar wallaby, Macropus eugenii) (Fig. 

1a). Mouse and opossum ThPOK homologs exhibit 80% amino acid identity overall, and 99% 

identity within their DNA-binding domains. The opossum Zbtb7b gene is situated among the 

same neighboring genes, in the same transcriptional orientation and with the same exon/intron 

organization as in placental mammals (Fig. 1b,c). Both placental and marsupial ThPOK genes 

contain alternative distal and proximal promoters, as evidenced by presence of highly 

homologous non-coding exons associated with these alternative start sites, suggesting shared 

transcriptional control mechanisms (Suppl. Fig. 2). 

 Since the SilThPOK element is critical for ThPOK developmental regulation in mice (He et al., 

2008; Setoguchi et al., 2008), we used BLAST analysis to identify recognizable SilThPOK 

elements in other vertebrate genomes. SilThPOK homologs were found upstream of the ThPOK 

locus in all mammals, but not in any non-mammalian vertebrate. Among mammals, SilThPOK 

homologs were identified in 2 marsupials, opossum, and Tasmanian devil, which represent 

distinct American (Ameridelphia) and Australasian (Australidelphia) marsupial lineages, 

respectively, that diverged 70-80 million years ago (Meredith et al., 2008a; Nilsson et al., 2004; 

Nilsson et al., 2010) (the wallaby sequence has a gap in this region) (Fig. 2). Human and 

opossum SilThPOK homologs exhibit 75% identity (versus 89% nucleotide identity between 2 

placental species, and 85% identity between 2 marsupials). SilThPOK conservation is significantly 

higher than for ThPOK coding exons (80% and 64% identity between mouse and human within 
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the functionally important BTB and Zn finger domains). A 76bp region within the silencer shows 

95% identity between mouse and human, and is identified as a highly conserved non-coding 

element (HCNE) according to the ANCORA database (Suppl. Fig. 3c) (Kikuta et al, 2007). 

HCNE sequence variation is likely constrained by severe selective pressure (Drake et al., 2006; 

Katzman et al., 2007), and ultraconserved regions can encode essential functions for normal 

development (Dickel et al., 2018). These results indicate that the SilThPOK arose prior to the 

divergence of placental and marsupial mammalian lineages (Luo et al., 2011), and that blocks of 

synteny within the silencer have been conserved since that time.  

 

Bioinformatic comparison of transcription factor binding profiles of marsupial and 

placental ThPOK silencers. 

Binding of TFs to their corresponding targets defines the gene regulatory networks 

(GRNs) that control gene expression (Davidson et al., 2002; Walhout, 2006). Accordingly, 

evolutionary changes in the TF repertoire and/or in their sequence binding preferences can 

induce large scale alterations in the gene expression program, thus representing a primary 

potential source of phenotypic variation and evolution. Therefore, we compared transcription 

factor binding profiles of marsupial and placental SilThPOK homologs. The fact that the marsupial 

SilThPOK element is 79% identical between human and opossum is not predictive of functional 

conservation (Cooper and Brown, 2008; Weirauch and Hughes, 2010). Even altering just a few 

bases within a TRE can cause marked phenotypic defects (Glassford and Rebeiz, 2013; Goode et 

al., 2011; Rogers et al., 2013). Similarly, the python and coelacanth homologs of the mouse Shh 

ZRS enhancer show different capacities to substitute for the mouse Shh ZRS enhancer, despite 

similar nucleotide homology (73% versus 75% identity to mouse enhancer, respectively) (Kvon 
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et al., 2016). To evaluate conservation in TF binding, we first used a bioinformatics approach 

(http://jaspar.genereg.net) to identify locations of predicted TF consensus motifs within the 

human, mouse and opossum elements. Using a relative profile score threshold of 80%, ~1300 

predicted TF binding sites are identified within each SilThPOK element, of which 524 are 

conserved in terms of relative position and orientation between all 3 species (40% of total 

predicted sites for mouse SilThPOK) (Fig. 3a). Interestingly, TF consensus sites are distributed 

unevenly, with alternating peaks and troughs of TF site density. We speculate that peaks may 

represent important functional units, while troughs may act as “spacers” that ensure appropriate 

spacing/orientation between the former. Of note, while peaks often coincide with regions of high 

conservation between all 3 species (red regions, indicating sequence identity across a contiguous 

stretch of >7bp), they also occur in nonconserved (white) regions (Fig. 3b). Unsurprisingly, the 

524 TF consensus sites that are precisely conserved in their relative position and orientation 

between species map predominantly to regions of high sequence conservation. Interestingly, they 

include a significant proportion of binding sites for TFs that have been implicated in lymphoid 

development, and/or control of the SilThPOK (Muroi et al., 2008; Setoguchi et al., 2008), e.g. Egr, 

Runx, Gata and ThPOK consensus sites (36, or 54% of these sites in the mouse SilThPOK are 

conserved in all 3 species) (Fig. 3c, top row). An additional 23 sites of “lymphoid relevance” are 

conserved between mouse and human, but not opossum (Fig. 3c, 2nd row). 375, 389 and 650 TF 

consensus sites are unique to human, mouse and opossum, i.e. NOT conserved between any 2 

species in terms of position and orientation. Of these species-specific sites, 20, 18, and 41 belong 

to the “lymphoid-relevant” category, as defined above, in human, mouse and opossum, 

respectively (Fig. 3c, rows 3-5). Some non-conserved “lymphoid-relevant” TF sites recur 

multiple times in the SilThPOK of all species (e.g. each species contains 3-7 Egr sites at different 
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positions). There are also marked differences between non-conserved sites among mouse, 

opossum and human silencer elements: a) There are 5 Foxp3 sites unique to the opossum 

silencer, versus none in human or opossum (Fig. 3 c, bottom row). b) The human SilThPOK 

elements contains a cluster of 8 lymphoid-relevant consensus motifs (between 330-360bp) that 

are absent in both mouse and opossum, which may represent a regulatory specialization unique 

to humans/primates (Fig. 3c, 3rd row). Overall, the above analysis indicates that the ThPOK 

silencer exhibits features indicative of both long-term functional conservation, as indicated by 

524 TF consensus motifs that are conserved between mouse, human and opossum, as well as 

evolutionary divergence, as indicated by certain TF signatures unique to each species, 

particularly in the case of the opossum. 

 

Direct assays of transcription factor binding to ThPOK silencer. 

To directly assess TF binding capacity of the mouse and opossum SilThPOK elements, we used a 

yeast-1-hybrid (Y1H) approach, a powerful tool for mapping GRNs (Fuxman Bass et al., 2015; 

Reece-Hoyes et al., 2011a; Reece-Hoyes et al., 2011b). Y1H screening of full-length mouse and 

opossum SilThPOK elements against 1,086 different mammalian TFs, identified 45 and 34 

interacting TFs, respectively, of which 26 were shared (Table1; indicated in red). Of note, these 

“shared” TFs are not necessarily conserved in position or number of sites between different 

species. RT-PCR analysis and on-line expression databases (Immgen), indicate that 19 of the 26 

shared factors are expressed in murine T cell lymphocytes (Table I; underlined), supporting the 

functional relevance of these results. Given that detection of TF binding in Y1H may depend on 

precise nucleosome positioning and/or distance of the TF binding site to the yeast promoter 

[Sparks et al, 2016], we carried out a second Y1H analysis using 12 different subfragments of the 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 11 

mouse SilThPOK (covering the central, 115-329bp, portion of the silencer) (Suppl. Fig. 4a). This 

revealed an additional 20 binding factors, increasing the total obtained by this method to 65. In 

comparison, JASPAR analysis predicts that this region of the mouse SilThPOK element can bind 

229 different factors. Also, several lymphoid-relevant TFs identified as binding to the mouse and 

opossum SilThPOK by JASPAR prediction and/or based on published results (e.g. Gata3) were not 

identified by the Y1H analysis, together suggesting that the Y1H analysis may not yield a 

comprehensive list of binding factors. Possible reasons for this include that not all factors are 

present in our Y1H library, and that some TFs require secondary modification or complex 

formation with other factors to bind, as well as aforementioned issues related to nucleosome and 

promoter positioning. To further evaluate binding of factors predicted by JASPAR but not 

detected by Y1H, we used publicly available ChIP data for selected TFs, which showed binding 

by 9 additional factors predicted by JASPAR, but not detected by Y1H (Suppl. Fig. 4b). Finally, 

some TFs that are shown to bind to the SilThPOK by Y1H or ChIP are not detected by JASPAR 

analysis, which may reflect gaps in the JASPAR TF consensus site database, the level of 

stringency used in the JASPAR analysis, and/or the methodology by which JASPAR data was 

obtained (EMSA versus ChIP). 

 

Marsupial homolog of SilThPOK supports normal CD4-CD8 development in mice. 

The above analysis indicates both substantial overlap and significant divergence in TF 

binding profiles between marsupial and placental SilThPOK elements, making it difficult to predict 

to what extent their functions have been preserved. Even very similar cis elements may not work 

the same when interchanged across species (Kvon et al., 2016). To test functional conservation 

directly, we used a ZFN-mediated approach to generate knockin mice in which the endogenous 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 12 

murine SilThPOK is precisely replaced by its opossum homolog (ThPOK-SilPOS mice) (Suppl. 

Figs. 5,6). We first generated knockout mice lacking the SilThPOK on the C57BL/6 background 

(ThPOK-ΔSil mice), to abolish silencer function, and then knocked the opossum SilThPOK 

homolog back into the ThPOK-ΔSil background, to assess whether it can restore function (Fig. 

4a).  

We employed 3 distinct and unambiguous criteria to assess in vivo function of the 

ThPOK-SilPOS in the context of these knockin mice: 1) The first employs RT-PCR to detect 

changes in ThPOK mRNA expression in sorted thymocyte and mature T cell subsets. ThPOK 

expression in wt mice is precisely regulated and narrowly restricted to cells developing to the 

CD4 lineage (Suppl. Fig. 1). 2) The second is based on the ratio of mature CD4 to CD8 T cells, 

which is genetically determined and in healthy C57BL/6 mice tightly maintained around 2:1. 3) 

The third is based on the ability of TCR transgenes to restrict development to a particular T cell 

lineage. In C57BL/6 mice the AND and OT-1 TCR transgenes, restrict development of all T 

cells to the CD4 or CD8 lineages, respectively.    

In wt mice, ThPOK is expressed in thymocytes developing to the CD4 lineage 

beginning at the CD4+8lo stage, but not in thymocytes developing to the CD8 lineage, and is 

specifically absent in DP and SP CD8 thymocytes and SP CD8 T cells. We show that deletion of 

the silencer leads to significant ThPOK expression in DP thymocytes (and abolishes CD8 

development). Strikingly, insertion of the marsupial SilThPOK into ThPOK-SilΔ mice restored 

normal stage-specific transcription of ThPOK, including silencing in DP and SP CD8 cells (Fig. 

4b).  

Given the critical role of ThPOK in control of CD4/CD8 lineage commitment, 

misregulation of ThPOK results in altered proportions of SP CD4 and CD8 T lymphocytes. 
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Accordingly, ThPOK-ΔSil mice, which exhibit aberrant ThPOK expression starting at the DP 

thymocyte stage, show almost exclusive development of CD4 T cells and an extremely high 

CD4:CD8 ratio (Fig. 4 b,c). Strikingly, insertion of the marsupial SilThPOK restored normal T cell 

development, even in homozygous ThPOK-SilPOS mice, as evidenced by restoration of normal 

proportions of SP CD8 thymocytes and mature CD8 T cells (Fig. 4c,d). Note that there is some 

individual variation in SP CD8 proportions among ThPOK-SilPOS mice, as for wt mice, but the 

range of variation is similar in both cases (Fig. 4c).  

 A critical feature of normal T cell development is that MHC class I-specific 

thymocytes develop towards the CD8 lineage, whereas MHC class II-specific thymocytes 

develop towards the CD4 lineage (Suppl. Fig. 1b). It was possible that this specificity was 

disrupted in ThPOK-SilPOS mice, despite the superficially normal CD4:CD8 T cell ratio. To test 

this, we limited T lymphocyte development to either MHC class I or class II specific thymocytes 

by crossing ThPOK-SilPOS mice to TCR transgenic mice that express exclusively MHC class I 

(OT1) or class II-specific (AND) TCRs, respectively. Importantly, ThPOK-SilPOS/POS mice 

supported accurate MHC class-specific T cell development in the presence of TCR transgenes 

(Fig. 4 e,f). This result was confirmed by crossing ThPOK-SilPOS mice with either MHC class II 

knockout or class I knockout mice. In C57BL/6 mice, ablation of MHC class II or class I restricts 

development of all T cells to the CD8 or CD4 lineages, respectively. The same effect was 

observed for ThPOK-SilPOS/POS mice (Suppl. Fig. 7, and data not shown). Collectively, these data 

indicate that SilThPOK function has been evolutionarily conserved between marsupial and 

placental mammals, at least with regard to its role in T cell development. 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 14 

Function of the SilThPOK is orientation-independent. Examination of mouse gene expression 

databases (USCS genome browser) and our own RT-PCR analysis indicate that the SilThPOK can 

be transcribed in some cell types, as part of an independent mRNA that is transcribed in reverse 

orientation to the ThPOK gene, and that the resulting transcript includes several potential 

translational open-reading frames (Suppl. Fig. 8; data not shown). RNAs or proteins resulting 

from SilThPOK transcription might mediate important trans-acting functions, as has been reported 

for other cis elements (Mousavi et al., 2014). To test this possibility, we generated knockin mice 

in which the whole SilThPOK was inverted (ThPOK-SilFlip mice), which should block any 

orientation-dependent trans-acting functions of the SilThPOK, while preserving cis-acting 

functions, that are generally considered orientation-independent (Maston et al., 2006) (Fig. 5a). 

Significantly, CD4 T cell development and peripheral T cell subset distribution is unaltered in 

homozygous ThPOK-SilFlip mice, indicating that control of ThPOK expression in the thymus is 

unaffected (Fig. 5 b,c). Hence, the SilThPOK exhibits classical orientation-independence and does 

not encode a transcript important for CD4/CD8 lineage choice. 

 

Motif grammar dependence of SilThPOK function. Evolutionary conservation of 524 TF 

consensus sites between marsupial and placental silencer homologs is consistent with a 

“silenceosome”-like mode of function, that depends on rigid motif grammar. We tested this 

hypothesis directly by altering position/orientation of the HCNE located within the silencer 

(Suppl. Fig. 3c). First, we generated ThPOKSilProxRx knockin mice in which 40bp of this element 

containing 2 conserved Runx binding motifs are moved to the 5’ end of the SilThPOK (Fig. 5a). 

These conserved Runx sites have previously been shown to be important for silencing activity of 

the SilThPOK (Setoguchi et al, 2008). Strikingly, ThPOKSilProxRx mice showed loss of silencing 
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function in developing thymocytes, as indicated by failure of CD8 commitment (Fig. 5b,c; note 

absence of CD8 T cells), similar to ThPOKSilΔ control mice (Fig. 4c,d). To selectively assess 

effect of ThPOKSilProxRx on development of MHC class I-specific thymocytes, we crossed 

ThPOKSilProxRx mice to MHC class II knockout background in which only class I-specific 

thymocytes can develop. This demonstrated that the ThPOKSilProxRx mutation caused almost 

complete redirection of MHC class I-specific T cells to the CD4 lineage, indicating abolition of 

silencer function (Suppl. Fig. 9). Importantly, the variant ThPOKSilProxRx could still bind Runx 

factors (Suppl. Fig. 3d). Thus, central positioning or structural integrity of the HCNE is critical 

for proper function of the SilThPOK, rather than simply reflecting a requirement for Runx binding.  

 Next we asked whether position/orientation of other transcription factor binding sites with 

respect to the HCNE was important for SilThPOK function, by generating knockin mice in which 

the distal 250bp of the SilThPOK was inverted. In resulting ThPOKSilFlip250 mice the 

position/orientation of the HCNE is unaltered, while the sequences immediately 5’ to the HCNE 

are moved 250bp away. Homozygous ThPOKSilFlip250 mice exhibited a block of silencing 

function, as evidenced by absence of CD8 T cells (Fig. 5 b,c). We specifically tested the fate of 

MHC class I-restricted thymocytes by backcrossing ThPOKSilFlip250 mice to MHC class II 

knockout mice, which showed that MHC class I-specific T cells underwent almost complete 

redirection of to the CD4 lineage (data not shown). Collectively, these data indicate that relative 

spacing and/or orientation of TF binding sites within the ThPOK silencer is critical for function, 

consistent with a silenceososome rather than billboard model of silencer function. The variant 

ThPOKSilFlip250 could still bind Runx factors (Suppl. Fig. 3d).  

 

DISCUSSION 
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Although evolution of immune genes has been extensively studied at the DNA/protein sequence 

level, only few studies have addressed evolution of immune gene regulation at the functional 

level. Here we have used a genetic strategy to track evolution of gene regulation of the 

transcription factor ThPOK, the master regulator of CD4-CD8 lineage choice. We demonstrate 

that motif grammar and function of the SilThPOK have been highly conserved since divergence of 

marsupial and placental mammals, and that SilThPOK function is highly dependent on motif 

grammar, indicating that specific combinatorial TF binding is essential for silencer function. 

Thus the SilThPOK appears to operate as a “silenceosome”, analogous to the previously described 

enhanceosome model.  

 TRE (transcriptional regulatory element) swap experiments that involve substituting 

homologous cis elements of the same gene from a different species are critical to define 

evolutionary origins of transcriptional regulatory networks, but are rarely performed in vivo. 

Most prior experiments of this nature have utilized a transgenic approach, whose physiological 

relevance is limited due to integration site and copy-number dependence of transgene regulation, 

and absence of normal chromatin and regulatory context (Gordon and Ruvinsky, 2012; Ludwig 

et al., 2005). Furthermore, almost all such studies have been carried out in experimentally more 

tractable invertebrate models. In vertebrates only 2 inter-class cis element swap studies 

employing a knockin strategy have been reported (Cretekos et al., 2008; Kvon et al., 2016). In 

one study, deletion of the Shh ZRS enhancer was found to cause severe limb malformation in 

mice, which could be corrected by swapping in the homologous coelacanth element, 

demonstrating conserved function since divergence of fish from other vertebrate lineages (Kvon 

et al., 2016). Of note, the functional requirement for the Shh ZRS enhancer in coelacanth was not 

explicitly verified in this study, as it is not currently feasible to generate knockouts in most non-
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rodents. The other study, involving replacement of the limb-specific Prx1 enhancer in mice by its 

bat homolog proved uninformative for testing conserved function, since the mouse element was 

functionally redundant (i.e. knockout caused no phenotype) (Cretekos et al., 2008).  

 As far as we know, our study is the first to use a knockin approach to demonstrate functional 

equivalency of a silencer across evolution. The only prior study touching on this topic, used a 

transgenic reporter approach to show that a mouse element involved in imprinting of the 

H19/Igf2 genes could function as a silencer in transgenic reporter assays in Drosophila  (Brenton 

et al., 1999; Drewell et al., 2000). Apart from limitations of the transgenic approach, this 

interpretation has been questioned, because the mouse element contains CTCF sites more typical 

of insulators, and because its activity in Drosophila is regulated by a factor not found in 

mammals (Schoenfelder and Paro, 2004). Hence, our infra-class swap of SilThPOK elements 

represents a significant addition to the functional evaluation of conserved cis-regulatory 

elements, particularly silencers. 

 The fact that the opossum SilThPOK can substitute functionally for the mouse SilThPOK in CD4 

development implies that the opossum SilThPOK is interacting with key mouse TFs that normally 

control the mouse SilThPOK during this process. The alternative interpretation that the opossum 

SilThPOK can mediate the same functional outcome by a non-conserved mechanism, i.e. by 

interacting with a different set of TFs in the mouse than in the opossum, seems unlikely. Of note, 

although the role of ThPOK in CD4 commitment has not been formally proven for marsupials 

(i.e. by gene targeting, which is currently not feasible for marsupials), we have obtained evidence 

for such a role in much more primitive zebrafish, implying that it is common to all vertebrates 

[Li et al., in press]. Hence, we would suggest that the marsupial SilThPOK also controls ThPOK 

expression during thymocyte development in marsupials. Furthermore, we would predict that 
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key TFs that interact with the SilThPOK during thymic development would also be evolutionarily 

conserved between marsupial and placental mammals. Indeed, the most important known 

regulator of SilThPOK function, Runx3, shows 82% identity at the amino acid level between 

opossum and humans (data not shown). Further, altering the organization/position of the most 

highly conserved syntenic block within the mouse SilThPOK disrupts its function.  

 

 Our analysis reveals recognizable SilThPOK elements only in mammals. Given that the 

ancestors of modern mammals (synapsids) diverged from those of modern reptiles and birds 

about 320 million years ago (Carrroll, 1964), this shows that the SilThPOK element arose in its 

present form after that time, but before divergence of marsupial and placental mammals 160 

million years ago. Despite the likely absence of a bona fide silencer element in non-mammalian 

vertebrates, it is well-established that functionally divergent CD4 and CD8 T cell subsets exist in 

non-mammalian vertebrates, as far back as teleost fish (Toda et al.,2011; Yoon et al., 2015; Dee 

et al., 2016; Somamoto et al., 2014). Furthermore, amphibians display characteristic CD8 T cell-

mediated MHC I-restricted cytotoxicity and CD4 T cell-mediated MHC II-restricted help of B 

cell responses (Robert, 2016). Although lower vertebrates lack a true SilThPOK homolog, 

examination of the Xenopus laevis genome reveals presence of 7 perfect Runx consensus sites 

(TGTGGT) within a 750bp region of the first ThPOK intron, which might represent a primordial 

Runx-dependent silencing element (data not shown). 

 Our study is the first to examine function of a TRE associated with a marsupial immune 

gene, and to suggest that it is functionally equivalent to its placental homolog. This seems to 

reflect particularly strong conservation of the CD4/CD8 commitment process in mammals, as 

also evidenced by similar distribution of CD4 and CD8 T cells in thymus and other lymphoid 
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organs of marsupials and placental mammals (Howson et al., 2014). In contrast, some other 

aspects of T cell development are quite divergent between marsupial and placental mammals, i.e. 

1) Delayed T cell production in newborn marsupials versus placentals (Baker et al., 1999; Old 

and Deane, 2000, 2003). 2) Unusual anatomical locations and numbers of thymi (Deane and 

Cooper, 1988; Haynes, 2001; Hubbard et al., 1991; Yadav, 1973). 3) Different programs of TCR 

rearrangement and usage, including reversal of γδ and αβ T cell appearance in thymic ontogeny, 

and expression of a “primitive” TCRµ chain (Parra et al., 2008; Parra et al., 2009; Parra et al., 

2007; Wong et al., 2011). 4) Strong sequence divergence of many key immune genes (e.g. very 

weak similarity between marsupial and placental CD4 coding exons) (Belov et al., 2007; Duncan 

et al., 2007; Wong et al., 2011). Apart from providing comparative insights into the evolution of 

the adaptive immune system of placental mammals, study of the marsupial immune system may 

have practical significance, for instance in developing strategies to combat contagious facial 

cancer in Tasmanian devils (Pearse and Swift, 2006). Opossums represent an excellent model 

organism for this purpose, because they are small, can be housed in mouse cages, and are almost 

as fecund as mice (average litter size is eight) (Keyte and Smith, 2008). Moreover, experimental 

manipulation of developing marsupials does not require invasive procedures on the mother. 

 The most important implication of our study is that SilThPOK function is highly dependent on 

motif grammar, suggesting a “silenceosome”-like mode of function, whereby even small changes 

in TF binding would severely impact its function. In particular, we uncovered the critical 

importance of position and orientation of the HCNE region within the SilThPOK. Our results 

indicate that specific position of the HCNE within the SilThPOK is critical for its lineage specific 

activity, as evidenced by near complete abolition CD8 lineage in ThPOKSilProxRx mice. Moreover, 

we found that local orientation and spacing of TF sites near the HCNE are essential for lineage 
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specific SilThPOK activity in thymocyte development, as indicated by similar abrogation of CD8 

development in ThPOKSilFlip250 mice. Importantly, inversion of the whole SilThPOK (ThPOKSilFlip 

mice) does not impair CD8 development, supporting that motif grammar rather than overall 

orientation of the SilThPOK  is critical for its function. Given the key roles of CD4 and CD8 T 

cells for effective immunity against foreign pathogens, altering their numbers and/or proportions 

would have direct harmful consequences on fitness of the organism. In addition, ThPOK is 

expressed in diverse tissues, both immunological and non-immunological, and analysis of 

reporter knockin mice reveals that deletion of the SilThPOK leads to derepression of ThPOK in 

several of these tissues [JMB & DJK, unpublished]. Interestingly, 75% of ThPOK knockout 

embryos die in utero for unknown reasons [Lee, H.-O. & Kappes, unpublished]. This suggests 

pleiotropic developmental functions of ThPOK and of the SilThPOK in diverse tissues, which are 

important for viability.   

 In summary, this is the first in vivo study to identify a putative silenceosome. In the 

extensively studied IFN-β enhanceosome, high evolutionary conservation is imposed by a 

requirement for binding of 8 different TFs simultaneously (Panne, 2008). Our bioinformatics and 

Y1H analyses have revealed numerous TFs that could potentially participate in the formation of 

this proposed silenceosome. Future work will reveal how assembly of these factors at the 

SilThPOK regulates its activity, and how TCR signals may perturb this assembly in order to turn 

off SilThPOK activity at precise developmental stages. 
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MATERIALS AND METHODS 

Mice: All experimentation involving animals was approved by Institutional Animal Care and 

Use Committee (IACUC), Fox Chase Cancer Center. OT-1-TCR (Hogquist et al., 1994) and 

AND TCR transgenic lines, MHC class II -/- as well as β2m-/- have been procured from Jackson 

Laboratory. All other mouse lines described in this paper have been generated by the FCCC 

Transgenic Facility. Animal care was in accordance with NIH guidelines.  

ZFN-mediated gene targeting in mouse embryos: A site-specific pair of ZFN RNAs that 

recognizes a target site 70bp upstream of the ThPOK silencer was designed and generated by 

Millipore-Sigma (Genome Editing division). mRNAs encoding the 2 site-specific ZFNs 

(50ng/µl) were introduced into 1-cell mouse oocytes by pronuclear injection, and injected 

oocytes were transferred to a pseudopregnant surrogate mother. Positive founder pups were 

identified using mutation-specific primers, and mated to C57BL/6 mice to generate stable 

heritable knockin lines. In pilot experiments, in which embryos were injected only with ZFN 

mRNAs, about 70% of founders showed small deletions or insertions at the ZFN target site, 

resulting from NHEJ-mediated repair of double-stranded DNA breaks caused by site-specific 

ZFNs (Suppl. Fig. 7a,b). To introduce specific mutations, oocytes were coinjected with ZFN 

mRNAs as well as a homologous donor construct (2ng/ml) containing the desired alteration. In 

our hands, 2-10% of founders exhibited site-specific introduction of the desired mutation by 

homologous recombination (Suppl. Fig. 4 c-f). Constructs consisted of 1.5kb 5’ and 0.8kb 3’ 

arms of homology flanking the mutant ThPOK silencer sequence. The SilΔ construct lacks the 

entire 418bp silencer sequence, and so contains no sequence between the homology arms (see 

Fig. 1d for mouse silencer sequences). In the case of the SilPOS construct, the 418bp mouse 

silencer is replaced by the 464bp opossum silencer in the same orientation (see Fig. 1d for 
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opossum silencer sequences). In the case of the SilFlip and SilFlip250 constructs either the entire 

mouse silencer or the most distal 250bp of the silencer are inverted. The ZFN target sequence is 

ACCGCTACCCTAACCcataaCTGGAAGGGGTTTAG (capital letters denotes nucleotides 

actually bound by right and left ZFN proteins). The PCR primers used to type for replacement of 

the mouse ThPOK silencer by the opossum silencer are: Opossum F: 5’-

AGAACGTTGGAGTAGACGGC TTTGCA; Mouse R (external to the HR construct):  5’-

ACGCCCTAGGTCAAGTCTGA.  

Antibodies: All fluorescently labeled antibodies used were obtained from commercial sources 

(ebioscience), including anti-Thy1, TCRβ, γδTCR, CD4, CD8, CD69, HSA, CD62l.  

RT PCR: Cellular subsets were stained with antibodies described above, FACS sorted and RNA 

was generated according to standards protocols. RT PCR for quantitation of ThPOK mRNA was 

carried out as described previously (He X, Park K, Wang H, He X, Zhang Y, Hua X, Li Y, and 

Kappes DJ. 2008).  

Enhanced yeast one-hybrid (eY1H) assays: Protein-DNA interactions with the mouse ThPOK 

silencer, and opossum ThPOK silencer were determined using enhanced yeast one-hybrid 

(eY1H) assays as described (Fuxman Bass et al., 2015; Reece-Hoyes et al., 2011b). Briefly, each 

DNA sequence was cloned upstream the HIS3 and LACZ reporter genes and integrated into the 

yeast genome to generate yeast DNA-bait strains. These DNA-bait strains were then screened 

against an arrayed collection of 1,086 human TFs (Fuxman Bass et al., 2015). Human TFs can be 

used as a proxy for mouse and opossum TFs given the high sequence and specificity 

conservation between TF orthologs in mammals (Jolma et al., 2013). Interactions were tested in 

quadruplicate using both reporters, detected using the web tool Mybrid (Reece-Hoyes et al., 

2013) and manually curated.  Only the interactions detected in at least two colonies were 
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considered positive. For each DNA sequence two independent yeast DNA-bait strains were 

tested. Interactions that do not replicate in one test, usually replicate if more strains are tested, 

and thus the union of the protein-DNA interactions is reported. 
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Figure legends 

Fig. 1. ThPOK gene organization and sequence is highly conserved between marsupial and 

placental mammals. a) Clustal alignment of ThPOK protein sequences (protein sequence 

deduced from nucleotide sequence in the case of marsupial ThPOK). Red boxes indicate regions 

of high sequence divergence between placental and marsupial sequences. BTB and ZF indicate 

location of functionally important POZ/BTB and Zinc finger domains, respectively. b) 

Organization of mouse and human ThPOK genes (top right shows neighboring genes of mouse 

ThPOK locus). c) Organization of opossum ThPOK gene. Red boxes and black boxes indicate 

positions of coding and non-coding exons, respectively. Green box indicates location of ThPOK 

silencer.  

 

Fig. 2. The ThPOK silencer is conserved between marsupial and placental mammals. 

Clustal alignment of ThPOK silencers from indicated species. Species were chosen from 

available mammalian genomes to reflect diverse lineages. Identity between all species is 

indicated by asterisk (bottom row). Identical residues are also color-coded according to length of 

contiguous homology, i.e. 1bp (green), 2bp (yellow), 3-4bp (purple), >5bp (red). Blue box 

indicates the segment of the ThPOK silencer that corresponds to the highly-conserved non-

coding element according to ANCORA database (see Suppl. Fig. 3c). Note the absence of a 

specific band in the ΔRunx control mice, which lack the Runx binding motifs within the ThPOK 

silencer. 

 

Fig. 3. Transcription factor site organization for human, mouse and opossum ThPOK 

silencers. a) TF consensus binding sites (as predicted by JASPAR algorithm) were mapped to 
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ThPOK silencers for indicated species (total number of predicted consensus sites is indicated in 

brackets for each species). Using interspecies alignment shown in Figure 2, each consensus site 

was classified as conserved or nonconserved (in position and orientation), relative to the other 

species. 524 sites were found to be conserved between all 3 species. b) Distribution of consensus 

site sequences from JASPAR for human, mouse and opossum ThPOK silencers were mapped 

onto silencer sequences for their respective genomes. Mapping was done using string mapping 

using a string search method. Resulting mapping sites were visualized in Integrative Genome 

Browser as coverage track. Note uneven distribution of consensus motifs across each element. 

Bars under each plot depict stretches of identical residues, color-coded as in Figure 2. Note, 

however, that the sequence gaps inserted in Figure 2 for alignment purposes have been removed, 

so that spacing of conserved elements differs slightly between species.  c) Sequence consensus 

sites from JASPAR for human, mouse and opossum, sorted into indicated categories according 

to conservation between different species, i.e. sites conserved (in position and orientation) in all 

species (top row), conserved between human and mouse, but not opossum (2nd row), or unique to 

each species (rows 3-5).  Sites of potential relevance to silencer regulation in lymphoid lineages 

are marked (see legend at bottom). Bars under each plot depict stretches of identical residues, 

color-coded as in Figure 2. 

 

Fig. 4. Marsupial SilThPOK supports normal ThPOK regulation in developing thymocytes. a) 

Schematic of ThPOK gene organization in wt (top), SilPOS knockin (middle), and  SilΔ  knockin 

mice. Black boxes indicate exons. Enhancers are shown as white boxes, and the silencer as a 

triangle (red and green for mouse and opossum, respectively). Thick black arrow at top indicates 

transcriptional orientation. b) RT-PCR analysis, showing relative expression of ThPOK mRNA 
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in indicated sorted thymocyte subsets of wt, homozygous ThPOK-SilPOS, and homozygous 

ThPOK-SilΔ mice. Results are a combination of 6 biological replicates per strain. Right-hand 

panel shows ThPOK expression for DP and SP CD8 subsets at a larger scale, to allow small 

expression differences to be more readily discerned. (INT = “intermediate” CD4+8lo subset). c) 

FACS analysis of CD4, CD8a, TCRβ and CD69 expression in indicated electronically gated 

thymocyte subsets of wt (ThPOK-Sil +/+), ThPOK-SilPOS/ SilPOS, and ThPOK- SilΔ/ SilΔ, mice. 

Plot at bottom shows % of SP CD4 and CD8 cells within gated mature (CD69-, TCRβ+) fraction 

(n = 3, for each strain). d) FACS analysis of CD4, and CD8a expression in indicated peripheral 

lymphocyte populations of wt, ThPOK-SilPOS, and ThPOK- SilΔ mice (PBLs = peripheral blood 

lymphocytes; Spl = spleen). Cells gated for high TCRβ expression (TCRβ +) consist exclusively 

of T cells, in contrast to total PBLs and splenocytes (which also contain other white blood cell 

types). Plot at bottom shows % of SP CD4 and CD8 cells within gated TCRβ+ PBLs (n = 3, for 

each strain). e) FACS analysis of CD4, and CD8a, expression in indicated thymocyte and lymph 

node subsets from mice expressing the MHC class II-restricted TCR transgene, AND. f) FACS 

analysis of CD4, and CD8a expression in indicated peripheral lymphocyte populations, from 

mice expressing the MHC class I-restricted TCR transgene, OT-1. Plot at right shows % of SP 

CD4 and CD8 cells within gated TCRβ+ fraction (n = 3, for each strain). Error bars in b, c, d and 

f represent standard deviations. Significant differences between mutant and wt mice were 

determined by paired T test, and indicated by asterisks (*  p>0.01; ** p> 0.005; ***  p> 0.001). 

 

Fig. 5. ThPOK silencer functions in an orientation-independent manner. a) Schematic of 

SilFlip, SilFlip250 and SilProxRx alleles. Color patterns serve to indicate organization/orientation of 
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variant silencers (bottom bars) compared to wt silencer (top bar). b) FACS analysis of CD4, and 

CD8 expression on indicated thymocyte subsets from +/+, SilFlip/SilFlip, SilFlip250/SilFlip250 and 

SilProxRx/ SilProxRx mice. c) FACS analysis of CD4, CD8, TCRβ and CD69 expression on 

indicated peripheral blood subsets from same mice as in panel b. Plot at bottom shows % of SP 

CD4 and CD8 cells within gated TCRβ+ PBL fraction (n = 3, for each strain). Note almost 

complete loss of SP CD8 cells in SilFlip250/SilFlip250 and SilProxRx/ SilProxRx mice. Error bars 

represent standard deviations. Significant differences between mutant and wt mice were 

determined by paired T test, and indicated by asterisks (*  p>0.01; ** p> 0.005; ***  p> 0.001). 
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Fig. 2 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 41 

Fig. 3a 
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Fig. 3c 

 

 

 

 

 

 

 

  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sy191/5123519 by U
niversity of M

assachusetts M
edical School user on 10 D

ecem
ber 2018



Opossum silencer knockin                                                                                                      Article 
 
 

 43 

Fig. 4 
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Fig. 4 e, f 
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Fig. 5 
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