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ABSTRACT OF THE DISSERTATION 
 
 
 

Hotairm1 Regulates Cell Fate Pathways in Mouse Embryonic Stem Cell Differentiation 
 
 

by 
 
 

Matthew D. Young 
 
 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, September 2018 

Dr. Ernest Martinez, Chairperson 
 
 

The role of non-coding RNAs within the cell is an emerging topic that is currently 

in full force and gains in this field have added increased depth to our understanding of the 

central dogma of molecular biology.  Non-coding RNAs are able to perform functions 

much like that of and in conjunction with proteins; and their ability to bind to proteins and 

nucleic acids provides them with powerful epigenetic regulatory capabilities that either 

enhance or silence gene expression to determine cell fate.  One such process which is highly 

precise and essential to life is the coordinated and cell-type specific expression of the Hox 

cluster during early embryonic stem cell differentiation.  These Homeobox (Hox) genes 

are responsible for the formation of cell type boundaries, making them essential to 

multicellular life.  Here, I will show a non-coding RNA, Hotairm1, is involved in the 

regulation of an essential component of early embryonic stem cell differentiation:  the 

expression of the Hoxa cluster; and implicate it in other major pathways as well as 

deregulatory processes that lead to cancers. 
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Embryonic Development 

Human development from a mature oocyte to a newborn child requires an array of 

complex cellular systems working in tandem to translate chemical reactions and 

mechanical processes into a highly ordered and strikingly precise, multifaceted pathway 

that manufactures a single celled pseudo-organism into a multi-trillion celled being.  This 

is what we call human development; the process by which a single germ cell, the oocyte 

[once fertilized] becomes a human being.  The first stages of development are referred to 

as embryogenesis and cover a span of eight weeks (Mummery et al., 2014).  During this 

time, cells are dividing, forming ordered structures, interacting with the mother’s uterus 

(forming the umbilical cord – physically linking mother and child), generating the three 

germ layers:  ectoderm, mesoderm, endoderm, and a myriad of other highly precise and 

complex processes such as organogenesis.  What is especially intriguing out of all of this, 

is it originates from the division and differentiation of a single cell.  This realization has 

placed great importance on and given rise to the emergence of embryonic stem cell 

research. 

 

Embryonic stem cells (ESCs) are a rare and unique type of cell.  They begin their 

journey during the formation of the inner cells at day four of embryogenesis and go on to 

form the inner cell mass at day five (Mummery et al., 2014).  At this point there is a 

distinction of only two cell types, the cells that make up the trophoblast (outer layer of cells 

that ultimately form the placenta) and the embryonic stem cells of the inner cell mass that 

will become a person.  These cells are an extremely powerful research tool because they 
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have the capacity to differentiate into any cell type, therefore, can produce any tissue type 

which creates the possibility of using them to address nearly any life science related 

research question or problem, from mechanistic work in molecular biology to clinical work 

to treat and cure diseases.  Such approaches have likewise been made to study the dynamic 

role epigenetics plays during the early stages of differentiation. 

 

Epigenetics is the study of modifications on deoxyribonucleic acid (DNA), rather 

than the study of actual DNA sequences (genetics).  Chemical modifications on DNA make 

up what is called the epigenome, and this epigenome plays a role in controlling how a cell 

transcribes its genetic information.  Non-chemical modifications to DNA are also a subject 

of interest in epigenetics and include protein and ribonucleic acid (RNA) interactions with 

the genome and the epigenome.  These interactions involve vast protein and/or RNA 

complexes that modulate gene expression, chromatin state (the make-up of DNA plus all 

the interacting structural proteins), cell type and cell fate; all are highly dynamic and in 

constant flux based on the cell’s interactions with its surrounding chemical and physical 

environment as well as the input from neighboring cells (Allis and Jenuwein, 2016). 

 

One of the primary goals of molecular biology is understanding the intricate 

mechanisms within a cell as it pertains to the development of the organism as a whole, and 

scientific progress in the field of epigenetics has revealed innumerable possible epigenetic 

roles in human embryonic developmental processes.  From maintaining cell-type specific 

identities to sequentially directing time points of development, epigenetic systems preserve 
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and create the infrastructure necessary to mold an embryo into a functioning organism – 

achieved by selectively regulating gene networks as directed by individual components of 

larger protein/RNA complexes and/or using cues from exogenous signaling molecules.  

Epigenetic mechanisms also encompass chromatin remodeling, either by directly 

modifying the DNA and/or through modifications of histone tails and movement or 

displacement of nucleosomes.  Chromatin modifying proteins, such as the Polycomb and 

Trithorax proteins, are known to be essential for many developmental processes.   

 

While the targeting mechanisms of chromatin remodeling complexes is not 

exhaustively known (Cedar and Bergman, 2009), recent evidence has demonstrated that 

long non-coding RNAs are able to recruit them to specific loci (Lee, 2012).  One instance 

of epigenetic regulation of target genes by long non-coding RNAs is that of the Homeobox 

(HOX) genes.  Well known examples include HOTAIR and HOTTIP which regulate the 

expression of HOX genes in trans or cis and are also able to regulate entire portions of Hox 

clusters.  HOTAIR, located in the HOXC cluster, acts in trans by silencing the HOXD 

cluster through its recruitment of PRC2 (Rinn et al., 2007; Tsai, 2010).  HOTTIP, located 

posteriorly to HOXA13, activates the expression of the posterior portion of the HOXA 

cluster (HOXA9-13) through recruitment of MLL (Sasaki et al., 2007).  I posit that the 

lncRNA Hotairm1, located between Hoxa1 and Hoxa2, regulates the anterior portion of 

the Hoxa cluster by similar means during early Retinoic Acid (RA) induced differentiation 

of mouse embryonic stem cells (mESCs). 
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Homeobox Proteins and Retinoic Acid 

HOX proteins are known transcription factors and even though they have been the 

focus of many scientific inquiries few of their targets have been identified.  Briefly, 

examples of targets that have been identified are:  for HOXA1 are HOXB1, and genes 

involved in neural crest development:  ZIC1, FXD3, HNF1B.  HOXA9 targets HOXB2 

and tumor suppressors such as JUNB and LYN, as well as shared targets with HOXA13, 

namely cytokines (Dorsam et al., 2004; Studer, 1998; Zhao, 2001).  While their targets 

have not been comprehensively identified in the process, HOXA4 and HOXA5 have been 

implicated in kidney development, and very interestingly, both have been shown to target 

their own promoters (Aubin et al., 1998; Chen et al., 2005; Larochelle et al., 1999; 

Odenwald et al., 1989; Packer et al., 1998; Wu and Wolgemuth, 1993; Zhao et al., 1996).  

Additionally, HOXA5 has been shown to influence expression of the well-known tumor 

suppressor, TP53 (Raman et al., 2000a; Raman et al., 2000b; Valerius et al., 2002).  

Together, the HOX proteins make up a gene system that is critical for development and 

cell-type specific maintenance.  Their expression pattern arises in a spatiotemporal fashion 

during embryogenesis and is often termed the “Hox code”.  They are expressed in an 

ordered array that is well recognized for their role in determining cell-type boundaries 

(Kmita, 2003; Pearson et al., 2005; Wellik, 2007).  There are four paralogous clusters of 

Hox genes (A-D) with each cluster having a subset of up to thirteen genes (1-13) aligned 

sequentially on the chromosome.  This redundancy demonstrates how important this 

process is to multicellular life, as it requires multiple gene knock outs of several paralogs 

before the role these genes play during development becomes evident (Pearson et al., 2005; 
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Wellik, 2007).  HOX genes are transcribed in a spatiotemporal manner during development, 

driving the body patterning of the embryo; and on a cellular level, HOX proteins determine 

cell fate and are expressed differentially across cell types.  The HOX genes expressed in 

the most medial and proximal tissues are highly induced by retinoic acid (RA), and not 

surprisingly, Retinoic Acid Response Elements (RAREs) are found near those genes 

(Cunningham and Duester, 2015; Gillespie and Gudas, 2007; Mark et al., 2006; Sessa et 

al., 2007). 

 

Retinoic Acid is a metabolite derived from Vitamin A.  Its chemical properties 

allow it to easily pass through the membrane of an animal cell.  Its half life is short (1-2 

hours) and a developing embryo must acquire this nutrient in the form of Vitamin A (also 

known as retinol) from the mother, then metabolize it on its own to develop properly 

(Ferguson et al., 2006; Le Doze et al., 2000; Maden, 2000; Ross, 2000; Soderlund, 2005; 

Takahashi, 1975).  Because its affects are tissue specific (not all cell-types are able to 

metabolize RA) and the cell must acquire retinol exogenously, RA signaling is considered 

to be paracrine (Duester, 2008).  RA is a morphogen and its mode of action is through 

binding to Retinoic Acid Receptor (RAR) proteins.  Signal transduction occurs when RA 

binds to the RAR-Retinoic X Receptor (RXR) heteroduplex.  RAR-RXR receptors bind 

DNA regions called Retinoic Acid Response Elements (RAREs) which are located in 

enhancer elements of target genes (Cunningham and Duester, 2015).  RAR-RXR receptors 

bound to RAREs in the absence of RA inhibit transcription.  This is achieved by the 

recruitment of factors like Nuclear Receptor co-Repressor 1 (NCOR1) and NCOR2 
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(Gillespie and Gudas, 2007).  Histone Deacetylases (HDACs) and Polycomb Group 

proteins such as PRC2 are then recruited to the loci to apply repressive marks on the 

chromatin.  Upon RA binding to RAR, a conformational change is induced in the RAR-

RXR duplex which removes the NCOR complexes and recruits the Nuclear Receptor co-

Activator 1 complex (NCOA1), which in turn recruits Histone Acetyltransferases (HATs) 

and Trithorax Group proteins such has MLL which apply activating marks on the 

chromatin, inducing expression of target genes that cause morphogenesis in the embryo 

(Kashyap and Gudas, 2010; McInerney, 1998). 

 

RAREs are present within the HOX clusters and many of the HOX genes 

(particularly the anterior HOX genes 1-7) are induced upon introduction of RA in certain 

cell types, such as stem cells.  The influence RA has on HOX gene expression in a 

developing embryo is concentration and tissue dependent.  Medial and proximal tissues are 

highly induced by RA.  However, in more distal tissues, HOX gene expression is not 

influenced nearly as much by the presence of RA (Cunningham et al., 2011; Niederreither 

and Dolle, 2008).  Therefore, HOX expression by RA is dose and cell-type dependent, 

determining which HOX genes are expressed in specific cell types.  Their arrangement in 

the genome also coincides with their expression in developing tissues.  For example, HOX1 

expression occurs anteriorly and HOX13 occurs posteriorly in the developing embryo, 

much like the dermatome map of the nervous system (see Figure 1).    
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RA is a very powerful morphogen that has varying concentration dependent and 

tissue specific effects.  Diffusion of RA through tissues generates concentration gradients 

spatiotemporally (Rossant et al., 1991) and this finding supports the current model that 

during development different parts of the body require different amounts of RA.  Thus, it 

is believed that utilization of RA operates by a two-tiered system, where high 

concentrations of RA are required for proximal body patterning and low concentrations 

of RA are required for more distal body patterning (Cunningham and Duester, 2015).  

Treatments with excessive amounts of RA to a developing organism are teratogenic thus 

causing birth defects (Kaplan et al., 2015; Kessel and Gruss, 1991; Kochhar, 1973) and 

likewise defects in pathways that result in failure to adequately process RA also lead to 

teratogenesis (Probst et al., 2011; Weston et al., 2003; Williams et al., 2009).  This could 

be due to off targeting from RA inundating the cell which has been shown to produce the 

opposite from intended effect during normal developmental processes by either silencing 

expression in genes that should be activated or activating expression of genes that should 

be silenced through promiscuous binding of RARs (Lalevee et al., 2011; Moutier et al., 

2012).  However, in terms of unregulated neoplasms like cancers, disrupting pathways 

that control growth can produce a beneficial effect by slowing cancer progression and RA 

has been used as a tool for cancer treatment because of its ability to slow growth when 

used in high doses likely because of its activation of genes which direct cellular 

differentiation (Brazzell and Colburn, 1982; Dicken, 1984; Dragnev et al., 2000; Mongan 

and Gudas, 2007; Niles, 2000). 
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RA concentration is of great importance physiologically, experimentally, as well 

as clinically and the researcher’s choice of RA dosage should be driven by the question 

being addressed with consideration of the model system in use.  RA itself is one of three 

isomeric forms of a class of chemical compounds called retinoids.  Retinoids are vitamers 

of Vitamin A, meaning they are structurally similar to Vitamin A and when introduced 

into a Vitamin A deficient living model, the deficiency is cured (Gregory, 2012; Mark et 

al., 2006).  The chemical structure of retinol is known as Vitamin A1, and the three 

naturally existing isomers are:  All-trans Retinoic Acid (tretinoin), 13-cis Retinoic Acid 

(isotretinoin), and 9-cis Retinoic Acid (alitretinoin).  These are all considered first 

generation retinoids, containing a polyene side chain, one cyclic end group and one polar 

end group (Brazzell and Colburn, 1982; Chien et al., 1992).  The potency of these 

isomers can differ by orders of magnitude, for example, 9-cis Retinoic Acid is about ten 

times more potent than All-trans Retinoic Acid (Han et al., 1995), and each isomer 

displays preferential binding to different RAR subtypes (Allenby et al., 1994); so careful 

consideration must be made when choosing how to utilize RA in an experimental setting.  

In clinical settings, it is most appropriate to use pharmacological concentrations of RA to 

take advantage of RA’s teratogenic effects.  In laboratory research settings studying 

normal development, physiological concentrations are more appropriate, however, the 

range of RA concentrations that is considered physiological is more difficult to define as 

there are a myriad of variables taking place in vivo.  There are several different 

metabolites found in varying species and tissues, concentration gradients occurring 

throughout tissues and different tissue types, and as a result, there is no one concentration 
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or retinoid which can be considered the physiological standard.  Generally, however, 

there is evidence that suggests that this range is on the nanomolar level; as for clinically, 

is it in milligrams (Dicken, 1984; Mark et al., 2006; Sheikh et al., 2014).  Depending on 

the laboratory research and model used, concentrations of RA from nanomolar to 

micromolar ranges are widely accepted in the scientific community (Bain et al., 1996; 

Sasaki et al., 2007; Sessa et al., 2007; Ward et al., 2004; Zhang et al., 2009).  

 

The addition of RA to stem cell culture may trigger expression of genes present in 

any of the three germ layers (Micallef et al., 2005; Shamblott et al., 1998), however, this 

metabolite strongly drives the differentiation path towards the neuroectoderm lineage 

(Bain et al., 1996; Gudas and Wagner, 2011; Kim et al., 2009; Lu et al., 2009; Okada et 

al., 2004; Ward et al., 2004; Wichterle et al., 2002; Xu et al., 2012).  This is not 

surprising as HOX genes are globally responsible for body pattering; the development of 

the Neuraxis occurs along the anterior-posterior axis in vertebrates and most proximally 

along the midline where RA has the greatest effect.  HOX genes direct motor neuron 

identity, namely HOX1-4 in the developing rhombomeres of the hindbrain and HOX5 in 

the neurons within the diaphragm (Castellani and Kania, 2012; Guthrie, 2007; Marshall et 

al., 1996; Philippidou and Dasen, 2013).  Collectively, these structures control autonomic 

regulation of respiration, heart rate, blood pressure, sneezing, gag reflex, swallowing, 

sleeping, hearing, balance, eye movement, facial expressions, sensation in some areas 

such as the face and motor control.  These post-developmental processes and sensory 

capabilities are no doubt essential and required for a vertebrate’s survival, therefore 
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proper regulation and expression of these anterior HOX genes is vital during 

development and any dysfunction along the RA-HOX signaling cascade has the potential 

to cause serious malformations or non-viability.  

 

Long Non-coding RNAs 

It was previously thought that the number of protein coding genes in a genome 

correlated with the complexity of that organism.  However, when whole genome 

sequencing identified plant species with twice as many protein coding genes as humans, 

that ideology became less and less supported.  Now, with the discovery of non-coding 

RNAs that correlation does exist.  A third or more non-coding RNAs in human did not 

develop until the primate lineage.  Plants can have as little as 3% of their DNA represented 

by non-coding transcripts and Prokaryotes as little as 20%, while the human transcriptome 

represents up to 98% non-coding transcripts (Derrien et al., 2012; Taft et al., 2007).  

Additionally, non-coding transcripts are strongly expressed in the central nervous system 

compared to other tissue types.  As the level of complexity increases in an organism, so 

too, does the abundance of non-coding RNA transcripts (Mattick, 2001; Taft et al., 2007). 

 

Long non-coding RNAs (lncRNAs), sometimes also referred to as Long intergenic 

non-coding RNAs (lincRNAs) for further designation to indicate their gene resides in 

“intergenic” regions of the genome, are a part of a large class of RNA molecules that vary 

widely in form and function.  They contain > 200 nucleotides (nt), have short or no open 

reading frames (ORF), generally do not associate with polysomes, and may or may not be 
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5’ capped and polyadenylated.  They can exist in high or low copy number; from thousands 

to less than one transcript per cell (Dodd et al., 2013; Fatica and Bozzoni, 2014; Kung et 

al., 2013).  It is believed that there are approximately 48,000 high-confidence lncRNA 

genes that produce up to 100,000 unique transcripts in the human genome (Volders et al., 

2015).  Even though non-coding RNAs represent the largest class of molecules transcribed 

from the human genome, detailed characterization of their form and function is just starting 

to emerge and not all molecular biologists are aware of their importance in the cell and in 

developmental processes.   

 

By the use of decoy, guide, or scaffolding activity either in combination or alone, 

lncRNAs are able to perform diverse roles in the cell from chromosomal silencing by XIST, 

to telomere formation by TERC, regulation through positive or negative feedback and 

crosstalk mechanisms by competing endogenous RNAs (ceRNA) and circular RNAs  

(circRNA) as well as regulating gene expression through epigenetic pathways via 

interaction with Polycomb or Trithorax group proteins (Dodd et al., 2013; Fatica and 

Bozzoni, 2014; Kung et al., 2013; Mercer and Mattick, 2013; Wilusz et al., 2009) (see 

Figure 2).  The sequence conservation of lncRNAs is generally lower than protein coding 

genes, but structurally lncRNAs have high tolerances to point mutations and are able to 

maintain secondary structure upon single base mutations much more resiliently than 

translated protein.  This circumstance gives non-coding RNAs great potential for rapid 

evolutionary change and suggests that this rapid evolution of non-coding RNAs has 

occurred in human species within the last 50,000 years (Johnsson et al., 2014).  
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Nonetheless, sequence homology of lncRNAs is still important and they typically have 

higher conservation than neutrally evolving sequences (Derrien et al., 2012; Marques and 

Ponting, 2009; Torarinsson et al., 2008; Washietl et al., 2005).  Additionally, long non-

coding RNA expression demonstrates cell-type specificity.  As they have been shown to 

regulate cellular pathways epigenetically, such as HOTAIR, HOTTIP, and Kcnq1ot1, it is 

possible that they play a defining role in cell-fate specificity as well by either driving and/or 

maintaining cell fate (Guttman et al., 2011; Kapusta et al., 2013; Kelley, 2012; Rinn and 

Chang, 2012). 

 

There is a recurring theme of lncRNAs interacting with proteins responsible for 

transcriptional regulation and chromatin remodeling, such as SOX2, REST, EHMT2 

(G9A), MLL, and PRC2, supporting the idea that one of the roles lncRNAs play is in 

transcriptional regulation.  Known examples of lncRNAs that bind to PRC2 include: Bvht 

(mouse only), FENDRR, HOTAIR, lncRNA-ES1 & lncRNA-ES2, Kcnq1ot1, lncRNA-N1, 

lncRNA-N3, Coldair (in plant) (Grote et al., 2013; Heo, 2011; Kaneko et al., 2013; 

Klattenhoff et al., 2013; Margueron and Reinberg, 2011; Werner and Ruthenburg, 2015) 

and recently, genome wide studies have shown that HOTAIRM1 is also able to bind to 

PRC2 (Werner and Ruthenburg, 2015). 

 

HOTAIRM1 

The HOTAIRM1 transcript was first identified as an Opposite Strand Differentially 

Spliced Express Sequence Tag (OS-EST) in 2007.  Transcripts located in the intergenic 
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regions of HOXA genes were identified from EST data using the UCSC Genome Browser 

and surveyed with human embryonal carcinoma NT2D1 cells (Sessa et al., 2007).  One of 

them, nested between HOXA1 and HOXA2 contained two proposed isoforms, a three exon 

705 nt transcript designated BG325728 and a two exon 373 nt transcript designated 

AA489505.  Other aliases were HIT06113 in human and Cb192922 in mouse (Sasaki et al., 

2007).  This EST was transcribed antisense to the HOXA genes and induced by All-trans 

Retinoic Acid (RA) in NT2D1 cells (Sessa et al., 2007).  Its expression along with the 

HOXA genes is temporal, where it and HOXA1 are induced as early as fifteen minutes after 

RA treatment while other transcripts such as HOXA2 are not induced until day 2 or 3, 

peaking around day 8 in this cell type.  ChIP experiments with RA-induced cells targeting 

RPOL2, SUZ12, and methylation marks demonstrated a loss of repressive marks, gain of 

activating marks, loss of SUZ12, and gain of RPOL2 in the HOXA locus in a time 

dependent manner.  Thus, it was inferred that RA induction gives rise to de-condensation 

of the locus and suggests the transcription of these EST’s nested between the HOXA genes 

contribute to the ablation of repressive processes like that of the PRC2 complex and 

somehow participate in the maintenance of the active chromatin state, although the 

mechanism was not understood (Sessa et al., 2007).  This notion was later supported in part 

by a global analysis which demonstrated that many lncRNAs are able to bind to PRC2 

components such as EZH2 and Jarid2 temporarily during their transcription which could 

result in effectively preventing the repression of their loci by blocking the addition of 

repressive marks (Kaneko et al., 2014; Kaneko et al., 2013; Werner and Ruthenburg, 2015). 
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The EST located between HOXA1 and HOXA2 was later captured in NB4 

promyelocytic leukemia cells by Rapid Amplification of cDNA Ends (RACE) (Zhang et 

al., 2009).  The transcript contained 2 exons, was 5’ capped and polyadenylated, and was 

identified in a Northern Blot experiment to be approximately 500 nt.  It did not contain 

long open reading frames (ORFs) nor did it associate with polysomes in sucrose gradient 

experiments.  Its expression was suggested to be myeloid specific and thus given the name 

HOXA Transcript Antisense RNA, Myeloid Specific 1 (HOTAIRM1) (Zhang et al., 2009).  

Knockdown of HOTAIRM1 in these cells led to decreased expression of HOXA1, HOXA4, 

and myeloid marker genes, suggesting that HOTAIRM1 is involved in the differentiation 

process of myeloid cells (Zhang et al., 2014).  HOTAIRM1 up or downregulation has also 

been correlated with various human cancers such as Acute Promyelocytic Leukemia 

(APL), Colorectal Cancer (CRC), Breast Cancer, Lung Cancer, and Renal [Clear] Cell 

Carcinoma, although the mechanism by which it acts and the pathways it participates in is 

largely unknown (Bullinger and Valk, 2005; Chen et al., 2017; Diaz-Beya et al., 2015; Li 

et al., 2012; Su et al., 2014; Tian et al., 2018; Zhang et al., 2012b).  See Figure 3 for a 

survey of known information about HOTAIRM1 in the literature. 

 

Significance of This Dissertation 

Initial studies have linked HOTAIRM1 with RA-induced differentiation during 

myelopoiesis.  Further studies have expanded on the idea that HOTAIRM1 plays a role in 

the chromatin remodeling process of this RA-induced differentiation in NT2D1 and NB4 

cells through an interplay with activating and repressive epigenetic regulators such as MLL 
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and PRC2 but have also provided conflicting evidence as to whether HOTAIRM1 plays a 

role in activation or repression of the HOXA locus (Wang and Dostie, 2017).  Additionally, 

most of the studies about or which in some manner included HOTAIRM1 in the literature 

do not fully clarify which transcript is under study and do not address the likelihood that 

this gene produces multiple, functional isoforms.  If a study did identify a specific 

transcript, it usually did so individually, without addressing the other transcripts, and did 

so in abnormal, cancerous cell lines.  To date, an in-depth analysis of the characterization 

of multiple isoforms transcribed from this gene at the molecular level which could identify 

unique roles for each isoform in a normal cell line has not yet been attempted, leaving a 

gap in information about the role that HOTAIRM1 plays during normal development, and 

how breakdowns in that role may contribute to the deregulation of cellular process which 

might uncover the pathways it is involved in, and also shed light on its potential 

contributory role to directing a normal cell to become a cancer cell.  I attempted to fill-in 

parts of that gap by identifying and characterizing the individual transcripts produced from 

this gene during the early stages of differentiation in a mouse embryonic stem cell model; 

which are normal, non-cancer derived cells that are completely pluripotent, as they are 

taken from the germ line and thus able to differentiate into any cell or tissue type.  I 

contributed to the knowledge of the role of Hotairm1 and its unique isoforms by studying 

the early stages of neuro and nephrogenesis under normal conditions as well as under 

conditions in which loss of Hotairm1 resulted in the deregulation of the cell and I have 

described my findings in this dissertation. 
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Figure Legends 

 

 Figure 1 Images depicting the anatomical context of HOX gene body patterning.  

(A) Arrangement of HOX genes aligned to their anatomical regions of expression in the 

human embryo.  HOX clusters A-D reside on different chromosomes (indicated by the 

individual lines) but their arrangement (1-13) along each chromosome is sequential.  Each 

color represents a different HOX gene with four color families indicating the four 

designations of vertebrae; cervical, thoracic, lumbar, and sacral.  The placement of each 

gene in the figure represents the anatomical regions of its expression along the embryo.  

Note that the development of the limbs (arms and legs) is not shown but the posterior 

portion [least influenced by RA] of the HOX cluster (9-13) is responsible for its 

development.  (B) The dermatome map of the human.  The image shows the human in 

pronograde to demonstrate the relationship between the spinal column and motor neurons 

as they extend distally.  The color-coding family matches that of (A).  

  

Figure 2 Image depicting decoy, guide, and scaffold activity of lncRNAs.  

LncRNAs can participate in various cellular pathways by their interaction with other DNA, 

RNA, or protein molecules.  (A) Decoy activity is when the RNA impersonates the 

intended target, blocking the proteins/factors from performing their function.  (B) Guide 

activity is when the RNA recruits factors to their intended target, enhancing their function.  

(C) Scaffold activity is when the RNA serves as a docking site bringing multiple species 

into close proximity with one another. 
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Figure 3 Survey of known information about HOTAIRM1.  Reference chart 

containing publications that are either about or included HOTAIRM1 in their analysis due 

to the use of high throughput techniques and therefore contributed to the current 

understanding of its biological function. 
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Chapter 2 

 

Discovery of Unspliced Hotairm1 Isoforms, Early Differentiation of the Hoxa Locus, 

and Characterization and Knockdown of Hotairm1 
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Introduction 

 

The Hotairm1 locus in mouse is similar to that of its human analog.  Both are 

situated between the Hoxa1 and Hoxa2 genes, produce spliced variants on the reverse 

strand in relation to their Hox neighbors, are nearby a RARE just anterior to Hoxa1, and 

are highly inducible by RA.  In mESCs, there are two proposed spliced isoforms annotated 

in the ensemble database, one containing exons one and three, and one containing all three 

exons.  The human and mouse isoforms containing exons 1 and 3 have 80% homology and 

the isoforms containing exons 1, 2, and 3 have 77% homology.  In fact, the entire region 

of approximately 4,000 bases has 75% sequence similarity which is considered highly 

conserved amongst non-coding RNA species (Marques and Ponting, 2009; Torarinsson et 

al., 2008).  Interestingly, HOTAIRM1 contains specific regions that are extremely well 

conserved, referred to as “functional modules” (Johnsson et al., 2014) most notably in exon 

3, which has 97% sequence similarity between humans, primates, the tarsier, mouse, rat, a 

host of other rodents, and the domesticated cat.  In contrast, noncoding RNAs such as TERC 

show almost no homology to its analogs beyond primates, even though its secondary 

structure is highly conserved.  In addition to sequence conservation, both species produce 

transcripts with theoretical open reading frames that would otherwise only produce small 

peptides (~ 50 amino acids) and do not associate with polysomes in NB4 cells (Zhang et 

al., 2009).  Because of the strong similarities between these two species, versatility and 

ease of use of mESCs over hESCs, mESCs make a suitable model for studying Hotairm1 
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during early stages of stem cell differentiation.  See Figure 4.1 and 4.2 for an overview of 

HOTAIRM1 homology. 

 

Mouse embryonic stem cells can be maintained in an undifferentiated state by 

several approaches.  They can be maintained on a monolayer of mouse embryonic 

fibroblasts (MEFs) (Kahan and Ephrussi, 1970), cultured with serum and the 

JAK/STAT3 activator, leukemia inhibitory factor (LIF), or by the use of MEK/ERK and 

GSK3 inhibitors commonly referred to as “2i” in conjunction with LIF (Caunt et al., 

2015; Cohen and Frame, 2001; Dejosez and Zwaka, 2012; Herberg et al., 2014; Kumar et 

al., 2014; Martello and Smith, 2014; Nichols and Smith, 2012; Onishi and Zandstra, 

2015).  Evidence suggests that the most “ground” state of a mESC can be obtained by use 

of serum free media supplemented with LIF and 2i, achieving the most consistent 

expression of pluripotency genes with the least amount of chromatin modifications and 

leaky expression of lineage specific genes (Blair et al., 2011; Marks et al., 2012; Ying et 

al., 2008).  This method is especially beneficial when establishing new cell lines from 

embryonic tissues.  However, the necessity of using serum free LIF + 2i cultures with 

pre-established mouse embryonic stem cell lines, especially with the intent of studying 

downstream differentiation pathways, is not universally accepted as many scientists still 

use MEF monolayers with serum + LIF cultures to propagate their mESCs and remove 

the MEF cells by using competitive surface attachment techniques prior to performing 

their experimental research and in some instances the use of LIF + 2i cultures results in 

senescence of mESCs and chromosomal aberrations after too many passages (De Kumar 
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et al., 2015; Kaneko et al., 2014; Kaneko et al., 2013; Ward et al., 2004).  The serum + 

LIF on MEF monolayers approach is seen time and again in present day publications and 

therefore, due to its ease of use, lower cost and lower complexity as well as robustness, it 

is the method that will be used for propagation and generic culturing of mESCs 

performed herein unless otherwise stated. 

 

Differentiating an embryonic stem cell into another cell type in vitro is not a 

simple process and trying to ascertain what is occurring during that process is 

innumerably complex.  Previously silenced loci are becoming activated as thousands of 

genes are rapidly expressed while thousands of other genes that are expressed in the naïve 

pluripotent state are being silenced and/or are now targeting alternative pathways to 

direct the cell to a particular lineage (Hutton and Pevny, 2011; Kempfle et al., 2016; Seo 

et al., 2011; Wang et al., 2012; Zhang and Cui, 2014).  The interplay between all of these 

genes (cross talking, positive feedback loops, negative feedback loops, etc.) creates a 

balancing act with thousands and thousands of variables involved, leading to cell cycle 

progression that is changing temporally across each stage of differentiation in addition to 

substantial amounts of mechanical changes taking place in the cell that ultimately 

transforms a round, undefined cell into a highly specialized and purposeful one whose 

form relates to its function (Chen et al., 1998; Haupt and Minc, 2018).   

 

There are established protocols, and new ones published frequently, on how to 

differentiate stem cells into specific cell types and lineages which are very useful for 
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modeling unique research questions in a range of tissue types that can be geared towards 

a researcher’s needs (Abranches et al., 2009; Batchelder et al., 2015; Gaspard et al., 2009; 

Knoth et al., 2010; Nishikawa et al., 2012; Oeda et al., 2013).  The majority of the work 

on this project, focuses primarily on the role of one gene, Hotairm1, during the earliest 

stages of differentiation (hours to days), but also secondarily on Hotairm1’s role in 

particular tissue types.  Thus, while other methods are performed in specific cases in 

Chapter 3, the method of differentiation used most frequently in this project is as basic as 

necessary to induce Hotairm1 while also allowing the mESCs to differentiate.  To 

accomplish this, LIF and/or 2i (if it is present) is removed from the culture while RA is 

added to the culture.  These changes are sufficient to strongly induce expression of 

Hotairm1 and completely differentiate the stem cells. 

 

 In this chapter, I characterize the Hotairm1 isoforms in a mESC model during the 

early stages of differentiation.  I characterize their inducibility, cellular location, and 

abundance.  I also use multiple RNAi methods to knockdown Hotairm1 during the early 

course of differentiation and tested genes related to pluripotency and differentiation to see 

if their expression is altered by the knockdown.  I chose to test the genes of Hoxa cluster 

because of their close proximity to Hotairm1, genes involved in the maintenance of 

pluripotency such as Sox2, Oct3/4, and Nanog, and a host of genes involved in driving 

differentiation.  I elected to test these type of genes for two reasons:  1) because 

Hotairm1 has already been implicated in myelopoiesis and it is plausible that it is 



 27 

involved in other differentiation pathways as well and, 2) to determine if deregulation of 

Hotairm1 has causative effects in the cell which may ultimately lead to cancer. 
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Results 

 

Differentiation of mESCs 

To demonstrate the morphological changes that take place during mESC 

differentiation, D3 cells were cultured under various conditions that included RA and 

pictures were taken during a three-day period.  The reason we chose to use RA was 

because it has been previously shown that RA induces differentiation of cells and 

expression of Hotairm1 and this approach to inducing differentiation in stem cells is 

simple and direct.  Morphologically, stem cells form spherical colonies as they divide.  

This trait is lost as they differentiate and can be seen progressively by the addition of RA 

and by the removal of reagents that promote pluripotency, such as LIF.  As the cells 

differentiate, they cease colony formation, they flatten, and they develop star like 

protrusions.  This effect is intensified as LIF is removed and is the greatest when RA is 

also added.  See Figure 5 which contains pictures of D3 mESCs that demonstrate this 

effect.  The cells cultured in media with LIF formed spherical colonies indicating they 

remained stem cells.  The other conditions showed a progressive loss of colony 

formation, and increase in flattening and protrusion from media containing LIF and RA, 

to media without LIF and without RA, to media without LIF but with RA.  Removal of 

LIF or the addition of RA is sufficient to induce differentiation and doing both has a 

combinatorial effect.  Even though adding RA is sufficient to initiate the differentiation 

process, keeping reagents in the media that promote pluripotency sends the cell 

contradictory signals and therefore would not be a reasonable model for studying early 
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stages of differentiation.  Because removal of LIF while supplementing with RA 

produces the most complete morphological differentiation of the mESCs cells, this will 

be the method used for performing the experiments that follow. 

 

Hotairm1 is Expressed and Inducible in mESCs 

Prior to starting this project, there were no known or proposed annotations of an 

actively expressed Hotairm1 transcript containing intergenic regions, nor had any 

isoform of Hotairm1 been captured or studied in mESCs.  So, the first task of this project 

was to determine if Hotairm1 is expressed in mESCs and if it is necessary to pursue 

identifying alternative isoforms using this model.  Hotairm1 is induced by RA in some 

cell lines so it was reasonable to start by testing its inducibility in mESCs.  Based on the 

current annotation data in mouse of the Hoxa cluster, it was also plausible that there may 

be more than one isoform of Hotairm1.  Because of this possibility, primers for End Point 

Polymerase Chain Reaction (PCR) were designed in various regions across the Hotairm1 

gene and tested in D3 mESCs treated with RA.  What was ultimately revealed from this 

initial test was that 1) Hotairm1 transcripts are expressed in mESCs, and 2) RA rapidly 

induces the expression of multiple Hotairm1 isoforms in mESCs (see Figure 6).  Primers 

designed in intron 2 generated an inducible PCR product while primers designed in exon 

1 and exon 3 (which flank exon 2) generated two inducible products, a major product of 

253 nt and a minor product of 698 nt.  Interestingly, low levels of expression from the 

intronic region and the product containing exons 1 and 3 were also detected in naïve 

mESCs.  While it is not possible to know from this experiment if the two exon product is 
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actually more abundant than the three exon product or if it amplifies better because it is a 

smaller product, this result nonetheless provided sufficient evidence that there are 

intronic isoforms which were not yet annotated that exist in mESCs and that there are 

multiple spliced isoforms, a product containing exons 1 and 3, as well as a product 

containing exons 1, 2, and 3 expressed in mESCs, and therefore, this model is suitable to 

study Hotairm1 during the early differentiation process. 

 

RNA Extraction Methods 

Because non-coding RNAs are dynamic in purpose and structure, can exist in any 

cellular compartment or organelle, and do not necessarily contain the same chemical end 

groups nor traditional nucleotide lengths as mRNAs it was necessary to determine the 

best method of RNA extraction prior to performing any further downstream experiments 

on Hotairm1.  This project’s criteria for studying non-coding RNA species was quality, 

reproducibility of the preparation, and most importantly accurate representation of the 

RNA species.  Since non-coding RNAs and presumably Hotairm1 itself have been 

known to associate with chromatin, proteins, and various regions in the nucleus as well as 

the cytoplasm, a method that does not introduce bias from selectively purifying RNA 

species’ in one part of the cell over another must be used.  Based on these criterion, four 

RNA extraction methods were tested (see Figure 7).   

 

Phenol extractions of RNA have many benefits:  they completely degrade the cell 

and its structural components, removing bias by deconstructing all the cellular 
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compartments into one pool of macromolecules while also preserving the chemical bonds 

of proteins and nucleic acids.  Then, through phase separation, it is possible to selectively 

purify proteins, RNA, or DNA.  However, a traditional phenol-chloroform extraction 

during this era of sophisticated technology and kit-based extraction methods is now 

considered time consuming and difficult to reproduce.  Thus, processing large numbers of 

samples (which this project requires) without variability is less feasible by this method, 

however, silica column-based kits originally intended for mRNA extractions may 

introduce a bias.  For example, some kits have a genomic DNA removal column as a fast 

approach towards removal of DNA compared to other methods requiring DNase I 

treatment.  This column, however, removes not just DNA, but chromatin, and all 

chromatin associated species, including Hotairm1, as seen in Figure 7 using this type of 

prep.  Additionally, some column-based methods carry a size limit and cannot bind 

effectively to smaller nucleic acid species, creating a bias towards larger transcripts.  

Therefore, approaches like those are less feasible for this project as well.  Overall, the 

total amount of RNA per mESC of the four approaches was close to what is reported in 

the literature, currently believed to be somewhere around 20 – 25 pg per cell (Grun et al., 

2014; Percharde et al., 2017; Streets et al., 2014; White et al., 2011).  However, the kit 

that best represented the total number of Hotairm1 transcripts was the DirectZol RNA 

Extraction kit which incorporates the use of phenol in the platform of a column-based 

RNA extraction method.  It was chosen because its quality and reproducibility were 

comparable to the other column-based kits and most importantly it introduced the least 

amount of bias; likely by its incorporation of phenol (Kim et al., 2012; Sultan et al., 
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2014).  It also contains the added benefits that phenol provide such as preservation of 

RNA prior to extraction; an especially useful advantage when collecting cells over week-

long periods of differentiation experiments. 

 

Identifying Hotairm1 and its Gene Products 

In the beginning, it was not clear where the Hotairm1 gene started and ended, as 

there are promoter elements, CpG islands, long stretches of AT repeats, enhancer sites, 

and other transcriptional elements tightly packed in the intergenic region between Hoxa1 

and Hoxa2.  But now that a robust and reproducible RNA extraction method has been 

optimized, our next interest became identifying the start and end sites of the Hotairm1 

gene.  RACE experiments had previously been used to identify spliced transcripts in NB4 

cells, but none had ever been performed in mESCs to identify where this gene started and 

ended, so to-date the only known information about this gene was approximately where 

its first and third exons resided.  To achieve this goal, RACE was performed with primers 

designed specifically to capture intronic transcripts and identify the 5’ start and 3’ end 

sites of Hotairm1.  To increase the odds of successfully capturing the intronic transcript, 

RNA used for this experiment originated from mESCs induced by RA – which is a state 

where there is significantly more Hotairm1 transcripts present than in naïve stem cells.  

To assist in the design (and also provide additional evidence to support the hypothesis 

that an intronic isoform of Hotairm1 exists) I searched the GEO database for RNA-seq 

data containing mESCs induced by RA.  I found one study conducted by Sebastien 

Vigneau using E14 mESCs induced by RA for 4.5 days (GEO accession numbers:  
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GSM970850, GSM970849).  Figure 8 displays the Hoxa1 – Hoxa2 locus and contains 

repurposed, but unaltered, raw sequence track data from that study showing induction of 

the Hotairm1 locus, which is nested very tightly between the 3’ end of Hoxa2 and the 5’ 

start site of Hoxa1.  The regions with the greatest expression contain the first and third 

exon, with lower levels of expression across the entire gene, supporting the previous 

result indicating there is expression of intronic regions yielding a final unspliced product 

and that there is a dominant spliced isoform containing only exon 1 and exon 3.  

Additionally, low levels of expression were detected in the uninduced control further 

supporting the results of Figure 6.  With this information, 5’ and 3’ RACE experiments 

were performed to identify the start and end sites of the Hotairm1 gene.  The results of 

these experiments confirmed the annotated 5’ start site, identified the 3’ end of the 

Hotairm1 gene, and also captured two novel unspliced isoforms.  These isoforms, as well 

as the annotated version of the exon 1 and exon 3 spliced product, all have the same 5’ 

start site.  The unspliced isoforms contain 3,966 and 2,656 nucleotides and are both 

polyadenylated in regions that include canonical polyadenylation (polyA) signals, 

supporting the validity of these results and bringing to attention four different isoforms 

transcribed from the Hotairm1 gene in mESCs.  In order to describe these four different 

isoforms without confusion, from herein the unspliced isoforms will be referred to as 

“Long” and “Short” based on their respective nucleotide length and the spliced isoforms 

will be referred to as “E1-3” (containing exons 1 and 3) and “E1-2-3” (containing all 3 

exons).  See Figure 8 for the RACE annotations and a table summary of the four 

isoforms.  It is also important to note that, while these RACE experiments were not 
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designed to capture the spliced isoforms, previous literature has shown that in human 

NB4 cells the E1-3 spliced product is also polyadenylated (Zhang et al., 2009).  The 

sequence of the Long transcript captured in the RACE can be found below: 

ATTTAAATCCCCGGCGCTCCTCAGTGTAGGTGACGCGCGCTCGCCCCCCCAG
GCAGCCCGGGCCGCGGCGGTAGCAGCGGCCGCTCCCGGAGCTGACTTGGAGC
ACTGGGACCAAAGGGAGTCGAGACTGCCTTCTGCGCGCGCCCGGCTTTGCGC
GCCTCCGCCACCAGATGTGGGGGGATGGGAGGCCCCCTCCGCGGCCCCTTCC
CCACCCAGCCCAGAAAGCTGAACTGGCAAGAGGTGAGAGGGGATGAGGCCT
CCTGGCTCTCTTGTGGCGGGCATCTTGTGGGCCGAAAATCTCTGCGTGGTCGC
AAGGACCCTGGCGGAGCTGGGAGCACGCGGGGTGGGAAGGGTGGGAATCCA
ACAGACACCACGCCCTCAGCTCGGGGCGGCCGCCACTACCCAACCCCTGCAA
GAGACCTGAGCCCGGAATCCCGGCGCCTAGGGCGAGGTTGCGTCACTGGCTC
GCCAGCCTCGGAATGTAGAGGGACGTGCGCAGAGGATTGACTGGGAGGAAC
CATGGTGAATGTGCTGGGGACCAAAGCAAGAAAAGAAACTTCTGTCCTCATC
CAAAGGGTCTTAGAGCCCTCTTCCCTGATTCCTGCCGGCCAATAGCATGGCA
ATGGGAGCTTCTGTAATTCGACCCCAGGGTCCCGGGATTCGGGGGTGGGGGT
GGGGGTGGGGGGGGCTACGAACCCAGCTCTCTGGGAAAGGCCGGGTGTCCA
CTCTCTTCTCTGCCCTCTCTCCTTCTCTGTCGCTTTGCTCTTGGTAGCCCTGCA
AAATCGGGGCAACTCTGCTACTGGAGTTTAAGGAGTAGAAGGCAAAGGAGA
TTGTTGACGCCAGCAGACGTGGCTGACTGGCGTGAGGGCCGAGCCTGAGCTG
CAGGCCATCTGCCAACTCTTAGAGACCCAGGAGCATGCTCACTCTAGGGTAG
GCCTCAGAAGGGCAGATAACAGGCAACTCCTAAAAAGTATGCAGACCTCCCC
CGTCGAGTTTCTCTCTTCCAGGAGAGGCAAGTTAGGAGTGGAAGAGCCCCCC
CTTCCCACCATCCCCTATTGCCTGTGTGGACTGGGGCATGGGGGGTGTTGAGG
ACCGGCAGGTGGGAGGGACAGATGACTGAGTGGATGGGACCCTTTCCAACG
GGCTTGTGTGAACCTGCAGGTCACTCCCCAGAGAGACACGTGCAGATGTGAG
CATCATCCCAGGACAGGGGTCCTGTTTCCCATCAACCTTGTCCTGCAATGATG
CTGATGGTGTCAGTAATTGCTGTTTACTATTAGATGTCACGTCAACTCTAAGC
TTGGAGAAAGAAAAGGCCAAACAGAGATGAGAATGGACATAGTCTTAAGGA
GGAGAAATTCAGCGGTCACTTAAAAAACACCGTGCAGACAGTTCTGCACAAG
TTTTCTTCTCGATGTTTCTAGCTTTATATCAGGCATGAAATTAACAGTGTAATT
TACGTGTGAGTTTGGGGGGATCCCTTCTCTATAGGAAGGGAAGAAGAATGCA
AAGTCACTCTTCGGGCTTCTGGGTTGTGTTTTTTCTCCACACGTAGAAGTTGTC
CCCTCCCCCACACCTCTCAACCCCGCCCCCAGCAAACCTGGCCATCCTCCTGG
AAACCTAAGCAGACCTACGTCCCTGGTCCCCCTTAGTGACAACTGAACACTT
ACCCCAACCCACTTTCGGGGAGTAGTATTTCTCTGTGACCCATGACTCGCCCC
AAAGCATGGTAAAGGGAGGAGCACCCGGGAAGTGTCCTGCCTTAGCCTCTTC
TTCTGGGAAACCATCCAAGTAGAGTCTTTTGGGAGGACAGTCCTCCCGCTAA
GAGGAAAGAAGGGACTCCTGTGAGTCAGGAACAGGAAGTGAGAGAGGCTTG
ATGCTGTGAGCGCGGGTGAGGGCCTCTCTCAGCAGAAGGCAGTTCATTCCTT
CTTCCCCTTGCCTCTTGCGGGGGGGGGGGGGAGGACGGGGGGGGGTACAGG



 35 

GGGCGTCTGTGGGCCCCCTTGGTACCGATTTGCATTAACCTACAGGCTCCAGG
ACGCCTGCCTGAAAGCTACCCCCAGGCCTCCGCTCCCCTTCTGCTAATTCTCA
CTCCCCCAAGCCCTCTTTCTTCACCTGTTTTTCTGGGTAGCCTACGTGGGGTGT
TTTCATCAGCAACACAAACACACTACTGGACCCACAACGCACGCATGCAGCG
CTCGCTCGGGGCCTCCGCAGACCTTGCCCCATTAACCACCAGCTCGGCCTCTG
CTCACTGCAGGCCCAAGCTTTCCCGAGGAGGCTCACCCGGAGCTCGGAGCAG
TAGGCTTATGCAGCTCAGATTCTTTCCCAGCCCCCACCCCAGAGGAATCAGG
AAGGCCACTGAGCAGGGTAAGAGACCTTTGGTCTTTTGAGCAGCAAGGAGGC
CAGCGACCCACGCAGGAATCGAGCTGAAGTGTCTTTAAATAGCCCCAGGAGA
GTGGGTGAAAGGCGAGCTTGGGCCATGAGTGAAATAATCCTCTGCAAGCGGC
ATGCTTGGCTCCAAGTGCCTCTTTTCAGGGCTCTTCTACTGGAAAGAGAATGA
GGGAGGAGGAGACAAACCGAGGCCCGGAGCCGTTCTTGGCATCCGCGGCTC
AGCCAAGCTGTTGTTTTAAAAGAGCAATAAAAATGAATTATGACTAAACGCC
TTCTAACTTAATGCTTTCGGACGGGGATCCCCGGCAAATACGTAAGAGGATTT
TTATTTGTGCATGTGTTCCTGCAATTGATCTCTTTGATGACATTCTCATTCATA
GAAAGCGTTTGATTTATGAGCTTAGGACGAATCACATCCAGGAACTGCGCAG
CCCTGGCCACAGCCCGGACACCCTGCTCAGATCTCAGAGCCTGGGGCCTGAA
AACCACCACAGTCCCCACATATGGAGGCTGCTGAGGGATTAGGGGAGTAGAG
GGTGAAGGGAAGGTAGAGAGCAAACCCCTGAATAAAGTCCGAGGTTTCATTG
TAATTCCCAAGCTTTTGCTATTAAGAACTGGGTTCTTCCATCAATCACCGCCC
CCCCCCACGCACATGTTGCTGCAGTTTCTCACGGTAAGTCACCAGAATAGAA
CCCAGAAAGGGAAATAAATAAATAAATAAATAAATAAATAAATAGTGGGAG
GAGACAAAAGAAGGAAAAAAACCAGAACAGCCCAATAACATACCCTAGATC
ACATTTTATTGATATTTCATTTAAAGTGCTCCTTCTCTGTCTAATAAACTGGGT
TAATTAATAATCTAGGGTGCAAAAACACTTTTAAAATCTCCACTTGCTAACCT
GACTTCAAACCTTTAATGATTTATTATTAGCAATGTAAACAGATTTAAGGATT
AAATATCGATTGTGTGTGTGTGTGTGTGTGTGTGTGTGGTGAGGGCAAGAATC
TTGGGATGGCTGGAAAGAGCCCTTCCTGGCATGCATTTCCCAGCTAGTAACC
GTGGTTTTGTTTTGTTTTGTTTTCCTCTGTCTTTTAGGTCTGTTTTTCCTGAACC
CATCCACAGCTGGGAGATTAATCAACCACACTGAAAATGGGGGTGTGGGGGA
GGGAAAGGAAGAGTTGGAACGTAGATGTTTGAAACAAATGTGTATAAATAA
ATGAATTTTTGATAACTCCGTTATTGACCTAGAAACTAGCAGCTTGGTAAGGG
AACTCCATTCCACTCCACTCGTCCTAGAACTGGAAGTTTTTGTAGGCACTTTT
CCTCTCCACACTCAAAAGCTTGGGCTAGGGCCAACTCAGGCTGCCCAAGCCC
ATTTCTATTACTAATGTAACTCTATGGCCTGAGTCTCAACACTGAAAACCAAA
TTCATTCCCTTAGGGGGGAAAAATCCAAAAAAAAAAAAAAAAAAAGTCTTGC
CAGAAGCCCTAGCACTTTCTGGTTTTCTTCTTTGTTGCTGTTTGTTGCAGGCTT
TGAACATGCCACCCTAATAAAATATATTAAGATTGAAAAGTAAA 
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Design for qPCR and Absolute Quantification of RNA Transcripts 

Now that a total of four RA inducible transcripts have been readily identified in 

mESCs, it became relevant to explore the idea that they may have unique or independent 

functions in the cell.  To begin teasing through what those functions may be, Quantitative 

PCR (qPCR) primers were designed to identify each isoform (see Figure 9).  Primer sets 

able to uniquely identify 3 isoforms were made for the Long, E1-3, and E1-2-3 

transcripts.  It was not possible to design a primer set to identify only the Short isoform 

because it shares 100% homology with the Long isoform, so primers were designed in 

intron 1 where both the Short and Long could be amplified and subtraction of the Short 

primer copy count from the Long primer copy count would estimate the prevalence of the 

Short transcript when performing Absolute Quantification.  For example, if the Short 

isoform yields 20 copies and the Long isoform yields 11 copies, by subtraction it is 

possible to determine that there are approximately 9 copies of the Short isoform.  

Because Absolute Quantification of qPCR yields a unit value, such as number of 

transcripts per cell, it is reasonable to use this approach.  In order for Absolute 

Quantification qPCR to be realistic, very stringent guidelines must be met.  qPCR itself is 

quantitative, whereas end point PCR is qualitative, or semi-quantitative at best.  qPCR 

employs the detection of fluorescence generated while PCR products are actively 

transcribed to identify the total quantity of products made.  This quantity is often reported 

in relative amounts normalized to housekeeping genes.  With this approach it is possible 

to identify fold change with great accuracy, but not necessarily abundance.  To identify 

how much of a transcript is being made in actual unit values, Absolute Quantification is 
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required.  To utilize Absolute Quantification a number of conditions must be met:  

Primers have to adhere to stringent specifications and product size, standard curves for 

primers must be generated yielding 90% efficiency or greater, primers must be specific 

and generate only one product, the amount of input material in the qPCR reaction must be 

known as well as the amount of total input material obtained from the template source 

(Bustin et al., 2009). 

 

To relate this method to the project, cells from a given experiment are counted, 

the RNA from those cells is extracted, the total RNA obtained from the extraction is 

logged, a known portion of that total RNA is used in a cDNA synthesis reaction and a 

known portion of that cDNA is used in qPCR with a primer set specific to one gene or 

isoform of a gene.  The quantity generated in the qPCR is processed as a Ct value, also 

called Cq.  Using the Standard Curve specific to that primer set, the Cq value (which is 

related to the inverse of the total quantity amplified in the qPCR reaction) is then 

mathematically converted to a unit number, the total number of transcripts in that 

reaction.  Then the number of transcripts per reaction is mathematically converted to 

number of transcripts per cell, which can be referred to as “copy count” (D'Haene et al., 

2010; Streets et al., 2014).  The math can be found in the Materials and Methods section 

of this chapter.  If necessary, the data can also be normalized to housekeeping genes to 

reduce variability and doing so will not alter the order of magnitude of the results (e.g., if 

there are 100 transcripts per cell, normalizing with an appropriate housekeeping gene will 

not change it to 1,000 transcripts per cell, but perhaps instead to 89 transcripts per cell).  
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Along with the 4 primer sets designed to identify the unique isoforms of Hotairm1, qPCR 

primers for all the Hoxa genes were designed and validated, as well as marker genes to 

chart differentiation and other genes of potential interest.  

 

Characterization of Hotairm1 Isoforms 

Transcriptional regulation is a highly complex process and it has been previously 

shown that in some cases the transcript itself can regulate its own expression (Aubin et 

al., 1998; Van Obberghen-Schilling et al., 1988; Wang and Tobin, 1998; Wu and 

Wolgemuth, 1993).  Additionally, culture conditions are also responsible for variations in 

transcriptional activity (Godwin et al., 2017; Guo et al., 2016; Marks et al., 2012).  

Because of these potential irregularities and also in continuation of characterizing the 

behavior of mESCs and the Hotairm1 locus under varying conditions, qPCR was 

performed on cells induced with RA in media supplemented with or without LIF and 2i 

(see Figure 10).  The results of this experiment revealed that the RA-induced expression 

of the unspliced Hotairm1 transcripts was unchanged, whereas for the spliced transcripts 

and Hoxa1, expression levels were at least 2-fold less in cells cultured in media with LIF 

and 2i.  This indicates that transcriptional regulation of processes which govern the 

abundance of the two unspliced Hotairm1 isoforms is only dependent upon pathways 

regulated by RA, and that the abundance of the spliced Hotairm1 isoforms as well as 

Hoxa1 is affected by pathways likely regulating pluripotency (JAK/STAT3, MEK/ERK, 

or GSK3) as well as those regulated by RA. 
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mRNAs are capped, spliced, polyadenylated, then transported to the cytosol to 

ultimately be used as templates for translation into proteins while some unspliced, non-

coding RNAs such as Neat1 have been shown to remain localized solely in the nucleus to 

perform their functions.  Since the spliced isoforms of Hotairm1 have no obvious 

differences to mRNA and the unspliced isoforms have similarities in appearance to 

previously described unspliced non-coding RNAs, for the next step in the 

characterization of Hotairm1, it was necessary to identify where each isoform is localized 

in the cell because of the possibility that they may have separate functional roles.  To do 

this, D3 mESCs were cultured in media treated with RA, collected and fractionated into 

nuclear and cytoplasmic components, then Absolute Quantification RT-qPCR was 

performed (see Figure 11).  The unspliced transcripts showed an equally significant 

presence in the nucleus and cytosol while the spliced transcripts were predominately 

located in the cytosol.  This suggests that the function of the spliced transcripts most 

likely takes place in the cytosol and suggests that the unspliced transcripts may have an 

alternative role in the nucleus not performed by the spliced transcripts. 

 

Expression Profile of Hotairm1 and the Hoxa Cluster During Early Differentiation 

To shed more light on the early stages of RA-induced differentiation of mESCs, 

expression profiles were made using RT-qPCR on D3 mESCs collected at varying time 

points from zero to five days with two different RA treatments.  The first treatment had 

two goals:  to examine the immediate and earliest time of Hotairm1 induction and to 

determine the necessity of continuous RA supplementation for expression of the 
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Hotairm1 locus and anterior Hoxa cluster, which is known to be the most affected by RA.  

For this treatment D3 cells were given one initial dose of RA and allowed to differentiate 

for four days without further supplementation.  Cells were collected at several time points 

during the first 24 hours and then at 2 days and 4 days (see Figure 12).  For the second 

treatment, D3 cells were differentiated over the course of 5 days, with continuous 

supplementation of RA and collected every 24 hours for analysis (see Figure 13.1 and 

13.2).  This second experimental approach had one goal, to determine the expression 

profile of Hotairm1 and the Hoxa cluster during early differentiation of mESCs in a more 

realistic setting with constant exposure to RA and confirm this differentiation approach 

generates cells of the neural lineage.  The first method showed peak induction for the 

most abundant Hotairm1 isoform E1-3 at 48 hours, followed by a sharp decline in 

expression and the greatest induction for Hoxa genes 1-4 occurred at 24 hours followed 

by minimal changes for the remainder of the 96-hour trial, with Hoxa1 having the 

greatest abundance.  The remaining isoforms of Hotairm1 only experienced gradual 

changes in expression after 24 hours. 

 

The second method modeled precisely the same trend for the first 24 hours; this is 

likely because the effect of the first RA dose lasts up to that period of time.  Afterwards, 

instead of sharply declining as seen in the single dose treatment, E1-3 abundance 

continued to increase.  Instead of remaining relatively constant, Hoxa1 reached peak 

expression at 72 hours followed by a modest decline in transcript abundance.  The other 

Hotairm1 isoforms showed incremental increases in expression, with their abundance 
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remaining the same for both treatments (Long is the second most abundant, followed by 

E1-2-3, followed by Short).  Ultimately, peak expression of the major E1-3 isoform was 

indeterminate as the maximum expression occurred at the 120-hour time point.  Hoxa5 

was the most abundant Hoxa gene with expression levels that equaled the E1-3 product, 

peaking at 120 hours.  The remaining Hoxa genes gradually increased in expression with 

the next most abundant being Hoxa3, 4, and 10.  The remaining genes, Hoxa2, 6, 7, 9, 11 

and 13 produced 10 copies or less per cell, which is marginal compared to the most 

abundant transcripts tested.  Most likely, these Hoxa genes become activated to a more 

significant degree (as seen here with Hoxa1 and Hoxa5) at either later stages in the 

differentiation process or in alternative differentiation lineages.  As for the principle of 

collinearity, Hoxa collinearity is not necessarily a rigid sequential process where Hoxa1 

turns on, then Hoxa2, then Hoxa3, and then likewise turn off systematically as Hoxa2 

was one of the least expressed genes during the entire 5-day treatment while Hoxa5 

became the most abundant once Hoxa1 reached its peak expression; indicating that the 

general trend of collinearity exists but is more so defined systematically (and likely tissue 

specific) than it is sequentially. 

 

In addition to testing the Hoxa cluster, marker genes for pluripotency and 

neurogenesis were monitored during the differentiation process of the second treatment 

and are reported in Figure 13.2.  Because there is substantial evidence that RA promotes 

neurogenesis in stem cells it was prudent to also include a neurogenesis marker, Map2, 

while testing the transcriptional progress of the pluripotency markers Sox2, Oct3/4, and 
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Nanog.  The progression behaved as expected with very sharp declines in expression of 

Sox2, Oct3/4, and Nanog within 48 hours and conversely a rapid induction of Map2 

within the same period.  By day 4 the pluripotency markers were completely silenced and 

Map2 had reached peak induction, further supporting the literature asserting that RA 

drives stem cells towards neurogenesis.  It is interesting to note that by 48 hours the bulk 

of the gene expression changes had occurred for nearly all the genes tested, whether they 

were induced or silenced, indicating that the RA-induced pathway is poised for activity 

and able to respond rapidly upon the introduction of RA.  This suggests and is supported 

in the literature that these targets exist in a euchromatin state, balancing the presence of 

activating and inactivating marks, readily able to respond to any cellular signal that may 

present itself to this location of the genome. 

 

siRNA Knockdown of Hotairm1 

Now that Hotairm1 had been characterized in mESCs during early stages of RA-

induced differentiation, deregulating it during the differentiation process was the next 

step to further understand how it functions.  To do this, siRNAs were designed targeting 

the different isoforms of Hotairm1.  Some siRNAs targeted introns, some exons, and one 

targeted the exon 1-3 splice junction.  By design, the Long isoform could be targeted 

independently as well as the E1-3 isoform.  After initial testing, the results of the siRNA 

treatments showed a partial knockdown (~30%) of the unspliced products and a majority 

knockdown (~50%) of the spliced products using the e3-3.7 siRNA that targeted exon 3.  

While this effect is weak, it was still sufficient to elicit an effect on a handful of genes 
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seen in Figure 14.  This result was the most effective knockdown by any of the siRNAs 

tested.  The siRNAs that targeted other regions of Hotairm1 were far less effective and 

were no longer used.  These results showed that upon knockdown of Hotairm1 the 

expression of three anterior Hoxa genes were reduced along with Tp53, Ddah1, and that 

kidney marker Cdh11, and pluripotency marker Sox2 were upregulated. 

 

Even though the siRNA targeting exon 3 was able to elicit an effect on the RNA 

expression levels of these genes, this achievement occurs at just 24 hours post RA-

induction where there is minimal Hotairm1.  As the differentiation process progresses 

and Hotairm1 expression increases, the knockdown effect becomes minimal by day 2 and 

is lost by day 3 (data not shown).  Efforts using multiple transfections while increasing 

siRNA input could not overcome this phenomenon, which is likely due to the rapid 

replication of the stem cells, transcriptional activity and secondary structure of Hotairm1 

resulting in a diluting effect of the siRNAs and/or inaccessibility of the siRNA to reach 

the target sequence.  While a statistically significant effect is seen at the 24-hour mark, 

even then it is minimal and therefore it was concluded that an alternative method of 

knockdown would have to be performed to achieve greater silencing of Hotairm1. 

 

Generation of an Inducible Hotairm1 Targeting shRNA Cell Line 

There is a mouse embryonic stem cell line named KH2, which allows for targeted 

insertion of DNA into the ColA1 locus by way of a uniquely designed vector (pCol-

TGM) in conjunction with a Flp-recombinase vector.  This system uses a reverse-Tet 
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transactivator (rTTA) that is constitutively expressed in the Rosa26 locus whose activity 

is induced by Doxycycline, whereby the Collagen alpha 1 (ColA1) locus is activated.  

The ColA1 locus is the site where the researcher’s designed transcript, or shRNA is 

inserted.  Upon successful transfection of the two vectors, the ColA1 locus and the pCol-

TGM vector, both containing flippase recognition target (FRT) sites, will be targeted by 

Flp-recombinase and a portion of the pCol-TGM vector will be inserted into the ColA1 

locus, which includes a DNA sequence of your choosing as well as a GFP reporter.  What 

is especially beneficial to this design is that only upon proper insertion of the pCol-TGM 

vector into the ColA1 FRT sites will the cells be able to express GFP and the insert 

because the vector also contains the A nucleotide of the ATG start site.  Thus, cells that 

do not have the DNA insert will not express GFP.  This system previously had success 

using shRNAs in culture and mice (Dow et al., 2012; Premsrirut et al., 2011).  Because it 

was readily available to us and previous attempts at making constitutive shRNAs in other 

D3 cell lines were unsuccessful, pursuing this route was the next logical step.  The design 

phase involves fulfilling stringent criteria unique to this system in addition to generic 

shRNA design specifications.  This system utilizes a miR30 expression cassette and 

careful engineering coupled to empirical data contributed to the formulation of these 

specifications.  (Fellmann et al., 2011; Knott et al., 2014).   

 

Once these criteria were met, there were only three suitable shRNAs targeting 

Hotairm1 that could be used.  Because of time constraints and limited resources, I elected 

to use one design that closely matched but was not entirely identical to the best 
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performing siRNA tested previously, and this shRNA was named “E3#1”, indicating it 

targeted exon 3 and was the first shRNA to be inserted into the KH2 cells.  That sequence 

and a second luciferase targeting control shRNA named “Luc1309” was also inserted into 

other KH2 cells to generate two stable clones, one targeting exon 3 of Hotairm1 and a 

second to serve as a negative control targeting Luciferase.  Aside from differences in 

shRNA sequences, the KH2 clones are designed in such a manner that insertion into the 

ColA1 locus is direct and specific, resulting in otherwise genetically identical clones.  

See Figure 15 for pictures of KH2 mESCs demonstrating the Dox-inducible system.  

Three identical E3#1 clones (E3#1-1, -2, and -3) were picked as well as two identical 

Luc1309 clones (Luc1309-1 and -2).  These clones performed similarly when tested by 

RT-qPCR (see Figure 16), which was not surprising given that their DNA insertion is site 

specific.  The clones expressing the same shRNA targeting exon 3 of Hotairm1 produced 

the same knockdown effect and the two negative control shRNA clones targeting 

Luciferase behave similarly to unmodified (wild type) KH2s. 

 

To one, determine if the knockdown effect is maintained over the course of 

differentiation and two, determine the most logical time point to test for differentially 

expressed genes (DEGs), knockdown experiments with these cell lines were performed 

over the course of four days with collection times every 24 hours (see Figure 17).  The 

knockdown, while modest at around 60% reduction, was maintained over three days for 

the E1-3 product, then diminished by day 4.  Alternatively, previously attempted transient 

siRNA approaches were only able to maintain a knockdown of Hotairm1 equal to 50% 
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for the first 48 hours of RA-induction.  Interestingly, the expression of the Long isoform 

had an inverse effect, decreasing over time with the strongest reduction of approximately 

60% at day 3 and maintained on day 4.  Hoxa4 and Hoxa5 were the most consistently 

downregulated Hoxa genes by the Hotairm1 knockdown, followed by Hoxa3 which was 

downregulated up to day 3, and Hoxa1 which ultimately was slightly downregulated on 

day 4.  The other Hoxa genes showed a general pattern of downregulation that was either 

weaker or not entirely consistent through the 4-day knockdown period.  It is also 

important to note that Hoxa2, 6, 9, 11, and 13 all contain less than 5 transcripts per cell, 

and Hoxa10 less than 10 transcripts per cell and are ultimately still low abundance 

transcripts compared to the majority of the anterior Hoxa cluster (Hoxa1, 3, 4, 5) during 

this time frame.  Nonetheless, it appears there is a general downregulation of the Hoxa 

cluster upon knockdown of Hotairm1. 

 

Because the knockdown of the spliced and unspliced transcripts together was 

greatest at 72 hours post-RA induction, the next experiment with the Dox-inducible system 

focused on this time point where Hotairm1 abundance is high while the course of 

differentiation is still in the early stages.  To validate the results in Figure 17 and test 

additional genes which may be deregulated by Hotairm1 knockdown, Doxycycline treated 

and untreated E3#1-2 and Luc1309-1 KH2 clones were tested at the 72-hour time point of 

the RA-induced differentiation process (see Figure 18).  These results confirmed that 

Hotairm1 knockdown and DEGs are not affected by Doxycycline, and therefore are likely 

affected either directly or indirectly by the knockdown of Hotairm1.  The genes 
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deregulated by Hotairm1 knockdown are Hoxa3, Hoxa4, Hoxa5, Sox2, Neat1, Tp53, 

Angptl4, Ddah1 and kidney marker gene Cdh11. 
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Discussion 

 

Based on the results in this chapter, I was able to characterize Hotairm1 and its 

behavior during the early stages of RA-induced differentiation of the Hoxa cluster in 

mESCs.  Two unspliced, polyadenylated isoforms previously unidentified were captured 

in RACE experiments and later demonstrated to also exist in separate cellular 

compartments from their spliced analogs.  I also demonstrated that RA is sufficient to 

drive differentiation in mESCs morphologically and transcriptionally.  RA alone is 

sufficient to activate Hotairm1 and additionally, there are pathways that regulate the 

abundance of the spliced transcripts independently from the unspliced transcripts.  These 

pathways also regulate pluripotency potential of the cell, suggesting that Hotairm1 might 

have a role in this process.  This is intriguing, particularly when combined with the fact 

that the unspliced transcripts are present in low levels in the naïve stem cell state.  As 

they are not inhibited by LIF and 2i, they may potentially contribute to either maintaining 

pluripotency or the euchromatin state of the locus.  As complex as transcriptional 

regulation is, especially during differentiation, multilevel transcriptional regulation of 

Hotairm1 is not an unrealistic notion.  What is ultimately striking about this finding is 

that regardless of the state of differentiation of the cell, RA-induction maintains 

continual, unadulterated expression of the unspliced products independently from the 

Jak/Stat3, Mek/Erk, and Gsk3 pathways, while the abundance of the spliced products is 

dependent on these pathways. 
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As for early differentiation, Hotairm1 and Hoxa genes rely on continuous 

exposure to RA in order to progress through the early stages of differentiation.  The 

results of the single dose experiment versus continuous treatment of RA showed that the 

induction of the Hoxa cluster is dependent on continuous RA supplementation and will 

cease to progress through the stages of differentiation if RA is removed.  This is 

evidenced by the rapid loss of the E1-3 isoform and the stagnant levels of Hoxa1 in the 

single dose treatment.  The E1-3 product is a major isoform of Hotairm1 as seen in the 

initial End Point PCR experiments and was confirmed to be true in the Absolute 

Quantification experiments.  It is approximately four times more abundant than the next 

highest expressed Hotairm1 transcript, is equal in abundance to Hoxa5, and is more 

abundant than the other Hoxa genes.  The high abundance of Hotairm1 is striking and 

also strongly support the idea that this RNA species has an important function in the early 

stages of RA-induced mESC differentiation, either before, during, or in both instances as 

the cell makes these drastic transcriptional and phenotypical changes to transform into 

another cell type. 

 

 The knockdown of Hotairm1 results in an overall reduction of the Hoxa cluster 

and deregulation of other genes known to participate in the differentiation process of 

stem cells, Tp53, Neat1, Sox2, and Cdh11.  Neat1 is associated with neural differentiation 

(Barry et al., 2017; Bond and Fox, 2009)  and its expression is downregulated in the 

Hotairm1 knockdown while Sox2 is associated with pluripotency and its expression is 

upregulated by the Hotairm1 knockdown.  The HOXA cluster plays a pivotal role in 
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development and HOXA5 losses have previously been shown to reduce TP53 expression 

in breast cancer models.  TP53, which plays a major role in inducing differentiation of 

stem cells with DNA damage to prevent the propagation of defective genes, induces 

NEAT1 expression (Mello et al., 2017) and very interestingly, is suggested to target 

HOTAIRM1 expression (Jain et al., 2016).  However, the reverse, where HOTAIRM1 

alters TP53 expression has not been shown and this result is the first to demonstrate that 

possibility.  TP53 mutations are present in half of cancers, HOXA5 and NEAT1 are 

downregulated in carcinomas, and these genes which are all associated with one another 

in the literature have now been linked by these results to Hotairm1 during early 

differentiation in mESCs.  It is therefore plausible that Hotairm1 plays a significant role 

in the early differentiation process and that loss of Hotairm1 results in a deregulation of 

the cell that correlates with a more dedifferentiated state.   

 

Databases such as GTex, which report gene expression in various tissues have 

shown that HOTAIRM1 expression levels are highest in tissues such as kidney and 

remarkably, HOTAIRM1 is downregulated in greater than 90% of cases in Renal Cell 

Carcinoma determined computationally and experimentally (M. Hamilton unpublished 

data).  ANGPTL4 and DDAH1 are also deregulated in this type of cancer.  While there is 

not a clear consensus as to the behavior of DDAH1 since it is upregulated upon 

HOTAIRM1 knockdown in cancer cell lines and downregulated in match paired normal 

versus cancer tissues (M. Hamilton unpublished data), ANGPTL4 is consistently 

upregulated in all instances of cancer tissues and upon HOTAIRM1 knockdown in cancer 
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cell lines (M. Hamilton unpublished data).  Hotairm1 knockdown results in this chapter 

showed an upregulation of Angptl4 and downregulation of Ddah1 in mESCs.  DDAH1 

(Dimethylarginine Dimethylaminohydrolase 1) is a protein coding gene that regulates 

cellular concentration of methylarginines, which in turn inhibit nitric oxide synthase 

activity.  It therefore promotes the production of Nitric Oxide which has implications in 

cardiovascular health and angiogenesis (Ghimire et al., 2017; MacAllister et al., 1996).  

DDAH1 is also very highly expressed in kidney tissues (Fagerberg et al., 2014).  

ANGPTL4 (Angiopoietin Like 4) is a hormone that is induced in hypoxic conditions by 

Hypoxia inducible factor 1 alpha (HIF1!) and Peroxisome proliferator activated 

receptors (PPARs).  It is involved in lipid metabolism, glucose homeostasis, and insulin 

sensitivity, can promote angiogenesis and vascular permeability by inducing Nitric Oxide 

production, and can also destabilize cell-to-cell junctions by interacting with integrins 

and cadherins to promote metastasis (Huang et al., 2011; Inoue et al., 2014; La Paglia et 

al., 2017; Sugden et al., 2009; Tan et al., 2012; Zhang et al., 2012a).  Its expression has 

also been positively correlated with metastasized Renal Cell Carcinomas (Abbas et al., 

2014). 

 

Before moving on to the next chapter I would like to briefly address the behavior 

of Cdh11.  While Cdh11, a kidney marker whose induction correlates positively with 

differentiation, appears to behave in a manner contrary to the other deregulated genes due 

to its upregulation upon Hotairm1 knockdown, and although it cannot be entirely 

explained, there is one important facet of Cdh11 that should be noted.  Cdh11, a member 
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of the Cadherin family which plays a role in cell adhesion, is unique because it is not 

responsible for cell to surface attachment, but rather, cell to cell attachment of the same 

cell type.  Its expression has also been shown to have negative correlations upon 

deregulation of other Cadherin genes, which contributes to its mysterious behavior as this 

inverse relationship is not fully understood (Alimperti and Andreadis, 2015).  However, 

in order for cancerous cells to metastasize they have to detach from their original 

surroundings, but not necessarily from one another.  So, while I cannot say definitively 

that Cdh11 upregulation confers to a cancerous state or not, this result does not 

necessarily contradict the notion that loss of Hotairm1 models dedifferentiation of the 

cell, as it is possible that this change in Cdh11 expression is either moot or compensatory. 
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Materials and Methods 

 

Cell Culture 

All cell culture, including thawing, freezing, expanding, maintenance, etc., was 

performed using standard aseptic techniques in a certified cell culture hood according to 

accepted standards and manufacturer specifications (Lin and Talbot, 2011).  All 

plasticware used was sterile and cell-culture certified; all plates, flasks, and dishes were 

cell-culture treated.  Mouse embryonic fibroblasts (MEFs) were purchased from the UCR 

Stem Cell Core which were generated in house.  They were thawed on 35mm dishes, 

grown to confluency, passaged at a ratio of 1:3 for 3 passages and then inactivated using 

Mitomycin C treatment and frozen down at a ratio of 1:1 for their intended dish size, e.g. 

1 confluent 10 cm dish will yield 1 vial for future use with a 10 cm dish (Lin and Talbot, 

2011).  mESC D3 (CRL-11632) cells were purchased from ATCC, and KH2 (MESKH2 

B912) cells were purchased from Mirimus and serum-based media formulation used was 

according to manufacturer specifications.  mESCs were grown and expanded on a 

monolayer of MEFs in media supplemented with LIF.  Prior to performing experiments, 

MEFs were removed from mESCs by plating the cells on a cell-culture dish, waiting 30 

minutes, then carefully removing the supernatant containing mESCs and re-plating on a 

new dish.  Media contained DMEM with high glucose, 15% FBS, 2 mM L-glutamine, 0.1 

mM Non-essential amino acids, 0.1 U/ml penicillin, 0.1 µg/ml streptomycin, 0.55 mM "-

mercaptoethanol.  1000 U/ml of Leukemia Inhibitory Factor (LIF) was added to maintain 

cells in a pluripotent state during regular culture conditions prior to performing 
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experiments.  2i (1 µM PDO325901 + 2µM CHIR99621) was added if called for by the 

manufacturer for the cell line or as a treatment for a particular experimental condition, 

which will be stated in the Figure Legend and/or text. 

 

Microscopy 

Fluorescence microscopy pictures of GFP expressing KH2s were taken on a 

Nikon TE2000U with incorporated camera at 150x magnification with NIS Elements 

Software as well as Phase Contrast images used as a positive control.  All remaining 

pictures of cells were taken using Phase Contrast microscopy with a Zeiss Axiovert 25 at 

40x magnification with an iPhone 7S. 

 

Software 

The Sequence Massager web portal was used for assistance in formatting 

nucleotide sequences for genome analyses.  FinchTV or Benchling were used to analyze 

DNA sequencing results and assist in cloning designs.  Integrated Genome Viewer (IGV) 

was used to visualize sequence track data from GEO and perform any other genome 

mapping or annotation-based analyses, including mapping primers for PCR and qPCR.  

Primer3Plus was used to design all probes for sequencing, End Point and qPCR primers.  

Bio-Rad CFX Manager was used to analyze qPCR results using standard linear 

regression methods for determining Ct and relative expression.  Web based calculators 

from “SciencePrimer.com”, “Bioinformatics.org”, and “Lifetechnologies.com” were used 

to assist in Absolute Quantification.  The MIT Whitehead Institute web portal was used 
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for preliminary siRNA designs.  NIS Elements was used for obtaining Fluorescence 

Microscopy images of KH2 cells.  Microsoft office suite was used for visualizing 

experimental data and writing this thesis.  Endnote X8 was used for managing and 

inserting citations into this thesis.  The Adobe Suite (Photoshop, Illustrator, etc.) was 

used for creating figures and images. 

 

RNA Extraction 

Four methods were used for initial testing according to manufacturer 

specifications:  Trizol (Thermo Fisher), RNeasy (Qiagen) kit with and without 

accompanied genomic DNA removal column, and DirectZol (Zymo) kit.  Upon 

completion of initial testing the Zymo DirectZol kit was used for all subsequent RNA 

extractions. 

 

Reverse Transcription of Total RNA 

Bio-Rad iScript Reverse Transcription Supermix containing both random 

hexamers and oligo dT’s was used according to manufacturer specifications with 1µg 

total RNA input.   

 

End Point Polymerase Chain Reaction 

PCRs were performed using Promega GoTaq Green Master Mix according to 

manufacturer specifications.  Electrophoresis in standard TAE buffer was used to 

separate products by size on 1% agarose gels cast with Ethidium Bromide and 
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illuminated over UV light for visualization.  Thermo Fisher GeneRuler 1kb Ladder was 

used to determine product size.  

 

Rapid Amplification of cDNA Ends 

The SMARTer RACE 5’/3’ kit by Clonetech was used for RACE experiments.  

IGV and FinchTV were used to design RACE primers and analyze and align sequencing 

results to the genome.  

 

Absolute Quantification qPCR 

In a qPCR reaction, Standard Curves are created by plotting Cq vs. template (ng) 

on a base 10 semi-log graph with a minimum of 5 serially diluted samples and a best fit 

line of: 

!" = $ ∗ &'()*+,-(/0) + 3-

 

Then using the Standard Curve to calculate the amount of initial product in the reaction: 
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And performing necessary conversions to yield the amount per cell: 
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Then using Avogadro’s Number to convert to transcripts per cell (copy count): 
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Quantitative Polymerase Chain Reaction 

qPCR primers were designed using Primer3Plus and adhered to the strict design 

specifications set forth by the manufacturer of the qPCR equipment used (Bio-Rad) as 

well as MIQE recommendations.  qPCR experiments were performed using Bio-Rad IQ 

SYBR Green Supermix with 2 µl of 1:10 diluted cDNA as template, in Thermo 

Technologies white, full skirted 96-well plates on Bio-Rad CFX machines, according to 

manufacturer specifications.  The CFX machines used are owned and maintained by the 

UCR Genomics Core.  The genes used for qPCR and their sequences are listed below: 

 

Hotairm1 E1-3 for GGCAAGAGGTCTGTTTTTCC 

Hotairm1 E1-3 rev ACACCCCCATTTTCAGTGTG 

Hotairm1 E1-2-3 for CTCACGGTCTGTTTTTCCTG 

Hotairm1 E1-2-3 rev ACACCCCCATTTTCAGTGTG 

Hotairm1 Long for CTCCACTTGCTAACCTGACTTC 

Hotairm1 Long rev AAGATTCTTGCCCTCACCAC 

Hotairm1 Short for AGCAGTAGGCTTATGCAGCTC 

Hotairm1 Short rev GCTGCTCAAAAGACCAAAGG 

Hoxa1 for CGCAGACCTTTGACTGGATG 



 58 

Hoxa1 rev CTGCTTGGTGGTGAAATTGG 

Hoxa2 for TTCCAGCTCCAAAAGCTGAG 

Hoxa2 rev GCCACAAAGAATCCCTGG 

Hoxa3 for ACACTGTTGACCAGCGAATG 

Hoxa3 rev AAAGACCAGAAGGGCAAAGG 

Hoxa4 for GTTCGAGAGCGCTTAGGTTC 

Hoxa4 rev CCCTGGATGAAGAAGATCCAC 

Hoxa5 for GTCAGGTAGCGGTTGAAGTG 

Hoxa5 rev CAAGCTGCACATTAGTCACG 

Hoxa6 for TCCTTCTCAAGCTCCAGTGTC 

Hoxa6 rev ACCGACCGGAAGTACACAAG 

Hoxa7 for TGGAATTCCTTCTCCAGTTCC 

Hoxa7 rev AAGCCAGTTTCCGCATCTAC 

Hoxa9 for CAGAAACTCCTTCTCCAGTTCC 

Hoxa9 rev ACAATGCCGAGAATGAGAGC 

Hoxa10 for TCACTTGTCTGTCCGTGAGG 

Hoxa10 rev AAGAAACGCTGCCCTTACAC 

Hoxa11 for GCAGACGCTTCTCTTTGTTG 

Hoxa11 rev CCAAATACCAGATCCGAGAGC 

Hoxa13 for TGGAACCAGATTGTGACCTG 

Hoxa13 rev AGAACTCGAACGGGAATACG 
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Sox2 for TGCAGTACAACTCCATGACCAG 

Sox2 rev TGCGAGTAGGACATGCTGTAG 

Oct3/4 for AGCCGACAACAATGAGAACC 

Oct3/4 rev GGCACTTCAGAAACATGGTC 

Nanog for CCAGTCCCAAACAAAAGCTC 

Nanog rev AACACAGTCCGCATCTTCTG 

Nestin for TTCCCTGATGATCCAACCTC 

Nestin rev AGTTCCCAGATTTGCCCTTC 

Setd5 for TGGTGTGAATACTCGGAGGTC 

Setd5 rev TGGAGGTGGTTTAGGGATTG 

Map2 for AAACGTTCTTCCCTCCCAAG 

Map2 rev CTCTGCGAATTGGTTCTGAC 

Foxa2 for GAGCAGCAACATCACCACAG 

Foxa2 rev CGTAGGCCTTGAGGTCCAT 

Osr1 for GACCGCGGCGGAACAAGATA  

Osr1 rev CACTGTGGGCAGGCCATTCA  

Wnt11 for GTGAAGTGGGGAGACAGGCT 

Wnt11 rev CACGTCCTGGAGCTCTTGC 

Gdnf for CGCTGACCAGTGACTCCAAT 

Gdnf rev GCCGCTTGTTTATCTGGTGA 

Cdh11 for ATGGGGCACTGTTGTCCTGT 
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Chd11 rev CACCCCCTTCATCATCATAG 

Brachury for CAGCCCACCTACTGGCTCTA 

Brachury rev GAGCCTGGGGTGATGGTA 

Lim1 for TGGACCGTTTCCTCTTGAAC 

Lim1 rev TGTTCTCTTTGGCGACACTG 

Pax2 for GTTCCCAGTGTCTCATCCAT 

Pax2 rev GGCGTTGGGTGGAAAGG 

Wt1 for CTTCCGAGGCATTCAGGATGT 

Wt1 rev CCGGCTATGCATCTGTAAGTGG 

Tp53 for GCAACTATGGCTTCCACCTG 

Tp53 rev TAGCTTATTGAGGGGAGGAGAG 

Neat1 for AATCCCTCTGACCAATGCAG 

Neat1 rev ACTTGGCCTCGAGAAGATTG 

Ddah1 for CAAAGGGCATGTCTTGCTG 

Ddah1 rev TTTCCATCTCCGAGTTGCTC 

Angptl4 for CTGTTTTGAGCCTTGAGCTG 

Angptl4 rev ATGCACCCTTCAAAGACTCC 

Actb for ATCACAATGCCTGTGGTACG 

Actb rev CTAAGGCCAACCGTGAAAAG 

Gapdh for AATCTCCACTTTGCCACTGC 

Gapdh rev GTGAAGGTCGGTGTGAACG 
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Rpol2 for TGCGTACTAATTCCTGAAGTCTG 

Rpol2 rev CCTGACCCTAACCTATCCATTG 

 

RA-induced Early Differentiation of mESCs 

Feeder free mESCs were plated at varying cell densities based on the 

experimental requirements in media supplemented with 10-6 M All-trans Retinoic Acid 

(R625, Sigma) with media changes every 24 hours. 

 

Compartmentalization of mESCs 

1 x 106 cells were pelleted and lysed with Qiagen RLN buffer.  Fractions were 

separated by centrifugation at 4˚C, 300 x g, for 2 minutes.  The supernatant (cytoplasm) 

was aspirated and put into a new tube, then RNA was extracted from both fractions using 

the DirectZol kit according to manufacturer recommendations.  For the RT reaction, 1 µg 

of total RNA was used for the Cytosolic fraction and an equal volume of total RNA was 

used for the Nuclear fraction using the same RT protocol as described previously.   

 

siRNAs 

siRNA sequences were designed using the MIT Whitehead Institute web browser, 

and Silencer Select siRNAs of these sequences were purchased from Life Technologies.  

siRNAs were used at manufacturer recommended concentrations (10 nM) and reverse-

transfected using Lipofectamine 3000 according to manufacturer specifications without 
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modification of the cell culture media.  The names and target sequences of the siRNAs 

tested are as follows: 

e3-3.7: GGAACGTAGATGTTTGAAA 

e1&3: ACTGGCAAGAGGTCTGTTT 

l-4.8: CCCAAGCCCATTTCTATTA 

i1-6.9: GAGCTGAAGTGTCTTTAAA 

e1: GAAAGCTGAACTGGCAAG 

The siRNA used for knockdown experiments in Figures 14, 20.2, and 22 was “e3-3.7”, 

which targets exon 3 of Hotairm1. 

 

KH2 Cloning and Selection 

shRNA design, cloning, selection process, and testing were performed according 

to the author’s manuscript (Dow et al., 2012).  Co-transfection of the pCol-TGM and Flp-

recombinase vectors was performed using Lipofectamine 3000 according to manufacturer 

specifications.  The shRNA names and target sequences used to make clones are as 

follows: 

E3#1: CCCAAGCCCATTTCTATTA 

Luc1309: CGGCTGAAGAGCCTGATCA 
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Knockdown of Hotairm1 in KH2 Stable Cell Lines 

Differentiation of mESCs was performed as described above, but 24 hours prior 

to addition of RA, 1 µg/ml of Doxycycline (Sigma) was added to and maintained in 

culture until the cells were collected. 
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Figure Legends 

 

Figure 4.1 Phylogenic conservation, structure, and coding potential of HOTAIRM1 

across species compared to non-coding RNA TERC and mRNA HOXA1.  (A) Pie charts 

displaying the distribution of organisms that have significant sequence homology.  (B) 

Images of Blast Hits showing where there is the most conservation, from 5’ to 3’, with total 

number of Blast Hits in parentheses.  (C) Bar charts displaying theoretical ORF, theoretical 

peptide length, and total number of conserved organisms. 

 

Figure 4.2 Cladogram showing the relationship of the HOTAIRM1 sequence across 

species.  Note that HOTAIRM1 and Homo sapiens are identical on the tree. 

 

Figure 5 Images of D3 mESCs cultured over a 72-hour period in varying media 

supplementation with either LIF (+ LIF), LIF and RA (LIF + RA), without LIF and without 

RA (none), or with RA only (+ RA).  Scale bar is equivalent to 100 µm.  Cells were seeded 

on 0.1% gelatin coated, certified cell-culture treated plates at a density of 1 x 104 cells/cm2 

and media was changed every 24 hours.  Pictures were taken using a Zeiss Axiovert 

microscope with an iPhone 7S. 

 

Figure 6 End Point RT-PCR of RA-induced Hotairm1 transcripts in D3 mESCs 

and image depicting isoform specific primer design.  No-Reverse Transcriptase controls 

are denoted “- RA”, genomic DNA control is denoted “gDNA”, and an empty control is 



 65 

also included.  Note that unspliced Gapdh is larger in the gDNA control than the cDNA 

samples.  (A) Hotairm1 unspliced transcript.  (B) Hotairm1 spliced isoforms; lower band 

is the E1-3 product, higher band is the E1-2-3 product.  (C) Gapdh control.  (D) Primer 

designs for the unspliced transcript and spliced transcript.  Cells were seeded on 0.1% 

gelatin coated, certified cell-culture treated plates at a density of 1 x 104 cells/cm2.  Cells 

were treated with or without 1 µM RA, denoted “+ RA”, or “– RA” for 24 hours, then 

trypsinized and collected for RNA extraction and PCR.  RNA was extracted by the Qiagen 

RNeasy kit without a genomic removal column, then DNase treated for 30 mins in solution 

at room temperature and heat inactivated for 5 mins.  cDNA was made immediately after 

heat inactivation using 1 µg of total RNA with Bio-Rad iScript Reverse Transcription 

Supermix.  1 µl of a 1:10 dilution of cDNA was used as template.  Note that there is a small 

amount of Hotairm1 present in uninduced stem cells; this is not contamination.  Shown are 

three technical replicates. 

 

Figure 7 Four different RNA purification methods showing RNA yields and 

Hotairm1 copy counts.  D3 mESCs were seeded on 0.1% gelatin coated, certified cell-

culture treated plates at a density of 1 x 104 cells/cm2 in media containing 1 µM RA for 24 

hours.  Cells were trypsinized and counted on a hemocytometer.  1 x 106 cells were then 

collected and fractionated into cytoplasmic and nuclear fractions according to Qiagen’s 

Isolation of Cytoplasmic RNA from Animal Cells protocol, then downstream RNA 

extractions, cDNA, and qPCRs were performed according to each manufacturer’s 
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specifications.  Each method was tested with a sample size n = 10 or greater.  Reported 

values are statistical means with + / - the first standard deviation included. 

 

Figure 8 Alignment of Hotairm1 isoforms to the mouse genome with 

accompanying sequence track data and chart showing size and annotation information.  

(A), (B), and (C) are a single image split into three parts for clarity.  (A) Representation of 

chromosome 6 of the mouse mm9 genome with scale markers.  The red mark indicates the 

location of Hotairm1 on the chromosome.  Below the chromosome, the arrows spanning 

the length of the image indicate the total length in nucleotides (9,735 bp) of the displayed 

portion of chromosome 6 shown in (B) and (C).  Below the arrows, scale markers indicate 

the exact location of the Hotairm1 locus on chromosome 6 by nucleotide number.    (B) 

Sequence track data available on Gene Expression Omnibus (GEO) of E14 mESCs treated 

with All-trans Retinoic Acid for 4.5 days.  GEO accession numbers shown to the right, 

Reads Per Kilobase Million (RPKM) scale, and treatment type indicated on the left.  (C) 

Hotairm1 isoforms aligned to the mm9 genome.  Unspliced transcripts are aligned based 

on the RACE results and spliced transcripts are from Ensembl annotations.  Note the extra 

purple boxes at the end of the spliced transcripts indicates the new proposed length based 

on the RACE results. (D) Chart indicating size and location of the Hotairm1 isoforms.  

Newly discovered unspliced transcripts were aligned based on the RACE results.  RACE 

was performed using D3 mESCs that were seeded on 0.1% gelatin coated, certified cell-

culture treated plates at a density of 1 x 104 cells/cm2 in media containing 1 µM RA for 24 

hours.  Cells were trypsinized and counted on a hemocytometer.  1 x 106 cells were then 
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collected and used for the RACE experiment according to the manufacturer’s protocol.  

The unspliced isoforms of Hotairm1 are denoted “Long” and “Short” and the spliced 

transcripts containing exons 1 and 3 denoted “E1-3” and exons 1, 2, and 3 denoted “E1-2-

3”.  Image generated using IGV genome browser.  Annotations are to scale. 

 

Figure 9 Images depicting qPCR design and validation requirements for Absolute 

Quantification.  (A) Primer design to detect unique isoforms of Hotairm1.  Primers 

detecting spliced isoforms are set on unique exon junctions.  The primers designed to detect 

the unspliced isoforms are set in introns.  Note that the short primer will detect Short and 

Long isoforms so a subtraction operation is performed to determine the copy count for the 

Short isoform. Primers are indicated by red arrows.  (B) Example of Cq Curves with 

samples of ten-fold serial dilutions of template.  (C) Example of a Standard Curve 

generated from the data in (B).  Standard Curves must be performed on all qPCR primer 

sets to determine eligibility for use in Absolute Quantification.  Efficiency “E” must be 

higher than 90% and R2 must be greater than 0.990.  (D) Example of Melt Peak.  Initial 

Melt Peaks must be analyzed during the same qPCR run as the Standard Curve validation 

and performed on all subsequent qPCR experiments as a quality control measure.  Melt 

Peaks must demonstrate the existence of only one product, as shown. 

 

Figure 10 Relative Expression RT-qPCR of RA-induced D3 mESCs in the 

presence or absence of LIF and 2i.  Cells were seeded on 0.1% gelatin coated, certified 

cell-culture treated plates at a density of 1 x 104 cells/cm2.  All cells were treated with           
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1 µM RA, and either with or without LIF and 2i for 48 hours, then trypsinized and collected 

for RNA extraction and qPCR analysis.  Media was changed every 24 hours.  Three 

asterisks indicate statistical significance of p < 0.001.  Shown are the results of three 

biological replicates with error bars indicating standard error of the mean (SEM) and 

normalized to Gapdh, Rpol2, and Actb. 

 

Figure 11 Absolute Quantification RT-qPCR showing localization of Hotairm1 in 

D3 mESCs.  Hoxa1 mRNA (cytosolic) and Neat1 non-coding RNA (nuclear) used as 

controls.  Cells were seeded on 0.1% gelatin coated, certified cell-culture treated plates at 

a density of 1 x 104 cells/cm2.  Cells were cultured in media containing 1 µM RA for 48 

hours with media changes every 24 hours.  Cells were trypsinized and counted on a 

hemocytometer.  1 x 106 cells were then collected and fractionated into cytoplasmic and 

nuclear fractions according to Qiagen’s Isolation of Cytoplasmic RNA from Animal Cells 

protocol, then downstream RNA extractions (DirectZol), cDNA (Bio-Rad), and RT-qPCRs 

(Bio-Rad) were performed according to each manufacturer’s specifications.  Absolute 

Quantification was then performed and the ratio of transcripts per cell for each fraction was 

converted to a percent value, 1.0 = 100% and 0.0 = 0%.  Shown are the results of three 

biological replicates with error bars indicating standard error of the mean (SEM) and 

normalized to Gapdh, Rpol2, and Actb. 

 

Figure 12 Absolute Quantification RT-qPCR showing induction of Hotairm1 and 

anterior Hoxa genes during the early differentiation of D3 mESCs induced by a single dose 
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of RA.  (A) Copy count of Hotairm1 isoforms.  (B) Copy count of the first third of the 

Hoxa cluster.  D3 mESCs were seeded on 0.1% gelatin coated, certified cell-culture treated 

plates at a density of 1 x 104 cells/cm2.  Cells were cultured in media containing 1 µM RA 

for 24 hours.  Thereafter, media was changed every 24 hours for a total of 96 hours.  For 

each of the time points, cells were trypsinized and counted on a hemocytometer.  1 x 106 

cells were collected for each sample and used for downstream analyses.  Shown are the 

results of three biological replicates with error bars indicating standard error of the mean 

(SEM) and normalized to Gapdh, Rpol2, and Actb. 

 

Figure 13.1 Absolute Quantification RT-qPCR showing induction of Hotairm1 and 

the Hoxa cluster during the early differentiation of D3 mESCs continuously treated with 

RA.  (A) Copy count of Hotairm1 isoforms.  (B) Copy count of the Hoxa genes that have 

10 or more transcripts per cell.  (C) Copy count of the Hoxa genes with less than 10 

transcripts per cell.  Cells were seeded on 0.1% gelatin coated, certified cell-culture treated 

plates at a density of 1 x 104 cells/cm2.  Cells were cultured in media containing 1 µM RA 

with media changes every 24 hours for a total of 120 hours.  For each of the time points, 

cells were trypsinized and counted on a hemocytometer.  1 x 106 cells were then collected 

and used for downstream analyses.  Shown are the results of three biological replicates 

with error bars indicating standard error of the mean (SEM) and normalized to Gapdh, 

Rpol2, and Actb. 
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Figure 13.2 Relative Expression RT-qPCR showing pluripotency and neural 

markers during the early differentiation of D3 mESCs continuously treated with RA.  This 

is a continuation of Figure 13.  Shown are pluripotency (Sox2, Oct3/4, Nanog) and 

neurogenesis (Map2) markers during the first 120-hour period of differentiation.  (A) Sox2.  

(B) Oct3/4.  (C) Nanog.  (D) Map2. 

 

Figure 14 Relative Expression RT-qPCR showing the effects due to the siRNA 

mediated knockdown of Hotairm1 during RA-induced early differentiation of D3 mESCs.  

Cells were seeded on 0.1% gelatin coated, certified cell-culture treated plates at a density 

of 2.5 x 104 cells/cm2 in media supplemented with LIF.  Hotairm1 siRNA targeting exon 

3 was reverse-transfected at the time of plating.  24 hours later, media not containing LIF 

was changed and supplemented with 1 µM RA.  24 hours thereafter, cells were trypsinized 

and counted on a hemocytometer and 1 x 106 cells were collected and used for downstream 

analyses.  Three asterisks indicate statistical significance of p < 0.001, two of 0.001 < p < 

0.01, and one of 0.01 < p < 0.05.  Shown are the results of three biological replicates with 

error bars indicating standard error of the mean (SEM) and normalized to Gapdh, Rpol2, 

and Actb. 

 

Figure 15 Images of KH2 mESC Dox-inducible shRNA generated cell lines.  Upon 

treatment with Doxycycline, positive clones express GFP as seen in the “Fluor” column.  

Scale bar is equivalent to 100 µm.  KH2 mESC wild type (wt) and clones (E3#1-2 and 

Luc1309-1) were seeded on 0.1% gelatin coated, certified cell-culture treated plates at a 
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density of 1 x 104 cells/cm2.  Cells were treated with or without 1 µg/ml Doxycycline (“+ 

Dox” or “- Dox”) for four days with LIF (“Undifferentiated” column) or without LIF plus 

1 µM RA (“Differentiated” column) for three days with media changes every 24 hours.  

“Phase” indicates Phase Microscopy images and “Fluor” indicates Fluorescence 

Microscopy images with an enhanced GFP (EGFP) filter.  Pictures were taken on a Nikon 

TE2000U microscope with incorporated camera at 150x magnification using NIS Elements 

Software.  Note that Doxycycline induces expression of GFP and the shRNA 

simultaneously.  E3#1 shRNA targets exon 3 of Hotairm1 and Luc1309 targets Luciferase 

at nucleotide 1,309 (not shown in the images). 

 

Figure 16 Relative Expression RT-qPCR of the Hotairm1 E1-3 isoform during 

RA-induced early differentiation of KH2 mESC Dox-inducible shRNA stable clones 

depicting the consistency of the knockdown and negative control across individual clones.  

KH2 mESC wild type (wt) and clones (E3#1-1, -2, and -3, and Luc1309-1, and -2) were 

seeded on 0.1% gelatin coated, certified cell-culture treated plates at a density of 1 x 104 

cells/cm2.  Cells were treated with or without 1 µg/ml Doxycycline (“+ Dox” or “- Dox”) 

for three days, and for the last two days in media also containing 1 µM RA (+ RA), with 

media changes every 24 hours.  Cells were collected by trypsinization for RNA extraction 

and qPCR analysis.  Relative Expression RT-qPCR was performed using primers detecting 

only the major Hotairm1 E1-3 isoform.  Three asterisks indicate statistical significance of 

p < 0.001.  Shown are the results of three biological replicates with error bars indicating 

standard error of the mean (SEM) and normalized to Gapdh, Rpol2, and Actb. 



 72 

Figure 17 Relative Expression RT-qPCR showing the effects on the Hoxa cluster 

due to the shRNA mediated knockdown of Hotairm1 during RA-induced early 

differentiation of KH2 mESCs.  KH2 mESC clones (E3#1-2 and Luc1309-1) were seeded 

on 0.1% gelatin coated, certified cell-culture treated plates at a density of 1 x 104 cells/cm2.  

Cells were pre-treated with 1 µg/ml Doxycycline for 24 hours, then with 1 µM RA and 1 

µg/ml Doxycycline for 96 hours with media changes every 24 hours.  For each of the time 

points, cells were collected by trypsinization for RNA extraction and qPCR analyses.  

Shown are the results of three biological replicates with error bars indicating standard error 

of the mean (SEM) and normalized to Gapdh, Rpol2, and Actb. 

 

Figure 18 Relative Expression RT-qPCR showing the effects due to the shRNA 

mediated knockdown of Hotairm1 during RA-induced early differentiation of KH2 

mESCs.  KH2 mESC clones E3#1-2 denoted “E” and control Luc1309-1 denoted “C” were 

seeded on 0.1% gelatin coated, certified cell-culture treated plates at a density of 1 x 104 

cells/cm2.  Cells were pre-treated with or without 1 µg/ml Doxycycline (+ Dox or – Dox) 

in for 24 hours, then with 1 µM RA, plus or minus Doxycycline, for 72 hours with media 

changes every 24 hours.  Cells were collected by trypsinization for RNA extraction and 

qPCR analyses.  Three asterisks indicate statistical significance of p < 0.001, two of 0.001 

< p < 0.01, and one of 0.01 < p < 0.05.  Shown are the results of three biological replicates 

with error bars indicating standard error of the mean (SEM) and normalized to Gapdh, 

Rpol2, and Actb.
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Chapter 3 

 

Hotairm1 in the Kidney Lineage 
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Introduction 

 

Precedence for Derivation of Kidney Progenitor Cells from mESCs 

Our lab has discovered compelling links between HOTAIRM1 and ANGPTL4 in 

kidney cancer cell models, although the associations made have all been in abnormal cell 

lines and tissues.  The results in Chapter 2 provided preliminary evidence in a normal cell 

model that this association still exists, however, this model was in mESCs differentiated 

into the neural lineage.  To provide more relevant evidence that supports the hypothesis 

that HOTAIRM1 targets ANGPTL4, we elected to differentiate mESCs into the kidney 

lineage.  Our objective was to determine if the effects of Hotairm1 knockdown in a 

normal kidney differentiating cell still model the same effects seen in cancer tissues and 

cell lines.  In order to undertake this task, a protocol for differentiating mESCs into 

kidney cells needed to be established.  Such studies have already been published in 

mESCs and one was found that proved to be suitable for our experimental requirements 

(Nishikawa et al., 2012).  Using this protocol with the stable KH2 mESC cell lines would 

thus allow us to develop a model to study the effect of loss of Hotairm1 in a normal, non-

immortalized kidney specific cell type model. 
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Results 

 

Differentiation of KH2 Mouse Embryonic Stem Cells to the Kidney Specific Lineage 

Using the protocol established in Nishikawa et al., KH2 mESCs would undergo 

differentiation over an 8-day process in monolayer culture while supplemented with four 

reagents to induce differentiation into intermediate mesoderm, which are kidney 

progenitor cells.  The reagents used are Activin A, Bone morphogenic protein-4 (BMP-

4), Lithium Chloride (LiCl), and All-trans Retinoic acid (RA).  Starting with Activin A, 

then BMP-4, then LiCl, and finally RA, each reagent is added sequentially and in 

addition to the previous reagents every 2 days.  By Day 6 all four reagents are 

supplemented in culture media and at the end of Day 8 the cells are collected for 

downstream analysis.  As seen in Figures 19 – 20.2, this method worked well.  Pictures of 

the kidney differentiation process were taken every 24 hours to monitor morphological 

changes and cells were collected every 48 hours to monitor gene expression changes 

upon addition of each reagent.  Immediately seen in the first 24 and 48 hours, cell 

morphology becomes granular, departing from the spherical morphology commonly 

attributed to mouse embryonic stem cells, but still maintained colony behavior up to Day 

4.  After the addition of LiCl, the cells lose their tendency for colony formation and 

flatten as seen in Figure 19.  Stepwise induction of later stage kidney markers was 

observed by RT-qPCR, as well as rapid induction of early stage mesodermal markers, 

and loss of stem cell markers over time (see Figure 20.1).  This process also closely 

matches with similar kidney differentiation experiments performed in hESCs (Batchelder 
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et al., 2015).  Interestingly, Hotairm1 isoforms show a very modest induction over time 

followed by a rapid induction upon addition of RA (see Figure 20.2).  The anterior Hoxa 

genes previously shown to be affected by Hotairm1 knockdown exhibit a rapid induction 

by RA as well but are also upregulated in the presence of BMP-4.  However, this 

upregulation is either lost over time or attenuated by addition of LiCl, generating spurts 

of Hoxa expression most drastically demonstrated by Hoxa2 and Hoxa5.  This result is 

intriguing as Hoxa4 has previously been implicated in kidney differentiation but evidence 

implicating the role of the other anterior genes in this process is less available, although 

their expression has been identified in mesenchyme tissue during embryogenesis 

(Larochelle et al., 1999).  Nonetheless, much of the Hoxa cluster exhibits induction rates 

equal or greater in magnitude to some of the other kidney marker genes, affirming their 

importance in this process.  The induction of Hotairm1 is not to be dismissed either, as 

unlike the other genes, it already has a small presence in the stem cell’s undifferentiated 

state, so while its fold change may not be as great, its abundance could very well be as 

high or higher as these other genes and is evidenced in the RA-only differentiation of D3 

cells.  Additionally, copy count experiments revealed that the total transcriptional output 

of the Hotairm1 locus of the kidney differentiation process is equal in magnitude to the 

neural differentiation process with an increased abundance of the Long isoform during 

kidney differentiation (see Figure 21). 
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Hotairm1 Knockdown in Intermediate Mesoderm 

 Initially, the goal of these experiments was to study the effects of a Hotairm1 

knockdown using the stable, Hotairm1 targeting shRNA KH2 cell line.  However, upon 

conducting initial tests with these cells in the kidney differentiation model, it was 

discovered that there was no knockdown of Hotairm1.  This result was likely due to 

silencing of the Rosa26 locus, which constitutively expresses the rTTA.  While the 

Rosa26 locus is actively transcribed in mouse stem cells and many other tissue types, it is 

silenced in mature kidney tissue, however, there was evidence that supported its activity 

during the kidney differentiation process which led to the initial use of the KH2 stable 

cell line to establish the efficacy of the kidney differentiation protocol (Humphreys and 

DiRocco, 2014).  This issue was ultimately overcome by the use of siRNAs, but because 

the model had been established in the E3#1-2 KH2 stable clone, to maintain consistency, 

we elected to continue the study using this cell line with siRNAs, as opposed to using a 

different wild type KH2, or other mESC line. 

 

 As mentioned above, the siRNA mediated knockdown of Hotairm1 was effective, 

eliciting a reduction of approximately 75% of the E1-3 isoform and 60% reduction of the 

Long isoform (see Figures 20.2 and 22).  Figure 20.2 shows the effects of the Hoxa 

cluster upon knockdown of Hotairm1 in intermediate mesoderm.  Figure 22 (A) shows 

the results of the knockdown on pluripotency factors and kidney differentiation markers 

and (B) shows all the genes affected in intermediate mesoderm that are also commonly 
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affected in one or both of the other Hotairm1 knockdown experiments from Figures 14 

and 18. 
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Discussion 

 

  Several kidney marker genes were affected by Hotairm1.  This result combined 

with the commonality of the genes affected by all the differentiation approaches used in 

this project not only provide strong support for a role of Hotairm1 in their regulation, but 

also support the idea that these genes play diverse roles during the differentiation process 

to include nephrogenesis.  This claim is also supported by the RT-qPCR profiles taken 

during the kidney differentiation process showing large inductions of many of the Hoxa 

genes as well as significant inductions of the Hotairm1 transcripts.  Hoxa4 has already 

been implicated in kidney differentiation, and now it is reasonable to include Hotairm1, 

Hoxa2, and Hoxa5 as well.  Upon knockdown of Hotairm1, the upregulation of Angptl4 

confirms similar upregulation seen in the Renal Cell Carcinoma models and 

downregulation of Ddah1 confirms the results seen in cancer tissues (M. Hamilton 

unpublished data).  Additionally, the reduction in expression of Neat1 and Tp53 further 

support the model that loss of Hotairm1 directs the cell towards a dedifferentiated state. 
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Materials and Methods 

 

Differentiation of mESCs to Intermediate Mesoderm 

KH2 mESCs were differentiated into intermediate mesoderm according to 

(Nishikawa et al., 2012).  Cells were seeded on cell-culture treated dishes at a density of 

6.4 x 102 cells/cm2 in media containing DMEM with high glucose, 15% FBS, 2 mM L-

glutamine, 0.1 mM Non-essential amino acids, 0.1 U/ml penicillin, 0.1 µg/ml 

streptomycin, 0.55 mM "-mercaptoethanol, plus differentiating factors:  10 ng/ml Activin 

A, 50 ng/ml BMP-4, 10 mM LiCl, and 100 nM RA.  Each factor is added in succession 

and cumulatively at the time of plating and then every 48 hours thereafter, starting with 

Activin A, then BMP-4, then LiCl, and lastly RA.  Cells were collect by trypsinization 

after 8 full days (192 hours) for RNA extraction and qPCR analysis.   

   

Knockdown of Hotairm1 in Intermediate Mesoderm 

The Doxycycline inducible system was not able to be utilized due to the silencing 

of the Rosa26 locus, so siRNAs were used as an alternative.  Previously described 

Silencer Select siRNA “e3-3.7” which targets exon 3 of Hotairm1 was used at 

manufacturer recommended concentrations (10 nM) and forward-transfected with 

Lipofectamine 3000 according to manufacturer specifications without modification of the 

kidney differentiation media 6 hours prior to the addition of RA on Day 7.  Cells were 

collected by trypsinization after 8.5 days (204 hours in culture, 60 hours after siRNA 

treatment). 
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Figure Legends 

 

Figure 19 Images showing the morphology of KH2 mESCs during the 

differentiation process to intermediate mesoderm.  Scale bar is equivalent to 100 µm.  KH2 

cells (clone E3#1-2) were seeded on certified cell-culture treated plates at a density of 6.4 

x 102 cells/cm2 with the addition of the following chemicals or factors in step-wise fashion 

every 48 hours and in sequential order:  10 ng/ml of Activin A (A), 50 ng/ml of BMP-4 

(4), 10 mM Lithium Chloride (L), and 100 nM All-trans Retinoic Acid (R).  Pictures were 

taken using a Zeiss Axiovert microscope with an iPhone 7S.  Samples were collected by 

trypsinization every 48 hours to be used for downstream RT-qPCR analyses (see Figure 

20.1 and 20.2). 

 

Figure 20.1 Relative Expression RT-qPCR of germ layer and cell type specific 

markers during the differentiation process of KH2 mESCs to intermediate mesoderm.  (A) 

Relative expression of kidney marker genes with fold induction on bottom.  (B) Fold 

change of endoderm (Foxa2) and ectoderm (Map2, Setd5) markers with kidney marker 

Wnt11 as a visual reference.  (C) Fold change of pluripotency markers, Sox2, Oct3/4, and 

Nanog.  Shown are the results of three biological replicates with error bars indicating 

standard error of the mean (SEM) and normalized to Gapdh, Rpol2, and Actb. 

 

Figure 20.2 Relative Expression RT-qPCR of the Hoxa cluster during the 

differentiation process of KH2 mESCs to intermediate mesoderm and effects due to the 
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siRNA mediated knockdown of Hotairm1.  This is a continuation of Figure 20.1.  (A) 

Relative expression of Hotairm1 and the Hoxa cluster with fold induction on bottom.  (B) 

Relative expression of the siRNA mediated knockdown of Hotairm1 in intermediate 

mesoderm and its effects on the Hoxa cluster.  Three asterisks indicate statistical 

significance of p < 0.001.  Shown are the results of three biological replicates with error 

bars indicating standard error of the mean (SEM) and normalized to Gapdh, Rpol2, and 

Actb. 

 

Figure 21 Comparison of Hotairm1 transcript copy counts in various 

differentiation processes. 

 

Figure 22 Relative Expression RT-qPCR showing effects due to the siRNA 

mediated knockdown of Hotairm1 in KH2 mESCs differentiated into intermediate 

mesoderm.  (A) Pluripotency and kidney markers tested for differential expression.  (B) 

Genes affected by Hotairm1 knockdown in intermediate mesoderm mESC differentiation.  

The genes listed in (B) are also affected by loss of Hotairm1 in neural differentiation 

pathways.  KH2 cells (clone E3#1-2) were seeded on certified cell-culture treated plates at 

a density of 9.1 x 102 cells/cm2 with the addition of the following chemicals or factors in 

step-wise fashion every 48 hours and in sequential order:  10 ng/ml of Activin A (A), 50 

ng/ml of BMP-4 (4), 10 mM Lithium Chloride (L), and 100 nM All-trans Retinoic Acid 

(R).  siRNA mediated knockdown was administered using Silencer Select siRNAs 

targeting exon 3 of Hotairm1 at manufacturer recommended concentrations (10 nM) with 
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Lipofectamine 3000 according to manufacturer specifications without modification of the 

kidney differentiation media.  Samples were treated with siRNAs 6 hours prior to the 

addition of RA on Day 7.  Cells were collected by trypsinization after 8.5 days (204 hours 

in culture, 60 hours after siRNA treatment) to be used for downstream RT-qPCR analyses.  

Three asterisks indicate statistical significance of p < 0.001, two of 0.001 < p < 0.01, and 

one of 0.01 < p < 0.05.  Shown are the results of three biological replicates with error bars 

indicating standard error of the mean (SEM) and normalized to Gapdh, Rpol2, and Actb. 
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Chapter 4 

 

Conclusions 
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The results from work performed in this dissertation have provided concrete 

evidence of the existence of multiple, novel, unspliced isoforms in addition to the 

previously identified spliced isoforms.  These unique transcripts, although it is yet to be 

understood, likely have unique functions as their presence predominates in different 

locations of the cell.  Those functions most certainly involve immediate developmental 

processes (from hours to days) and very well may also have roles in later developmental 

stages such as organogenesis.  These functions could perhaps include anything from 

serving in indirect transcriptional roles by acting as sponges or decoys to other nucleic 

acid or protein species in the cytoplasm, to more direct roles through interactions with 

transcription factors or epigenetic regulators in the nucleus – however it is achieved, the 

presence of Hotairm1 influences the activation of the Hoxa cluster, and therefore, 

deregulating this gene alters the progression of the differentiation process.   

 

There is no doubt that Hotairm1 abundance is significant in both the early stages 

of neurogenesis and nephrogenesis.  The point at which, if ever, during differentiation of 

these two pathways Hotairm1 expression plateaus or wanes was not determined, but what 

was and is especially interesting is the interplay between the abundance of the 

transcriptional units of this gene.  There is a minimally maintained amount of Hotairm1 

in the naïve stem cell state, suggesting it serves some role in either pluripotency or 

maintaining the euchromatic state of the locus, such that it is primed to respond quickly 

to signals indicating it is time for the cell to differentiate.  In every instance there is an 

increase in expression of the locus as the differentiation process progresses and the 
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introduction of RA causes rapid induction of all Hotairm1 isoforms.  The overall 

transcriptional output of the locus is approximately the same on the order of 1 x 102 

transcripts per cell for both neural and nephron related pathways, with about half that for 

naïve stem cell culture treated with RA.  The E1-3 isoform has the greatest abundance 

followed by the Long isoform.  This circumstance never changes as in every instance the 

E1-3 product is always more abundant than any other isoform in all experimental 

conditions.  However, the incidence of splicing changes depending on the exogenous 

signals the mESCs receive.  In the case where stem cells were treated with LIF + 2i + RA 

compared to RA only, Hotairm1 splice products exhibited a 2-fold reduction in 

expression while the unspliced products were unchanged, suggesting a role for the 

unspliced products that either somehow contribute to the pluripotent state or perhaps the 

chromatin state of the locus.  In comparing neurogenesis versus nephrogenesis 

differentiation pathways, the ratio of the abundance between the E1-3 and Long isoforms 

is largely reduced.  Due to moderate losses in E1-3 abundance coupled to moderate gains 

in Long abundance, the gap between these two transcripts is reduced in kidney progenitor 

cells, suggesting a more central role for the Long isoform during differentiation into 

kidney lineages.  This correlates with and could explain why there are contrasting results 

of HOTAIRM1 activity in the literature across different cell lines.  As was originally 

proposed when HOTAIRM1 was first given its name, perhaps, while its expression is not 

myeloid exclusive, it does have an expression and target gene signature that is in fact, cell 

type specific, and therefore Hotairm1 performs direct, intentionally tailored functions to 

drive differentiation of embryonic stem cells into specific lineages. 
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As far as the mechanisms that the unique isoforms may employ to perform their 

functions in the cell – while more examination needs to take place – there is enough 

evidence in the literature as evidenced in high throughput techniques and in this 

dissertation to propose that the nuclear, unspliced transcripts maintain an active 

chromatin state through their blocking of repressive marks via dynamically interacting 

with Jarid2 of the PRC2 complex and/or through recruitment of MLL to the locus to 

apply activating marks; while, the cytoplasmic spliced isoforms could potentially be 

acting as recruiters of polyribosomal complexes or facilitating translation of its target 

genes to promote increased expression and activity, as some of the gene targets of 

Hotairm1 also target their own promoter.  The type of activity previously mentioned in 

the nucleus (ablation of repressive Histone modifying complexes or recruitment of 

activating Histone modifying complexes) can also explain why there are low levels of 

expression of the unspliced isoforms in the naïve stem cell as the locus exists in a 

euchromatin state in mESCs (and also account for lower abundances of unspliced versus 

spliced isoforms as this type of chromatin regulatory activity does not require high 

transcript abundance, while decoy activity does requires high transcript abundance).  

Thus, the unspliced isoforms at low abundance could be maintaining the euchromatin 

state in the nearby regions of the Hotairm1 locus in mESCs, keeping the cell at-ready to 

respond rapidly to external stimuli such as RA.  In fact, This behavior could be working 

in tandem with the high abundance, cytoplasmic, spliced isoforms to further induce 

transcription of the genes it regulates, creating a powerful positive feedback loop that 

drives and directs the differentiation of embryonic stem cells. 
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Stem cells use several approaches to combat damage to the germline, such as 

apoptosis.  They also have additional mechanisms to prevent the spread of compromised 

DNA that non-pluripotent cells do not necessarily have the ability to utilize.  The first is a 

strong affinity towards using homologous recombination instead of non-homologous end 

joining to repair DNA damage.  If this does not work, they do not engage in cell cycle 

arrest, but rather, continue to divide, exacerbating the damage to the point of apoptosis.  

The second is to induce differentiation by a Tp53 mediated pathway (Giachino et al., 

2013; Lin et al., 2005).  Tp53 is a well-studied tumor suppressor and typically upon DNA 

damage causes cell cycle arrest, allowing the cells an opportunity to repair DNA damage, 

but thereafter will induce apoptosis if DNA repair cannot be achieved.  Non-functional 

Tp53 mutations or other aberrations in its expression are prevalent in at least 50% of 

known cancers, and not surprisingly, it is a deciding factor in blocking the generation of 

induced pluripotent stem cells (iPSCs) (Fu et al., 2017; Hong et al., 2009; Olivier et al., 

2010; Vitale et al., 2017).  Gene therapies utilizing Tp53 to slow cancer progression are 

currently being researched and show promise.  In stem cells, however, Tp53 acts 

preferentially towards inducing differentiation rather than apoptosis.  It does this by 

repressing self-renewal genes such as Oct3/4 and Nanog while simultaneously inducing 

differentiating factors such as the lncRNA Neat1 (Adriaens et al., 2016; Giachino et al., 

2013; Mello et al., 2017); and this project has demonstrated that reductions in Hotairm1 

expression, likewise, reduce expression of Hoxa5, Tp53, and Neat1 while upregulating 

Sox2.  Loss of Hoxa5 is known to attenuate Tp53 expression (Raman et al., 2000a; 

Raman et al., 2000b), therefore, it is possible that these results have uncovered a link 



 111 

between Hotairm1, Hoxa5, Tp53, and/or Neat1, whereby these genes are engaging in a 

coordinated effort to transform the naïve stem cell state into the terminally senesced and 

differentiated cell state.  This is not only significant developmentally, but also clinically, 

as Hotairm1, Hoxa5, Tp53, and Neat1 are downregulated in cancers such as Breast 

Cancer, Leukemias, Colorectal Cancer, and Renal Cell Carcinoma (Bond and Fox, 2009; 

Li et al., 2018; Strathdee et al., 2007; Teo et al., 2016; Yoo et al., 2010; Zeng et al., 

2014).  This situation, where the net reduction in genes known to be critical in 

differentiation likely results in the cells transformation to a dedifferentiated state, 

supporting a model where Hotairm1 could act in the capacity of a tumor suppressor. 

 

Both instances of mESC differentiation studied in this project, whether by neural 

or kidney directed lineage, resulted in the overall activation of Hotairm1, the various 

genes of the Hoxa cluster, and lineage specific markers as well as inactivation of 

pluripotency markers.  This demonstrates that the role of Hotairm1 and the Hoxa cluster 

is not limited to a single tissue type or germ layer during development and affirms that 

development is a complex process involving a myriad of pathways that simply cannot be 

generalized or marginalized to the idea that one gene performs only one operation in a 

single pathway, but rather, genes whether they are protein coding or not, are able to 

interact in a multitude of ways and means.  In mESCs, Hotairm1 is present in the nucleus 

as an unspliced transcript and in the cytosol as a spliced transcript.  Its isoforms have 

polyA tails conferring stability and suggesting their importance in the cell.  It has a major 

spliced isoform and minor spliced and unspliced isoforms.  Its transcriptional output is 
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greater than that of the Hoxa genes during early neurogenesis and also likely rivals Hoxa 

transcriptional output during early nephrogenesis.  There are interesting differences in 

transcriptional output of the differing isoforms, for example, an increased abundance of 

the Long in early nephrogenesis versus early neurogenesis, suggesting that fine tuning of 

the locus is necessary to achieve lineage specific results during development.  

Nonetheless, and regardless of the differentiation pathways tested in this project, the 

spliced, E1-3 isoform is always the most abundant, strongly suggesting it plays a 

significant role in the cell. 

 

During normal mESC differentiation, Hotairm1 serves to represses pro-oncogenic 

factors Angptl4 and Sox2 while also inducing the expression of pro-differentiating factors 

Hoxa4, Hoxa5, Neat1, Tp53, and Ddah1.  In combination with this and the evidence 

supporting Hotairm1 participates in the differentiation process, I have constructed a 

diagram summarizing the role of Hotairm1 in normal development and Clear Cell Renal 

Cell Carcinoma.  This model can be seen in Figure 23.  In summary, I have provided 

evidence that supports a role for Hotairm1 in the cell as a pro-differentiation lncRNA 

gene during early neuro and nephrogenesis and evidence to support that loss of Hotairm1 

deregulates the cell in a manner which likely contributes to the culmination of a pro-

cancer like state. 

 

 

 



 113 

Figure Legends 

 

 Figure 23 Summary of Hotairm1 participation in development and Clear Cell 

Renal Cell Carcinoma.  Genes upregulated by Hotairm1 are colored blue and 

downregulated colored red.  In “Normal Differentiation” the boxed genes are affected by 

Hotairm1 in both neural and nephron related differentiation pathways, while the genes 

encircled in their respective pathway are only affected in that pathway.  For ccRCC, the 

genes affected by Hotairm1 are encircled by their most likely cancer-causing/contributing 

role. 
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