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Abstract 
 
The olfactory receptor (OR) genes are the largest mammalian gene family and are 
expressed in a monogenic and monoallelic fashion in olfactory neurons. To investigate 
stochastic and deterministic models for OR expression, we mapped transcription start 
sites for ~1100 of the ~1400 murine olfactory receptor genes and computationally 
analyzed putative promoters. OR promoters were extremely AT-rich and were 
homogenous with respect to transcription factor binding site representation. Other 
murine genes with similar AT-rich promoters resembled ORs—these were large, recently 
evolved families arranged in clusters in the genome that showed evidence of variegated 
or stochastic expression in terminally differentiated tissues. 
 
In investigating regulatory mechainsism that could restrict OR expression to one out of a 
large family of equivalent promoters, we found that the silent olfactory receptor genes 
form interchromosomal aggregates near pericentromeric heterochromatin in olfactory 
neurons. These aggregates are cell-type specific and differentiation-dependent and 
exclude the active allele. OR aggregation depends upon downregulation of Lamin b 
receptor in olfactory neurons and its removal from the nuclear envelope. Restoration of 
LBR to OSNs by overexpression disrupts OR aggregates, reduces chromatin density, 
and increases DNase accessibility of ORs. This results in downregulation of OR 
expression, co-expression of multiple OR alleles in each OSN, and mis-targeting of OSN 
axons to olfactory bulb glomeruli. We hypothesize that aggregation of silent ORs cloaks 
most OR alleles, restricting access of a limited number of transcription factors to a few 
OR promoters. When most ORs are revealed by LBR overexpression, transcription 
factor binding sites increase by several orders of magnitude while the number of 
transcription factors available to bind them remains the same. This results in 
downregulation of each OR and co-expression of multiple ORs. 
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Chapter I: Introduction and Motivation 

 

5% of mouse genes—~1500 out of 30,000—encode olfactory receptors (Zhang and 

Firestein 2002, Godfrey et al. 2004).  Olfactory receptors in mammals, birds, fish, 

amphibians and nematodes are rhodopsin-type G-protein coupled receptors (GPCRs); 

insect ORs are chemically distinct. These proteins are expressed in olfactory sensory 

neurons (OSNs) and at least in mice coat the entire plasma membrane. The seven 

transmembrane domains and the N- and C-termini of ORs are homologous while the 

odor-binding pocket, sunk into the membrane, varies. Odors enter the murine nose at 

the apical face of the olfactory tissue where they encounter OR-coated OSN dendrites. 

Each OR binds to a small group of chemically related molecules, perhaps five.  

 

The olfactory tissue (olfactory epithelium or OE) is a pseudostratified epithelium. Like 

other epithelial tissues but unlike most neural tissues, it continuously regenerates: in the 

mouse, apically located olfactory neurons live for approximately three months and are 

replaced by newly born neurons produced by basally located stem cells. Olfactory 

neurons in vertebrates project their axons to a specialized region at the front of the brain 

called the olfactory bulb. In many animals this structure is quite large, occupying 10% of 

brain volume (Rowe et al. 2011). OSN axons synapse with mitral and tufted cells in the 

bulb, and these project to various cortical regions to associate odor sensation with 

meaning. 

 

In most cases, maturing olfactory neurons activate exactly one olfactory receptor gene 

and continue to express this gene until they die, making each neuron a sensor for a 

small group of chemicals and presumably reducing odor perception to assessment of 

which cells have been activated by an odorant mix (Chess et al. 1994, Shykind et al. 
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2004).  Not only does each OSN express only one of the 1500 ORs, it expresses only 

one allele of the chosen gene. Furthermore, the axons of olfactory neurons expressing a 

particular OR project to the same site in the olfactory bulb (Mombaerts et al. 1996). Thus 

the bulb is a spherical map of synaptic structures (called glomeruli) that are each 

activated by particular odorants. 

 

Within the olfactory epithelium, cells expressing a particular OR appear randomly 

scattered (Ressler et al. 1993, Vassar et al. 1993). However, the 1500 ORs are not 

completely interchangeable at the tissue level. First, about a third of mouse OR genes 

are pseudogenized and cannot produce a functional OR protein (Zhang and Firestein 

2002, Godfrey et al. 2004). These genes may be transcribed by an immature neuron but 

their expression is eventually silenced and a different OR chosen until some level of 

function is obtained (Shykind et al. 2004). Next, expression of each OR is spatially 

restricted to a sub-region of the tissue, called a zone; classically 4 zones were identified 

but later work suggests a continuum in which each individual receptor may have its own 

domain (Ressler et al. 1993, Vassar et al. 1993, Miyamichi et al. 2005). Finally, different 

OR genes start to be expressed at different times in development; for example many 

genes on chromosome 2 are expressed embryonically while other ORs turn on near or 

even after birth (Rodriguiz-Gil 2010). 

 

The OR family has been subject to rapid expansion and contraction across evolution. 

For example the zebrafish has ~100 ORs while Xenopus laevis has ~1500 (Niimura and 

Nei 2006). ORs are also commonly variable in copy number between individuals of the 

same species (Young et al. 2008). Almost all the mouse chromosomes include OR 

genes and most ORs are grouped in clusters (Godfrey et al. 2004). Thus ORs appear to 

be duplicated by at least two mechanisms, one that copies them in tandem and one that 
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caries them to distant genomic sites. The largest OR cluster in the mouse, on 

chromosome 2, contains about 250 ORs and the smallest clusters contain only one or 

two.  

 

One can imagine a deterministic regulatory model for OR expression in which 1500 

precise combinations of transcription factors each activate one specific OR promoter. In 

this model one would expect to find 1500 different OSN types, each containing the 

proper transcription factor mix for just one OR promoter. The monoallelic expression of 

ORs cannot be explained by any pure deterministic model as both copies of a particular 

gene have the same promoter (Chess et al. 1994, Shykind et al. 2004). Experiments 

demonstrating that each OSN is capable of expressing dozens of OR genes are also 

inconsistent with this model (Serizawa et al. 2003, Shykind et al. 2004). Finally, 

continuous deterministic production of new neurons would require the existence of a 

large group of transcriptionally distinct stem cells. 

 

The observation that cells expressing a particular OR are scattered in the OE lead to a 

competing model in which OSNs stochastically choose which OR they express. While at 

some stage in development fine features like zonality and expression timing must 

originate from sequence characteristics, the stochastic model suggests that in an adult 

animal OR expression is governed by non-deterministic epigenetic mechanisms 

(Shykind et al. 2005). For example, the entire OR gene family could be silenced during 

OR development and during OSN maturation a nuclear singularity could prompt only one 

OR to be expressed. Only ORs appropriate for the zone or the developmental stage of 

the particular OSN would be available to be chosen by this singularity. The focus of this 

graduate work was first to assess whether OR promoter sequences are compatible with 
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stochastic or deterministic regulation and second to explore regulatory mechanisms that 

could implement stochastic choices.  

 

In the first arm of the project, we mapped 1085 OR promoters and showed that they 

contain minimal identifying characteristics—they are extremely AT-rich overall and 

appear to have a GC-rich core initiation site, but other transcription factor binding sites 

were minimally enriched and minimally diverse across OR categories (Glusman et al. 

2001, Michaloski et al. 2006, Clowney et al. 2011). The AT-richness of the OR 

promoters lead us to look for other gene families with AT-rich promoters. We found that 

many large, recently expanded gene families with variegated expression have AT-rich 

promoters. This lead to hypotheses that (1) AT-rich sequence content could be a 

substrate for regulation and stochastic expression, and (2) that non-deterministic 

regulation of gene expression may allow or accompany rapid expansion of a gene 

family. 

 

With this information in hand, we considered how minimal local sequence information 

could be translated into a regulatory program. We noticed that overall nuclear 

morphology changes dramatically as olfactory stem cells differentiate into neurons, and 

this suggested the hypothesis that olfactory receptor genes are re-organized in nuclear 

space as the OSN develops. Perhaps most ORs are hidden from the transcriptional 

machinery in most OSNs, but each OSN contains one or a few ORs that are exposed 

and thus available for expression. To investigate, we developed a method to stain all the 

olfactory receptor genes at once and showed that as OSNs differentiate, ORs from 

multiple chromosomes coalesce in transcription-incompatible aggregates. These 

aggregates are differently composed in each cell and the active OR allele escapes them. 

Inverting the nuclear organization of OSNs by overexpressing a nuclear envelope 
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protein breaks the one-receptor-per-neuron rule, demonstrating that the histone code is 

used to produce higher-level nuclear organization to ensure regulatory and 

developmental fidelity (Clowney et al. in press, 2012). 

 

References for chapter I are combined with references for chapter II and can be found 

on page 24.  
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Chapter II:  

Transcription factors and regulatory elements in olfactory receptor expression 

 

Stochastictic and deterministic models for OR expression 

 

When the first olfactory receptor genes were cloned from the rat 20 years ago, Buck and 

Axel suggested that they must be representatives of a family of 100 to several hundred 

genes, that different receptors would be expressed in different cells, that the genes  

would be found in clusters in the genome, and that each receptor would sense a handful 

of physically related odor molecules (Buck and Axel 1991). These hypotheses were later 

found to be correct, and the size of the receptor family even larger than anticipated. 

When the mouse genome was sequenced, computational searches identified nearly 

1400 ORs, of which about ¼ appeared to be pseudogenized (Young et al. 2002, Zhang 

et al. 2002, Godfrey et al. 2003, Niimura and Nei 2006, Niimura 2012). The rat OR family 

is even larger, containing ~1200 intact and ~500 pseudogenized ORs (Niimura 2012). 

The gene family expanded tremendously during terrestrial vertebrate evolution: fish 

generally have less than 200 ORs, frogs about 1500. Though the OR repertoire is 

diverse across mammals (humans, for example, have only 400 intact ORs), this diversity 

arises from gain and loss of genes within clusters; most mammalian clusters were 

seeded before the divergence of placental and marsupial groups (Aloni et al 2006). On 

the other hand, chicken (and presumably frog) OR clusters do not generally correspond 

to mammalian clusters (Aloni et al. 2006) 

 

About 200 murine ORs, called class I ORs, derive from a subset of ORs present in 

zebrafish. This ancient group is more divergent than the ~800 class II, mammal-specific 

ORs (Niimura and Nei 2006). The class I ORs (as well as a small group of class II ORs) 
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are generally expressed in the anterior portion of the olfactory epithelium and are 

thought to mediate detection of innate, often aversive, odors (Cho et al. 2011, 

Kobayakawa et al. 2007). Most class II, “mammal-sepcific” murine ORs are expressed in 

subregions of the posterior portion of the OE. Together the class I area and three class II 

subareas were considered four separate expression zones (Vassar et al. 1993, Ressler 

et al. 1993).   

 

Therefore the question, “How is OR expression regulated” breaks into several sub-

questions. First, what is the basal machinery that permits OR expression? Second, how 

is expression of a particular OR gene restricted to a sub-area of the olfactory epithelium? 

Third, how does the cell know that it has expressed a functional OR? And fourth, what is 

the mechanism that limits expression of ORs that are not expressed?   Much work has 

gone into attempting to answer the question of zonal expression (described below) but 

results have been confusing. In particular, many in the field suspect that locus control 

regions (LCRs) required for transcription of ORs may also restrict which ORs can be 

expressed in each zone. While two of these enhancers have been studied in depth, the 

proteins that initiate OR transcription have not been characterized. The contours and 

logic of the feedback mechanism that makes a cell aware it has expressed an OR are 

well understood (also described below) but molecular mechanisms by which it is 

implemented (and whether the enhancer elements are substrates of the feedback 

mechanism) are completely unknown. Finally, mechanisms that silence ORs in olfactory 

neurons that have not chosen them for expression began to be characterized by the 

Lomvardas Lab in work published last year and are described below (Magklara et al. 

2011).  
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It is not clear the extent to which olfactory neurons are a homogenous cell type 

delineated simply by their expression of unique ORs or a collection of cell types that are 

each capable of expressing only a subset of ORs or a single OR (Feinstein et al. 2004). 

A simple deterministic model of OR expression posits that there is a one-to-one 

relationship between OR genes and types of OSNs. Each OSN type would express a 

unique set of transcription factors capable of activating a single OR promoter with the 

corresponding transcription factor binding sites. As implied by the terms used, regulation 

would occur completely in trans.  

 

A stochastic model of OR expression proposes that OSNs are a single cell type, that any 

OR can be expressed in any OSN, and that a “singularity” in the OSN nucleus imposes 

the one-receptor-per-neuron rule. This singularity could act in trans or through a 

combination of interacting layers acting in cis.  

 

A pure deterministic model cannot explain the observed monoallelic transcription of OR 

family members. A purely stochastic model has trouble assimilating the zonal variation in 

OR expression as well as differing onset of expression in development. Thus the true 

number of OSN cells types is probably neither 1 nor 1400 but somewhere in between. 

 

Can we state a deterministic model that accounts for all the observed features of OR 

expression? First, we would need the OR promoters to be distinct from one another, 

each containing a different collection of transcription factor binding motifs. 10 

transcription factors would be enough to produce enough combinations. These 

transcription factors would need to have variegated expression patterns, and some of 

them would need to be  restricted in expression across the OE to account for zonal OR 

patterns. However, to date no transcription factors have been identified that have 
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variegated or restricted expression patterns across the OE (Sammeta et al. 2007). How 

might monoallelic expression be accomplished by a purely deterministic model? Perhaps 

another set of trans-acting factors marks maternal and paternal alleles through 

development and specifies some OSNs as “maternal-expressers” and others as 

“paternal-expressers.” Such factors have not been identified. 

 

Can we state a stochastic model that accounts for variation in expression of ORs across 

developmental time and tissue space? Yes, if we allow development to make different 

ORs available for stochastic choice at later time points. For example, in the early 

specification of the OE, four precursor cells of zonal areas of the OE could mark different 

parts of the OR genome for later availability. Thus a zone I precursor cell would open or 

mark an LCR or an OR cluster compatible with expression in zone I, and OSNs deriving 

from this precursor would stochastically choose among these possibilities. At some level 

this model probably requires factors acting differentially in trans on different parts of the 

genome but it does not require the presence of these factors in differentiated or 

differentiating OSNs. Each OSN would contain a singularity but the singularity would not 

be identically composed in each neuron. This model does not require variation in OR 

promoters—ORs might be chosen for expression based on their proximity to local locus 

control regions, without the need for trans-acting factors at promoters. At least two 

enhancers that activate neighboring ORs have been identified.  

 

Therefore, these two models diverge at a specific and testable point: deterministic 

regulation requires varying OR promoters and variegated transcription factor expression 

in the adult OE, while stochastic regulation does not require any variation in OR TFBS’s 

or transcription factor expression. I identified OR promoters in the first phase of my 
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thesis and characterized their sequence composition and repertoire of transcription 

factor binding sites in light of this question. These results are described in chapter III. 

 

Epigenetic silencing of OR genes 

 

At its inception, the Lomvardas Lab asked, “What are the regulatory mechanisms that 

silence ORs not chosen for expression in a particular cell?” This was considered a 

reasonable question because of a hunch that transcription factors that permit expression 

of ORs are available in all OSNs and that therefore monogenic OR expression requires 

most ORs to be shielded from these activating factors by some competing silencing 

machinery. Moreover, investigating silencing of the OR gene family seemed easier than 

asking what machinery activates ORs because each OR is silenced in ~2799/2800 cells 

and in each cell 2799/2800 ORs are silenced--studying 2799 alleles is much easier than 

studying one.  

 

The study, by Angeliki Magklara, showed that in olfactory neurons and late progenitor 

cells in the OE, the olfactory receptor genes that are not expressed acquire histone 

marks reminiscent of constitutive heterochromatin: H3K9-Me3 and H4K20-Me3. These 

marks are absent from the quiescent progenitor population of the OE (the horizontal 

basal cells) and from other tissues, like the liver. These differentiation-specific marks 

were correlated with extreme DNase inaccessibility of OR genes in the OE, suggesting 

that OR genes were packaged into a dense structure that doesn’t admit transcription 

factors. Finally, Magklara et al. showed that the OR allele that is transcribed in a 

particular cell has activating histone marks and lacks heterochromatic histone marks. 

This study also showed that the Omp-LacZ transgene (described below) is 

monoallelically expressed and that it acquires the histone marks of the nearby OR, 



 11!

suggesting that OR silencing and de-repression bears similarity to Position Effect 

Variegation (PEV) (Pyrski et al. 2001).  

 

This finding suggested a model that OR expression occurs as an overlap of two 

mechanisms: first, the gene must be de-silenced (or never-silenced) at the epigenetic 

level. Second, transcription factors that activate its promoter must be present. The two 

processes appear to be separable: epigenetic silencing and desilencing can affect any 

gene located in the right part of the genome, not just genes with sequence 

characteristics of ORs. Once a gene comes under control of PEV, it will be expressed 

when epigenetically open if basal transcriptional machinery compatible with its promoter 

is present. In the case of the Omp promoter, all cells in the OE contain transcription 

factors that can express Omp, so expression of the transgene simply reports chromatin 

state. 

 

In the first year of my thesis, I contributed to Angeliki’s work by processing and analyzing 

ChIP-chip data. I also searched for noncoding RNAs that we thought might mediate OR 

heterochromatinization in a mechanism reminiscent of X Inactivation or S. pombe mating 

type switching. I found no such RNAs! 

 

Evolution of the OR gene family casts light on regulatory principles 

 

While the olfactory receptor gene family varies in size across species, individual ORs are 

also copy number variable within species. Both these observations, and the mechanisms 

by which OR appear to have spread, can give us clues about how these genes are 

regulated. 
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One study demonstrated that half of tested ORs vary in copy number among humans. 

The authors argued that this variation arises because ORs are enriched in segmentally 

duplicated regions and because there is little purifying selection acting on OR 

duplications and deletions (Young et al. 2008). Similarly, Nozawa et al. argued that 

chemosenory receptor copy number variation was simply a product of drift (Nozawa et 

al. 2007). These findings make one wonder why regions containing ORs are subject to 

segmental duplication. Two types of sequences in humans are associated with recurrent 

translocations mediated through nonallelic homologous recombination: olfactory 

receptors and AT-rich palindromes. As suggested by our findings below, olfactory 

receptors may themselves be AT-rich palindromes. Thus ORs may not be passively 

duplicated because they sit in duplication-prone regions but may actually drive gene 

duplication events either in cis or in trans (Edelmann et al. 2001, Nadezhdin et al. 2001, 

Giglio et al. 2001, Giglio et al. 2002, Maas et al. 2007, Buysse et al. 2009, Ou et al. 

2011).  

 

Olfactory receptors are also copy number variable in other organisms, including mice 

(Nozawa and Nei 2008) and cows (Liu et al. 2010, Hou et al. 2011). These segmental or 

indel mutations are likely to arise after long tethering of chromosomes in the egg. As 

olfactory receptor genes are often most highly related to ORs in their own cluster, it 

seems that rare events such as NAHR could seed new clusters while duplications in cis 

might expand cluster size. Following gene duplication, point mutations (potentially 

contributed by events in sperm) would cause variation of OR sequence and acquisition 

of new sensory capabilities. Point mutations (or segmental duplications causing 

truncation) would also result in pseudogenization.   
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While sequences that occur frequently in the genome like ORs, long terminal repeats, or 

endogenous retroviruses could cause chromosome mis-pairing and gene duplication or 

deletion, the lack of introns in the olfactory receptor coding sequences suggests another 

possible mode of duplication: retrotransposition (Gentles and Karlin 1999, Brosius 1999). 

This mechanism may help to explain why OR genes in mice are often surrounded by 

LTR or LINE sequences (Kambere and Lane 2009).  

 

Why is there little purifying selection on the size of the OR gene family? For example, 

why doesn’t duplication of an OR lead to expression of twice as much OR protein in the 

cell and adverse effects? Why doesn’t OR deletion or pseudogenization gradually 

produce an olfactory epithelium with many empty (olfactory receptor deficient) neurons? 

The stochastic expression of the OR family may explain the lack of constraint. First, a 

stochastic mechanism ensures that duplication of a gene will not result in increased 

gene dosage in the cell expressing the ancestral gene—the new copy of the OR will be 

expressed alone in a random subset of neurons rather than in the same cell as its 

parent. Thus the fact that individual ORs are already expressed in different cells from 

one another protects the olfactory system from adverse effects of copy number variation, 

restricting trouble to a small subset of cells. Second, a stochastic system for OR 

regulation would need to be coupled to a feedback mechanism that lets a cell know 

whether it has expressed an OR or not. As a side effect, a feedback mechanism would 

weaken selection against OR deletion or pseudogenization because expression of a 

“bad” OR would not trigger feedback. Thus OSNs that “used to” express a particular OR 

that has become disabled would not end up useless or empty but would instead simply 

express a different OR. This helps to explain how humans have a functional olfactory 

system despite the fact that the human genome contains more OR pseudogenes than 

intact ORs. 
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It is also possible that feedback combined with deterministic regulation could limit the 

number of OSNs that lack an OR in animals with many pseudogenes. For example, the 

set of transcription factors present in a particular neuron could bind a handful of different 

promoters with different affinity or on/off rates. Feedback could lock proteins onto their 

target, for example by a mechanism involving post-translational modification. Thus if the 

complex first sits on the strongest promoter but the transcript produces no functional OR 

protein, then the cell would wait to fully differentiate and the complex would have time to 

move to a weaker promoter from which a functional OR might be transcribed, evoking 

feedback and finalizing OR choice. If this model was fully deterministic, only functional 

ORs with the strongest promoters in their groups would be expressed at all. This seems 

unlikely as 85% of intact ORs are expressed in the typical individual. However if choice 

of OR within this small group was stochastic then the OR with the strongest promoter 

would be expressed most often but the others in the group would still be expressed 

sometimes. 

 

 

Genomic context, feedback, and OR choice 

 

Experiments in which a mature OSN is forced to switch the OR it expresses suggest that 

particular OSNs have the capacity to express dozens of ORs, not just a handful 

(Serizawa et al 2003, Shykind et al. 2004). Shykind et al. created a mouse in which the 

Mor28 OR coding sequence was replaced with Cre; in this mouse, OSNs that chose to 

express Mor28 did not evoke feedback and the cells switched to expression of a 

different OR. The cells that had switched were marked by reporter expression and the 

ORs they expressed instead were then assessed. Cells that had chosen to express 
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Mor28Δ-Cre and then switched to expression of another OR chose ORs expressed in 

the same zone as Mor28 with the same frequency that these ORs were expressed by 

any cell within the zone. Thus cells expressing a particular OR are no more likely to pick 

the other allele of this OR than any other of ~100 ORs usually expressed in the same 

area. This is difficult to reconcile with a deterministic regulatory system. If transcription 

factor combinations expressed in OSNs of adult animals dictate the ORs that a particular 

cell has the capacity to express, then the set of ORs chooseable by a particular 

transcription factor set must be large, in accordance with the number of ORs that can be 

expressed in a particular sub-region of the OE. And again, without some level of 

stochasticity in the promoter these factors choose to bind, stronger promoters would 

always win over weaker promoters. 

 

Mombaerts et al. and Feinstein et al. did a series of experiments knocking OR coding 

sequences into the genomic loci of other ORs (Mombaerts et al. 1996, Feinstein et al. 

2004). In the OE, these ORs were generally expressed in a blend of the locations of the 

source and target alleles but the expression pattern is much closer to that of the target 

OR, suggesting that genomic context plays a role in determining OR expression but not 

distinguishing between promoter and LCR contribution. Like the Mor28Δ, some of these 

mice supported the existence of “positional subtypes” of cells: when a particular mutant 

OR (M50->P2) expressed in several sub-regions of the OE, axons targeted to multiple 

cognate glomerular positions in the bulb. Glomerular projection is known to combine the 

expression of particular axon guidance molecules with input from the expressed OR 

itself and information about the position of the cell body in the olfactory epithelium, thus 

expression of an OR in several patches in the OE and targeting of these axons to 

several sub-positions in the bulb reinforces the idea that the OE contains various types 

of neurons. 
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Suppose the idea that OSNs exist in many “positional subtypes” is correct. The question 

of how these subtypes are specified can be rephrased as a question of whether subtype 

is specified during neuronal development or in the differentiated neuron. If the former, 

one would expect that carrying out the program would be a matter of stable epigenetic 

marking of genomic sequences. If the latter, transcription factors would act in adult 

neurons to specify OSN subtype. 

 

A very simple model of LCR control of OR expression proposes the existence of ~50-

100 LCRs that each control expression of just a handful of OR genes in cis. In the 

simplest model of LCR control, only one LCR would be “active” in any cell (Nishizumi et 

al. 2007). If this were the case, then OSNs switching OR expression would only be able 

to switch to other ORs in cis. The Mor28 gene and two ORs in cis with it, Mor10 and 

Mor83, are the only ORs that completely depend on the nearby endogenous enhancer 

“H” (Nishizumi et al. 2007, Serizawa et al. 2003, Fuss et al. 2007). However, cells 

switching away from expressing the Mor28Δ-Cre allele choose both Mor10 and Mor83, 

in cis, and other ORs (the other Mor28 allele, Mor103-9 and 103-11 on chromosome 7, 

and Mor286-2 on chromosome 15) in trans (Shykind et al. 2004). Thus more than one 

LCR must be “open” in a particular OSN, LCR availability must be re-programmable in a 

manner compatible with zonal expression in mature OSNs, or LCRs must work through 

overlapping cis- and trans-mechanisms to allow OR switching to occur.  

 

In a related set of experiments, Serizawa et al. used transgenic YAC constructs to test 

elements required for OR expression and expression-evoked feedback. Similar to 

Shykind, Serizawa deleted the Mor28 coding sequence and marked Mor28-choosing 

cells with GFP in the 3’ UTR. The YAC transgenics were large enough to contain the H 
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enhancer and the four downstream ORs. Even so, in contrast to Shykind, Mor28ΔGFP in 

the YAC transgenic context could be co-expressed with other ORs. Thus in both cases 

expression of the deleted OR gene did not evoke feedback and allowed cells to choose 

to express a new OR; in the natural genomic context this involved silencing of the first 

OR chosen while in the transgenic context it did not. Both authors observed the same 

features among ORs to which the deleted OR could switch: all ORs tested that were 

typically found in the same zone as Mor28 could be expressed by switching cells, 

whether in cis or in trans. Intact ORs expressed from the transgene were never co-

expressed with each other or with endogenous ORs.  

 

Finally, experiments using the YAC transgenic approach showed that an additional, 

more distal OR that only partly depends on the endogenous H element for expression 

(Mor29a) could be activated by the H element on the YAC. This suggests that in some 

cases when an endogenous LCR is not available another enhancer can act as a 

substitute to activate ORs. While the expression pattern of this OR in the OE was not 

extensively characterized in either the transgenic or the H-knockout context, it seems 

that it broadly recapitulated the Zone 1 localization observed in in situ hybridization in 

wild type animals. It is surprising that H, working in cis, would drive expression of three 

ORs in zone 4 and one OR in zone 1. Perhaps LCRs never act alone in vivo and all 

transgenic experiments are subject to complex interactions involving networks of 

enhancers. 

 

 

The relationship between OR promoter and OR expression 
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Many “OR mini-gene” constructs have been used to produce transgenic mice. These 

genes, usually containing the OR coding sequence, a genetic marker, and 500bp-2kb of 

upstream regulatory sequence, have a wide variety of expression characteristics. Some 

are not expressed at all (Serizawa 2003), while others are reported to retain the 

expression characteristics of their endogenous counterparts (Vassalli et al. 2002, 

Rothman et al. 2005, Zhang et al. 2007, Vassalli et al. 2010). Different transgenic 

founders of the same construct have different expression patterns. Targeted mutations 

leaving OR promoters intact and deleting the OR coding sequences recapitulate the 

endogenous expression zone and stochastic appearance, while OR promoters without 

OR coding sequences driving reporter in a transgenic context can paint all cells in 

several zones (Kobayakawa et al. 2007). Most tellingly, mutations made to putative 

transcription factor binding sites have less effect on OR expression in knock-in animals 

than they do in transgenic animals. All these findings suggest that the location of an OR 

or an OR promoter in the genome affects its expression at least as much as does the 

DNA sequence, that promoter sequence alone is insufficient to instruct OR expression. 

 

One class of mutations that might help to sort out these contributions would replace OR 

promoters with promoters of ORs expressed in other zones. This could be done in both 

targeted and transgenic contexts but has not yet been done. Instead, a few synthetic 

constructs have driven ORs with non-murine promoters or have driven non-OR genes 

from inside OR clusters. In the first case, several tetO-driven OR transgenics have been 

made (Nguyen et al. 2007, Nguyen et al. 2010, Clowney et al. in press 2012). These 

lines are assumed to integrate into the genome as an array and thus would form 

synthetic OR clusters. The tetO promoter is induced by expression of tTA in a tissue-

specific manner. Expression of these synthetically driven ORs is variegated, even when 

the tTA activator is available in every cell, and tetO ORs are not co-expressed with 
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endogenous ORs. Indeed they can silence endogenous ORs in trans, presumably by 

evoking the natural feedback mechanism that limits and stabilizes OR choice in wild type 

animals. In the second case, a transgene composed of the Omp promoter driving LacZ 

happened to insert near an endogenous OR, Olfr459 (Pyrski et al. 2002, Magklara et al. 

2011). The transcription factors that drive Omp expression must be available in every 

cell of the OE, as Omp is expressed in every cell of the OE, yet Omp-LacZ is expressed 

only sporadically and only in the same small zone as its neighboring OR. As expected 

based on the Mor28Δ experiments, this gene can be co-expressed with endogenous 

ORs.  

  

In all cases, deleted, pseudogenized, genomically misplaced or otherwise odd ORs can 

be expressed before natural ORs and when a coding sequence is present can induce 

exclusion of expression of other ORs. However the unnatural ORs are not expressed 

after intact, endogenous ORs. This suggests that the feedback system limiting OR 

choice is induced by OR protein, that it acts at the transcriptional level, and that it does 

not act on OR coding sequence directly. When placed in the genome near ORs, any 

sequence seems to acquire a variegated expression pattern—a transgene in which the 

Omp promoter drives LacZ, for example, is sporadically expressed when randomly 

inserted next to an OR. Thus while the ability to evoke feedback to limit further OR 

choice requires OR protein expression, the mechanism that silences ORs not chosen for 

expression depends less on proximal OR promoter or coding sequence than it does on 

epigenetic characteristics that once seeded can be spread over a long genomic 

distance. One seeding region, be it a motif in a promoter, coding sequence, or LCR or a 

more subtle sequence characteristic may be sufficient to spread epigenetic marks over 

~50kb of the genome (EJC, unpublished observation). 
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The most parsimonious explanation for these observations is that (1) some feature of 

OR sequence, perhaps in the coding sequence itself, causes epigenetic silencing of 

ORs, that (2) this silencing is reversed, in a singular manner, during OR choice, that (3) 

OR choice and de-silencing are separable processes, such that an OR chosen and de-

silenced that turns out not to be functional is usually un-chosen but not necessarily re-

silenced when another OR is chosen, that (4) de-silencing proceeds until an intact OR 

protein induces feedback that ends choosing, and that (5) de-silencing of ORs, but not 

necessarily choosing, acts on all sequences that share the epigenetic characteristics of 

ORs, regardless of underlying DNA sequence. In this model, the epigenetic regulation of 

ORs and OR choice both depend upon genomic context; removal of silencing epigenetic 

marks accompanies choice but is not strictly singular, while OR choice itself is strictly 

singular. The de-silencing of one OR gene does not act in trans to keep other ORs 

silent, but the choosing machinery can only be in one place at a time. 

 

Overall, the myriad experiments that have been done mutating OR loci in situ or 

introducing minigenes or large YAC constructs as transgenes have not been adequate 

to delineate the contributions of OR coding sequence, promoter, local LCR, trans LCR, 

or less effable features of local genomic context to expression of ORs in specific 

subpopulations of OSNs. In most cases ORs cannot be expressed without a local 

enhancer, and a local enhancer does not appear to dictate zone of expression; OR 

coding sequence does not instruct the zone of OR expression, or at least it is trumped 

by genomic context; and OR promoter may instruct some aspects of zonal expression 

but is neither necessary nor sufficient for full control of OR transcription. It is possible 

that further genetic experiments will sort out the logic of this system. Alternatively, our 

sorting of genomic elements into types and expectation that they will function according 

to simple rules irrespective of context may be facile. In chapters IV and V I discuss 
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approaching the question of OR choice from a complementary point of view, considering 

the nucleus and the genome in three dimensions. 

 

 

Transcription factors and sequence motifs governing OR expression 

 

Two main classes of motifs have been identified in OR promoters, O/E sites and 

homeodomain sites. Because ORs are found in extremely AT-rich isochors, identified 

homeodomains (Vassalli et al. 2002, Rothman et al. 2004, Zhang et al. 2007, Vasalli et 

al. 2010) represent a tiny fraction of the sites with homeodomain character—almost 

every 10-mer in OR promoters could be said to contain at least a loose homodomain. 

Moreover, specific homeodomains that have been mutated in OR promoter transgenes 

are not required for gene expression in knockin constructs, suggesting that these sites 

act on OR promoters over a long distance through a general mechanism, not through 

precise positioning near the TSS.  

 

Nevertheless, homeodomain transcription factors are likely to play a role in regulating 

OR gene expression. Three homeobox transcription factor mutants lose OR expression: 

Lhx2, Emx2, and Dlx5. The Dlx5 mutant has few OSNs, thus one cannot assess whether 

it acts directly on OR promoters or at a different step of OSN differentiation (Long et al. 

2003). The Lhx2 mutant has class I neurons but no class II neurons (Hirota et al. 2004, 

Hirota et al. 2007). Again, this is difficult to attribute to an OR-promoter-specific 

mechanism. Lhx2 has been shown to associate with OR promoter sequences by EMSA 

but these results are not incontrovertible (Hirota et al. 2004).  
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Emx2 mutants, in contrast, have OSNs but an altered OR repertoire—40% of tested 

ORs lose expression, some remain the same, and some increase (McIntyre et al. 2008). 

This effect is more likely to act directly through OSN promoters. 

 

The evidence for direct interaction of Olf1/Ebf transcription factors with OR promoters is 

stronger—the O/E motif (~TCCCTGGGG) is much easier to pick out of the AT-rich OR 

promoter than is a homeodomain, and as shown below (and in agreenment with 

Michaeloski et al. 2006), O/E sites are positioned near the TSS within OR promoters. 

We will argue below that these sites are part of the basal transcriptional machinery 

activing OR promoters. 

 

However, Olf1, Olf2, Olf3, and Olf2/3 mutants have no phenotype with respect to 

olfactory receptor expression (olfactory bulb targeting is affected in the double mutant) 

(Wang et al. 1997, Wang et al. 2004). Yet all four O/E proteins (Ebf1-4) are highly and 

specifically expressed in the OE and it seems likely that once the problem of redundancy 

is solved we may find that these proteins are responsible for OR expression. However it 

remains possible that a different protein binds these sites in the OE. 

 

OAZ 

A zinc finger protein with olfactory-specific expression, Zfp423/OAZ, was found to inhibit 

OSN differentiation or indeed to cause de-differentiation when overexpressed in mature 

olfactory neurons (Cheng and Reed 2007). The authors suggest that it binds O/E 

proteins and inhibits their binding to O/E sites. While olfactory receptor expression 

deficits were not extensively characterized in this study, the authors made the interesting 

observation of overall reduction of OR expression, even though they expressed OAZ 

after OR choice. ORs were expressed at lower levels per cell, and in the case of M72 in 
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three times as many cells as in wild type animals. Further study will reveal whether this 

protein is directly involved in OR regulation. 
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ABSTRACT 

The olfactory receptor (OR) genes are the largest mammalian gene family and are 

expressed in a monogenic and monoallelic fashion in olfactory neurons. Using a high-

throughput approach we mapped the transcription start sites of 1085 of the 1400 murine 

OR genes and performed computational analysis that revealed potential transcription 

factor binding sites shared by the majority of these promoters. Our analysis produced a 

hierarchical model for OR promoter recognition: first, unusually high AT content, together 

with a unique epigenetic signature, distinguishes ~2200 promoters from the rest of the 

mouse promoters; within this AT-rich category additional elements, such as a 

stereotypically positioned O/E site, pick out the OR promoters. Our computations 

revealed an intriguing correlation between promoter AT-content and evolutionary 

plasticity, as the most AT-rich promoters regulate rapidly evolving gene families. Within 

the AT-rich promoter category the position of the TATA box does not correlate with the 

transcription start site. Instead, a spike in GC composition might define the exact 

location of the TSS, introducing the concept of “genomic contrast” in transcriptional 

regulation. Finally, our experiments show that genomic neighborhood rather than 

promoter sequence correlates with the probability of different OR genes to be expressed 

in the same olfactory cell types. 

Hybridization data can be accessed at GEO series accession GSE26373; sample 

accessions GSM647450, GSM647451, and GSM647452. Supplemental material is 

available in Clowney_supplement.pdf and Clowney_olfrnamedproms.txt on the Genome 

Research website. 
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INTRODUCTION 

The mammalian nervous system is composed of diverse cell types produced by distinct 

transcription programs. It is well established that positional information, which allows 

alternative interpretation of signaling cues, plays a dominant role in establishing 

neuronal fates. In the spinal cord for example, signaling gradients dictate distinct gene 

expression programs responsible for different columnar and segmental identities (Dasen 

et al. 2005). In most of the examined cases, the final interpreters of the differentiation 

signals are the promoters of the responding genes, which together with distant enhancer 

sequences are targeted by particular combinations of transcription factors.  

    

The olfactory system constitutes an extreme example of neuronal diversity, as each 

olfactory sensory neuron monoallelicaly expresses one out of ~1400 OR genes (Buck 

and Axel 1991; Chess et al. 1994). Sensory neurons expressing a particular receptor are 

scattered in a pattern that seems stochastic but are restricted to a sub-region of the 

olfactory epithelium, called a zone (Ressler et al. 1993; Vassar et al. 1993). Two main 

models describe molecular mechanisms that might give rise to the observed expression 

characteristics (Fuss and Ray 2009; Shykind 2005). At one extreme, a combinatorial 

model states that 1400 distinct combinations of transcription factors act on the 1400 

different OR promoters to drive expression of only one OR gene per neuron. On the 

other hand, a completely stochastic model proposes that the cell produces the observed 

monogenic and monoallelic expression pattern by choosing one among 2800 equivalent 

OR promoters. Elements of both models could work in concert; a combinatorial process 

sets zonal boundaries and a stochastic choice within the zonal repertoire of OR genes 

results in the expression of only one OR allele. In this scenario one would predict that 

OR genes that are expressed in the same zone share similar promoter information that 

allows expression within the zone and prevents expression in other areas of the olfactory 
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epithelium. Alternatively, OR promoters may not contain information that restricts their 

expression to specific domains of the olfactory epithelium. In this case zonal expression 

might be regulated by genomic location, the local chromatin environment, or by the 

action of long-range enhancers. A comprehensive OR promoter analysis could provide 

insight into the regulatory logic of OR choice by pinpointing regulatory sequence 

similarities and differences across the OR family.   

 

Progress has been made in characterizing regulatory elements in OR promoters and the 

transcription factors that bind them.  The major study of transcription factor binding sites 

in 200 OR promoters identified two classes of motifs—homeodomain and O/E 

(Olf1/Early B-cell Factor)-like sites (Michaloski et al. 2006). Genetic experiments showed 

that, directly or not, OR expression requires two homeodomain proteins, Lhx2 and 

Emx2. Loss of Lhx2 prevents the maturation of most olfactory neurons resulting in 

perturbation of the type II (mammal-specific) OR expression and maintainance of some 

but not all Type I (fish-like) ORs; Emx2 deletion causes 75% of ORs to lose expression 

and upregulates expression of others (Hirota and Mombaerts 2004; Hirota et al. 2007; 

Levi et al. 2003; McIntyre et al. 2008). While homeodomain and O/E factors are certainly 

important for regulation of OR expression, additional factors likely contribute either to 

expression in the olfactory neurons or to restriction to specific zones. However, a more 

comprehensive promoter analysis that would correlate promoter properties with 

expression differences is not possible due to the low proportion of mapped OR 

promoters. For this reason, and in order to obtain a better understanding of the 

contribution of proximal regulatory sequences to OR expression, we sought a high-

throughput mapping of OR transcriptional start sites (TSS). 
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To accomplish this, we designed a custom, high-density tiling microarray that covers the 

olfactory genome at 4-base pair resolution and hybridized to it capped OR transcripts 

prepared by RLM-RACE (Liu and Gorovsky 1993; Michaloski et al. 2006). With this 

method, we mapped 1085 odorant receptor transcriptional start sites, which expands the 

mapped OR TSS’s five-fold. Largely agreeing with the previous study, our computational 

analysis reveals potential transcription factor binding motifs that might be involved in OR 

expression and demonstrates a stereotypic positioning of O/E sites upstream of OR 

TSS’s. In addition, we find that OR promoters are extremely AT-rich, a genomic property 

restricted to and shared with other genes with extreme evolutionary plasticity. Using 

these features, together with the epigenetic properties of OR genes, we can predict OR 

promoters among murine promoters with ~80% specificity. However, different 

computational approaches failed to identify strong correlations between promoter motifs 

and zonal expression. On the contrary our analysis suggests that the genomic location 

of an OR gene correlates better than promoter similarity with OR expression in particular 

cell types.  

 

RESULTS 

 

Using RNA ligation mediated rapid amplification of cDNA ends (RLM-RACE) on total 

RNA from the main olfactory epithelium, we generated libraries of capped odorant 

receptor 5’ ends that were reverse transcribed and amplified using degenerate primers 

against conserved transmembrane domains III, V, VI, and VII (Buck and Axel 1991; 

Malnic et al. 1999; Michaloski et al. 2006). We reverse transcribed and amplified capped 

RNAs in two ways (Figure S1).  In order to generate a high-stringency library, we 

reverse transcribed using degenerate primers in transmembrane domains V, VI, and VII 

and amplified using nested PCR with degenerate primers in TMIII (Figure 1)(GEO 
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accession GSM647450).  After analyzing this dataset, we sought to increase our 

coverage by decreasing our stringency (GEO accession GSM647451, GSM647452).  

For the high-coverage dataset, we reverse-transcribed and amplified using the same 

degenerate primer sets. We did this individually for each of six sets listed in the 

supplemental methods and pooled the RACE products for hybridization. By hybridizing 

these libraries to a 4bp resolution olfactory tiling array, we have mapped the 5’ non-

coding exons of 1085 OR genes (Cheng et al. 2005). 
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Figure S1. Schematic of RLM-RACE method used for promoter mapping  
Adapted from Michaeloski et al., 2006. 
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Using the high-stringency dataset, we mapped 650 mouse OR 5’ UTRs.  The high-

coverage set added about 450 OR maps, some de novo and some by increasing 

significance of weak signals also present in the high-stringency data. We identified 

exonic intervals computationally by thresholding array peaks and called most distal 

exonic signal relative to particular odorant receptor genes transcription start sites. We 

curated these designations and assigned gene names to intervals (using GIN) to 

generate a final set of transcriptional start sites and putative promoters (Cesaroni et al. 

2008). Bar files summarizing the data and TSS calls are available in GEO; 

representative hybridization patterns are shown in Figure 1. Occasionally, UTRs were 

different in 5’ extent across the datasets, probably representing differential amplification 

of alternative splice products.  In cases of conflict, we chose the map from the stringent 

dataset. 
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Fig. 1. 1085 Olfactory Receptor 5’ structures mapped by high throughput RLM-

RACE. For selected ORs, RefSeq records (green), ESTs (purple), summary 

hybridization patterns and computed exons (blue), and promoter calls (orange) are 

displayed in IGB. Our hybridization patterns match RefSeq and EST records well. As 

shown for Olfr286, the tiling array cannot detect exons that occur in repeat-masked (and 

therefore un-tiled) areas of the genome or across probes that do not map uniquely. For 

scale, orange bar is 1000bp in each panel.  
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Our 1085 5’ UTR maps comprise 76% of the 1431 known OR genes and pseudogenes. 

We visually compared a subset of 300 maps from our data to published OR EST and 

RefSeq records or lack thereof and used these comparisons to estimate frequencies for 

the whole dataset (Table 1) (Pruitt et al. 2007). More than half of our dataset represent 

ORs with no previous coding or non-coding ESTs deposited in Genbank.  We detected 

86% of intact genes and 50% of pseudogenes. When our data could be compared to 

ESTs in the database, our data matched the published data with accuracy higher than 

95% (Fig. 1A). Only 5% of our 5’ UTRs have extra or alternative UTR exons relative to 

ORs that are already well-covered by ESTs (Fig. 1B). However, our structures often 

contained larger or extra exons when compared to the few ORs with 5’ non-coding 

RefSeq records (Fig. 1D), suggesting that our analysis provides a better coverage of the 

OR transcriptome. Therefore, our data provide high throughput and accurate description 

of the transcription start sites of OR genes. Since genetic analysis suggests that (for 

most OR genes tested) proximal promoter sequences located less than 500bp upstream 

of the TSS are sufficient to recapitulate OR-like expression in the MOE, we committed 

our analysis to the region 1Kb upstream of the TSS.  
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Total ORs 1431 
Total Mapped 1085 (76%) 
Total Intact Genes 1075  
Mapped Intact Genes 925 (86%) 
Total pseudogenes 350 
Mapped Psuedogenes 175 (50%) 
Maps with no prior EST (coding or non-
coding) 

600 (54%) 

ORs with prior ESTs (coding or non-coding) 
from any tissue 

~500 

ORs with prior 5’ structure from any tissue ~400 
Prior ESTs (all tissues) not detected ~55 (11% of prior ESTs) 
 

Table 1. Summary data of OR TSS’s mapped in this study. 
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Promoter Motif Analysis 

According to a hierarchical model of OR transcriptional control, we expected to find two 

types of regulatory circuits in OR promoters. One circuit would be responsible for OR 

transcription in the main olfactory epithelium (MOE) and would be common to most OR 

promoters; the other would impose zonal restrictions to OR expression and would vary 

across promoters of genes expressed in different zones. To identify regulatory modules 

that are responsible for OR expression in the MOE, we looked for common motifs in the 

whole set of 1085 OR promoters. We searched for known transcription factor binding 

sites (TFBS) using the Genomatix transcription factor binding site database and we used 

the Weeder, Gibbs Recursive Sampler, and MEME algorithms to identify novel motifs 

(Bailey and Elkan 1994; Cartharius et al. 2005; Pavesi et al. 2004; Thompson et al. 

2003).  

 

Using the Genomatix TFBS library, we searched for families of sites enriched in the OR 

promoter dataset relative to all murine promoters (Cartharius et al. 2005).  The analysis 

identified many expected classes of motifs—homeodomains and homeoboxes, in 

particular Lhx and Dlx sites--along with many other families that have not been 

correlated with OR expression in previous reports (Table 2). To find transcription factor 

families that may act across all OR genes, we selected those that were present in at 

least 85% of promoters and were enriched at least two-fold relative to all murine 

promoters in the Genomatix database. This yielded 14 families (Table 2, pink). As 

expected, the group included many variants of homeodomain sites, in agreement with 

genetic observations that suggest a role for Lhx2 and Emx2 in OR regulation (Hirota et 

al. 2007; McIntyre et al. 2008). We found no qualitative differences in TFBS enrichment 

between intact and transcribed, pseudogenized OR promoters, as the same types of 

motifs appear enriched in both types of promoters. This is not surprising given that the 
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frequency of OR choice is not affected by the ability of the selected OR to produce 

receptor protein; the fact that the transcription of pseudoegenous transcripts is not stable 

does not stem from promoter differences, as suggested by our computational analysis 

and verified by genetic experiments (Shykind et al., 2004). However, it is worth 

mentioning that we do observe a slightly reduced representation for most of these motifs 

in the promoters of OR pseudogenes, which might represent an evolutionary drift that 

could ultimately result in the degeneration of these promoters and the transcriptional 

incapacitation of OR pseudogenes.    

Based on our RNAseq analysis in the MOE (Magklara et al., 2011, in press) and 

published microarray expression data, members of each transcription factor family 

predicted to bind enriched sites are expressed in the olfactory epithelium (Sammeta et 

al. 2007).  For example, the CART and MEF2 families of transcription factors are 

represented by very specific expression of UncX4.1 and Mef2b, respectively (Saito et al. 

1996; Su et al. 2002, Sametta et al., 2006). Finally, several classes of POU domain 

transcription factor binding sites were predicted in the OR promoters, including OCT1, 

BRNF, and BRN5 types. These probably represent another major requirement for OR 

expression that could be explored by future genetic experiments.  
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TF 
Families 

#Seq 
with 
Site 

Total 
#Sites 

Enrichment 
(Promoters) 

Z-Score 
(Promoters) 

Enrichment 
(Genome) 

Z-Score 
(Genome) 

Pseudogene 
Enrichment 
(Promoters) 

AT-rich 
motif? 

BRNF 1077 13062 2.53 109.97 1.59 53.8 2.30 Yes 
ARID 935 2946 2.48 51.05 1.51 22.59 1.99 Yes 
DLXF 941 4092 2.47 59.95 1.57 29.24 1.99 Yes 
LHXF 1060 11511 2.45 99.44 1.57 48.64 2.17 Yes 
NKX6 1028 4952 2.44 64.93 1.57 32.12 2.0 Yes 
BRN5 1061 7424 2.4 78.12 1.51 35.9 2.25 Yes 
CART 1060 9142 2.38 85.68 1.54 41.75 2.16 Yes 
PDX1 953 3482 2.36 52.18 1.59 27.53 2.03 Yes 
HBOX 1071 9080 2.27 80.67 1.49 38.37 1.98 Yes 
CDXF 1025 3717 2.23 50.21 1.47 23.55 1.78 Yes 
OCT1 1082 12943 2.2 92.54 1.43 41.2 2.03 Various 
HOXF 1076 11340 2.17 84.67 1.46 41.02 1.98 Yes 
MEF2 953 3054 2.09 41.55 1.32 15.57 1.91 Yes 
VTBP 1080 7871 2.02 63.59 1.37 27.79 1.83 Yes 
SATB 808 2044 3.08 53.63 1.75 25.59 2.16 Yes 
PIT1 879 3782 2.88 68.08 1.77 35.73 2.81 Yes 
ATBF 828 2203 2.59 46.47 1.67 24.31 2.21 Yes 
PAXH 746 2413 2.57 48.03 1.65 24.92 1.86 Yes 
NKX1 696 1983 2.41 40.54 1.57 20.3 1.96 Yes 
HNF6 921 2414 2.04 35.86 1.28 12.2 2.15 Yes 

Table 2. Families of transcription factor binding sites enriched in OR promoters.  
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Transcription factor binding sites in 1085 1000bp putative OR promoters (-1000 to TSS) 

were predicted by Genomatix RegionMiner.  Those listed in pink are present in >85% of 

OR promoters and at least 2-fold enriched over all murine promoters.  In blue are factors 

present in <85% of OR promoters that are at least 2-fold enriched relative to murine 

promoters. Z-score is a function of enrichment level and standard deviation for motif 

finding of particular families. 62 Pseudogenes analyzed were chosen by Vega 

pseudogene designation or lack of nearby RefGene Olfr annotation. 

 

We repeated the transcription factor binding site enrichment analysis using other 

portions of the OR genomic locus—1kb downstream of the TSS or 1kb upstream of the 

CDS. Surprisingly, enrichment characteristics in these datasets were almost identical to 

those in the promoters (data not shown); moreover, repeat-masking did not alter the 

TFBS distribution. Thus, regulatory potential may simply be diffuse in OR genomic loci, 

as has been suggested by genetic experiments (Rothman et al. 2005). Another 

possibility is that the enrichment of these families in OR sequences is a consequence of 

the high AT content of OR genomic loci. The mouse genome has an average 58% AT 

content but is GC-rich near promoter sequences as shown in Figure 2A and 3B (Akan 

and Deloukas 2008; Waterston et al. 2002). In contrast, OR promoters average 63% AT 

(regardless of repeat-masking) and unlike average murine promoters do not become 

more GC-rich toward the TSS (Fig. 2B). Therefore, the TFBS enrichment we identified 

could be a consequence of this extreme nucleotide composition, since the identified 

motifs are AT-rich sequences. To test this we performed the same TFBS prediction 

analysis on 4 randomly generated 1000bp sequences with 63% AT content and 

observed that 4/4 sequences contain 8/10 of the most common motifs found in Table 2. 

While this sequence bias is probably important for OR regulation, it skews the analysis 

towards AT-rich binding sites and convolutes the interpretation of our data. To establish 
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an AT-rich baseline for comparison, but also to understand the evolutionary or regulatory 

significance of the use of promoter sequences with extreme AT-content, we constructed 

a secondary promoter dataset consisting of all the non-OR mouse promoters that have 

similar AT content to OR promoters: those >60% AT.  

 

As shown in Figure 2C and Supplemental Table 1, annotation analysis of the ~1360 

non-OR and 846 OR genes driven by AT-rich promoters reveals common themes even 

though they perform various biological functions and do not share recent common 

ancestry. Even when Olfactory Receptor genes are excluded from this list, the majority 

of these genes are organized in genomic clusters characterized by significant copy 

number variation and polymorphism (Table S2) (Liu et al. 2009; Liu et al. 2010; Nicholas 

et al. 2009; Waszak et al. 2010; Wong et al. 2007; Young et al. 2009). Most of these 

genes encode transmembrane or secreted proteins expressed in barrier epithelia that 

selectively communicate with and protect from the external world  (Fig. 2C, Fig. S1 and 

Table S1). Finally, a significant portion of these genes have variegated, mutually 

exclusive, monogenic or even monoallelic expression patterns (Chess et al. 2009; Held 

et al. 1995; Hollander et al. 1998; Sampsell et al. 1985; Singh et al. 2003). Thus, AT-rich 

sequences regulate a diverse group of genes that expanded fast to accommodate 

adaptation and remain highly plastic, like the OR genes, in contrast with GC-rich 

promoters that regulate evolutionarily stable gene families organizing development and 

morphogenesis (Fig. 2D, S1) (Bernardi 2007; Davidson and Erwin 2006). 
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Fig. 2. Promoters of ORs and other plastic gene families are extremely AT-rich (A) 

Olfactory receptor TSS’s were mapped and %GC distribution of OR (red) and non-OR 

(grey) promoters (-750bp to +250bp relative to TSS) was compared. (B) %GC around 

the TSS was plotted for ORs (red) and non-ORs sorted by average GC content (orange, 

black). (C) Promoters <=40%GC (red) or >=65%GC (blue) were categorized by gene 

function (skewing of each category into AT or GC significant, p<10^-10, χ-square; see 

methods). (D) Full GC content distribution of averaged biased functional groups; 

statistics see Supplemental Table 1, Fig. S2. 
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Figure S2 Percent GC distribution of functional gene categories. %GC distribution 
(in 3% bins) of promoters is shown as percentage of total promoters in the functional 
category. For category definitions, see methods. Number of promoters in each category 
is shown in the legend. “All” (from which functional categories are sampled) does not 
violate normality hypothesis (Anderson-Darling test, p-value of non-normality hypothesis 
>.05); means of pairs of categories are all significantly different (p<.0001 except 
Morphogen vs Cell Cycle=.004, Morphogen vs Transcription Factor=.025; 2-tailed, 
unpaired t-test) except Defense vs. Xenobiosis and Cell Cycle vs. Transcription Factor. 
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Gene 
Family Description # Observed # Total 

Enrich-
ment 

P 
Value 

Mean 
%GC 

Olfr Olfactory receptor 846 1085 7.5 0.E+00 37 
V1r/Vmn1r Vomernasal receptor 115 115 9.6 3.E-218 36 
V2r/Vmn2r Vomernasal receptor 117 140 8.1 1.E-177 36 
Prl Prolactin 27 27 9.6 1.E-52 37 
Klr Killer cell receptor 24 30 7.7 6.E-36 38 
Tas2r Taste receptor 25 37 6.5 4.E-30 36 

Skint 
Selection and upkeep of 
intraepithelial T-cells 11 11 9.6 2.E-22 35 

Pcdh Protocadherin 27 66 3.9 4.E-16 44 
Csn Casein 5 5 9.6 5.E-11 34 
Amy Amylase 5 5 9.6 5.E-11 36 
Sprr Small proline rich region 9 15 5.8 3.E-10 41 
Fpr Formyl peptide receptor 5 6 8.0 5.E-09 38 
Ifn Interferon 10 21 4.6 2.E-08 45 

Reg 
Regenerating islet 
derived 5 7 6.9 1.E-07 40 

Adam 
A disintegrin and 
metalloprotease domain 11 30 3.5 2.E-06 47 

Crisp 
Cysteine-rich secretory 
protein 3 4 7.2 2.E-05 34 

Hbb Hemoglobin 3 4 7.2 2.E-05 41 
Taar Trace amine receptor 6 15 3.9 2.E-04 40 
Akr1 Aldo-keto reductase 6 15 3.9 2.E-04 44 

Tmprss 
Transmembrane serine 
protease 6 15 3.9 2.E-04 47 

Sult Sulfotransferase 5 12 4.0 4.E-04 45 

Ugt 
UDP 
glucuronosyltransferase 7 21 3.2 6.E-04 43 

Mrg MAS-related GPR 6 18 3.2 1.E-03 44 

Cyp2 
Cytochrome p450 family 
2 12 50 2.3 2.E-03 46 

Mup Major urinary protein 5 14 3.4 2.E-03 41 

Krtap 
Keratin-associated 
protein 9 40 2.2 1.E-02 45 

Serpin Serine protease inhibitor 12 60 1.9 1.E-02 46 

Nlrp 
NACHT, LRR and PYD 
containing protein 5 20 2.4 3.E-02 44 

Def Defensin 6 53     45 
Clec C-type lectin 5 31     46 
Tas1r Taste receptor 0 3     54 
All All families above 1338 1975   41.5 

Total 
Unique Murine Gene 
Names (RefGene) 2206 21281     53 
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Table S1. Gene families enriched in AT-rich promoters. Families enriched (p<.05, 
Chi-square test) in the <=40%GC group as compared to expected random 
representation of 10.4% of each family (2206/21281 unique RefGene names). 
“Enrichment” is (# Observed)/(# Expected). Some categories (e.g. Def, Clec) were not 
significantly enriched in the <=40% category but still have a skewed mean distribution. 
Chemosensory families are shaded blue, defense and barriers shaded pink, xenobiotic 
metabolism shaded green, misc unshaded. Genes without mapped transcription start 
sites were not excluded. 
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Gene Family Mouse Human Zebrafish Reference 

OR 1391 (328) 802 (414) 176 (21) 
Nei et al. 
2008 

V1R 308 (121) 120 (115) 2 (0) 
Nei et al. 
2008 

V2R 279 (158) 20 (20) 52 (8) 
Nei et al. 
2008 

Krtap 188 (13) 122 (21) 0 
Wu et al. 
2008 

Defensin 94 (22) 66 (13) 3 
Zou et al. 
2007 

Cyp2-4 (Unstable)  92 (55) 165 (87) 63 (14) 

Nelson et al. 
2009, 
Thomas et al. 
2007 

Pcdh 65 (2) 70 (3) 58 
Wu et al. 
2005 

Serpin 61 (3) 38 (1) 15  

Mup 43 (22) 1 (1) 0 
Logan et al. 
2008 

T2R 41 (6) 36 (11) 4 (0) 
Nei et al. 
2008 

Klr 35 0 0 

DeFranco et 
al. 2007, 
Yoder et al. 
2009 

Ifn 34 (6) 34 (11) 4 
Zou et al. 
2007 

Cyp1, 5+ (stable)  30 24 39 

Nelson et al. 
2009, 
Thomas et al. 
2007 

Prl 27 (2) 1 2 
Simmons et 
al. 2008 

TAAR 16 (1) 9 (3) 119 (10) 
Nei et al. 
2008 

Ugt  26 (4)  30 (8) 45 (5)  
Huang et al. 
2010 

Csn 5 2 0  

T1R 3 3 1 
Nei et al. 
2008 

 
Table S2. Size of gene families of interest in mouse, human and zebrafish. Vega 
and UCSC annotations and papers of interest were searched for family members 
(number of which are pseudogenes in parentheses) (Aherst et al. 2005; Hinrichs et al. 
2006). Pcdh and Ugt families produce diverse gene products by alternative splicing and 
have undergone differential expansion of subfamilies in mammal vs. fish lineage (Wu 
2005; Huang and Wu 2010). Klr (aka Ly49) genes in mice are functionally similar to KLR 
genes in human and NITR genes in fish but do not share evolutionary ancestry 
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(DeFranco et al. 2007; Yoder 2009). Numbers differ from counts of RefGene prefixes 
used in other analyses. 
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Distinguishing OR promoters from other AT-rich promoters 

Seeking distinction between OR and non-OR AT-rich promoters we identified a few 

binding sites enriched in OR promoters over the rest of the AT-rich promoters in the 

mouse genome (Table 3). Of these, the O/E (“Nolf”) site is by far the most common and 

most enriched. Gibbs and MEME analysis in this larger ensemble of OR promoters 

revealed O/E consensuses that appears in subsets of OR promoters (Fig. 3E). Since the 

GC-rich O/E sites appear frequently on mouse promoters with average GC content and 

are not enriched in OR promoters relative to the murine promoterome as a whole, this 

motif might provide a significant distinction between OR and non-OR AT-rich promoters. 

This analysis is most likely saturated since additional search for common, novel motifs 

that would distinguish ORs from the other AT-rich promoters, using Weeder or Gibbs, 

failed to reveal any other differences.   
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Table 3. TFBS enriched in OR promoters vs. other AT-rich promoters 

Genomatix RegionMiner motif enrichments in OR promoters (-1000 to TSS) were 

compared to enrichments in 1137 non-OR, >60% AT mouse promoters with mapped 

TSS’s. Motifs shown are at least 50% more common in OR promoters than in other AT-

rich promoters. 

TF Families 

#OR 
Proms 
w/ Site 

# 
Sites 

Enrichment 
over 
Genome 

Enrichment 
over all 
Promoters 

Enrichment 
over AT-
rich Proms 

Pseudogene 
Enrichment 
over all 
Promoters 

NOLF (O/E) 427 601 1.17 0.74 2.18 0.71 
HDBP 7 11 .26 .02 1.92 .03 
PLAG 197 299 .74 .34 1.85 .42 
PURA 39 60 .61 .27 1.66 .15 
RREB 355 607 .87 .69 1.59 .59 
ZFXY 99 104 .52 .27 1.54 .31 
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To obtain a better understanding of the possible role of O/E sites in OR transcription, we 

plotted the position of this motif in relationship to the TSS, both in OR promoters and in 

GC-rich promoters. As seen in Figure 3B, the distribution of O/E sites is random in GC 

rich promoters, except at the region defined by the TATA box where we observe 

decreased O/E frequency, as expected due to locally higher AT content. In contrast, the 

distribution of O/E sites in OR promoters clumps ~50bp upstream of the TSS in 

agreement with previous observations in a smaller sample of OR promoters (Fig. 3A) 

(Michaloski et al. 2006). This distribution is strikingly reminiscent of TATA boxes in GC-

rich mouse promoters (Fig. 3B). Conversely, the distribution of TATA box sequences in 

OR promoters (and the rest of the AT-rich promoters for that matter, data not shown) 

appears diffusee, suggesting that this is not the determining sequence of the 

transcription start site of OR genes.  

 

The analysis presented above implies that the high AT-content of OR promoters, 

together with stereotypic presence of an O/E site near the TSS, distinguishes OR 

promoters from the rest of the mouse promoters. Moreover, we recently showed that in 

the olfactory epithelium, OR loci are marked by the hallmarks of constitutive 

heterochromatin, H3K9me3 and H4K20me3 (Magklara et al., 2011). Since these 

trimethyl-marks are deposited with very high specificity on OR loci, we reasoned that 

they also contribute in the distinction of the OR genome from the rest of the euchromatic 

genome. To test the hypothesis that OR promoters are defined by three layers of 

specificity, namely genomic, genetic and epigenetic signature, we applied successive 

filters to the mouse promoterome and asked whether we can enrich for OR promoters 

with sufficient specificity and sensitivity. As seen in Figure 3, ~80% of promoters with AT 

content >40% that are marked by H4K20me3 (which overlaps completely with 

H3K9me3) and have an O/E site within 100bp upstream of the TSS are OR promoters, 
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an impressive 17-fold enrichment over their total prevalence among mouse promoters 

(Figure 3D, Table S3). Importantly, these filters provide such high specificity while 

retaining significant specificity, as these three parameters identify ~38% of the mapped 

OR promoters (Figure 3C, Table S3).        

 

In summary, we mapped the transcription start sites of 1085 OR promoters. 

Computational analysis revealed that 14 TFBS are enriched in OR promoters versus the 

rest of the mouse promoters. However, the same modules can be found in random 

computer-generated AT-rich sequences and are shared by 1360 non-OR, AT-rich 

promoters that also regulate rapidly evolving genes. By using the other AT-rich 

promoters as a baseline for our analysis we discovered that O/E sites provide some 

distinction between OR and non OR AT-rich promoters and mark the position of the OR 

TSS, in a similar fashion to TATA box definition of the TSS in regular promoters. 

Together these two features, combined with the epigenetic signature of OR loci, yield a 

17-fold computational enrichment of OR promoters from among murine promoters.    
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Fig. 3. O/E sites define the OR TSS. OR promoters (A, n=1085 for O/E, 243 for TBP) 

and GC-rich promoters (>=65%GC in -750 to +250 region, B, n=1098) were searched for 

O/E and TBP sites using strings. O/E: TCCCTGGGG, up to one mismatch; TBP: 

TATAWW. Sites were plotted by position relative to TSS. (C-D) Murine promoters were 

filtered by H4K20-Me3 (“TK20”) coverage of at least 50% of the gene body, then by AT-

content of at least 60%, and then by presence of summary O/E site (TCCC or CCCT 

string) within 100bp upstream of the TSS. Of 501 murine promoters meeting the filters, 

383 drive ORs. (Specificity: 78%; Sensitivity: 38%). Numbers of genes passing each 

filter and statistical significance can be found in Table S3. (E) Gibbs Recursive Sampler 

and MEME identify new O/E sites in OR promoters.  
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 Olfr Non-Olfr P value 
Unfiltered 1040 ~21000  
TK20 996 1048 ~0 
TK20 + AT-rich 682 253 1x10^-49 
TK20 + AT-rich 
+ O/E 392 110 

 
1x10^-2 

 
Table S3. Numbers of Olfr and non-Olfr promoters fitting model. Total genes 
passing each filter described in Figure 3C-D. P values are observed proportion of Olfr 
and non-Olfr genes passing the filter vs expected random distribution; ATrich and O/E 
filter P values are calculated based on improvement of the previous filter, not based on 
enrichment vs. no filtering. 
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Zonal Promoter Analysis 

A combinatorial model of OR gene regulation predicts that ORs expressed in a particular 

zone share common TF binding motifs. Unfortunately, zone information has been 

ascribed to only 98 type II and ~100 type I ORs, (Miyamichi et al. 2005) and we could 

not succesfully detect significant differences in TFBS enrichment among the 4 zones 

using such a small sample. Analysis of these limited zonal subgroups by enrichment of 

known TFBS and by the wordCount method (described in materials and methods) are 

presented in Supplementary Figure 2. To obtain information from an OR subgroup with 

an expression pattern that is defined with more strict criteria we compared the promoters 

of the ~100 Type I ORs, which are almost exclusively expressed dorsally, to Type II ORs 

that are expressed in the rest of the MOE (Hirota et al., 2007). Apart from their 

phylogenetic differences (Type I ORs are more ancient fish-like ORs) (Niimura and Nei 

2005; Niimura and Nei 2006), genetic experiments suggest that Type I ORs are 

expressed in neurons of a different lineage than type II neurons (Bozza et al. 2009; 

Hirota et al. 2007). When analyzed separately for TFBS enrichment, Type I and Type II 

promoters were extremely similar.  Ranked by enrichment relative to all murine 

promoters, the top 30 matrix families were the same for both groups, though the order 

was slightly different.  Below this cutoff, 3 matrix families were enriched in one type but 

not the other—Pax1 and NBRE sites in Type I promoters, and GABF sites in Type II 

promoters (Table S4).  Fold change for Pax1 was greater than two standard deviations 

of the mean fold difference between promoter types; NBRE and GABF were outside one 

standard deviation of this mean. Future genetic experiments could address whether 

these represent meaningful differences in the regulation of the two OR types. Notably, in 

our epigenetic analysis of OR loci (Magklara et al., 2011) we found that type I ORs have 

significantly lower levels of H3K9me3 and H4K20me3 in chromatin preparations from the 

total olfactory epithelium, providing the only distinction between the two types of ORs. 



 58!

Unfortunately, we do not have the tools to test the seductive speculation that type I ORs 

have high levels of these tri-methyl marks only in zone I, where they can be expressed. 

In other words, and based on the filtering analysis in Figure 3, it is possible that these 

repressive histone marks have dual functions: to repress but also to mark loci for later 

activation.  
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Family 
 

Type I Enrichment Type II Enrichment All OR promoter 
enrichment 

PAX1 1.16 .76 .81 
NBRE 1.13 .84 .89 
GABF .85 1.27 1.19 
 
Table S4. Genomatix TFBS differentially enriched in Type I and Type II OR 
promoters 
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As existing modular methods for parsing promoters failed to produce models of zonal 

regulation, we sought to determine whether zonal expression correlates with bulk 

similarity of the associated promoters. Therefore, we built a simple tool to cluster 

distantly related or unrelated sequences by counting presence or absence of k-mers 

irrespective of their position in the larger sequence. Instead of looking for evolutionary 

homology or shared single motifs, we compare the total complement of “words” in each 

promoter to each other promoter (described in Supplementary Figure 3). 

  



 61!

 
Figure S4: Word-based clustering model of promoter relatedness. (A) First, the 
procedure builds a dictionary of k-mers present in each input sequence and the number 
of times they occur. We worked with 8-mers. Reverse complements can be collapsed in 
this stage. (B) Next, the wordcounts for each sequence are compared to each other 
sequence to generate a pairwise distance matrix. Here, higher numbers (and lighter 
shades) correspond to greater differences between sequences. For speed, we 
calculated distances using only the most common words in the whole set of sequences. 
(C) Finally, sequences are ordered and clustered according to the distance matrix, so 
that more similar sequences are close together. Distance measures and 
ordering/clustering were performed using the R implementation of the Hopach package. 
The wordcount function was written in Perl.  
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We ran the k-mer clustering method using a variety of parameters and checked whether 

clustering could sort promoters of known zone. Altered parameters included word size 

(8-mers were most informative) distance metric, repeat-masking, reverse complement 

collapse, and number of total word occurances for inclusion. Under all test parameters, 

promoters of a particular expression zone or OR class are distributed across k-mer 

clusters. We were unable to identify parameters that produced coherent zonal clusters 

among the ~200 OR promoters with mapped zone, not even for the ~100 type I ORs that 

are expressed exclusively in zone I. Figure S2D depicts one representative analysis.  

 

Finally, we obtained highly quantitative RNAseq data from FACS sorted mature olfactory 

neurons (Magklara et al 2011). Although OR genes are among the most highly 

expressed genes, our RNAseq analysis reveals a wide range of expression differences 

at the tissue level. This variability mostly reflects differences in the frequency of choice 

for each OR and to a lesser degree differences in the transcription rate of each chosen 

OR, at least at the sensitivity level of RNA in situ hybridization experiments (data not 

shown). We asked whether these quantitative differences in OR expression levels could 

be attributed to promoter characteristics. We compared the promoters of the most highly 

expressed ORs (top 5%) with the promoters of ORs that have the lowest expression 

levels (bottom 5%). Again, this analysis did not reveal qualitative or major quantitative 

(different abundance of certain motifs) differences among the strongest and weakest OR 

promoters (Table S5). Notably though, as in the case of the pseudogene promoters, 

there is a trend: promoters of the most highly expressed ORs have on average slightly 

more copies of the 14 most enriched TFBS. This is in agreement with recent 

experiments suggesting that the number of homeobox binding sites on transgenic OR 

promoters could influence their transcription frequencies (Vassalli et al. 2010).  
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In summary, promoters of ORs expressed in the same zone did not cluster, nor did they 

clump when graphed by their final distance order in the data set (Figure S2D). Nor did 

zonal expression associate with enrichment for known or novel TFBS’s (Sigure S2A-C). 

Thus, based on several distinct computational approaches, we were able to identify only 

one weak promoter model, for zone 2. We were unable to model other zones using 

linear promoter sequence. This suggests that linear promoter sequence is insufficient to 

give zonal identity to OR expression. However, our analysis is challenged by the lack of 

a clear understanding of zonal identity of OR expression and the small proportion of ORs 

with mapped expression zone. To overcome this, we sought a more defined system for 

restrictive OR expression, provided by two olfactory placode-derived cell lines (Illing et 

al. 2002; Pathak et al. 2009).  
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Figure S3 Weak zonal promoter models based on TFBS. 98 class 2 and 100 class 1 
ORs with known zone were searched for TFBS enriched relative to all OR promoters 
after repeat-masking (A). Motifs listed are present in greater than half the promoters for 
a particular zone and enriched at least 20% over all OR promoters. We created zonal 
models by selecting promoters from the whole 1085 set that contained every enriched 
site for a particular zone in (A) and then checked the distribution of promoters with 
known zone in these model-predicted groups (B). Only models for zones 2 and 4 
deviated significantly from random distribution (C), and only the zone 2 model can 
correctly re-identify the promoters used to build it. (D) Promoters with known zone were 
clustered by this method using various parameters. No parameter set was found under 
which promoters of a particular zone clustered coherently. One representative trial is 
shown.  
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Contextual Expression 

Seeking to examine whether promoters of ORs expressed in similar contexts resemble 

one another, we profiled the OR transcriptome of the OP6 and OP27 olfactory placode 

cell lines (Robert Lane, manuscript in preparation). OR expression in these lines was 

recently demonstrated to be monogenic in each cell but various across a cultured 

population. The two cell populations expressed about 80-100 ORs and surprisingly ORs 

from each zone were represented in the transcribed OR populations of each OP cell 

type. Interestingly, however, Type I ORs are not expressed in either cell type or 

differentiation state, supporting the notion of their being expressed in a different lineage 

under a different regulatory logic (Bozza et al. 2009). 

 

Since the cultured cells are exposed to a homogeneous extracellular environment and 

were expanded from a single cell, we reasoned that they share a common transcription 

factor milleux under the culturing conditions. Therefore, if OR promoters contain 

instructive (rather than simply permissive) information for OR expression, promoters of 

the expressed genes should share common characteristics that distinguish them from 

the non-expressed ORs. We repeated known TFBS enrichment analyses on promoters 

of the four expressed subsets (OP6 and OP27 differentiated and undifferentiated) and 

searched for motifs with significant enrichment differences over the rest of the 1085 

mapped OR promoters. Again this analysis failed to produce a predictive model that 

could pick out promoters active in this cell line (data not shown and Robert Lane, 

manuscript in preparation). Novel motifs found in expressed groups by the Gibbs 

algorithm or Genomatix CoreSearch were no more common in the expressed groups 

than in the whole promoter group and were not information rich (e.g. WWWWWW). 
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For a more detailed analysis, we zoomed in on a large, OP-expressed cluster on 

chromosome 2 and asked what united the expressed subset and divided them from the 

non-expressed ORs—promoter elements or genomic locus. We ordered the promoters 

of all ORs on chromosome 2 using our k-mer method. This produced two ordering 

indices for ORs—linear order on the chromosome (where, for example, the OR closest 

to 0bp in the chromosome is assigned index 1) and promoter word composition distance 

order. We show the positions of OP27-expressed ORs within each of these indices in 

Figure 4. The expressed set clump according to linear order in the genome (Fig. 4B) but 

are smoothly distributed when indexed by promoter similarity (Fig. 4A).  
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Figure 4: ORs on chromosome 2 expressed in olfactory placode cells are similar 

in genomic locus but not in promoter sequence. ORs on chromosome 2 were 

indexed by promoter sequence homology order (determined by bottom level of Hopach 

fuzzy clustering tree of pairwise distance measures generated by the wordcount method 

outlined in Figure 6), (A) or linear order along the chromosome (B). Index numbers of 

ORs expressed in undifferentiated OP27 cells were graphed, though expression patterns 

in the other three conditions were similar. After repeat masking, only 74 chromosome 2 

promoters were long enough to be analyzed. Linear index contains 288 ORs.  
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Most 
Express
-ed   

Least 
Express
-ed   

Matrix 
Family 

# Seq 
with Site 
(of 51) # Site 

Promoter 
Enrich-
ment 

# Seq 
with Site 
(of 53) # Site 

Promoter 
Enrich-
ment 

Most/ 
Least 

BRNF 50 601 2.47 53 570 2.26 1.09 
ARID 43 141 2.52 45 115 1.98 1.27 
DLXF 44 202 2.60 44 159 1.97 1.32 
LHXF 49 560 2.53 52 493 2.14 1.18 
NKX6 47 220 2.31 52 206 2.08 1.11 
BRN5 49 376 2.59 51 329 2.18 1.19 
CART 49 427 2.36 52 388 2.07 1.14 
PDX1 43 183 2.63 46 145 2.01 1.31 
HBOX 51 425 2.26 53 383 1.96 1.15 
CDXF 50 167 2.13 48 166 2.04 1.04 
OCT1 51 622 2.25 53 623 2.17 1.04 
HOXF 50 496 2.02 52 503 1.97 1.03 
MEF2 42 128 1.86 47 148 2.07 0.90 
VTBP 51 391 2.13 53 322 1.69 1.26 
SATB 36 117 3.75 41 100 3.09 1.21 
PIT1 45 181 2.93 38 136 2.12 1.38 
ATBF 38 123 3.09 43 89 2.15 1.44 
PAXH 33 113 2.56 33 100 2.18 1.17 
NKX1 37 105 2.72 27 70 1.75 1.55 
HNF1 36 75 1.35 44 137 2.37 0.57 

  
Table S5. Genomatix TFBS enrichment in promoters of 5% most expressed and 
5% least expressed OR genes by RNASeq in OMP+ neurons 
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DISCUSSION 

The molecular mechanisms regulating the monogenic and monoallelic expression of OR 

genes remain poorly understood. A major obstacle in the understanding of OR gene 

regulation was the lack of knowledge of the exact locations of the promoters of most of 

these genes. Here we used a novel, high-throughput method to map the transcription 

start site of most OR promoters and subsequently performed a comprehensive 

computational analysis in an attempt to understand the logic behind OR regulation.  

 

Putative Transcription Factor Binding Sites on OR promoters 

While the putative OR promoters identified through 5’ exon mapping are not conserved 

in their overall sequence, there are 14 transcription factor binding sites that are over-

represented in OR promoters over the rest of the murine promoters (Table 1). Although, 

any combination of 10 of these motifs can accurately predict OR promoters, AT-rich 

motif enrichment does not distinguish OR promoters from genomic regions flanking the 

OR promoters. It is possible that many of these TFBS’s are not biologically relevant and 

their computed abundance is a tautological consequence of the AT sequence bias.  

 

Alternatively, these elements may function through a diffuse arrangement along several 

kilobases upstream and downstream of the TSS. Given the extremely high levels of OR 

transcription within each neuron it is not unlikely that there might be an additive effect of 

multiple transcription factors bound across each OR locus. In support of this, knock-in 

genetic manipulation of homeobox and O/E sites of olfactory receptor gene M71 

suggested the existence of redundant transcription factor binding sites within that locus 

(Rothman et al. 2005). Given our recent discovery that OR clusters are packed in 

extremely compacted and repressive chromatin structure prior to OR expression 

(Magklara et al., in press) then the repetitive assembly of the same combination of 
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transcription factors for kilobases upstream and downstream of the TSS could be crucial 

for OR activation; if the machinery responsible for OR activation “opens” the trimethyl-

marked chromatin locally without knowledge of the underlying genomic sequence, the 

chances of finding an OR promoter within a cluster would be very low. In contrast, with 

the diffuse and repetitive arrangement of transcription factors that we describe here, any 

local chromatin opening would allow for the proper combination of transcription factors to 

bind to the DNA and to further propagate histone de-methylation and chromatin 

remodeling until this reaches an OR promoter. In this case the promoter could be 

defined by the stereotypic presence of an O/E motif (Figure 3A), or a local spike of GC 

content (Figure 2B) that generates “genomic contrast” recognized by the transcription 

machinery. The well-established existence of a feedback signal generated by the 

synthesis of OR protein could be responsible for locking the selected promoter in this 

transcriptional state and preventing chromatin opening from expanding to other OR loci.   

 

AT-rich promoters regulate rapidly expanding gene families 

The realization that OR promoters have a distinct AT content, so different from the 

majority of the mouse promoters, provoked the search for other promoters with similar 

characteristics. Interestingly, there are an additional 1360 murine promoters with 

nucleotide composition similar to ORs (Fig. 3A, B). These promoters retain a high AT-

content throughout diverse mammalian species although there is no conservation at the 

sequence level. Even in evolutionary older vertebrates, such as fish and frogs, the 

genomic regions surrounding these genes have a high AT-content, though the results in 

these organisms are harder to interpret due to an overall higher AT content in these 

genomes. These observations raise important questions regarding the regulatory 

significance of the preservation of nucleotide composition over large genomic regions 

without simultaneous conservation of sequence information. Recent studies have shown 
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that DNA shape is more tightly conserved than linear sequence (Parker et al. 2009). In 

addition, many DNA-binding proteins contact the minor groove, especially those with 

preference for AT-rich motifs, instead of or in addition to the major groove (Joshi et al. 

2007; Rohs et al. 2009; Rohs et al. 2010). AT content is a major contributor to the shape 

of the DNA molecule, particularly the minor groove, and its possible that factors such as 

AT content affect DNA shape over a large region and determine the context in which 

transcriptional machinery understands short, modular sites, such as the O/E site we find 

near the OR TSS.  

 

However, the significance of high AT content might extend beyond regulatory functions.  

As we mentioned, genes regulated by these promoters play crucial roles in vertebrate 

evolutionary adaptation: their products sense the environment, protect from pathogens, 

and detoxify and metabolize new compounds that would appear in novel ecological 

niches. Under such selective pressure these genes evolved extremely fast; the 

explosion of olfactory receptor gene family members from ~150 in fish to 1500 in frog 

and other tetrapods is a prime example. However, evolutionary plasticity comes with a 

price: genes that use AT-rich promoters demonstrate significant intra-species copy 

number variation and sequence polymorphisms, as well as large oscillations in number 

of family members among related species. Furthermore, most of these rapidly expanding 

genes have sporadic expression, ranging from the monogenic regulation of 

chemoreceptors and protocadherins to the variegated expression of NK cell receptors 

(Chess 2005; Held et al. 1995; Singh et al. 2003). For the majority of these families, 

mutually exclusive transcription provides functional specificity to the expressing cell; for 

others it might simply afford the expression of one family member at a very high level 

(Sampsell et al. 1985). Did the stochastic expression patterns of these genes arise 

because a deterministic regulatory system did not evolve as quickly as the gene families 
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expanded? We propose that AT-rich promoters provide a genomic platform for rapid 

evolution and compatibility with non-deterministic gene regulation. Unusual DNA or 

chromatin architecture, the ability to form long-range interactions, or propensity to 

segregate in distinct nuclear territories could promote diversification and allow mutually 

exclusive expression of multigenic families, providing a solution to the problem of 

evolutionary adaptation (Dekker et al. 2008; Ribich et al. 2006; Tajbakhsh et al. 2000; 

Savarese and Grosschedl 2006; Segal et al. 2009). In effect the partitioning of genes 

with terminally differentiated functions into the AT genome may allow rapid change in 

these cassettes to the benefit of the animal while the core cellular and developmental 

machinery encoded in the GC genome remains static. One can imagine how mutations 

in the AT genome might cause only minor harms while alterations to the GC genome 

lead to developmental Armageddon, congenital disease and carcinogenesis.  

 

Distinguishing OR promoters from other promoters 

The unusually high AT-content of OR promoters and the overall organization of OR 

genes in AT-rich isochores provides an obvious distinction, even at the genomic level, 

between OR promoters and the majority of the mouse promoters. However, this genomic 

signature would not be sufficient to distinguish OR promoters from the additional 1360 

AT-rich promoters discussed earlier, the majority of which are not transcribed in olfactory 

sensory neurons based on our RNAseq analysis. This distinction might be accomplished 

by the unique combination of a cell-type specific epigenetic signature, such as the 

trimethylation of H3K9 and H4K20, that is extremely specific for OR loci and the 

stereotypic placement of different variants of the O/E consensus near the TSS. Indeed, if 

we ask computationally how many promoters combine high enrichment for 

H3K9me3/H4K20me3 in the olfactory epithelium, AT content >=60% and presence of 
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O/E sites within 100bp of the TSS, we achieve 37% sensitivity (37% of OR promoters fall 

in this group) and 80% specificity (80% of these promoters regulate ORs)      

 

Lack of Zonal information in OR promoters 

Although our analysis revealed a signature for the OR promoterome that likely instructs 

expression in the MOE, it did not succeed in identifying motifs correlated with zonal 

identity. Complementary approaches failed to identify strong correlations between 

modular promoter sequence signatures and zonal expression. The same holds true for 

the comparison of Type I and Type II OR promoters, the comparison of promoters of 

highly and lowly expressed ORs, or a comparison between expressed and non-

expressed ORs in olfactory placode cell lines. This was unexpected given that OR 

transgenes with minimal promoter information can recapitulate the sporadic expression 

pattern of endogenous OR genes (Rothman et al. 2005; Vassalli et al. 2010). One 

explanation for this is that regulatory information might also be encoded in transcribed 

parts of the gene or even in the coding sequence, as has already been shown regarding 

the silencing of OR transgenes (Nguyen et al. 2007). It is also possible that minigenes 

do not abide by the epigenetic regulation of the endogenous ORs and therefore have 

different regulatory requirements from the endogenous OR genes.  Alternatively, it is 

possible that a “zone” is a complicated region consisting of multiple mini-zones in each 

of which only a handful of OR genes can be expressed (Miyamichi et al. 2005). In this 

scenario, looking for motifs shared by many OR promoters is pointless and instead a 

search should be focused on very limited number of very similar OR promoters that drive 

expression in neighboring cells. While such an approach could reveal TFBS’s shared by 

very homologous promoters it would not explain genetic data suggesting that ~100 ORs 

have the potential to be expressed in the same neurons (Serizawa et al. 2003). 

Consistent with this is our observation that a heterologous promoter with potential to be 
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expressed in every olfactory neuron, the promoter of the olfactory marker protein gene 

(OMP), is expressed in a monogenic, monoallelic and zonal fashion, when subjected to 

the epigenetic regulation of a neighboring OR gene (Magklara et al., 2011). This 

observation is in complete agreement with our computational prediction that zonal 

information is not encoded in the promoter sequences of OR genes.  

 

Genomic coordinates as a potential source of specificity in OR expression 

If any of the genetic and epigenetic parameters examined above failed to reveal the logic 

behind sub-tissue-level OR expression, then the question remains: what organizes OR 

expression in distinct zones?  Our analysis revealed an intriguing correlation between 

genomic location and expression properties. The subset of OR genes that we found to 

be expressed in an olfactory placode cell line is concentrated in specific genomic 

locations rather than being evenly distributed in the OR genome. Similarly, ORs that 

reside only in specific clusters are expressed during the early development of the 

olfactory epithelium (Rodriguez-Gil et al. 2010). The most parsimonious explanation for 

these observations is that sensitivity to the positional information for each sensory 

neuron stems from distant enhancer elements that reside outside of the inaccessible OR 

heterochromatin and contain sequence information sufficient to interpret transcription 

factor gradients.  The existence of such regulatory elements near specific OR clusters 

could provide an explanation for the concentration of highly expressed ORs at specific 

genomic coordinates (data not shown). Indeed, the H element, which is located 75 Kb 

upstream of an OR cluster in chromosome 14 interacts most frequently with the most 

proximal OR gene, Olfr1507 (MOR28) making it the second most transcribed OR gene 

in our RNAseq dataset (Lomvardas et al. 2006; Serizawa et al. 2003). Future studies will 

test whether similar H-like elements are located proximal to the other highly transcribed 
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ORs and whether these enhancers are responsive to spatiotemporal cues, providing 

some specificity in a stochastic regulatory process.   
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METHODS 

 

RLM-RACE  

We isolated total RNA from the olfactory epithelium using Trizol (Invitrogen), selected for 

capped transcripts using RLM-RACE (GeneRacer, Invitrogen), and reverse trancsribed 

5' ends using degenerate primers against conserved OR transmembrane domains III, V, 

VI, or VII (Buck and Axel 1991; Malnic et al. 1999). Amplification was initially performed 

using nested primers against TMIII, and this data set was confirmed and expanded by 

two further biological isolations and unnested amplification.  Primer sequences and 

method schematic can be found in supplemental methods. 

 

Mice 

Experiments were performed on adult (6-8 week old) C57/Bl6 mice.  Each RNA isolation 

pooled five mice. 

 

Array Design and Hybridization 

The 49 murine odorant receptor clusters and 100kb flanking sequence were repeat-

masked and tiled at 4 base pair resolution on an Affymetrix custom tiling array 

(GeneChip CustomExpress format 49-7875)(Smit 1996-2007).  Non-OR GPCRs (e.g. 

Vomeronasal Receptors, Opsin) and genes expressed specifically in non-MOE tissue 

(e.g. protamine) were included as negative controls; many genes expressed in all cells 

of the olfactory epithelium were included as positive controls (e.g. CNGa2, OMP). 

Following amplification in the presence of dUTP, 2-7ug dsDNA samples were 

fragmented with UDG/APE and labeled with terminal transferase (GeneChip WT Double 

Stranded DNA Terminal Labeling Kit, Affymetrix); OP cell dsDNA was fragmented with 
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DNase I (NEB) and labeled with terminal transferase (Roche) and biotin-11-ddUTP 

(Perkin-Elmer). 

 

Computational Exon Assignment 

We processed hybridization signals with both MAT and TAS, yielding similar results 

(Affymetrix 2005-2007; Johnson et al. 2006). Intervals were generated in IGB 

(Affymetrix) by thresholding in reference to existing OR gene structures. Galaxy was 

used to join nearby intervals, and these were assigned computationally to the nearest 

OR gene and given a strand identity (Giardine et al. 2005; Zhang and Firestein 2002). 

The most 5' base pair of the interval on the coding strand was called the transcriptional 

start site (TSS). TSS and gene name assignments were curated to remove duplicates. 

Ambiguous assignments were resolved by comparing across hybridizations and 5' non-

coding exons lacking corresponding coding region signal were discarded. While cross-

hybridization was of some concern in coding sequences, the high tiling density and 

masking of ambiguous probes in array design mitigate these concerns. Moreover, while 

OR coding sequences are conserved, 5’ UTRs are not and thus did not cause cross-

hybridization. When possible, the more stringent nested preparation was used for 

mapping. The less stringent dataset, amplified with the same primer used for reverse 

transcription, was used to identify transcripts that could not be mapped under nested 

conditions and to confirm the more stringent data. ~90% of these promoter assignments 

are unambiguous, for the rest alternative splicing or alternative promoter usage might 

contribute to the difficulty of assigning the TSS. For the analysis presented here, we 

choose the most 5’ potential TSSs; more conservative promoter selection did not affect 

the overall AT content distribution of OR promoters. 

 

Promoter analysis 
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1000 base pairs 5' of transcriptional start sites were called promoters. These 1085 1000-

mer sequences were searched for known transcription factor binding sites using 

Genomatix RegionMiner and MatInspector; sequence was mined for novel motifs using 

Weeder, Gibbs Recursive Sampler, MEME, and Genomatix CoreSearch. We obtained 

similar results in these analyses with and without repeat-masking.  

 

To examine AT/GC content we extracted the region from -750 to +250 relative to the 

TSS for every non-Olfr protein-coding gene in RefGene and for our OR TSS’s and 

calculated GC content for each using the EMBOSS GeeCee tool (Karolchik et al. 2004; 

Rice et al. 2000; Taylor et al. 2007). Non-coding RNAs were removed as TSS’s are often 

poorly annotated. A small group of RefGene maps in the current annotation are not 

RACE-based; we consider our findings robust in the face of this noise as distributions 

were similar using wider and shifted windows. EMBOSS Freak tool was used to plot GC 

content as a function of distance from TSS with window 10bp and step 10bp (Rice et al. 

2000). In figure 2C, promoters <=40%GC or >=65% GC were selected. 40% was chosen 

as the lower cutoff to include 75% of OR genes; 65% was chose for the upper cutoff so 

as to include similar numbers of genes (~2000) in each category. Duplicates were 

removed from each list and all annotations for each gene were collected from DAVID, 

UCSC, MGI, and Weitzmann GeneCards (Bult et al. 2010; Huang et al. 2009; Kent et al. 

2002; Safran et al. 2002). Each gene was assigned exclusively to one category amongst 

those listed below and in supplemental methods; assignment was hierarchical such that 

proteins fitting more than one category were assigned preferentially. Percentages of the 

AT- or GC-rich promoters with functions of interest were then plotted. Full description of 

categories can be found in supplemental methods. To assess statistical significance, we 

added the AT and GC categories together, counted total occurrences of each function, 

calculated an expected number in AT and GC based on hypothetical random distribution 
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around the murine AT/GC composition midpoint, and compared these values to the 

actual findings.  

 

For Figure 2D and S1, existing KEGG (Xenobiotic Metabolism by Cytochrome p450) and 

GO (Transcription Factor Activity, Cell Cycle) categories were used when possible 

(Kanehisa and Goto 2000; Ashburner et al. 2000). When no existing category captured a 

function of interest (Chemosensation, Morphogen, Innate Defense and Barriers), a 

category was constructed by collecting all RefGene names with applicable prefixes, 

listed in supplemental methods (DeFranco et al. 2007). GC content distribution was 

plotted as percent of promoters of each functional category in 3%GC bins (26-28%, 29-

31%, etc). For figure 2D, Chemosensory/Defense/Xenobiotic and Cell 

Cycle/Transcription Factor/Morphogen categories were combined by averaging the three 

percentages at each GC content to give equal weight to categories with varying numbers 

of constituent genes. Fig. S2 shows each functional distribution individually. 

 

The GC-rich promoter group in figure 3 contains a randomly selected group of 1098 

promoters of at least 65% GC. O/E and TBP position plots used IUPAC string searches 

through Genomatix and Nolf site searches using Genomatix MatBase. 

 

WordCount 

The wordCount method of sequence clustering is described in the text. Code was written 

in Perl and R and is available upon request. In general, repeat-masked sequences were 

clustered and records were discarded if the repeat-masked sequence was shorter than 

500bp. 

 

Repeat Masking 
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Analysis 2A was repeated after repeat-masking and distribution of enriched functional 

groups shown in figure S2 was examined (Smit et al. 1996). Repeat-masking slightly 

narrowed the overall %GC distribution of murine promoters but did not affect skewed 

distribution of functional categories toward one pole or the other. Repeat Masking did not 

affect TFBS distribution. 

 

OP Cell Culture 

Olfactory placode culture and data analysis are described in the accompanying paper. 

RNA isolation and RLM-RACE were performed as for the tissue samples. A forthcoming 

paper contains extensive qPCR validation of “on” and “off” genes (Robert Lane, 

manuscript in preparation). 

PRIMER SEQUENCES FOR RLM-RACE 
Primer Name IUB Sequence 

135R (TMIII) CADATHGCHACRTAHWTRTCRTAHGCCATGGATCCG 

214 (TMV) GRTADATRAAIGGRTTIARCATNGG 

b6 (TMVII) GSWISWICCIACRAARAARTAIATRAAIGGRTT 

P8 (TMVII) RTTICKIARISWRTAIATRAAIGGRTT  

P26R (TMIII) CAIATIGCIACRTAICGRTCRTAIGC 

P27 (TMVI) ACIACIGAIAGRTGIGAISCRCAIGT 

 
FIGURE 2 CATEGORIZATIONS 
In figure 2C, promoters <=40%GC or >=65% GC were selected. 40% was chosen as the 

lower cutoff to include 75% of OR genes; 65% was chose for the upper cutoff so as to 

include similar numbers of genes (~2000) in each category. Duplicates were removed 

from each list and all annotations for each gene were collected from DAVID, UCSC, 

MGI, and Weitzmann GeneCards (Bult et al. 2010; Huang et al. 2009; Kent et al. 2002; 

Safran et al. 2002). Each gene was assigned exclusively to one category amongst those 
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listed below; assignment was hierarchical such that proteins fitting more than one 

category were assigned preferentially to starred groups. Percentage of the AT- or GC-

rich promoters with each function (except those marked by an ampersand below) was 

then plotted. To assess statistical significance, we added the AT and GC categories 

together, counted total occurrences of each function, calculated an expected number in 

AT and GC based on hypothetical random distribution around the murine AT/GC 

composition midpoint, and compared these values to the actual findings. The “Cellular 

Metabolism” functions accounted for 8% of GC-rich and 1.5% of AT-rich promoters; the 

“Transport” functions accounted for 12% of GC-rich and 2.5% of AT-rich promoters.  

 
*Chemosensation GPCRs sensing foreign compounds 
*Barriers and Immunity Secreted and transmembrane proteins with 

immune function or forming barrier epithelia  
*Xenobiotic Metabolism Primary metabolism of foreign substances 
*Nuclear Process All nuclear proteins 
Signal Transduction, Cell Cycle, 
Morphogens 

All signaling compounds not contained in above 
categories 

&Cellular Metabolism and Synthesis Non-xenobiotic metabolism, energy production, 
and non-nuclear macromolecule synthesis 

&Transport, Structure, and Motility Transport organelles, cilia and flagella, 
cytoskeleton 

&Miscellaneous  
&Unknown  
 
For Figure 2D and S1, existing KEGG (Xenobiotic Metabolism by Cytochrome p450) and 

GO (Transcription Factor Activity, Cell Cycle) categories were used when possible 

(Kanehisa and Goto 2000; Ashburner et al. 2000). When no existing category captured a 

function of interest (Chemosensation, Morphogen, Innate Defense and Barriers), a 

category was constructed by collecting all RefGene names with applicable prefixes, 

listed in supplemental methods (DeFranco et al. 2007). GC content distribution was 

plotted as percent of promoters of each functional category in 3%GC bins (26-28%, 29-

31%, etc). For figure 2D, Chemosensory/Defense/Xenobiotic and Cell 

Cycle/Transcription Factor/Morphogen categories were combined by averaging the three 
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percentages at each GC content to give equal weight to categories with varying numbers 

of constituent genes. Fig. S1 shows each functional distribution individually. 

 
Chemosensation Innate Defense / 

Barrier 
 Morphogen 

V1r Clec Skint Wnt 
V2r Def Sprr Fgf 
Vmn1r Ifn Tlr Bmp 
Vmn2r Klr Lman Tgf 
Fpr Krt Marco Shh 
Olfr Krtap Mbl Dhh 
Tas1r Lce Apobec Ihh 
Tas2r Ms4 C1 Egf 
Taar Muc Colec Egfr 
 Nirp Masp Fgfr 
 Reg Cd14 Bmpr 
 Serpin Fc  
 Cd36   
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Chapter IV: Nuclear architecture and gene expression 

 

I have described several approaches to studying olfactory receptor choice—genetics, 

molecular biology, and biochemistry. Experiments by many labs tested the genetic 

requirement for sequence modules that constitute OR genes. The work by Magklara et 

al. described the biochemistry of the OR chromatin fiber and the physical density of OR 

genes. My work on OR promoters culled information from DNA sequence alone. Every 

approach to thinking about a system of this complexity is necessarily reductionist, but 

notable lacunae remained after these approaches—while much information was gained, 

considering each feature in isolation left significant gaps in our understanding of OR 

choice. 

 

As described in Chapter II, when considered as a group the experiments that have tried 

to test the function of various parts of OR sequences in isolation have led to incoherent 

results. Overall, OR sequence elements seem to function differently when placed in 

different genomic contexts. Even an experimental platform as large as a YAC (~400kb) 

did not recapitulate all the behavior of ORs on chromosome 14 (Serizawa et al. 2003, 

Shykind et al. 2004). The canonical model of promoter function, in which short, modular 

motifs are bound by trans-acting proteins to induce expression, cannot account for the 

regulation of the olfactory receptor genes 

 

Approaching OR choice from the point of view of chromatin biochemistry lead to the idea 

that the ORs are heterochromatic in the cells that contain the transcription factor 

machinery to express them, and that this shields ORs not chosen for expression from 

being activated at low levels (Magklara et al. 2011). It also allowed one to think about 

analogies between OR regulation and the regulation of other gene families with similar 
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chromatin marks—Protocadherins, pericentromeric repeats, and in some cases, 

ribosomal DNA repeats. While major satellites are not transcribed, both Protocadherins 

and rDNA have variegated expression patterns. Finally, DNase accessibility assays 

showed that heterochromatinized ORs are extremely dense. This work was incomplete 

because of difficulties in the epigenetic field generally. First, the great number and 

redundancy of enzymes that produce and regulate histone marks makes testing the 

function and requirement of each mark difficult. Second, how histone marks are 

translated into a regulatory program is not clear. Do the marks signal directly to 

regulatory proteins? Do they serve as a platform for higher-order chromatin packing? 

Are they addressing devices? That heterochromatic histone marks correlated with 

DNase inaccessibility certainly suggested that they lead to structuring of OR chromatin, 

but how did this occur? 

 

My own work on the OR promoter sequences produced a model that seemed to contain 

sufficient information to allow a cell to identify them among the sequences of the 

genome. When overlaid, the AT-richness of OR clusters, the presence of the GC-rich 

O/E island in this AT-rich ocean, and the histone marks found on ORs could pick out the 

ORs from the rest of the genome. At the very least, this study demonstrated that 

genomic context of a module is a determinant of its meaning. The O/E-like sites don’t 

appear to be sites at all in a GC-rich context, and TATA boxes are invisible in an AT-rich 

context. These sites only make sense informatically, and it is only conceivable that cells 

notice them, when they are embedded in a contrasting sequence. After all, a protein 

does not bind to a sequence, it binds to a shape (Parker et al. 2009, Rohs et al. 2009). 

Of course, this work leaves intact the mystery of how a cell acts variously on a set of 

homogenous promoters. In addition, what was particularly unsatisfying about this 

approach to me is that it still seems impossible that a few transcription factors diffusing 



 92!

in nuclear space would ever bump into these sequences. Yes, once proteins bump into 

OR promoters we had demonstrated that a few sequence elements would carry enough 

information for confirmative IDing, but how long would it take for this to happen?  

 

The ratio of size of transcription factor to size of the nucleus approximates an ant in a 

cubic football field. There may be 100 copies of a relevant transcription factor “looking 

around” or “scanning the genome” to find its TFBS. One imagines that 100 ants could 

find a food source in the cubic football arena, but ants are considerably smarter than 

molecules: they work as a team, they can smell over a significant distance, and they can 

communicate their findings to other ants. Protein molecules can only tell they’re on a site 

when they’re on it (they don’t smell), they cannot act with purpose to divide their search 

efforts, and they cannot call to each other once they find a binding site. Furthermore 

imagine the cubic arena is full of semi-solid, folded material. The ants would have a 

more difficult time finding the food, or may never find it. Clearly transcription factors are 

able to “find” their binding motifs. Why is this possible? 

 

Evidence that a cytological approach to studying OR regulation might lead to greater 

understanding was presented in Lomvardas et al. (2006). In this study, the H enhancer 

element was found to be physically close to any actively transcribed olfactory receptor 

gene, whether on its chromosome (chr14) or on other chromosomes. This arrangement, 

reminiscent of transvection, suggested that an elaborate network of interactions among 

regulatory elements in the three dimensional space of the nucleus might at once drive 

and delimit olfactory receptor expression. Tantalizingly, this H element seemed to 

represent, or at least to mark, a singularity in the OSN nucleus, a location for olfactory 

receptor choice and transcription. While deletion of the H element later showed that 

there may be redundant elements in the murine genome (Kahn et al. 2011), it remains 
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possible (or, as argued in our paper below, likely) that olfactory receptor choice and 

transcription is a place in the nucleus. We suggest that this location is specified by 

interaction of many genetic elements. 

 

Following Magklara et al., we knew that the OR genes are heterochromatinized in the 

OE. Following the study of OR promoters, we knew that the OR genes are very AT-rich. 

Where did the term heterochromatin come from, and what is its relationship to particular 

histone marks? Heterochromatin was first a cytological description of chromosome 

squash bands that stained dark when boiled in aceto-carmine (Heitz 1928, reviewed in 

Zacharias 1995). At its birth, heterochromatin existed only because of its spatial 

separation from pale-staining euchromatin (Heitz 1928, Heitz 1934). Heterochromatin 

remained condensed and dark-staining through interphase while euchromatin 

condenses only in mitotic chromosomes. Cytology also suggested that heterochromatin 

was often located at the nuclear periphery in interphase while euchromatin was in the 

nuclear core, although variation was seen among cell types (Comings and Wallack 

1978, reviewed in Comings 1980). Although the determinants of banding patterns 

produced with various dyes and staining methods are complex (Comings and Wallack 

1978), the classic “heterochromatic” G- and C-bands are enriched for AT-rich sequence 

(Weisblum and deHazeth 1972).1 Finally, Heitz knew in his first study of Drosophila 

banding patterns that heterochromatic bands were gene-poor but did contain some 

genes (Heitz 1934). Only three years later, Demerec and others had demonstrated that 

repositioning of genes usually found within euchromatin into heterochromatin altered 

their expression state (Demerec and Slizynska 1937). 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1!In particular, in the mouse pericentromeric or “satellite” sequences are AT-rich, thus G- 
and C-banding should correspond. !
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So, heterochromatin and euchromatin were always places in the nucleus that could 

control the expression state of genes within them. The finding that they contain 

differently marked histones occurred much later.   

 

Linear and modular investigation of olfactory receptor regulation were informative but left 

gaps in our understanding, and old-school cytological understanding of nuclear 

organization fit our observations well. We realized we were studying a classic case of 

position effect variegation: the ORs are AT-rich, heterochromatinized genes that are 

occasionally subject to mottling (Demerec and Slizynska 1937, Demerec 1940). 

Moreover, work published by the Van Steensel lab showed that in many cultured cell 

types, olfactory receptor genes are tethered to the nuclear envelope (Peric-Hupkes et al. 

2010). Other AT-rich gene families were also observed at the nuclear periphery, 

suggesting nuclear arrangement as a molecular link among the AT-rich, sporadically 

expressed families. The olfactory receptor case of PEV is extremely interesting because 

it is not caused by mutation but is instead a regulated and natural element of OSN 

differentiation. 
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Figure 1: AT-rich gene clusters associate with the nuclear envelope in cultured murine 

cells. Snapshot from the UCSC genome browser containing tracks produced by Peric-

Hupkes et al. 2010. 

 



 96!

Thus could restoring the three-dimensionality of the OSN nucleus elucidate regulatory 

features that could not be identified using more reductionist strategies? We undertook to 

characterize the positions of the olfactory receptor genes in the three-dimensional space 

of the nucleus across a fourth dimension, differentiation time. Our experiments revealed 

differentiation-dependent, cell-type-specific organization of active and silent ORs in the 

OSN nucleus and suggest that compartmentalization of hetero- and eu-chromatin by 

histone mark addressing underlies variegated expression of ORs. 
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Introduction 

Spatial compartmentalization of genes in the mammalian nucleus is believed to serve 

regulatory purposes (Fraser and Bickmore, 2007; Misteli, 2008). Heterochromatin and 

euchromatin were originally cytological descriptions of cell biological compartments soon 

found to ascribe a gene expression pattern to genes within them (Zacharias 1995). Only 

later were these entities correlated with the presence of particular histone marks 

(Lanctot et al., 2007). In most cell types, interactions with the nuclear lamina locate 

heterochromatin at the periphery of the nucleus, while euchromatin occupies the nuclear 

core (Peric-Hupkes and van Steensel, 2010). Higher resolution views of the nucleus 

reveal additional levels of organization and compartmentalization. For example, 

transcription may be restricted to specialized nuclear regions or transcription factories 

where genes converge in a non-random fashion (Eskiw et al., 2010). Finally, inter- and 

intra- genic interactions over large genomic distances create regulatory networks that 

control gene expression and differentiation (de Wit and de Laat, 2012; Liu et al., 2011; 

Montavon et al., 2011). 

 

Irreversible developmental decisions, such as those made by differentiating neurons or 

lymphocytes, employ diverse epigenetic mechanisms to lock in transcriptional status for 

the life of a cell. Placing genes in sub-nuclear compartments compatible or incompatible 

with transcription could finalize these decisions (Hewitt et al., 2009). The differentiation 

of olfactory sensory neurons (OSNs) provides an extreme example of such 

developmental commitment; OSNs choose one out of ~2800 olfactory receptor (OR) 

alleles and subsequently establish a stable transcription program that assures that 

axons from like neurons converge to distinct glomeruli (Buck and Axel, 1991; Imai et al., 

2010). The monoallelic nature of OR expression (Chess et al., 1994), together with the 

observation that OR promoters are extremely homogeneous and share common 
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regulatory elements (Clowney et al., 2011), suggest that DNA sequence is not sufficient 

to instruct the expression of a particular allele in each sensory neuron  and that an 

epigenetic regulatory mechanism is in place. Indeed, OR heterochromatinization 

suggests epigenetic, non-deterministic control of OR choice (Magklara et al., 2011). The 

observations that active OR alleles have different chromatin modifications from the 

inactive ORs (Magklara et al., 2011) and associate in cis and trans with the H enhancer 

(Lomvardas et al., 2006) suggest that the epigenetic regulation of OR expression has a 

spatial component. Although deletion of the H enhancer does not have detectable 

effects on the transcription of most ORs (Khan et al., 2011), the association of the H 

enhancer with active OR alleles could reflect the physical separation of the active OR 

allele from silent OR genes and its transfer to an activating nuclear factory. 

 

Here, we examine the significance of nuclear organization and compartmentalization in 

monogenic OR expression. Using a complex DNA FISH probe that recognizes most OR 

loci, we demonstrate OSN-specific and differentiation-dependent intra- and inter-

chromosomal aggregation of silent ORs. While these OR-specific foci colocalize with 

H3K9me3, H4K20me3 and heterochromatin protein 1 β (HP1β), the active OR alleles 

have minimal overlap with heterochromatic markers and reside in euchromatic 

territories, suggesting the existence of repressive and activating nuclear compartments 

for OR alleles. Critical for this nuclear organization is the downregulation and removal of 

Lamin b receptor (LBR) from the nuclear envelope of OSNs. Deletion of LBR causes 

ectopic aggregation of OR loci in basal and sustentacular cells in the main olfactory 

epithelium (MOE), whereas expression of LBR in OSNs disrupts the formation of OR foci 

resulting in decompaction of OR heterochromatin, coexpression of a large number of 

ORs, overall reduction of OR transcription, and disruption of OSN targeting. Our analysis 
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provides evidence for an instructive role of nuclear architecture in monogenic olfactory 

receptor expression.  
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Results 

ORs and other AT-rich gene families frequently associate with the nuclear lamina (Peric-

Hupkes et al., 2010). However, our DNA FISH analysis with individual BAC probes failed 

to reveal a significant distribution of OR loci towards the nuclear periphery of OSNs 

(Lomvardas et al., 2006). To obtain a comprehensive view of the distribution of OR loci 

in OSN nuclei, we sought to generate a DNA FISH probe that would allow the 

simultaneous detection of most OR loci. First, since OR clusters reside in extremely AT-

rich isochores (Clowney et al., 2011; Glusman et al., 2001), we digested genomic DNA 

with restriction enzymes that recognize AT-rich sequences and collected DNA fractions 

with significant enrichment for ORs. Next, these were amplified and subjected to a 

second round of purification by sequence capture on a custom tiling array covering OR 

clusters (Figure 1A) (Albert et al., 2007). This high-density array contains 

oligonucleotides against the unique sequences within the 46 OR genomic clusters, 

spanning a total region of 40MB. Two rounds of capture, elution and amplification 

produced a DNA library highly enriched for OR sequences. qPCR analysis of the final 

amplicon detects only sequences from OR clusters, suggesting the elimination of 

unique, non-OR DNA (Figure 1B).  

To further examine the composition of this DNA library, we analyzed its contents by 

whole genome microarray hybridization, using a tiling array covering mouse 

chromosomes 1 to 4. This analysis demonstrates the sensitivity and selectivity of our 

purification strategy: the probe detects 340 of 346 OR genes located on these 4 

chromosomes, 40 of ~80 non-OR genes located cis to OR clusters (and included on the 

capturing array), and 6 of ~5000 non-OR genes (FDR<0.05, 98.2% sensitivity, 98.4% 

OR cluster specificity, p<=10^-72) (Figures 1C and S1B-D).     

 

OSN-specific aggregation of OR genes 



 103!

We used this “panOR” library as a probe for DNA FISH experiments on sections of the 

MOE. Although there are 92 OR clusters in the diploid nucleus, the panOR probe 

detects an average of ~5 large foci in OSNs (Figure 1D). This unexpected distribution is 

specific for OSNs: OR distribution in other cell populations represented in MOE sections 

(undifferentiated basal cells and sustentacular cells) is diffuse and more consistent with 

a random arrangement of the 92 OR clusters or ~2800 alleles. Quantification of the 

distribution of the DNA FISH signal in the three cell types of the MOE across the same 

sections in the same experiments supports this conclusion (Figure S1E-F): high-intensity 

pixels (above 120 in the 8-bit range of 0-255) were found only in OSNs and not in 

sustentacular or basal cells. To quantify the distribution of panOR signal, we calculated 

standard deviation of signal intensity across nuclear space. Average standard deviation 

in OSNs is 42.3, indicating spotty signal distribution, and 9.3 or 11.3 in basal and 

sustentacular cells, indicating smoother distribution (N>100 for each cell type). Finally, 

DNA FISH with this probe in other neuronal types demonstrates a diffuse distribution of 

OR loci (data not shown and Figure S2D), suggesting that we uncovered a nuclear 

pattern for OR loci that could be specific to OSNs. 

 

The focal nature of the panOR DNA FISH signal suggests that OR alleles from different 

OR clusters merge in distinct nuclear regions during OSN differentiation. To test this, we 

pooled 10 OR- or 12 non-OR- BAC probes and performed two color DNA FISH with the 

panOR probe. There was extensive colocalization between the panOR probe and OR 

BAC probes (Pearson’s coefficient r=0.637, Mander’s coefficient of BAC signal 

colocalizing with panOR M1=0.835 N>100) and little colocalization between the panOR 

probe and the non-OR BACs (r=0.187 M1=0.109 N>100) (Figure 1E,F), suggesting 

selectivity for OR loci in the composition of these aggregates (Figures S1I, S5E). Though 

the panOR probe includes most OR loci, lack of complete overlap between the panOR 
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and the individual OR BAC probes was expected. The panOR probe is 200-fold more 

complex than each BAC and it is outcompeted for binding at ORs targeted by a BAC. 

Thus, BAC signals colocalized with panOR signal represent OR alleles surrounded by 

other OR loci labeled by the panOR probe at distances below the optical resolution of 

confocal microscopy.  

 

The combined OR BACs produce fewer DNA FISH spots in the OSNs (3.94 

spots/nucleus/Z-stack N=38) than in sustentacular (9.1 spots N=38) or basal cells (8.52 

spots N=30), providing an independent verification for the extensive aggregation of 

these loci: they are optically indiscrete significantly more often in OSNs than in basal and 

sustentacular cells. Non-OR BAC probes did not appear more aggregated in the OSNs 

(10.08 spots in OSNs, 6.4 in sustentacular and 7.1 in basal cells, N=30 for each cell 

type).  

 

To explore the contribution of intra- and inter- chromosomal interactions to the formation 

of OR foci and the colocalization of ORs, we used two additional pools of OR BACs, one 

containing 7 BACs targeting three clusters on chromosome 2, and the other containing 8 

BACs, each targeting a cluster from a different chromosome. These pools, when 

combined with panOR probe, revealed two layers of organization in OSNs: alleles within 

the same cluster coalesce into optically indiscrete signals, while clusters from different 

chromosomes generate distinguishable signals inside the same panOR focus (Figure1 

G, H). The BACs from the same chromosome produce 5.9 dots in sustentacular cells 

and 2.3 dots in OSNs (N=30 for each), while BACs from different chromosomes produce 

equal numbers of dots in both cell types. However, multiple OR BAC dots from different 

chromosomes were seen in 50% of the panOR foci, and more than 2 dots per aggregate 

in 29% of the cells (N=50) (Figure 1H). Moreover, maternal and paternal alleles of the 
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same OR cluster reside in the same OR aggregate in ~6% of the tested OSNs (Figure 

S1H). Finally, panOR foci do not colocalize with large repeat classes, pericentromeric 

heterochromatin (PH), or other multigene families (Figure S2A-C and data not shown), 

suggesting that the aggregation of OR clusters produces distinct and selective OR gene 

territories. 
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Figure 1. Visualizing the nuclear distribution of OR loci. 
(A) Schematic of sequence capture-based DNA FISH probe construction. 
(B) qPCR analysis of panOR library  
(C) Microarray analysis of panOR probe. Blue bars represent the chromosomal location 
of OR clusters and red represent hybridization signal intensity produced by MA2C 
analysis using a sliding window of 10Kb, min number of probes 20, max gap of probes 
1Kb.  
 (D) Wide field image of DNA FISH on MOE sections with panOR probe. OR foci are 
detected only in OSNs. In sustentacular cells (apical layer on the left) and basal cells 
(basal layer on the right) the DNA FISH signal is diffuse. In the zoomed-in view on the 
right, we highlight the nuclear borders of a basal cell and a neuron.   
(E-H) DNA FISH on MOE sections with panOR probe (red) and BAC probe pools 
(green). OR BACs (E) colocalize with panOR, whereas non-OR BACs (F) do not. Pooled 
OR BACs across chromosome 2 (G) coalesce into optically indiscrete signals in OSNs. 
Pooled OR BACs covering clusters on eight separate chromosomes (H) (Chr1, 2, 3, 7, 9, 
14, 15, 16), occupy the same panOR focus. Maximum intensity Z projections of 3 micron 
confocal stacks are shown. Borders are drawn around nuclear edges.  
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Figure S1 
(A) Cells from MOE section stained with DAPI demonstrate differences in nuclear 
morphology of pluripotent basal cells, sensory neurons and sustentacular cells.  
(B) Graph of panOR probe sensitivity for detecting ORs and non-ORs based on genes 
with positive peaks (FDR<.05) in MA2C analysis of chromosome 1-4 tiling array 
hybridization. P value for OR enrichment <<10^-10. P value for non-OR de-enrichment 
<<10^-10.  
(C) Graph of panOR probe composition/specificity based on genes with positive peaks 
(FDR<.05) in MA2C analysis of chromosome 1-4 tiling array hybridization. P value for 
probe composition compared to the genome as a whole <<10^-10. Overall we detected 
340/346 OR genes, 40/80 OR cluster edge genes, and 6/5364 non-OR genes from 
these four chromosomes with the panOR probe. 
(D) Zoom-in view of hybridization signal intensity for panOR on the OR cluster located at 
36Mb on chromosome 2. Maximum signal is 2^8 relative to genomic DNA hybridization 
signal. nonOR genes at the edge of the cluster were detected by the probe when they 
were AT-rich (e.g. Zbtb6) but were mostly lost when they were GC-rich (e.g. Ptgs1). For 
scale, whole window shown is about 2Mb. 
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(E) 3D Surface plot rendering of panOR signal intensity in single Z-stack of a 
sustentacular, OSN, or basal cell. Signal intensity is color-coded (heatmap values 
presented on the right) and the distribution of pixels for each intensity value depicted by 
the surface area of the peak. 
(F) Distribution of panOR pixel intensities across basal, neuronal, and sustentacular 
layers in WT MOE. Signal brighter than ~120/255 counts was found only in neuronal 
cells. 
(G) OR BAC pool DNA FISH (green) in sustentacular cells vs OSNs reveals aggregation 
of OR loci in OSNs. The panels are insets taken from the same image.  
(H) panOR DNA FISH (green) combined with BAC probes centered on M50 or M71 (red) 
reveals that maternal and paternal alleles of a particular OR can be located in the same 
panOR aggregate. We observed this pattern in ~6% of cells (n=146 nuclei for M71, 210 
for M50). 
(I) Quantification of the co-localization of BAC probe signal with panOR probe signal 
from two-color DNA FISH experiments in MOE sections. In OSNs, BAC signals fully 
“covered” by panOR signal were counted and are displayed as a fraction of total BAC 
signals. The tetoMor28-τLacZ transgene was detected with a probe against LacZ. 100-
600 BAC signals were counted per condition; n is displayed on each bar. 
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Spatial segregation between active and silent OR alleles  

To reveal the epigenetic signature of OR foci we combined DNA FISH analysis with 

immunofluorescence (IF) against the heterochromatic marks found on ORs (Magklara et 

al., 2011) or heterochromatin binding protein 1 β (HP1β), the only heterochromatic HP1 

member expressed in OSNs (data not shown). This analysis reveals overlap between 

the OR foci, H3K9me3, H4K20me3 and HP1β (Figure 2A-C, S5E), consistent with a 

heterochromatic nature of these aggregates. This colocalization is differentiation-

dependent and cell-type-specific; we do not detect overlap between the two signals in 

basal cells in the MOE or in retinal neurons (Figures S2D). 

 

To visualize transcriptionally active OR alleles, we performed nascent RNA FISH on 

sections of the MOE using intronic probes against OR genes MOR28, M50, M71 and P2 

combined with IF for H3K9me3, H4K20me3 or HP1β. In contrast with the bulk of the 

panOR signal, active OR alleles have little overlap with any of the three heterochromatic 

marks (Figures 2D-J, S2F-G, S5E). We also combined nascent RNA FISH with IF for 

PolII or H3K27-Acetyl and H4K20me3 or HP1β (Figures 2F-J, S5E). These experiments 

corroborate that the active OR allele is spatially segregated from the silent ORs and 

resides in euchromatic territory.  
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Figure 2. OR foci are heterochromatic aggregates from which the active allele 
escapes. 
 (A-C) IF for H3K9me3 (A), H4K20me3 (B) or HP1β (C), green, combined with panOR 
DNA FISH (red) in MOE sections.  
(D-G) Nascent RNA FISH using pooled introns of ORs MOR28 and M50 (red) combined 
with IF against H3K9me3 (D, green), H4K20me3 (E, green), HP1β (F-G, green), RNA 
Polymerase II (F, blue) and H3K27-Acetyl (G, blue) 
(H,I) 3D surface color plots corresponding to cells from F and G respectively. The 
luminance of the image is interpreted as height for the plot. Nascent OR transcript is 
shown in red, HP1β in magenta and PolII (H) or H3K27 acetyl (I) in green. 
(J) Manual colocalization counts for nascent transcript and antigens as presented in (D-
G). Signals were counted as colocalized when there was some overlap between nascent 
transcript and antigen. N=150 for HP1β, 31 for H4K20me3, 12 for H3K9me3, 64 for 
PolII, 64 for H3K27-Ac. 
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Figure S2 
(A) Two-color DNA FISH in MOE sections with panOR probe (green) and a centromeric 
probe (red). 
(B) Two-color DNA FISH in MOE sections with panOR probe (red) and ribosomal DNA 
probe (green).  
(C) Two-color DNA FISH in MOE sections with panOR probe (green) and a probe 
against telomeres (TelC, red).  
(D) DNA FISH in MOE or retina (Zoomed in views from the same section) with panOR 
probe (green) combined with IF for HP1ß (red). The panOR probe signal is diffuse in a 
pluripotent cell (HBC) and focal in a more differentiated immature neuron (iOSN). In the 
pluripotent cell HP1ß does not co-localize with ORs whereas in the neuron there is 
significant overlap between the two signals. In the retina, panOR probe signal is diffuse 
and does not overlap with HP1ß. 
(E) DNA FISH in MOE sections with panOR probe (red) combined with IF for RNA PolII. 
(F-G) Nascent RNA FISH against ORs MOR28 (F) or P2 (G) (red), combined with IF for 
HP1ß (green) and MOR28 or ß-gal (white) in MOE sections. Nuclei counterstained with 
DAPI (blue). 
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LBR organizes the topology of OSN nuclei 

Next, we searched for proteins governing OR aggregation. It is intriguing that most OR 

genes are not attached to the nuclear lamina in OSN nuclei as they are in other cell 

types. Similarly, PH is also located in the center of OSN nuclei instead of being 

distributed towards the nuclear envelope (Figure S1A).  This “inside-out” nuclear 

morphology is reminiscent of the nuclear architecture reported in homozygous Ichthyosis 

mice, a spontaneous Lamin b receptor (LBR) loss of function mutation (Goldowitz and 

Mullen, 1982; Hoffmann et al., 2002). LBR is a nuclear envelope protein that interacts 

with HP1 and heterochromatin (Okada et al., 2005; Pyrpasopoulou et al., 1996). 

RNAseq revealed a continuous reduction in LBR mRNA levels during differentiation from 

HBCs to OSNs, and IF confirmed that while LBR is present in the nuclear envelope of 

basal and sustentacular cells, it is absent in the neuronal lineage of the MOE (Figure 

3A,B, S3A).  

 

PanOR DNA FISH on MOE sections from the Ichthyosis mice revealed no changes in 

OR aggregation in OSNs, an expected result since wild type OSNs already have little 

LBR in their nuclear envelope. However, nuclear architecture and OR organization of 

Ichthyotic basal and sustentacular cells approach that of wild type OSNs (Figure 3C,D 

and S3B). PH forms large, centrally located foci in both cell types and ORs form 

aggregates at the periphery of the pericentromeric foci. According to the pooled BAC 

assay in the Ichthyosis mouse, the number of DNA FISH spots is uniform among the 

three cell types, and the basal and sustentacular cells have similar numbers of DNA 

FISH spots to control OSNs (Figure 3E), supporting a role for LBR downregulation in OR 

aggregation. Since ectopic OR aggregation occurs in two cell types that do not express 

ORs and likely do not contain the transcription factors responsible for OR activation, an 
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effect of this mutation on OR expression and OSN targeting is unlikely and was not 

detected (data not shown and Figure S3C).  

 

Thus, we sought to perform the opposite experiment: to restore LBR expression to 

OSNs instead of removing LBR from cells that do not express ORs. We generated a 

tetO LBR-IRES-GFP transgenic mouse that we crossed to OMP-IRES-tTA mice to 

achieve expression of LBR in OSNs. One transgenic line expresses the transgene in a 

significant proportion of OSNs (Figure 3F). Like endogenous LBR, transgenic LBR is 

restricted to the nuclear envelope without diffusing in the nucleoplasm (Figure 3F).  

 

We used this transgenic line to analyze the effects of ectopic LBR expression on the 

nuclear morphology of mOSNs. DAPI staining becomes less intense and PH is moved 

towards the nuclear periphery of LBR+ OSNs (Figure 3G, S3D). OSNs in these sections 

that do not express the transgene have morphology similar to wild type nuclei (Figure 

S3D). IF shows HP1β recruitment to the nuclear envelope in LBR+ OSNs, while centrally 

shifted euchromatin occupies most of the nucleus (Figure 3H, S3F). Thus, ectopic LBR 

expression in a post-mitotic cell is sufficient to reverse the “inside-out” arrangement and 

to recruit PH to the nuclear periphery.     
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Figure 3. LBR regulates nuclear topology in the MOE 
(A) LBR transcript levels determined by RNAseq analysis on FAC-sorted populations 
from the MOE. LBR decreases from horizontal basal cells (ICAM+) to intermediate 
progenitors (Ngn+) to mature OSNs (OMP+). 
(B) IF against LBR in the MOE. Sustentacular and basal cells contain LBR in their 
nuclear envelopes while OSNs do not. Occasional LBR+ cells in the neuron layer are 
migrating non-neuronal cells (See S3A). 
(C-D) PanOR DNA FISH (red) in MOE sections of Ichthyotic or control animals shown in 
low magnification (C). Sustentacular and basal cells have PH cores and panOR foci in 
Ichthyotic animals. (D) High magnification image of a control and an Ichthyotic 
sustentacular cell.   
(E) Quantification of number of optically discrete foci formed by a pool of OR BAC 
probes (as in Figure1E) in sustentacular, OSN and basal cell types in control and 
Ichthyotic MOE sections. N>=30 for all groups, P<.0001 for comparison between OSN 
and sustentacular or basal cells  in control animals and for comparison across 
sustentacular or across basal cells in control vs Ichthyosis tissue, Student’s t-test. 
(F) GFP expression and LBR IF in MOE sections from a tetO LBR-IRES-GFP; OMP-
IRES-tTA mouse. Low magnification at left shows GFP signal across the OE; high 
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magnification image at right shows that GFP (green) and LBR (red) are coexpressed 
and transgenic LBR is restricted to the nuclear envelope.  
(G) False-color image of DAPI staining in LBR-expressing OSNs vs control OSNs shows 
loss of OSN-specific PH core (gold) upon LBR expression. 
(H) IF in control and LBR+ animals for H3K4-Me1 and HP1ß shows reorganization of the 
OSN nucleus upon LBR expression. 
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Figure S3 
(A) IF against LBR (red) in MOE sections from an OMP-IRES-tTA; tetO:H2bGFP mouse 
(Tumbar et al., 2004). Only nuclei of mature OSNs express H2bGFP (green). Arrowhead 
points to an LBR positive/GFP negative nucleus, probably corresponds a migrating 
sustentacular cell. 
(B) Plot of panOR pixel intensity distribution for wild type or Ichthyotic MOE. WT basal 
(blue) and sustentacular cells (green) lack bright panOR pixels. WT OSNs (red) and 
Ichthyotic OSNs (teal) have bright pixels similar to S1F. Unlike wild type cells, Ichthyotic 
basal (purple) and sustentacular cells (orange) also have bright panOR pixels, 
demonstrating ectopic aggregation of ORs in this mutant. 
(C) P2 glomerulus labeled by immunostaining against ß-gal (green) in an Ichthyosis; P2-
IRES- τLacZ animal. Glomeruli are counterstained by VGlut2 (a marker for mature OSNs 
that was used to label all the incoming OSN axons) in red, nuclei by DAPI in blue. 
Glomerular projection in Ichthyosis animals was no different than in control animals (data 
not shown). 
 (D) False-color image of DAPI staining in LBR expressing OSNs vs control OSNs 
shows loss of OSN-specific central pericentromeric focus (gold) upon ectopic LBR 
expression. Same sections as in Figure 3E, but zoom-out view demonstrates the global 
nature of LBR-induced changes in OSNs.  
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(E) Plot of radial distribution of HP1β or H4K20me3 IF signal in control or LBR-
overexpressing neurons. Overal distribution of heterochromatic signal skews toward the 
cell center in wild type animals and towards the nuclear periphery in LBR-
overexpressing OSNs. The shift is more pronounced for HP1β than for H4K20me3, in 
agreement with H4K20me3 retention on ORs. 
(F) IF against HP1ß and H4K20me3 in MOE sections from control and LBR expressing 
mice.  
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Ectopic LBR expression de-condenses OSN heterochromatin   

IF does not provide information about the structural and biophysical changes occurring 

in OSN chromatin upon ectopic LBR expression.  To obtain this information we imaged 

control and LBR+ OSNs with Soft X-ray tomography (SXT), a high resolution imaging 

method that is applied to fully hydrated, unfixed and unstained cells and measures 

carbon and nitrogen concentration in biological samples (McDermott et al., 2009).  

Orthoslices (computer generated sections) and 3D-reconstructions of SXT imaging of 

control OSNs reveals that the more condensed (darker) chromatin is located at the 

center of the nucleus, in agreement with the morphology seen by IF (Figure 4A, B, G, 

movie S1). We also detect extremely condensed structures at the periphery of this PH 

core that are specific for this cell type; only sperm nuclei have chromatin particles with 

higher compaction values (data not shown).  Although the arrangement of these dark 

foci is similar to the arrangement of the OR foci around the PH core of the OSN nucleus, 

DNA FISH or IF are incompatible with SXT and therefore it is impossible to prove directly 

that these are the same structures.  

 

SXT imaging of LBR+ OSNs shows the relocation of the most condensed chromatin 

towards the nuclear membrane (Figure 4D, E, H, movie S2). Moreover, LBR expression 

increases the nuclear volume from 105u3 to 135u3 and induces the folding of the nuclear 

membrane and an overall change in the nuclear shape (Figure 4C, F, movies S3, 4). 

Overall chromatin de-condensation induced by LBR expression in OSNs is quantitatively 

described by measurements of the linear absorption coefficient (LAC) (McDermott et al., 

2009) of control and LBR+ OSNs (Figure 4I). This measurement, which depicts the 

concentration of organic material per voxel, corroborates the loss of the densest foci 

upon LBR expression. Thus, if condensed regions correspond to OR foci, ectopic LBR 

expression should cause de-compaction of OR heterochromatin. DNase sensitivity 
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experiments (Magklara et al., 2011) in nuclei from FAC-sorted control or LBR+ OSNs 

confirms a significant de-compaction of OR and pericentromeric heterochromatin upon 

LBR expression (Figure 4J).  
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Figure 4. Soft X-ray Tomography (SXT) of OSNs demonstrates chromatin 
decompaction and nuclear reorganization upon LBR expression. 

(A) An orthoslice from the tomographic reconstruction of a GFP+ neuron from an OMP-
IRES-GFP mouse. PH (asterisk) surrounded by condensed, OSN-specific foci can be 
seen in the center of the nucleus; only small amounts of heterochromatin are tethered to 
the nuclear envelope. 

(B and C) Segmented nucleus (blue; obtained by manually tracing the nuclear envelope 
through all orthoslices of the reconstruction) seen in a 3-D cut-away view with three 
orthogonal orthoslices (B) shows that the pericentromeric heterochromatin is in the 
center of the nucleus and the nuclear envelope is not folded (C). 

 (D) Orthoslice from an OMP-IRES-tTA; tetO LBR-IRES-GFP mouse. The dark particles 
that surround the PH core in the control OSN nucleus are not present in LBR expressing 
nucleus. PH (arrow) is positioned just beneath the highly folded nuclear envelope upon 
LBR expression. The nuclear envelope is thicker, likely due to the presence of LBR and 
the recruitment of heterochromatin. 

(E and F) 3-D cutaway view showing the increased nuclear volume (E) and marked 
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folding of the nuclear envelope, which is more apparent in the surface view (F).  

(G) Still frame of supplemental video S1 from the control OSN shown in A. The nucleus 
was segmented from the tomographic reconstruction using the 3-D linear absorption 
coefficient (LAC). It is shown here using a transparent surface view to reveal the 
chromatin. To aid visualization the opacity and color of the obtained surface was 
mapped to a 3-D color field with the same dimensions as the whole cell data set. The 
color field and color map were chosen to highlight the condensed chromatin in the center 
of the nucleus so that the most condensed chromatin is dense brown with low 
transparency and the remaining chromatin is grey with a high degree of transparency. 

(H) Still frame of supplemental video S2 from the LBR+ OSN shown in D. The nucleus 
was segmented as in (D) and the color-coding depicts the same LAC values. The color 
field and color map highlight the acentric, condensed chromatin abutting the nuclear 
envelope. There is also a notable reduction in the volume of condensed chromatin 
(brown) and complete loss of the most condensed OSN-specific foci.  

(I) Histogram of linear absorption coefficients of each voxel in control and LBR-
expressing mOSNs. Dense voxels (LAC>0.4 um-1) that are OSN-specific and depict the 
most compacted chromatin are lost in LBR-expressing nuclei. 
 
(J) qPCR analysis of DNase digestion timecourse assay in sorted control (OMP-IRES-
GFP) or LBR+ (OMP-IRES-tTA; tetO LBR-IRES-GFP) olfactory neurons. OR (orange, 
blue) and satellite (red) loci that are heterochromatinized and DNase resistant in control 
OSNs are DNase sensitive in LBR+ OSNs. Control euchromatic sequence (Omp, green) 
is DNase sensitive in both cell types. Pale shades denote LBR+ cells, dark shades 
denote control cells. Error bars display SEM between duplicate PCR wells. Similar 
results obtained from biological replicates. 
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Ectopic LBR expression disrupts OR aggregation  

The spatial reorganization of HP1β, the elimination of the dark foci detected by SXT, and 

the increase in DNase sensitivity of OR chromatin suggest that ectopic LBR expression 

disrupts the aggregation of OR loci. To test this we performed DNA FISH with the 

panOR probe in sections of LBR-expressing transgenic mice. Low magnification images 

show significant effects of ectopic LBR expression on the distribution of OR loci. In the 

apical, LBR+ neuronal layer, the intense OR foci dissolve; in contrast, immature OSNs 

and progenitors that do not yet express the transgene but have already downregulated 

the endogenous LBR retain a focal OR arrangement (Figure 5A, S5A).  

To investigate whether altering the tertiary organization of OR loci affects the epigenetic 

characteristics of these genes, we examined association of OR genes with H3K9me3, 

H4K20me3 and HP1β in LBR+ OSNs. H3K9me3 and H4K20me3 remained enriched on 

OR loci upon LBR expression by native ChIP-qPCR assays on FAC sorted OSNs 

(Figure 5B-C) and FISH-IF (Figures S5B-C, S5E). In contrast, association of OR loci with 

HP1β was reduced as measured by FISH-IF (Figures 5D, S5E). Reduction in overlap 

between H4K20me3 and HP1β was also observed in the LBR+ OSNs (Figure S5E). 

Thus, despite retaining heterochromatic histone marks, OR loci lose their aggregated 

arrangement and their non-histone heterochromatic coat upon LBR expression, which is 

consistent with the increased DNase sensitivity.  

 

In wild type OSNs, active OR alleles (located outside of OR foci) interact with the H 

enhancer. To test whether LBR expression also abrogates interchomosomal interactions 

between the active allele and H, we performed 4C using inverse H PCR primers as 

previously described (Lomvardas et al., 2006) on LBR-expressing or control MOEs. To 

increase the proportion of LBR expressing cells in this mixed population we combined 

two tTA drivers (OMP-IRES-tTA and Gγ8 tTA)(Nguyen et al., 2007).  The enrichment of 
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various OR sequences in this 4C library was assayed by qPCR. LBR expression in 

OSNs results in the loss of most H-OR associations. In LBR transgenics, H retains only 

its interaction with the linked OR MOR28 (Olfr1507) located 75Kb downstream (Figure 

5E). Therefore, ectopic LBR expression in OSNs not only prevents heterochromatic OR 

aggregation but also disrupts the interaction between the H enhancer and unlinked ORs. 
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Figure 5. LBR expression disrupts OR foci  
(A) Widefield image of panOR DNA FISH (green) in MOE sections from control (left) and 
LBR-expressing transgenic mice (right). Line depicts the borders between immature and 
mature OSNs. Transgenic LBR expression driven by OMP-IRES-tTA is restricted to the 
mature OSNs where OR foci are disrupted.  
(B-C) ChIP-qPCR analysis of H3K9me3 (B) and H4K20me3 (C) enrichment in FAC 
sorted control (OMP-IRES-GFP, blue bars) or LBR-expressing (OMP-IRES-tTA; tetO 
LBR-IRES-GFP, red bars) OSNs. Error bars display SEM between duplicate PCR wells. 
Similar results obtained from biological replicates.  
(D) IF for HP1ß (red) combined with panOR DNA FISH (green) in MOE sections from 
LBR-expressing transgenic mice. The panels on the left depict an immature neuron that 
has not expressed the transgene yet, whereas the panels on the right show an, LBR+ 
OSN from the same section. OR loci lose their association with HP1β upon LBR 
expression. 
 (E) qPCR analysis comparing the enrichment of OR sequences in a 4C library 
constructed by inverse PCR from the H enhancer from wild type and LBR-expressing 
OSNs. Enrichment values were normalized to control material de-crosslinked before 
ligation. Error bars display SEM between duplicate PCR wells.  
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Figure S5  
(A) Plot of panOR pixel intensity in various cell types from OMP-IRES-tTA; tetO LBR-
IRES-GFP MOE sections. As in control animals, only low-intensity pixels are found in 
basal (purple) and sustentacular (green) cells. Immature neurons that do not yet express 
the transgene (red) have high-intensity pixels, but mature, LBR+ OSNs (blue) have 
panOR signal even dimmer than that of basal or sustentacular cells. 
(B-C) panOR DNA FISH (red) combined with immunostaining for H3K9me3 (B) or 
H4K20me3 (C) (green). Both histone marks colocalize with panOR in LBR-expressing 
mOSNs as they do in wild type mOSNs (Figure 2A-B). PanOR distribution can also be 
seen in detail in these images. Signal is found both at the nuclear periphery and in the 
nucleoplasm. 
(D) DNA FISH with the panOR probe (green) combined with IF for H3K27-Acetyl in MOE 
section of an LBR-overexpressing animal. Same cells as shown in Figure 5D. In 
immature neurons that do not yet express LBR, the two signals are mutually exclusive. 
In LBR+ neurons, the relationship has become disordered. 
(E) Summary of automated correlation and colocalization values for all comparisons. For 
Pearson correlation value, only pixels positive for the first signal are considered. Mander 
colocalization coefficient represents the proportion of pixels positive for the first signal 
that are also positive for the second signal. 
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LBR expression inhibits OR transcription 

We then tested the effects of ectopic LBR expression in OR regulation. IF and RNA 

FISH experiments in MOE sections from control and LBR-expressing mice revealed a 3-

fold reduction in the numbers of OR expressing neurons in the transgenic mice (Figure 

6A). Importantly, most neurons that retain high level OR expression do not express 

transgenic LBR (data not shown and Figure 6D). For more quantitative measure of the 

effects of LBR in OR expression we FAC-sorted control or LBR+ OSNs and performed 

qRT-PCR. This analysis supports that LBR expression has significant inhibitory effects 

on OR expression (Figure 6B). Similarly, whole mount Xgal staining in MOEs from P2-

IRES-τLacZ animals crossed to LBR-expressing transgenics shows reduced Xgal signal, 

supporting a repressive effect on OR expression (Figure 6C).  Neurons that retained 

high β-gal protein expression often failed to express the LBR transgene, as 

demonstrated by IF for β -gal and GFP in sections of these mice (Figure 6D). Because 

OMP drives LBR expression only after OR choice, this result indicates post-choice 

downregulation of this P2 allele and the rest of the OR repertoire.  

 

To test whether the inhibitory effects of LBR expression apply to genes that do not follow 

the spatial regulation of endogenous OR genes, we used a transgenic OR that is under 

the control of the tetO promoter (tetO MOR28-IRES-τLacZ). This transgene also carries 

H3K9me3 and H4K20me3 (data not shown), but unlike the endogenous ORs its 

heterochromatization is not OSN specific and is probably caused by its multicopy (16 

tandem copies) insertion (Garrick et al., 1998). This transgene does not interact with 

either the endogenous ORs or the H enhancer (Figure S1I and data not shown). In 

agreement with the repressive signature of this transgene, its expression is sporadic 

when crossed to the OMP-IRES-tTA driver but increases in frequency when crossed to 
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LBR-expressing transgenics (Figure S6B). This is consistent with a simple mode of gene 

regulation where chromatin decompaction allows tTA binding on the tetO promoter in 

more cells and transcriptional activation at higher frequency; such a linear and 

straightforward model does not apply to the endogenous ORs.  

 

To determine the genome-wide effects of LBR expression in OSNs we performed 

RNAseq from whole MOE preparations. To increase the proportion of LBR expressing 

cells in this mixed population we combined two tTA drivers (OMP-IRES-tTA and Gγ8 

tTA)(Nguyen et al., 2007). In agreement with the observations in the FAC-sorted 

neurons, LBR expression in OSNs induces an ~8 fold downregulation of total OR 

expression (Figure 6E). While OR expression is downregulated, most of the genes 

detected in OSNs (~14,000 genes) are not affected by ectopic LBR expression (367 

non-OR genes significantly downregulated and 873 genes significantly upregulated, 

Cuffdiff FDR 0.05, genes with at least 10 reads). Interestingly, expression of some 

markers of immature OSN and progenitor cell populations increases in these animals 

(Figure S6A). Overall, these transcriptional changes suggest an LBR-driven, partial 

transition toward a less differentiated cell fate, a result supported by the lack of 

increased apoptosis in the transgenic MOE (Figure S6C). 
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Figure 6. LBR expression inhibits OR transcription. 
(A) RNA FISH and IF against pools of ORs in MOE sections from control or LBR-
expressing transgenic mice. (B) qRT-PCR in FAC-sorted GFP+  OSNs from OMP-IRES-
GFP or OMP-IRES-tTA; tetoLBR-IRES-GFP mice. qRT-PCR values from each cell 
population were normalized to actin (which is not affected by LBR expression) and the 
results are shown as fold difference (LBR-expressing OSNs/control OSNs). 
(C) Whole-mount XGal staining of MOEs from control or LBR-expressing P2-IRES-
τLacZ mice.  
(D) IF for ßgal and GFP in MOE sections from LBR-expressing P2-IRES-τLacZ mice. 
ßgal positive neurons do not express the transgenic LBR, as shown by the absence of 
GFP signal.   
(E) RNAseq analysis of ORs in control vs LBR-expressing MOEs. 
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Figure S6 
(A) Effects of ectopic LBR expression on the transcription of various developmental 
markers and transcription factors that regulate ORs. Results, depicted as Log2(FPKM 
fold change LBR-expressing/control MOE) obtained from the RNA seq analysis 
described in Figure 6E. Pcdh values summarize reads on variable exons. 
(B) Whole mount X gal staining of MOEs from OMP-IRES-tTA; tetO:MOR28-IRES-τLacZ 
without (left) or with LBR (right). 
(C) IF for activated Caspase-3 (red) in MOE sections from control (left) or LBR-
expressing mice (right). Quantification of the number of immunoreactive cells shows no 
increase in apoptosis upon LBR expression.  



 130!

Ectopic LBR expression disrupts the singularity of OR transcription. 

Downregulation of OR transcription in LBR+ neurons is counterintuitive considering that 

the accessibility of OR chromatin increases and that these loci are stripped from HP1β. 

The disruption of long-range interactions with activating enhancers, like H, could 

contribute to this downregulation. Moreover, although global de-compaction of OR 

chromatin might make all the OR alleles transcriptionally competent, it is possible that 

OSNs cannot support transcription of ~2800 OR alleles at the levels of a singularly 

transcribed OR. To test whether the disruption of OR aggregates results in coexpression 

of multiple ORs in each OSN, we sought a more sensitive assay. We performed single 

cell RT-PCR with degenerate OR primers, followed by restriction enzyme digestion and 

electrophoresis (Buck and Axel 1991, Figure 7A). We obtained 10 single-cell cDNA 

libraries from each genotype (see supplemental experimental material) and examined 

OR representation by DraI, HinfI and MseI digestion.  

 

The complexity of the degenerate OR amplicons is different between control and LBR+ 

OSNs. In every LBR+ OSN the basepair sum of the individual digestion products 

exceeds the length of the undigested PCR, whereas control amplicons contain only one 

product (Figure 7B, similar results obtained with MboI digestion, data not shown). 

Sequencing 10 clones each from two control and two LBR-expressing amplicons verifies 

that the OR transcriptome is more complex in LBR+ OSNs. In both control amplicons all 

10 clones were identical and the sequence of the cloned OR matches the digestion 

pattern. In the case of the LBR+ neurons, 10/10 and 9/10 clones of each amplicon were 

unique and different from each other. Moreover, the sequences of these clones did not 

match their digestion pattern suggesting that these libraries are very complex and the 

observed distinct bands represent co-migrating bands of similar size digested from a 



 131!

large number of different ORs. To verify this we sequenced 96 independent colonies 

from a 3rd LBR+ single cell library and we identified 46 different ORs from 11 

chromosomes without any zonal restrictions. Thus, LBR expression in OSNs violates the 

“one receptor per neuron” rule and induces coexpression of a large number of ORs. To 

exclude that multiple ORs are expressed in low levels also in control OSNs, but are 

masked by the highly expressed chosen allele, we pooled equal volumes of the single 

cell RT reaction from a control and an LBR+ neuron and performed degenerate PCR 

and digest. Although the OR amplicon from the control neuron dominates the reaction, 

the ectopically coexpressed ORs from the LBR-expressing neuron are still detectable 

upon digestion (Figure S7B).  

 

For a non-PCR based confirmation for OR coexpression in LBR+ OSNs, we performed 

IF for ORs M50, M71 and C6 in tetO-LBR/tetO-MOR28 double transgenics. Most OSNs 

that retain detectable OR levels by IF are LBR negative, thus in these OSNs OR 

coexpression is extremely rare. To overcome this we exploited the frequent expression 

of transgenic MOR28 in the LBR-expressing mice. IF in MOE sections from double 

transgenics revealed double positive OSNs (Figure 7C), which are not detected in the 

absence of LBR, as previously shown (Fleischmann et al., 2008; Nguyen et al., 2007). 

Most likely these OSNs are shutting down the endogenous OR in response to LBR 

expression, while activating the decondensing transgenic OR.  

 

The identity of the expressed OR allele instructs the targeting of like neurons to a single 

glomerulus (Mombaerts, 2006). If the coexpression of multiple ORs in each neuron has 

functional consequences, then targeting of the LBR+ neurons should be impaired. For 

this reason, we examined the targeting of neurons expressing the P2-IRES-tLacZ allele 

in LBR transgenics by IF for β-gal in olfactory bulb sections. β-gal protein is stable in the 
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axons long after the cytoplasmic signal has faded (Figure S7D), thus we can use this 

approach to examine the targeting consequences of LBR expression. In control mice the 

β-gal positive fibers coalesce in distinct glomeruli (Figure 7D), with very few axons 

targeting wrong glomeruli (extreme example shown in Figure S7C). However, upon LBR 

expression, β-gal positive fibers extend to an extraordinary number of glomeruli (~30 per 

hemisphere per mouse). We detected extra, distinct glomeruli and stray fibers both near 

wild type P2 glomeruli and in ectopic positions in the bulb (Figure 7C and S7C). This 

phenotype is consistent with abnormal co-expression of multiple OR alleles per OSN.  



 133!

 

 

Figure 7. LBR expression induces OR co-expression and ectopic targeting to the 
olfactory bulb.   
(A) Schematic of single-cell degenerate OR digest.  
(B) Agarose gel electrophoresis of degenerate OR PCR amplicons from single-cell 
cDNA libraries prepared from sorted control (OMP-IRES-GFP) or LBR-overexpressing 
(OMP-IRES-tTA; tetoLBR-IRES-GFP) OSNs. Amplicons digested with DraI (marked with 
D), HinfI (marked with H), MseI (marked with M), or undigested (marked with U) from 5 
control and 5 LBR+ cells are shown.  
(C) IF for ßgal (red) and ORs M50, M71 and C6 (green) in MOE sections from OMP-
IRES-tTA; Gγ8 tTA; tetOLBR-IRES-GFP; tetOMOR28-IRES-LacZ mice. 
 (D) IF for ßgal (red) in sections of the olfactory bulb of control and LBR-expressing P2-
IRES-τLacZ mice. Medial P2 glomerular region is shown. Axons from the LBR-
expressing neurons are also GFP positive (green). Nuclei counterstained with DAPI.  
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Figure S7 

(A) Degenerate OR RT-PCR amplicons from 2 cell/reaction control (OMP-IRES-GFP) or 
LBR+ (OMP-IRES-tTA; tetO LBR-IRES-GFP) sorted neurons. Products shown here 
were amplified with the same number of PCR cycles, while undigested bands in Figure 
7B were achieved by adjusting PCR cycle number to equalize loading. Reactions without 
reverse transcriptase (“no RT”) are free of amplification, showing that amplification here 
and in Figure 7 is from RNA. Using qRT-PCR for actin we identified 10 libraries from 
each genotype corresponding to a single cell amplicon w we analyzed in Figure 7B.   
(B) Degenerate PCR product (left) and MboI digest (right) of pooled control and LBR+ 
cDNA libraries. Despite the presence of a dominant OR in the reaction (from the control 
cell corresponding to the full length band), weak, various OR digestion products (from 
the LBR+ cell) can still be seen. 
(C) Second pair of olfactory bulbs from animals with and without OSN LBR 
overexpression as in Figure 6C. Although control P2-IRES-τLacZ mice, with or without 
the OMP-IRES-tTA driver, have proper connections, occasionally there are control mice 
with few stray fibers even at P41. The sections shown here for the lateral glomerulus are 
those most intensely innervated. For the medial glomeruli, the most deranged sections 
from both control and LBR overexpressing animals were chosen.  
(D) IF for ßgal in MOE sections from OMP-IRES-tTA; Gγ8 tTA; tetO:MOR28-IRES-τLacZ 
mice with or without doxycycline treatment. ßgal signal is observed in both the cell 
bodies and fasciculating axons of untreated OSNs. After three days of doxycycline 
treatment to turn off expression of the transgene, ßgal immunoreactivity is retained in the 
axons but cannot be detected in the cell bodies. 
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Discussion 

We examined the regulatory role of nuclear architecture in monogenic OR expression. 

Using a complex and OR-specific DNA FISH probe generated by sequence capture, we 

showed that OR genes, which represent ~5% of the mouse genes, converge into ~5 

distinct and seemingly exclusive foci surrounding the PH core of the OSN nucleus. 

These foci contain frequently superimposed OR loci from the same chromosome and 

optically discrete OR clusters from different chromosomes. The OR allele transcribed in 

each OSN is absent from these foci. Although low-frequency interactions between OR 

clusters from chromosome 7 occur in embryonic liver and brain (Simonis et al., 2006), 

the widespread and differentiation-dependent interchromosomal aggregation and focal 

organization of the whole OR sub-genome may be unique to the OSN lineage. Thus, our 

experiments suggest that a primary epigenetic signature is reinforced by secondary and 

tertiary repressive organization: intrachromosomal compaction and interchromosomal 

aggregation of OR genes in OSNs. The importance of this elaborate arrangement is 

shown by the disruption of these aggregates, which results in violation of monogenic OR 

transcription and coexpression of a large number of ORs. 

 

LBR and PH as organizers of OR aggregation  

A loss-of-function LBR mutation results in ectopic OR aggregation in basal and 

sustentacular cells. Conversely, LBR expression in OSNs reverses the nuclear 

morphology and disrupts OR foci. Thus, regulation of LBR expression governs the 

spatial aggregation of OR genes in the MOE. LBR could act directly on ORs (through 

binding to HP1) and indirectly by recruiting pericentromeric heterochromatin to the 

nuclear envelope. ORs were not recruited to the nuclear envelope as efficiently as PH. 

The smaller size of OR clusters and their genomic embedding in euchromatin might 

make them less mobile than the acrocentric PH which is robustly recruited to the nuclear 
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periphery. Moreover, gene relocation to the nuclear envelope requires cell division (Zullo 

et al., 2012), which does not occur in OSNs. In any case, in wild type OSNs PH could 

provide a platform upon which OR aggregates are formed upon LBR downregulation, 

and in LBR+ OSNs, PH relocation might help untangle OR aggregates. The final 

biochemical outcome of this rearrangement is de-compaction of OR heterochromatin, 

demonstrated by reduction of LAC values in SXT and increased DNaseI sensitivity.  

 

Non-specific effects of ectopic LBR expression cannot be excluded, although most non-

OR genes are unaffected by ectopic LBR expression. Genes known or suspected to 

activate OR expression, like Emx2, Lhx2 and Ebf family members (Fuss and Ray, 2009), 

are either upregulated or unaffected by LBR expression (Figure S6A), making secondary 

effects an unlikely cause of OR downregulation. Moreover, LBR’s weak enzymatic 

activity, which produces ergosterol, should not participate in OR regulation, since the 

Ichthyosis mouse does not have OR expression deficits. Furthermore, the enzymes that 

produce the substrate for LBR are both expressed at very low levels in OSNs (data not 

shown), thus LBR is not the rate limiting enzyme in this pathway and its upregulation 

would not affect ergosterol levels.   

 

Spatial regulation of OR expression 

The fact that disruption of OR aggregation results in coexpression of multiple OR genes 

indicates that this organization is critical for the effective silencing of the non-chosen OR 

alleles in each OSN. It also implies that the heterochromatic marks found on ORs, which 

remain enriched on these loci upon LBR induction, are not sufficient to prevent basal 

transcription in the absence of higher order folding of these chromatin regions. As in the 

phenomenon of transcriptional squelching, however (Gill and Ptashne, 1988), we made 

the counterintuitive observation that LBR induction in OSNs causes a significant overall 
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reduction of OR transcription while allowing the coexpression of multiple alleles. This 

suggests that the process of OR choice is conceptually more complicated than, for 

example, the regulation of the tetO MOR28 transgene, and the extreme number of OR 

alleles might be a contributing factor. We propose that the unprecedented number of 

genes that share similar transcription factor binding motifs (Clowney et al., 2011) make 

the effective cloaking of most of these alleles imperative for the high-level transcription of 

one allele. Thus, the heterochromatinization of most OR loci and their aggregation into 

large nuclear foci not only assures their effective silencing, but also conceals thousands 

of transcription factor binding sites that could sequester activating proteins from the 

chosen allele. Finally, the identification of multiple ORs in each LBR+ neuron may reflect 

a continuous switching process caused by the downregulation of the initially chosen OR 

and the inability to make a new, productive OR choice.   

 

Genomic competition may not be the only reason for OR downregulation upon LBR 

expression. An equally elaborate network of interchromosomal interactions could be 

involved in the activation of a single OR allele. Consequently, escape from the 

heterochromatic foci might not be sufficient for activated OR transcription. The OR gene 

might also need to be repositioned to a specialized, transcription-competent 

interchromosomal hub as is the case for IFNβ activation (Apostolou and Thanos, 2008). 

Consistent with this is the fact that the active OR allele is often found adjacent to the 

heterochromatic foci. This could imply that OR aggregation not only silences OR alleles, 

but also organizes some of them, probably those located on the periphery of foci, for 

activation. Poising or organizing aggregated ORs for future activation may provide a 

reason behind the selectivity of these foci for OR sequences. Thus, a nuclear overhaul 

induced by LBR expression would also disrupt activating interactions between long-

distance enhancers and the chosen OR allele, resulting in OR downregulation. The 
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observation that LBR expression disrupts the trans interactions between H and ORs is 

consistent with such a model and future experiments will reveal whether additional H-like 

elements are involved in this process. 

 

Nuclear reorganization in development 

Differences in nuclear topology can be seen in many sensory epithelia (data not shown), 

and regulation of LBR expression may orchestrate some of them. Although 

reorganization of the nucleus might serve additional functions (Solovei et al., 2009), it 

could be critical for the execution of tissue-specific differentiation modules and may 

permanently lock in gene expression programs as they occur. Thus at the highest level 

of chromatin organization, the epigenetic “landscape” becomes a physical landscape 

where particular genes and regulatory sequences are hidden or exposed in accordance 

with the cell type and function. Future experiments will reveal whether spatial regulatory 

mechanisms similar to the ones described here apply to less extreme developmental 

decisions that do not involve choosing one out of thousand alleles.  
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Experimental Procedures 

Mice 

Mice were housed under standard conditions in accordance with IACUC regulations and 

as described previously (Magklara et al., 2011). RNA FISH experiments were performed 

on p6-10 animals. DNA FISH experiments shown here were performed on p14-p21 

animals and staining patterns were confirmed in younger (p7) and older (6wk) animals. 

IF, Xgal, sorting, RNAseq, SXT and biochemical experiments were performed in 4-8wk 

old animals. For the construction of the tetO-LBR-IRES-GFP mouse see supplemental 

experimental procedures. 

Captured DNA FISH Probe Construction and Microarray analysis 

Described in schematic Figure 1A and detailed in supplemental experimental 

procedures.  

DNA FISH, Immuno-DNA FISH 

DNA FISH experiments were performed as described previously (Lomvardas et al., 

2006) with modifications described in supplemental experimental procedures. 

Microscopy and Image Analysis 

Confocal images were collected on a Zeiss LSM700. Channels have been pseudo-

colored here for consistency and visibility. Details can be found in supplemental 

experimental procedures. 

SXT 

Neurons were dissociated using papain dissolved in Neurobasal A medium 

supplemented with HEPES, Glutamine, and MethylCellulose for 30-45 min, after which 

the reaction was stopped with addition of albumin. Cells were washed, filtered, loaded 

into capillaries and imaged as described previously (Uchida et al., 2009). Statistical 

analyses were carried out using the Amira software package (Mercury Computer 

Systems). 
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Immunostaining and Antibodies 

IF was performed under standard conditions on MOE cryosections; antibodies used are 

described in supplemental experimental procedures. LBR IF was performed with a 

custom antibody against mouse LBR (Olins et al., 2009) 

DNase Assay and Native ChIP 

Performed as described previously (Magklara et al, 2011) 

4C 

4C was performed as described previously (Lomvardas et al., 2006). After inverse PCR, 

products were analyzed for enrichment by qPCR.  

 

Expression Analysis 

For Figure 6B, neurons where sorted and RNA extracted as described previously 

(Magklara et al., 2011). qRT-PCR primer sets are listed in supplemental experimental 

procedures. For RNA FISH, RNAseq, Xgal staining and single cell RT-PCR analysis, 

see supplemental experimental procedures.  

 

 

Supplemental Methods 

 

Captured DNA FISH Probe Construction and Microarray Analysis 

Genomic DNA was digested with SspI and DraI and run on a gel. Six size fractions were 

collected and characterized by qPCR. Smallest fragments, containing almost exclusively 

repeats, were discarded. Fractions two and three (500bp-2kb) were used as AT-rich. 

Enrichments in these fractions are shown in the graph below.  
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Proportional enrichment of amplicons in AT/GC bias-cut genomic DNA.  

 

Fraction 1: 50-500bp 

Fraction 2: 500bp-1kb 

Fraction 3: 1-2kb 

Fraction 4: 2-4kb 

Fraction 5: 4-10kb 

Fraction 6: 10kb+ 

AT pool was adapted and amplified using Sigma Whole Genome Amplification (WGA) 

according to the manufacturer’s instructions. Amplicon was blocked with biotinylated 

CotI, hybridized to a custom tiling array (Nimblegen), and eluted from the array. For 

panOR we used a 2.1M array to tile ~40Mb of class II OR clusters (the class I OR cluster 

on Chr7 was omitted). 100kb was included at either side of edge or singleton ORs. 

Eluted fragments were incubated with streptavidin beads to remove biotinylated CotI and 

genomic repeat fragments hybridized to it. Amplicons was then re-amplified by WGA 

followed by an additional round of capture and amplification. Amplified library was 
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labeled with High Prime (Roche) Dig or Biotin and then nicked to 200-500bp by Nick 

Translation (Roche) in the presence of the same label. Probes were purified by G50 

column (GE), precipitated in the presence of 20x unlabeled CotI, and resuspended in 

CamBio hybridization buffer or standard DNA FISH Hyb as described previously 

(Lomvardas et al. 2006). BAC and LacZ probes were prepared by standard Nick 

Translation. Centromere and telomere probes were purchased from CamBio and 

Panagene respectively. 

For microarray analysis, probe (as used for DNA FISH, but unlabeled) was sent to 

Nimblegen facility (Iceland) with control sonicated genomic DNA for hybridization to 

mouse Economy tiling array Chr1-4. Positive peak list from Nimblegen and our own 

analysis using MA2C with 10kb sliding window were nearly identical. Spreadsheet with 

the Nimblegen identified peaks is attached at the supplemental material and the raw 

hybridization data are uploaded in GEO (record GSE38488). 

 

DNA FISH, Immuno-DNA FISH 

Fresh olfactory epithelia or whole heads were directly embedded in OCT (Sakura) and 

frozen. 6uM cryosections were cut, air dried 30’, and fixed in ice-cold 4% PFA for five 

minutes. Sections were permeabilized with PBS-.1% Triton (PT), DNA was fragmented 

with .1M HCl for 15’ at RT, digested with 3mg/mL RNase in PT for one hour at 37C, 

dehydrated by RT ethanol series and baked ~45C for 10’. Sections were denatured at 

85C for five minutes in 2xSSC, 75% formamide (Invitrogen), immediately dehydrated in 

an ice-cold ethanol series and baked ~45C for 10’. Probes were applied at 5- (BAC) or 

25- (panOR) ng/uL under 8mm circular coverslips, sealed with rubber cement and 

incubated O/N 37C. Slides were washed in 2xSSC, 55% formamide, .1%NP-40 3x15’ at 

42C, rinsed in PT, blocked in TNB (Promega TSA kit), incubated 2 hours RT with anti-

dig or anti-biotin conjugated to DyLight fluors (Jackson Immunoresearch), washed in 
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PT+8% formamide 3x15’ and mounted. For immuno-FISH, immunostaining was 

performed as below on sections as above in the absence of DAPI; after applying 

secondary antibody and washing, slides were post-fixed in 1mM EGS in PT at 37C for 

10’ and rinsed; FISH was then commenced at the HCl step. 

 

Microscopy and Image Analysis 

Confocal images were collected on a Zeiss LSM700. Channels have been pseudo-

colored here for consistency and visibility. Figures 1F-H, S1G, and S2C are mamixmum 

intensity projections of confocal Z-stacks; all other images are confocal slices. Widefield 

images (Figure 1D, 5A, S6C) were collected on a Zeiss Axioskop2. For counts in 21I, 

stacks were collected with images 1uM apart and cells with neuron-typical centromeric 

focus were analyzed. BAC signals were colocalized with panOR if they were contained 

within discrete panOR foci in the Z-slice in which they were brightest. For nascent 

transcript colocalization counts (Figure 2H), the brightest FISH signal in the cell was 

considered the transcript source point and counted as colocalized with antigen when 

there was some overlap. Automated colocalization measurements and quantifications 

were performed using ImageJ. 

 

Computational quantification of DNA FISH signal intensity, pixel intensity 

distribution and colocalization values.   

Various quantifications presented in the paper were performed with imageJ and the use 

of various plug-ins that were downloaded from the NIH-sponsored web site 

http://imagej.nih.gov/ij/plugins/!
 

Specifically, Plots in Figures S1F, S3B, and S5A were generated using the Histogram 

function from imageJ. Nuclei were selected in each Z section based on their 
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characteristic DAPI pattern, which was used to ascribe the cell identity (OSN, 

Sustentacular or Basal) and was also used to define the nuclear surface that would be 

analyzed (the borders of the nucleus were defined based on the borders of the DAPI 

signal). Then the DAPI channel was turned off and the panOR channel (“red” 503) was 

turned on and the pixel intensity distribution was plotted. In each Z-section all the cells 

corresponding to one cell category would be analyzed simultaneously (First all the 

Sustentacular, then OSNs and then Basal cells). Then, we would move to the next Z-

section and the same nuclei would be plotted again and this would be repeated until the 

end of the Z-series. Accumulated pixel intensity distribution from all the Z-sections 

corresponding to one nucleus would count as values from one cell and would be 

presented as normalized values to the total number of pixels of each nucleus.  

 

The plots in Figure S1E were generated using Z-series of individual nuclei selected 

based on their DAPI pattern and analyzed by the Interactive 3D surface plot jar. The 

analysis presented was done for the panOR channel (red, 503) using the thermal LUT 

option. 

 

For the radial plot analysis presented in Figure S3E, nuclei were selected as before and 

analyzed using the radial profile plugin, with the analysis performed separately for each 

channel. Values for each nucleus are normalized to the total pixels of that nucleus.  

 

For the colocalization analysis, nuclei were selected as described before, using the DAPI 

pattern for each Z-section and pearson’s coefficient was calculated using the JACOP 

plugin. This program omits the double negative values for the calculation of pearson’s 

coefficient. Mander’s coefficient was also calculated using JACOP and the values 

presented in the paper correspond to thresholded calculations. Threshold for the same 
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probe, e.g. panOR probe were retained constant between different sections. Also since 

this is a pairwise calculation when we provide coefficient between three different 

channels (e.g. nascent OR/HP1 and nascent OR/polII) the thresholds were retained 

constant.  

 

The color surface plot presented in Figure 2H were generated using the Interactive 3D 

Surface Plot plugin.  
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BACs 
BAC Description OB BAC 

Pool (1E, 
S1G) 

Chr2 OR 
BAC Pool 
(1F) 

Sep chr 
OR BAC 
Pool (1G) 

Non-OR 
BAC Pool 
(1H) 

RP23-89M14 Chr2: 84Mb X X   
RP23-433H23 Chr2: 86Mb X X X  
RP23-99J20 Chr2: 87Mb X X   
RP24-337P5 Chr2: 89Mb X X   
RP24-82K5 Chr2: 73Mb  X   
RP23-473O9 Chr2: 36Mb  X   
RP24-130G20 Chr2: 37Mb  X   
RP24-368I6 Chr1: Olfr16/Mor23   X  
RP23-389O15 Chr3 X  X  
RP23-16K16 Chr4 X    
RP24-253E11 Chr7: Olfr6/M50 X  X  
RP23-318I18 Chr9: Olfr151/M71 X  X  
RP23-88A24 Chr14: Olfr49/C6 X  X  
RP23-6M15 Chr15: Olfr288   X  
RP24-365A22 Chr16: Olfr15 X    
RP23-155M18 Chr16: Olfr204   X  
RP23-239L20 Mor28     
RP24-321L20 Omp    X 
RP24-113B18 Neurogenin1    X 
RP23-77o3 Dlx5    X 
RP23-444G10 MgatI    X 
RP23-385D18 Notch1    X 
RP23-327O22 Hes1    X 
RP23-325H4 Hey1    X 
RP23-282B1 Mup    X 
RP23-459C22 Pcdha    X 
RP23-439L19 Pcdhb    X 
RP23-265A3 Pcdhg    X 
RP24-276E13 Taar    X 
RP23-225M6 rDNA     
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Immunofluorescence 

DAPI was used at 1ug/mL, secondary antibodies were Alexa conjugates from Invitrogen. 

Sections were cut from fresh-frozen tissue at 12uM for the OE. To preserve GFP 

fluorescence (Fig3F, Fig6C, Fig7D) or to examine axon targeting (Fig 7C, S3C, S7C-D), 

MOE or olfactory bulb were fixed 2h 4%PFA on ice, decalcified in .5M EDTA pH 

8:1xPBS O/N 4C and sunk in 30% sucrose:1xPBS 4C 2h before embedding in OCT. 

Bulb sections were cut at 18uM. Primary antibodies and concentrations used as follows: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

RNA FISH 

Nascent transcript FISH using Panomics probes was performed as described by the 

manufacturer for tissue sections with these modifications: slides were fixed 20’ 4% PFA 

at RT, protease step was omitted, and all steps were performed in 30uL volumes under 

22x22 coverslips. Standard RNA FISH (Figure 6B) was performed as follows: fresh 

heads were embedded in OCT and frozen. 12uM cryosections were cut and air-dried 

30’, fixed 20’ RT in 4%PFA, washed in PBS+.05% Tween-20, acetylated, blocked with 

hybridization solution, and probed overnight at 65C in hybridization solution. After 

extensive washing in .2X SSC, slides were blocked with sheep serum, incubated with 

anti-Dig-AP 1:4000 (Roche) for an hour at RT and developed by 30’ incubation at 37C in 

Antibody 
HP1β  Rat 
H3K27-Ac Rbt 
H3K4-Me Rbt 
Bgal Chk 
OR C6 Rbt 
OR Mor28 Rbt 
OR M50 GP 
OR M71 GP 
LBR GP 
GFP Rbt 
H4K20-Me3 Rbt 
H3K9-Me3 Rbt 
VGlut2 GP 

Source 
Serotec 
AbCam 
AbCam 
AbCam 
GB 
GB 
GB 
GB 
MZ 
Invitrogen 
Abcam 
Abcam 
Millipore 

Conc 
1:500 
1:350 
1:350 
1:1000 
1:1500 
1:1500 
1:1500 
1:1500 
1:200 
1:2000 
1:1000 
1:1000 
1:3000 



 149!

FastRed solution (Sigma, tablets). Probes were RNA transcribed in the presence of 

labeled nucleotides (Roche) from 300-500mer cDNA fragments cloned into TOPO dual 

promoter. For both types of in situ, immunostaining was performed after ISH using 

standard methods as above except that secondary antibody incubation was at 4C O/N. 

In nascent transcript in situ, approximately 90% of immuno-positive cells were in situ 

positive and vice versa. 

 

Construction of tetO LBR-IRES-GFP Mouse 

IRES-eGFP from p2-IRES-eGFP was inserted into pTRE2 upstream of the polyA signal 

using BamHI and NotI sites. LBR CDS with the second-to-last intron retained was 

synthesized with BamHI ends (Genscript) and inserted into pTRE2-IRES-eGFP BamHI 

site. Construct was linearlized with XhoI and SapI, purified, and injected in FVB embryos 

(UCSF Gladstone Transgenic Core). Seven of 25 pups born from surrogate mothers 

were positive for the transgene by GFP genotyping. Five of seven transgenic lines 

expressed GFP in OSNs when crossed to OMP-IRES-tTA. The line chosen for analysis 

had an intermediate expression level and expressed GFP in most OSNs. 

 

RNAseq 

For RNAseq, RNA was purified from whole OE of one animal of each genotype using 

Trizol. rRNA was removed with two rounds of RiboMinus (Invitrogen) and cDNA 

transcribed and end-labeled using ScriptSeq v1 (Epicentre). Amplification was 

performed using Phusion (Finnzyme) and barcode primers (Epicentre). Sequencing was 

on an Illumina HiSeq. 30+ million reads were obtained per library of which ~50% 

mapped uniquely using Tophat. Relative FPKMs were determined using Cufflinks and 

Cuffdiff. RNAseq data were verified extensively by qRT-PCR. 
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Single Cell Degenerate RT-PCR Assay 

Sorted neurons were diluted to 2 cells per microliter (shown in Figure 7) or 0.5 cells per 

microliter (not shown) and one microliter was aliquoted into five microliters cell lysis 

buffer (Signosis). Lysis and DNA removal were carried out as described by the 

manufacturer. RT was performed using standard Superscript III reaction with a mixture 

of oligo dT and random hexamers. cDNA pools were analyzed by qPCR for amount of 

actin transcript and those with more transcript than a standard cutoff were noted. ORs 

were amplified (43 cycles) using degenerate oligos 135R (TM3) and P8 (TM7) as 

described previously (Buck and Axel, 1991, Clowney et al., 2011). This combination of 

primers is capable of amplifying 938 of ORs (data not shown). PCR products were run 

on a gel and empty samples were discarded. Then quantitative RT-PCR with actin 

primers identified 10 colonies from each genotype with equal Cts of 34.5 which 

correspond to the theoretical Ct values that should be produced from a single OSN 

based on our experience with different dilutions of FACsorted OSNs. Equal amounts of 

degenerate OR amplicon were digested with MboI (not shown) or DraI, HinfI or MseI and 

run on agarose gel. 

 

As expected, few samples contained amplifiable OR in the ½ cell-per-well dilutions, but 

these had the same digestion trends as in 2-cells-per well: bands consistent with single 

OR species in control and multiple, complex band digestion pattern in LBR+ cells. Since 

our goal was to increase the number of amplifiable wells, we continued with the 2cells-

per-well dilution and we used actin qRT-PCR to identify wells with equal amount of 

starting material corresponding to 1 cell-per-well.  

 

X-Gal Staining 
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Sagitally bisected heads were fixed for five minutes at RT in 4% PFA, rinsed and 

incubated with standard X-Gal solution without detergent at 37C for two hours. Solution 

was diluted 1:5 with PBS and staining continued overnight at 4C or until desired 

development was obtained. Reaction was stopped by post-fixation. 
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Primers 
Amplicon Primer A Primer B  
Olfr389 Actggggttcttttctgcatat

g 
tgtcttcaattttggcatggtt
aat 

 

Olfr177 Ccagggattttaatgctgat
gc 

agaataccccttacacctct
taccg 

 

Olfr17 AACATGCCTTCTTT
GACAAATTTCTA 

TCAGAATCCACAT
TTTGTCAAGTTC 

 

Olfr802 CAGTGATCCCAAA
AGGATGAAA 

ATACCCAAGTTCT
TAGGGACCATT 

 

Tbp TCTGACCATTTTAG
CGATTTGC 

GCTCCTGTGCACA
CCATTTTT 

 

Omp Exon TTAGAGACCCCTTT
GGTTCACACT 

TGAAACAGGCACA
ACAGAGACA 

 

Mash1 TAATCCCAGAAGC
AGGCTCAAG 

AGAGGAAAGGGA
AAAGGAAAGC 

 

Olfr6 Ctggctggattcctatttcg acgcattcagtacaggca
ag 

 

Olfr381 CTCTAGGATGCTG
GGCACTTGA 

AGGCACAAGAATA
GCAGCCTCTGT 

 

Olfr1389 GTGAGATGCCCAT
ATTCCTGAAA 

AGGAGCCCAGAAT
CAGTGCA 

 

Olfr1507 GTGTATGGTGCTA
GGAGGGG 

AAGGCAGCTTGAT
GGTGAGT 

 

Omp TSS CCTTCAGGTGGCC
TCTTCTCT 

GCCCAAGTGCTAC
AGCGATT 

 

Olfr1402 CATTCCAGTCATG
CTAGTGAACTTC 

AGTTCCAGCACAT
GACACAAAGAA 

 

Major 
Satellites 

GACGACTTGAAAA
ATGACGAAATC 

CATATTCCAGGTC
CTTCAGTGTGC 

 

Zfp426 GGCATGACCCCAG
TTAAAGA 

TCCCACACTCATT
CCATTCA 

 

Olfr75-Ps1 AGAACGGAATGAC
CACAAGG 

ATGTCTGCCCTGC
TCAAGTT 

 

Olfr587-Ps1 GAGTCCTCAGTGC
TTCTGGC 

CACACTGTTGGTG
AGGATGG 

 

Olfr672 TGTGTGTGTGATC
TTGGCTTTCTT 

AGCAAGGAGGAT
GTGGATATATCG 

 

Olfr690 TCTTAACACCTATG
GCAATTGGAA 

CAGTATGACAGCC
TCTTCAGCAG 

 

Olfr1320 CTTTCATGCCTAGA
GGTCTGTTATACA 

GAGTTATACAACCTAGCATGGAGATCA 

Olfr1394 AAGATGGCAACCA
ACTTTCTCTCA 

AGCACTCAGCACC
TCCTACAGTAA 

 

Ngn1 TGGAAAAGGGACA
GATGAGC 

AAACCGAATTTTC
ATGCTCG 

 

ActinB CCACTGCCGCATC
CTCTTCC 

CTCGTTGCCAATA
GTGATGACCTG 

 

Ichthyosis 
Genotyping 

AGTTGGCACTGGC
AGCCACC 

TGGCTGGCGACA
GCTCCGCC 

BglI digest yields 
99bp mutant band 
and 79bp WT 
band 

Lbr 
Genotyping 

GTGGTCAGAGGCC
GATGGCC 

CACGTCACCCTCA
TGGGAAGCA 

tetO LBR 
transgene gives 
300bp product 
with these primers 
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Chapter VI: Conclusion and future directions 
 
In my thesis work I explored sequence characteristics of olfactory receptor promoters, 

described the organization of genes in the olfactory neuron nucleus, and then showed 

that OSN-specific aggregation of olfactory receptor genes guards against their 

expression in cells that have chosen to express a different OR. This work has a number 

of implications for study of regulation generally and could be expanded in a number of 

directions. 

 

In looking at the olfactory receptor promoters, I did not find evidence of precisely 

arranged ensembles of DNA motifs that would be compatible with the intricate regulation 

of the gene family. This freed me to think about the minimal information required locally, 

in a promoter, for transcriptional fidelity and to consider the evolutionary and regulatory 

mechanisms that would allow rapid expansion of gene families. We made a strong 

argument that just three pieces of sequence information could be adequate for OSNs to 

identify ORs and regulate them accordingly: the coding sequence itself, the overall AT-

rich sequence bias of OR genomic regions, and the GC-rich OE site positioned in AT-

rich sequence but within 100bp of the OR TSS. The O/E site appears to substitute for a 

TATA box to allow transcriptional initiation. The AT-richness of the OR clusters could 

serve as a substrate for heterochromatinization in concert with information in the coding 

sequence. In keeping with this, some other AT-rich families, like vomeronasal receptors 

and protocadherins, have the same histone marks as ORs do in the OE. However, these 

genes do not colocalize with ORs, and other AT-rich gene families (NK cell receptors in 

particular, EJC data not shown) are heterochromatinizaed neither in the OE nor in their 

tissue of expression. Thus AT-richness is not sufficient for heterochromatinization, and 

variegated expression of non-OR AT-rich genes does not always involve the histone 

marks found on ORs.  
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Because the ORs are not colocalized even with genes like protocadherins that share 

their AT-rich sequence content and heterochromatin marks, additional proteins must 

cause OR aggregation or self-assembly. I suspect that these factors, when identified, will 

recognize elements in the OR coding sequence, perhaps the nucleic acid sequence 

corresponding to the PMY motif in the context of AT-rich sequence. 

 

We suggested in the study of OR promoters that variegated or stochastic expression 

allows rapid gene family expansion because as genes are duplicated they need not 

acquire new regulatory modules to be expressed and new cell types need not evolve to 

interpret these modules.  We were not able to test this idea due to time constraints 

(evolution in the mouse, even in a rapidly evolving gene family, is slow) but perhaps 

some clever experiment will be conceived in the future. We also did not perform the 

detailed studies of the evolution of OR promoters that could perhaps flesh out this idea. 

 

Similarly, we posited that AT-rich parts of the genome are subject to more mutation than 

GC-rich parts of the genome because alteration of genes in the AT-rich genome tends 

toward neutral or positive outcomes for the fitness of the animal while alteration of genes 

in the GC-rich portion of the genome tends to lead to catastrophe. We cannot say at this 

time what is the chicken and what is the egg: are the genes found in the AT-rich part of 

the genome AT-rich because they were free to mutate in the past and this caused them 

to become AT-rich, or are they subject to higher rates of mutation because they are AT-

rich. In either case, we don’t know the mechanisms that cause the bias or act on the 

bias. Could there be a regulated mutational function encoded in the mammalian genome 

that is restricted to AT-rich isochors? What is it? Or, what were mutational mechanisms 
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in the past that expanded these gene families and at the same time caused them to 

become AT-rich? 

 

The best guess at the moment connects with the nuclear organization theme of my 

work—AT-rich parts of the genome, including gene-rich AT rich regions, preferentially 

associate with the nuclear envelope in many undifferentiated cell types. At one time this 

arrangement was explained by Wendy Bickmore by the “bodyguard hypothesis”: AT-rich 

genes might be positioned at the nuclear periphery to absorb mutational insults from the 

cytoplasm and protect the GC-rich genome from mutation. DNA FISH experiments 

looking at the positions of AT-rich and GC-rich sequences in sperm and eggs would give 

shape to this idea. 

 

Similarly, when and how did nuclear organization and compartmentalization arise during 

evolution? Is this connected with the evolution of large sequence-biased isochors? 

Looking at the extent of separation or mixing of heterochromatin and euchromatin in 

organisms with and without isochors could shed light on this idea. The work by Solovei 

and Kremer characterizing nuclear architecture in rod cells of various animals suggests 

that nuclear architecture varies in correlation with evolutionary relationships—divergence 

in the linear sequence of the genome made manifest in pictures taken of the genome. 

Work of this nature stretches all the way back to Emil Heitz’s investigations of 

chromosomes in various species of Drosophila and it could be rewarding to bring this 

science further into the 21st century. 

 

The implications of the particular arrangement of ORs in the OSN for their transcriptional 

regulation were discussed in depth in chapter V. What we do not yet know is whether 

OR gene aggregation proceeds in parallel with OR choice or whether it is itself the/a 
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choosing or feedback mechanism. As more is known about the feedback mechanism 

and the precise timing of events in OR choice, we may find that LBR down-regulation 

and OR aggregation is a consequence of productive choice, locking in the choice and 

preventing de-silencing of other ORs. Alternatively, OR aggregation could precede 

choice and evocation of feedback; the aggregated state could be required for an OR to 

be activated (i.e. the choice machinery would recognize an OR as a potential choice only 

when that OR was in an aggregate). In this case, arrangement of ORs within the OR 

aggregates could limit which ORs could be chosen in a particular cell. We found that 

particular ORs were not generally retained in the same aggregate from cell to cell, and 

this variation could be a stochasticity-generating mechanism. In keeping with this, Fiona 

found that OR BACS were slightly (but significantly) less likely to be embedded in 

panOR foci in the zone in which they were expressed.  

 

Similarly, the connection between histone marking of OR chromatin and aggregation of 

OR genes is not clear. We were able to show that OR aggregation was not sufficient for 

heterochromatinization by looking at histone marks on ORs in Ichthyotic HBCs (data not 

shown). We also found that aggregation of ORs was not necessary for ORs to retain 

their heterochromatic marks. (ORs retained the same histone marks in LBR+ and WT 

OSNs.) Thus it is likely that aggregation depends upon the presence of heterochromatic 

histone marks on ORs, but it is also the case that the heterochromatic histone marks 

mean nothing when ORs are not aggregated (as SXT density and DNase accessibility 

change radically when OR aggregates are dismantled even though the ORs retain 

heterochromatic histone marks). This suggests that one (the?) function of histone marks 

is to make a code that allows the cell to position and compartmentalize genes and 

regulatory elements within the nucleus, and that the marks themselves lose some 

meaning when the positioning machinery is disrupted. That I can predict with great 
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accuracy the “meaning” of a histone mark based on the nuclear positions it occupies 

relative to DAPI in an immunostain is further evidence of this connection. This leads me 

to the hypothesis that regulation is a place. The regulatory state of a gene is determined 

by its position in a nucleus. This addressing helps to explain how transcription factors 

can find their binding sites in the vast space of the genome—the genome is organized to 

make their search easier, and to make their search different in each type of nucleus they 

encounter. The genome appears in many guises, it shows a different face to every 

cytoplasm. 
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