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Abstract
During development of an embryo, the anterior-posterior (A-P) body axis has to be properly
defined, in order for body segments and organs to form in their correct locations. A family of
transcription factors, the Hox genes, play an important role in determining the A-P body axis. In
mammals, there are four Hox gene cluster (A-P) that are arranged on four different
chromosomes. For proper A-P axis formation, the spatial and temporal domains of Hox genes
within the clusters have to be precisely initiated and strictly maintained. Therefore, it is critical to
understand the regulatory inputs that dictate the expression of Hox genes. It has been identified
that Hox genes are responsive to morphogen gradients, e.g., retinoic acid (RA), along with cisregulatory elements and long non-coding RNAs that are interspersed within the clusters.
In this study, I have looked at retinoic acid response elements (RAREs), which help to
incorporate RA signaling to regulate the expression of Hox genes. I have optimized the single
molecule fluorescent in situ hybridization technique (smFISH), to look at newly synthesized or
nascent Hoxb transcripts in mouse tissue sections. I found that three RAREs – DE, B4U, and
ENE while having individual inputs into regulating Hoxb genes, also appear to work together to
ensure proper levels of nascent transcripts in the neural tube and adjacent somites. Furthermore, I
see that these RARE have different inputs along the axial level of the embryo, such that DE plays
a greater role anteriorly while B4U plays a greater role posteriorly. In the DE-B4U double
mutants, I observe that antagonism from the individual mutants is neutralized as levels of nascent
transcripts in the double mutant appear similar to wildtype. Results from the triple DE-B4U-ENE
mutants highlight that these RAREs are critical for nascent transcription of Hox genes, as in the
triple mutant we observe a very low number of nascent transcripts. These results demonstrate
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how multiple RAREs integrate response to RA to fine-tune the transcript levels of Hox genes.
My study is a starting point towards understanding the in vivo transcriptional dynamics of Hox
genes in mouse embryos. This study is a step towards better understanding the enhancerpromoter interactions required for regulating genes that ensure proper embryonic development.
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Chapter 1: Introduction
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In nature there exist a huge variety of living organisms (Figure 1-1). The beauty of different
living forms is evident in the types of plants, animals, insects, and micro-organisms that have
lived or are currently living in this world. Each species has its own footprint, displaying its own
unique pattern. Some patterns are visibly discernible by eye, while some have to be observed at
the microscopic level. How do all these different patterns in living organisms come about?
Another fascinating aspect of the different body forms in biology, is the ability of a single cell to
develop into a multicellular organism with different internal structures and organs systems. How
are organ systems able to have their own specific cellular programming, especially when they all
start with similar information as they develop from a single cell? One thread that unites both
questions, the variety in body forms and the formation of different body segments/structures, are
the existence of Homeobox or Hox genes (Reviewed in Swalla, 2006).

Figure 1-1 Sketches of the diverse life forms in nature
The variety of species depicted that either have Hox genes (e.g., fruit fly, amphioxus, lamprey, zebrafish, mouse,
humans), don’t have Hox genes (e.g., sponges), or have homeobox genes (TALE family) but not the bona fide Hox
class genes (e.g., choanoflagellate).
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1.1 Historical perspective of Hox genes – Why are they called the Hox genes?
The phenomenon of observing changes in body structures was described in 1790 by Geothe in
the “Metamorphosis of plants” (Wolfgang von Goethe, 1952). However, metapmorphy had
different meanings in different fields of biology, so to be more specific William Bateson about
127 years ago coined the term homeosis (Bateson, 1894). He defined homeosis as “something
has been changed into the likeness of something else.” It was later identified that homeotic
mutations were changes happening to genes – to their expression levels or expression domains.
The term homeosis has persisted to mean transformations of one body structure into another.
When Drosophila was beginning to be established as a model system in the laboratory of
Thomas H Morgan, they observed homeotic transformations in their mutants. In particular,
Charles Bridges observed that the haltere of the Drosophila changed into another pair of wings
in the Bithorax mutant (Bridges & Dobzhan, 1933); a segment identity change where the third
segment changes into another second segment in the fly. Another homeotic mutant in the fly
resulted in a pair of legs forming instead of antennae in the antennapedia mutant (Balkaschina,
1929).
Further investigations into the genes that were able to cause homeotic transformations led to the
identification of a homeobox domain (McGinnis et al., 1984; Scott & Weiner, 1984) – a
conserved 60 amino acid stretch that was present in all HOX proteins. Hence, genes that were
able to cause homeotic transformations and contained the homeobox domain were called Hox
genes. Bridges who in testing the hypothesis that genes underwent duplications, identified
multiple Hox genes that are arranged in tandem and complemented each other in affecting the
abdominal region of the fly – the Bithorax complex (Lindsley & Zimm, 1992). Other studies
identified the Antennapedia complex of Hox genes and established that in Drosophila there
3

exists a split cluster of Hox genes consisting of two Hox complexes. Work by Ed Lewis showed
that Hox genes within the cluster displayed collinearity, such that mutations in the 3’ end of the
cluster effected anterior regions of the embryo while mutations in the 5’ end of the cluster
effected the posterior regions (Lewis, 1978). Hence, there appeared to be a linear relationship
between the order of the Hox genes in the genome and the region of the body plan they affect.
Through comparative analysis between Drosophila and other species, it was observed that not
only are Hox genes clusters conserved across both invertebrate and vertebrate species, the spatiotemporal collinearity of the clusters is also maintained (Beeman et al., 1989; Boncinelli et al.,
1988; Carrasco et al., 1984; Coen & Meyerowitz, 1991; Dolecki et al., 1986; Duboule & Dolle,
1989; Graham et al., 1989; Kelsh et al., 1993; Kenyon & Wang, 1991; Krumlauf et al., 1987).
Hox gene paralogs are genes separated by a duplication event while orthologs are genes
separated by species. The translated sequence of homeoboxes of anterior Hox genes in flies are
more similar with their mammalian counterparts then their own posterior paralogs.

Figure 1-2 Hox genes clusters and their spatio-temporal expression
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The Hox gene clusters of fruit fly and mouse compared to the amphioxus Hox cluster. The amphioxus cluster is
thought to reflect the ancestral chordate Hox cluster. In mouse, the paralogous group members have similar
expression domains (arrow to show members in same paralog group). The paralogous group members, and similar
genes in terms of expression domains within all the embryos, are represented in the same color. The genes at the 3’
end of the clusters are expressed early in development as well as anteriorly in the embryo, while genes at the 5’ end
are expressed later in development and posteriorly in the embryo. (Adapted from OpenStax, 2013)

In addition, regardless of species, genes located at the ‘beginning’ of the complex exert their
‘function’ in anterior domains while genes located at the end of the complexes regulate the
identity of more posterior domains (Regulski et al., 1987b). In mammals in particular, there are
four Hox gene clusters arranged in four distinct chromosomal locations within the genome
(Figure 1-2). This comparison of Hox genes to mammals indicated that gene duplication events
had resulted in four clusters as compared to the split one in Drosophila, and the presence of Hox
clusters in both Drosophila and mouse indicated the presence of an ancestral Hox cluster that
predated the separation of invertebrates and vertebrates. The Hox cluster in Amphioxus is
thought to reflect the ancestral chordate (includes all species that at some point in their life cycle
contain a spinal cord, notochord, etc.) cluster that contains 14 Hox genes.
1.2 Conserved Hox genes
The evolutionarily conserved Hox genes have been identified in almost all animal kingdom phyla
(exceptions being Porifera which include sponges that have no Hox genes, and Ctenophora
which include comb jellies where presence of Hox genes is debated) (de Rosa et al., 1999; Ryan
et al., 2007). Currently, Hox genes have been characterized in a variety of invertebrate and
vertebrate species. While in many species Hox genes appear in clusters, there are also some
species where they are not clustered in the genome (Seo et al., 2004), and either exhibit
collinearity or don’t exhibit collinearity (Schiemann et al., 2017). In some species such as
Drosophila, non-Hox genes can also be found within the cluster. However, in the four Hox
clusters in mammals, which are organized on four different chromosomes, while they are no
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intervening non-Hox genes present there are several non-coding RNAs within the clusters (De
Kumar & Krumlauf, 2016). The gene numbers ranging from 1-13 exhibit spatio-temporal
collinearity (Krumlauf, 1994) to exhibit a Hox code of expression (Kessel & Gruss, 1991). Genes
within the clusters turn on sequentially in a space and time dependent manner from the 3’ end to
the 5’ end (Gaunt, 2018) to form a nested pattern of expression, but with different anterior (and
sometimes also posterior) domains within the embryo (Figure 1-3).

Figure 1-3 Overlapping domains of Hox gene expression in hindbrain and spinal cord of a developing mouse
embryo
The hindbrain (left panel) and spinal cord (right panel) as viewed from the back (dorsal) side of the embryo. The
nested Hox expression domains are shown with bars or rectangles against rhombomere boundaries - r1 to r8 in the
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hindbrain, or against the spinal cord boundaries i.e., cervical, brachial, thoracic, and lumbar. In the hindbrain, the
darker shade depicts higher expression levels, e.g., Hoxb1 in r4. (Adapted from Gonçalves et al., 2020)

In a developing embryo, Hox genes are expressed in particular segments along the body axis, and
often display sharp boundaries of expression rostrally (anteriorly or towards the front end of the
embryo). Within the four Hox clusters, not all paralog group members are present, such that there
are a total of 39 Hox genes in both humans and mice. Each member of the paralogous group genes similar based upon their sequences and the relative position within the clusters, are often
expressed in partly redundant domains in an embryo and at similar developmental time (Regulski
et al., 1987a). This could be indicative of functional redundancy in the system to ensure proper
formation of body structures. Usually, the most 3’ Hox genes have more anterior boundaries than
the posterior genes, and also the paralogous group members have similar expression boundaries
in the hindbrain. However, there are a few exceptions in the expression of paralogous Hox group
members in the hindbrain, which during development is segmented into 8 rhombomeres (r1-r8).
The exceptions are 1) Hoxa2 is the only Hox gene expressed in the r2 segment of the
rhombencephalon, while its paralog Hoxb2 is expressed posterior to the r2/r3 boundary. 2)
Hoxb1 while initially expressed up to the r3/r4 boundary, its expression gets restricted to r4, and
at the stage of r4 restriction Hoxb1’s paralog Hoxa1 is no longer expressed in the hindbrain. 3)
Hoxc4 and Hoxd4 have different boundaries of expression also such that Hoxd4 has an anterior
rhombomere boundary of expression compared to Hoxc4. The boundary of Hoxc4 appears to not
be tied to any rhombomere segment but instead to the starting of the spinal cord. Also, while Hox
gene paralog groups 1-4 are expressed in the spinal cord as well, their expression is generally
much lower than in the hindbrain (Reviewed in Nolte & Krumlauf, 2006).
It was also observed that Hox genes exhibit “posterior prevalence” such that the posterior Hox
genes repress the expression and function of the anterior Hox genes (Akam, 1987; Duboule &
7

Morata, 1994; Hafen et al., 1984; Harding et al., 1985) while paralogous group members may
function together or similarly even though they are in different clusters. The paralogous genes
have been shown to compensate for loss of one member (Wellik et al., 2002), but in some
instances have evolved to have a unique function as the expression domains or regulatory
domains of the paralogous group members differ (McClintock et al., 2002; Miguez et al., 2012;
Singh et al., 2020). Over the years, a lot of work has been done to better understand the Hox gene
clusters, but the exact logic behind why Hox genes are even present in a cluster (Hart et al.,
1985; Levine et al., 1985), and how they are regulated to exhibit collinearity are areas still being
actively studied. Collectively, Hox genes play a role not only initially in development by
defining anterior-posterior body axis and conferring segmental identity to pattern tissues
especially in bilaterians (Akam, 1987; Harding et al., 1985; Nolte et al., 2013; Patterson &
Potter, 2004; Philippidou & Dasen, 2013; Roux & Zaffran, 2016), but also later in the adult life
where they have been indicated to play roles in proper functioning of several organ systems
(Chang et al., 2002; Du & Taylor, 2015; Neville et al., 2002; Qian et al., 2018; Rux & Wellik,
2017; Yamamoto et al., 2003).
1.3 Role of Hox genes in development
There are three stages of Hox gene expression that are critical for proper anterior-posterior (A-P)
patterning of the embryo especially during the axial elongation (or growth of embryo posteriorly
to anteriorly). It has been suggested that the amount of time cells spend in the primitive streak
during gastrulation defines what Hox code they will eventually express (Reviewed in Deschamps
& van Nes, 2005). This is because Hox gene transcription is first initiated in cells in the posterior
part of the primitive streak. While these cells do not form future axial or paraxial tissues (neural
tube or adjacent somites) in the embryo, they begin the process of sequential activation of Hox
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genes towards the anterior part of the primitive streak or the node. It is from the primitive node
that cells extend out and move anteriorly to form the axis of the embryo (Forlani et al., 2003). In
the primitive streak, while Hox gene expression continues to spread up to and through the node
outward and anteriorly, lineage tracing experiments have shown that these Hox gene expression
domains are not final. Hence, the final patterns of expression are not are not fixed in the node.
After generation of the new neuroectoderm and mesoderm, there are independent modifications
made to the Hox gene expression in both the neural tissue and somites (Alexander et al., 2009;
Forlani et al., 2003; Whiting et al., 1991). This final pattern of Hox genes has to be established
and maintained for proper segmental identity along the A-P axis.
1.3.1 Role of Hox genes in the neuroectoderm
Formation of neuroectoderm is the first step in development of the nervous system (Figure 1-4).
The nervous system develops from a thickened epithelial sheet – the neural plate. The neural
plate extends anteriorly from the primitive streak and folds to form the neural tube which further
segments into forebrain, midbrain, hindbrain, and spinal cord. The forebrain and midbrain do not
express Hox genes, while the hindbrain and spinal cord do. These two Hox expressing regions
form distinctly, anteriorly the hindbrain and posteriorly the spinal cord. The hindbrain develops
from a portion of the epiblast (cell layer that forms one of the germ layers – the ectoderm) that is
situated anterolaterally to the node during the late stage of the primitive streak (Forlani et al.,
2003; Lawson et al., 1991). While the spinal cord is made when the embryonic axis elongates
from cells produced by the stem cell region in the primitive node. Since the neural tube elongates
anteriorly with cells proliferating at the posterior end, the embryo is more developmentally
advanced at the anterior (or rostral) end than at posterior (or caudal) end.
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Figure 1-4. Development time for the embryonic ectoderm from which the nervous system also develops
Developmental time trajectory for the embryonic ectoderm and its derivates (A). The tissue/organ structures on the
right are color coded to depict their developmental origins from the ectoderm derivates (B). (Adapted from Dubey et
al., 2018)

The hindbrain is contiguous with the midbrain and connects to the spinal cord. It is a vital
portion of the brain responsible for receiving sensory information (such as taste, touch, hearing,
and balance), integration of sensory and motor signals to dictate movement (i.e. locomotion and
posture), and enables continuity in timed events (e.g. breathing and swallowing). This happens
through cranial nerves, reticulospinal neurons, and the pacemaker-like neuronal circuits
originating from or present within the hindbrain. During development, strict boundaries of the
rhombomere segments of the hindbrain are maintained. The establishment of strict rhombomere
boundaries due to the Hox code, results in specific neuronal circuits within the hindbrain and the
emergence of specific types of neural crest cells (which in turn give rise to specific structures of
the body) from the individual segments. Hox gene expression in the hindbrain is fine-tuned by
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two opposing signaling gradients from each end (Retinoic acid – RA and Fibroblast growth
factors – FGFs), and these genes in turn are major players in defining the gene regulatory
network that plays a crucial role in the patterning of neural circuits during development
(Reviewed in Parker & Krumlauf, 2017).
WNT
Isthmic Organizer
midbrain

Fgf8

Anterior

hindbrain
Cyp26
Hoxa2

r2

Krox20

r3

Hoxb1

r4

Krox20

r5

Kreisler

r6

Fgf3

r7
r8

Cdx1

Hoxa1
Hoxb1
Hoxa2
Hoxb2
Hoxa3, b3, d3
Hoxa4, b4, d4

r1

s1
s2
s3

RA

s1
s2
s3

Posterior

Figure 1-5. Hox expression domains and the opposing RA and FGF gradients that define expression boundaries
Morphogen gradients and signaling during the segmental patterning of the hindbrain. During gastrulation WNT
induces formation of the Isthmic organizer which becomes the source of FGF8. There is an anterior to posterior
gradient of Fgf8 which induces Cyp26. This inhibits Hox genes from being expressed in r1. CYP26 enyzmes also
metabolize RA. The metabolism of RA combined with its release from cervical somites, creates a gradient of high
RA in the posterior hindbrain to low RA in the anterior hindbrain. RA sensitivity of Hox genes decreases going from
3’ to 5’ end of the cluster. Another morphogen gradient in the hindbrain is of Fgf3 which with development gets
restricted to r5 and r6. Domains of expression and signaling from other genes (Cdx1, Krox20, Kreisler) are also
shown which directly effect to restrict expression of Hox genes. While KROX20 inhibits Hoxb1, HOXB1 inhibits
Krox20, which results in a strict expression of Hoxb1 in r4. (Adapted from Mahmood et al., 1996; Parker &
Krumlauf, 2017).

In the hindbrain, paralogous groups 1-4 are expressed and exhibit nested domains of expression
that coincide with rhombomere segments (Figure 1-5). Paralog group 1 members have anterior
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boundary of expression in r3/r4, paralog group 3 members in r4/r5, and paralog group 4
members in r6/r7. There are no Hox genes expressed in r1, and with some exceptions most genes
exhibit collinearity. The genes appear to exhibit a two-rhombomere periodicity such that while
Hoxb1 is expressed up to the r3 boundary, Hoxb3 is expressed up to r5 boundary. Also, within
each paralog group, members have different timings of expression. Cis-regulatory elements that
work both locally and globally regulate Hox gene patterns by activating and maintaining Hox
genes and/or by incorporating morphogen gradients into the dynamic expression profiles of Hox
genes (Reviewed in Nolte & Krumlauf, 2006).
The spinal cord develops from the posterior part of the embryo (Figure 1-6). As gastrulation
proceeds, the descendants of stem cells contribute to the elongation of the neural tube and
mesoderm (Diez del Corral & Storey, 2004; Dubrulle & Pourquie, 2004; Mathis et al., 2001).
Opposing morphogen gradients ensure that the developing spinal cord is extending at the same
time as the adjacent somites (Diez del Corral & Storey, 2004). The regulation of Hox genes is
initiated from this tail end of the developing embryo. (Deschamps & van Nes, 2005).
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Figure 1-6. Neural tube at the posterior (tail end) of the embryo. NT- neural tube, S- somites
Schematic overview of how development proceeds from the tail (caudal end) of the embryo. Interaction of signaling
molecules, such as RA and FGF which effect Hox gene expression are depicted. Antagonistic gradients of RA (blue)
and FGF (orange) help coordinate the elongation of neural tube with synchronous deposition of adjacent somites.
RA is made in the somites by RALDH2 and gets released. RA inhibits Fgf8 and itself is repressed by FGF8. FGF is
induced in cells in the stem cell zone, and its levels progressively decrease in descendants of the stem cells. FGF8
along with RA also inhibits retinoic acid receptor b (RARb). While RA promotes differentiation, FGF maintains the
stem cell zone. (Adapted from Niederreither & Dolle, 2008; Patel et al., 2013; Rhinn & Dolle, 2012).

The spinal cord can be divided into segments based on the vertebra that will surround it and upon
the neuronal projections that extend out in a symmetrical pattern. Going from anterior to
posterior, the spinal cord is divided into cervical, brachial, thoracic, lumbar, and sacral domains.
While there is no visible segmentation of the spinal cord, from chick neural tube there is some
13

evidence of indirect segmentation from the adjacent somites (Bronner-Fraser, 2000; Ensini et al.,
1998; Lim et al., 1991; Phelan & Hollyday, 1990; Stern et al., 1991). Also, the symmetrical
pattern of axonal projections from the spinal cord may also hint towards some intrinsic
segmentation. Anterior Hox genes (paralogous groups 1-4) are expressed in the spinal cord, but
at much lower levels compared to their expression in the hindbrain. The Hox paralog groups 5-9
have anterior domains of expression that map to the cervical region while those of paralogous
group 10-13 to the lumbar region (Figure 1-3).
Along with anterior domains, many of the Hox genes also have posterior domains of expression.
The exact patterns of expression for some members (e.g. Hoxc4) can be dynamic with cyclic
changes in higher or lower expression taking place over time along the spinal cord (Geada et al.,
1992). Some Hox genes (e.g. Hoxb5, Hoxb6, and Hoxb8) while initially have anterior borders in
the spinal cord, exhibit an expansion of their expression into the hindbrain by 12.5dpc
(Oosterveen et al., 2004). There is some discrepancy in the exact expression domains of the Hox
genes in the spinal cord which can be attributed to the dynamic nature of the expression profiles
and to the presence of splice variants - each of which can have different domains, as well as
embryo staging across different studies. While most of these expression boundaries are based on
mRNA levels, there have been some studies looking into protein levels (Liu et al., 2001). For
Hoxc genes it has been observed that the mRNA levels don’t necessarily overlap with protein
levels, and this further complicates our understanding of posterior prevalence exhibited by Hox
genes. (Reviewed in Nolte & Krumlauf, 2006).
In addition to A-P differences in the spinal cord which are visible with different vertebrae and
symmetrical axonal patterns, there are also dorsal-ventral (D-V) differences which are evident
from the types of neuronal projections that protrude from the dorsal or ventral side. Hox genes
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exhibit distinct dorsal-ventral patterns of expression which dictate the development of different
classes of neurons (Figure 1-7). It was observed that while initially Hoxb cluster genes have
relatively equal dorsal-ventral expression patterns, by 11.5dpc the expression intensifies in the
dorsal region of the spinal cord which correlates with formation of commissural and sensory
neurons (Reviewed in Krumlauf, 2016). Hoxb genes therefore help to organize the dorsal sensory
region in the developing spinal cord. Complementary to Hoxb genes are the Hoxc genes which
exhibit stronger ventral expression profiles, and along with their A-P domains specify which
motor neurons will form in the ventral region of the spinal cord (Dasen et al., 2003). The
domains of Hox genes dictate specific neuronal formation, how exactly Hox genes are regulated
to ensure such patterns still need to be studied.
Dorsal-ventral patterns of Hox clusters in the neural tube

Hoxa

Hoxb

Hoxc

Figure 1-7. Expression domains of the Hox gene clusters in the neural tube
The expression profiles for the Hox clusters in the neural tube are depicted in different colors. The complementary
expression profiles of Hoxb and Hoxc gene clusters dictate the different neuronal types emerging from the spinal
cord; high dorsal expression of Hoxb corelates with spinal neurons, while ventral expression of Hoxc corelates with
motor neurons. Reprinted with permission from Elsevier. Chapter Thirty-Four Hox Genes and the Hindbrain A
Study in Segments. Curr Top Dev Biol, 116, 581-596. https://doi.org/10.1016/bs.ctdb.2015.12.011.

1.3.2 Role of Hox genes in the mesoderm
Cells that initially leave the primitive streak at 7.5dpc express 3’ Hox genes and the second batch
of cells leaving expresses both 3’ and 5’ genes. This expression of Hox genes is not the final
expression for descendants of either the axial or paraxial cells, but they do lay the groundwork
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for Hox gene expression for the mesoderm and derivatives (Figure 1-8). The patterns of
expression are refined by regulatory inputs (morphogen gradients of RA, FGFs, WNTs, NOTCH,
and YAP) during 9.5dpc and up to their established forms at 12.5dpc. The paraxial mesodermal
cells receive positional information as they travel through the pre-somatic mesoderm, after they
come from the stem cell zone (Nicolas et al., 1996) - a region posterior to the node (Figure 1-6).
Hox gene expression especially in the paraxial mesoderm lays the groundwork for proper somite
formation. Somite formation on either side of the spinal cord is a result of an oscillatory clock
mechanism that responds to morphogen gradients (Hubaud & Pourquié, 2014; Hubaud et al.,
2017; Oates et al., 2012). Proper expression of Hox genes in response to these morphogens ends
up ensuring that the left-right symmetry as well as the correct A-P segments are formed as the
embryonic axis elongates (Cordes et al., 2004; Galceran et al., 2004; Hofmann et al., 2004; Ikeya
& Takada, 2001; Kessel & Gruss, 1991; Lohnes et al., 1993; Moreno & Kintner, 2004; Partanen
et al., 1998; Zákány et al., 2001).
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Figure 1-8. Mesoderm and its derivatives. NT-neural tube, NC- neural crest cells
Schematic of a transverse section that depicts neural tube and mesoderm derivatives (A); Cordamesoderm (C),
paraxial mesoderm (PM), lateral plate mesoderm (LPM), and intermediate mesoderm (IM) are color coded to show
their localization (top image) and what their derivatives will be over developmental time (B). The tissue/organ
structures that are formed in the body are color coded to depict their developmental origins from the mesoderm.
(Adapted from Tani et al., 2020)

Different patterns of Hox genes have been linked with the type of vertebra that will form. The AP axis of Hox gene expressions are important because 1) seemingly similar looking vertebra such
as cervical C3-C5 have a unique Hox code of expression and 2) the cervical C6-C7 which look
different also have a distinct expression of multiple Hox genes (Kessel & Gruss, 1991). Somites
are important developmental structures that will grow into majority of the axial skeleton. The
first 4.5 somites will fuse to form the head (occipital skull). The rest of the somites interestingly
will re-segment, such that posterior half of one somite will fuse to the anterior half of the next
somite, and together will develop into one axial vertebra. Furthermore, the anterior limits of Hox
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gene expression are offset in somites compared to the neural tube (Reviewed in Wellik, 2007).
What role this offset expression between the adjacent structures (somites and neural tube) has in
determining specifics of A-P axis still needs to be studied.
1.3.3 Hox genes and development of limbs, reproductive and other organs
Hox genes have majorly been shown to be involved in patterning of the nervous system and the
axial skeleton, but they are also important in development of the reproductive organs, limb
formation, and in the proper formation of various other tissues and organs throughout the
developing embryo. Hox genes play distinct roles in the formation of limbs. Evolutionary
analysis by comparisons with ancient bony fish have led to the hypotheses of 1) fin to limb
transitions and 2) the positioning of the vertebrate limbs (Nakamura et al., 2016; Shubin et al.,
1997, 2009). In the vertebrate developing forelimb and hindlimb buds, paralogous groups 9-13 of
Hoxa and Hoxd clusters in particular exhibit temporal and spatial collinearity (Dollé & Duboule,
1989; Haack & Gruss, 1993; Yokouchi et al., 1991). At 10.5-11.5dpc, Hoxa cluster genes display
expression boundaries perpendicular to the body axis, and genes in the Hoxd cluster display
expression boundaries that are tilted towards the posterior side of the limb bud. While Hoxc
cluster genes are also expressed in the limb bud, they do not appear to exhibit any collinearity
(Nelson et al., 1996; Peterson et al., 1994). Early experiments on limb development were done in
chick embryos, and it was observed that grafting of the zone of polarizing activity, or a bead
implantation of RA, or the ectopic expression of SHH, all lead to a mirror image duplication of
the digits in the limbs. It was observed that this mirror image result was due to an ectopic
activation of Hoxd cluster genes (Izpisua-Belmonte et al., 1991; Nohno et al., 1991).
Studies in chick lead to models being proposed where specific Hox gene paralogs had to be
expressed in certain domains for normal forelimb and hindlimb formations, but deletion of Hox
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genes in mouse did not yield equivalent digit homeotic transformations (Dollé et al., 1993). In
mice, the Hoxd13 genes effected cartilage growth and delayed ossification after birth. Hoxa9 and
Hoxd9 effected humerus but had no effect on femur. Hoxa11, Hoxd11, and Hoxd12 effected only
forelimb while Hoxa10 solely effected the femur (Reviewed in Favier & Dolle, 1997). These
phenotypes showed redundancy in the system and compensatory mechanisms by which Hox
genes differentially effected development of the forelimbs and hindlimbs. This redundancy of
function in limb development was not only among paralogous group members but also observed
for members of the non-paralogous groups 9-13 (Davis et al., 1995; Favier et al., 1996).
Posterior Hox genes have also been observed to be expressed in collinear patterns in the
reproductive organs of both males and females (Dollé, Izpisùa-Belmonte, et al., 1991). The
Hoxa10 mutants studied were viable but hypofertile (Rijli et al., 1995; Satokata et al., 1995). In
these mutant males, the testes had different degrees of cryptorchidism (abnormal descent of the
testes), and histologically the males had defects in spermiogenesis. Further, both Hoxa10 and
Hoxa11 male mutants had defects where morphology of the ductus deferens (also called vas
deferens and transports mature sperm into urethra) appeared like the epididymis (a very
convoluted duct behind the testis) (Benson et al., 1996; Hsieh-Li et al., 1995). Similar anterior
transformations of reproductive organs were also seen in Hoxa10 mutant females. In these
females, the proximal part of the uterus appeared to transform into a structure similar to the
oviduct (Benson et al., 1996). In terms of fertility, these mutant females were either sterile or had
very small litters. Studies showed that embryos failed to implant or got reabsorbed (Satokata et
al., 1995). Misexpression of Hox genes can also result in posterior transformations. When
Hoxa11 gene was replaced with Hoxa13 gene, the uterus transformed to appear like the posterior
cervix and vagina (Benson et al., 1996; Satokata et al., 1995; Warot et al., 1997).
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The female reproductive organs (oviduct, uterus, cervix, and upper vagina) develop from the
Mullerian duct; ovaries develop majorly from the genital ridge (somatic precursor) and partially
from the mesonephros. Hoxa9-Hoxa13 are expressed in the Mullerian duct in some redundant
overlapping patterns (Goodman, 2002; Taylor, 2000; Taylor et al., 1997). Hox expression in the
reproductive tract is not restricted to development but is also present in the adult tissue. Hoxa10
is expressed in the luminal and glandular epithelium of the uterus at 0.5 day of gestation, and in
3.5 to 5.5 days is expressed in the stroma and developing decidua. It has been postulated that the
lack of these expression profiles in the Hoxa10 mutants could be contributing to the infertility of
the female mutants (Satokata et al., 1995). Hoxa10 and Hoxa11 are also expressed in the
proliferative and secretory phase of the uterus (Taylor et al., 1998; Taylor et al., 1997). It is now
believed that Hox genes in adults play a role in the differentiation and cellular proliferation of the
uterus during the menstrual cycle and pregnancy (Reviewed in Du & Taylor, 2015). During
pregnancy (and even in mammary development after birth), paralogous group 9 genes have been
shown to be expressed in the mammary glands, coinciding with their development. Further proof
for role of Hox genes became evident when hypoplasia of mammary glands was observed after
pregnancy in the Hox mutants (Chen & Capecchi, 1999).
In addition, Hox genes also exhibit spatial temporal collinearity in expression in the skin during
fetal development. Specifically, Hoxb cluster genes have been shown to be involved in fetal as
well as adult skin in mice (Bieberich et al., 1991; Detmer et al., 1993; Mathews et al., 1993;
Rieger et al., 1994). Further studies have also implicated HOX genes playing a role in human
skin (Stelnicki et al., 1998). In the skin, hair follicles which undergo phases of regression and
regeneration during the whole lifespan have also been studied. It has been shown that Hoxc13
plays a role in hair follicle development. Studies have shown that Hoxc13 target genes such as
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hair-specific keratins and keratin-associated proteins are important for hair growth (Reviewed in
Awgulewitsch, 2003). In mutant Hoxc13 animals, which exhibit alopecia, it was identified that
the problem was not in the morphogenesis but in the differentiation of hair follicles (Godwin &
Capecchi, 1998).
Hox genes also play a role in development of kidneys (Davis et al., 1995). They observed that
while single Hox gene mutants didn’t have any visible abnormalities, compound Hoxa11 and
Hoxd11 mutants, in addition to skeletal defects, had severe hypoplasia of the kidneys. Hox genes
are also functionally important in the developing gut (Dollé, Izpisúa-Belmonte, et al., 1991;
Kondo et al., 1996). In the developing gut, the colinear expression of Hoxa and Hoxb cluster
genes starts from the duodenum and for Hoxc genes from the jejunum. Hoxd genes are expressed
in the posterior portions of the midgut, in the ilium, and cecum. In the developing gut therefore,
it appears like the different clusters exhibit a different code in the different regions (foregut,
midgut, and hindgut). Hox genes in the gut play a role in the mesenchymal specification initially,
and then also in the regional identity through differentiation as a result of epithelialmesenchymal interactions (Kawazoe et al., 2002). Hox genes exhibit collinearity in the
developing adrenal gland, such that 3’ Hox genes are expressed in the outer gland and the 5’ Hox
genes are expressed in the inner region of the gland (Neville et al., 2002). A study has also
looked at HOX expression in adult tissues and identified that many HOX genes are differentially
expressed in human adult tissues (Yamamoto et al., 2003). Furthermore, in the adult skeleton,
Hox genes are highly expressed in the mesenchymal stem cells and hence involved in the healing
process during fractures (Rux & Wellik, 2017). These are not the only stem cells Hox genes are
expressed in. The Hoxb cluster genes have been shown to play a role in maintaining normal
hematopoietic stem cells and to inhibit leukemogenesis (Qian et al., 2018). Thus, Hox genes are
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fundamentally important especially during development but also in adults for proper functioning
of various tissues and organs.
1.3.4 Loss-of-function and gain-of-function studies for Hox genes
The spatial expression patterns of Hox genes ensure proper segmental identity and formation of
body axis and tissues during development. Similarly, the temporal activation of Hox genes is
functionally important because experimental conditions resulting in premature or delayed Hox
gene activation have been shown to have a phenotypic effect, which is true even in instances
where the final patterns of Hox genes are restored (Gerard et al., 1997; Juan & Ruddle, 2003;
Kondo & Duboule, 1999; Zakany et al., 1997). It has been observed that sometimes deletion of
the whole cluster has less of an effect than deletion of multiple paralogous group members, even
though all members of paralogous groups may or may not have the same function or expression
domains (Reviewed in Maconochie et al., 1996). Animal models have been generated where
individual or complete cluster deletions have been made. Complete deletion of the Hoxa cluster
is embryonically lethal after 11-12.5dpc because of placental insufficiency and premature
stenosis of the umbilical artery (Scotti & Kmita, 2012; Shaut et al., 2008; Warot et al., 1997).
Complete deletion of the Hoxb cluster results in circulation defects with mice developing severe
edemas and hemorrhages in internal jugular veins by 13.5-15.5dpc (Medina-Martinez et al.,
2000). Compound deletion of both Hoxa and Hoxb cluster is lethal by 9.5dpc which has been
attributed to defects in development of the heart (Nolte et al., 2013; Soshnikova et al., 2013).
Deletion of the Hoxc cluster mice live to birth without any extreme skeletal or internal organ
defects. Death after birth has been attributed to some defects in the respiratory system (Suemori
& Noguchi, 2000). Hoxd cluster genes have been shown to express in two waves during
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development and specific cluster deletions have been linked to limb deformations (Zakany et al.,
2004).
While instances of compensation among Hox genes have sometimes resulted in no visible
phenotype being observed, several mutations in groups 3-11 of Hox genes have been implicated
in specific phenotypic defects especially in the axial skeleton. Also, as described before Hox
genes especially play an important role in the development of the nervous system. Further details
of phenotype defects for Hox gene cluster are reviewed in detail by other groups (Maconochie et
al., 1996; Philippidou & Dasen, 2013; Quinonez & Innis, 2014). Compilation of defects in neural
and skeletal with loss-of-function and gain-of-function studies, and with a particular focus on
Hoxb genes, as it pertains to our study, is shown in Table1-1.

Table 1-1 Hox gene mutations with focus on Hoxb cluster genes
Mutant
Hoxb1 loss-offunction

Hoxb1 gain-offunction

Phenotype
r4 homeotically transformed to r2/r3,
motor neurons VII acquire identity
of V, loss of motor nucleus and
nerve as consequence of problems in
motor neurons VII nucleus migration
and axonal pathfinding, contralateral
vestibuloacoustic afferents specified
incorrectly, serotonergic neurons
ectopically generated and visceral
sensory neurons in r4 lost, auditory
circuits formed incorrectly, lateral
vestibulospinal tract projections lost
overexpression in r2 causes motor
axon projections in r2 to start
resembling those in r4
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References
(Chen et al., 2012; Di Bonito
et al., 2013; Gaufo et al.,
2004; Gavalas et al., 2003;
Goddard et al., 1996; Pattyn
et al., 2003; Studer et al.,
1996)

(Bell et al., 1999)

Hoxa1/Hoxb1

Hoxb2

Hoxa2/Hoxb2

Hoxa3/Hoxb3

absence of r4 and r5, cranial nerves
VII to XI have patterning defects,
lack of the 2nd branchial arch in
Hoxa1/Hoxb1 double mutants and
defects in the formation of the 2nd
and 3rd branchial pouches, neural
crest cells not able to migrate
properly
reduction in VII nucleus along with
slight transformation to identity of
V, serotonergic neuron ectopically
generated in r4, oligodendrocyte
production reduced in r4, auditory
circuit formed incorrectly, sternum
malformations and C2 anteriorly
transformed to C1
inter-rhombomeric boundaries from
r1 to r4 lost, loss of Evx1+
interneurons in both r2 and r3,
dorsoventral neurons specified
incorrectly
lack of VI nucleus, visceral sensory
neurons in r5 missing, slightly
abnormal formations of C1 and C2
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(Gavalas et al., 1998; Rossel
& Capecchi, 1999; Studer et
al., 1998)

(Barrow & Capecchi, 1996;
Davenne et al., 1999; Di
Bonito et al., 2013; Gavalas
et al., 2003; Miguez et al.,
2012; Pattyn et al., 2003;
Sham et al., 1993)
(Davenne et al., 1999)

(Gaufo et al., 2003; Gaufo et
al., 2004; Manley &
Capecchi, 1997)

Mutant
Hoxb4

Hoxb2/Hoxb4
Hoxb5

Hoxb5 (neural crest
cell specific deletion)

Hoxb6

Hoxb5/Hoxb6
Hoxb7
Hoxa7/Hoxb7

Phenotype
ventral body wall formation
abnormal, C2 slightly anteriorly
transformed to C1 (ventral tubercle
incorrectly located, neural arch
wider, arch atlas anteriorized),
sternum is split, anemia as result of
reduced spleen and bone marrow
cellularity
abnormally formed body wall and
sternum
forelimbs with respect to axial
skeleton are anteriorized which
causes shoulder girdle to move
rostrally, ectopic brachial plexus, C6
and C7 formed incorrectly, some
lung abnormalities
apoptosis of neural crest cells,
sympathetic and dorsal root ganglia
defects, reduced pigmentation,
abnormalities in the enteric nervous
system
Loss of first rib, second rib bifid,
defects in somitogenesis and
abnormal anterior-posterior somite
patterning, intercostal nerve
innervation defects
cervicothoracic vertebrae from C6 to
T1 homeotically transformed to
anterior identities
twelve percent of mutants have
defects in first and second rib,
sternum segmented incorrectly
greater penetrance and higher
expressivity in abnormalities of first
and second rib
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References
(Brun et al., 2004; Manley et
al., 2001; Ramirez-Solis et
al., 1993)

(Barrow & Capecchi, 1996;
Manley et al., 2001; RamirezSolis et al., 1993)
(Boucherat et al., 2013; D.E.
Rancourt et al., 1995)

(Kam et al., 2014)Kam et al
2014.

(Casaca et al., 2016; D.E.
Rancourt et al., 1995)

(D. E. Rancourt et al., 1995)
(Chen et al., 1998)
(Chen et al., 1998)

Mutant
Hoxb8

Hoxb9

Hoxa9/Hoxb9/Hoxd9

Hoxb13

Phenotype
second spinal ganglion deteriorated,
defects in neural distribution in the
dorsal horn, mutants either normal or
exhibit first and second rib fusion,
abnormal sternum and T2 spinous
process, T3 spinous process and C7
vertebrae anteriorly transformed,
morphological defects in C2 spinal
ganglion, compulsively excessive
grooming
first and second ribs fusion at the
sternum attachment point, defects in
segmentation of sternum, extra rib
attached to sternum
first, second, and third ribs fused
(100% penetrance of mutants),
abnormal humerus, radius, and ulna,
mammary glands exhibit hypoplasia
during pregnancy and post
parturition
spinal cord extended at the tail side,
increased number of Doral root
ganglions, abnormal innervation of
tail sensory neurons

References
(Greer & Capecchi, 2002;
Holstege et al., 2008; van den
Akker et al., 2001; van den
Akker et al., 1999)

(Chen & Capecchi, 1997)

(Chen & Capecchi, 1997,
1999)

(Economides et al., 2003)

1.3.5 Human mutations and diseases linked to Hox genes
Hox genes are evolutionary conserved, and hence it is not surprising that they also play a
significant role in humans, where there are also a total 39 HOX genes in 4 clusters which exhibit
spatio-temporal collinearity. There are 10 different mutations in HOX genes that have been
linked to developmental diseases in humans (Alasti et al., 2008; Bosley et al., 2008; GarciaBarceló et al., 2008; Lin et al., 2012; Sayli et al., 1995; Shrimpton et al., 2004; Thompson &
Nguyen, 2000; Tischfield et al., 2005) (Also see reviewed in Goodman, 2002; Quinonez & Innis,
2014). For example, HOXB1 mutations have been linked to congenital facial palsy, hearing loss,
strabismus, midface retrusion and an upturned nose (Webb et al., 2012). In addition to
developmental defects, HOX genes in humans have also been linked to metabolic diseases
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(Reviewed in Procino & Cillo, 2013) and different cancers, where instances of their abnormal
expression has been a predictor of poor prognosis (Sun et al., 2018). For example, HOXB13 has
been linked to prostate and colorectal cancers (Akbari et al., 2013; Ewing et al., 2012) with
conflicting reports about its link to breast cancer (Akbari et al., 2012; Alanee et al., 2012).
Further, the hexapeptide motif in HOXB9 has been shown to be involved in gastric cancer
(Chang et al., 2015). Also, missense mutations in HOXD4 were identified in children with acute
lymphoid malignancy and were accompanied either with or without skeletal anomalies (van
Scherpenzeel Thim et al., 2005). In certain leukemias, HOX genes have been identified to be
fused with NUP98 (a nucleoporin gene) and have disrupted transcriptional activity (Reviewed in
Krumlauf & Ahn, 2013). Therefore, with respect to cancers, it is not clear whether the increased
expression of HOX genes or just their altered functional activity is playing into malignancy or
poorer prognosis (Reviewed in Luo et al., 2019).
1.4 Regulatory inputs for Hox genes
Hox genes play a critical role in development as well as in adult tissues. They have also been
identified to play roles in etiology of diseases. Therefore, many in the field have tried to
understand how exactly Hox genes are able to exhibit such precise spatial and temporal
expression domains, and what exactly is regulating their expression patterns. Research into both
the transcriptional regulation of Hox transcripts as well as translational control of HOX proteins
has been studied (Reviewed in Brend et al., 2003; Kondrashov et al., 2011; Nolte et al., 2019;
Parker & Krumlauf, 2017; Rezsohazy et al., 2015).
1.4.1 Morphogen gradients
Over the years, some regulatory inputs that dictate or modulate the expression domains,
especially in the neuroectoderm and mesoderm, have been identified. These include major
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signaling pathways such as Retinoic acid (RA), fibroblast growth factor (FGF), and winglessrelated integration site (WNT) (Figures 1-5 and 1-6). Collinearity of Hox genes has also been
observed in response to these signaling molecules in cell culture experiments (Diez del Corral et
al., 2003; Papalopulu et al., 1991; Simeone et al., 1990; Simeone et al., 1991). In an embryo, the
final expression domains and collinearity along the A-P axis exhibited by the Hox genes are
related to their ability to respond to the dynamic and opposite morphogen gradients (Mallo &
Alonso, 2013; Nolte et al., 2019; Parker & Krumlauf, 2017).
During gastrulation and early somitogenesis, crosstalk between signaling factors and other
transcription factors (e.g., OTX2, GBX1/2, CDX1, and CYP26) help to define boundaries for
expression of Hox genes. This crosstalk enables segmentation borders for the midbrain,
hindbrain, and spinal cord. Initially, the spatial distinction between anterior vs posterior regions
occurs in response to opposite RA and FGF/WNT gradients. WNT signaling in the primitive
streak modulates the expansion and the anterior spreading of the Hox genes during gastrulation
(Ciruna & Rossant, 2001; Forlani et al., 2003). Wnt3a expression gets restricted to the posterior
epiblast during early gastrulation, where along with FGF it acts as a key player in ensuring
segmental fate to paraxial mesoderm. Mutants for Wnt3a and fgfr1 cause anterior transformation
of vertebra along the A-P axis by posterior restriction of Hox gene expression domains (Ikeya &
Takada, 2001; Partanen et al., 1998). Also, during gastrulation WNT triggers the secondary
signaling center – isthmic organizer (IO) in the midbrain. The IO defines the Otx2 and Gbx1/2
expression that sets the anterior limit for the hindbrain at the midbrain-hindbrain boundary
(Kiecker & Lumsden, 2012; Liu et al., 1999; Millet et al., 1999; Rhinn et al., 2005; Wurst &
Bally-Cuif, 2001). In the posterior hindbrain, Cdx genes are expressed, and they specify spinal
cord fate by promoting posterior embryonic development (Deschamps & van Nes, 2005; Metzis
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et al., 2018; Young et al., 2009). Mutations in the Wnt or Notch signaling pathway effect Hox
gene expression. It has been shown that WNT which controls pre-somatic mesoderm (PSM)
maturation directly cross regulates the dynamic expression of segmentation genes in the Notch
pathway. Hence, mutations in the Notch pathway during somitogenesis also effect the expression
of Hox genes in the PSM which in turn effects the vertebral patterning (Cordes et al., 2004;
Galceran et al., 2004; Hofmann et al., 2004; Zákány et al., 2001).
During late gastrulation, Fgf gene transcription is restricted to the stem cell region of the node.
As cells divide the levels of fgf8 transcript and FGF8 protein levels in the descendants decrease,
forming a caudorostral gradient - high in posterior tail and decreasing anteriorly towards head
(Dubrulle & Pourquie, 2004). High levels of FGF along with CYP26 inhibits RA, which helps to
maintain stemness in the posterior region of the embryo. FGF8 inhibits RALDH2 enzyme (which
synthesizes RA in the somites), and CYP26 clears RA by metabolizing it. In the anterior head
region of the embryo, IO is the source of FGF signaling. FGF in the hindbrain is essential for
segmentation to form rhombomeres. Anteriorly, high levels of FGF along with CYP26 inhibit
RA that is diffusing into the hindbrain from the cervical somites. This helps to create a gradient
of RA, and this inhibits expression of Hox genes in anterior neural regions and restricts Hoxa2
expression to the r1/r2 boundary (Parker & Krumlauf, 2017). Another source of FGFs in the
hindbrain is Fgf3. In mouse embryos Fgf3 has dynamic expression patterns which at 8.5dpc is
high, in the region that will become r4/r5, and decreases by 9.5dpc. In 9.5dpc, fgf3 is expressed
at slightly lower levels in r5 and r6, with even lower levels in the r4 and at the boundaries of
r1/r2 and r2/r3. Fgf3 is involved in otic development and expressed in the second brachial arch
which helps to form several muscles and skeletal bones of the face (Mahmood et al., 1996).
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Critical to the expression of Hox genes along the A-P axis of the developing embryo is RA. In
the posterior part of early post-implantation embryos, RA was detected (Hogan et al., 1992), but
it has been hard to ascertain a specific role of RA in regulating 3’ Hox genes in this early
developmental stage (Niederreither et al., 1999). Beginning at late gastrulation, RA is made in
the pre-somatic mesoderm and the somites (Begemann et al., 2001; Molotkova et al., 2005). RA
is a product of retinol (vitamin A) which gets processed by RDH and RALDH2 enzymes. While
RA has not been linked to the initial activation of Hox genes in the primitive streak, it does play
a role in regulating mesodermal segmentation (Moreno & Kintner, 2004). As RA gets
synthesized, it diffuses into the neuroepithelium of the hindbrain. RA regulates its own
expression by upregulating the expression of CYP26 enzymes which clears RA anteriorly (Gould
et al., 1998; Hernandez et al., 2007; Sirbu et al., 2005; White et al., 2007; White & Schilling,
2008). While RA is actively synthesized in newly formed somites, as the embryo elongates and
anterior somites begin to differentiate, the expression of Raldh2 is downregulated. In the
hindbrain, all this results in a gradient of high RA posteriorly to low RA anteriorly (Deschamps
& van Nes, 2005; Gavalas & Krumlauf, 2000; Schilling et al., 2016; Shimozono et al., 2013).
While the gradient of RA decreases in the hindbrain, the sensitivity of Hox genes to RA
increases; the 3’ Hox genes are more sensitive to RA than the 5’ Hox genes. This creates unique
Hox expressions and gives individual rhombomeres their segmental identity (Dupe & Lumsden,
2001; Gavalas & Krumlauf, 2000; Gould et al., 1998). The RA gradient is interpreted by Hox
and target genes due to the presence of Retinoic Acid Response elements (RAREs). They are
direct repeats on the genome to which Retinoic Acid Receptors (RARs/RXRs) can bind to
modulate transcription of genes (Chen & Evans, 1995; Glass & Rosenfeld, 2000; Horlein et al.,
1995; Lavinsky et al., 1998; Loudig et al., 2005; Nolte et al., 2019; Tumpel et al., 2009). RA and
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FGF have antagonistic effect on cells. In the young developing spinal cord, while RA from the
mesoderm stimulates maturation and differentiation of cells, the FGF from ectoderm and
mesoderm in the node maintains stemness by preventing differentiation (Reviewed in
Deschamps & van Nes, 2005). Together the antagonistic signaling from RA and FGF ensure
that, as the embryonic axis grows, the neural maturation occurs together with generation of new
somites (Diez del Corral & Storey, 2004).
1.4.2 Non-coding RNAs
Lewis in 1978 had postulated that many cis-regulatory regions in the Drosophila bithorax
complex were regulatory RNAs, and since then his claim has turned out to be true. Within the
four mammalian Hox clusters, as mentioned before, there exist several non-coding RNAs. These
include microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). Based on several studies,
these non-coding RNAs may act as another layer of regulation to control the expression of Hox
genes at either the transcriptional or translational level (Leppek et al., 2020; Parker & Krumlauf,
2017; Rezsohazy et al., 2015).
MiRNAs are short non-coding RNAs approximately 22 nucleotides in length. Mature miRNAs
are made from longer pri-RNA that gets transcribed by RNA polymerase II. Pri-miRNA is
cleaved in the nucleus by DGCR8 and DROSHA to make pre-miRNA- a stem-loop structured
RNA. This cleaved form (pre-miRNA) gets exported into the cytoplasm, where DICER cuts the
stem-loop to make a linearized double stranded RNA (Winter et al., 2009). One of the strands
gets loaded onto Argonaute proteins to form the RNA inducing silencing complex (RISC) which
can target multiple messenger RNAs (mRNAs). miRNAs target genes mostly by binding to the
3’ untranslated region (UTR). Targeting takes place by pairing of the miRNAs seed sequences
(2-7 nucleotides) to the target mRNAs of genes. Since miRNAs can bind even if all base pairs
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don’t match and in mRNAs there are plenty of 6-8 mers, a miRNA can target and regulate
multiple mRNAs (Agarwal et al., 2015). From the first discovery of miRNAs in c-elegans (Lee
et al., 1993), multiple evolutionary conserved and some species-specific miRNAs have been
identified. In mammals, miRNAs are involved in development where they can coordinate
developmental timing, regulate cell fate, maintain homeostasis, and can have general or tissue
specific roles (Reviewed in DeVeale et al., 2021). miRNAs have also been implicated in several
diseases e.g., in different cancers (Reviewed in Bhaskaran & Mohan, 2014; Nguyen et al., 2020;
Qin et al., 2019; Shea et al., 2016; Srivastava et al., 2015). In the mammalian Hox clusters there
are present multiple miRNAs; miRNAs conserved between mouse and humans Hox clusters
include miR196a/b, miR10a/b, and miR615. The miR196 members are present within the Hoxa,
Hoxb, and Hoxc clusters and they can regulate the expression of Hox genes both in cis (effecting
same cluster from which it is transcribed) and trans (effecting a cluster other than the one from
which it is transcribed). The miR10 members have also been implicated to play roles in cis and
trans to effect Hox genes directly or through feedforward regulatory loops by effecting signaling
pathways such as WNTs, FGFs, and NOTCH. The expression of these miR10 members has been
observed to correlate with both the expression and response to RA of adjacent Hox genes
(Reviewed in De Kumar & Krumlauf, 2016).
LncRNAs have been shown to be involved in control of diverse biological functions in
development and disease (Briggs et al., 2015; Du et al., 2016; Goff et al., 2015; Nguyen &
Carninci, 2016; Spadaro et al., 2015; Younger & Rinn, 2014). LncRNAs are generally
characterized as non-coding RNAs greater than 200 nucleotides, having a 5’ Cap, may or not be
polyadenylated, and lacking an open reading frame. In the genome, lncRNAs can be transcribed
in sense, anti-sense, from intronic regions, or from overlapping regions with respect to genes
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(Kashi et al., 2016; Mattick & Rinn, 2015; Melé et al., 2017; Schein et al., 2016; Watanabe et al.,
2015). They can be transcribed by both RNA polymerase II (Pol II) and RNA polymerase III
(Pol III) and may also contain multiple splice variants. LncRNAs can function in both cis and
trans to regulate mRNAs and miRNAs. While lncRNAs may share some transcriptional
properties with mRNAs, they are distinguishable based on their chromatin environments and
transcriptional regulation (Reviewed in Melé et al., 2017). Often times lncRNAs are not
evolutionarily conserved, but some lncRNAs that are conserved among mammals and some even
outside mammals have been identified (Hezroni et al., 2015; Sarropoulos et al., 2019). While
many lncRNAs are transcribed, their relative levels of expression are often low, and they can be
difficult to study. Hence, there is uncertainty about whether all lncRNAs are functional on their
own, or if they are just transcriptional noise and are transcribed just to enable processing of
adjacent genes by being run-through transcripts. Nonetheless, there has been some evidence of
lncRNAs functioning in the nuclei as well as in the cytoplasm to regulate genes (Carlevaro-Fita
et al., 2016; Melé et al., 2017; Zuckerman et al., 2020). LncRNAs can regulate chromatin either
through binding chromatin modifying proteins (Chu et al., 2011; Isoda et al., 2017) or by directly
effecting DNA through triple helices or R-loops to silence (Schmitz et al., 2010) or activate
(Grote et al., 2013; Mondal et al., 2015) the genome. In the nucleus, lncRNAs have been linked
to the assembly and function of nuclear condensates (Clemson et al., 2009; West et al., 2016). In
the cytoplasm, lncRNAs have been identified to be localized to specific organelles such as
exosomes and mitochondria (Fatima & Nawaz, 2017; Zhao et al., 2018). Particularly
mitochondrial lncRNAs appear to be transcribed either from nuclear DNA or mitochondrial
DNA to play a role in mitochondrial functions and enable crosstalk between mitochondria and
nuclei (Reviewed in Statello et al., 2021).
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In mammals, about 40% of the lncRNAs are expressed in the mammalian brain (Briggs et al.,
2015). In the central nervous system, lncRNAs have been implicated in differentiation and
regeneration after injury of neurons (He et al., 2017; Perry et al., 2018; Sauvageau et al., 2013).
Hox genes, that also are critical for segmental identify of neurons along the A-P axis, have
embedded within and adjacent to their clusters several lncRNAs. In the Hox clusters, the
lncRNAs transcribed may act in cis to regulate Hox genes or trans to regulate genes outside the
cluster or even non-Hox genes (Reviewed in De Kumar & Krumlauf, 2016). Upstream to Hoxa1
is an ~16kb region that transcribes several isoforms of Heater lncRNA. Heater may be linked to
Hoxa1’s response to retinoids (De Kumar et al., 2015). Deletion of some Heater isoforms has
resulted in increased levels of Hoxa1 in uninduced ES cells (Maamar et al., 2013). Other
examples of lncRNAs, within the Hoxa cluster, that have been identified to have functional roles
include Hottairm1, HoxA2-AS2, HoxA11-AS, Hottip (Hsieh-Li et al., 1995; Kim, Song, et al.,
2013; Zhang et al., 2014; Zhao et al., 2013). The Hoxb cluster contains several lncRNAs
including Hobbit and HoxBlinc. HoxBlinc has been implicated to have a role in hematopoiesis by
mediating Hoxb genes by working through the Notch signaling pathway (Deng et al., 2016).
Hobbit is unique in that it gets induced by RA similarly to adjacent Hoxb genes in ES cells, and
in embryos its expression seems to depend on shared RAREs (Ahn et al., 2014; De Kumar et al.,
2015). Other lncRNAs identified with functional roles include Hotair (Dasen, 2013; Rinn et al.,
2007; Schorderet & Duboule, 2011), Hotdog and Tog (Delpretti et al., 2013) from the Hoxd
cluster. LncRNA within the Hox clusters appear to be more conserved and also be affected by
similar cis-regulatory elements as Hox genes. Thus, it is important to understand the regulatory
interplay between lncRNAs and enhancer elements, in order to better understand how Hox gene
expression may be fine-tuned or maintained.
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1.4.3 Cis-regulatory elements
Experimental evidence has shown that Hox genes can functionally compensate for each other.
Swapping and replacement of homeodomains have also put into question the degree of
specificity within HOX proteins. These experiments point towards the need to better understand,
in a context dependent manner, how Hox genes are regulated and what the total HOX protein
levels are that ensure segmental identity. Cis-regulatory elements interspersed within and around
the clusters have emerged as important players that regulate transcription of Hox genes. They
modulate Hox gene expression by directly incorporating the opposite morphogen gradients along
the body axis (Krumlauf, 2018). Specifically, to regulate nested Hox expressions in the
hindbrain, several cis-regulatory elements or Retinoic acid response elements (RAREs), have
been identified that enable Hox genes to respond to RA (Reviewed in Alexander et al., 2009;
Parker & Krumlauf, 2017; Tumpel et al., 2009). In an embryo, in response to RA, the paralogous
group 1 genes are the first to get activated (Marshall et al., 1992; Marshall et al., 1994; Murphy
& Hill, 1991; Wilkinson et al., 1987).
During development, Hoxb1 gets restricted to r4 in the hindbrain. The initial activation of Hoxb1
occurs in response to RA through 3’ RAREs (Dupe et al., 1997; Marshall et al., 1994; Studer et
al., 1998). Hoxb1 restriction occurs through repression in adjacent rhombomeres, r3 and r5,
though an element that is responsive to both RA and KROX20 (Studer et al., 1994). In r6, Hoxb1
is repressed by posterior genes, Hoxa3 and Hoxb3 (Gaufo et al., 2003). In addition to activation
and restriction of Hoxb1, the expression in r4 is maintained through a 5’ Hox response element
which incorporates Hoxb1’s autoregulation and cross-regulation by Hoxb2 and Hoxa1 (Davenne
et al., 1999; Pattyn et al., 2003; Popperl et al., 1995; Studer et al., 1998). How RAREs enable
response to RA is through binding of RAR/RXR receptor and/or through change in binding
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partners of retinoid receptors to RA (Reviewed in Cunningham & Duester, 2015). There are two
different ways through which RA induces transcription, examples of which are seen with Hoxa1
and Hoxb1 (Figure 1-10). In case of Hoxa1, the 3’ RAREs already have retinoid receptors bound
along with the repressor Ncor. When RA binds to RARs, a conformational change occurs to the
receptors and the repressor is removed and replaced with an activator. Through this relief of
repression, Hoxa1 gets activated in response to RA. In the case of Hoxb1, initially there are no
retinoid receptors bound to the 3’ RARE. In presence of RA, the RAR/RXRs are recruited to the
RAREs and Hoxb1 is activated for transcription. In this way, RA is able to de-novo activate
Hoxb1 (De Kumar et al., 2015) (Also see reviewed in Nolte & Krumlauf, 2019; Parker &
Krumlauf, 2017).
Mechanisms of RARE regulation in response to RA
A) Gene activation with RA; Relief of repression in case of Hoxa1
Repressor

RA

RXR RAR

Activator
RXR RAR RA

DNA
RARE

RARE

B) Gene activation with RA; De-novo activation in case of Hoxb1
Activator
RA

RXR RAR RA

DNA
RARE

RARE

Figure 1-9. Mechanism of RAR/RXRs binding to RAREs to activate transcription of genes
Schematic of how retinoid acid receptors (RARs and RXRs) heterodimerize and bind to specific retinoic acid
response elements (RAREs) on the DNA to regulate transcription. In the case of Hoxa1 (A), RA has to bind to
RARs to activate transcription by relieving repression from bound repressors. In the case of Hoxb1 (B), RA bound
to RARs enables them to bind to RAREs to activate transcription. (Adapted from Cunningham & Duester, 2015)
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1.5 Transcriptional control of Hox genes
1.5.1 Hox genes as transcription factors
Hox genes contain homeobox sequences that were found to be highly conserved across species.
They were proposed to have transcriptional activity, based on the similarity of the homeobox
sequence to the mating-type transcriptional regulatory proteins in budding yeast (Klar, 1987)
(Hagen et al., 1993) and to the helix-turn-helix transcriptional regulators in bacteria (Anderson et
al., 1981; McKay & Steitz, 1981). Initial structural studies suggested that HOX proteins would
have similar DNA binding properties (Gehring et al., 1990; Jabet et al., 1999; Kissinger et al.,
1990). Then it was identified that Hox genes indeed bound to the DNA, but also that different
homeodomain sequences preferred to bind to different regions (Desplan et al., 1985; Levine &
Hoey, 1988). In vivo evidence for homeodomains having transcriptional activity came from the
analyses of fushi tarazu (FTZ). A gene was identified that contained an auto-regulatory region to
which FTZ could bind and regulate its feedback interactions (Schier & Gehring, 1992).
Currently, we know that Hox genes encode for transcription factors, which bind to enhancers
elements in order to either activate or repress promoters. The Hox transcription factors bind to
DNA through their homeodomain, which is a helix-turn-helix motif that binds to the major
groove of DNA (Gehring et al., 1994). Through this binding Hox genes can auto and/or crossregulate their own expression and also that of their target genes. Due to the similarity in the
homeodomains, the Hox paralogous group members have similar bindings in vitro. However, the
members have distinct functions in vivo and can exhibit specific binding preferences in different
cellular contexts (Crocker et al., 2015; Slattery et al., 2011). This specificity in binding could
partly be attributed to specific domains of Hox expression, but also comes from the cisregulatory activity and differences in the HOX protein complexes formed with co-factors, such
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as the TALE proteins, PBX and MEIS (Reviewed in Mann et al., 2009; Merabet & Mann, 2016;
Zandvakili & Gebelein, 2016; Zeiske et al., 2018). How exactly do all the inputs regulate and
confer tissue specific activity for Hox genes, are still major questions in the field.
1.5.2 How enhancers regulate transcription
Transcription of genes, i.e., the act of copying a DNA sequence into an RNA transcript by RNA
polymerase, is the first step towards the expression of a gene. Essentially, transcription can be
considered to be under the control of promoters, enhancers, and boundary elements present
within the genome. Promoters can be of different types and in time either be active, poised, or in
an inactive state, but are mostly located near Transcription start sites (TSS) (Reviewed in
Haberle & Stark, 2018). Enhancers and boundary elements can be found within genes, but
mostly are observed to be present in non-coding DNA regions. Enhancers can be present at
distances as small as 1kb to distances as far as 1000kb away from genes (Reviewed in Marsman
& Horsfield, 2012). In response to signaling cues, enhancers by interacting with promoters, can
activate transcription independently of their orientation to genes (Sanyal et al., 2012). Enhancer
elements contain motifs, like a specific DNA signature, to which particular transcription factors
bind in a tissue specific manner to regulate gene expression (Reviewed in Furlong & Levine,
2018; Long et al., 2016; Schoenfelder & Fraser, 2019). Transcription factor occupancy (both the
affinity to bind and the spacing between factors), motif identification and composition (Avsec et
al., 2021), histone modifications, and hence the enhancer ‘grammar’ are active fields of study to
better understand how gene expression is modulated.
Advances in imaging and genome wide chromatin capture techniques (such as Hi-C) have shown
that our genomes are arranged into Topologically Associated Domains (TADs) (Dixon et al.,
2012; Nora et al., 2012; Sexton et al., 2012). These TADs bring enhancers and promoters near
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each other, and some studies have shown that enhancers are more likely to regulate promoters
within the TAD than outside. Boundary elements at the edges of the TADs, contain binding sites
for insulator proteins such as CTCF, and this may help prevent improper or untimely enhancerpromoter interactions which are corelated with gene expression levels (Guo et al., 2015;
Lupiáñez et al., 2015; Narendra et al., 2015). Whether TADs form before or after chromatin
looping is still debated, and how exactly TADs are formed is not known. Currently, the loopextrusion model aided by cohesin is considered the most fitting model (Furlong & Levine, 2018).
Disruption of some TAD boundaries in cis has resulted in significant phenotypes (Symmons et
al., 2014). Interestingly however, mutants of both CTCF (Gambetta & Furlong, 2018; Nora et al.,
2012) and cohesin (Rao et al., 2017), while disrupting TADs, don’t appear to completely disrupt
genome compartmentalization or the resulting gene expression (de Wit et al., 2015). This points
towards maybe there are elements in addition to CTCF and cohesin that organize the 3D genome
to restrict enhancer-promoter interactions, and/or it could also be that TADs do not restrict
interaction of all enhancers (Schwarzer et al., 2017). Thus, the question of how exactly
enhancers, dynamically acting either locally or globally, gain specificity for regulating single or
multiple promoters needs to be studied further.
In eukaryotes, it has been observed that transcription occurs in bursts – on and off cycles of
transcription (Bartman et al., 2016; Fukaya et al., 2016). Over the years, several models for how
enhancers may contact promoters to regulate transcriptional bursts have been proposed. These
include tracking (Kong et al., 1997), linking (Morcillo et al., 1997), and looping (Deng et al.,
2012; Dunn et al., 1984). The sheer number of enhancers, insulators, and transcriptional factor
binding sites make it difficult to imagine tracking and linking as means by which enhancers
quickly find the correct promoter to regulate. In addition, cohesin and CTCF are ubiquitously
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expressed and can interact with different factors to confer tissue specificity. These points make
looping, provided it is as dynamic as the enhancer-promoter interactions, the most likely model
for transcriptional regulation. Furlong and Levine propose that gene activation is a two-step
process where first enhancers are primed, i.e., brought into close proximity with promoters and
with presence of paused Pol II are in a ready-to-go state (Ghavi-Helm et al., 2014; Shao &
Zeitlinger, 2017). Then secondly, in response to some cue, change in topology takes place and
gene transcription gets activated. In the field, condensates of transcriptional hubs have also been
proposed as a model by which transcriptional events are regulated (Hnisz et al., 2017).
According to this model, enhancer and promoter do not need to be in physical contact but can be
in proximity of anywhere between 100-300nm (Lim et al., 2018). In these condensates, the
presence of multiple mediator complexes, pre-initiation complexes, and Pol II could act as
bridges that connect enhancers to promoters (Cho et al., 2018).
In terms of the Hoxb cluster, it can be envisioned that if the run-through transcriptional model
was true, then Pol II would go along the Hoxb cluster, and sequentially turn on all the genes
within the cluster. Since there can be multiple Pol IIs going through and transcribing the cluster,
at a given timepoint all the genes would appear to be transcriptionally on (Figure 1-10, panel A).
If this model is true, one would also expect that adjacent genes or non-coding RNAs would be
turned on or off in synchrony. However, if this run-through model is not true and there are
dynamic interactions between various enhancer elements and promoters of genes within the
cluster, then most likely the cluster is configured in some form of a loop. A loop allows for quick
movement between various cis-regulatory elements, allowing for variations in enhancerpromoter interactions. Thus, in the looping model, one can envision that the Hoxb cluster, in
different cellular contexts especially along the embryonic axis, has different enhancer-promoter
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contacts (Figure 1-10, panel B). These contact differences would allow for genes to be turned on
and off differentially under independent regulatory mechanism. In this scenario then Hoxb genes
would not be on at the same time as they would transcriptionally be activated by different
RAREs or different combination of enhancer-promoter contacts.
A) Run-through transcription model
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B) Looping model
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Figure 1-10 Potential transcriptional models for the Hoxb cluster
Potential models how genes within the Hoxb cluster are transcriptionally activated. A) shows the run-through model
where genes get transcribed one after another as if Pol II is sliding along a track. B) shows the looping model where
enhancer-promoter contacts are dynamically changing, and Pol II only transcribes upon activation cue. Hence, there
is differential activation of genes within the cluster.

In light of recent evidence of condensates regulating nascent transcription (Henninger et al.,
2021), it might well be that dynamic looping within the transcriptional condensates are
regulating gene transcription, and synthesized transcripts themselves are modulating further
transcription. Other recent studies, have also shown that multiple cis-regulatory modules may be
present within a transcriptional hub, competing or working together towards transcriptional states
of genes (Espinola et al., 2021). Intriguingly, this group also found that contacts between cisregulatory modules were indistinguishable in neuroectoderm, mesoderm, and dorsal ectoderm,
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and that these contacts appeared early in development before the formation of TADs and
expression of genes. Both these studies raise questions about whether these phenomena, of
condensate formation and dissolution with feedback from RNA molecules and the stability of
enhancer-enhancer or enhancer-promoters contacts, are globally true for all transcriptional
activities or if they highlight specific examples among a variety of scenarios that might exist to
regulate gene expression in a developing embryo.
To broaden our understanding of transcriptional control, the Hoxb cluster, serves as an ideal
genomic locus to study how multiple enhancers may work to regulate transcription of multiple
Hox coding and non-coding genes. Important questions like how enhancers are shared between
the different Hox genes, and how they may make stable interactions to activate all genes
simultaneously within the cluster or dynamically activate a specific subset of genes, will help to
get a better picture for how genes are regulated by enhancer elements.
1.5.3 RAREs in the Hoxb cluster
In the Hoxb cluster there are several RAREs that have been identified to act as enhancer
elements; RAREs 3’ of Hoxb1 and RAREs in the intergenic region between Hoxb4-b5 and
flanking Hoxb4 (Ahn et al., 2014; Nolte et al., 2013; Nolte & Krumlauf, 2019). The RAREs in
the middle of the Hoxb cluster are all DR5, meaning they are a unit of two direct repeats with a
5bp spacer region (Reviewed in Nolte et al., 2019). B4U and ENE, that are on either side of
Hoxb4, have equivalent RAREs present in other Hox clusters. However, DE is specific only to
the Hoxb cluster (Ahn et al., 2014; Gould et al., 1998; Oosterveen et al., 2003; Sharpe et al.,
1998). Through enhancer assays and BAC clones, the activity of these enhancers and their
regulation in cis has previously been studied (Ahn et al., 2014). It was observed that the DE
enhancer was able to locally and globally regulate the whole Hoxb cluster in the neural tube and
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in hematopoiesis (Ahn et al., 2014; Qian et al., 2018). It was also observed that in addition to
regulating Hoxb coding genes, the RA induction of Hobbit in the DE mutant was also reduced
(De Kumar et al., 2015). The B4U is unique in its positioning compared to DE and ENE RAREs,
such that it is positioned at the end of a lncRNA, Hobbit, making it an enhancer from which a
lncRNA is transcribed. In the Hoxb BAC reporters, it was shown that at 9.5dpc the ENE mutated
embryos had low Hoxb4 expression which was restored to normal by 12.5dpc. While Hoxb9
rostral expansion is gone in the double DE-ENE BAC mutant, no change in the neural tube is
observed in the single mutants (Ahn et al., 2014). These RAREs or RA responsive enhancers in
the middle of the cluster have been shown to be functional, and through this thesis, I have looked
at the endogenous role of these RAREs in the mouse embryo and elucidated their potential
mechanisms of action in regulating transcription of Hoxb cluster coding and non-coding genes.

Hoxb5os

Non-coding
RNAs

Hobbit HoxBlinc
mir10a

Hoxb5

Coding genes

Hoxb4
DE

B4U

ENE

Enhancers

Figure 1-11. RAREs present in the middle of the Hoxb cluster
Schematic of the Hoxb4-Hoxb5 intergenic region. The relative positions of long non-coding RNAs in pink and the
enhancer elements (RAREs) in green are shown with respect to coding Hoxb4-b5 in blue.
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Chapter 2: Materials and Methods
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2.1 Materials
2.1.1 Mouse lines
For wildtype animals, Stowers F1 strain was used. F1 are a cross between CBA/CaJ x C57Bl/10J
and are maintained by Laboratory Animal Services (LAS) at Stowers Institute for Medical
Research (SIMR).
The RARE enhancer mutants used for the project were generated in the Krumlauf lab by Christof
Nolte and Youngwook Ahn using a CRISPR approach. Guides were targeted to RAREs and the
genomic sequence was either replaced with an EcoRI site (B4U mutant and DE/B4U mutant) or
by Dox sequence which was floxed out (DE mutant).
Hobbit-KO and Hobbit eGFP lines were generated by LAS at SIMR using CRISPR guide
mixtures prepared by Genome Engineering at SIMR. For Hobbit-KO line, guides targeting a
region 250bp upstream and a region 250bp downstream from Hobbit start site were used. For
Hobbit-eGFP line, guides targeting Hobbit start site and 1kb downstream of start site were used
along with single stranded DNA (ssDNA) of 100bp homology for the whole region. The
homology arms were designed such that 1kb of Hobbit would be substituted for ~1kb of eGFP.
2.1.2 Fixing embryos
For fixing embryos, paraformaldehyde 16% vial (Alfa Aesar, Catalog #43368) was used and
diluted to 4% with 1X Tissue culture grade PBS (Life technologies, Catalog #20012050). For
dehydrating and rehydrating embryos pure methanol diluted in PBS was used (VWR Catalog
#BDH1135-1LP), and embryos were put through gradients of solutions (25% -75% methanol in
PBS). Details on histology sectioning in section 2.2.4.
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2.1.3 Small molecule Florescent in situ hybridization (smFISH)
Designed coding or non-coding gene probes were ordered from LGC Biosearch technologies.
Unlabeled probes were ordered and labelled in-house with Alexa Florophores.
For smFISH the buffers used were ordered from LGC Biosearch technologies; Hybridization
buffer (Catalog #SMF-HB1-10), Buffer A (Catalog #SMF-WA1-60), and Buffer B (SMF-WB120). For preparing working solutions of hybridization buffer and wash buffer A, formamide
either new vial or sealed for use less than 3 months was used (Amresco Deionized formamide;
VWR Catalog #97062_008). For permeabilization of embryo sections, Proteinase K was used
(stock of 20mg/ml solution, Fisher Scientific Quality Biological Inc Catalog #E195_5ml). For
DAPI a 1:5000 dilution was used in a prepared solution A (Thermofisher 1mg/ml stock, Catalog
#62248). For overnight Hyb and final mounting, 0.13-0.16mm long coverslips were used. For
mounting slides for imaging, Prolong Gold was use (Invitrogen Catalog #P36930).
2.1 Methods
2.2.1 Genotyping of animals
To genotype the animals, tail samples were collected after weaning the animals. The tails were
either processed internally and genotyped (details in section 2.2.1.2) or directly sent for
processing to Transnetyx (details 2.2.1.1)
2.2.1.1 Genotyping by Transnetyx
Currently, for each mutant animal, Transnetyx assays have been set up which detects for
presence of wildtype or mutant DNA sequence. The assays are designed such that they detect the
presence of sequences and can identify if a change in sequence has been made. The link to the
website is https://www.transnetyx.com/
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2.2.1.2 Genotyping for RARE mutants
Internal genotyping of the mutant tails was initially done by extracting DNA from the tails.
Quick crude DNA extraction was done for these tail samples. Tails were dissolved in 300µl of
NaOH and kept at 100oC for 1 hour. To each sample 15µl of Tris-HCl was added. 1µl of sample
was then used for the PCR reaction. For PCR, Dreamtaq ready mix polymerase was used to set
up a 20µl reaction. The annealing temperature of 57oC for 30 seconds for 30 cycles was used
with 10 minutes extension at 72oC. After PCR was done, each reaction was digested with
specific restriction enzyme for each mutant. The animals’ genotype was determined by
visualization of bands from each reaction on an agarose gel. The following PCR primers and
consequent restriction enzyme were used for the mutant samples.
DE mutant
Forward primer – CDN 854 = aaggaggcgcaaatgagttg
Reverse primer – CDN 855 = gtactggccaacaggttcca
Restriction enzyme – NotI
B4U mutant
Forward primer – CDN 856 = tgaatcaaatcctgctctgtc
Reverse primer – CDN 857 = ggagctcgctcctgtccac
Restriction enzyme – EcoRI
ENE mutant
Forward primer – CDN 858 = tctgggggccttacttctcag
Reverse primer – CDN 859 = agctaggaaccctgaagaggtg
Restriction enzyme – EcoRI
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2.2.1.3 Genotyping for Hobbit lines
To generate Hobbit mouse mutants, CRISPR-Cas9 technology was used. GuideRNA target sites
were designed using CCTop target predictor tool (Stemmer et al., 2015). The target sites were
selected by evaluating the predicted on-target efficiency score and the off-target potential
(Labuhn et al., 2018). Selected guideRNA sequences were ordered as an Alt-R crRNA from IDT.
To generate the EGFP insertion, guideRNA target sites were selected at 50bp upstream and
750bp downstream of the Hobbit lncRNA transcription start site. A donor plasmid containing
the genomic sequence with EGFP in place of the N-term 750bp Hobbit sequence was used as a
template to produce long single stranded DNA according to the published Easi-CRISPR method
(Quadros et al., 2017). To generate the 500bp deletion, two guideRNA target sites were selected
at 250bp up and down stream of the Hobbit transcription start site.
Each full length guideRNA was formed by hybridizing the specific crRNA with the universal
tracrRNA. Ribonucleoprotein (RNP) complexes were prepared by hybridizing Cas9 HiFi v3
enzyme (IDT) and the full length guideRNA at room temperature for 10 mins. For mouse
embryo injections, 10ng/ul of each guideRNA and 10ng/ul of Cas9 were combined with 10ng/ul
of the purified long single stranded DNA donor.
G0 Mice were screened for the expected mutations by an ear clip. Mutation detection was done
by first lysing the mouse ear clips in Epicenter QuickExtract DNA Extraction Solution. For the
Hobbit-eGFP samples PCR was performed to amplify the specific genomic location at both
guideRNA target sites as well as the junctions of the eGFP insertion. With the Hobbit deletion
samples PCR was performed to amplify the specific genomic location at both guide sites and for
the presence of the deletion between the guide sites. A second round of amplification
incorporated sample-specific dual barcodes. All amplicons were pooled and size-selected using
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ProNex Size-Selective Purification System (Promega). Cleaned pools were quantified on a Qubit
Fluorometer and ran on an Agilent Bioanalyzer to check sizing and purity. Purified pools were
run on an Illumina MiSeq 2x250 flow cell. Resulting sequence data was demultiplexed and read
pairs were joined. On-target indel frequency and expected mutations were analyzed using
CRIS.py (Connelly & Pruett-Miller, 2019). In addition, for the Hobbit deletion samples for the
F1 generation and later the PCR amplicons were run on a Caliper Labchip GX using the DNA
5K kit to detect positive deletion samples.
2.2.2 Staging of embryos
For each embryo collected, the number of somites were counted to ensure same developmental
age was used for all experiments. Embryos are considered 9.5dpc if they have anywhere from 21
to 29 somite pairs. For wildtype and mutant RAREs, embryos containing 21-24 somite pairs
were used for all experiments.
2.2.3 Collection of embryo samples
For collecting wildtype embryos, Stowers F1 animals were paired and pregnant females upon
plug checking were marked for embryo collection at 9.5dpc. For enhancer mutants, mouse lines
were bred to homozygosity. The homozygous animals were then crossed, and pregnant females
upon plug checking were marked for embryo collection at 9.5dpc. The pregnant females were
euthanized according to IACUC protocol number 2019-064 (detailed protocol is available at
eprotocol.stowers.org). The uterine tissue containing embryo sacs were extracted from the
abdominal cavity and kept in cold PBS solution. The embryos were taken out of the sacs, the
outer membrane removed, and they were kept in cold PBS until further processed as needed for
specific procedures. If a heterozygous animal cross was made, then for each embryo, its yolk sac
was also saved to determine genotype.
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2.2.3.1 Embryo collection for smFISH
After collecting 9.5dpc embryos in cold PBS. The embryos were kept in 4% PFA solution
overnight at 4oC. The embryos were then dehydrated using methanol gradients of 25%, 50%,
75% and 100%. The embryos were stored in -20oC for at least one day before histological
processing.
2.2.3.2 Embryo collection for RNA sequencing
The embryos were collected and then segmented into parts. A Head section (cut above brachial
arches), trunk section (the section left after head and tail cuts), and a tail section (pre-somatic
mesoderm plus 3 somite level). The brachial arches and heart samples for each embryo were also
collected. All samples were stored snap frozen and kept at -80oC.
2.2.4 Histological preparation of embryos
For smFISH RNAase free conditions were used. The embryos were kept in methanol and
rehydrated slowly with PBS. The embryos were cut into three sections to aid with correct
orientations; head (cut made after brachial arches), mid (cut made after hindlimb bud), and tail
sections. After this the samples were dehydrated using a 15% solution of sucrose made in DEPC
treated PBS. Once, the samples were saturated, they were embedded into OCT (VWR #25608930) using the Histochill unit (SP Scientific Products # HC80). Using a Thermo Scientific
Microm Cryostar NX70 cryostat, transverse sections at 10microns were placed on Sure Bond
charged slides (Avantik #SL6332-1); Alternate sections were placed onto a single slide. The
slides were stored at -80oC if not going to be used within the same week or kept at -20oC if going
to be used within the same week.
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2.2.5 Whole mount in situ hybridization with DIG labelled probes
Probe making from plasmid constructs for Hoxb1, Hoxb4, Hoxb9, and Hobbit.
1) 5μg of DNA was linearized by cutting with appropriate restriction enzymes (Table 2-1) to
generate anti-sense probes for each gene.
Table 2-1 Processing of plasmids for probe synthesis
Probe

Clone Number

Restriction enzyme

RNA polymerase

Hoxb1

866

ClaI

T7

Hoxb4

650

BamHI

T3

Hoxb9

803

EcoRI

T7

Hobbit

3-4

SacI

T7

2) RNA polymerase reaction was performed on 1μg of linearized DNA using either T7 or
T3 polymerase with the 10X DIG labelling mix from Roche (Catalog #11277073910)
3) Probe integrity was checked on gel before precipitating probe with ammonium acetate.
Probe was dissolved in 100μL of formamide and stored at -70oC.
4) For all probes 1:500 dilution was used during hybridization
In situ
Day 1
1) Rehydrated sample (mouse embryos stored in methanol at -20oC)
a. Series of 75%, 50%, 25% methanol in PBT series
i. 75%: 7.5mL methanol 2.5mL DD H2O
ii. 50%: 5mL methanol 5mL DD H2O
iii. 25%: 2.5mL methanol 7.5mL DD H2O
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iv. 100% PBT
b. Washed embryos for each step by aspirating out media with thin tip pipette; left some
solution inside, and placed on rocker for 5 mins for each step at room temperature
2) Washed twice with PBT at room temperature for 5 mins
3) Proteinase K treatment (5μL in 10mL from a 20mg/ml stock)
i. For mouse embryos incubated in 10µg/mL proteinase K in PBT (time
depending on embryonic stage)
9.5dpc : 10 mins.
10.5dpc : 15 mins
4) Washed 10 minutes in 2mg/ml glycine in PBT (made fresh each time)
5) Washed twice with PBT at room temperature for 5 mins
6) Postfixed with 4% paraformaldehyde and 0.2% glutaraldehyde in PBT for 20 minutes at
room temperature (kept samples on rocker)
a. 25% stock of glutaraldehyde

200µL

b. 16% Paraformaldehyde

1mL

c. PBT

23.8 mL (to make 25mL)

7) Washed twice with PBT at room temperature for 5 mins
8) For slow equilibration with hybridization solution (can be warmed if gets cloudy)
a. Washed 10 minutes in a 1:1 mixture of hybridization solution/PBT
b. Washed 10 minutes in hybridization solution
9) Incubated at 70oC in hybridization solution for at least 1 hour
10) Replaced hybridization solution with a fresh solution containing the RNA probes (1μg/ml
concentration); incubated at 70oC overnight
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a. Up until adding separate probes, all the embryos can be kept in the same container
b. After adding individual probe solutions, used Eppendorf tubes and used 200µL
solution mix
c. The head of the embryo was pierced with 21gauge needle before adding probe to
prevent otic probe trapping.
Day 2
1) Pre-warmed solution I to 70oC
a. Washed embryos 3 times for 30 minutes each at 70oC with prewarmed solution
2) Pre-warm solution III to 65oC
a. Washed embryos 3 times for 30 minutes each at 70oC with prewarmed solution
3) Washed 3 times with fresh TBST for 5 minutes at room temperature (at this point DEPC
treated or not doesn’t make a difference)
4) Blocked embryos by incubating on rocker for 60-90 minutes in blocking solution
a. To make blocking solution added 0.02mg or 2μg of Boerhinger Mannheim blocking
reagent and added it to 18ml of PBT. Kept it at 65oC for an hour or two. In order to
completely dissolve it made sure to shake/mix it after 15/20 minutes.
b. After powder was dissolved added 2mL of inactivated sheep serum
5) Incubated with anti-dig AP antibody (1:2000 concentration; antibody to blocking reagent)
6) Add 200µL antibody to each sample tube; left overnight at shaker in 4oC room
Day3
1) Washed 3 times for 5 minutes each with TBST at room temperature
2) Washed 5 times for 1 hour (60 or 90 minutes) in TBST at room temperature
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3) Washed overnight in TBST at 4oC over gentle rocker
Day 4
1) Washed 3 times in NTMT for at least 10 minutes each at room temperature (over rocker)
2) Added BCIP/NBT reaction mix (10µL/mL of NTMT solution) and covered tubes with
aluminum foil.
3) Kept solution until reaction appears to be done (typically after 6 hours started seeing reaction
and left them over night at 4oC before post fix and imaging).
2.2.6 smFISH optimized protocol
The smFISH existing protocol (Raj & Tyagi, 2010) was optimized and adopted to use for mouse
embryo sections.
2.2.6.1 Probe design
For probe design genomic sequences were obtained from Genome Browser (genome.uscs.edu).
The multiple 20-22 bp intronic and exonic probes (for Hoxb1, Hoxb4, Hoxb5, Hobbit, and
HoxBlinc) and the multiple 29bp intronic probe (for Hoxb9) were designed using the Stellaris
Probe generator from LGC Biosearch technologies
(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer).
2.2.6.2 Probe synthesis
For smFISH the probe-set sequences were either bought from the Design Ready version offered
by Stellaris or were designed using the Stellaris probe designer tool. For probe labeling,
unlabeled probe sets carrying a C-term TEG-Amino tag, were purchased from Biosearch
Technologies and labelled as previously described (De Kumar et al., 2017). Probes (5 nmol)
were fluorescently labeled overnight in 0.1 M sodium tetraborate pH 9 at 4 °C. Labeling
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occurred with AlexaFluor-488, AlexaFluor-568 or AlexaFluor-647. Two units of amine reactive
succinimidyl ester Decapacks (ThermoFisher) were used for each reaction and following
quenching labeled probes were purified using Reverse-Phase HPLC. Probes were separated
using an Ettan LC (GE Healthcare) using a 4.6 × 250-mm, 5-μm, C18-EMS end-capped Kinetex
column (Phenomenex). Mobile phase A was 0.1 M ammonium acetate (EMD) pH7 and mobile
phase B was acetonitrile (Millipore). A linear gradient of 5% B to 100% (vol/vol) B was run over
the course of 20 min at 1 mL/min. Peaks were monitored at 280 nm for probe and at 488, 568 or
647 nm, depending on the dye. Dual positive peaks were collected by hand and concentrated by
spin vac. Samples were then resuspended in DEPC water to a final volume of 100µL.
Table 2-2 SmFISH probes labelled in-house and optimized to use on mouse embryo sections

Hoxb4

Hoxb4

Hoxb5

intron

Hoxb5

Hobbit

HoxBlinc

intron

Probes labelled

555

555

555

647

647

555

with

488

488

488

555

488

488

Atto488

594

Atto488

Atto488

594

647

594

594

fluorophores

* The highlighted probe sets are the ones that have been validated to work.
Hoxb1 probe was ordered pre-labelled with Quazi-570.
2.2.6.3 Optimized smFISH protocol
Day 1
1) For smFISH on the sectioned 9.5dpc mouse embryos (that have already been fixed with 4%
PFA overnight, and dehydrated with methanol series, and then cryo-sectioned).
55

a. The slides were allowed to thaw to room temperature by keeping them at room
temperature for ~10mins.
b. The samples were permeabilized with 10ug/ml concentration of proteinase K in PBS
(re-fixing not done as sample embryos were already fixed before they were
sectioned). I use slide holder containers to put sample slides on top of the solution; I
use the blue microscope slide mailers (Amazon, Catalog #B00X6L1NM4), as they
can hold up to 1ml of solution in slide holder spot. To prepare 10mL of
permeabilization solution, use 10mL of PBS and add 1µL of proteinase K solution.
[Other containers I have used, appear to distort the sections when I close the
containers]
During this step, I prepare working solution for wash buffer A. For making 10mL
solution, I use 7ml of nuclease free water, 2ml of concentrated wash buffer A, and 1ml of
formamide.
c. The slide was washed with buffer A for 5mins by replacing solution in the blue slide
mailer [The samples can be left longer in solution, but I have not crossed more then
15mins]
While samples are being washed, I prepare the hybridization buffer with probes. For
making 1ml of Hyb solution, take 900µL of hybridization buffer and 100µL of
formamide. Per sample slide I added about 100µL of Hyb with probes. I use a 1:100
dilution for probes; each probe is ~5nmol stock concentration dissolved in 100µL of
nuclease free water. Hence, in 100µL of Hyb I add 1µL of smFISH probe.
d. For each slide, I added 100µL Hyb solution with probes. I add solution in a droplet
manner over the sections, and then cover the slide with a coverslip. I then keep the
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slides in a wet chamber. First, I heat the slides at 65oC for 10mins, and then leave
them for an overnight incubation at 30oC (~16hrs).
Up to 3 different probes can be added to the Hyb solution (same volume added for each
probe and using the 1:100 dilution factor for each ~5nmol probe) and 4 colors can be
imaged simultaneously with DAPI being the fourth color). With embryo sections placed
alternatively on to slides, for the approximately the same axial level I can have smFISH
nascent transcript data for up to 6 probes. The major combinations I have tested on the
wildtype and all mutant embryos are:
Table 2-3 Probe-set combinations used on alternate mouse embryo sections
Combination 1

Combination 2

Probe 1

Hoxb1 – 570

Hobbit – 647

Probe 2

Hoxb4 – atto 488

HoxBlinc – 555

Probe 3

Hoxb9 – 647

Hoxb4 – atto 488

(gene probe combinations written out by genomic locations)
Day 2
1) The coverslips were carefully removed. If the slides appeared little dry, I soaked in wash
buffer A and then removed coverslip. After Hyb the embryos may start to look a little
distorted around the edges if they have been kept much longer than 16hrs and the slide is
drying.
2) DAPI was added to wash buffer A (1:5000 ratio), and slides kept on DAPI solution. After
keeping the slides with DAPI solution at room temp for 10mins, slides were moved to 4oC
for ~2-4 hours.
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3) Slides were washed with Buffer B, by keeping slides on solution at 4oC for 4 hours (I have
also washed it at room temperature for 15mins, but with some probes that cluster I prefer to
wash longer in 4oC as it appears to help the signal).
4) The slides were mounted with prolong gold by taking 5µL volumes and putting drops along
the center of the slide. Then the slides were covered with a 0.13-0.16mm long coverslip and
kept for drying at room temperature.
Samples were then kept at 4oC until imaging. Slides used to be good for imaging up to even a
year after mounting, but now the signal seems to fade away after 4 weeks. [I have replaced and
tested with all new solutions and fixing reagents, but cannot identify where this difference is
coming from]
2.2.6.4 Imaging with Nikon spinning disk
Tissue sections on the slides were imaged using the Nikon spinning disk using the Hamatsu
scMos camera. The images were captured using 60X wide angle oil objective. The sections to
image were identified by focusing with the 10X objective with a 1.45 NA. The images were
obtained at 100% laser power for far red 633, red 561, green 488, and DAPI 405 nm lasers. For
each channel the following filters were used: DAPI, ET455/50m, green, ET525/36m, red,
ET605/70m, and far red, ET700/75m. A job Tiler was used to make final capture of the images
and if tiles were taken, the image was stitched later in image J. The order of experiments was
Lambda (z-series), so each color was images in z before moving to next color. For obtaining a zstack through the tissue section, each slice imaged was 0.3µm apart and a range of 20 steps was
taken to be imaged. Images were obtained in the order of 633 (for the 647 probe), 561 (for the
555 probe), 488 (for the atto 488 probe), and 405 (for DAPI). On a slide the whole tissue section

58

was imaged, and for each slide a single row was imaged all the way across for each genotype of
embryo. All images were stitched using imageJ before further processing.
2.2.6.5 Deep learning (DL) processing on images
RNAFish spots were segmented using DeepFiji (Nuckolls et al., 2020). In brief, a small subset
of spots from different probes were annotated in Fiji and used to train a 2D Unet (Ronneberger et
al., 2015) model. This model was used to infer spot probabilities from full image sets. After
obtaining the results from DeepFiji, 3D image sets were thresholded, and 3D segmented in order
to apply a size filter, and then projected to 2D. Combinations of these projections were
examined to find cases where spots had overlap in multiple channels. Original spots and
overlapped spots were then reduced to a single pixel and blurred to provide heat maps. Spot
locations were also saved for future analysis. Relevant code for preparing image files for
DeepFiji, and the post-processing afterwards can be found at https://github.com/jouyun/smcmacros.
2.2.6.6 Distance measurement methods
Distances were measured between smFISH spots via Gaussian fitting with color correction
utilizing custom plugins written for the open source image processing program ImageJ. These
tools are available at https://research.stowers.org/imagejplugins. Color correction parameters
were determined by fitting tetraspeck beads (Thermo Fisher) to Gaussian functions and finding
the translation, rotation, and scaling parameters that minimize the distances between peaks in
different channels. Those same transformations were applied to smFISH images collected with
the same parameters. After color correction, images were pre-processed via Gaussian blurring
with a standard deviation of 1 pixel and rolling ball background subtraction with a ball radius of
15 pixels. Peaks were then found in the far-red channel (due to it’s low background) by a max
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not mask (spot finding Fiji plugin) approach. Briefly, the maximum voxel in the image is
repeatedly found and then a spheroid around that voxel is masked with zeros. For this analysis
the spheroid diameter was 20 pixels in xy and 6 slices in z. This procedure is repeated until no
other voxels are found with and intensity above 5% of the image maximum.
Once positions were found, they were refined by non-linear least squares 3D Gaussian fitting of
20 x 20 pixel stack of 6 slices surrounding the potential position in all 3 channels. Best fit peak
positions were constrained to be within two pixels distance in xy and 2 slices in z of the
maximum position found above. For each pair of probes, 2D histograms of spot amplitude vs.
spot distance were created (see Figure 4-16) and the area surrounding the main peak of this
histogram extending from distances of 0 to distances of 1 micron was gated and plotted in D
(Figure 4-16). Finally that histogram was fit to a one dimensional Gaussian, again by non-linear
least squares to obtain the peak position of the distance distribution.
2.2.6.7 Measurements post-DL on images
Images were processed using imageJ. Using max projection from the DAPI channel, the region
of interests (ROIs) were marked in each tissue section. ROIs for neural tube in forebrain,
midbrain, and hindbrain, brachial arches, and adjacent somites were outlined by hand in the
DAPI channel and saved. The saved ROIs were then used to obtain measurements from the
intensity plot images for each channel.
The intensity plot image files contain 7 channels, outlined below:
1 – Intensity of nascent spots in Channel 1
2 – Intensity of nascent spots in Channel 2
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3 – Intensity of nascent spots in Channel 3
4 – Intensity of the co-localized nascent spots in Channels 1 and 2
5 – Intensity of the co-localized nascent spots in Channels 2 and 3
6 – Intensity of the co-localized nascent spots in Channels 1 and 3
7 – Intensity of the co-localized nascent spots in Channels 1, 2, and 3
Measurements of min, max, and average intensity were obtained from the intensity plot files for
each ROI in the tissue section. For each tissue section, a background measurement was also
taken. This background average intensity was subtracted from the average intensity for each
channel for each ROI. The average background intensity was subtracted from the mean intensity
from each channel, and the background subtracted values of intensity were then plotted for
visualization of data. For each ROI, a Stowers filter table spatial ROI plugin was used to also
extract the exact count of nascent spots and their co-localizations from the DL processing’s excel
file output for every nascent spot over whole tissue.
2.2.6.8 Data Analysis on measurements made post DL
For graphical representation of data either the exact nascent counts or the relative intensity of
nascent spots (measurements of background subtracted mean), for specific ROIs over the whole
embryo for Hoxb1, Hoxb4, and Hoxb9 were plotted. The mouse embryo was divided into head,
mid, and tail sections, and R was used to plot graphs of for specific ROIs in wildtype (wt) and
RARE mutants (DE, B4U, and ENE) samples for each body segment.

61

2.2.6.8.1 Processing Head samples
For head samples, I averaged 5-7 sections which contained neural tube from the forebrain,
midbrain, and hindbrain regions. In graphs, the hindbrain regions become obvious as they have
expression of Hox genes, while in wildtype forebrain and midbrain there are no Hox nascent
transcripts. I also averaged 3-5 brachial arch samples from the head samples.
2.2.6.8.2 Processing Mid samples
For mid samples, I averaged 6-8 neural tube, adjacent somites, and developing gut. These
sections were imaged such that each consecutive section is a posterior region in the same
embryo. The size of the neural tube and adjacent somites decreases with posterior sections.
2.2.6.8.3 Processing Tail samples:
For tail sections, I averaged measurement values from neural tube and adjacent somite of 6-8 tail
sections. These sections were imaged such that each consecutive section is a posterior region in
the same embryo. This was done for each experimental condition – wildtype or RARE mutant.
2.2.6.8.4 Plots
There were several different plots that were for each coding and non-coding gene i.e. Hoxb1,
Hoxb4, Hoxb9, Hobbit, HoxBlinc, these include:
1) Comparisons for relative expression of these genes in wildtype and RARE mutants
2) Comparisons for relative expression of the co-localization of these genes in wildtype and
RARE mutants
3) Comparisons of the exact number of nascent spots for these genes in wildtype and RARE
mutants
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4) Comparisons of the exact number of co-localized nascent spots for these genes in wildtype
and RARE mutants
2.2.6.8.5 Cell counts for each ROI
In the neural tube, the cells are densely packed together which makes it very hard to automate
their counting. Conventional algorithms have a hard time separating out cells and even manually
it is difficult to go through each z-slice and count. To counter this problem. A sum projection file
was generated using the DAPI channel for each tissue section. A small region where there is a
lower density of cells was outlined, cells in that region were counted, and the integrated DAPI
intensity per nuclei for this region was made. A ratio of integrated DAPI intensity/cell was used
to roughly estimate the number of cells in the ROIs marked in each section. (Integrated DAPI
Intensity of each ROI divided by the ratio of Integrated DAPI intensity/cell, to equal the number
of cells present within the ROI).
2.2.6.9 Statistical analysis of data
The nascent transcripts datasets were assessed for normality, and it was observed that the
samples are bell-shaped. Hence, the non-parametric test Mann-Whitney (also called Wilcoxon
rank-sum) test was performed, and all RARE mutant samples were compared against wildtype
for each probe set. Stars over plots were used to denote significance.
2.2.6.10 Visual representation of images
There are different ways in which the data was presented for visualizations using Image J.
1) The original image of nascent spots for each channel was false colored and overlaid onto a
DAPI image of the section. This image was useful to get an estimate for how much
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background might be in the image and importantly against validating how accurately the DL
marked nascent spots.
2) Seeing the original image over the whole section was hard to see unless image was zoomed
in. So, over a section to see which region of the embryo contains more nascent spots, the
intensity plots were used with ROIs drawn from DAPI channel of the image to mark regions
over the embryo. These appeared like heatmaps of intensity plots over the whole tissue
sections.
3) To see nascent spots over the section, another way to visualize the spots was by overlaying
the marked nascent spots by DL over the DAPI image. Since the DL nascent spots are a
binary output (spot present or spot absent), these images were cleaner to see than the original
images.
4) To be able to see nascent spots detected over the whole tissue section without having to zoom
into image, the nascent spots localization file was used and a spot file made. This file could
be edited in image J, such that the sizes of the individual spots could be increased. Spot size
for each channel was increased consistently across all samples, and this file was overlaid
onto DAPI. To generate a spot file for this visual representation, Chris Wood’s python
program was used.
2.2.7 RNA seq sample processing
Bulk RNA isolation was done for different cut fragments of the embryo; the R4 region, the tail,
and trunk fragment. RNA quantification and quality control were performed using an Agilent
2100 Bioanalyzer. Library preparation was done using KAPA HTP kit using stock adapters by
Bioo Scientific Nextflex DNA barcodes. Samples were polyA-selected using TruSeq poly A
protocol for the cDNA preparation and library construction. Library quality was checked using
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an Agilent 2100 Bioanalyzer. Samples were divided into two pools of 20 libraries each and
loaded onto 6 lanes of an Illumina HiSeq flow cell to sequence 50 bp single reads for a total of
20-30X genomic coverage. The RNA sequenced reads were aligned to mm10 using Tophat 2.1.1
(Kim, Pertea, et al., 2013). Downstream analysis was performed in R 3.3.2 using EdgeR quasilikelihood pipeline 1.4.1 (Chen et al., 2016) for differential expression analysis with default
settings. Differentially expressed genes between samples were called with adjusted p < 0.05.
2.2.8 RACE (3’ and 5’) to determine Hobbit start and end site
Thermofisher kits (5’ RACE Catalog #18374-058 and 3’ RACE Catalog #18373-019) were used
to identify the 5’ end and 3’ end of the Hobbit lncRNA. After running gel in the final step, the
gel bands of sizes similar to previously estimated were extracted and purified. Blunt-end cloning
was done for the purified sample and several colonies for picked, mini-prepped, and sent for
sequencing. Sequencing results identified were used to determine the starting and ending regions.
The starting site was 177bp upstream and ending site was 46bp downstream of previous
estimate. Hence the new co-ordinates for Hobbit (KR231012 on UCSC genome browser) with
the mm10 genome assembly are ch11: 96,312,352-96,314,750.
2.2.9 Hobbit CRISPR experiments
2.2.9.1 Identification of guides
Initially to identify guides to target specific Hobbit regions, the Hobbit sequence was input into
the CRISPR.MIT.EDU (site has now been shut down). Guides were ordered based on their
targeting score and minimum number of off-target effect score.
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2.2.9.2 Deletions strategies
Many different deletion strategies were tried with different combinations of guide(s) and
reagents. Some deletions were targeted towards deletion of the whole 2.7kb Hobbit region, some
for deletion of first 1kb, some for the second 1kb, and some towards the last kb. Several different
combinations of the guides were used. The strategies that were tried include:
1) Single guide px330 plasmid which would also encode for the Cas9 protein and tracer. To
target a deletion, two or four of these constructs (two different guides to target same region)
were used together for either electroporation or microinjection.
2) Dual guide px330 plasmid which encode for 2 guides and also encode for the Cas9 protein
and tracer. One or two constructs were thus set up for use. Two constructs were used with a
similar idea of using multiple guides to target the same region.
3) Guides were ordered as oligos, and an in-vitro reaction mixture with the Cas9 protein and
tracer was set up before use.
None of the above strategies resulted in the expected deletion. One combination with px330
single guides resulted in a 15bp deletion, but those animals eventually struggled to breed, and the
line was eventually culled.
4) Final strategy employed to target inactivation of Hobbit lncRNA was to design guides
against the promoter and initial region of Hobbit. Guides were designed 250bp upstream and
250bp downstream of Hobbit start site. The purpose being to delete Hobbit promoter and
have no functional Hobbit since potential start site is also deleted. This resulted in a total of
~500bp Hobbit deletion. Guides and mixture were prepared by Genome engineering group.
Hobbit-KO line was generated with this strategy. We have 7 founders, 6 heterozygous
animals and 1 homozygous animal positive for deletion.
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2.2.9.3 Homology Directed Repair (HDR) strategies
The idea was to replace a portion of Hobbit such that Hobbit lncRNA becomes inactive, but the
spatial resolution of the genomic loci remains the same. For this a strategy to replace Hobbit with
a fluorescent protein was decided in hopes to inactivate Hobbit, preserve spatial resolution, and
also potentially track Hobbit’s early expression.
1) Initially a 3kb homology arm was made with eYFP from Christofs eYFP construct. The final
3kb construct contained a minimal promoter and a poly-A tail and was thus not used.
2) A new 3kb of homology arm was designed (guidance from Narendra) and a construct
containing that was made. Long 60-70bp PCR primers were ordered from IDT and three
different regions were amplified;
1) 1kb of Hobbit upstream region with overhang for puc19 vector and eGFP
2) eGFP sequence with overhangs for Hobbit 1kb upstream and Hobbit region 1kb
downstream 3) Hobbit region 1kb downstream (region after the 1kb that will be targeted for
replacement)
The 3kb arm was amplified by PCR and purified or an endoplasma free midi-prep was
performed on the construct and it linearized. Either of these were mixed in with the guides
and Cas9 protein mixture. The prepared solutions were then co-injected into single or twocell stage embryos. The PCR purified sample with guides mixture which was injected into a
2-cell stage embryo generated an eGFP positive mouse line. However, in addition to the line
being mosaic, it was eventually found that the whole 3kb homology arm had gotten inserted
into a different genomic location than the targeted Hobbit loci. The animals of this like
developed severe malocclusions, and the line was culled.
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3) A new strategy was employed that used multiple single stranded DNA (ssDNA) of 100bp
length to span the 3kb homology arm (made in #2 above). Two guides were used to target
Hobbit start site and 1kb downstream region. This strategy of using ssDNA and in-vitro
preparation of cas9 protein complex resulted in a positive eGFP replacement for Hobbit
region. These constructs were microinjected into 1-cell stage embryos.

2.2.10 Microinjections and electroporation’s of Hobbit CRISPR
Single and double cell microinjections were performed by Tim and Andrea in LASF core for the
Hobbit deletion with eGFP insertion line. Electroporations for Hobbit promoter plus start site
deletion were done by Michael and Tim in LASF done using NEPA21 electroporater as per
company recommendations.
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Chapter 3: Characterization of nascent Hoxb transcripts in wildtype embryos
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3.1 Background
Hox genes have to be expressed in correct spatio-temporal domains for proper embryonic
development. In order to understand how the Hox genes are regulated, I am looking at their
transcriptional dynamics. Specifically, I am looking at the newly synthesized or nascent RNAs
for the Hoxb genes in the neural tube of the 9.5dpc mouse embryo. Within the 9.5dpc embryo, I
can get an estimate of development time through the neural tube. The neural tube towards the tail
(caudal) side is less developed and at an early stage, while the neural tube towards the head
(rostral) side is more developed and at a late stage. The gradient of RA is also higher towards the
head and decreases going towards the tail side, while the sensitivity of Hox genes is higher for
anterior genes and decreases for posterior genes.
A)

B)

Anterior

Anterior

Posterior

Dorsal
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Posterior

Ventral
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Developmental time

Figure 3-1 Tracking Hoxb gene expression in the neural tube along the embryonic axis
Panel (A) shows mouse embryo with gross trends of RA and FGF. Panel (B) shows schematic of transverse section
through the neural tube along the embryonic axis with general trends of expression for the Hoxb genes. Darker blue
represents higher expression levels. As development proceeds the anterior neural tube which is made earlier in
development is more advanced than the neural tube at the posterior tail of the embryo(Adapted from Krumlauf,
2016). Panel B reprinted with permission from Elsevier. Chapter Thirty-Four Hox Genes and the Hindbrain A Study
in Segments. Curr Top Dev Biol, 116, 581-596. https://doi.org/10.1016/bs.ctdb.2015.12.011.

3.2 Hoxb cluster is an ideal genomic locus to study transcriptional regulation
I am studying the Hoxb genomic locus to understand the regulatory interplay between enhancer
elements and non-coding RNAs. I want to decipher how these cis-regulatory elements potentially
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ensure spatio-temporal timing for the transcription of coding Hoxb genes. The Hoxb cluster is a
prime locus to address such a question because interspersed within its coding genes are RARE
(Retinoic Acid Response Elements) or enhancers and long non-coding RNAs (lncRNAs). Figure
3-2 (A) shows a schematic of the Hoxb cluster. Of particular interest is the intergenic region
between Hoxb4 and Hoxb5. Between these two coding genes, lie two important lncRNAs – the
novel Hobbit and previously studied HoxBlinc (Deng et al., 2016). Also, in this cluster, as Figure
3-2 panel B) shows, are present three RAREs of interest- DE, B4U, and ENE. It isn’t clear
exactly, if the lncRNAs, Hobbit and HoxBlinc have direct inputs into regulating Hoxb genes or if
they do this under the control of the RAREs. Hence, the Hoxb cluster, which contains along with
coding genes both RAREs and non-coding RNAs, is a primed genomic locus to understand the
regulatory interplay that dictates transcription of Hoxb genes.
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Figure 3-2 Schematic of Hoxb genomic locus
Panel (A) shows a complete Hoxb genomic locus from the mm10 genome assembly ucsc.genomebrowser.edu. The
inset (panel B) shows the intergenic region between Hoxb4 and Hoxb5, depicting the long non-coding RNAs and
enhancer elements (RAREs) that are present in the middle of the cluster.

3.3 Single molecule Fluorescent in situ hybridization optimized for in vivo detection of
newly synthesized RNA molecules of coding and non-coding Hoxb transcripts
To understand the coordinated transcription of Hox genes, the single molecule FISH (smFISH)
technique was optimized to use for mouse embryonic sections. This optimized technique allows
for taking snapshots in developmental time through the neural tube across the whole embryo.
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The smFISH (Figure 3-3) was performed on fixed cryo-sections of 9.5dpc wild type F1 mice (inhouse hybrid between CBA/Ca/J x C57BL/10 background). While data for expression of newly
synthesized or nascent transcripts over the whole section is obtained because the whole section
was probed and imaged, the primary focus of this study is on the developing neural tube through
the whole embryo. The developing neural tube is a precursor to the future central nervous
system, the brain and spinal cord. While the main focus is the neural tube, in order to draw some
comparisons, in instances some other regions, e.g., the adjacent somite, from various sections of
the embryo have also been processed.
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Figure 3-3 smFISH on fixed mouse embryo cryo-sections
Panel (A) shows the Hoxb locus with probes that were used along the cluster. Panel (B) shows a schematic for the
single molecule fluorescent in situ hybridization protocol that was optimized from (Raj & Tyagi, 2010) to detect
nascent transcripts in mouse embryo cryo-sections.

Probes were designed against the ends and middle of the Hoxb cluster, and up to 3 probes can be
imaged simultaneously. The probe sets used were either a mix of intron and exon or intron-only
and ranged from 22-26 bp in length (Figure 3-3 A). To observe more than 3 genes within the
same relative embryo region, alternate cryo-sections of the embryo were probed to get datasets
for up to 6 genes across a single embryo. Figure 3-4 shows one z-slice image through an
alternate section of the tail; A) shows DAPI, B) show segments of the neural tube with nascent
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transcripts for Hoxb1, Hoxb4, and Hoxb9 in panel C). Zoomed insets to see nascent transcripts
are shown in D).
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Figure 3-4 Visualizing nascent transcripts in mouse embryo sections
Panel (A) shows image of a tail section, (B) is the zoomed image of the neural tube to show (C) nascent transcripts
detected for Hoxb1, Hoxb4, and Hoxb9 over whole neural tube in the section. (D) Shows zoomed in region over the
neural tube to see nascent transcripts detected at the single cell level. Scale bar - 10microns.

To quantify data in a high throughput and unbiased manner, a Deep learning (DL) algorithm was
applied to the probed tissue section images (Figure 3-5). The algorithm was trained on a few
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images with a specific probe, and the trained algorithm was able to then be used on all probes
across different tissues for both wildtype and mutant embryos.

Figure 3-5 Depiction of how Deep learning algorithm detects nascent transcripts
Schematic showing how Nascent spots from raw image files are marked in an unbiased and high throughput manner
using Deep Learning. The most right panel shows an overlay of the spots detected by DL over the raw image.
Mostly white spots indicate the effectivenss of the DL algorithm being able to detect the nascent spots. DL neural
network image adapted from Nosratabadi et al., 2020.

Max projections for each z-slice of the image was run through the DL algorithm to detect and
mark spots. The intron probes usually have very little background, and the marked spots look
almost like the binary DL output spots (Hoxb9). The exon plus intron mixed probe of Hoxb4,
while marking nascent transcripts, also marks the single transcripts present in the nucleus.
Hence, the nuclei outline in the Hoxb4 images is seen due to cytoplasmic signal. The single
transcripts, however, are difficult to quantify because it is very hard to distinguish between
autofluorescence, unlabeled probes, and actual single transcripts. In theory they can be spectrally
isolated, but it would still be hard to distinguish between bound and unbound probe, and along
with that it would significantly slow down imaging and the high-throughput pipeline of smFISH.
Hence, analysis was restricted solely to nascent transcripts quantified by DL in the nuclei of
cells. A visual readout for the DL processed image compared to max projections of the raw
images through the neural tube are shown in Figure 3-6. The figure shows neural tube segments
from the tail sections (same tissue section as in Figure 3-4) with zoomed inset to see nascent
transcripts in individual cells.
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Figure 3-6 Max projections to visualize nascent transcripts
A) Max projections to visualize nascent transcripts are shown for raw image files with zoomed in insets at the
bottom. B) Shows the corresponding DL processed image with zommed in insets to show the detected spots.
Scale bar - 10microns.

In figure 3-6 and 3-7, panels (A) show the max projection of raw images while panels (B) show
the same neural tube segment but with the DL markings of nascent transcripts over the whole
region. Figure 3-7 is the same Figure as 3-6, with the difference being that 3-7 is images shown
in grayscale.
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Figure 3-7 Max projections to visualize nascent transcripts in grayscale
Visualization in grayscale for the same image as Figure 3-6. Scale bar - 10microns.

The DL output, for each image processed, consists of a file with spots marked, a file with all coordinates/locations for the spots identified on the image, and the intensity plots for which regions
have high or low density of nascent transcript spots. The density plots are a sort of heatmap over
the image and they allow for quickly being able to identify regions of high or low numbers of
nascent transcripts over the whole processed section. For example, in the tail section of the
embryo, Hoxb9 and Hoxb4 would be expected to have higher expression in the tail than Hoxb1,
and that can quickly be seen in the heatmaps. Just by looking at spots over DAPI, it is hard to get
an estimate of regions where there are cells having more nascent transcripts. However, through
the density heatmaps, regions of dense nascent transcript expression can quickly be gauged.
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Figure 3-8 show two different LUT’s (pseudo color image Look Up Tables) for visualization of
Hoxb1, Hoxb4, and Hoxb9 transcripts. Panel A) shows grayscale while panel B) shows “fire”
LUT with high density of nascent transcripts depicted in yellow to red while low density of
nascent transcripts depicted in blue.

Hoxb1

Hoxb4

Hoxb9

A)

B
)

Figure 3-8 Heatmaps of nascent transcript intensity
DL output of intensity heatmaps for Hoxb1, Hoxb4, and Hoxb9 (grayscale LUT on top) and the corresponding fire
LUT (bottom) for better visualization of regions with high number of nascent transcripts. Scale bar - 20microns.

In addition to heatmaps over the embryo, through DL processing the exact spot locations of
nascent transcripts over the embryo can be obtained. This allows for extraction of the exact
number of nascent transcripts for any user defined regions of interest (ROIs). Then, either the
exact number or the relative densities of nascent transcripts can be used to plot graphs for
A)
expression of nascent transcripts over the whole embryo. Figure 3-9 shows graphs with
expression profiles for coding Hoxb transcripts. Both panel A) with relative densities of nascent
transcripts and panel B) with exact count of nascent transcripts can be used to visualize the
trends of expression for nascent Hoxb gene transcripts.
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B)

Figure 3-9 Graphs of Hoxb nascent transcripts
Graph in (A) shows relative densities for ROI's marked over the heatmap intensity plots, while graph in (B) is the
corresponding ROIs showing exact nascent transcript counts from spots marked by DL (n=1 tail section).

3.4 Transcription of Hoxb genes is primarily independently regulated
The graph of exact number nascent transcripts for Hoxb genes through the neural tube in the tail
segment that were plotted (Figure 3-9, B), depict the total number of transcripts for each gene
along with a breakdown of the total, the single and co-localized transcripts. The graphs show that
levels of individual Hoxb transcripts (the singles i.e., Hoxb1, Hoxb4, and Hoxb9) are much
higher than the co-localized Hoxb transcripts (the doubles i.e., b1-b9, b1-b4, b4-b9, and the triple
b1-b4-b9). Co-localized transcripts means that the two genes are being transcribed at the same
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time. Hence, evidence of co-localized nascent transcripts is indicative of instances where there is
some common regulatory control that is in play to turn on multiple Hoxb genes at the same time.
For the Hoxb cluster, it appears that while there is some common regulatory mechanism to turn
some genes on simultaneously, the individual Hoxb genes are primarily turned on one at a time.
This is because a much higher proportion of single transcripts compared to co-localized
transcripts is observed. In terms of co-localized transcripts, there are more co-localized
transcripts for Hoxb4 and Hoxb9 in the tail. This could be explained by either that Hoxb4 and
Hoxb9 are posterior genes and must be activated in the posterior/tail segment of the developing
embryo and are responding to the same stimuli. Or it could be that the highest number of colocalizations for these transcripts is because Hoxb4 and Hoxb9 have a greater number of nascent
transcripts to begin with in the tail. Hence, the probability of them being co-localized is higher.
Furthermore, the expression of Hoxb9 is the highest in the tail, and it is possible that Hoxb9 by
some mechanism dictates expression of anterior genes in the tail similar to Hoxc9 (Dasen &
Jessell, 2009). The observed probabilities of co-localization of two or more Hoxb transcripts
were also compared to the random chance of transcripts getting co-localized in a confined space
(equivalent to the neural tube defined region). The observed probability of co-localization is less
than the probability of random chance of co-localization for the transcripts (Figure 3-10). The
question then arises, if the observed probability being lower than random probability, is
indicative of the fact that there are actually regulatory mechanisms that are actively repressing
two Hoxb genes from being co-expressed together. Furthermore, the fact that there are more
single transcripts for each Hoxb gene, that do not co-localize with any other Hoxb transcript,
shows that the ends and center of the Hoxb cluster primarily have independent regulatory
mechanisms that define their transcription.
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Figure 3-10 Probabilities of co-localization of Hoxb nascent transcripts
Graph in (A) shows the probability of random chance of two or three Hoxb nascent transcripts getting colocalized.
Graph in (B) shows the probabilities of observed colocalization (n=10-14 tail sections from single embryo).

3.5 Independent regulation of Hoxb genes is true at multiple axial levels in the embryo
The neural tube in the tail of the embryo shows that the expression profile of single nascent
transcripts is higher than the co-localized transcripts. Figure 3-11 shows the trends of nascent
transcripts, but in addition the image also depicts cell insets (Figure 3-11, D) that have single
transcripts, double co-localizations, or triple co-localization of all three Hoxb genes for the same
tail section as in Figure 3-8. As the tail has a very high expression of nascent transcripts for the
Hoxb genes, Figure 3-11 shows a single z-slice through a 10micron tail section with transcripts
overlaid on to the DAPI channel to visualize nascent transcripts over nuclei. However, the graphs
(Figure 3-11, C) are the total number of nascent transcripts for the whole z-stack through the
neural tube.
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Figure 3-11 Nascent transcript profiles over neural tube of the tail
Panel (A) shows which plane of section from the tail the image is from. In (B) the zoomed transverse section is
highlighting the corresponding insets of individual cells (in D) to show cells expressing the nascent transcripts. Total
number of nascent transcripts in the neural tube were used to plot graphs of expression for single, double, and triple
transcripts (shown in C, n=1 tail section). Scale bar - 10microns.

To observe if trends of Hoxb gene expression were similar or different along the axial levels of
the embryo, anterior neural tube of the embryo was also imaged and analyzed. A similar
visualization (to Figure 3-11) for the expression profile of Hoxb genes in the neural tube of
anterior body section of the embryo is shown in Figure 3-12. In this region also, all three coding
Hoxb transcripts are expressed, and hence their trends of single expression or of co-localized
transcripts can be observed. In this anterior neural tube, the level of single transcripts for each
Hoxb gene again is much higher than the co-localized transcripts. This indicates that the even at
this anterior axial level, the Hoxb genes are largely independently turned on or transcriptionally
activated. Further, in this anterior segment of the neural tube, the expression of Hoxb4 is the
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highest. The number of transcripts co-localized the most are those of Hoxb1 and Hoxb4 followed
by those of Hoxb4 and Hoxb9. The reason Hoxb4 is more co-localized with the other two genes
could either be because it has the highest number of transcripts or it could be that genes in this
mid-section of the body are responding to similar regulatory control as Hoxb4. A point to note is
that the triple co-localizations of Hoxb1, b4, and b9 always appear to be much lower than single
or any other double co-localizations at anterior body or tail neural tube sections. This would
indicate that genes in the cluster are differentially regulated and have distinct regulatory
mechanisms towards activating transcription which ensures that all Hoxb genes do not get turned
on at the same time.

Figure 3-12 Nascent transcript profiles over neural tube of the body section
Panel (A) shows which plane of section the transverse section (B) was imaged. Total number of nascent transcripts
in the neural tube were used to plot graphs of expression for single, double, and triple transcripts (C, n=1 tail
section). Corresponding insets of cells to show cells expressing the nascent transcripts are also shown (D). Scale bar
- 10microns.
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3.6 Trends of nascent Hoxb transcripts can recapture known patterns of processed Hoxb
transcripts along the embryonic axis
For wildtype embryos, the whole embryo was imaged and neural tube along the whole
embryonic axis was DL processed and analyzed. The relative densities of nascent transcripts in
the neural tube along the embryo were plotted (Figure 3-11). It was observed that the expression
pattern of nascent transcripts for each coding Hoxb gene corroborated with the known expression
patterns of processed transcripts of these genes through in situs analysis with DIG labelled
probes (Medina-Martinez & Ramirez-Solis, 2003; Sharpe et al., 1998; Trainor & Krumlauf,
2000). There are no nascent transcripts observed for Hoxb4 and Hoxb9 in the head region, while
at specific segments of the head Hoxb1 nascent transcripts can be detected. This is potentially
rhombomere 4 or r4 (segment of the developing hindbrain), which expresses Hoxb1 like a stripe
at r4 during this 9.5dpc developmental stage. Going posteriorly in the embryo, in the mid body
sections, initially the nascent transcripts of Hoxb4 begin to be detected, followed by Hoxb9 and
Hoxb1. In mid sections, expression of Hoxb4 is typically the highest. In the tail sections, all three
coding genes are actively transcribed with expression for Hoxb9 being the highest. In the presomatic mesoderm (or edge of the tail), Hoxb1 is also highly expressed, and similar observations
were made for nascent transcript levels being high for Hoxb1 in the tail. In Figure 3-13, panel A)
shows a schematic of the mouse embryo with dotted lines to illustrate roughly the segment of the
embryo from which the plotted data in panel B) is coming from. The optimized smFISH
technique can capture nascent transcripts of Hoxb genes in embryonic sections, but also
correlates well with what is known in the literature about the expression patterns of processed
Hoxb transcripts.
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Figure 3-13 Expression of Hoxb genes in neural tube over whole embryo
Panel (A) shows sections through the whole embryo to depict changes in relative levels of nascent transcripts in the
neural tube along the whole embryonic axis. The graphs (B) are plotted for relative intensity of nascent transcripts
from neural tube ROI for the corresponding plane of section (for each graph n=1 tissue section, and all sections are
from a single embryo).

3.6.1 Single cell resolution with smFISH can detect dorsal-ventral expression differences
In specific mid body sections near the tail, Hoxb1 expression appears to be higher in the dorsal
side of the embryo. Hoxb4 expression appears to be the same dorsally and ventrally. While
Hoxb9 expression is highest among others ventrally, its expression is slightly higher in the dorsal
side of the neural tube (Figure 3-14, panel B).
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Figure 3-14 Dorsal-ventral expression difference for Hoxb genes
Panel (A) shows schematic of transverse section through the neural tube to indicate dorsal and ventral sides. The
graphs in (B) show relative intensity of nascent transcripts for Hoxb1, b4, b9 in the dorsal and ventral sides of the
neural tube (n=1 tissue section from single embryo, ventral and dorsal ROIs marked on the same section by drawing
line through approximately half the neural tube).
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In the developing neural tube sensory neurons and motor neurons project from dorsal and ventral
sides, respectively. Different activation of Hoxb genes could be indicative of the distinct dorsalventral identities that Hoxb genes confer to the developing neural tube.
3.6.2 Sum DAPI intensity can be used to estimate cell counts for regions of interest
Going anteriorly to posteriorly along the axis of the embryo, the number of cells within the
neural tube change because the neural tube is at different stages of development. For this reason,
when looking across the whole embryo, the relative intensities of nascent transcripts for each
region are depicted, knowing that expression high or low indicates high or low number of cells
that are actively expressing nascent transcripts. This assumption is possible because for the most
part, each cell in the datasets typically expresses one nascent transcript.
However, to compare expression of nascent transcripts in similar regions across different
embryos, there is a need to account for cell numbers within the marked ROI’s. Best possible way
would be to have a method to outline cells. However, counting cells especially densely packed
cells as is the case in the neural tube is particularly challenging. Regular cell segmentation or
deep learning algorithms don’t work to effectively outline packed cells. The best cell
segmentation method that recently came out – StarDist (Schmidt et al., 2018), is also not able to
segment our cells from the neural tube. In some regions of the tissue StarDist algorithm was able
to separate some cells, but in most regions it is clumping 2 or more cells together or separating
bright regions within cells as a single cells (Figure 3-15). I have used the pre-trained model of
the plugin, so maybe re-training after manual cell marking on our specific needs might give us a
better output.

85

DAPI

B) Cell outlines

mid section 5

A)

D)

Tail section 8

C)

Figure 3-15 StarDist analysis using fiji on wildtype body and tails sections
Panel (A & C) shows DAPI images from body and tail sections (n=1 for each segment) on which StarDist plugin
was used to try to outline cells. In the body section where cells are larger the plug does better (B). However, it fails
to detect most cells from the neural tube. In the tail (D) where cells are smaller, it does poorly; it clumps multiple
cells, marks bright regions within cells as individual cells, and cannot detect of the densely packed neural tube cells.
Scale bar – 20microns.

Ideally, use of a nuclear laminin or a cell membrane marker could help outline the cells, and
algorithms can be used to detect the outline and count cells. However, to maintain a high
throughput imaging and DL pipeline, spectral unmixing is avoided and the maximum four
fluorophores, are simultaneously imaged for smFISH probes and DAPI for each section. To
circumvent the issue of not having labelled or outlined cells, a sum projection of the DAPI
channel that labels nuclei is taken, and it is used to get an approximation of the number of cells
present in a specific ROI. Figure 3-16 shows how a ratio of Integrated DAPI intensity/cell count
is estimated (1) and how the ratio is divided by the Integrated Density for a specific ROI to
estimate the cell count within that ROI. Manual checking of this method was done several times,
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and the estimation by this method (Figure 3-16) is similar to the manual counting of cells within
a region.

Figure 3-16 Counting of cells for each ROIs
Panel (1 & 2) shows steps for how cell counts for each section are estimated. Section in figure is from mid section 5.
A ratio of Integrated DAPI Density/cell count is calculated (1). This ratio value is used to calculate the number of
cells in the ROI for each section (2). Scale bar - 20microns.

3.7 Non-coding RNAs within the Hoxb cluster are also differentially regulated like the
coding transcripts
Similar to coding Hoxb genes, the expression profiles of Hobbit and HoxBlinc present within the
cluster were also tracked in the tail of the 9.5dpc embryos (Figure 3-17). Where possible,
alternate sections from the embryo were taken to probe with the non-coding probes in order to
compare averages of expression for the tail region. Figure 3-17 shows non-coding RNA
expression compared to coding Hoxb genes. Typically, in the tail, the level of nascent transcripts
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for Hobbit are higher than all the other transcripts (Figure 3-17, panel B). In terms of colocalizations, Hobbit and HoxBlinc have very different levels of co-localization with the coding
Hoxb4 transcripts (Figure 3-17, panel C). Even though directly adjacent and could potentially be
under the same regulatory control, HoxBlinc has lower levels of colocalization with Hoxb4
compared to Hobbit. In the genome, the order from 5’ to 3’ end is Hobbit, HoxBlinc, and then
Hoxb4. Hence, while Hobbit and HoxBlinc and HoxBlinc and Hoxb4 are adjacent to each other,
the expression profiles of these non-coding RNAs indicates that these lncRNAs are not products
of run-through transcription which would sequentially activate them. Instead, these lncRNAs are
dynamically turning on or off with respect of Hoxb4 and are potentially under differential
regulatory control.
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Figure 3-17 Wildtype expression profile for exact nascent counts in neural tube of the tail
Boxplots for average wildtype levels of nascent transcripts are depicted. Panel (A) shows images that have been
processed with spot fitting on python to increase size of DL processed nascent spots. The graphs show exact nascent
counts for single transcripts (B) and the double and triple co-localization of transcripts (C). Box plots show average
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values and the box spans first to third quartiles with whiskers that extend from the smallest to largest values, n=9 -12
tail sections from one or two embryos in case of non-coding RNAs. Statistical significance calculated using nonparametric Wilcoxon rank-sum test. Scale bar - 10microns.

3.8 Trends of expression for Hoxb transcripts in the adjacent somites are similar to trends
in the neural tube
Adjacent to the neural tube are mesodermal structures called somites. The expression of coding
and non-coding Hoxb transcripts for the adjacent somites were also quantified. On average for
the tail sections, the levels of transcripts are almost half as that in the neural tube. However, the
trends of expression and co-localizations are very similar to the neural tube (Figure 3-18, A-B).
This suggests signaling patterns or regulatory mechanisms that dictate transcription of Hoxb
genes are very similar in these near adjacent tissues along the embryonic axis.
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Figure 3-18 Wildtype expression profile for exact nascent counts in adjacent somites of the tail
Boxplots show average wildtype levels of nascent transcripts in the adjacent somites. The plots show exact nascent
counts for single transcripts (A) and the double and triple co-localization of transcripts (B). Box plots show average
values and the box spans first to third quartiles with whiskers that extend from the smallest to largest values, n=7-9
tissue sections for up to 2 adjacent somites marked for each section. Statistical significance calculated using nonparametric Wilcoxon rank-sum test.
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3.9 Each Hoxb gene has its own pattern of expression in different tissues along the
embryonic axis
For wildtype embryos, a thorough analysis of Hoxb nascent transcripts along the whole
embryonic axis was done (Figure 3-19, A & C). Several ROIs were marked, and the nascent
transcripts in each were measured. In the head, the neural tube of the forebrain and roughly the
hindbrain region were measured along with brachial arches (Figure 3-19, B). In the mid body
sections, the neural tube, adjacent somites, and gut ROIs were measured (Figure 3-19, C). The
boxplots of nascent transcripts averaged for each ROI show different trends of expression in the
different tissues (B & D). These boxplots are averages for each section, and depict the trends
observed when comparing transcripts along axial plane for the whole embryo in Figure 3-13.
Each Hoxb gene has its own pattern of expression along the embryonic axis, while there are
instances of similar expression profiles observed in some ROIs.
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Figure 3-19 Wildtype expression profile in regions from the head and body sections
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Hoxb1 Hoxb4 Hoxb9

The boxplots show the relative density of nascent transcripts in the different tissues from regions of the head and
mid sections (A & C). In the head, neural tube regions have been divided into forebrain and roughly location of the
hindbrain and along with brachial arches the average nascent transcripts are plotted (B). From the body sections, the
neural tube, adjacent somites, and gut regions were analyzed and plotted (D). Box plots show average values and the
box spans first to third quartiles with whiskers that extend from the smallest to largest values, n=3-9 tissue sections
averaged for each corresponding region. Statistical significance calculated using non-parametric Wilcoxon rank-sum
test.

3.10 Levels of Hoxb nascent transcripts correlate with levels of processed transcripts
With smFISH snapshots in time for the number of nascent transcripts for Hoxb genes that are
being made has been captured. In an attempt to better understand the transcriptional rate of Hoxb
transcripts, these nascent transcripts levels can be correlated with the mRNA levels of
transcripts. To achieve this, bulk RNA seq analysis of wildtype 9.5dpc embryos was performed.
Three distinct regions through the embryo were sequenced; the r4 region where Hoxb expression
is present in a stripe (crude cut of region below the otic vesicle and above the brachial arches),
the trunk region (crude cut of embryo from somite 1 to roughly 10/11), and the tail region (crude
cut at 4 somites level above pre-somatic mesoderm). Bulk RNA was extracted from these
regions and sequenced. The reads were processed and further analyzed.
Figure 3-20 shows the expression of coding Hoxb genes and the non-coding RNAs that were
observed with the RNA-seq analysis. It was observed that the trends of mRNA expression for the
coding genes do corelate with their relative intensity of nascent transcription. In the r4 sample,
expression of only Hoxb1 is observed, while in trunk and tail sections there are higher levels of
posterior Hoxb4 and Hoxb9. Hoxb1 levels increase in expression again in the tail. The number of
nascent transcripts for non-coding RNAs Hobbit and HoxBlinc while comparable to those of
coding genes by smFISH analysis, appear to have much lower levels of expression with the bulk
RNAseq. This discrepancy between nascent transcripts by smFISH and bulk RNA levels by
RNA-seq potentially indicates a higher turnover of these non-coding RNA transcripts - their
transcriptional activation and RNA degradation.
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One important caveat in this comparison is that RNAseq is bulk with tissues including the neural
tube and its adjacent mesodermal structures, while the smFISH is focused on specific regions
such as the neural tube. These differences in non-coding RNAs could hence either be that 1) they
have a high turnover, so at any given time their expression through RNA seq will be low and
their nascent levels are comparable to coding genes. Or 2) they are expressed highly in specific
tissues (such as neural tube), but not expressed or very lowly expressed in other tissues. This
could result in the average expression being very low when comparing bulk data.
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Figure 3-20 Graphs of average RPKM values of Hoxb transcripts
The graphs show the average RPKM values of coding and non-coding Hoxb transcripts in three different regions of
the embryo; the R4 (hindbrain), the trunk, and the tail (n=3 replicates, each replicate a separate single embryo).

3.11 Differential gene expression in wildtype mouse embryos in response to RA induction
We can induce embryos with RA, by giving RA gavage to pregnant females, to track how Hox
gene expression changes in response to increased levels of RA.
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3.11.1 RA induction has different effect on nascent transcripts of adjacent Hoxb genes
As the three RARE of interest are located within Hoxb4-b5 intergenic region or flanking Hoxb4,
I focused on looking at transcript levels for coding Hoxb4, Hoxb5 along with non-coding RNA
Hobbit by smFISH. While the number of coding Hoxb5 nascent transcripts increases in response
to RA induction, there isn’t much difference in the density of nascent transcripts for Hoxb4.
What is striking to see is that the nascent intensity of Hobbit lncRNA significantly reduces in this
section of the neural tube in response to RA induction. This change in Hobbit is intriguing
because we have previously seen (De Kumar et al., 2015) that Hobbit expression increases in
response to RA, similar to coding Hoxb coding genes during RA differentiation of ES cells.
Also, that Hobbit nascent transcripts typically increase in the RARE mutants. Hence, this
decrease with RA gavage points towards complex activation and repression of Hobbit, maybe in
an axial level specific manner, that is mediated through RA signaling.

Figure 3-21 Relative expression of transcripts in wildtype and RA induced embryos
Graphs show expression of nascent transcripts for genes in the middle of the Hoxb cluster for wildtype uninduced
(A) and RA induced samples (B). The graphs of relative density of nascent transcripts are plotted for the coding
Hoxb4 and Hoxb5, along with non-coding Hobbit.

3.11.2 RA induction does not appear to effect levels of processed transcripts
To better understand transcriptional dynamics in response to RA induction, the r4, trunk, and tail
tissue samples were also analyzed by RNA sequencing. While the nascent transcript numbers of
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Hox coding genes changed in response to RA, there was mostly no significant difference in the
mRNA levels of the coding genes upon induction. While many genes remain same between the
uninduced and RA induced conditions, there are some genes differentially expressed between
wildtype and RA induced samples. They are depicted by tissue sections below.
In the r4 region of the embryo (Figure 3-22), genes that are upregulated for Hoxb cluster include
Hoxb4 and Hoxb5, and an RA receptor RARb. There is also an upregulation of non-coding RNAs
such as Hotairm1 and Halr which are present in different Hox clusters.
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Figure 3-22 Differential gene expression in r4 region
Panel (A) shows a heatmap of differentially expressed (DE) genes in the R4 region between RA induced and
wildtype embryos (n=2-3 replicates, each replicate a single embryo). A corresponding MA plot (B) is shown to
depict relative levels of genes that change relative to the ones that stay the same. Red circles indicate genes that are
differentially upregulated while green circles indicate genes differentially downregulated. Differentially expressed
genes were calculate through edgeR analysis, and having a Log2 fold change along with p-value < 0.05.

In the trunk region of the embryo (Figure 3-23), there are only five differentially expressed
genes. There appear to be no Hox genes that are differentially expressed in response to RA
induction in this region.
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Figure 3-23 Differential gene expression in trunk region
Panel (A) shows a heatmap of differentially expressed (DE) genes in the Trunk region between RA induced and
wildtype embryos (n=3 replicates, each replicate a single embryo). A corresponding MA plot (B) is shown to depict
relative levels of genes that change relative to the ones that stay the same. Red circles indicate genes that are
differentially upregulated while green circles indicate genes differentially downregulated. Differentially expressed
genes were calculate through edgeR analysis, and having a Log2 fold change along with p-value < 0.05.

In tail region of the embryo (Figure 3-24), there is again like the trunk no significant differential
expression of the coding Hoxb genes. But similar to the r4 region, there is an upregulation of
Cdx1 and RARb in the RA induced samples.
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Figure 3-24 Differential gene expression in tail region
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Panel (A) shows a heatmap of differentially expressed (DE) genes in the Tail region between RA induced and
wildtype embryos (n=3 replicates, each replicate a single embryo). A corresponding MA plot (B) is shown to depict
relative levels of genes that change relative to the ones that stay the same. Red circles indicate genes that are
differentially upregulated while green circles indicate genes differentially downregulated. Differentially expressed
genes were calculate through edgeR analysis, and having a Log2 fold change along with p-value < 0.05.

A Venn diagram was made to compare genes that are changing across the whole embryo in
response to RA. The major changes as previously shown are in the R4 region. There are 2 genes
(Cdx1 and RARb) that are commonly differentially expressed for r4 and tail regions, while all
differentially expressed genes differ slightly for each region.
DE expressed genes in wildtype RA
induced vs uninduced samples

Figure 3-25 Venn diagram for differentially expressed genes
Venn diagram made from differentially expressed genes for each region – r4, trunk, and tail. Then these genes were
compared in each region to see which genes are similarly having altered expression in these regions in response to
RA induction.

Overall, there isn’t much difference observed with RA induction in these tissue segments. This
indicates that there are either redundant mechanism that ensure mRNA levels of coding Hox
genes remains same despite changes in transcriptional bursting (evidenced by increased nascent
transcripts), or that bulk RNA seq which includes tissue adjacent to neural tube is not able to
detect subtle changes occurring at the mRNA levels for coding Hox genes in the neural tube.
3.12 Discussion
In this chapter, I demonstrated that smFISH technique can be optimized to detect nascent
transcripts for Hoxb genes in vivo in the developing neural tube of an embryo. To analyze
nascent transcripts in an unbiased and high throughput manner, a DL approach was applied to
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count nascent transcripts over the whole tissue sections. As a result, expression levels of Hoxb
nascent transcripts in wildtype embryos was established. The main focus was on the neural tube
of the developing embryo. It was observed that with smFISH expression of nascent transcripts
along the axial levels in the embryo correlated with known expression profiles of processed
transcripts for coding Hoxb genes.
Further, with the single cell resolution obtained with smFISH, some dorsal-ventral expression
patterns in the neural were also detected in specific mid body sections. Detailed analysis for
coding Hoxb nascent transcripts revealed that each gene in the cluster appears to be
independently regulated and under different regulatory control, evidenced by a significantly
reduced number of co-localized transcripts compared to single transcripts. These trends of
expression for coding genes in the neural tube also appear to be true in the adjacent somites,
suggesting that loop conformations or enhancer-promoter interactions are similar in both tissues.
The non-coding RNAs within the cluster are also differentially expressed in the neural tube, and
similar to coding Hoxb genes also have distinct expression profiles along the embryonic axis.
To get an idea of transcriptional dynamics within the cluster, bulk RNA-seq was also performed
for three regions in the embryo – the r4, trunk, and tail. The levels of nascent transcripts in these
regions for the coding genes correlated well with levels of processed transcripts through RNAseq. However, while the levels of nascent non-coding RNA transcripts were comparable to
coding genes in smFISH analysis, their levels of expression in bulk RNA-seq are much lower in
comparison to coding genes. These indicate that there are different rates of transcription and/or
turnover of transcripts for coding and non-coding RNAs within the cluster, further highlighting
that genes within the cluster are under different regulatory control to activate transcription.
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Chapter 4: Characterization of nascent Hoxb transcripts in RARE mutants
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4.1 RARE mutants differentially regulate Hoxb coding and non-coding transcripts
Characterization of the Hoxb nascent transcripts in wildtype samples revealed that each gene
likely has independent mechanism that activate their transcription. To understand how RAREs
incorporate RA signaling to transcriptionally activate Hoxb genes, simultaneously or
independently, the nascent transcript levels and co-localization of the Hoxb coding and noncoding transcripts in the RARE mutants were compared against wildtype. In order to achieve this
for each RARE, the DR5 binding sites of the enhancers were mutated to restriction enzyme sites
(e.g., ecoRI in B4U RARE mutant) that would prevent proper binding of Retinoic Acid
Receptors (RARs) (Figure 4-1).
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Figure 4-1 Schematic of Hoxb4-Hoxb5 intergenic region with RARE mutants
(A) Shows coding Hoxb genes in blue, non-coding RNAs in pink, and RARE enhancers in green. The intergenic
region of Hoxb4 and b5 is drawn to scale in the genome. The single, double, and triple mutants are depicted with a
triangle; there is no deletion in the genomic region, but just a mutation that inactivates the enhancer sequences (B).

In these mutants, no obvious visible morphological phenotypic defects nor any significant
behavioral changes were observed. However, changes in expression patterns and in response to
RA were noted. From previous studies it is known that proper expression, especially the rostral
expansion, of Hoxb genes is affected by these cis-regulatory elements (Ahn et al., 2014). In the
Hoxb BAC reporters, it has been shown that at 9.5dpc the ENE mutated embryos had low Hoxb4
expression which was restored to normal by 12.5dpc. While Hoxb9 rostral expansion is gone in
the double DE-ENE BAC mutant. There was no change in neural tube observed in single
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mutants by in situ analysis. Furthermore, a previous study has shown that levels of Hoxb
processed transcripts in the DE RARE mutant are significantly reduced in hematopoietic stem
cells (Qian et al., 2018). These studies highlight the intricacies that might exist in how these
RAREs regulate Hoxb transcripts during development. For this study, the mutant embryos were
stage matched to wildtype embryos, such that all were 9.5dpc embryos and all embryos also had
24 somites. This was to ensure that any transcriptional changes in body segments was not due to
size differences associated with differences in developmental age. Similar to the analysis for
wildtype embryos, the nascent transcripts for the tail region of the embryo were quantified by DL
algorithm, and then the nascent transcripts for representative tail sections were spot enhanced for
each mutant embryo for better visualization (Figure 4-2, A-D).

Figure 4-2 Visualization of nascent transcripts for wildtype and RARE mutants
Panels (A-D) show a visualization for the levels of nascent transcripts in wildtype and RARE mutants. Images have
been processed with spot fitting on python to increase size of DL processed nascent spots for better visualization.
Scale bar – 10 microns.
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In all the RARE mutants, for most of the probes (except of Hoxb9 in the DE mutant), the levels
of nascent transcripts increase significant in the tail sections. It is also possible that individual
RARE or competition to activate between the RAREs results in some repression, and thus with a
mutation we see an increase in the total number of nascent transcripts. These observations also
support the idea that if there is some competition between these RAREs, when one RARE is
mutated or non-functional, the others can step up to drive the increase in nascent transcription.
To assess changes for the mutant embryos, the levels of exact number nascent transcripts were
also averaged for the whole tail region of the embryo and plotted to compare against wildtype
embryos (Figure 4-3, A-D). Significant changes in expression levels of many transcripts were
observed, suggesting that at a single axial level these RAREs have a different effect on
regulating Hoxb transcripts. Response of the individual RAREs is discussed in the following
sections.
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Figure 4-3 Plots of exact nascent transcripts for wildtype and RARE mutants
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The boxplots show an average for the tail section for exact levels of nascent transcripts for wildtype (A) and RARE
mutants (B-D). Box plots show average values and the box spans first to third quartiles with whiskers that extend
from the smallest to largest values. Statistically significant boxplots are depicted by stars, n=7-10 tissue sections
from one or two embryo in each condition averaged for each corresponding region. Statistical significance
calculated using non-parametric Wilcoxon rank-sum test.

4.2 DE RARE differentially effects anterior and posterior Hoxb genes in the tail
In the DE RARE mutant, the levels of nascent transcripts significantly increase in the case of
anterior Hoxb genes (Hoxb1 and Hoxb4) and lncRNAs Hobbit and HoxBlinc, while it stays the
same or significantly decreases for the posterior Hoxb9 gene (Figure 4-2, panel B). At specific
sections in the tail region, there is almost no expression of Hoxb9, while in some sections there is
normal expression. This indicates that there is either some repression on the anterior Hoxb genes
which is released in the DE RARE mutant, or that there is some processing defect or degradation
happening for the processed anterior Hoxb transcripts. The increase in nascent transcripts thus,
could be a compensatory feedback to maintain the levels of total transcripts.
With smFISH analysis, the range in the number of nascent transcripts in the tail sections of the
DE mutants significantly increases for the coding Hoxb1 as well as the lncRNAs Hobbit and
HoxBlinc. This increase in the range of nascent transcripts indicates how multiple or different
types of secondary mechanism might be getting turned on in the DE mutant at different axial
levels. To maintain normal processed RNA and protein expression for Hoxb genes, these
mechanisms could be distinct along different axial levels in the embryo. Furthermore, while most
nascent transcripts are expressed as single transcripts (indicative of independent regulation of
genes in the cluster), there are also slight changes in the co-localizations of the transcripts that
are co-regulated in the DE mutant embryos compared to wildtype (Figure 4-4, panel B). There is
a general increase in co-localization for all coding transcripts, with the highest increase for the
anterior Hoxb1 and Hoxb4 transcripts. The co-localization between the lncRNA Hobbit and
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Hoxb4 slightly decreases compared to wildtype, while other co-localizations for the lncRNAs
Hobbit and HoxBlinc with coding Hoxb4 increase significantly.
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Figure 4-4 Co-localization of nascent transcripts in DE RARE mutants
The boxplots show an average co-localization for the tail sections for coding and non-coding Hoxb transcripts. The
relative intensity of co-localized nascent transcripts is plotted for wildtype (A) and DE RARE mutants (B).

While some changes in co-localized transcripts could be attributed to the changes in the total
number of nascent transcripts. However, the increase in Hobbit and HoxBlinc transcripts colocalizing with Hoxb4, especially when the levels of these non-coding RNAs have slightly
decreased compared to wildtype, hints at independent mechanisms regulating the individual
coding and non-coding Hoxb transcripts within the cluster.
4.3 B4U RARE mediates RA response to predominantly regulate Hoxb genes in the tail
The B4U RARE is unique in its positioning compared to DE and ENE RAREs, such that it is
positioned at the end of the lncRNA, Hobbit. Enhancer activity of this previously
uncharacterized RARE was observed through transgenic assays in zebrafish (Figure 4-5). The
B4U element appears to be conserved across the different Hox clusters as well as conserved
across species (Nolte et al., 2019). Like the DE and ENE RARE mutants, B4U mutant embryos
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can also achieve homozygosity, and do not appear to have any morphological or significant
behavioral phenotypes (while all RAREs do appear to start having breeding issues after a
generation under homozygosity).

Figure 4-5 Transgenic assay for mouse B4U element in zebrafish
The cloned mouse B4U element was added to Hulk vector to check for enhancer activity of B4U element. The B4Uhulk vector consistently showed expression in and around the hindbrain, pharyngeal arch, and along the notochord
regions. Scale bar - 1mm.

4.3.1 RA mediated response is altered in the B4U mutant
To characterize gene expression changes in the B4U mutant compared to wildtype, an RNA-seq
was performed. RNA-seq analysis revealed that there are 330 genes that are differentially
expressed when comparing tail segments of B4U mutants against wildtype (Table 4-1, B). In the
B4U mutants the RA response is observed to be altered, as a higher number of genes are
differentially expressed when comparing B4U embryos induced with RA compared to wildtype
embryos induced with RA (447 genes differentially expressed; Table 4-1, D). Response to RA
being affected is also evident when comparing B4U RA induced embryos with B4U uninduced
mutant embryos (438 genes differentially expressed; Table 4-1, C) against wildtype embryos
induced with RA and not induced (13 genes differentially expressed; Table 4-1, A). Heatmap to
show the changes is shown in Figure 4-6. All these changes in differential gene expressions point
towards RA response being altered in the B4U mutants. This is especially evident as there is
hardly any difference in wildtype embryos induced with RA, while there are significant
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differences in B4U embryos upon RA induction. This effect also seems to predominantly be in
the tail, as in the r4 and trunk regions there isn’t as much difference observed.
Table 4-1 Differentially expressed (DE) genes for B4U mutant embryo

Contrast

DE
FDR
0.05

DE
Total
13

DE
DE
Upregulated Downregulated
6
7

A)

Wildtype RA induced compared to
wildtype uninduced

0.05

330

114

216

B)

B4U uninduced compared to
wildtype uninduced
B4U RA induced compared to
B4U uninduced

0.05

438

360

78

C)

B4U RA induced compared to
wildtype RA induced

0.05

447

363

84

D)

Tail region - B4U compared to wildtype
RA induced vs uninduced samples

Ta
Tail -1
Tail -2
il
Ta -3
Tail -1
Tail -2
il
Ta -3
Tail -1
Tail -2
il
Ta -3
Tail -1
il
-2

DE genes Log2 (RPKM+1)

uninduced

RA induced uninduced

Wildtype

RA induced

B4U-RARE

Figure 4-6 Heatmaps of differentially expressed genes for B4U RARE
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The heatmap compares wildtype (uninduced and RA induced) samples against B4U mutant (uninduced and RA
induced sample).

The greatest number of differentially expressed genes were observed when comparing B4U
mutants induced with RA against the wildtype embryos induced with RA. To see what processes
where affected which altered the RA mediated response in the mutants, a GO term analysis was
performed. The GO-enrichment terms are shown in Table 4-2 for these B4U embryos. Processes
like Retinol metabolism, nervous system development, and tube formation highlight the critical
role B4U RARE may be playing in transcriptional regulation of the Hoxb genes which are linked
to these processes.
Table 4-2 GO term analysis for B4U RA induced embryos

GO-term
Apical plasma membrane
Protein homodimerization activity
Endocytic vesicle
Endocytic vesicle
Retinol metabolic process
Tube formation
Regulation of protein stability
Negative regulation of nervous system development
Negative regulation of cell cycle process

4.3.2 B4U element potentially a repressor or is in competition with adjacent RAREs
At a single axial level, i.e., in the tail, for the B4U mutant embryos, it is observed that the
increased levels of nascent transcripts is the highest in this mutant compared to other RAREs for
both coding and non-coding RNA transcripts. B4U mutant appears to have the greatest impact on
anterior Hoxb1 gene, followed by its most adjacent coding gene Hoxb4 (Figure 4-3, panel C).
The range in expression changes for Hoxb1 along the axial levels in the tail also increases in the
B4U mutant. The range is not as high as in the DE, but it is higher than wildtype and it is also
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higher when compared against ENE mutant embryos. For Hoxb9, in the B4U mutant we see an
opposite effect compared to DE mutant. While in the DE mutant at the same axial levels the
expression of Hoxb9 is completely lost or stays the same, in the B4U mutant the expression of
Hoxb9 nascent transcripts significantly increases. This opposite effect for Hoxb9 points towards
an antagonistic effect of DE and B4U RAREs on this coding gene.
For the non-coding RNAs, Hobbit and HoxBlinc, there are different trends of expression in the
mutants compared to wildtype. Like the coding Hoxb genes, the levels of nascent transcripts are
highest in the B4U mutant. While in wildtype HoxBlinc has higher levels of nascent transcripts,
the opposite is true in the B4U mutant where Hobbit expression is higher than all coding and
HoxBlinc lncRNA levels. Since B4U is actually present within the Hobbit lncRNA (in the 3’
end), it is probable that B4U is repressing Hobbit, or that B4U plays a part in some
autoregulatory control for Hobbit’s expression, or that B4U and Hobbit work in the same
regulatory pathway to regulate Hoxb gene transcripts.
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Figure 4-7 Co-localization of nascent transcripts in B4U RARE mutants
The boxplots show an average co-localization for the tail sections for coding and non-coding Hoxb transcripts. The
relative intensity of co-localized nascent transcripts is plotted for wildtype (A) and B4U RARE mutants (B).

107

Further, upon looking at co-localization of nascent transcripts in the B4U mutant, one can
appreciate that they have significantly increased (Figure 4-7, panel B). While in the DE mutant,
the anterior Hoxb genes were more co-localized, we observe that in the B4U mutant the posterior
Hoxb4 and Hoxb9 genes have higher co-localizations. Furthermore, while Hobbit and HoxBlinc
had the lowest co-localization in the DE mutant, they appear to have the highest co-regulation in
the B4U mutant. Also, while in wildtype embryos HoxBlinc seemed to have higher colocalization with Hoxb4 compared to Hobbit and Hoxb4, in the B4U mutant it is the opposite
with Hobbit and Hoxb4 having higher co-localized transcripts. These changing trends of colocalization ensure us that there exist independent mechanisms that regulate transcription of
Hobbit lncRNA and HoxBlinc lncRNA, and that these lncRNAs are not run-through transcripts
being made. Especially since the lncRNA co-localizations with Hoxb4 change in opposite
directions in the two RARE mutants. In the B4U mutant while levels of nascent transcripts
significantly increase for anterior Hoxb genes, the co-localized or co-regulated transcripts
increase for posterior Hoxb genes. This fact highlights how multiple RAREs have specific inputs
for activating individual Hoxb genes, but also have combinatory inputs for co-regulating Hoxb
genes.
4.3.3 Hobbit lncRNA regulates Hoxb genes downstream of B4U element
To decipher the role Hobbit lncRNA plays in the transcriptional control mediated by B4U, a
knockout mutant was generated. B4U is at the 3’ end of the Hobbit lncRNA, and a knockout
mutant for the promoter and transcriptional start site of Hobbit was generated. This mutant has a
deletion 250bps upstream and 250bp downstream from the start site of Hobbit which was
mapped by 5’ RACE, and the B4U RARE is maintained at the 3’ end of the mutant. While
changes in trends of nascent transcripts are like in B4U mutant in the Hobbit-ko mutant, for both
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the neural tube and the adjacent somite, the actual increase in nascent transcripts is not as high as
it was observed in the B4U mutant. The levels of nascent transcripts for anterior Hoxb1 and
Hoxb4 seem to be impacted more than the posterior Hoxb9 in Hobbit-ko mutant, particularly in
the neural tube (Figure 4-8, panel B,D). While there is a slight decrease and the range of Hobbit
transcripts is lower in the Hobbit-ko mutant, there is some expression. This expression could be
attributed to the presence of multiple start sites for Hobbit lncRNA and needs to be further
characterized. HoxBlinc appears to significantly increase in the Hobbit-ko, further validating that
these two non-coding RNAs that have opposite trends, for levels of nascent transcripts, are under
different transcriptional control. Overall, the Hobbit-ko data, which shows similar trends, just to
a lower degree than observed in the B4U mutant, points at Hobbit response being downstream of
B4U RARE and/or that Hobbit is being regulated itself by B4U RARE. Hence, Hobbit-ko on its
own alone doesn’t have the same heightened response as seen in the B4U mutant.
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Figure 4-8 Levels of nascent transcripts in the Hobbit-ko mutant
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The boxplots show an average for the tail section for exact levels of nascent transcripts for wildtype (A,C) and
Hobbit-ko mutants (B,D) in neural tube and adjacent somites. Box plots show average values and the box spans first
to third quartiles with whiskers that extend from the smallest to largest values. Statistically significant boxplots are
depicted by stars, n=7-10 tissue sections from one or two embryo in each condition averaged for each corresponding
condition or region. Statistical significance calculated using non-parametric Wilcoxon rank-sum test.

4.4 Intermediate transcriptional activation of Hoxb transcripts by ENE RARE
Levels of nascent transcripts for coding and non-coding genes in the ENE mutant were observed
to be halfway between levels seen in DE and B4U mutants (Figure 4-3, panel D). There is an
increase in nascent transcripts again, but the highest change is for the anterior Hoxb1 followed by
the posterior Hoxb9. The slight increase in Hoxb4 nascent transcripts that is observed might not
be sufficient to maintain expression of processed Hoxb4 RNA, as has previously been observed
through in situs analysis (Ahn et al., 2014) at this embryonic stage. For Hoxb1, the range of
expression changes in the axial levels in the tail of the embryo is not as wide as it was with the
other two RARE mutants. Also, for the lncRNAs there is an increase in nascent transcripts, but it
is not as high as with other RAREs. The trend of Hobbit nascent transcript levels being higher
than HoxBlinc is similar to what was observed with the B4U mutant. It appears that changes in
the ENE mutant partly lean towards DE and partly towards B4U mutants, with the exception of
Hoxb1 nascent transcripts. The increase in range of expression for Hoxb1 nascent transcripts
along the axis of tail sections, which is observed for both DE and B4U mutants, is not seen with
the ENE mutants. This raises the question if ENE RARE is involved in conferring axial level
changes to the Hoxb transcripts. Looking at co-localizations of our coding genes, it is observed
that the anterior genes and posterior Hoxb genes are almost equally co-localized. This is also true
for localization of the lncRNAs with Hoxb4. The anterior Hoxb1 and posterior Hoxb9 have the
highest co-localization in the ENE mutant as is the co-localization of Hobbit and HoxBlinc, like
what was seen with the B4U mutants (Figure 4-9, panel B). The average co-localizations for
coding genes are higher in the ENE mutant compared for DE, but of lncRNAs with Hoxb4 are
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lower than those observed with DE. Comparing trends of exact number of nascent transcripts and
transcript co-localization observed in the ENE mutant to the other RAREs, it appears that ENE
plays a role intermediate between the other two RAREs. ENE either helps to buffer competition
or antagonism between DE and B4U, or that ENE itself also mildly competes with the other two
RAREs to activate Hoxb genes, and hence the effects observed in this mutant are halfway
between those observed in DE and B4U RARE mutants.
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Figure 4-9 Co-localization of nascent transcripts in ENE RARE mutants
The boxplots show an average co-localization for the tail sections for coding and non-coding Hoxb transcripts. The
relative intensity of co-localized nascent transcripts is plotted for wildtype (A) and ENE RARE mutants (B).

4.5 Competition between enhancers for regulating Hoxb nascent transcripts
The individual RARE mutants showed that each RARE has its own input towards how it
regulates the initial transcription of the Hoxb cluster coding and non-coding genes. To further
understand whether these RAREs work together or independently, double and triple RARE
mutants were generated in the lab, and nascent transcripts for the Hoxb genes were analyzed.
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4.5.1 Compound RARE mutant demonstrates balance or competition between elements
In order to decipher whether there exist any joint inputs of two RAREs, DE and B4U, to regulate
Hoxb genes, smFISH analysis was done for the double DE-B4U RARE mutant. The levels of
Hoxb nascent transcripts, that increased in both single RARE mutants, not only did not increase
but went towards or lower than normal wildtype levels (Figure 4-10, panel B). This return to
wildtype levels, at this axial level in the tail, hints at some antagonistic role of DE and B4U
RAREs towards maintaining a steady state expression of Hoxb genes during development.
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Figure 4-10 Plots of exact nascent transcripts for wildtype, double, and triple RARE mutants
The boxplots show an average for the tail section for exact levels of nascent transcripts for wildtype (A) and RARE
mutants (B-C). Box plots show average values and the box spans first to third quartiles with whiskers that extend
from the smallest to largest values. Statistically significant boxplots are depicted by stars, n=7-10 tissue sections
from one or two embryo in each condition averaged for each corresponding condition. Statistical significance
calculated using non-parametric Wilcoxon rank-sum test.

It is important to note that, while levels trends towards normal wildtype, the range of expression
levels along the axis of the embryo is definitely impacted in the DE-B4U double mutant. This is
evidenced from the reduced levels of nascent transcripts in the highest expressing sections along
the embryonic axis compared to wildtype. However, the average expression of nascent
transcripts in the tail are very similar to wildtype. The greatest impact to the normal differences
in axial expression is to the posterior Hoxb4 an Hoxb9 genes. Levels of Hobbit and HoxBlinc in
the double mutant also return to wildtype levels, and their range of expression is also decreased.
The DE-B4U double RARE mutant analysis, with regards to exact levels and co-regulated
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nascent transcripts, shows that while DE and B4U RAREs have some antagonism they are also
working together to fine tune and ensure proper expression of the Hoxb genes.
4.5.2 Triple mutant highlights how critical RAREs are for nascent transcription
Previous work in the lab and current smFISH analysis have shown that ENE also has important
inputs towards regulating Hoxb transcripts. Therefore, to understand if all these RAREs are
critical elements or of if they are just redundant elements in the system that activate Hoxb genes,
triple mutant embryos were generated. Levels of nascent transcripts in the triple DE-ENE-B4U
RARE mutants were analyzed (Figure 4-10, panel C). The triple mutants like other RARE
mutants also reach homozygosity, and like other mutants the animals also show no significant
morphological or behavioral changes. However, the levels of nascent transcripts in the triple
mutants were observed to be very low or close to zero for all Hoxb transcripts. The exception to
this was the Hobbit lncRNA which had levels equivalent to wildtype. The patterns of low
expression and therefore the non-existence of co-regulatory trends in the triple RARE mutants,
underscores that these three RAREs are critical to the initial nascent transcription of the coding
genes. However, the mutant animals surviving homozygosity and having no morphological
phenotype, suggests that these RAREs are not the sole mechanism dictating or maintaining the
expression of Hoxb genes. Other secondary mechanisms must be getting triggered in these triple
mutants to ensure activation of Hoxb genes to ensure proper development.
4.6 Co-activation of Hoxb transcripts is actively not favored
In all the mutant conditions, where nascent transcripts were observed through smFISH analysis,
the number of single transcripts were significantly higher than the co-localized or co-regulated
transcripts. These observed probabilities of co-localizations (Figure 4-11) were compared to
probabilities of co-localization by random chance (Figure 4-12). It was seen that in all the cases
113

the observed probabilities were significantly lower than those by random chance.
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Figure 4-12 Probabilities of observed co-localizations
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The probabilities of random co-localization were calculated for wildtype (A) and mutants (B-F) based on the
number of single transcripts expressed. The observed co-localizations (Figure 4-12) were lower than calculated for
random co-localization (Figure 4-11).

This indicates that there are active mechanisms that are ensuring that Hoxb transcripts are not colocalized in the neural tube of the developing tail in mouse embryos. This raises further questions
on why co-activation of Hoxb genes is actively not favored, and what are the functional
consequences of increased co-activation going to be on cellular identities that are being dictated
by Hoxb genes during development.
4.7 RAREs differentially regulate Hoxb transcripts along the embryonic axis
The bulk of the analysis in this study was done in the neural tube of the tail segment of the
embryo. However, as whole sections were probed and imaged, to draw comparative conclusions,
data for other regions in the sections which were collected in the process were also further
processed for analysis. In the somites adjacent to the neural tube in the tail region, it was
observed that while levels of expression are half that of the neural tube, the trends of expression
changes in all the mutants are very similar to the ones seen in the neural tube (Figure 4-13).
Comparing the neural tube in the tail segment to the neural tube in an anterior axial plane of the
embryo, the mid body sections, it was observed that RARE mutants may have different
regulatory preferences (Figure 4-14, panel A). Generally, compared to the tail, the levels of
nascent transcripts for Hoxb genes are much lower anteriorly. Nonetheless, it was observed that
while in the tail there was a significant increase in the levels of Hoxb nascent transcripts in the
B4U mutants, the nascent transcript levels appeared to stay the same as wildtype in the anterior
neural tube. Indicating that while B4U RARE played a significant role posteriorly in the tail, it
doesn’t appear to have as much of a role anteriorly. It could still be competing with DE RARE or
acting as a secondary redundant RARE to activate Hoxb transcripts, because levels of nascent
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transcripts anteriorly in the double mutant are very close to the wildtype levels seen in the tail
segments.
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Figure 4-13 Nascent transcripts in the adjacent somites in the tail sections
The boxplots show an average for the tail section for exact levels of nascent transcripts for wildtype (A) and RARE
mutants (B-F) in the adjacent somite of the tail sections. Box plots show average values and the box spans first to
third quartiles with whiskers that extend from the smallest to largest values. Statistically significant boxplots are
depicted by stars, n=7-10 tissue sections from one or two embryo in each condition averaged for each corresponding
condition. Statistical significance calculated using non-parametric Wilcoxon rank-sum test.

Further, in this anterior axial plane of the embryo the DE RARE appears to have a significantly
greater role compared to its role posteriorly in the tail. The differential changes in the levels of
anterior and posterior Hoxb gene transcripts in the DE mutant are even stronger at this axial
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plane of the embryo. This suggests that while DE plays a greater role anteriorly in the developing
embryo, B4U plays a greater role posteriorly. These trends of expression changes at this axis
appear to be true for both the neural tube and adjacent somites (Figure 4-14, panels A-B). In the
double mutant, while levels appear like wildtype, the levels of Hoxb4 nascent transcripts appear
to be significantly reducing. This points at the need for both DE and B4U RAREs to
transcriptionally activate Hoxb4. To fully tease out the critical impact of these RAREs, further
experiments and analysis need to be done on how non-coding RNAs are getting impacted at this
axial plane, and whether in the triple mutant the Hoxb transcripts are also severely reduced at this
axial plane.
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Figure 4-14 Relative density of nascent transcripts in anterior body sections
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The boxplots show an average for the relative density of nascent transcripts for wildtype and RARE mutants in the
anterior body section for neural tube (A), adjacent somite (B), and developing gut (C). The levels of transcripts are
much lower at this axial level compared to at the tail. Statistically significant boxplots are depicted by stars, n=8-11
sections from one or two embryo in each condition averaged for each corresponding region. Statistical significance
calculated using non-parametric Wilcoxon rank-sum test.

In the gut tissue of the anterior mid body sections, while expression was really low, there were
slight changes seen in the levels of nascent transcripts for Hoxb1 and Hoxb9. In the head region
of the embryo, while not significant, there was observed some spurious expression of Hoxb
nascent transcripts with both DE and B4U RARE mutants (Figure 4-15). This points at how
these RAREs might be essential to not only activate nascent transcription, but also to maintain
where the Hoxb transcripts are not transcriptionally activated.
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Figure 4-15 Relative intensity of nascent transcripts for head region
The boxplots show an average for the relative intensity of nascent transcripts for wildtype and RARE mutants in the
anterior head region (A-C). The neural tube in these sections is divided into forebrain and approximate region of
hindbrain. Along with that levels of nascent transcripts are measured for brachial arches. Statistically significant
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boxplots are depicted by stars, n=3-5 sections from one or two embryo in each condition averaged for each
corresponding region. Statistical significance calculated using non-parametric Wilcoxon rank-sum test.

4.8 Transcriptional activation by RAREs could be mediated though dynamic changes in
enhancer-promoter distances
Hoxb nascent transcripts are regulated differentially by RAREs. There appear to be both
individual inputs from RAREs to transcriptionally activate single Hoxb transcripts and
combinatory inputs from RAREs to ensure co-regulation of multiple Hoxb genes is not favored.
To assess if chromatin changes play a role in transcriptional activation of Hoxb genes, wildtype
data for co-localized transcripts was spot fitted to infer distances between the gene promoters
(Figure 4-16). These distances can then be used to infer chromatin interactions present between
enhancers and the genes promoters they activate.
A)
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Triple nascents

C)

Identify center of
nascent transcripts

Measure distances
from centers of each
nascent transcript

Figure 4-16 Spot fitting triple co-localized transcripts
Schematic to depict how spot fitting analysis was performed on triple co-localized transcripts (A). The center of
each transcript was identified (B) and pairwise comparisons were made to get distances for each of the three Hoxb
transcripts (C).

To shed light on whether RAREs may be functioning by changing chromatin interactions, spot
fitting data from co-localized transcripts was also generated for the triple co-localized Hoxb
transcripts in the individual RARE mutants and compared against wildtype (Figure 4-17, panel
A). Spot fitting analysis was performed for each sample by identifying the center of one nascent
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transcript (among the triple co-localized) and then measuring the distance between two colocalized spots. Using this pairwise approach, the distances between each of the three colocalized Hoxb transcripts was made. This data points towards a dynamic nature of enhancerpromoter contacts, because a range of distances between nascent transcripts of co-localized spots
was observed (Figure 4-17 B). The peak distance for each pairwise comparison between Hoxb
nascent transcripts was plotted for wildtype and each mutant condition (Figure 4-17 C).
A)

1.000

0.500

1.000

Max

1.000

0.500

0.500

0
0.00E0

78.34

B)

161.0
330.9
b4-488 Peak Amplitude

680.0

1.500

20.80
288.4
b1 Peak Amplitude

Wildtype
b1-b9

b4-b9

DE
b1-b4

B4-B4

90

Occurences

80
70
60
50
40

70

140

60

120
100
80

10

20

0

0

0.2

C)

0.4
0.6
Distance (um)

0.45

0.8

1

b1-b9

B4U

4.00E3

1.500

40
30

b4-b9

b1-b4

0.8

1

-/-

100
80
60
40
20
0

0
0.4
0.6
Distance (um)

4.00E3

120

50

10

0.2

ENE

140

20

0

20.80
288.4
b1 Peak Amplitude

-/-

60
40

0

20.80
288.4
b4 Peak Amplitude

-/-

160

30
20

0.00E0

1.500

4.00E3

Occurences

100

Occurences

0.00E0

Occurences

0.00E0

0

0.2

0.4
0.6
Distance (um)

0.8

1

0

0.2

0.4
0.6
Distance (um)

0.8

D)

b4-b4

Peak Distance (um)

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
Wildtype

DE -/-

B4U -/-

ENE -/-

Mutants

Figure 4-17 Spot fitting data to infer chromatin interactions
Spot fitting data generated by looking at co-localized transcripts in wildtype and RARE mutants. The B4-B4 bar is
an internal control with an intron and exon probe to depict the threshold of imaging resolution; distance changes
below this threshold cannot be accurately distinguished. Detailed methodology for generation of plots is in the
methods.
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For better visualization of the changes in distances that were occurring in the mutants a triangle
plot was generated (Figure 4-17 D). It was observed that the distances between Hoxb1-b9 and
between Hoxb4-b9 are decreasing, while there is no significant difference in the distance
between Hoxb1-b4. Assuming that the Hoxb cluster is forming a loop, from this data it can be
proposed that the chromatin is getting compacted in the mutants. Taking DE RARE as an
example to show a schematic for how Hoxb genes could be arranged in a loop, it can be
hypothesized that an active RARE maintains an optimal or required distance between promoters
to ensure proper transcriptional activity (Figure 4-18, panel A)
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Figure 4-18 Hypothetical looping model to demonstrate distance changes
Schematic to demonstrate how chromatin may be getting compacted in the RARE mutants. DE is shown as an
example to show how in the mutants the Hoxb1 and Hoxb9 distance and Hoxb4 and Hoxb9 distance are decreasing
while the Hoxb1 and Hoxb4 distance is staying relatively unchanged (B).

A decrease in distance between the assumed promoter region for Hoxb genes could be indicative
of the Hoxb cluster loop getting smaller, which is seen for all the RARE mutants including DE
shown in the schematic (Figure 4-18, panel B). This change in loop compaction, or enhancerpromoter distances, could potentially be the reason for changes observed in the RARE mutants
for the Hoxb nascent transcripts. The decreased distances with inactive RAREs or in the mutants
could be hindering normal interactions required between RAREs and Hoxb gene promoters to
regulate, maintain, or fine-tune the transcriptional activity of Hoxb transcripts.
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4.9 Discussion
In this chapter, I have shown how the optimized smFISH technique can be applied to
functionally characterize the RARE mutants. Changes occurring to the exact number of Hoxb
nascent transcripts and to their co-localizations in the RARE mutants were compared against the
characterized expression in wildtype embryos. The objective was to identify how RAREs
transcriptionally activate Hoxb genes. One hypothesis was that the enhancer/RAREs exist in a
transcriptional hub with all the Hoxb genes and can turn on all the Hoxb genes simultaneously
(Figure 4-19). The second hypothesis was that there are dynamic interactions between the
enhancer elements and promoters of individual Hox genes, such that RAREs turn on or activate a
single Hoxb gene at a time (Figure 4-20, A). In case of these dynamic interactions, one could
also imagine there exist conditions where an enhancer is beginning to turn on one gene while
moving away from one gene, and thus instances where an enhancer is close enough to activate
two or more genes could be captured, as evidenced from double or triple co-localized transcripts
(Figure 4-20, B-C).

Transcriptional hub

B4U

DE
ENE

Simultaneous activation
Figure 4-19 Transcriptional hub with simultaneous activation of hox genes
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Figure 4-20 Dynamic interactions of RAREs with gene promoters
The looping models in 4-19 and 4-20 are inferred from spot fitting data from Figure 4-17. The RAREs-Hoxb gene
promoter distances may be changing in the mutants, and that could be affecting the changed levels of nascent
transcripts in the mutants.

Through the Hoxb nascent transcript analysis, it was observed that the second hypothesis of
dynamic interactions is most probably how enhancers elements are functioning to
transcriptionally activate Hox genes. Further, in single axial level (i.e. the tail region) the single
enhancers appeared to show different effects of Hoxb nascent transcripts. This indicated how the
RAREs do not all have the same impact on Hoxb transcription, which pointed towards
competition, selectivity, or preference for specific types of enhancer interactions. It was also
observed that enhancers played different roles along the embryonic axis, such that while DE
seemed to play a greater role anteriorly in the embryo, B4U seemed to play a greater role
posteriorly in the embryo. Furthermore, data from the double DE-B4U RARE mutants suggested
there is some balance or competition that exists between the elements. While all the RARE
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mutants are able to reach homozygosity without showing any obvious morphological or
behavioral phenotype, the triple RARE mutants underscored the critical need of these RAREs in
transcriptional activation of Hoxb transcripts. To infer how chromatin changes at the levels of
enhancer-promoter contacts might be changing in the RARE mutants, a spot fitting analysis was
performed for triple co-localized transcripts. This analysis allowed for making hypothetical
looping models for the dynamics interactions that might exist between RAREs and Hoxb gene
promoters. It appears that when enhancers are inactivated with mutations, they fail to maintain a
specific distance between the Hoxb gene promoters, and as a result the distances between Hoxb
gene promoters decreases. To validate this hypothetical looping model, the need to do a highresolution chromatin capture experiment arises which can resolve within at least a 15kb region,
and that is currently difficult to achieve.
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Chapter 5: Discussion

125

I sought to understand the transcriptional regulation of coding and non-coding RNAs by cisregulatory elements. The Hoxb cluster was chosen as a model to decipher the regulatory
interplay between the cis-regulatory RAREs and non-coding RNAs in order to understand how
expression of coding Hoxb genes was maintained within the neural tube. Previous observations
by transgenics assays had shown that these RAREs have enhancer activity, and through use of
BAC clones it was known that the rostral expansion of Hoxb genes was affected in the neural
tube in response to RA. To understand what was happening at the single cell level to the
transcription for Hoxb genes, CRISPR mutants were generated in the lab for three RAREs – DE,
B4U, and ENE. Intriguingly, homozygous viable animals could be achieved with all the RARE
mutants, suggesting that any initial changes to the expression of Hoxb genes was restored as the
embryos developed. To track the dynamics of nascent transcription for both coding and noncoding RNAs within the Hoxb cluster, the smFISH technique was optimized which allowed for
quantifying expression changes, which cannot yet be fully achieved with other in situ techniques,
in fixed mouse embryos. A Deep Learning (DL) approach was applied to the images to count
nascent transcripts in an unbiased and high throughput manner. The high throughput pipeline
enabled establishment of normal Hoxb nascent transcriptional events. With focus on the neural
tube, the nascent transcripts over whole axial plane of the embryo were observed. The images
obtained capture developmental time through the neural tube and highlight how Hoxb genes
could axially be responding to RA. To understand dynamics between the whole Hoxb cluster,
analysis was focused on the developing end of the embryo i.e., the tail, where all three Hoxb
transcripts of interest are actively transcribed.
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5.1 Different nascent transcriptional dynamics observed for single RARE mutants
In the single RARE mutants, the levels of nascent transcripts increase. This increase did not
appear to be attributed to a change in the number of cells within the neural tube of RARE
mutants. While in wildtype usually one nascent transcript per nuclei is observed, in the RARE
mutants two nascent transcripts per nuclei are often seen. This suggests that both alleles are
being actively transcribed in the mutants. It could be that 1) the turning on and off of the alleles
is disrupted or slowed down, hence nascent transcripts from both alleles in the mutants are
captured. While in wildtype the dynamic on/off or the switch from one active allele to another is
quick enough, allowing for only one nascent transcript at a time to be captured. Or it could be
that 2) in wildtype the levels of processed transcripts are maintained, while in the mutants
something is dysfunctional with the processed transcripts or they get degraded. In response to the
problem or in effort to compensate for some disruption of processed transcripts, both alleles are
kept on in the mutants and two nascent transcripts per cell are captured.
An ideal experiment to address this would be to count processed single transcripts, but with the
current technique established in this study, the ability to count single transcripts isn’t possible.
Hence an estimate of transcriptional bursts or the turn-over of transcripts cannot be achieved. In
the tissue sections imaged with exon probes, in theory processed single transcripts can be
detected. However, there is a lot of cytoplasmic background which makes it harder to separate
out single transcripts from background. If the spectra of the image could be separated out,
computationally or with added imaging filters, in order to distinguish between cytoplasmic
background, labeled probe, and unlabeled probe, it could be incorporated with the DL pipeline.
This would increase the power of the study by adding the ability to calculate rates of
transcription by comparing nascent transcripts to processed single transcripts. However, while
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this is not currently possible, this study focused mostly on nascent transcripts in the nuclei and
used as many intron-only probes as possible to reduce even capturing cytoplasmic signal in the
images.
Analysis of nascent transcripts of Hoxb genes, point towards the dynamic nature of RAREs
within the cluster. Different patterns of expression were observed for both coding and noncoding nascent transcripts in the various single and compound RARE mutants. In each of the
single mutants, different trends of increase in nascent transcripts for the anterior and posterior
Hoxb genes was seen suggesting these RAREs have individual inputs towards Hoxb gene
regulation. In the future it would be interesting to have a methodology that captures the
movements of these enhancers in response to transcriptional activation or repression of Hoxb
genes. Ability to visualize dynamic movements of these RARE would help to visibly
demonstrate if there is competition between enhancers for proximity to promoters or if there is a
coordinated manner in which these RAREs function together along the embryonic axis to
transcriptionally activate Hoxb genes.
5.2 Enhancer RNAs may be playing a role towards dynamic nascent transcription
There is increasing evidence that enhancer regions are transcriptionally active. While earlier it
was thought that transcription at enhancers is background noise or the RNAs produced at
enhancers are just byproducts of the transcriptional machinery, there are now several studies that
have highlighted distinct roles for enhancer RNAs (Reviewed in Arnold et al., 2020). Therefore,
it would be interesting, especially in terms of B4U RARE which is present at the 3’ end of
Hobbit lncRNA, to look at transcriptional roles lncRNAs may be playing in conjunction with
RAREs to regulate Hox genes. LncRNAs can bind to other RNA, proteins, and even regions of
DNA, and one could speculate if Hobbit within the Hoxb cluster can help maintain e.g., the
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optimal B4U distance to Hoxb gene promoters by direct interaction or through its binding to
other proteins. To test this, a ChiRP experiment (Chu et al., 2012), which could detect Hobbit
lncRNA interactions with DNA regions and proteins can be performed. Comparisons of Hobbit
interactions in wildtype, B4U mutant, Hobbit mutant (with and without scrambled binding sites
in the B4U region) might give insights into interactions that exist. Further, it could be analyzed if
Hobbit interactions effect enhancer-promoter distances and if changes in distances play a role in
activating transcription of the Hoxb genes.
5.3 Competition or balance observed between activity of critical RAREs
The double mutant in this study hint towards antagonistic effects of DE and B4U RARE mutants
because levels of expression for coding genes return to wildtype. The DE-B4U-ENE triple
mutant indicates that the three RAREs are critical and must be working together to initiate
nascent transcripts, since the levels of all coding nascent transcripts almost drops to zero. Despite
this, these RAREs while essential are not the only means of regulating transcription of Hoxb
genes. This is because, even though at 9.5dpc where there is a molecular phenotype of abnormal
transcriptional activity for RARE mutants, the mutants develop to term and exhibit no obvious
morphological phenotype. This suggested there are other mechanisms to correct for expression
of Hox genes to ensure proper HOX proteins levels. However, it might be worthwhile in further
studies to look in detail at morphological changes at the tissue or organ level along with detailed
behavioral analysis (such as grooming or stress response) that might be present in these RARE
mutants. This detailed analysis might reveal defects which could be traced to the disruption of
Hoxb nascent transcription at 9.5dpc embryonic stage. Further, isolating secondary mechanisms
that restore levels of Hoxb genes as the embryo develops might provide greater insight into
mechanisms that dictate expression of Hoxb genes. Performing smFISH and RNA-seq analysis
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on later developmental stages in wildtype and RARE mutants might help unveil these secondary
mechanisms.
5.4 Transcriptional regulation of Hox genes
The arrangement of genes within the Hox clusters are correlated with the spatial temporal
domains in which the Hox genes are activated during development (Dollé et al., 1989; Gaunt et
al., 1988). Targeted deletions within the cluster and ectopic insertions of enhancers, have
showcased the importance of organization for genes within the cluster (Kmita et al., 2000).
However, they have also indicated that transcriptional activation of genes within the cluster is
not a passive event (Ahn et al., 2014; Hunt & Krumlauf, 1991; Papalopulu et al., 1989). This
raises the question of how exactly cis-regulatory elements, such as RAREs, are able to control
the nascent transcriptions of coding and non-coding Hoxb genes in specific patterns along the
embryonic axis? Analysis of Hoxb nascent transcripts in the RARE mutants revealed that Hoxb
genes are most likely not in a transcriptional hub that would turn all genes on simultaneously.
Rather there exist dynamic interactions between RAREs and Hoxb gene promoters that activate
genes in a specific manner. However, to begin to understand the question of how exactly RAREs
turn on Hoxb genes individually, in addition to looking at trends of nascent transcripts, one needs
to also need to account for the 3D genome architecture and/or the Topologically associated
domains (TADs), which may enable or restrict enhancer-promoter contacts. There is evidence
that chromatin interactions are actively maintained within the Hoxb cluster, and they appear to
corelate with presence of the non-canonical Structural Maintenance of Chromosomes (SMC)
protein SMCHD1 (Jansz et al., 2018). It has previously also been observed that with activation of
Hoxb genes, the inactive Hox genes remain within the chromosomal territories while active
genes loop out (Chambeyron & Bickmore, 2004) (See also reviewed in Duboule & Deschamps,
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2004). Hence, the specificity of regulation by RAREs, may greatly be due to the pre-specified
chromosomal territories in which they lie as well as the dynamic looping changes occurring
within the cluster.
With distance measurements of Hoxb nascent transcripts in this study, opposite to other studies,
it was observed that co-localized nascent transcripts get closer in the RARE mutants, which
could be inferred to the chromatin getting compacted in these mutants. This result is like
approaching the problem from the other side, and it appears to be consistent with another paper
from the Bickmore lab. They observe that when enhancers are active, the nascent transcript
distances increase (Benabdallah et al., 2019). Hence from this study, it can be envisioned that
there exist dynamic interactions of RAREs within a transcriptional hub such that at a given point
a single RARE is activating nascent transcription of a different Hoxb gene (Figure 5-1). One can
envision different hubs consisting of different RAREs and the different genes they are
transcriptionally activating.
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Activation of one gene

Figure 5-1 Dynamic interaction through which RAREs activate transcription of Hoxb genes
Hypothetical model of dynamic transcriptional hub where a single RARE is in close proximity to a single promoter
and activates that Hoxb gene. In a specific region, e.g., in the neural tube, each cell at a given point in time has a
different hub and hence activates a different Hox genes, evidenced from the great number of single transcripts that
are observed in this study.

These hubs could also be getting feedback from processed Hoxb transcripts to decide upon the
levels of nascent transcription, and this could be a potential mechanism for how these RAREs
131

can work differentially at a single axial level as well as along the embryonic axis. This
mechanism seems plausible now in light of a recent paper that shows nascent transcripts
stimulate condensate formation (Henninger et al., 2021), while bursts of RNA during elongation
phase stimulate dissolution of condensates. Hence, it could be that nascent transcripts of Hoxb
genes themselves get initiated by RAREs, and that these nascent Hoxb transcripts could be
allowing for more nascent transcription in single mutants that still have two functional RAREs
(Figure 5-2, panel A). However, when there are enough RNAs produced during elongation, these
RNAs directly feedback into the activity of the RAREs to dissolve the condensate/hub formed,
and stop nascent transcription (Figure 5-2, panel B). This mechanism could be the reason Hoxb
expression probably gets normalized, and RARE mutant embryos end up developing normally.
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Figure 5-2 Nascent transcripts and transcriptional condensates
A) Nascent transcripts produced promote condensate formation (transcriptional hub) that allows for more nascent
transcripts. B) RNAs formed during elongation from this process feedback and promote condensate dissolution.

Furthermore, what makes things more complicated is the fact that enhancer-promoter distances
may or may not be linked to transcriptional states. Some groups have seen that decreasing
enhancer-promoter distances or forcing loops to form increases transcription (Bartman et al.,
2016; Chen et al., 2018; Larsson et al., 2019; Sanyal et al., 2012), indicating need for enhancer-
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promoter proximity for active transcription. While other groups have observed the opposite
where increased enhancer-promoter distances can also have active transcription, showing
dissociation of enhancer-promoter contacts with active transcription (Alexander et al., 2019;
Benabdallah et al., 2019). The value of enhancer-promoter distance, the timing of when loops
form to create the distance, and whether or not loops or interactions are restricted between TADs
or transcriptional condensates, all are emerging questions that still need to be further
investigated. A recent paper by Espinola et. al., shows that multiple cis-regulatory modules come
together to make transcriptional hubs early during development. They show that these hub
formations is aided by the pioneer factor Zelda, and that the whole formation of a hub occurs
before transcriptional activation (Espinola et al., 2021). Based on this paper, I can vision tissue
specific or axial specific transcriptional hubs forming where all three RAREs are present in the
hub, and the RAREs are either competing or working together towards transcriptional activation
of Hoxb genes. Hence, at a given snapshot in time, axially in the embryo or along the dorsalventral axis through the neural tube, there are cell specific differences observed from the
transcriptional output of the hub dependent on the active RARE(s). The nascent transcriptional
trends could be emerging from dynamic shifts in activity of the RAREs within the hub, and/or
the transcriptional readout could be the combinatory output of multiple interactions of the
RAREs with the Hoxb gene promoters. As an example, Figure 5-3 shows a transcriptional hub
with all three RAREs present, but only the DE element is active. DE can potentially activate all
three Hoxb genes, but the other B4U and ENE elements interact with promoters of Hoxb1 and
Hoxb4 and hinder DE from activating these two genes. Hence, DE element in this instance can
only activate transcription for Hoxb9. This hypothetical mechanism could explain how in the DE
mutant Hoxb9 transcripts were significantly reduced. Also, if competition between elements

133

plays a role, this hypothetical model could also explain how with no competition from DE in the
mutant the other functional RAREs could freely work resulting in more nascent transcripts for
Hoxb1 and Hoxb4. Testing competition and cooperativity of these RAREs will help in validating
this hypothetical model.
Transcriptional hub with multiple RAREs
but only 1 active RARE

DE

B4U

ENE

Figure 5-3 Transcriptional hub with multiple RAREs
Hypothetical model to show a hub which contains all the RARE elements, but at a given time one RARE is active.
As an example, the DE is shown to be active. When active it blocks other RAREs and can activate transcription for
all genes. However, the other RAREs interacting with promoters of Hoxb1 and Hoxb4, can hold off their
transcriptional until they are active. The net output of these interactions results in only Hoxb9 being transcriptionally
activated from this transcriptional hub.

Furthermore, recent papers have shown pioneer activity of posterior Hox genes (Bulajić et al.,
2020; Desanlis et al., 2020). What is particularly interesting is that while Hox binding sites might
be similar, HOX transcription factors have different affinities for compacted chromatin (Bulajić
et al., 2020). Thus, in this study where analysis is focused on the tail, the posterior Hoxb genes
are known to exert functional authority through posterior prevalence. It could be that there is a
feedback mechanism by the posterior HOXB proteins themselves to regulate the RNA levels,
which are detect through presence of nascent transcripts. Further studies need to be undertaken to
see if indeed HOXB posterior as well as anterior HOXB transcription factors have some pioneer
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activity to auto- or cross-regulate production of the nascent transcripts, especially in the different
chromatin states or in the different active condensates, to confer tissue or cell specificity.
The complexity of observations in this study, such that individually these RAREs appear to be
acting as repressive elements but together appear to be activators for regulating nascent
transcription of the Hoxb cluster, has invoked several new questions that need further
investigation. Future experiments where live imaging could be performed in cultured mouse
embryos (Garcia et al., 2011) to capture transcriptional bursting dynamics. This could be done
with a system like MS2/MCP (Lionnet et al., 2011), and it could be even more powerful if it was
done in combination with llama tags to simultaneously detect protein localizations with nascent
transcripts (Bothma et al., 2015; Bothma et al., 2018). In this way, a read out of processed Hoxb
transcripts as well as levels and spatial localization of HOX proteins could be obtained. Further,
if movements of both alleles could be tracked through live imaging, a better understanding of the
mechanism behind the transcriptional trends that have observed, with smFISH snapshots of fixed
tissue, could be achieved. Currently, these experiments have been difficult to undertake, but with
all the new technologies emerging these experiments seem plausible in the near future.
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