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Investigating factors governing cell fate decisions in
respiratory epithelium
Abstract
The maintenance of the airway/respiratory epithelium during adult homeostasis and
repair and its construction during embryonic development require tightly regulated
cell fate decisions. This regulation takes the form of complex transcription factor and
signalling cascades, much of which are unknown, particularly in human lung
development. Multiciliogenesis describes the process of specification/differentiation
of airway epithelial progenitors/stem cells into mature multiciliated cells (MCCs).
Here, I have identified 2 novel transcription factors, Fank1 and Jazf1 which form part
of the transcription factor cascade regulating multiciliogenesis in adult and embryonic
mouse tracheas. Mouse tracheal epithelium is representative of epithelium lining the
entire human airway and it is possible that we will also be able to extrapolate these
findings to the human airway. It is not until we fully understand the regulation of
multiciliogenesis that it will be possible to look at ways of pushing basal cells towards
a MCC fate for purposes of cell replacement therapy, for example in patients with
mucociliary disease.
As well as exploring cell fate decisions in the mouse upper airway epithelium using
embryonic tracheal explants and mouse tracheal epithelial cell (MTEC) cultures, I
have also explored the regulation of cell fate decisions in distal human lung
epithelium at the pseudoglandular stage of development. At this stage SOX9+ distal
tip cells are self-renewing and multipotent and give rise to SOX2+ stalk descendents,
which differentiate into airway epithelium. The regulation of SOX9+ lung tip cell
multipotency and migration of SOX2+ stalk descendents during human lung
development is poorly understood. I have compared human tip (SOX9+) versus stalk
(SOX2+) transcriptomes using gene ontology (GO), which has highlighted some key
signalling pathways enriched in tip cells which could be important in maintaining
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distal tip cell multipotency. These pathways have been utilised in optimising
conditions for propagating self-renewing tip-derived organoids. These organoids have
the potential to be differentiated into bronchiolar and alveolar fates and as such are an
invaluable research tool for studying human lung epithelial development, whilst
minimising the use of human embryos and its associated ethical implications. I have
also performed human tip versus mouse tip transcriptome GO analysis which
highlights that although there are many similarities, there are also differences between
human and mouse lung epithelium development, emphasising the need for research
on human tissue.

Dr Jo-Anne Johnson
March 2018
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Chapter 1
Introduction
	
  

Embryonic lung development
The vast majority of what is known about lung development is from studies in mice.
The lungs, together with the trachea, arise from the anterior foregut endoderm. The
expression of Nkx2.1 (NK2 Homeobox 1) by endodermal cells on the ventral side of
the anterior foregut is the beginning of lung specification at around E9 in mouse
(Herriges and Morrisey 2014) and 28 days gestation in the human and is thought to be
regulated by Wnt (Wnt Family Member) and BMP (Bone Morphogenetic Protein)
signalling (Goss, Tian et al. 2009) During the embryonic stage of lung development
(E9.5 - E12.5), these Nkx2.1+ cells form the trachea and lung buds and the trachea
separates from the oesophagus (Fig. 1). During the psuedoglandular stage (E12.5E16.5) the 2 lung buds undergo highly regulated branching (branching
morphogenesis) to generate a complex tree-like network of airway branches. The
formation of new branch points is regulated by epithelium-mesenchymal crosstalk via
signalling molecules such as Fgf10 (Fibroblast Growth Factor 10), Bmp4 (Bone
Morphogenetic Protein 4) and Shh (Sonic Hedgehog). Cell matrix proteins such as
fibronectin accumulate at sites of branch point constriction, suggesting that cellmatrix interactions are also important for directing new branch-point formation
(Sakai, Larsen et al. 2003). Branching morphogenesis is essential for forming the
structural airways and the terminal alveoli where gas exchange occurs. The branching
tip epithelium consists of a Sox9 (SRY-Box 9) /Id2 (Inhibitor Of DNA Binding 2,
HLH Protein) positive population which self renews and differentiates into all lung
epithelial lineages during embryogenesis. (Rawlins, Clark et al. 2009, Alanis, Chang
et al. 2014). During branching morphogenesis, Sox9 positive cells which leave the tip
become Sox2 positive airway progenitors which will subsequently differentiate into
secretory, multiciliated and neuroendocrine cells (Table 1). Apical constriction is
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thought to play a part in bending the epithelial sheet to generate a new bud (Kim,
Varner et al. 2013). Similarly, the tube-like structure of the branching lung is
influenced by the planar cell polarity (PCP) pathway, cell-matrix interactions and
changes in the orientation of cell division (Tang, Xu et al. 2009), the latter being
under the control of Fgf signalling.

Figure 1 – Embryonic lung development. Diagram showing stages of mouse embryonic
lung development. Comparative human embryonic stages are shown (Volckaert and De
Langhe 2015)

At E16.5-17.5 (cannalicular stage), tip progenitors produce Sox2- alveolar
descendants and tips form alveolar saccules (clusters of alveolar sacs). Following
alveolar type 1 and alveolar type 2 differentiation, alveolarisation takes place
(saccular stage, E17.5-P5) whereby saccules are subdivided in a process called
secondary septation via alveolar myofibroblast elastin secretion and microvasculature
is removed. These processes reduce the increasing the diffusion distance for gas
exchange and increasing the surface area for gas exchange (Schittny 2017). Full
maturation of the alveolus occurs postnatally during the alveolar stage (P5-P30).
During the whole process of lung epithelial development, mesenchymal progenitors
which surround the initial lung buds contribute to airway and vascular smooth muscle
as well as alveolar myofibroblasts (Li, Li et al. 2015, Moiseenko, Kheirollahi et al.
2017). The peripheral innervation of the lung is also developed which is derived from
the neural crest (Langsdorf, Radzikinas et al. 2011).
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Table 1 – Markers of mature airway epithelium cell types. Commonly used markers of
mature airway epithelium cell types.

As mentioned, most of these studies are on mice and much of what we understand
about human lung development is extrapolated from mouse data, presumably due to
the ethical implications of research involving human embryos.

Adult lung homeostasis and repair
In adulthood, the lung contains mature epithelial and mesenchymal cells and
embryonic progenitors are no longer maintained. Homeostasis and repair in the adult
lung is maintained by stem cell divisions. The rates of stem cell division as well as
type (self-renewing versus differentiating) differs depending on whether the lung is at
steady state and relatively quiescent versus post-injury and rapidly dividing (Tata and
Rajagopal 2017). In the human airway epithelium, and trachea/large airways of
mouse, basal cells function as stem cells, which are capable of self-renewal and
differentiation into all airway epithelial lineages. (Rock, Onaitis et al. 2009, Teixeira,
Nadarajan et al. 2013, Watson, Rulands et al. 2015). In the mouse lower airways,
secretory club cells are stem cells and capable of self-renewal and differentiation into
multiciliated cells (Reynolds, Giangreco et al. 2000, Giangreco, Arwert et al. 2009).
Adult airway smooth muscle is a self-renewing population (Barkauskas, Cronce et al.
2013, Moiseenko, Kheirollahi et al. 2017). Very little is known about
homeostasis/repair of other airway mesenchymal lineages. In the alveoli, AT2 cells
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self-renew and produce new AT1 cells in the mouse. (Barkauskas, Cronce et al. 2013,
Desai, Brownfield et al. 2014). It is not yet known whether there is a sub-population
of self-renewing AT2 cells or whether all AT2 cells can self-renew. It has been shown
recently that other populations of cells can generate AT2 cells post-injury such as
secretory club cells (Rock, Gao et al. 2011, Guha, Deshpande et al. 2017).

Adult mouse airway epithelium stem cell fate regulation

Figure 2 – Adult mouse airway epithelium. A. Diagram of airway epithelium in adult mouse
trachea. B. Image of adult tracheal epithelium showing basal cells (red, T1a), secretory cells
(pink, Scgb1a1), ciliated cells (blue, acetylated tubulin - or ACT), lateral cell junctions (green,
E-cadherin). Scale bar = 10µm.

The adult mouse tracheal epithelium consists of three major cell types. Firstly, basal
cells (BCs), which are the stem cells of the adult airway epithelium. Secondly,
multiciliated cells (MCCs) which, by co-ordinated beating of the hundreds of cilia on
their apical surface function to clear mucus and debris from the airway. Thirdly,
secretory club cells which primarily secrete the protein secretoglobin (SCGB), but
also secrete many other airway-protective glycoproteins, lipids and proteins (Fig. 2).
It also contains small numbers of neuroendocrine cells and brush cells. The
epithelium of the mouse trachea is the best mouse representation of the cell types
present in the entire human airway epithelium. However, the major secretory cell
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population in the human airway is goblet cells, whereas secretory club cells are found
in the steady-state adult mouse trachea (Rock, Randell et al. 2010).
There has been much work recently on understanding stem cell fate regulation in the
adult mouse trachea (Fig. 3). Previously, it was thought that there was a single
population of basal stem cells in the adult mouse trachea which could both self-renew
and give rise to multiciliated and secretory cells (Hong, Reynolds et al. 2004, Rock,
Onaitis et al. 2009). Recently several sub-types of BCs have been described; early
progenitors (Rock, Gao et al. 2011), luminal fated basal cells (Watson, Rulands et al.
2015), parabasal cells (Mori, Mahoney et al. 2015) and secretory/multiciliated
progenitors (Pardo-Saganta, Law et al. 2015). Although these cells have all been
termed differently, they are likely to be all the same cell studied in different ways and
in different states (e.g. injury versus steady state). For ease of understanding, I shall
term these cells ‘B2/basal luminal progenitors.’
Long-term lineage tracing of basal cell clones in adult mice tracheas at steady state
and mathematical modelling revealed that there are 2 types of basal cells - committed
luminal precursors as well as multipotent stem cells (Watson, Rulands et al. 2015).
Single cell qPCR identified biphasic expression of Dll1, Dlk2, Lmo1, Snai2, and Krt8
in the basal cell population. Krt8 was looked at specifically using short-term lineage
tracing and was found to be expressed in a subset of basal cells which were lost
rapidly from the basal layer. An additional study published at the same time also
showed that there were two populations of steady-state basal cells (Mori, Mahoney et
al. 2015). In Fig. 3, there are 2 types of basal cell depicted. Both express the common
markers of Krt5 and p63. But one of the populations (the multipotent stem cells/B1’s),
are enriched in Dll1 and Dlk2; whereas the population fated to be luminal cells (basal
luminal progenitors/B2’s), which itself is split into multiciliated and secretory-fated
(Pardo-Saganta, Law et al. 2015) is enriched in Krt8. Mathematical modelling showed
that basal stem cells divide by asymmetric division to produce 1 new stem cell and 1
basal luminal progenitor which goes onto differentiate over 11 days (Watson, Rulands
et al. 2015).
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Figure 3 - Adult airway stem cell differentiation regulation at steady state. Diagram
showing factors regulating airway epithelium stem cell fate in adult mouse trachea at steady
state.

Terminally differentiated multiciliated cells are produced at an extremely low rate at
steady state and division of secretory cells is sufficient for all new multiciliated cell
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production (Fig. 3), although there is a possibility that multiciliated cells are derived
from basal luminal progenitors at a very low rate (Watson, Rulands et al. 2015).
The model at steady state, with basal luminal progenitors split into secretory and
multiciliated cell-fated populations (Fig. 3) is in part extrapolated from the injury
model proposed by Pardo-Saganta et al who were the first group to show that
differentiation marks are expressed in basal cells (Fig. 4), (Pardo-Saganta, Law et al.
2015). They found that in adult mice post-SO2 injury, in which all the luminal club
and multiciliated cells are lost and the trachea must repair from the basal layer, basal
cells can be separated into three discrete populations.

Figure 4 - Adult airway stem cell differentiation regulation post-injury. Factors regulating
airway epithelium stem cell fate in adult mouse trachea post-injury.
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These are p63+ only; cMyb-expressing, p63+ and N2ICD expressing, p63+
populations. This report is in good accordance with the published work on the steadystate trachea which also found luminal-fated basal cells (Mori, Mahoney et al. 2015,
Watson, Rulands et al. 2015). In the injury model, cMyb+, p63+ cells differentiate
into MCCs, whilst N2ICD+, p63+ cells differentiate into secretory cells via
intermediate progenitors (p63- Foxj1+ Myb+ or p63- SGB1a1+ NCID2+
respectively). Injured Rbpj cKO mice did not show this basal population segregation,
suggesting that Notch signalling is regulating cell fate decisions in the basal layer.
Moreover, the role of Notch in the distribution of these basal luminal progenitor
populations was proven. When Notch signalling was abrogated (by conditional loss of
Rbpj, or Mib), there were fewer SGB1A1+ (secretory) cells and increased
Foxj1+/ACT+ (multiciliated) cells; or fewer secretory progenitors (p63+ N2ICD+)
and more multiciliated progenitors (p63+ cMyb+) in the basal layer. (Pardo-Saganta,
Law et al. 2015). One weakness of the Pardo-Saganta et al., study is the reliance on
cMyb expression as a marker of multiciliated cell fate. Other studies have concluded
that cMyb is expressed at cell fate transition in the tracheal epithelium (Pan, AdairKirk et al. 2014).
This study raises the possibility that there are MCC/secretory cell markers in
intermediate progenitors at steady state too e.g. P63- Myb+ Foxj1+ versus P63SGB1A1+ N2ICD+. Similarly, as mentioned above, it is possible that early
MCC/secretory cell markers could be found in B2’s/luminal-fated progenitors at
steady state (Fig. 3). One way this could be resolved would be by live-imaging of
cell-fate decisions.
In terms of the regulation of adult airway epithelial basal cell fate during steady state
(Fig. 3) and post-injury (Fig. 4), there have been further studies on Notch, as well as
studies looking at the role of BMP and IL6/Stat3, both of which are thought to
interact with the Notch signalling pathway here.
Notch is an evolutionary conserved signalling pathway which acts in many cell types
and at many stages of development. Notch 1-4 are membrane-bound receptors which
in mammals are activated by 5 extracellular ligands (DLL1, DLL3, DLL4, JAG1 and
JAG2). On activation, the γ-secretase complex cleaves the Notch intracellular domain
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(NICD) which then transports to the nucleus and activates downstream effectors (Fig.
5). Notch has been extensively studied in airway stem cell regulation. An in vivo
adult mouse injury model has been used to show that Notch signalling is active at
steady state and increases during epithelial repair (Rock, Gao et al. 2011) (Fig. 4).
This work showed that sustained genetic activation of the pathway (mimicking the
injury response) promotes the differentiation of basal cells, mainly towards a
secretory fate. These findings correlate with the conditional KO Notch findings in the
injury in vivo model used by Pardo-Saganta et al (Pardo-Saganta, Law et al. 2015) in
that Notch is required for basal cell segregation and specification/differentiation
mainly towards a secretory fate.

Figure 5 - Notch Signalling. Overview of Notch signalling (Gomi, Arbelaez et al. 2015)
showing the 5 Notch ligands (DLL1, DLL3, DLL4, JAG1 and JAG2) which bind to 4
membrane-bound Notch receptors (Notch 1,2,3 and 4). The Notch intracellular domain
(NICD) is the cytoplasmic portion of each Notch receptor which is cleaved by the γ-secretase
complex. Cleaved NICD is transported to the nucleus where it binds to RBPJK which in turn
binds Notch target genes and activates downstream Notch effectors, HES1, HES2, HES4,
HES5, HES6, HES7, HEY1, HEY2 and HEYL.

The function of Notch3 in regulating basal stem cell specification has been studied
during differentiation in mouse tracheal epithelial cell (MTEC) cultures (Mori,
Mahoney et al. 2015). MTEC culture is an established system used to expand and
then differentiate airway basal cells in vitro (Vladar and Brody 2013). The γ-secretase
inhibitor, DAPT was added to MTEC cultures 3 days prior to switching to the air-
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liquid interface (ALI) differentiation phase (Mori, Mahoney et al. 2015). The addition
of DAPT in vitro led to an increased number of multiciliated cells and decreased
number of secretory cells consistent with a function in promoting secretory cell fate
choice, which correlates with injury models described above (Fig. 4) (Rock, Onaitis et
al. 2009, Pardo-Saganta, Law et al. 2015). There was also an increased proliferation
of p63+ basal cells suggesting that activation of Notch3 is crucial to control the size
of the pool of p63+ progenitors (Fig. 3). Mori et al. suggest that Notch3 and Hes1 will
be selectively inhibited by DAPT at this stage but there is evidence that Notch 1, 2
and 3 are all expressed at this stage (Watson, Rulands et al. 2015) and γ-secretase is
required for the activation of all Notch proteins. Nevertheless they confirmed the
importance of Notch signalling in vitro using cKO Rbpj1 cells (Rbpj1 is a
transcriptional effector of Notch) and in vivo using Rbpj1 cKO adult mice, and
Jag1;Jag2 null mice during development (Jag1 and Jag2 are Notch ligands). They
also saw similar results with adult Notch3 null mice, although the phenotype was not
as strong. Their proposed model is that at homeostasis, p63+ basal cells express Jag
ligands and the basal cells expand. Once the pool of p63+ basal cells has expanded,
Notch3 is selectively upregulated in p63- intermediate progenitor cells by Jag1/2 in
adjacent p63+ basal cells where it in turn inhibits the proliferation of p63+ basal cells
(Fig. 3).
Another recent paper has demonstrated that Notch 1 and 3 seem to be the most
important Notch receptors in determining secretory versus multiciliated cell fate
(Gomi, Arbelaez et al. 2015). They studied human ALI cultures and showed that
continuous inhibition of Notch by DAPT (γ-secretase inhibitor) for 28 days leads to a
reduction in multiciliated and secretory cells and concluded that, similar to the injury
models of Pardo-Saganta et al and Rock et al that Notch activation is necessary for
basal cell segregation and specification/differentiation. In addition, lentivirus was
used to overexpress NICD 1-4 in human ALI cultures and showed that continuously
overexpressing NCID 1 and 3 (only) promoted a secretory cell fate at the expense of
multiciliated cells. Because the effect of Notch 1 and 3 overexpression on the p63+
population was not studied here, it is difficult to know where these Notch proteins are
acting: whether they are acting, as previous studies have suggested, at the basal cell
specification level, or further downstream during MCC/secretory cell differentiation.
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In a study looking specifically at the effects of Notch 2 on basal cell fate, blocking of
Notch 2 using a therapeutic antibody targeting Jagged signalling in vivo in adult mice
at steady state caused an increase in multiciliated cells at the expense of secretory
cells (Lafkas, Shelton et al. 2015). In this experiment there was no evidence of cell
death or division, or the emergence of an intermediate progenitor population
expressing ciliated and secretory cell markers, and the authors suggest that Notch2
inhibits transdifferentiation of secretory cells to ciliated cells.
It seems likely that the Notch pathway acts at more than one level in the adult airway
epithelium; at the basal cell level regulating early specification/lineage fate and at the
intermediate

progenitor

level,

regulating

differentiation/transdifferentiation.

Moreover, that different receptor-ligand combinations effect these different fate
decisions.
This concept that specific Notch receptors are important in determining basal cell fate,
was also explored in a study looking at JAG1 in human airway epithelial cell (HAEC)
cultures (Gomi, Staudt et al. 2016). Here, overexpressing JAG1 led to an increase in
secretory cells with a reduction in p63+ cells, but no change in multiciliated cells.
There was a reduction in secretory cell number on JAG1 knockdown and JAG1 was
found to be highly enriched in human basal cells. The theory here is that JAG1 in
human airway BCs stimulates active Notch signalling in other basal cells to promote
secretory cell specification in basal cells. This study does not correlate with others in
mice which all conclude that increased Notch signalling leads to an increased
secretory cell fate at the expense of a MCC fate and vice versa (Rock, Onaitis et al.
2009, Mori, Mahoney et al. 2015, Pardo-Saganta, Law et al. 2015). The difference
could either be species-specific, or due to a more complex combination of ligand and
receptors functioning together in vivo.
In summary, Notch is likely to be acting at 2 levels; at the basal cell level where it is
involved in regulating the segregation (early specification) of basal cells into 2 basal
luminal populations (MCC or secretory-fated), and at a second intermediate
progenitor level in regulating MCC/secretory differentiation/transdifferentiation (Fig.
3 and 4). The timing of Notch activation also seems to be important at the basal cell
level. Continuous Notch activation (as occurs post-injury), seems promote basal cell
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segregation and a secretory fate (Fig. 4), (Rock, Onaitis et al. 2009, Pardo-Saganta,
Law et al. 2015). Whereas a period of Notch inactivation, is required to promote a
multiciliated cell fate at the expense of secretory cell fate post-injury (Pardo-Saganta,
Law et al. 2015) and at steady state (Mori, Mahoney et al. 2015) (Fig. 3 and 4). It is
also possible that different Notch-receptor combinations have different functions and
act at different levels in the basal cell specification/differentiation pathway. For
example, Notch 2 activation may inhibit the transdifferentiation of secretory cells to
ciliated cells. Whereas Notch 3 activation may inhibit expansion of the p63+
population.
In terms of BMP regulation of basal cell fate, it has been shown in the developing
Xenopus epidermis (which has a mucociliary structure analogous to the airway
epithelium), BMP is active in basal cells and a reduction in BMP4 signal is necessary
for the specification of multiciliated cells and secretory cells, leading to a reduction in
p63+ cells. (Cibois, Luxardi et al. 2015). An increased BMP4 expression led to a
reduction in MCC/secretory cell specification, but, surprisingly, a decrease in p63+
cells which has not yet been explained. Interestingly, it was shown that the
mechanism by which BMP4 inhibits secretory/MCC fate specification is via
upregulation of Dll1. Similarly, but with less convincing evidence, in human airway
epithelial cells grown in culture, a reduction in BMP2 signalling was necessary for
MCC and goblet cell specification in basal cells. In addition, BMP signalling was also
necessary for the insertion of multiciliated and secretory cells into the epithelium (Fig.
3).
Moreover, in murine tracheospheres at steady state, the addition of BMP4 led to
decreased numbers of Krt8+ cells and also to a reduced proliferation of p63+ cells,
which correlates with the findings in Xenopus. (Tadokoro, Gao et al. 2016). The
opposite phenotype was seen on the addition of BMP inhibitors with increased
numbers of Krt8+ cells and increased proliferation of p63+ cells. This differs from the
findings in Xenopus where both BMP inhibition and activation lead to a reduction in
p63+ cells (Cibois, Luxardi et al. 2015). This could be a difference between the
different systems. Post-injury to the mouse trachea, basal cell/luminal cell
proliferation was associated with reduced pSmad. Using the same tracheosphere
model, BMP inhibition post-injury led to an increase in clonal expansion of BCs.
	
  

38	
  

Therefore, at steady state, BMP4 inhibits BC proliferation (Fig. 3) and after injury
BMP inhibition leads to increased proliferation of BCs (Fig. 4). In this study an in
vivo injury model was also used to confirm that inhibition of BMP signalling leads to
clonal expansion of BCs. The in vivo data is statistically significant, but looks as
though it may be skewed by outliers.
IL6/pSTAT3 signalling has been shown to promote multiciliated fate, and inhibit
secretory cell fate, in gain-of-function MTEC/tracheosphere studies (Tadokoro, Wang
et al. 2014). IL6/pSTAT3 downregulated Notch1 (there were pSTAT3 binding sites
on the Notch1 promoter) (Fig. 3). Furthermore, IL6/pSTAT3 upregulated (and there
were pSTAT3 binding sites on) Mcin and Foxj which are TFs in the multiciliogenesis
(MCC differentiation) hierarchy. Correlating with the in vitro findings, the
overexpression of IL6 in an in vivo injury model lead to an increase in MCCs
associated with an increased Foxj1 expression and pSTAT3 co-expression. There was
also a reduction in secretory cells and a reduction in basal cells (Fig. 4), with the
opposite phenotype seen in IL6 null mice. However, the injury model findings should
be interpreted with caution as they relied on antibody staining only. In summary, IL6
has an effect on the secretory and MCC cell populations, and seems to act at the level
of MCC differentiation at steady state, but it is unclear as to whether it is also
affecting basal cell fate.
Wnt signalling is thought to be important in regulating tracheal epithelial basal cell
growth and lineage choice (Giangreco, Lu et al. 2012). Basal cell specific activation
of β-catenin signalling led to an increase in basal cell proliferation, a reduction in
MCC differentiation and an increase in secretory cell differentiation (Fig. 4). This was
seen in an in-vivo injury model and in vitro using MTEC cultures and human airway
epithelial cell (HAEC) cultures.
The distal airway epithelium in mouse, unlike humans, is devoid of basal cells. After
naphthalene-induced secretory epithelial cell depletion, it has been shown that a
subset of Scg1ab1-expressing secretory cells is spared from naphthalene toxicity and
functions as a facultative progenitor. These secretory cells (variant club cells) expand
rapidly to regenerate the damaged airways by forming both secretory and
multiciliated cell populations (Reynolds, Hong et al. 2000, Reynolds, Reynolds et al.
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2002). The Scg1ab1+ cells can also self renew and differentiate into multiciliated cells
during steady state. In terms of regulation of variant club cell self-renewal and
differentiation, it is thought that, as in the regulation of basal stem cell differentiation
in the mouse upper airway, Notch signalling is important (Guha, Vasconcelos et al.
2012, Morimoto, Nishinakamura et al. 2012).

Embryonic mouse airway epithelial progenitor cell fate regulation
The embryonic airway epithelium (Fig. 6A) is often used as the model to study
epithelial cell fate decisions instead of the adult airway epithelium as turnover in the
adult is slow.
The airway epithelium is derived from the ventral anterior foregut endoderm. Nkx2.1
positive cells in this region of the foregut are lung progenitors which eventually
differentiate into lineages of the conducting airway epithelium (not involved in gasexchange) and alveolar epithelium (Fig. 6B).
During embryonic airway epithelial development, the mouse tracheal epithelium at
E12 consists of p63+, Sox2+ progenitors which differentiate into secretory,
multiciliated, neuroendocrine and basal cells lineages (Fig. 6A-C). In the mouse lower
airways, (Fig. 6D) between E12 and E16, Sox9 positive multipotent tip cells
differentiate as they exit the tip and enter the stalk where they become Sox2 positive,
bronchiolar restricted p63- progenitors which in turn differentiate into multiciliated,
secretory and neuroendocrine lineages. After E16, Sox9+ descendants leave the distal
progenitor pool as Sox2- alveolar progenitors (bronchiolar-alveolar fate switch).
(Rawlins, Okubo et al. 2009).
Once all of the cell lineages in the trachea are established (basal cells, as defined by
K5 expression, usually appear around birth) the same cellular processes underlie
epithelial growth postnatally as discussed above for adult airway epithelial
homeostasis, with basal cell self-renewal and differentiation to secretory and
multiciliated cells. This is evidenced by the fact that postnatally, during growth of
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pups, K5+ basal cells are stem cells for the trachea. (Rawlins, Okubo et al. 2009,
Rock, Onaitis et al. 2009). However, the rates of cell divisions, and probably also the
proportions of each type of cell division, differ between postnatal growth and
homeostasis.
How anterior foregut patterning occurs and how progenitors balance expansion with
differentiation during organogenesis is still little understood. Inputs from multiple
signalling pathways, including fibroblast growth factor (FGF), transforming growth
factor-beta (TGF-β), Wnt and Notch are thought to be essential in these processes
(Cardoso and Lu 2006, Morrisey and Hogan 2010, Mahoney, Mori et al. 2014). TFs
Nkx2.1, Sox2 and Sox9 are also important. (Kimura, Hara et al. 1996, Liu, Morrisey
et al. 2002, Yang, Lu et al. 2002, Que, Okubo et al. 2007, Que, Luo et al. 2009,
Tompkins, Besnard et al. 2011, Rockich, Hrycaj et al. 2013).
In terms of the generation of Sox2+ proximal endoderm progenitors from ventral
anterior foregut endoderm, there is evidence that the chromatin modifiers Hdac1 and
Hdac2 (histone deacetylase 1 and 2) are required (Fig 6C) and that these function via
the downregulation of BMP4 (Wang, Tian et al. 2013).
The Hippo pathway effector Yap (Yes-associated protein) is recognized as being key
in embryonic epithelial progenitor regulation and functions partly through the TEAdomain family of TFs. Yap has been shown to be transiently needed for Sox2
expression in airway progenitors, allowing the cells to respond to TGF-β and initiate
specification (Mahoney, Mori et al. 2014). At E12.5, proximal Sox2+ cells are Yap
positive, but not at E14.5, and in Yap knockout (K/O) mice, there is reduced Sox2
expression in MTECs (Fig. 6C). In Yap null mice lung explants at E14.5 and E12.5,
despite an increase in TGF-β signalling, airway progenitors are unable to respond to
TGF-beta-induced differentiation cues (Fig. 6D).
Little is known about the regulation of the differentiation of Sox2+ progenitor cells
into basal cells during development. FGF signalling is thought to be important, in
particular Fgf10 (Volckaert, Campbell et al. 2013). E18.5 Fgf10 KO tracheas had
significantly fewer basal cells compared to WT.
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Figure 6 - Embryonic mouse airway epithelium progenitor cell fate regulation. A. Mouse
E12 lung, fixed and wholemount stained for E-cadherin (red, epithelium). Scale bar =
0.25mm. B. Overview of how ventral anterior foregut endoderm differentiates into airway
epithelium. C. Differentiation of E12-14 mouse tracheal epithelial progenitor cells. D. E12-16
mouse stalk (red, Sox2+, bronchial-restricted) and tip (green, Sox9+, multipotent) cells
showing differentiation of stalk progenitors to bronchiolar fates.

Conditional overexpression of a dominant negative Fgfr2b receptor (which is a
common receptor for Fgf7 and Fgf10) at E15.5 led to the development of tracheas
were nearly devoid of basal cells by E18.5 (Fig. 6C).
Wnt is also thought to be important in regulating progenitor-to-basal cell
differentiation as well as the regulation of the Sox2+ progenitor pool. Blocking Wnt
signalling during the early stages of development resulted in ‘proximalisation’ of the
lung epithelium and increased progenitor differentiation to basal cells (Volckaert,
Campbell et al. 2013) (Fig. 6C). Supporting this, in the distal lung epithelium,
continuous Wnt upregulation at E14.5 led to Sox9 expression expanding to the
airways and a resulting failure of airway differentiation (Hashimoto, Chen et al. 2012)
(Fig. 6D). In conclusion, Wnt signalling inhibits the expansion of Sox2+ ‘airway’
progenitors and airway differentiation.
Ezh2, a component of the Polycomb repressive complex (PRC2), restricts the
differentiation of progenitors to basal cells (Snitow, Li et al. 2015) (Fig. 6C). Basal
cells are normally first detected just before birth but in Ezh2 K/O mice, p63+ cells
appeared at E12 and there were also ectopic basal cells. In WT postnatal lungs, p63+
cells are only found in the trachea and main bronchi. In Ezh2 KO mice, they were
found throughout the entire conducting airway epithelium. There was also a reduction
in mature secretory cells, and instead a population of ‘intermediate’ P63/Krt5+/Scgb1a1 – cells. Snitow et al hypothesise that this could be because the Sox2+
progenitors are being driven to produce basal cells at the expense of mature secretory
cells. This is unlikely though as knocking out Ezh2 has no effect on the multiciliated
population. It could be that the ectopic basal cells are unable to fully differentiate into
secretory cells. If this was the case it would suggest that, unlike in the adult, in the
developing airway, secretory cells do not differentiate into multiciliated cells. Indeed
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this theory is supported by a study showing that multiciliated and secretory cells
essentially arise at the same time in development (Rawlins, Ostrowski et al. 2007).
It is very likely, therefore, that a common Sox2+ progenitor makes multiciliated,
secretory +/- basal cells during late embryogenesis i.e. around E14 onwards (Fig.
6C&6D).
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Aims
My clinical background is paediatrics with a focus on respiratory medicine. During
my scientific career I have developed a passion for respiratory developmental
biology. In the introduction I have given an overview of the regulation of adult airway
stem cell and embryonic airway progenitor self- renewal and specification and
differentiation into mature airway epithelial cell types.
In chapter 3, I explore the specification/differentiation of multiciliated cells in more
detail. From a clinical point of view, multiciliated cells have a vital role in clearing
debris and mucus from the airway which is vital in preventing acute/chronic airway
infection/inflammation and associated long-term lung damage. This work involves
piecing together the complex transcription factor (TF) network which regulates
multiciliogenesis. TFs are proteins that induce the expression of other genes by
binding to gene regulatory regions. Cell fate decisions during development and during
homeostasis/repair in the adult are regulated by a sequence of gene activations that are
precisely controlled by a cascade of transcription factors. The cascade of TFs
regulating multiciliogenesis has begun to be unravelled and my aim is to discover
novel TFs in this cascade. The starting point for this project was a microarray
performed on maturing mouse airway multiciliated cells which had already been
performed by group leader Dr Emma Rawlins. I joined the project at the point of
screening candidate TFs from this list using a functional overexpression assay in
mouse embryonic tracheas designed by Dr Rawlins. I go onto demonstrate a
knockdown phenotype in mouse tracheal epithelial cell (MTEC) cultures with 2 of the
TFs from our overexpression assay. Optimisation of multiciliogenesis in these
cultures is a key component of this chapter.
In the introduction I also summarised the regulation of self-renewing, multipotent
distal tip progenitors in mouse embryonic lungs and explain how they give rise to
airway-fated stalk progenitors. In chapter 4 I explore this concept further in human
embryonic lungs, using gene ontology on RNA sequencing data to compare tips and
stalk epithelium of human foetuses at 7-8 post conception weeks (pcw) and use this
information to optimize conditions for the propagation of human tip-derived self-
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renewing epithelial organoids. I also go onto explore conditions required to ‘push’
these organoids towards an ‘airway’ versus ‘alveolar’ fate. Finally, I perform further
gene ontology analysis to compare mouse tip versus human tip epithelium. This
analysis highlights interesting human/mouse differences which could be explored in
the future with human tip-derived organoids playing a key part in this process.
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Chapter 2
Methods and materials	
  
	
  

1. Methods
Experiments were performed by myself, Dr Jo-Anne Johnson unless stated otherwise.

Culturing embryonic tracheas
Tracheas were harvested from E14.5 embryos and cultured in 24 well plates (3
tracheas per well) for 7 days in DMEM plus penicillin/streptomycin (250 µl per well).

Electroporation of transcription factor overexpression plasmids and
shRNA plasmids in embryonic mouse tracheas
	
  
E14.5 MF1 mouse trachea/lungs were microdissected and placed in PBS. The tracheal
lumen was microinjected using a mouth pipette and fine glass capillary with a
solution of GatewayTM TF overexpression plasmid (2 µg/µl) or shRNA plasmid (3
µg/µl) with 10% trypan blue. Immediately post-injection electrodes were placed either
side of the trachea and the trachea was electroporated using a BTX Electro Square
Porator, Model ECM 830 with 3x 50 V, 50 msec pulses at 500 msec intervals. Fresh
PBS was used for each electroporation. Tracheas/lungs were cultured overnight at
37°C, 5% CO2 in DMEM plus penicillin/streptomycin. Lung lobes were removed the
following morning and tracheas were cultured for 1 week. Medium was changed
every 48 hours. This overexpression assay was designed by Dr Emma Rawlins and
most of the TFs were tested by Dr Emma Rawlins and Dr Julie Watson. Myself, Dr
Jo-Anne Johnson also overexpressed several TFs using this system.
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Immunostaining mouse embryonic tracheas
E14.5 plus 7 days mouse tracheas were washed in PBS then fixed in 4%
paraformaldehyde for 1 hour at room temperature then washed again in PBS.
Embryonic tracheas were sucrose protected by submerging in 15% sucrose for 20
minutes, 20% sucrose for 20 minutes and 30% sucrose for 20 minutes. They were left
overnight in 30% sucrose:OCT 1:1. The next day, tracheas were embedded in OCT
and frozen at -80°C. Blocks were cryosectioned at 8-10µm intervals onto Superfrost
Plus slides and stored at -80°C.
Cryosections were defrosted under a fume hood for 2 hours at room temperature then
washed in PBS and permeabilised in 0.3% triton for 10 minutes then washed and
blocked using 0.1% triton-PBS, 5% normal donkey serum, 0.1% bovine serum
albumin. Primary antibodies were diluted in block, added to the sections (100µl per
slide) and left overnight at 4°C. Sections were washed the next day and secondary
antibodies added, diluted to 1 in 2000 in 0.1% triton-PBS/5% NDS and left at room
temperature for 2-3 hours protected from the light. Sections were then washed in PBS
again, DAPI added (1 in 10,000) for 20 minutes, then washed again. Sections were
mounted in FluoromountTM, covered with a coverslip and stored at 4°C.

Culturing MTECs / Immortalised human bronchial epithelial cells
(KT cells)
Mouse tracheal epithelial cells were cultured as previously described (Vladar and
Brody 2013). Inserts of a 24-transwell plate were coated with 59 µl of a solution of 50
µg/ml rat tail collagen in 0.02 N acetic acid and left exposed overnight under a tissue
culture hood. Adult C57Bl/6j mouse tracheas were placed in DMEM/5%FBS and cut
into 6 small pieces cross-sectionally. With each tracheal segment, the c-shaped rings
were cut open by making a longitudinal incision through the trachealis muscular band.
The tracheal segments were digested in an EppendorfTM tube in Dispase II (Gibco, 16
U/ml) for 25 minutes which was quenched using DMEM/5% FBS prior to the
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EppendorfTM being put on ice for 30 minutes. The epithelium was then microdissected
from the tracheal lumen using forceps and collected in a separate Eppendorf tube.
These epithelial ‘sheets’ were washed in PBS prior to being trypsinised in 0.1%
trypsin for 30 minutes at 37°C with trituration every 10 minutes. Trypsinisation was
quenched after 30 minutes using DMEM/5% FBS then the cells re-suspended in
culture medium and plated on inserts of a 24-transwell plate (optimal density for
multiciliogenesis was 20,000 cells seeded per insert if cultured in a new incubator
with minimal door-opening). Human bronchial epithelial cells immortalized with
human telomerase reverse transcriptase (hTERT) and CDK4 (KT cells) were obtained
from Lúcia L. Correia	
   and plated in the same way on inserts of a 24-well transwell
plate which had been pre-coated with collagen. The optimal plating density for KT
cells was 10,000 cells per insert if cultured in a new incubator with minimal dooropening. The optimal culture medium for multiciliogenesis was PneumaCultTM.
PneumaCult-ExTM was used during the proliferation phase (200 µl per insert, 500 µl
per well with medium changed every 48-72 hours). After cells reached full confluence
(5 to 7 days), the cultures were switched to ALI conditions, with 500 µl PnuemaCultALITM added to the well only. The length of ALI culture ranged from 11 to 23 days as
stated.

Vivo Morpholinos to MTECs or developing tracheas
Vivo splice-blocking morpholinos (control/Foxj1) were purchased from GenetoolsTM.
MO (concentrations as stated) was added to the culture medium of MTECs during the
differentiation (ALI) phase or to the medium of E14.5 tracheas which were opened
longitudinally to maximize epithelial exposure to medium/MO. MO was replaced
during the culture period as stated.

Viral Transduction of MTECs/developing mouse tracheas
Generation of lentivirus
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A 10 cm diameter dish of 70-80% confluent H293T cells (in DMEM/10% FBS) was
transfected with; 3 µg pRSVRev, 3 µg pMDLg/pRRE, 2 µg pMD2.G and 4 µg
shRNA plasmid (GeneCopoeiaTM). 36 µl of FugeneTM was used and the transfection
performed according to the manufacturer’s instructions. Medium was changed the
following day (with penicillin/streptomycin). Lentivirus-containing supernatant was
collected and pelleted (5 minutes at 1000 RPM) on the third day post-transfection.
The supernatant was filtered through a 0.45 µm filter then concentrated.
To concentrate the lentiviral supernatent, 1 volume of cold PEG-itTM virus
precipitation solution was added to 4 volumes of supernatant and refrigerated
overnight. The next day, or up to 5 days later, this solution was centrifuged at 1500 g
for 30 minutes at 4°C and the lentiviral pellet re-suspended in cold sterile PBS at
1/100 the original volume.

Transducing embryonic tracheas
Lentiviral transduction of embryonic tracheas was attempted by longitudinally slicing
open the tracheas using Ultrafine Clipper ScissorsTM (Fine Science Tools) and leaving
the concentrated virus in the medium overnight, or by micro-injecting various
volumes of concentrated viral solution (with 10% trypan blue) into the tracheal lumen
(lung lobes intact). The tracheas +/- lungs were incubated at 37°C overnight and
medium was changed the following morning.

Transducing MTECs
Lentiviral transduction of MTECs was performed on day 1 or 2 post-plating by
adding 5 µl of concentrated lentivirus to 150 µl of fresh culture medium (transwell
insert only) and incubating at 37°C overnight. The medium was changed the
following morning.
For adenoviral transduction, Adeno-Cre (University of Iowa, Gene Transfer Vector
Core) was incubated at the desired multiplicity of infection on day 2 post-plating
(MOI 7 for scattered recombination, MOI 2500 for complete recombination; vector
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pfu 1x106) for 8 hours followed by washing in MTEC/+ media (Adeno-cre
transduction was performed by Dr Gayan Balasooryia).

Immunostaining MTECs and KT cells
Cells in 24-well transwell inserts were washed in PBS then fixed in 4%
paraformaldehyde for 20 minutes at room temperature then washed in PBS again.
300µl of 0.3% triton was used to permeabilise the cells for 15 minutes at room
temperature, then the cells were washed in PBS. The transwell membranes were
removed using a scalpel blade and placed in wells of a 24 well plate. The membranes
were blocked using 0.1% triton-PBS, 5% normal donkey serum and 0.1% bovine
serum albumin (100µl). Primary antibodies were diluted in block, added to the
membranes and left overnight at 4°C. The next day membranes were washed in PBS
and secondary antibodies added, diluted to 1 in 2000 in 0.1% triton-PBS, 5% NDS
and left at room temperature for 2-3 hours protected from the light. DAPI (1 in
10,000) was added for the last 10 minutes of secondary antibody incubation. Each
membrane was mounted on a SuperfrostTM slide, in the centre of a SecureSealTM
image spacer, covered in Fluoromount,TM and a coverslip then stored at 4°C.

Cloning
Generation of TF overexpression plasmids
The Gateway cloning system (Invitrogen) was used to introduce candidate TFs into an
overexpression cloning vector (Fig 7A). pCIG2 (Fig. 7B) was the donor vector used
(Hand, Bortone et al. 2005). Flanking attB sites (B1 and B2) were introduced to the
sequence of the candidate TF (cDNA) using attB-TF PCR primers according to
manufacturer’s instructions. Purified attB-TF polymerase chain reaction (PCR)
product was introduced into the donor vector at attP1/P2 sites (Fig. 7A) using BP
Clonase IITM according to manufacturer’s instructions. Myself, Dr Jo-Anne Johnson
cloned the TF Multicilin into pCIG2 and the plasmid was grown up (see next section)
and checked by restriction endonuclease digestion (see ‘List of Restriction
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Endonucleases’) and also sequenced (see ‘List of Primers’). The other candidate TFs
were cloned by Dr Emma Rawlins and Dr Julie Watson.

TM

TM

Figure 7 - Overexpression vector. A. Gateway cloning system. BP Clonase II was used
to introduce attB-TF PCR product into donor vector at P1 and P2 sites replacing ccdB
cassette. B. Donor vector pCIG2. Gateway cloning sites are circled (attP1 and attP2).
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Growing up shRNA/overexpression plasmids
Competent bacteria were transformed according to manufacturer’s instructions.
Transformed bacteria were cultured on selective agar (LB plus antibiotic) plates at
37°C overnight. Colonies were picked the following day and grown up in Lysogeny
Broth (LB) plus antibiotic overnight on a shaker at 37°C. QiagenTM Maxiprep or
Miniprep kits were used to isolate plasmid from bacterial cultures according to
manufacturer’s instructions. Isolated plasmids were checked by restriction
endonuclease digestion and subsequent gel electrophoresis (see ‘List of Restriction
Endonucleases’) as well as by sequencing (see ‘List of Primers’).

Flow cytometry
Flow cytometry was used to isolate mature epithelial cell types from freshly isolated
adult mouse tracheal epithelium using the following cell surface markers;
Secretory/club cells (EpCAM and SSEA1)
Basal cells (EpCAM and GSIβ4)
Multiciliated cells (EpCAM and CD24)
Adult mouse tracheal epithelium was isolated as described in the ‘MTEC culture’
section above (Dr Gayan Balasooryia). After trypsinisation, the cells were resuspended in culture medium then stored on ice prior to being ran through the flow
cytometer.
Flow cytometry was also used to isolate GFP+ cells from lentiviral-transduced MTEC
cultures using the GFP reporter along with side scatter to identify apoptotic cells.
MTEC cells were trypsinised and collected as described above in the ‘RNA
extraction’ section (myself, Dr Jo-Anne Johnson) then re-suspended in culture
medium and stored on ice, then ran through the flow cytometer.
In both cases, cells were sorted using a MoFlo flow cytometer by Mr Andy Riddell,
University of Cambridge Stem Cell Institute. Sorted cells were prepared for RNA
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extraction as described above (see ‘RNA extraction’), (Dr Gayan Balasooryia and
myself, Dr Jo-Anne Johnson).

Mice
Loss of Fgfr1 signalling experiments
All experiments were approved by University of Cambridge local ethical review
committees and conducted according to Home Office project licenses PPL80/2326
and 70/812. Mouse strains Fgfr1fx (Xu et al., 2002), Tg(KRT5-CreER) (Rock et al.,
2009), Rosa26R-fGFP (Rawlins et al., 2009) were used. Animals heterozygous for
Fgfr1Δ/+ were generated by crossing the respective floxed alleles to Zp3-Cre (de
Vries et al., 2000). All transgenic strains were maintained on a C57Bl/6J background
(at least N4 back-crosses) and a mixture of males and females were used for all
experiments. No gender-specific differences were observed. All animals used for
experiments were >8 weeks old. Adult (>8 week) animals were injected
intraperitoneally four times, every other day, with 0.2 mg / gram body weight
tamoxifen. The mouse crosses and intraperitoneal tamoxifen injections were
performed by Dr Gayan Balasooryia.
TF overexpression / knockdown experiments
Wild-type C57Bl/6J inbred mice (> 8 weeks old) were used for MTEC cultures or
extraction of fresh adult epithelium. Wild-type MF1 inbred plugs were used for
E14.5/E18.5 trachea/lung harvesting. Noon on the day of the plug was considered to
be E0.5.

Human embryonic and foetal lung tissue
Human embryonic and foetal lungs were obtained from terminations of pregnancy
from Cambridge University Hospitals NHS Foundation Trust under permission from
NHS Research Ethical Committee (96/085) and the Joint MRC/Wellcome Trust
Human
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099175/Z/12/Z, www.hdbr.org). Their age ranged from 5 to 20 weeks postconception weeks (pcw) (this corresponds to 7–22 weeks gestational age). Samples
were staged according to their external physical appearance and measurements, and
not to the estimated last menstrual period. Detailed guidelines for embryonic samples
(<8 pcw): http://hdbr.org/downloads/embryo_staging_guidelines.doc; and for foetal
samples: http://hdbr.org/downloads/fetal_staging_guidlines.doc. Samples used had no
known genetic abnormalities.

Dissection of human embryonic lungs and set-up of organoid culture
Lung lobes were incubated for 2 min in Dispase II (8 U/ml). Mesenchyme was
dissected away using tungsten needles and tips and stalks were isolated by cutting the
very end of a branching tip, or alternatively a stalk area more proximally. In order to
set up the tip-derived organoids, five tips were transferred into 30 µl MatrigelTM. A
dissecting microscope was used to guide aspiration of 25 µl Matrigel containing the
tissue pieces, which was transferred into a well of a 48 well low-attachment plate
(Greiner, UK). The plate was incubated then for 5 min at 37°C to solidify the
Matrigel, following which at least 250 ml of self-renewing medium was added. Plates
were incubated under standard tissue culture conditions (37°C, 5% CO2). Dissection
of human embryonic lungs and set-up of organoid culture was performed by Dr
Marko Nikolic.

Maintenance of 3D human embryonic lung organoid culture
Self-renewal medium was changed twice a week and organoids passaged every 10-14
days depending on cell confluence and Matrigel stability. In order to passage the
organoids,

cold

base

medium

(Advanced

DMEM

with

Glutamax,

penicillin/streptomycin and Hepes) was added and the Matrigel was transferred into a
15 ml tube. Fresh base medium was added up to 10 ml and the sample centrifuged at
220 g at 4°C for 5 min. 8.5 ml of medium was then aspirated, and the remaining
organoids triturated. Cold base medium was added up to 10 ml and the sample was
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again centrifuged at 220 g at 4°C. The pellet was re-suspended in Matrigel and 25 µl
plated in each well of a 48-well low attachment plate. After incubation for 5 min at
37°C to allow the Matrigel to solidify, at least 250 ml of self renewal medium was
added to each well. Human organoid cultures were maintained by Dr Marko Nikolic
and myself, Dr Jo-Anne Johnson.

Recovering organoids from matrigel for immunostaining or RNA
Extraction
Prior to fixation, or lysis, organoids were removed from Matrigel using Cell Recovery
Solution. Organoids were harvested into a 15 ml tube and washed with 10 ml of cold
base medium. The tube was inverted every 2 min for 10 min, incubated on ice then
spun at 200 g (4°C). This was repeated once then Cell Recovery Solution was used to
further remove the Matrigel (incubation on ice for 30 min with inversion once after 15
min). Organoids were washed with cold PBS and spun down at 200 g 4°C. This was
performed by Dr Marko Nikolic and myself, Dr Jo-Anne Johnson.

Whole mount immunostaining of human organoids and human
embryonic lungs
For 5–9 pcw lungs fixation was overnight hour at 4°C in 4% PFA. Organoids were
recovered from the Matrigel using Cell Recovery Solution as above and fixed in 4%
(w/v) paraformaldehyde (PFA) for 30 min at 4°C. After washing in PBS
organoids/lungs were transferred to a round-bottom 96 well plate and permeabilised
in 0.5% (v/v) Triton-X in PBS for 30 min then washed in 0.5% (w/v) Bovine Serum
Albumin (BSA), 0.2% Triton-X in PBS. Blocking was for at least 1 hour at room
temperature in 1% BSA, 5% NDS (normal donkey serum), 0.2% Triton-X in PBS.
Primary antibodies in blocking solution were incubated at 4°C overnight. The
following day washes were performed at 4°C and secondary antibodies (1:2000
dilution) in 5% NDS, 0.2% Triton-X in PBS incubated overnight at 4°C. The
following day washes were performed at 4°C and DAPI (Sigma) added to the
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washing solution for 30 min at 4°C. Samples were processed to 2’-2’-thio-diethanol
(TDE) for clearing/mounting: 10% (v/v) TDE in 1x PBS; 25%; 50% 1 hr, 97% TDE
overnight at 4°C on a rocker. The following day, organoids/lungs were transferred
onto a slide with an imaging spacer and coverslipped. Immunostaining of human
organoids and human embryonic lungs was performed by Dr Marko Nikolic.

RNAseq
Four age-matched biological replicates (6–7 pcw) were selected based on size and
hand/foot morphology. Fresh tips and stalks were microdissected and cleaned of
mesenchyme using tungsten needles following 2 minutes digestion in Dispase at room
temperature. Microdissected tips (~8) and stalks (~8) were transferred by mouth
pipette into 50 ml extraction buffer using the PicoPure RNA Isolation Kit in DNA
LoBind tubes. RNA extraction was performed according to the PicoPure RNA
Isolation Kit protocol. Total RNA concentration and quality using RIN score was
assessed using RNA 6000 Pico Kit. Only biological replicates with RIN score >8
were used. Reverse transcription and cDNA amplification was performed according
to Ovation RNAseq Systems V2 protocol (NuGEN). For each sample a minimum
total input RNA amount of 500 pg was used. Quality check was performed using the
Agilent DNA 1000 kit and RNAseq library preparation was performed according to
the NuGEN Ovation Rapid DR Multiplex System 1–8 protocol. Sequencing was
performed at the Gurdon Institute on a HiSeq 1500 in rapid run mode. All RNAseq
data

was

deposited

in

GEO:

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=chyfeyegvxurngn&acc=GSE
95860.

Microdissection

and

RNA

extraction/reverse

transcription/cDNA

amplification for RNA Sequencing was performed by Dr Marko Nikolic.

Bioinformatics analysis
For comparing freshly isolated human tips to freshly isolated stalks, Fastq files were
filtered for low quality reads (<Q20) and low quality bases were trimmed from the
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ends of the reads (<Q20) using Sickle. The resulting reads were mapped to the human
reference genome (UCSC GRCh37/hg19) using TopHat 2.0.6 (Kim, Pertea et al.
2013) guided by RefSeq gene models (UCSC). Raw counts per transcripts were
obtained using featureCounts and differentially expressed genes (>2 fold difference)
identified using edgeR 2.6.12 (Robinson, McCarthy et al. 2010). Hierarchical
unsupervised clustering was performed using published foetal lung RNAseq data as a
comparison. This analysis was performed by Dr Charles Bradshaw and Dr George
Allen. Gene Ontology analysis of human stalks/tips was performed by myself, Dr JoAnne Johnson in DAVID Bioinformatics Resources 6.7.
To compare the human and mouse embryonic tip transcriptome, human tip RNAseq
data was compared with previously published mouse E11.5 tip microarrays
(Laresgoiti, Nikolic et al. 2016) (GEO accession numbers: GSM1968996,
GSM1968997, GSM1968998, GSM1968999, GSM1969000). It was first assessed
whether transcripts of orthologous mouse/human genes (defined by the HomoloGene
database) were present in each data-set (Dr George Allen). Genes were excluded
which had RPKM values < 1 (RNAseq) and expression values of <5 (microarray). To
estimate the relative levels of these transcripts between the mouse microarray and
human RNAseq data, as the microarray signal saturates, a scatter plot was generated
of mean microarray signal, versus mean log-transformed RPKM for each orthologous
gene identified in mouse and human (Fig. 33). The scatter plot was generated by Dr
George Allen. DAVID Bioinformatics Resources 6.7 was used to perform gene
ontology on genes expressed in human tips (>1 RPKM) but with no mouse
orthologues (Appendix 7). This gene ontology analysis was performed by myself, Dr
Jo-Anne Johnson.

Microscopy
Mouse tissue was imaged on a Zeiss AxioImager compound microscope, a Zeiss 510
Meta Multiphoton Confocal microscope, or an Olympus IX81 widefield microscope
(with Deltavision Softworx software) where stated. Human tissue was imaged on a
Zeiss AxioImager compound microscope, or Leica SP8/Olympus FV1000 Inverted
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confocal microscopes. Movies of growing organoids were captured by culturing in a
Nikon Biostation (stills shown).

Image Scoring
Electroporation Experiments
GFP+ cells were scored manually as ciliated, or non-ciliated, based on apical
acetylated tubulin staining (cilia) using the ‘cell counter’ tool in Fiji software. Only
GFP+ cells with clearly visible apical and basal surfaces were scored. When possible,
at least 100 GFP+ cells were counted in each experiment. The percentage of
(GFP+,TF+) cells which were ciliated was compared with control experiments in
which only GFP was present. A two-tailed t-test was performed to determine the
statistical significance of these data.
FGFR1 KO Experiments
GFP+ cells were scored manually using the ‘cell counter’ tool in Fiji software. Only
GFP+ cells with clearly visible apical and basal surfaces were scored. When possible,
at least 100 GFP+ cells were counted in each experiment. The percentage of FGFR1
K/O GFP+ cells (Tg(KRT5-CreER); R26R-fGFP/+; Fgfr1Δ/fx) were compared to
control GFP+ cells (Tg(KRT5-CreER); R26R-fGFP/+; Fgfr1+/fx) in terms of
percentage of cells co-expressing SCGB1A1/acetylated tubulin/Foxj1 on staining.
(Gayan balasooriya scored GFP+ SCGB1A1+ cells and myself, Dr Jo-Anne Johnson
scored GFP+ ACT+ and GFP+ Foxj1+ cells). A two-tailed t-test was performed to
determine the statistical significance of these data.
MTEC Experiments
GFP+ cells were scored manually as ciliated, or non-ciliated, based on acetylated
tubulin staining (cilia) using the ‘cell counter’ tool in Fiji software. Counting of GFP+
cells positive for Foxj1 staining was also performed in the same way using Fiji
software. At least 200 GFP+ cells were counted in each experiment. GFP+ TF-shRNA
cells were compared with GFP+ control shRNA cells in terms of percentage of

	
  

59	
  

acetylated tubulin+ or Foxj1+ cells. A two-tailed t-test was performed to determine the
statistical significance of these data.
To quantify the intensity of anti-Jazf1 per cell in MTECs we used a custom script for
Fiji (Schindelin, Arganda-Carreras et al. 2012) to apply hierarchical k-means
thresholding (Grassart, Meas-Yedid et al. 2010) in the DAPI channel in order to
segment nuclei as seeds for Voronoi tessellation. We measured mean signal intensity
of anti-GFP and anti-Jazf1 in each partition, allowing measurement of signal
corresponding to each nucleus without requiring segmentation of cytoplasmic markers
in confluent cells. The hierarchical k-means clustering algorithm was inspired by
Grassart et al but implemented using an agglomerative clustering method with a
starting k value of 32 for 16-bit images, a cluster merging intensity distance of 10 AU
and a radius range for object inclusion of 2.5 ... 6 µm. The hierarchical k-means
clustering algorithm was designed by Dr Richard Butler and applied to the images by
myself, Dr Jo-Anne Johnson.
Human embryonic experiments
For estimating the proportion of mesenchyme after microdissection of human
epithelium for RNAseq and organoid culture, a macro for Fiji was written by Richard
Butler, Gurdon Institute Imaging Facility. The macro estimates the number of
mesenchymal cells inside the 3D projection of a selected 2D region of interest by
subtracting an E-Cadherin signal mask from a DAPI signal mask and dividing the
remaining volume by a user-defined predicted nucleus volume.

qRT-PCR
RNA extraction
RNA extraction was performed using QiagenTM RNeasy Mini kit according to
manufacturer’s instructions. For embryonic tracheas, the tracheas were dissected into
smaller pieces then added to 600 µl of RLT buffer (QiagenTM). The tissue/RLT buffer
was vortexed then ran through a Qiagen QiashredderTM prior to freezing at -80°C, or
continuing with the rest of the protocol. For MTECs in transwell inserts, cells were
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washed in PBS then trypsinised using 0.1% trypsin for 10 minutes at 37°C. The
trypsin was quenched with DMEM/5% FBS then cells collected in an EppendorfTM by
pipetting up and down thoroughly and also scraping the pipette tip across the
transwell insert. The cells were re-suspended in 350 µl of RLT buffer, vortexed and
either stored at -80°C or used immediately for the rest of the protocol. In the case of
human organoids, the organoids were removed from Matrigel using Cell Recovery
Solution as described and lysed using 500 µl RLT buffer prior to freezing at -80°C or
continuing with the rest of the protocol.
The optional DNase step of the QiagenTM RNeasy Mini kit RNA extraction protocol
was included using a Qiagen DNase kit. RNA was eluted in 30 µl of RNase free
water.
cDNA Synthesis
11 µl mRNA was mixed with 1 µl oligodT and 1 µl dNTPs and was heated at 65°C
for 5 minutes then put on ice for 1 minute. The following was added: 5xFS (4 µl),
0.1M DTT (1 µl), RNase OutTM (1 µl), Superscript III or H20 (1 µl). This was left at
25 °C for 5 minutes, 50 °C for 50 minutes then 15 minutes at 70 °C. cDNA was
stored at 4°C or -20°C.

qPCR
Sybr Green
The following primer mix was added to each well of a 96-well qPCR plate: 12.5 µl
Sybr Green,TM 0.14 µl Forward primer (10 µM), 0.14 µl Reverse primer (10 µM), 8.22
µl H20. 4µl template cDNA was added to primer mix (per well). cDNA was used neat
or diluted (1:2 to 1:50) with RNase-free H2O. cDNA from E18.5 lungs diluted serially
in 1:5 increments was used to make a standard curve for each primer set. Results were
normalized to housekeeping genes as stated. An Applied Biosystems 7300 Real Time
PCR System (Thermo-Fisher Scientific) was used to perform the qPCR.
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TaqMan
The following primer mix was added to each well of a 96-well qPCR plate: 1 µl
TaqMan probe and primer mix (see list of qPCR primers), 10 µl Master PCR Mix and
7 µl H2O. cDNA was diluted 1:10 with RNase-free H2O prior to adding 2 µl of
template in each well. Relative gene expression was calculated using the DDCT
method relative to GAPDH control. An Applied Biosystems 7300 Real Time PCR
System (Thermo-Fisher Scientific) was used to perform the qPCR.
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2. Materials

Culturing mouse embryonic tracheas
DMEM (Dulbecco's Modified Eagle Medium) / F12 - L - glutamine (ThermoFisher
Scientific,

cat.

no.

11320-033):

For

culturing

embryonic

tracheas

with

penicillin/streptomycin.
Ultrafine Clipper Scissors (Fine Science Tools, cat. no. 15300-00): For longitudinally
dissecting open embryonic tracheas prior to culturing with lentivirus or in vivo
morphilino.
	
  

Culturing MTECs
DMEM (Dulbecco's Modified Eagle Medium) / F12 - L - glutamine (ThermoFisher
Scientific, cat. no. 11320-033): For stripping epithelium from adult tracheas (plus 5%
FBS).
PneumaCultTM (plus penicillin/streptomycin): Medium for culturing MTECs during
proliferation phase (PneumaCultTM - Ex, Stem Cell Technologies, cat. no. 05008) and
during differentiation (PneumaCultTM - ALI, Stem Cell Technologies, cat. no. 05001).
Medium made up according to manufacturer’s instructions.
MTEC+ and MTEC Serum free: Media for culturing MTECs during proliferation and
differentiation respectively (You, Richer et al. 2002).
Falcon cell companion for 24 well plate (Scientific Laboratory Supplies, cat. no.
353504) and transparent PET membrane for 24 well plate 0.4 (Scientific Laboratory
Supplies, cat. no. 353095): For culturing MTECs.
BD collagen type 1 rat tail (Scientific Lab Supplies, cat. no. 354236): For coating 24transwell inserts.
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Dispase II (Invitrogen, cat. no. 17105-041): 16 U/ml used to digest adult mouse
tracheas in MTEC culture preparation.
Trypsin from porcine pancreas (Sigma, cat. no. T4799): For processing adult mouse
tracheal epithelial sheets (for MTEC cultures).
Recombinant mouse IL6 (R&D Systems Europe Ltd, cat. no. 406-ML-005): 10 ng/ml
added to medium of differentiating MTECs to promote multiciliogenesis.
DAPT (Sigma, cat. no. D5942): Added to differentiation medium of MTECs to
promote multiciliogenesis (1 µM for 72 hours from ALI day 1 to ALI day 4).

Culturing H293T cells (for lentivirus generation)
DMEM (Dulbecco's Modified Eagle Medium) / F12 - L - glutamine (ThermoFisher
Scientific, cat. no. 11320-033): For culturing H293T cells with 10% heat-inactivated
foetal bovine serum/FBS (ThermoFisher Scientific, cat. no. 10082139) and
penicillin/streptomycin.
100 mm culture dish (Nunc, cat. No. 172931): For culturing H293T cells.
Trypsin from porcine pancreas (Sigma, cat. no. T4799): For splitting H293T cells

Culturing immortalised Human Bronchial Epithelial Cells (KT Cells)
Human bronchial epithelial cells immortalized with human telomerase reverse
transcriptase (hTERT) and CDK4 (KT cells) were provided by Dr Lúcia L. Correia.
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PneumaCultTM (plus penicillin/streptomycin): Medium for culturing KT cells during
proliferation phase (PneumaCultTM - Ex, Stem Cell Technologies, cat. no. 05008) and
during differentiation (PneumaCultTM - ALI, Stem Cell Technologies, cat. no. 05001).
Medium made up according to manufacturer’s instructions.
	
  
Falcon cell companion for 24 well plate (Scientific Laboratory Supplies, cat. no.
353504) and transparent PET membrane for 24 well plate 0.4 (Scientific Laboratory
Supplies, cat. no. 353095): For culturing KT cells.
BD collagen type 1 rat tail (Scientific Lab Supplies, cat. no. 354236): For coating 24transwell inserts.

Overexpression of transcription factors in embryonic tracheas
BTX Electro Square Porator, Model ECM 830: For electroporating embryonic
tracheas using 3x 50 V, 50 msec pulses at 500 msec intervals.
Trypan blue (Sigma, cat. no. T8154): For visualizing microinjected plasmid solution
in embryonic tracheal lumen.

In-vivo morpholinos
Control and Foxj1 / Forkhead Box J1	
   splice-blocking in-vivo morpholinos were
ordered from Genetools.TM

Lentiviral reagents
shRNA plasmids (GeneCopoeiaTM); psiHIV-U6 (no WPRE), LVRU6GP (with
WPRE).
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Packaging

and

envelope

plasmids:

pRSV-Rev

(Addgene,

cat.

no.12253),

pMDLg/pRRE (Addgene, cat. no. 12251), pMD2.G (Addgene, cat. no. 12259).
FugeneTM (Promega, cat. no. E2311): For transfection of H293T cells with lentiviral
constructs.
PEG-itTM viral precipitation solution (System Biosciences, cat. no. LV810A): For
concentrating lentiviral supernatant.
Lenti-X 293T cells were a gift from Rick Livesey’s laboratory (Gurdon Institute,
Cambridge UK).

Cloning Reagents
pCIG2 GatewayTM cloning vector (Invitrogen) (Hand, Bortone et al. 2005): TFs to be
overexpressed were cloned into this vector.
GatewayTM BP Clonase IITM enzyme mix (Invitrogen, cat no. 11789020): Used for
introduction of candidate TFs into pCIG2 plasmid.
Subcloning Efficiency DH5-αTM Competent Cells (Thermo Fisher Scientific, cat. no.
18265017): For transforming plasmids (TF-pCIG2, lentiviral packaging and envelope
plasmids).
One Shot ccdB SurvivalTM 2 T1 Competent Cells (Invitrogen, cat. no. A10460): For
transforming cloning vector pCIG2.
One Shot Stbl3TM Competent Cells (Invitrogen, Cat. No. C7373-03): For transforming
shRNA plasmids.
EndoFree Plasmid Maxi Kit (QiagenTM, cat. no. 12362): For isolating plasmids from
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bacterial culture.
SB Molecular Biology Grade Agarose (Severn Biotech Ltd, cat. no. 30-10-50): For
making up agarose gel in TAE buffer (checking digested plasmids using gel
electrophoresis).
DNA Loading Buffer Blue (Bioline, cat. no. BIO-37045): For loading DNA into wells
of agarose gels.
SybrTM Safe DNA gel stain (Invitrogen, cat. no. S33102): For visualization of DNA in
agarose gels.
HyperladderTM 1kB (Bioline, BIO-33053): For checking size of DNA fragments on
gel electrophoresis.

Fgfr1 cKO
Adeno-Cre (University of Iowa, Gene Transfer Vector Core).
Mouse strains Fgfr1fx (Xu et al., 2002), Tg(KRT5-CreER) (Rock et al., 2009) and
Rosa26R-fGFP (Rawlins et al., 2009).

Immunostaining
Paraformaldehyde (Sigma, cat. no. 158127): Fixative. 4 % (w/v) paraformaldehyde
was dissolved in PBS. pH was adjusted to 7.4 and aliquots were stored at –20°C.
OCT compound (VWR International, cat. No. SURG08609E): For cryoembedding.
SuperfrostTM microscope slides: For mounting stained transwell inserts (VWR, cat.
no. 48311703).
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Superfrost PlusTM microscope slides (VWR, cat. No. 48311-703): For cryosectioning.
Triton X-100 (Sigma, cat. No. 93443): Diluted with PBS for blocking/primary
antibody antibody incubation with normal donkey serum/NDS (Stratech Scientific,
cat. No. 017-000-121) and bovine serum albumin (Sigma, cat. No. A9647). Triton
X/PBS and NDS was also used for secondary antibody incubation.
FluoromountTM (Sigma, cat. No. F4680): Mounting medium.
VectashieldTM

(Vector

labs,

cat.

no.

H-1000):

Mounting

medium

for

OMX/Deltavision microscope.
24 well plate (Corning, cat. No. 353226): For immunostaining membranes (MTECs)
from transwell inserts.
DAPI: For nuclear staining.
SecureSeal imaging spacers (Sigma, cat. no. GBL654006): For mounting stained
transwell inserts.
2’-2’-thio-diethanol (TDE, Sigma, cat. no. 166782): For clearing/mounting human
tip-derived organoids.

qRT-PCR
RNA extraction
Qiagen RNeasyTM kits (Qiagen, cat. no. 74104) with Qiagen DNase kit (Qiagen, cat.
no. 79254): Used for RNA extraction.
Qiagen QiashredderTM (Qiagen, cat. no. 79656): Used to shred embryonic tracheas in
RLT buffer.
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cDNA synthesis
Oligo dT20 (Invitrogen, cat. no. 18418-020), 10 mM dNTP mix (Invitrogen, cat. no.
18427-013), Superscript III/5xFS/0.1 M DTT (Invitrogen, cat. no. 18080-044).
RNase Out (Invitrogen, cat. no. 10777-019).

qPCR
Sybr Green JumpStartTM TaqReadyMix (Sigma, cat. no. S9194-400RXN).
TaqManTM Universal PCR Master Mix (Thermo Fisher Scientific, cat. no. 4304437).
Applied Biosystems 7300 Real Time PCR System (Thermo-Fisher Scientific).

Dissection of human embryonic lungs and set-up of organoid culture
Dispase II (Invitrogen, cat. no. 17105-041): 8 U/ml, used to digest human embryonic
lung lobes prior to isolation of tips and stalks.
Growth factor depleted Matrigel (Corning, UK, cat no. 356231): To provide a matrix
for culturing human lung epithelial tip-derived organoids.
Cell culture 48 well plate with cell repellent surface (Greiner, UK, cat no. 677970):
For culturing human lung epithelial tip-derived organoids.

Human tip-derived organoid self-renewal medium
Advanced DMEM (Invitrogen, cat no. 12634-010).
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Penicillin/Streptomycin (Invitrogen, cat no. 15140-122): Final concentration:
100U/ml (Pen) 100µg/ml (Strep)
Hepes (Invitrogen, cat no. 15630-056): Final concentration: 10mM
Glutamax (Invitrogen, cat no. 35050-038): Final concentration: 2mM
N2 (Invitrogen, cat no. 17502-048): Final concentration: 1:100
B27 (-Vit A) (Invitrogen, cat no. 12587-010): Final concentration: 1:50
N-acetylcysteine (Sigma-Aldrich, cat no. A9165): Final concentration: 1.25mM
Matrigel (Corning, cat no. 356231): Final concentration: Undiluted
R-spondin conditioned media (Stem Cell Intitute, University of Cambridge ): Final
concentration: 5% v/v
EGF (Peprotech, cat no. AF-100-15): Final concentration: 50ng/ml
Noggin (R&D Systems, cat no. 6057-NG-100): Final concentration: 100ng/ml
FGF10 (R&D Systems, cat no. 345-FG-025): Final concentration: 100ng/ml
FGF7 (Peprotech, cat no. 100-19): Final concentration: 100ng/ml
CHIR 99021 (Stem Cell Institute, University of Cambridge): Final concentration:
1uM or 3µM
SB 431542 (Tocris, cat no. 1614): Final concentration: 10µM
Rhokinase inhibitor (Sigma-Aldrich, at no. Y0503-1MG): Final concentration: 10µM
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Reagents for modifying SOX2 and SOX9 expression in human tipderived organoids
Dorsomorphin (Tocris, cat no. 3093): Final concentration: 1µM
IWR-1 (Sigma-Aldrich, cat no. I0161): Final concentration: 100nM-150nm
DAPT (Sigma-Aldrich, cat no. D5942): Final concentration: 50µM
PD0325901 (Sigma-Aldrich, cat no. PZ0162): Final concentration: 2µM
XAV939 (Sigma-Aldrich, cat no. X3004): Final concentration: 10µM
FGF18 (Sigma-Aldrich, cat no. F7301): Final concentration: 10ng/ml
FGF7 (Peprotech, cat no. 100-19): Final concentration: 10-100ng/ml

Recovering organoids from matrigel for immunostaining or RNA
Extraction
Cell Recovery Solution (Corning, cat no. 354253): For removing organoids from
Matrigel prior to fixation, or lysis.

RNAseq
RNA Isolation Kit (ThermoFisher Scientific, cat no. KIT0204): For RNA extraction
from microdissected human tips and stalks prior to RNAseq analysis.
DNA LoBind tubes (Sigma, cat. no. Z666548-250EA):	
   For	
   RNA extraction from
microdissected human tips and stalks prior to RNAseq analysis.
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RNA 6000 Pico Kit (Agilent, cat. no. 5067-1513): For assessing RNA concentration
and quality prior to sample selection for RNAseq analysis.
Ovation RNAseq Systems V2 (NuGEN, cat. no. 7102-08): For performing reverse
transcription and cDNA amplification of samples for RNAseq analysis.	
  
	
  
DNA 1000 kit (Agilent, cat. no. 5067-1504): For quality checking cDNA prior to
RNAseq analysis.
Ovation Rapid DR Multiplex System 1-8 (Nugen, part no. 0319): For RNAseq
library preparation.
	
  
HiSeq 1500 in rapid run mode (Illumina, San Diego, CA; single read 50 nucleotides):
For RNA Sequencing.
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Chapter 3
Transcription factors regulating multiciliogenesis in
adult and embryonic mouse airway epithelium
	
  

Introduction
In vertebrates, most cells possess, or are capable of generating, single, non-motile
primary cilia, which serve as critical regulators of signal transduction during
development and homeostasis (Brooks and Wallingford 2014). In vertebrates,
multiciliated cells (MCCs) are a population of post-mitotic cells which have hundreds
of motile cilia that beat in a synchronized way to drive directed fluid flow across an
epithelium. In the airway this is important for mucous clearance. Cilia are anchored at
the cell surface by a modified centriole known as a basal body. The ciliary axoneme is
the outgrowth of the cilium and extends from the basal body into the extracellular
space (Fig. 8A). The architecture of the axoneme consists of 9 circumferentially
arranged microtubule doublets plus a central pair of non-doublet microtubules which
are required for directional ciliary beating. Multiciliated cells are found in multiple
locations in many vertebrate species, but all have the function of directing fluid-flow
across their surface. For example, in mammals they are found in the epithelium lining
the

developing/adult

airways,

in

the

ependymal

lining

the

adult

brain

ventricles/central canal of the spinal cord, and in the epithelium of the
oviduct/fallopian tubes. They have also been studied in the Zebrafish pronephros, and
in Xenopus in the kidney and developing epidermis.
The focus of my work is on the regulation of multiciliogenesis in the airway (Fig. 8B)
i.e. how a basal cell, or embryonic Sox2+ progenitor cell, becomes specified for a
multiciliated fate and then fully differentiated into a multiciliated cell.
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Figure 8 - Multiciliogenesis in the airway epithelium. A. SEM of a mouse tracheal
epithelial MCC (Brooks and Wallingford 2014) B. Diagram showing factors regulating
multiciliogenesis in adult mouse trachea.
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In reality, specification and differentiation is a continuum, with differentiation marks
having been detected as early as in basal cells. (Pardo-Saganta, Law et al. 2015). In
terms of cell morphological changes, a committed basal luminal progenitor, exits the
cell cycle and at this stage is a specified pre-multiciliated cell (stage 1). There is
amplification of centrioles at stage 2, followed by organization and docking of
centrioles (at this point termed basal bodies) at the apical membrane at stage 3. Stage
4 sees outgrowth of multiple cilia from the basal bodies, forming multiciliated cells
(MCCs).
There is an emerging pathway of TFs which regulate multiciliogenesis. The evidence
so far is that these TFs are conserved between species and between adult/embryonic
models and indeed between the MCCs found at different locations throughout the
body (Spassky and Meunier 2017). However, there may be differences in the exact
regulatory relationships between these TFs in the different developmental stages, or in
different types of ciliated cells, or across species.
A master regulator of multiciliogenesis is a TF which lies at, or near, the top of the
multiciliogenesis TF specification/differentiation regulatory hierarchy. It would be
expected to affect the regulation of multiple downstream TFs. As discussed in the
main introduction, the TF Myb is expressed in basal luminal progenitors and may
have a role in determining lineage fate (Pardo-Saganta, Law et al. 2015) (Figs. 3&4).
Myb could therefore be considered a master regulator at the very top of the
multiciliogenesis TF cascade (Fig. 8B). Most of the TFs discussed here are expressed
in intermediate progenitors, downstream of basal cells.
Recently evidence has been published clearly demonstrating that Gmnc/GemC1, a
coiled-coil-containing protein of the Geminin family, is near the top of the hierarchy
of multiciliogenesis TFs expressed in intermediate progenitors (Arbi, Pefani et al.
2016). It has previously been identified as an important cell cycle regulator
(Balestrini, Cosentino et al. 2010). Arbi et al showed that GemC1 is specifically
expressed in developing airway multiciliated cells (E15.5) and that overexpression in
airway cells in vitro led to an increase in Foxj1-positive cells (a key TF in MCC
differentiation, regulating basal body docking) and Mcin positive-cells (a welldescribed master regulator of multiciliogenesis, regulating cell cycle exit) (Arbi,
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Pefani et al. 2016). This suggests that GemC1 lies upstream of, and is a positive
regulator of, Mcin and Foxj1. It is also likely to be a direct transcriptional effector as
chromatin-immunoprecipitation (ChIP) showed that GemC1 antibodies pulled-down
Mcin and Foxj1 promoter fragments. In vivo, GemC1 K/O mice died within first week
postnatally after showing severe growth retardation despite normal feeding. At P0
their airways showed an absence of ACT, Foxj1 and pericentrin (basal bodies)
staining, with normal Krt5 staining. In addition, Muc5ac staining showed that there
was an increased number of goblet cells, possibly generated at the expense of
multiciliated cells. These data strongly suggested that GemC1 is required for
multiciliogenesis and lies upstream of Mcin and Foxj1 in the multiciliogenesis
cascade. Because knocking out GemC1 had no effect on the basal cell populations, it
is likely that it acts on late MCC specification/early differentiation, involved in
regulating the cell cycle exit step via Mcin (Fig. 8B).

In further support of an upstream role for GemC1 in multiciliogenesis in the airway,
an independent study found that GemC1-deficient mice had no multiciliated cells in
postnatal tracheas (Terre, Piergiovanni et al. 2016). Moreover, these GemC1-/tracheas showed downregulation of key multiciliogenesis genes including Mcin,
Foxj1 and Myb. Immunoprecipitation showed that Gemc1 interacts with a key
developmental/ cell cycle TF activation complex E2F4/5, which also agreed with
findings from Arbi et al.
GemC1 was also confirmed as a master regulator of mutliciliogenesis in Xenopus and
Zebrafish embryos. GemC1 Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) - Cas9 Zebrafish embryos had no MCCs in the kidney tubule and
reduced basal body organization, with reduced expression of a Foxj1b reporter (Zhou,
Narasimhan et al. 2015). There was a phenotypic rescue of Mib mutant and Jagged 2a
mutant Zebrafish embryos, which have reduced levels of Notch signalling (leading to
increased MCCs), post-injection of Gmnc MO. This showed that Gmnc is likely to be
downstream of Notch signalling. QRTPCR on Jagged2 MO Zebrafish embryos,
which have additional multiciliated cells, showed an increase in Gmnc, Mcin, Foxj1a
and b showing that Notch signalling is likely to act upstream of, and is inhibitory to,
these multiciliogenesis TFs (Fig. 8B). It was also confirmed that Gmnc was necessary
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and sufficient for MCC differentiation in Xenopus embryonic skin using Gmnc MO
and rescue with Gmnc RNA. Other than the relationship of Gmnc to Notch signalling
and Foxj1, there was no other evidence presented here as to where Gmnc lies in
relation to the other recognized multiciliogenesis TFs.
Multicilin (Mcin) is well described as being one of the more upstream
multiciliogenesis TFs (Stubbs, Vladar et al. 2012, Balestra and Gonczy 2014, Boon,
Wallmeier et al. 2014, Ma, Quigley et al. 2014). Like GemC1 it is a member of the
Geminin cell-cycle regulation family. Mcin was first investigated in muticiliogenesis
in the Xenopus embryonic skin (Stubbs, Vladar et al. 2012). Mcin morphant embryos
lacked skin MCCs and centrioles. Moreover, overexpression of Mcin in these
embryos led to an increased number of multiciliated cells. When embryos
overexpressing Mcin were injected with Foxj1 MO, multiciliogenesis was disrupted
suggesting that Foxj1 is downstream of Mcin (animal cap studies confirmed this).
Additionally, epistasis experiments suggested that Mcin lies downstream of Notch
signalling. Stubbs et al proposed that expression of Mcin leads to cell cycle exit which
then permits centriole multiplication. This was supported by EdU incorporation
studies in Xenopus embryos, which showed that overexpressing Mcin led to a
reduction in the percentage of EdU labelled cells. These results were confirmed in
MTEC cultures, where Mcin overexpression led to an increased number of
multiciliated cells and Foxj1 positive cells. The opposite phenotype was seen with
overexpression of a dominant negative Mcin. The dominant negative Mcin phenotype
could not be rescued by Notch inhibition, showing that in the mouse airway, as in
Xenopus embryos/caps, Notch activity is upstream of Mcin (Stubbs, Vladar et al.
2012). Mcin overexpression/knockdown had no effect on the secretory cell population
in Xenopus embryos, suggesting that it is acting at the late specification/early MCC
differentiation stage, rather than affecting early specification/lineage fate. Mcin
therefore seems function downstream of GemC1, but upstream of Foxj1, involved in
the cell cycle exit step in intermediate progenitors, leading to a specified pre-MCC
which can then undergo centriole multiplication (Fig. 8B).
Interestingly, there is no known DNA-binding domain that would suggest a direct role
for Mcin as a TF. It has been hypothesized that Mcin function is exerted via a
transcriptional activation complex. Similar to the interaction between GemC1 and
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E2F4/5, (Terre, Piergiovanni et al. 2016), the interaction of E2F proteins and Mcin
has also been studied (Ma, Quigley et al. 2014). Some E2F proteins are known to
regulate cell-cycle genes in differentiating cells (Sadasivam and DeCaprio 2013), and
E2F4-deficient mice show a lack of MCCs (Danielian, Bender Kim et al. 2007).
Similar to GemC1, there was a complex formed by Mcin and E2F4 or E2F5 in
Xenopus embryonic skin (Ma, Quigley et al. 2014). Overexpression of dominant
negative E2F4 inhibited MCC formation, but did not affect cell-cycle exit. ChIP-seq
of skin progenitors expressing Mcin+/-E2F4 showed that Mcin enhanced the binding
of E2F4 to the promoters of genes involved in centriole assembly and decreased
binding of E2F4 to the promoter of genes required for cell-cycle progression.
Recently there has been focus on p73 as a master regulator of MCC differentiation.
p73 is a member of the p53 family of sequence-specific TFs required for cell-cycle
control, DNA repair, apoptosis and cell differentiation. The tracheas of p73 knockout
mice showed complete loss of MCCs (Marshall, Mays et al. 2016). Interestingly,
there was also a reduction in basal cells but an increase in neuroendocrine, goblet and
club cells at E18.5 and in later life, which would suggest that MCC cells became
directed along alternative cellular lineages. p73 was shown to be localized to Foxj1
positive cells in the WT adult mouse trachea. However, it also seems to be expressed
in a subset (50%) of basal cells in the murine trachea. The authors suggest that p73 is
being expressed in the MCC-fated B2 basal luminal progenitor population (Fig.
3&8B) and is therefore involved in early fate specification, as well as at the level of
MCC differentiation (Fig. 8B). However, the percentage of MCC-fated basal cells
seems high at steady state when multiciliated cell turnover is very low, suggesting
that maybe p73 has other functions in the basal cell not related to early fate
specification. It could also be the case that p73 is expressed in the whole B2
population and not just MCC-fated progenitors. ChIP-seq on MTECs which had been
exposed to lentiviral-ectopic p73 expression and collected after 1 day ALI, showed a
significant upregulation, compared to control, of several cilia-associated genes with
p73 binding sites, including Foxj1 and Rfx3 (a member of the regulatory X family of
TFs known to regulate multiciliogenesis). In vivo p73 null mice showed no Foxj1
expression. In summary, as well as p73 acting directly on the targets Foxj1 and Rfx3
in intermediate progenitors during MCC differentiation (Fig. 8B), like Myb there is
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evidence for a role of p73 in very early fate determination in basal cells; i.e. whether a
cell becomes a secretory versus a multiciliated fate.
A concurrent paper investigated the role of the Tap73 isoform of p73 in
multiciliogenesis (Nemajerova, Kramer et al. 2016). In this study, p73 and Tap73 KO
mice showed a marked reduction in MCC in the adult tracheal epithelium. There was
also a marked loss of Chibby, a basal body marker, showing that Tap73 is likely
upstream of Foxj1 which is necessary for basal body organization/docking. Consistent
with the previous study, direct target genes of Tap73 included, Rfx3 and Foxj1, but
also Myb and Rfx2 (Fig. 8B). Interestingly, all the p73 positive cells here were
described as being in intermediate progenitors, which is different to the findings by
Marshall et al who also saw co-localisation of p73 in 50% of p63+ basal cells in the
adult trachea in vivo. Although Nemajerova et al did not look for p63/p73
colocalisation and instead relied on the position of the p73 cells being ‘suprabasal’
and also co-expression of p73 with Foxj1 (which is not expressed in basal cells).
Also, Nemajerova et al were looking at p73 expression in adult bronchi rather than
trachea which could also explain why there were a lack of p73+ p63+ cells. Overall it
can be concluded that the exact function of p73 is still to be determined, as is the
relationship of p73 to GemC1.
As mentioned, the TF Myb, post-airway injury, has been shown to be a marker of
lineage specification in basal cells (Pardo-Saganta, Law et al. 2015) (Fig. 4). Myb (as
is possibly the case for p73) seems to have a dual role and is also expressed in
intermediate progenitors where it is involved in MCC differentiation (Pan, Adair-Kirk
et al. 2014). Myb was shown to be expressed in a population of p63-negative airway
epithelial non-proliferating progenitors (intermediate progenitors) in MTECs at ALI
D3 (Pan, Adair-Kirk et al. 2014). On knocking down Myb in MTECs during the
proliferation phase, they showed that Myb is required for MCC differentiation, with
specified MCCs partially differentiated, containing fewer centrioles and a lack of
basal body docking. Knocking down Myb led to a reduction in Foxj1, ϒ tubulin and
ACT staining, but had no effect on p63 staining. This suggests that Myb is acting
upstream of Foxj1 in the MCC differentiation TF cascade, but is not acting at the
basal cell level. These findings were confirmed in vivo using Myb KO mice which
interestingly showed that in addition to a role in ciliated cell differentiation, Myb is
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also required for secretory cell differentiation, although the evidence was not as
strong here. In conclusion, Pan et al have shown that, at steady state at least, Myb acts
during MCC differentiation, having a role in the centriole multiplication stage
(upstream of Foxj1) (Fig. 8B), as well as possibly secretory cell differentiation. This
differs from the in vivo findings post-injury (Pardo-Saganta, Law et al. 2015)
whereby Myb was found to be involved in lineage specification in basal cells as well
as MCC differentiation (Fig. 3,4&8B). It could be that Myb has different functions at
steady state and repair. It could also be due to a difference in, or reflect different
thresholds of detection.
Tan et al agreed with some of the findings from Pan et al by showing that Myb is
expressed in differentiating MCCs in the developing bronchial epithelium (Tan,
Vladar et al. 2013). Here, Myb was co-expressed with Foxj1 at E17.5, however not
co-expressed with Scgb1a, suggesting that it is specifically involved in
multiciliogenesis and not secretory cell differentiation which was suggested by Pan et
al. Tan et al also found that Myb was expressed before, and during, centriole
multiplication at E15.5, as well as being upstream of Foxj1 and downstream of Mcin
(Fig. 8B). They also showed that in Myb cKO mouse embryos which are devoid of
mature MCC cells, there is partial recovery in the distal airways at P21, suggesting
that Myb could be bypassed and there is more than one pathway regulating
multiciliogenesis (Fig. 8B).
In summary, Myb is involved in the centriole multiplication step in MCC
differentiation. In the MCC differentiation TF hierarchy, Mcin is upstream of Myb,
which is in turn upstream of Foxj1 (Fig. 8B). There may also be a role for Myb in
determining basal cell lineage fate post injury (Pardo-Saganta, Law et al. 2015) and/or
in secretory cell differentiation (Pan, Adair-Kirk et al. 2014).
Foxj1 is also one of the TFs which has been well-described in multiciliogenesis.
(You, Huang et al. 2004, Balestra and Gonczy 2014, Pan, Adair-Kirk et al. 2014,
Zhou, Narasimhan et al. 2015, Marshall, Mays et al. 2016, Nemajerova, Kramer et al.
2016). It has been shown that Foxj1 null mice have absent cilia. (Chen, Knowles et al.
1998, Brody, Yan et al. 2000). The Brody lab showed that Foxj1 null MTECs had an
absence of MCCs at day7 ALI and, moreover, that Foxj1 is sufficient to rescue
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multiciliogenesis in Foxj1 null MTECs (You, Huang et al. 2004). In addition, it was
found that the differentiation of MCCs begins in Foxj1 null MTECs, but the cells
have disorganised basal bodies which fail to dock at the apical membrane, meaning
that, as is the case with Myb knockdowns or knockouts (Tan, Vladar et al. 2013, Pan,
Adair-Kirk et al. 2014), the cells are specified, but fail to complete differentiation.
You et al also looked at the expression pattern of beta-tubulin (an axonemal protein)
in Foxj1 null cells. In WT MTECs there was an increase in beta-tubulin over time at
ALI which was much reduced in Foxj1 null cells (and could be rescued by
overexpression of Foxj1). Therefore, the conclusion was that Foxj1 acts at the postspecification, post-centriologenesis phase and is necessary for basal body
organization and docking and also for switching on axonemal proteins (You, Huang et
al. 2004). (Fig. 8B).
Genome-wide expression profiling and large scale functional studies were used in
Zebrafish to describe a network of cilia genes regulated by Foxj1 (Choksi, Babu et al.
2014, Choksi, Lauter et al. 2014). They upregulated Foxj1 to produce a list of
upregulated genes and GO analysis revealed that many of the genes were required for
cilia assembly and motility. A small proportion were transcriptional regulators. The
authors concluded that Foxj1 functions mainly to upregulate cilia assembly/motility
genes, with the possibility that it also upregulates some other TFs.
It has previously been shown that Rfx3, one of the family of regulatory factor X TFs,
is important in regulating primary cilia growth in the mouse embryonic node and the
pancreas (Bonnafe, Touka et al. 2004, Ait-Lounis, Baas et al. 2007). The function of
Rfx3 in motile cilia was first looked at in mouse ependymal cells in vivo and in vitro
(El Zein, Ait-Lounis et al. 2009). Here, Rfx3 was shown to be important in cilia
assembly and motility. Rfx3 knockdown cells in ependymal cultures produced fewer
multiciliated cells and had a decreased number of cilia per cell, decreased cilia length,
plus decreased cilia beat frequency and more asynchronous beating. qRT-PCR
confirmed a down-regulation of cilia-related genes in the knockdowns. These were
mainly known downstream cilia-assembly/motility genes, but also included Foxj1.
ChIP also showed binding of Rfx3 to ciliary gene promoters including Foxj1 as well
as cilia assembly/motility genes. From this work it can be concluded that, in mouse
ependymal cells at least, Rfx3 is involved in MCC differentiation, and lies upstream
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of Foxj1. As well as directly binding to Foxj1, it also directly binds to cilia
assembly/motility genes (Fig. 8B).
RFX3 has also been studied in human airway multiciliogenesis using human airway
epithelial cell (HAEC) cultures (Didon, Zwick et al. 2013). The conclusion here was
that RFX3 overexpression alone is not sufficient to induce multiciliogenesis in
proliferating HAEC cultures, but RFX3 assists FOXJ1 in inducing multiciliogenesis.
They also concluded that there was RFX3-FOXJ1 protein-protein interaction with
autoregulatory feedback. This study was technically limited by the fact that transient
transfection was used for TF overexpression, hence the effects of overexpression
could only be seen in the proliferation phase and further experiments need to be
performed to confirm the findings.
In conclusion, Rfx3 has a role in multiciliogenesis in directly regulating cilia
assembly/motility genes. Whether there is another level of regulation, for example an
intermediate transcription factor, between Rfx3 and these downstream cilia genes is
not clear but it could be that Rfx3 binds to and regulates Foxj1. Further work is
needed to confirm the role of Rfx3 in MCC differentiation in the airway epithelium,
including loss of function studies.
Rfx2, another member of the regulatory factor X family of TFs, has also been studied
in relation to multiciliogenesis. (Chung, Kwon et al. 2014). Isolates of Xenopus
mucoepithelial organotypic culture were processed for RNAseq and ChIPseq analysis.
By comparing Rfx2 MO to control, a list of differentially expressed cilia assembly and
cilia motility direct Rfx2 targets were identified (Fig. 8B). The function of several of
these targets was confirmed on knockdown. Using a similar approach, Slit2 was
identified as an Rfx2 target for apical surface expansion and hence a role for Rfx2 in
epithelial apical-basal polarity was also identified. It has been demonstrated that PCP
depends on MCC differentiation. The presence of insufficient MCCs impairs
mucociliary clearance in part by disrupting PCP-driven polarisation of the airway
epithelium (Vladar, Nayak et al. 2016).
Therefore, similar to Rfx3, the evidence suggests that Rfx2 directly regulates cilia
assembly and motility genes. Rfx2 also has a second function in regulating apical	
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basal polarity in Xenopus. In terms of whether there could be a layer of TFs between
Rfx2 and cilia assembly/motility genes, Rfx2 directly binds and upregulates several
zinc finger proteins, (although none have known functions in multiciliogenesis),
raising this as a possibility.	
  
The TF Grainyhead-like 2 (Grhl2) has been identified as having a key role in
coordinating lineage choice and differentiation with apical-basal polarity, this time
regulating the emergence of cells from the basal layer into the luminal layer (Gao,
Bali et al. 2015). Gao et al. set out to look at cellular mechanisms that drive
morphological changes in basal cell daughters as they acquire apical-basal polarity
and Grainyhead/Grainyhead-like TFs had previously been shown to be master
regulators of epithelial morphogenesis in Drosophila (Wang and Samakovlis 2012).
Conditional deletion of mouse Grhl2 in vivo and in vitro, and CRISPR/Cas9 genome
editing in human bronchial epithelial cells, showed that following deletion in the basal
cells, differentiation was decreased, particularly of multiciliated cells, and the apicalbasal polarity of daughter cells was also impaired (Gao, Bali et al. 2015). Previous
work from this lab had identified putative Grhl2 target genes in the airway epithelium
(Gao, Vockley et al. 2013). These were tested by CRISPR knock-out assays and
Smagp and Znf750 were identified as Grhl2 targets specifically involved in cell
polarity (Gao, Bali et al. 2015), (Fig. 3). Other downstream effectors which seem to
be upregulated by Grhl2 include FOXJ1, MCIN, RFX2, MYB, indicating a possible
role in MCC differentiation, although Rfx2 has also been shown as having a role in
apical-basal polarity, at the apical expansion stage (Fig. 8B). NOTCH3, DLL1, DLL3
were also upregulated, suggesting a role for Notch3 in emergence of basal cells into
the luminal layer as mentioned previously (Fig. 3). Downregulated effectors included
NOTCH1, JAG1 and 2, which is in keeping with an upregulation of multiciliogenesis
(Fig. 3). Therefore Ghrl2 possibly has a dual function in regulating apical-basal
polarity together with MCC differentiation.
TGFβ signalling has been proposed to regulate cilia length during the differentiation
process in the Xenopus embryonic epidermis. (Tozser, Earwood et al. 2015).
Dominant negative S2 RNA (blocking TGF-β signalling) was injected into Xenopus
embryos resulting in MCCs with short cilia compared to control. The proposed
mechanism is via the transition zone protein B9D1, downstream of basal body	
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docking. Wholemount in situ hybridization (ISH) showed no effect of dominant
negative S2 RNA injection on MCIN, Foxj1 and Rfx2 expression in Xenopus
embryos, but the cilia assembly protein TTC25 was reduced. This indicates that TGFβ
is either acting downstream, or independently, of Rfx2/Foxj1 in regulating cilia
assembly genes (fig. 8B).
miR-449 is thought to be involved in regulating Notch during MCC differentiation
which, as the evidence above suggests, is itself involved in the regulation of Mcin and
possibly Gmnc (Marcet, Chevalier et al. 2011) (Fig. 8B). miR-449 was found to be
expressed in MCC intermediate progenitors (specified as MCCs, but not
differentiated) in Xenopus epidermis. Knock-down of MIR-449 in HAEC cultures led
to a reduction in multiciliogenesis, with centriologenesis affected. This suggests that
miR-449 is acting at the level of MCC differentiation. Moreover, upregulating MIR449 lead to a decrease in NOTCH1 and DLL1 in HAEC cultures and these results
were confirmed in Xenopus embryonic epidermis. Together, this suggests that miR449 is induced during multiciliogenesis and that miR-449 inhibition of Notch1 at the
intermediate progenitor level is required for MCC differentiation (Fig. 3). However,
other cell types such as secretory cells/basal cells were not looked at in this study.
With Notch acting at several levels of multiciliogenesis, it would be interesting to see
whether miR-449 also affects basal cell lineage fate.
In summary, there is an emerging cascade of TFs involved in the regulation of
specification/differentiation of MCCs (multiciliogenesis) in the airway epithelium.
The evidence suggests that many of these pathways are conserved between species
and during development as well as adulthood. The discrepancy between the large
number of identified cilia assembly/motility genes and recognised TFs suggests the
possibility that there are many unidentified multiciliogenesis-regulatory TFs (Choksi,
Babu et al. 2014).
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Aims
1. To identify novel TFs involved in regulating multiciliogenesis in the mouse
upper airway
2. To determine at which level in the multiciliogenesis TF hierarchy they act.
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Results

Functionally testing candidate TFs in an overexpression assay in the developing
mouse trachea
	
  
Dr Emma Rawlins previously performed a microarray comparing maturing
multiciliated cells (Foxj1 positive E17.5 epithelial cells) to undifferentiated
progenitors (E11.5 tip cells) as well as differentiating alveolar cells (Type 2 cells at
P2). From this microarray she identified candidate TFs. 18 were selected for
functional (overexpression) analysis and this was based on technical issues
experienced on cloning / overexpressing some of the larger genes.
We individually functionally tested candidate TFs (Fig. 8A-C) in an overexpression
assay. The overexpression assay was designed by Dr Emma Rawlins who did most of
the overexpression experiments along with Dr Julie Watson. I, Dr Jo-Anne Johnson
cloned the TF Multicilin into the overexpression vector (see Methods) and
overexpressed several candidate TFs including Multicilin, Hes1 and Rfx3, did the
scoring for these TFs and analysed the results. The aim was to determine whether
overexpressing these TFs in E14.5 tracheal epithelial progenitors affects the number
of mature ciliated cells post-differentiation. The mouse trachea is representative of the
entire human airway epithelium and is also relatively easily accessible. At E14.5,
there are no morphological signs of differentiation in the mouse trachea (Rawlins,
Ostrowski et al. 2007). The E14.5 embryonic airway is thus lined by undifferentiated
progenitor cells. We hypothesized that these progenitors are both primed to
differentiate but still relatively plastic and therefore likely to respond to the
introduction of a single transcription factor by differentiating.
We microinjected the lumens of E14.5 tracheal explants with a solution consisting of
a TF-GFP overexpression plasmid (Hand, Bortone et al. 2005) (Fig. 9). pCIG2
contains a CMV enhancer upstream of a Gateway cloning site followed by an IRESGFP to detect the transfected cells. The injection was visualized by co-injecting a
10% solution of Trypan blue to confirm that the plasmid was delivered to the tracheal
lumen.
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Figure 9 - Functionally testing candidate TFs in an overexpression assay in the
developing mouse trachea. A-C. Diagram showing overexpression assay. A. E14.5
tracheas were microinjected with a TF-GFP plasmid (+ trypan blue) and then electroporated
allowing entry of the TF-GFP plasmid into the epithelial cells. B. Lung lobes were dissected
then the trachea differentiated in culture medium for 7 days. C. Trachea were fixed, cryoembedded, sectioned and stained at E14.5 + 7 days for GFP and acetylated tubulin (ACT).
GFP positive cells were scored as positive or negative for ACT. Arrows in image show GFP
positive ciliated cells (ACT positive). Scale bar = 50µm. D. Examples of overexpression
images. Left: GFP only -overexpressed cells; middle: Sox1-overexpressed cells; right: Mcinoverexpressed cells. Scale bars = 50 µm. E. Graph showing percentage of GFP+ cells that
are also ciliated in response to overexpression of a specific TF. Error bars are SEM. N=
number of biological replicates. Each biological replicate is 3 tracheas from offspring from an
independent breeding pair. P values were calculated using the 2-tailed, 2 sample unequal
variance Student’s T-Test. Statistical significance (p<0.05) is indicated by * (comparing to
GFP). F. Graph showing percentage of GFP+ cells that are also ciliated when TFs are
overexpressed alone or in combination. (Note first five bars are duplicated from the graph in
E). Error bars are SEM. N= number of biological replicates. Each biological replicate is 3
tracheas from offspring from an independent breeding pair. P values were calculated using
the 2-tailed, 2 sample unequal variance Student’s T-Test. Statistical significance (p<0.05) is
indicated by * (comparing to GFP) and ** (comparing to Foxj1).

Electroporation of the trachea resulted in entry of the TF-GFP plasmid into the
epithelium. At this stage the lung lobes were removed and the trachea cultured in
DMEM/F12 at 37°C, 5% CO2 for 7 days (Fig. 9A-C). During the 7-day culture
period, the progenitors differentiated and at this point (E14.5+7 days), we fixed, cryoembedded, cryo-sectioned and stained the tracheas. We scored GFP+ cells as ‘ciliated’
(acetylated tubulin/ACT positive) or ‘non-ciliated’ (ACT negative) (Fig. 9C&D).
Error bars show SEM of biological triplicates. Biological replicates were E14.5+7
days tracheas from offspring of independent breeding pairs. N=3 unless stated
otherwise. We validated the electroporation system by overexpressing Notch
Intracellular Domain (NICD), which would be expected to decrease the proportion of
GFP+ multiciliated cells compared to the control, as well as Mcin which would be
expected to increase the proportion of GFP+ multiciliated cells compared to the
control.
As expected, compared to GFP-only control, NICD overexpression caused a decrease
in the proportion of GFP+ multiciliated cells. Whereas Mcin, Rfx3 and Foxj1
overexpression all led to an increase in the percentage of GFP positive cells which
were ciliated (Fig. 9D&E/Table 2). These results indicate that we have developed a
very sensitive assay for detecting / inducing changes in multiciliogenesis.
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Table 2 – Overexpression of TFs. % GFP positive ciliated cells after overexpression of
single TFs (A) and combination of TFs (B). Absolute numbers of GFP+ cells scored are in
brackets. Replicates are biological replicates (each replicate represents 3 tracheas from
offspring of independent mice). P-values were calculated using 2-tailed 2-sample unequal
variance Student’s T-test.

This is because, Mcin acts during late specification/early differentiation and
overexpression has been shown to ‘push’ more unspecified progenitors to a
committed multiciliated fate (Stubbs, Vladar et al. 2012). Whereas, Foxj1 and Rfx3
act during MCC differentiation and have been reported not to promote a multiciliated
fate in other systems (You, Huang et al. 2004), (Didon, Zwick et al. 2013).
Several TFs which have not previously been described in the literature as being
involved in multiciliogenesis also led to an increase in the percentage of multiciliated
cells on overexpression compared to overexpression of GFP-only control; Fank1,
Jazf1, Hipk1, Hipk3, Hes6, Foxn4 and Glis3. Some candidate TFs also caused a
reduction in the proportion of ciliated cells on overexpression; Barx2, Nr4a1, Dlx4,
Sox1 (Fig. 9D). Surprisingly, Rfx2 also led to a reduction in multiciliogenesis which is
the opposite to what we expected in terms of the literature, as Rfx2 and Rfx3 have both
been shown to be positive regulators of multiciliogenesis (El Zein, Ait-Lounis et al.
2009, Didon, Zwick et al. 2013, Chung, Kwon et al. 2014). There should be some
caution in interpreting the results of the assay as the experiment was only conducted
once or in duplicate for some of the TFs. However, we used this overexpression assay
as a relatively rapid and cost-effective screen of multiple TFs and as such we felt we
had enough evidence to be able to identify and focus on potentially interesting and
novel candidate genes.
From the list of novel TFs promoting multiciliogenesis on overexpression, we decided
to focus on Fank1 and Jazf1 more closely. This is because very little is known about
these genes and overexpressing either led to a significant increase in multiciliated cell
proportion to a level comparable with overexpressing Foxj1.
Fank1 is also termed ‘Fibronectin type3 and ankyrin repeat domains 1’ and was first
described in 2007 (Zheng, Zheng et al. 2007). It is thought to be involved in inducing
tumour apoptosis through the AP-1 pathway (Ma, Zhang et al. 2016) and also in
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spermatogenesis (Dong, Huang et al. 2014). It is expressed in many organs including
the lung, kidney, brain and testes and putative associations include obesity, coronary
artery disease and bipolar disorder (Database of Genomic Structural Variation/dbGaP
and genome-wide association studies/GWAS). It has also been identified as an asthma
candidate gene (Tremblay, Lemire et al. 2008). In terms of potential links to
multiciliogenesis, Fank1 has been identified as a putative multiciliated cell marker by
single cell RNA sequencing of mouse distal lung epithelium (Treutlein, Brownfield et
al. 2014) and was identified as a direct target of Rfx2 in Xenopus epidermis (Chung,
Kwon et al. 2014). In a paper looking at functional genomics in Zebrafish,
overexpression of Foxj1 resulted in 2.5 fold-increased expression of Fank1 on a
microarray (Choksi, Babu et al. 2014). Moreover, Fank1 was found to be localized to
the nucleus of the cell, suggesting again that it may function as a TF. However, on
knocking down Fank1 using MOs, there was no cilia-related phenotype. More
recently, Fank1 was identified as a target of Foxj1 in a microarray of E18.5 lungs.
(Stauber, Weidemann et al. 2017). In the same study Fank1 was upregulated during
induced multiciliogenesis in IMCD3 cells (immotile cilia cells) but was interestingly
Foxj1-independent. Differing to the Zebrafish study, Fank1 was localized to the
cilium and basal body in mouse IMCD3 cells. This could be a real inter-species
difference or an artefact (e.g. staining issue).
In terms of protein domains, Fank1 can be separated into a fibronectin type 3 domain
and an ankyrin repeat domain (Fig. 10A). The fibronectin type 3 domain mediates
interaction with COPS5 which is involved in the phosphorylation of c-jun and the
transcriptional activity of AP-1 (Wang, Song et al. 2011) and RYBP which may
prevent the ubiquitin-mediated proteasomal degradation of FANK1 (Ma, Zhang et al.
2016). The ankyrin repeat domain containing family are proteins containing at least
one ANK repeat which is a conserved domain of approximately 33 amino acids that
was originally identified in ankyrin. Many ankyrin repeat regions are known to
function as protein-protein interaction domains (Uniprot). Fank1 contains 5 ankyrin
repeats but their exact function is unclear.
Jazf1 (JAZF zinc finger1) is again expressed in many organs including liver, heart,
lung and kidney. It has been linked to endometrial stromal sarcoma (Li, Anand et al.
2016) and type 2 diabetes (Xian, Chao et al. 2016). It has also been linked to lung
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adenocarcinoma (Imielinski, Berger et al. 2012) and colorectal adenocarcinoma
(Cancer Genome Atlas 2012). It plays a role in lipid metabolism by suppressing
lipogenesis, increasing lipolysis and decreasing lipid accumulation in adipose tissue.
It also plays a role in glucose homeostasis by improving glucose metabolism and
insulin sensitivity (Uniprot).
There is one report that Jazf1 MO knockdown in Zebrafish leads to cilia-associated
phenotypes such as defects in cilium assembly, left/right axis defects and defects in
the pronephric duct, Kuppfer’s vesicle and olfactory pit (Kang, Ro et al. 2010).
However, further validation of these results needs to be performed.
In terms of protein domains, Jazf1 encodes a nuclear protein with 3 C2H2-type zinc
fingers (Fig. 10B), which functions as a transcriptional repressor of orphan nuclear
receptor NR2C2 (Nakajima, Fujino et al. 2004) and a transcriptional activator of
NAMPT by promoting PPARA and PPARD.

Figure 10 - Fank1 and Jazf1 protein domains. A. Fank1 protein domains B. Jazf1 protein
domains (Ensembl.org). Alternating purple and lilac bars (top row) represent amino acids in
exons. Green bars (second row from top) represent domains and motifs in the SMART
database. Pink bars represent Gene 3D analysis as of interpro_scan.pl. Scale bar represents
number of amino acids.
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In summary, the existing literature suggests that Foxj1 and Rfx2 could be upstream of
Fank1 but there has been no published work on a Fank1 cilia-related phenotype.
There is limited data from Zebrafish of possible Jazf1 cilia-related phenotypes.
Interestingly, when we overexpressed a combination of Jazf1, Fank1 and Foxj1 in our
functional assay, the effect on multiciliogenesis was significantly increased compared
to overexpressing Foxj1 individually (Fig. 9F/Table 2). The results of overexpressing
various combinations of TFs suggests the possibility of 2 parallel pathways taking
place (Fig. 11 ). We hypothesised Jazf1 could be acting parallel to Foxj1 upstream of
Fank1 (Fig. i-iii), as the effect of overexpressing a combination of Jazf1/Foxj1 is
similar to combining all 3 TFs. However, we cannot exclude a model where there are
3 parallel pathways (Fig. iv) or Fank1/Jazf1 being upstream of Foxj1.

Figure 11 - Postulated multiciliogenesis hierarchies. Four possible multiciliogenesis TF
hierarchies including Fank1, Foxj1 and Jazf1.

Levels of Jazf1/Fank1 mRNA increase as wild-type tracheal epithelial
differentiation proceeds in vitro
	
  
I wanted to determine where Fank1 and Jazf1 fit into the known multiciliogenesis TF
hierarchy. To test when they were expressed in relation to other known
multiciliogenesis genes, I performed qRT-PCR on wild-type (WT) E14.5 tracheal
explants at several timepoints as they differentiated in vitro for 9 days (Fig. 12)*,
using primers for known multiciliogenesis genes Mcin, Myb, Foxj1, Rfx3, Cetn2 as
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well as Fank1/Jazf1. Error bars here show SEM of biological triplicates which were
tracheal explants from offspring of 3 independent breeding pairs.
Expression of both Fank1 and Jazf1 increases as differentiation proceeds. Mcin is a
known master regulator of multiciliogenesis, acting at the late specification/early
differentiation step, regulating cell cycle exit. My data shows that Mcin has a very
large peak in expression at D2, correlating with its published function high up in the
hierarchy. Myb has an early peak at D2 and later peak at D7/D9 (Fig. 10) which again
correlates with the current thinking of Myb acting at 2 levels – at basal cell/early
progenitor specification (Fig. 3), as well as being downstream of Mcin and upstream
of Foxj1 involved in the centriole amplification stage of differentiation (Fig. 6B).
Foxj1 has been well described as acting downstream relative to Mcin and Myb at the
basal body-docking stage of MCC differentiation (Fig. 6B) which is reflected in its
later expression in the qRT-PCR timecourse (Fig. 10). There is good evidence that
Rfx3 lies upstream of Foxj1 in the multiciliogenesis TF cascade in mouse brain
ependymal cells, but no clear evidence that this occurs in the airway (Fig. 6B). In this
expression analysis, Foxj1 and Rfx3 show similar patterns over time (Fig. 10). Cetn2
shows a later peak in expression, (Fig. 10) as expected, as this is one of the
downstream cilia assembly targets of the TF cascade.
Jazf1 shows relatively high expression on D2 as well as a later peak at D9, suggesting
the possibility of a dual function similar to Myb. Fank1 expression follows Foxj1/Rfx3
in terms of being expressed later during differentiation.

Testing the ability of vivo morpholino antisense oligos to knockdown Foxj1 in
developing mouse airway epithelium
I decided to use an in vitro Jazf1/Fank1 knockdown system to confirm/refute the
overexpression results and to determine where these novel TFs fit into the
multiciliogenesis TF hierarchy. I firstly tested vivo-antisense morpholino oligos (vivo
MOs) and as a positive control experiment used vivo MOs to attempt to knockdown
Foxj1 in E14.5 airway epithelium.
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Figure 12 – Levels of Jaz1/Fank1 mRNA increase as wild-type tracheal epithelial
differentiation proceeds in vitro. Graphs showing expression (QRTPCR) of known
multiciliogenesis genes (Mcin, Myb, Foxj1, Rfx3, Cetn2) and Fank1/Jazf1 in E14.5 tracheas
differentiated in vitro. y-axis represents relative expression (normalized to housekeeping gene
Abl1). x-axis = number of days differentiation. Error bars show SEM of 3 biological triplicates.

Vivo MOs are antisense oligos with a delivery moiety, which means cell-entry
methods such as electroporation or Endoporter are unnecessary. At the time of doing
these experiments, there was good evidence that vivo MO’s were a simple and
effective way of achieving genetic knockdowns (Morcos, Li et al. 2008). They were
mainly being used in Zebrafish but were also being used successfully in mouse,
particularly in the central nervous system, targeting therapeutics and in lung explants
(Yates, Schnatwinkel et al. 2013).
Fig. 13A shows the two Foxj1-targetting splice-blocking vivo morpholinos used, both
targeting exon 2 (one targeting the splice acceptor site and one targeting the splice
donor site). The use of either of these individually leads to the exclusion of exon 2. As
the transcriptional start site (TSS) for Foxj1 is in exon 2, removal of exon 2 does not
result in a frameshift but as the AUG is also removed, it is likely that there would be
no translation.
E14.5 tracheal explants were cultured in medium +/- MO for 7 days. I made a
longitudinal incision in each of the tracheas prior to culturing, allowing them to ‘open
out,’ thus exposing as much as possible of the tracheal epithelium to the MO/medium.
The concentration of MO was based on previous work (Yates, Schnatwinkel et al.
2013, Carraro, Shrestha et al. 2014) (Fig. 13B). Initially I used 4 µM of MO, which
was replaced at medium-changes every 48 hours. 2 µM of MO was also added to the
culture medium on the days in between medium changes to maintain MO levels. At
E14.5+7 days, tracheas were fixed, cryo-embedded, sectioned and stained (Fig. 13CF). However, although both Foxj1 MOs led to a marked effect in reducing the number
of MCCs (stained with ACT) compared to control MO, (Fig. 13D, E & F), the control
MO also reduced the number of MCCs compared to the ‘no MO’ control (Fig.
13C&D), suggesting that the control MO itself was having a negative effect on
multiciliogenesis.
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Figure 13 – Testing the ability of vivo morpholino antisense oligos to knockdown Foxj1
in developing mouse airway epithelium. A. FoxJ1 MO A and B with target sites. Both MOs
lead to the exclusion of exon 2. B. Timeline of Foxj1 MO experiment. Longitudinally dissected
E14.5 tracheas were cultured in 4 µM MO (replaced with medium change every 48 hours with
an additional 2 µM MO added on alternate days). Explants were fixed, cryo-embedded,
sectioned and stained at E14.5 + 7 days. C-F. Images of stained E14.5 + 7 days tracheas.
Scale bars = 50 µm. C. No MO added to culture medium. D. Control MO added to culture
medium..E. Foxj1 MO (A) added to culture medium. F. Foxj1 MO (B) added to culture
medium.

It is possible that at least some of the reduction in MCCs seen after the addition of
Foxj1 MO may have been due to off-target effects/toxic effects of the MO. Even at a
low dose of MO (2 µM at medium changes only) to minimize any off-target/toxic
effects (Fig. 14A), the control MO still led to a reduction in MCC number (Fig.
14B&C) in longitudinally dissected E14.5 tracheas cultured for 7 days, prior to fixing
and staining. This suggests that there was still an off-target/toxic effect at this low
concentration. Also, the low-dose Foxj1 MOs had less of a phenotype than the
previous high-dose Foxj1 MOs (Fig. 14D&E), meaning that either a higher dose of
Foxj1 MOs was required to see the targeted effect, or that there was less of an offtarget/toxic contribution to the phenotype.

Control MO leads to a reduction in MCC number and a change in epithelial
morphology in mouse embryonic tracheas
To determine the extent of the off-target effects I investigated cell morphology in the
control MO cultures. After exposing longitudinally dissected E14.5 tracheal explants
to an intermediate dose of MO (4 µM at medium changes only) for 7 days (Fig. 14F),
I used widefield microscopy (Fig. 14G&H) and staining for ϒtubulin (basal bodies,
green) and phalloidin (actin, tight junctions, red) to reveal any cell morphological
changes in the ‘control MO’ epithelium. It is clear from these images that the control
MO was leading to an altered luminal epithelial morphology, from a columnar to a
cuboidal shape. Also, basal bodies do not seem to be organized at the apical surface of
the cells as can be seen in the ‘no MO’ control. This data strongly suggests that the
MOs are having an off-target/toxic affect on epithelium, leading to changes in
morphology and number of MCCs. It looks as though specified MCCs get to the
centriole-multiplication stage then fail to differentiate further.
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Figure 14 – Low and intermediate doses of control MO leads to a reduction in MCC
number and a change in epithelial morphology in developing tracheas. Timeline of low
dose MO experiment. Longitudinally dissected E14.5 tracheas cultured in +/- 2 µM MO for 7
days (media changed on alternate days with no extra MO added between media changes). BE. Images of stained E14.5 + 7 day tracheas from low dose MO experiment. Scale bars = 50
µm. B. No MO added to culture medium. C. Control MO added to culture medium. D. Foxj1
MO A added to culture medium. E. Foxj1 MO B added to culture medium. F. Timeline of
intermediate dose MO experiment. Trachea explants cultured in +/- 4 µM MO for 7 days
(media changed on alternate days with no extra MO added between media changes). G, H.
Deltavision images of intermediate dose MO experiment with stained E14.5 +7 day tracheas
showing F-actin (phalloidin, red) and basal bodies (Υ-tubulin, green). Scale bars = 10 µm. G.
No MO added to medium. H. Control MO added to culture medium.

In order to confirm these off-target effects, I performed qRT-PCR on a timecourse of
longitudinally dissected E14.5 tracheal explants cultured for 2 days, 5 days, 7 days
and 9 days +/- 4 µM MO at medium changes (Fig. 15). Error bars show SEM of
biological triplicates. Biological replicates were 3 tracheal explants from offspring of
independent breeding pairs. I also tested several housekeeping gene qRT-PCR
primers on these samples including Mrpl19, Abl1, Pol2a and GAPDH. The
housekeeping genes Abl1 and Pol2a gave the most consistent results in terms of levels
of expression at all 4 timepoints (repeated for 3 biological replicates) and therefore I
decided to use the housekeeping gene Abl1 in all subsequent qRT-PCR experiments
involving mouse tracheal epithelium. The control MO had a large positive effect on
all the multiciliogenesis genes tested apart from Jazf1 compared to the ‘no MO’
control. This is not what I expected in the context of the control MO phenotype (Fig.
14), but could be explained by the fact that the MOs have an off-target/toxic effect on
luminal cell morphology meaning that the planar cell polarity required for MCC
differentiation is disrupted, leading to a an upregulation of the multiciliogenesis TF
hierarchy. Phenotypically, the Foxj1 MOs did have more of a negative effect on
multiciliogenesis compared to control (Fig. 13D-F, Fig. 14C-E) and this could be the
targeted effect of the Foxj1 MO itself. This is confirmed by the qRT-PCR data
comparing Foxj1 MO to control MO tracheas (Fig. 15), which show downregulation
of the genes downstream of Foxj1 in the multiciliogenesis cascade (Cetn2, and
possibly Fank1 and Jazf1), but not of upstream Mcin. The downregulation of Foxj1
itself in the Foxj1 MO tracheas is not picked up here, which I hypothesise could be a
detection-issue. Although my qPCR primers target exon 3, downstream of the skipped
exon, it could be that a stable exon 3 transcript is produced but not translated.
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Figure 15 - qRT-PCR showing control MO affects the expression of many
multiciliogenesis genes in developing mouse trachea. A. Timeline of experiment.
Longitudinally dissected E14.5 tracheas cultured in +/- 4 µM MO for 9 days (media changed
on alternate days with no extra MO added between media changes). Tracheas collected on
days indicated and processed for qRT-PCR. B. qRT-PCR timecourse showing expression of
multiciliogenesis genes in E14.5 tracheas cultured in vitro over 9 days +/- MO. Gene
expression was normalized to the housekeeping gene Abl1. Error bars show SEM of
biological triplicates.

Control MO leads to a reduction in MCC number and a change in epithelial
morphology in the MTEC system
To check that the off-target/toxic effects of the MOs was not specific to embryonic
tracheas, I tried the same MOs in mouse tracheal epithelial cell (MTEC) cultures.
MTECs were set up as previously described in ‘Chapter 2 – Methods and materials’
(Vladar and Brody 2013). Epithelium was digested and stripped from adult mouse
tracheas then trypsinised and plated on 24-well transwell inserts (Fig. 16A). The cells
that propagate here are p63+ basal cells.
The cells were cultured submerged in proliferation medium for 7 days before being
switched to ALI (differentiation) medium/conditions. MO (3 µM) was added at
medium changes every 48 hours during the differentiation phase (Fig. 16B). After
fixing and staining the cultures for ACT at day 14 (D7 ALI), (Fig. 16C), again I
observed a reduction in multiciliogenesis in the Foxj1 MO cultures, but also a
reduction in the number of multiciliated cells in the ‘control MO’ culture. To quantify
this, I repeated this experiment comparing a dose of 3 µM MO to a lower dose of 1.5
µM (Fig. 16D). Counting the number of ACT-positive cells in a total of 10 randomly
selected visual fields per well (Fig. 16E) (1 well per condition from a 12-well plate)
confirmed a reduction in MCC number in the Foxj1 MO cultures compared to control
at both doses, but also a reduction in the number of multiciliated cells in ‘control MO’
versus ‘no MO’ control at both MO doses. Again these results suggest that the MOs
themselves are having an effect on multiciliated cell number. This experiment was
conducted using tracheal epithelium from 1 adult mouse (n=1).
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Figure 16 - Control MO leads to a reduction in MCC number and a change in epithelial
morphology in the MTEC system. A. Setting up MTEC cultures. MO was added at day 7
when differentiation was induced by switching to air-liquid interface conditions. B. Detailed
timeline of experiment for imaging. MO added to ALI culture (3 µM at media changes). C.
Images of MTEC cultures +/- MO at 14 days (7 days ALI). Arrows point to multiciliated cells.
Scale bars = 100 µm. D. Timeline of MO addition to ALI culture (3 µM, or 1.5 µM at media
changes) for quantification experiment. E. Number of ACT-positive GFP-positive cells per well
(taken from 10 random points in 1 well of 12 well plate) in MTEC cultures +/- MO at 14 days
(7 days ALI). F. Timeline of MO addition to ALI for confocal imaging (5 µM MO at media
changes plus 2.5 µM on days between medium changes). G. Confocal images of ALI cultures
fixed on day 7 ALI. Scale bars = 20 µm.

To check whether this could be the due to an effect on epithelial morphology/planar
cell polarity (as I suspected in the embryonic epithelium), confocal imaging was used
(Fig 16. F&G) to look closely at epithelial cell morphology/ultrastructure. The dose of
MO used here was 5 µM with medium changes every 48 hours and the addition of 2.5
µM MO on the days in-between. In ‘control MO’ cultures, ACT staining (cilia, red),
showed fewer MCCs and the cells that were ciliated had fewer, shorter cilia. Ecadherin staining (tight junctions, green) was very patchy and showed a different
epithelial morphology in the compared to the ‘no MO’ control.
It would therefore seem that the vivo MOs have off-target/toxic effects on the airway
epithelium of both adult MTEC culture and embryonic tracheal explants. I
hypothesise these effects lead to a disruption in planar cell polarity, which in turn
affects basal body docking and the formation of mature MCCs. MO off-target/toxic
effects have since been reported in the literature (Kok, Shin et al. 2015, Stainier,
Kontarakis et al. 2015), and I therefore decided not to proceed with this method of
genetic knockdown in the airway epithelium.

	
  Knocking	
  down	
  Foxj1	
  in	
  E14.5	
  tracheas	
  using	
  shRNA	
  
I used shRNA constructs to attempt to knockdown Foxj1 in E14.5 airway progenitors.
4 x Foxj1 constructs plus a scrambled control were purchased from Geneocopia.
These lentiviral constructs have human U6 promoter-driven shRNA expression and a
CMV-driven GFP reporter (Fig. 17A).
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Figure 17 – Knocking down Foxj1 in E14.5 tracheas using electroporated shRNA. A.
shRNA construct used (control/targeting Foxj1) in E14.5 tracheas in vitro. B. Timeline of
electroporation experiment (C-E). Tracheas from E14.5 lung explants were
microinjected/electroporated with an shRNA-GFP construct on D0. Lung lobes were
dissected off on D1 then tracheas cultured for 7 days and fixed at E14.5 + 7 days. C. Image is
of a fixed/stained electroporated E14.5 + 7 days trachea. Scale bar = 50µm. D. Graph
showing percentage of GFP positive cells which were ciliated in E14.5 + 7 days
electroporated tracheae (n=1). Numbers in the bars are the numbers of GFP positive cells
which were scored.

As a quick test of knock-down efficacy, I microinjected each shRNA construct
individually, with trypan blue, into the tracheal lumens of E14.5 lung explants, then
electroporated the tracheas (Fig. 17B). I dissected off the lung lobes the next day then
cultured the explants until fixation at D7. After staining, GFP positive cells were
scored as positive or negative for ACT (Fig. 17 C-E). Foxj1 shRNA construct number
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4 had the most negative effect on multiciliogenesis. This experiment was conducted
using tracheal explants from 1 breeding pair (n=1).
Although this is a relatively quick and simple knockdown method, the electroporation
efficiency was low (Fig. 17C). I therefore used the constructs to generate lentivirus
containing Foxj1, or control scrambled, shRNA in order to infect embryonic tracheal
epithelial progenitors. The virus was generated in H293T cells using 3rd generation
packaging plasmids and concentrated in PEG-itTM viral precipitation solution. I tried 2
methods of infecting the E14.5 tracheal epithelium; microinjecting the lumens of
tracheal explants with lentivirus/trypan blue or leaving ‘opened’ tracheal explants in
medium with lentivirus overnight. With both methods, the medium was changed the
next day and the explants cultured for 7 days in total (Fig. 18A).

Figure 18 - Knocking down Foxj1 in E14.5 tracheas using lentiviral shRNA. A. Timeline
of shRNA lentivirus experiment. E14.5 explanted tracheas were either dissected longitudinally
and left in medium with lentiviral-shRNA, or microinjected with lentiviral-shRNA/trypan blue. In
both cases medium was changed the next day. B. Image of E14.5 + 7 days trachea which
had been infected with control shRNA lentivirus. Scale bar = 50µm.
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However, the transduction efficiency was poor, even at high concentrations of virus
(highest concentration 45 µl virus per trachea/100 µl medium). Fig. 18B shows an
E14.5+7 days trachea which was infected at E14.5 with control shRNA lentivirus
(N.B. the GFP in this construct is nuclear).

Infecting MTEC with control lentivirus led to poor co-localisation of GFP and
ACT positive cells.

Figure 19 – Infecting MTEC with control lentivirus lead to poor co-localisation of GFP
and ACT positive cells. A. Timeline of trial of lentivirus MTEC experiment. MTEC was set up
under proliferating conditions on D0. At D1, lentiviral-shRNA (5 µl) was added to the culture
medium. On D2 lentivirus was removed by changing media. Cultures were proliferated for 7
days then switched to ALI conditions for a further 11 days. Cells were fixed on D18 (D11 ALI).
B. Images from D11 ALI fixed MTEC showing GFP (infected cells, green) and ACT (cilia, red).
Left panel: no lentivirus. Middle panel: control lentivirus. Right panel: Foxj1 shRNA (construct
2) lentivirus. Scale bars = 50 µm.
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Because of the low electroporation/transduction efficiency in the embryonic trachea, I
switched to using the MTEC system (Fig. 19). 5 µl of control lentivirus was added to
proliferation medium at D1 post-plating (Fig. 19A). Although it would have been
ideal to add the lentivirus at the transition to differentiation, it has been well-described
that lentiviral transduction is most efficient during proliferation. (Vladar and Brody
2013). Cells were fixed on D18 (D11 ALI). However, despite a relatively good
transduction efficiency here, there were not many transduced cells which were
ciliated (i.e. not much GFP-ACT colocalisation) (Fig. 19B). Because the ‘no shRNA’
control had few MCCs, I hypothesized that the lack of infected MCCs was due to
poor multiciliogenesis in the MTEC system. I therefore optimized the MTEC culture
conditions I was using in order to increase the amount of multiciliogenesis in the
cultures.

Optimising multiciliogenesis in MTEC cultures
I systematically varied culture length, cell plating density, culture media, incubator
used and addition of Notch inhibitors or IL6 to the ALI medium (Fig. 20). Culturing
the MTECs for a longer period of time at ALI made a positive difference to the
number of MCCs (Fig. 20A, left - 11 days ALI, right - 21 days ALI). Similarly,
increasing the number of cells plated at D0 also promoted multiciliogenesis (Fig.
20A, right – 14,700 cells/24 transwell insert versus Fig. 20B, left – 33,000 cells/24
transwell insert). Switching medium from standard MTEC proliferation and
differentiation media (You, Huang et al. 2004) to PneumaCultTM (Stemcell
Technologies) proliferation and differentiation media, led to a slight increase in
multiciliogenesis (Fig. 20B, left – MTEC medium, right - PneumaCultTM medium).
I found that culturing the MTECs in different incubators had a strong impact on
multiciliogenesis (Fig. 20C). Cultures which were incubated in incubators which
often recorded CO2 levels below 5.0% (older-style incubators with frequent dooropening, Fig 20C. left image) had a much lower multiciliogenesis efficiency than
newer incubators which still had frequent use but less CO2 fluctuations (Fig 20C.
middle image).
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Figure 20 - Optimising multiciliogenesis in MTEC cultures. A-D. Images of fixed MTEC
cultures stained for ACT (cilia, red). A. Comparing 11 days at ALI (left panel) with 21 days at
ALI (right panel). Cells were cultured in MTEC medium at 14,700 cells/24 transwell insert.
tm
Scale bars = 50 µm. B. Comparing PneumaCult (right panel) medium with MTEC medium
(left panel). Cells were at ALI for 21 days and plated at 33,000 cells/24 transwell insert. Scale
bars = 50 µm. C. The left panel shows cells differentiated in an incubator with greatest CO2
fluctuations. The right MTEC culture was in an incubator with least CO2 fluctuations and the
middle culture was exposed to intermediate CO2 fluctuations. Cells here were plated at
TM
33,000 cells/24 transwell insert, at ALI for 21 days and cultured in PnemaCult. Scale bars =
200 µm. D. MTECs exposed to DAPT (left panel) at ALI and IL6 (middle panel) at ALI
compared to a ‘no DAPT/IL6’ control (right panel). Cells were plated at 33,000 cells/24
TM
transwell insert, at ALI for 21 days and cultured in PnemaCult. Scale bars = 200 µm.

The most optimized conditions for multiciliogenesis in terms of incubators were those
cultures which were grown in incubators with little variation in CO2 recordings due to
infrequent door opening, either in an old or new incubator (Fig 20C. right image). In
summary, infrequent door opening had the greatest positive impact on
multiciliogenesis. There was also an improvement in multiciliogenesis using the
newer versus older style incubators where newer incubators recovered CO2 levels
more quickly. I hypothesize that the differences between different incubators in
multiciliogenesis efficiency are due to differences in stability of the CO2 levels,
whereby those MTECs cultured in an environment of least CO2 fluctuations produce
the highest proportion of MCCs.
Adding the Notch inhibitor, DAPT, at D7 proliferation (D0 ALI) for 72 hours
(Stubbs, Vladar et al. 2012) also had a large positive effect on multiciliogenesis
compared to a ‘no DAPT’ control grown under the same conditions (Fig 20D. left
image versus right image), which is consistent with the literature that Notch inhibition
promotes a multiciliated fate (Pardo-Saganta, Law et al. 2015) (Stubbs, Vladar et al.
2012, Gomi, Arbelaez et al. 2015, Mori, Mahoney et al. 2015) . The addition of IL6 to
the culture medium (at D7 proliferation/D0 ALI) at medium changes until fixation at
D28 proliferation (D21 ALI), led to an even larger increase in multiciliogenesis
compared to a ‘no IL6 control’ grown under the same conditions (Fig. 20D middle
image versus right image) as previously reported (Tadokoro, Wang et al. 2014).
Fig. 21 shows that the techniques used for optimising multiciliogenesis in MTEC
cultures are robust and transferrable to human bronchial cells grown at ALI (HAEC
cultures). We used a human immortalized bronchial epithelial cell line (KT cells)
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which we proliferated for 5 days (until confluent) then switched to ALI conditions
and fixed at D28 (D23 ALI) (Fig. 21A). The cells were obtained from Dr Lucia
Correia. The optimal plating density for these cells was 10,000 in a 24 transwell
insert.

Figure 21 - Human bronchial cell line can be differentiated at ALI under optimized
conditions into constituent cells of the human airway epithelium. A. Timeline of
differentiation at ALI of a human immortalized bronchial epithelial cell line (KT cells). Cells
were plated at D0, proliferated until D5 then switched to ALI conditions. At D28 (D23 ALI)
cells were fixed. B-E. Images of cells fixed and stained at D28 (D23 ALI). B & C. ACT (cilia,
red). D. MUC5AC (goblet cells, green), γ-tubulin (basal bodies, red). E. SCGB1A1 (secretory
cells, green), ACT (cilia, red). F. KRT5 (basal cells, green), ACT (cilia, red). Scale bars: B =
200 µm, C – F = 50 µm.
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A new incubator, which was only opened for medium changes, was used to minimize
CO2

fluctuations,

and

the

cells

were

cultured

in

PneumacultTM

proliferation/differentiation medium. Fig. 21 B and C show that multiciliogenesis is
clearly efficient in these cultures (cells fixed/stained at D28 (D23 ALI)). We have
also demonstrated that these cultures differentiate into goblet cells (Fig. 21D.
MUC5AC, green) and secretory/club cells (Fig. 21E. SCGB1A1, green). There are
also basal cells present (Fig. 21F. KRT5, green). ACT staining does not co-localise
with SCGB1A1 or KRT5 staining.
I next performed qRT-PCR on an MTEC culture timecourse to confirm the
optimization of multiciliogenesis (Fig. 22A). Cells were collected at various
timepoints during differentiation (from D0 ALI to D17 ALI). We compared these
results to fresh, non-cultured epithelium from adult tracheas (labelled ‘adult’). I
collected the fresh non-cultured epithelium by peeling the epithelium from adult
tracheas which had been digested in Dispase II and then processed this for qRT-PCR
immediately after trypsinisation. Error bars show SEM of 3 biological replicates.
Replicates were tracheal epithelium from independent adult mice (n=3). Known
multiciliogenesis genes, as well as Fank1 and Jazf1, were upregulated during the time
period of the study.
Mcin expression peaked early on D2 ALI as expected as we know this is one of the
TFs involved in MCC late specification/early differentiation. Interestingly, there was
a greater peak in Mcin expression at D9, with Myb following a similar pattern. This is
not surprising for Myb as we know that Myb has a dual-role in early basal cell lineage
fate determination as well as differentiation (centriole multiplication) and correlates
with our findings in embryonic tracheal explants. It has been shown that Myb is
regulated by Mcin (Tan, Vladar et al. 2013) therefore there is a possibility that the
peak in Mcin expression at D9 is in order to upregulate Myb. It could also be because
there is a second wave of multiciliogenesis, or because Mcin also targets
multiciliogenesis effector proteins directly. There are peaks in expression of Foxj1
and Rfx3 at D7 and D9 respectively and this could be because Foxj1, which is
possibly regulated by Rfx3, (Didon, Zwick et al. 2013) is involved in basal body
docking at this time (You, Huang et al. 2004). Jazf1 and Fank1 both follow a pattern
of increasing expression during differentiation of the MTECs.
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Figure 22 – mRNA timecourse of multiciliogenesis genes in MTEC culture optimised
for multiciliogenesis and in flow cytometry-sorted tracheal epithelial cells. A. Graphs
showing relative mRNA levels of known multiciliogenesis genes and Fank1/Jazf1 in MTEC
cultures optimised for multiciliogenesis over a 17 day timecourse of differentiation (at ALI).
‘Adult’ column represents total fresh non-cultured epithelium from adult mouse tracheas. Error
bars represent SEM of biological triplicates. Expression was normalised to housekeeping
gene Abl1. B. Graphs showing relative mRNA levels of Jazf1, Fank1 and Foxj1 in freshly
isolated, flow cytometry-sorted, adult mouse tracheal epithelial multiciliated cells (EpCAM and
CD24), secretory cells (EpCAM and SSEA1) and basal cells (EpCAM and GSIβ4 lectin), Error
bars represent SEM of biological triplicates. N=3 unless stated otherwise. Expression was
normalised to housekeeping gene Abl1.

Like Foxj1, Fank1 has a surge in expression at D7-9 which could be consistent with
previous studies showing Fank1 to be upregulated by Foxj1. Alternatively, Fank1
could be upregulated by unknown factors, or Fank1 could be upregulating Foxj1.
Because Jazf1 is also relatively highly expressed in basal cells prior to the start of
MTEC differentiation (D0 ALI), I hypothesise that Jazf1 has a role in basal cell
lineage specification as well as differentiation. A surge again at D9 again suggests
that it is involved in the Rfx3/Foxj1 stage of the pathway.
The fresh, non-cultured adult tracheal epithelium (Fig. 22A ‘Adult’) is in a state of
homeostasis, with little cell turnover, and therefore has an abundance of mature celltypes. Myb expression in the adult epithelium is high compared to a relatively low
level of Mcin expression. This is likely due to the fact that Myb has direct binding
sites on downstream cilia-assembly genes (Nemajerova, Kramer et al. 2016). Foxj1
and Rfx3 have similar peaks of expression in the adult epithelium and these genes are
again are both known to have binding sites on cilia-assembly genes. (Nemajerova,
Kramer et al. 2016). (You, Huang et al. 2004) Interestingly, Fank1 and Jazf1 have
peaks in expression in the adult and I hypothesise that they also have binding sites on
cilia-assembly genes.
We also explored whether Fank1 and Jazf1 expression was specific to the
multiciliated cells in the airway epithelium. qRT-PCR was performed on freshly
isolated adult tracheal epithelial cells sorted by flow cytometry for basal cells
(EpCAM and GSIβ4 lectin), secretory/club cells (EpCAM and SSEA1) and ciliated
cells (EpCAM and CD24) (Fig. 22B). Error bars show SEM of biological triplicates
(n=3). Replicates are tracheal epithelium from independent adult mice. N=3 unless
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stated otherwise. Dr Gayan Balasooriya isolated the epithelial cells and sorted them
by flow cytrometry then extracted the RNA and converted it to cDNA. Myself, Dr JoAnne Johnson performed the qRT-PCR and analysed the results. We found that
Fank1, like Foxj1, is multiciliated-cell specific and Jazf1 is mainly multiciliated-cell
specific but is also present in basal cells. Interestingly, Jazf1 is also expressed in
secretory cells. The fact that Jazf1 is expressed in basal cells and secretory cells as
well as multiciliated cells correlates with my hypothesis from the qRT-PCR
timecourse findings, i.e. as well as acting on MCC differentiation, Jazf1 is acting in
basal cells possibly in determining fate as secretory or multiciliated.

Knocking down Foxj1 in optimised MTEC cultures using lentiviral shRNA
With MTECs now optimized for multiciliogenesis, I infected the cultures with the
same control/Foxj1 lentiviral shRNA constructs as used prior to multiciliogenesis
optimization. Fig. 23A shows a timeline of the experiment. 5 µl of concentrated
lentivirus was added to the medium of the transwell insert the evening after plating
the cells. The lentivirus was removed the following morning by washing the cells and
changing medium. They were switched to ALI on D7. With the addition of IL6 to
otherwise optimized cultures making such a significant difference to multiciliogenesis
(Fig. 20), I added Il6 to half of the cultures from D0 ALI onwards at medium changes.
MTEC cultures were fixed on D28 (D21 ALI) and images were taken of the cells
(Fig. 23B). Here, co-localisation of ACT and can be clearly seen in the cells infected
with control shRNA, indicating that it was likely poor multiciliogenesis optimization
which led to the lack of infected multiciliated cells seen previously. However, there
was no clear Foxj1 shRNA phenotype seen here, with seemingly similar amounts of
GFP-ACT co-localisation compared to control shRNA cultures.

Figure 23 – Knocking down Foxj1 in optimised MTEC cultures using lentiviral shRNA.
A. Timeline of lentiviral shRNA addition to optimized MTEC cultures (B). B. Images of fixed
MTEC cultures at D21 ALI. GFP positive cells are infected with lentiviral shRNA. Left column:
no IL6 added. Right column: IL6 added to culture medium at medium changes (every 2-3
days of ALI). GFP (infected cells, green); ACT (cilia; red), DAPI (nuclei; blue). Scale bars = 50
µm.
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This was confirmed when scoring GFP positive cells as being positive or negative for
ACT (Fig. 24), which showed that none of the Foxj1 shRNA constructs had the
predicted negative effect on multiciliogenesis compared to control shRNA (Fig.
24A&B).
This experiment used tracheal epithelium from 1 adult mouse and was conducted
once (n=1). The highest percentage drop in GFP positive multiciliated cells was in the
Foxj1-4 shRNA culture which had a 5% reduction in multiciliogenesis compared to
control. This was also true of the cultures which had IL6 added (fig. 24C&D). Here,
the Foxj1-2 shRNA culture had the largest reduction in multiciliogenesis compared to
control (7%). This experiment used tracheal epithelium from 1 adult mouse and was
conducted once (n=1).
This

was

unexpected,

particularly

as

I

saw

a

phenotype

after

microinjecting/electroporating tracheal explants with the Foxj1 shRNA construct
number 4 with a 45% drop in multiciliogenesis compared to control. This could be
because the shRNA constructs are not as efficient in the MTEC and/or lentiviral
systems.

Figure 24 - Foxj1 lentiviral shRNA constructs have no effect on multiciliogenesis in
MTEC cultures. A. Graph showing the percentage of GFP positive cells which were
multiciliated in MTEC cultures fixed at D28 (D21 ALI) after lentiviral-shRNA transduction at
D1. B. Scoring of GFP positive cells (in A). Ciliated cells were those cells positive for ACT.
n=number of GFP positive cells scored. MTECs were from 1 adult mouse and the experiment
was performed once (n=1). C. Graph showing the percentage of GFP positive cells which
were ciliated in MTEC cultures fixed at D28 (D21 ALI) after lentiviral-shRNA transduction at
D1 with IL6 added at medium changes (from the commencement of ALI conditions until
fixation). D. Scoring of GFP positive cells (in C). Ciliated cells were those cells positive for
ACT. n=number of GFP positive cells scored. MTECs were from 1 adult mouse and the
experiment was performed once (n=1). 	
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Two of the Fank1/Jazf1 lentiviral shRNA constructs lead to fewer multiciliated
cells in MTEC cultures
I used new lentiviral control/Jazf1/Fank1 shRNA constructs in the optimized MTEC
cultures (Fig. 25A). These constructs contained the post-transcriptional regulatory
element of woodchuck hepatitis virus (WPRE/WPE) in the 3' untranslated region.
This enhances both viral titer and shRNA expression (Schambach, Bohne et al. 2006).
I hypothesized that the addition of the WPE would improve shRNA expression
enough in order to see a phenotype, if present, in lentiviral-transduced MTECs. The
timeline of the addition of 5 µl of concentrated Jazf1/Fank1/control shRNA lentivirus
to MTECs is shown in fig. 25B. I tested 4 x Jazf1/Fank1 shRNA constructs in total.
One Jazf1 shRNA construct and one Fank1 shRNA construct (Jazf1-4 and Fank1-2
respectively), led to a significant reduction in multiciliogenesis and this is shown in
images from cells fixed at D28 (D21 ALI) in Fig. 25C. Here, there is less GFP-ACT
co-localisation in the knockdowns compared to control. The scoring of GFP positive
cells as positive or negative for ACT comparing the 4 x Fank1 shRNA constructs to
control shRNA showed that Fank1-2 shRNA led to a 31 ± 3.7% (mean ± standard
deviation) reduction in the number of MCCs (p=0.005). Similarly, Jazf1-4 shRNA led
to a 52 ± 9.2% reduction in the number of MCCs (p=0.01) (Fig. 25D/Table 3 and 4).
Both of these results were significant using the 2-tailed, 2 sample unequal variance
Student’s T-Test. Error bars are SEM of 3 biological replicates. Each biological
replicate is tracheal epithelium from an independent adult mouse and n=3 unless
stated otherwise.

Figure 25 – Two of the Fank1/Jazf1 lentiviral shRNA constructs led to fewer
multiciliated cells in MTEC cultures. A. New shRNA construct used in B-D with addition of
WPE (Woodchuck Posttranscriptional Regulatory Element). B. Timeline of lentiviral
Jazf1/Fank1/control shRNA to MTEC cultures. Lentiviral shRNA added on day 2 and removed
on day 3. C. Images from MTEC cultures (post lentiviral-shRNA), fixed on D28 (D21 postALI). The 2 shRNA constructs leading to a significant reduction in multiciliated cells are
shown compared to control. ACT (cilia, red), GFP (infected cells, green), E-cadherin (tight
junctions, white). Scale bars = 200 µm. D. Scoring of GFP positive cells in MTEC cultures
fixed on D28 (D21 post-ALI), comparing 4 shRNA constructs per gene with control-shRNA.
Error bars represent SEM of 3 biological replicates. Each biological replicate is tracheal
epithelium from an independent adult mouse and n=3 unless stated otherwise. Scoring is
plotted as proportion of GFP positive ciliated cells compared to control, when control =1 in
each biological replicate. P values were calculated using the 2-tailed, 2 sample unequal
variance Student’s T-Test. Statistical significance (p<0.05) is indicated by * (compared to
control).
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Table 3 - Scoring of GFP positive cells in MTEC cultures + shRNA. Scoring of GFP
positive cells as positive/negative for ACT. N=biological replicate. Biological replicates =
cultured from tracheas of independent adult mice in completely separate experiments
completed at different times

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Table 4 - Normalising GFP cell scoring to control. Normalisation of Scoring (%GFP
positive ciliated cells, Table 8) to control, where control =1 in each independent biological
replicate. P-values were calculated using 2 tailed 2 sample unequal variance Student’s T-test.
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Confirmation of Jazf1 and Fank1 knockdown in MTECs
I confirmed that lentiviral Fank1-2 shRNA resulted in a 22 ± 6% (mean ± standard
deviation) reduction in Fank1 expression compared to control shRNA in the MTEC
cultures using qRT-PCR on flow cytometry-sorted GFP+ cells collected on D9 ALI
(Fig. 26A-C). Interestingly, Jazf1-4 shRNA led to 40 ± 16% reduction in Fank1
expression suggesting the possibility that Fank1 lies downstream of Jazf1.
Similarly, Jazf1-4 shRNA led to a 25 ± 15% reduction in Jazf1 expression in D9 ALI
MTEC cultures, but Fank1-2 shRNA led to a 36 ± 9% reduction in Jazf1 expression.
Error bars here are SEM of 3 biological replicates (tracheal epithelium from 3
independent adult mice). This implies that as well as Jazf1 being upstream of Fank1,
Fank1 is also involved in Jazf1 expression. This could be explained if Jazf1 is
involved in early basal cell specification, then it would be upstream of Fank1, but if
Jazf1 is also involved in MCC differentiation, Jazf1 could also be downstream of
Fank1. Alternatively, the two genes may be regulated independently and the decrease
in levels may just reflect the decrease in number of ciliated cells.
The percentage Fank1 knockdown is not far away from the resulting percentage
reduction in ACT positive cells, but the Jazf1 knockdown is only half of the
percentage reduction in ACT positive cells. I hypothesise that the Jazf1 knockdown
may be difficult to detect because Jazf1 is expressed relatively highly in secretory and
basal cells as well as multiciliated cells. To see quite a subtle phenotype in 33% of
cells (Table 3), the decrease in Jazf1 mRNA will be small relative to the starting
amount. This large difference in Jazf1 knockdown and phenotype may also suggest
that Jazf1 is quite a significant gene (i.e. high up in the TF cascade). Finally, the fact
that the cells for qRT-PCR were collected at an earlier timepoint (D9 ALI) than the
antibody staining (D21 ALI) could explain the discrepancy between Jazf1 knockdown
and phenotype.
I stained the Jazf1-4 shRNA MTEC cultures with a rabbit polyclonal Jazf1 antibody
which has previously been validated by the human protein atlas project
(www.proteinatlas.org) for use in immunocytochemistry and western blot (Fig. 27).
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Figure 26 – Confirmation of Jazf1 and Fank1 knockdowns in MTECs. A. Timeline of
experiment. Lentivirus was added on D2 and removed on D3. Cultures were switched to ALI
after 7 days proliferation. Cells were collected on D16 (D9 ALI) and sorted by flow cytometry
for GFP. B. Flow cytometry-sorting of GFP-positive cells in each of 3 infected MTEC cultures.
C. qRT-PCR of GFP positive cells showing expression of Jazf1 (left) and Fank1 (right) in
each of the 3 infected MTEC cultures. Error bars are SEM of biological triplicates (tracheas
from 3 independent adult mice). Results are normalised to housekeeping gene Abl1.

	
  

124	
  

Multiciliated cells stain strongly with cytoplasmic anti-Jazf1 with a grainy effect in
the staining as it projects into the cilia. The other ‘non-ciliated’ cells seem to be also
mainly positive for cytoplasmic Jazf1 but with some variations in staining intensity. I
hypothesized that Jazf1 is present in basal, secretory and multiciliated cells (Fig.
27B). As it is unlikely to be completely knocked down, the intensity of the Jazf1
staining could be an indication of how much Jazf1 is being expressed in the virallytransduced cells.
I stained one transwell per condition (MTECs infected with control shRNA or Jazf1-4
shRNA) (Fig. 27A) using anti-GFP (green, infected) and anti-Jazf1 (red) and took 3
images per well under the same imaging settings (Fig. 27B). For each image, a
custom script for Fiji (Schindelin, Arganda-Carreras et al. 2012) was used to outline
cells and assign each cell with an average green (GFP, transduced cell) and red
(Jazf1) intensity (details in methods). An average anti-GFP intensity cut-off of >700
AU was manually selected to assign cells as being positive or negative for GFP. For
GFP positive cells only, the average anti-Jazf1 intensity per cell was normalized to
100% being the cell(s) with the highest average anti-Jazf1 intensity in each image.
This was to eliminate any intensity variations between different images from the same
condition. The average anti-Jazf1 intensity per GFP positive cell (% of image
maximum) was plotted, with each dot representing a single cell (Fig. 27C).
Comparing the median GFP positive cell intensity of anti-Jazf1 staining (% of image
maximum) revealed a lower intensity in the Jazf1 knockdowns compared to control
(47.4% versus 55.2% respectively). This supports the qRT-PCR data (Fig. 26C),
showing that Jazf1-4 shRNA leads to a reduction in anti-Jazf1 expression. This
experiment was conducted using tracheal epithelium from 1 adult mouse and was
conducted once (n=1).
I also tested an anti-Fank1 antibody on MTECs. This antibody (rabbit, polyclonal),
was again validated by the human protein atlas project (www.proteinatlas.org) for use
with immunocytochemistry and western blotting. However I did not get adequate
labelling of multiciliated cells in MTECs despite trying varying antibody dilutions
and so did not pursue this experiment any further.
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Figure 27 – Using antibody staining to confirm Jazf1 knockdown. A. Timeline of
experiment. Lentivirus (control or Jazf1-4 shRNA) was added to MTECs on D2 and removed
on D3 of proliferation. Cultures were switched to ALI conditions on D7 and fixed on D28 (D21
ALI). B. MTECs infected with control shRNA (left) and Jazf1-4 shRNA (right) stained for Jazf1
(red), GFP (infected cells, green), DAPT (blue). Scale bars = 50 µm. C. Scatterplot showing
average anti-Jazf1 intensity per GFP positive cell (expressed as % when 100% is imagespecific maximum average cell Jazf1 intensity). Each dot represents a single GFP positive
cell. This experiment was performed using tracheal epithelium from 1 adult mouse and was
conducted once (n=1).

In summary, Fank1 is exclusively expressed in multiciliated cells and knocking down
Fank1 by 22% led to a 31% reduction in multiciliogenesis, which supports the
overexpression data and shows that Fank1 is necessary for multiciliogenesis. Jazf1 is
expressed relatively highly in basal, secretory and multiciliated cells. A 25%
knockdown of Jazf1 led to a 52% reduction in multiciliogenesis, again showing that
Jazf1 is necessary for multiciliogenesis. The discrepancy in phenotype and
knockdown in the case of Jazf1 could be due to the knockdown being small in
multiciliated cells compared to the relatively high expression in all 3 cell types in the
control. The discrepancy could also be explained by Jazf1 having a possible dual-role
in specification of basal cells as well as in differentiation of committed progenitors,
meaning that only a small knockdown in Jazf1 leads to a large phenotypic effect.

mRNA levels of multiciliogenesis genes in MTEC cultures post-lentiviral
control/Fank1-2/Jazf1-4 shRNA transduction
In order to determine where Jazf1 and Fank1 fit in the multiciliogenesis TF hierarchy,
I looked at the expression of known multiciliogenesis regulators post Jazf1/Fank1
knockdown in MTEC cultures using qRT-PCR on flow cytometry-sorted GFP
positive cells at D9 ALI (Fig. 28A,B). Error bars are SEM of 3 biological replicates
(tracheal epithelium from 3 independent adult mice). Knocking down Jazf1, led to a
58 ± 13% (mean ± standard deviation) reduction in Mcin expression. This % decrease
is very similar to the 52% reduction in ACT positive cells post-Jazf1 knockdown and
suggests that Jazf1 lies upstream of Mcin and which again correlates with the
expression of Jazf1 at least in part being in basal cells involved in early cell fate
specification.
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Figure 28 - mRNA levels of multiciliogenesis genes in MTEC cultures post-lentiviral
control/Fank1-2/Jazf1-4 shRNA transduction. A. Timeline of QRTPCR experiment. MTEC
were plated on D0, infected with the lentiviral constructs Fank1-2 shRNA / Jazf1-4 shRNA /
control shRNA on D2 and washed on D3. Cultures were switched to ALI conditions on D7
then cells collected and flow cytometry-sorted for GFP positive cells. The GFP positive cells
were then processed for qRT-PCR. B. Relative mRNA levels of multiciliogenesis genes in
flow cytometry-sorted GFP positive MTECs. mRNA levels are normalised to the
housekeeping gene Abl1 and expressed relative to 1 = control. Error bars are SEM of 3
biological replicates (tracheal epithelium from 3 independent adult mice).

Similarly, Jazf1-4 shRNA also led to a 58 ± 13% reduction in Myb expression, a 66 ±
9% reduction in Foxj1 expression, and a 58 ± 15% reduction in cilia assembly gene
Spag6 expression, strongly indicating that Jazf1 again lies upstream of these genes.
There was no decrease (16 ± 19%) in Rfx3 expression indicating that this could be
activated by factors other than Jazf1.
Knocking down Fank1 led to a 60% (+/- 5%) reduction in Mcin expression, and a
similar 55% (+/- 8%) reduction in Myb expression suggesting that Fank1 may also lie
upstream of Mcin and Myb. Cilia assembly gene Spag6 was also reduced by 62% (+/10.5%). There was a larger 80% (+/- 7.4%) reduction in Foxj1 expression. Rfx3
expression was not reduced as much post Fank1 knockdown (34% +/- 4.3%), again
suggesting activation by other factors. The discrepancy between the Fank1
knockdown phenotype / percentage Fank1 knockdown on qRT-PCR and the higher
percentage downregulation of downstream genes may be explained by the timepoint
of collection. Cells were collected on D9 for qRT-PCR which correlates with a surge
in Fank1 expression (Fig. 22A) and thus the effect of a Fank1 knockdown on
downstream genes at this timepoint may be exaggerated compared to the phenotype
seen at D21 ALI.

Antibody staining confirms that knocking down Fank1/Jazf1 in MTEC cultures
reduces Foxj1 expression
	
  
Staining of D28 (D21 ALI) MTEC cultures (infected on D2 proliferation with Fank12 shRNA/Jazf1-4 shRNA/control shRNA) for Foxj1 and gamma tubulin (Fig. 29A-C
& Table 5/6) show that both Jazf1 and Fank1 knockdowns lead to a significant
reduction in Foxj1 expression. Error bars are SEM of 3 biological replicates (tracheal
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epithelium from 3 independent adult mice). Foxj1 positive cells were always positive
for γ -tubulin, validating the Foxj1 staining. This confirms the qRT-PCR results and
indicates that Jazf1 and Fank1 are upstream of Foxj1. In keeping with this data, γ tubulin staining was always associated with ACT in the Fank1 and Jazf1 knockdowns
(Fig. 29D). This indicates that Jazf1 and Fank1 are acting upstream of basal body
docking.
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Table 5 - Scoring of GFP positive cells for Foxj1 in MTEC cultures + shRNA. Scoring of
GFP positive cells as positive/negative for Foxj1. N=biological replicate. Biological replicates
= cultured from tracheas of independent adult mice.

	
  
	
  
	
  
	
  
Table 6 - Normalising GFP cell scoring to control. Normalisation of scoring (%GFP
positive Foxj1 positive cells, Table 5) to control, where control = 1 in each independent
biological replicate. P-values were calculated using 2-tailed 2 sample unequal variance
Student’s T-test.

Figure 29 - Antibody staining confirms that knocking down Fank1/Jazf1 in MTEC
cultures reduces Foxj1 expression. A. Timeline of Foxj1 antibody staining/counting
experiment (B-C). MTECs were plated on D0, infected with the lentiviral constructs Fank1-2
shRNA / Jazf1-4 shRNA / control shRNA on D2 and washed on D3. Cultures were switched
to ALI conditions on D7 then fixed on D28 (D21 ALI). B. Images taken of MTEC cultures fixed
at D28 (D21 ALI) and stained for Foxj1 (red), GFP (infected cells, green) and γ-Tubulin (basal
bodies, white). Left panel shows cells which were infected with lentiviral control shRNA,
middle panel Fank1-2 shRNA and right panel Jazf1-4 shRNA. Scale bars = 50 µm C. Graphs
show scoring of GFP positive MTEC cells. Proportion of GFP positive cells positive for Foxj1
is plotted against lentiviral shRNA construct. Each control per biological replicate was set to 1
and scoring of Fank1-2 and Jazf1-4 cultures was plotted relative to the appropriate control.
Error bars are SEM of 3 biological replicates. Biological replicates were tracheal epithelium
from independent adult mice. P values were calculated using the 2-tailed, 2 sample unequal
variance Student’s T-Test. Statistical significance (p<0.05) is indicated by * (compared to
control). D. Images taken of MTEC cultures fixed at D28 (D21 ALI) and stained for ACT
(MCCs, red), GFP (infected cells, green) and γ -Tubulin (basal bodies, white). Left panel
shows cells which were infected with lentiviral control shRNA, middle panel Fank1-2 shRNA
and right panel Jazf1-4 shRNA. Scale bars = 50 µm
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Antibody staining shows that the addition of IL6 to MTEC cultures reduces the
penetrance of the Jazf1 and Fank1 knock-down phenotypes
	
  
In view of the fact that IL6 has a strong positive effect on multiciliogenesis (Fig. 20D)
in wild-type MTEC cultures, and is thought to act at several points in the multiciliated
cell specification/differentiation pathway, I wanted to find out where it was acting in
relation to Fank1 and Jazf1 (Fig. 30). I stained Fank1-2/Jazf1-4 shRNA infected D21
ALI MTEC cultures, which had been exposed to IL6 from D0 ALI (Fig. 30A) for
ACT (red, ciliated cells), GFP (green, transduced cells) and E-cadherin (white, tight
junctions) (Fig. 30B). I counted the GFP positive cells as being positive or negative
for ACT and the results are shown in Fig. 30C/table 7/8.
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Table 7 - Scoring of GFP positive cells in MTEC cultures + shRNA + IL6. Scoring of GFP
positive cells as positive/negative for ACT. Cells cultured with IL6. N=biological replicate.
Biological replicates = cultured from tracheas of independent adult mice.

	
  
	
  
	
  

Table 8 - Normalising GFP cell scoring to control. Normalisation of scoring (%GFP
positive ACT positive cells, cultured with IL6, Table 7) to control, where control =1 in each
independent biological replicate. P-values were calculated using 2-tailed 2 sample unequal
variance Student’s T-test.
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Figure 30 - Antibody staining shows that the addition of IL6 to MTEC cultures reduces
the penetrance of the Jazf1 and Fank1 knock-down phenotypes. A. Timeline of
experiment knocking down Jazf1 / Fank1 in MTEC cultures with the addition of IL6 (B-C).
MTEC cells were plated on D0, lentiviral shRNA added on D2 and cells washed on D3. Cells
were switched to ALI conditions on D7 when IL6 was also added and continued to be added
at medium changes (every 2-3 days) until cultures were fixed on D28 (D21 ALI). B. Images
taken of MTEC cultures (plus IL6) fixed at D28 (D21 ALI) and stained for ACT (MCCs, red),
GFP (infected cells, green) and E-cadherin (tight junctions, white). Left panel shows cells
which were infected with lentiviral control shRNA, middle panel Fank1-2 shRNA and right
panel Jazf1-4 shRNA. Scale bars = 200 µm. C. Graph showing % GFP positive cells which
are multiciliated, comparing those MTEC cultures (differentiated with IL6 in the culture
medium) transduced with Fank1 / Jazf1 shRNA with control shRNA infected cultures. Results
are displayed relative to control=1 in each biological replicate. Error bars represent SEM of 3
biological replicates. Error bars are SEM of 3 biological replicates (tracheal epithelium from 3
independent adult mice). P values were calculated using the 2-tailed, 2 sample unequal
variance Student’s T-Test. Statistical significance (p<0.05) is indicated by * (compared to
control).
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The addition of IL6 decreased the extent of the Jazf1-4 shRNA and Fank1-2 shRNA
phenotypes. Specifically, in the Fank1-2 knockdowns there were 31 ± 3.7% (mean ±
standard deviation) fewer MCCs compared to control shRNA in the no IL6
experiments (p=0.004) (Fig. 25D/Table 4), but only 22 ± 0.6% fewer in the + IL6
experiments (p=0.0003) (Fig. 30C/Table 8). Similarly, for the Jazf1-4 knockdowns,
there were 52 ± 9.2% fewer MCCs compared to control shRNA in the no IL6
experiments (p=0.01) (Fig. 30D/Table 4), but only 28 ± 2.6% fewer in the +IL6
experiments (p=0.003) (Fig. 30C/Table 8). Results are from tracheas of 3 independent
adult mice.
To test the significance of the effects of IL6, I compared cultures with and without
IL6 (Fig. 31 A&B/Table 9) for each of the Fank1-2 and Jazf1-4 shRNA knockdowns.

Figure 31 - Graphs comparing the proportion of MCCs in MTECs with IL6 or DAPT to
cultures without IL6/DAPT in Fank1 and Jazf1 knockdowns. Graphs showing % GFP
positive cells which were multiciliated, comparing those MTEC cultures differentiated without
IL6/DAPT to those differentiated with IL6 or DAPT (Fig. 30 and 32). Cells were transduced
with Fank1-2 shRNA (A) or Jazf1-4 shRNA (B). Results are displayed relative to control
shRNA =1 in each biological replicate. Error bars represent SEM of 3 biological replicates.
Biological replicates were tracheal epithelium from independent adult mice. P values were
calculated using the 2-tailed, 2 sample unequal variance Student’s T-Test. Statistical
significance (p<0.05) is indicated by * (compared to No IL6/No DAPT).
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Table 9 - Pairwise comparisons of MTECs with IL6/DAPT to cultures without IL6/DAPT.
Comparison of scoring (%GFP positive ACT positive cells) in cultures without IL6/DAPT to
cultures with IL6 or DAPT for Fank1-2 and Jazf1-4 shRNA respectively. Scoring is normalised
to control shRNA =1 in each independent biological replicate. P-values were calculated using
2 tailed 2 sample unequal variance Student’s T-test and compare IL6 or DAPT conditions to
no IL6/DAPT. N=number of biological replicates.

Firstly, in the Fank1 knockdowns, the addition of IL6 led to a 10 ± 0.6% (mean ±
standard deviation) increase in the proportion of GFP positive MCCs compared to
cultures without IL6 which was significant (p=0.04). In the case of the Jazf1
knockdowns, the addition of IL6 also led to a significant 24 ± 2.7% (p=0.04) increase
in MCCs. Error bars here are SEM of 3 biological replicates. Biological replicates
were tracheal epithelium from independent adult mice. As IL6 is thought to promote
multiciliogenesis at multiple points in the pathway (and the multiciliogenesis pathway
has several branches) it is likely that IL6 has multiple effects and hence is sufficient to
counter-act the effects of the Jazf1/Fank1 knock-downs.
	
  
	
  
Antibody staining shows that the addition of DAPT to MTEC cultures reduces
the penetrance of the Jazf1 knockdown phenotype but increases that of the
Fank1 knockdown phenotype
	
  
The Notch inhibitor DAPT is also known to promote multiciliogenesis. Again, Notch
is thought to act at different points in the MCC specification pathway; in very early
multiciliated versus secretory fate decisions in basal cells/progenitors or their
immediate descendants and in intermediate progenitors during late specification/early
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differentiation. I wanted to know its position in relation to Fank1 and Jazf1 (Fig. 32).
MTEC cultures were infected with Jazf1-4 or Fank1-2 lentiviral shRNA. On
transition to ALI, DAPT was added to the culture medium for the first 72 hours of
ALI (Fig. 32A). Cells were fixed/stained at D21 ALI and images are shown in Fig.
32B with counting of GFP positive cells as positive or negative for ACT in Fig.
32C/Table 10/11. Error bars represent SEM of 3 biological replicates. Biological
replicates were tracheal epithelium from independent adult mice. Interestingly, the
addition of DAPT resulted in an increased penetrance of the Fank1 knockdown
phenotype from a 31 ± 3% (mean ± standard deviation) reduction (p= 0.004, Fig.
25D/Table 4) to a 43 ± 4% reduction (p=0.004, Fig. 32/Table 11) in multiciliogenesis
compared to control shRNA ± DAPT, whereas the penetrance of the Jazf1
knockdown phenotype decreased from a 52 ± 9% reduction (p=0.01, Fig. 25D/Table
4) to a 35 ± 3% reduction (p=0.003, Fig. 32/Table 11) in multiciliogenesis compared
to control shRNA ± DAPT. Results are from tracheas of 3 independent adult mice.	
  I
again compared cultures with and without DAPT (Fig. 31 A&B/Table 9) for each of
the Fank1-2 and Jazf1-4 shRNA knockdowns. In the case of Fank1 knockdowns, the
addition of DAPT led to a 12 ± 4.7% decrease in MCCs (p=0.03) whereas for Jazf1
knockdowns, DAPT caused an 18 ± 3.3% (p=0.068) increase in MCCs compared to
no DAPT controls. Notch inhibition leading to an exaggeration of the Fank1
knockdown phenotype is a surprising result as Notch inhibition is known to promote
multiciliogenesis.

Figure 32 - Antibody staining shows that the addition of DAPT to MTEC cultures
reduces the penetrance of the Jazf1 knockdown phenotype, but increases that of the
Fank1 knockdown phenotype. A. Timeline of experiment knocking down Jazf1 / Fank1 in
MTEC cultures with the addition of DAPT (B-C). MTEC cells were plated on D0, lentiviral
shRNA was added on D2 and removed by washing cells on D3. Cells were switched to ALI
conditions on D7 when DAPT was also added and left in the ALI medium until the next
medium change 72 hours later. Cultures were fixed on D28 (D21 ALI). B. Images taken of
MTEC cultures (plus DAPT) fixed at D28 (D21 ALI) and stained for ACT (MCCs, red), GFP
(infected cells, green) and E-cadherin (tight junctions, white). Left panel shows cells which
were infected with lentiviral control shRNA, middle panel Fank1-2 shRNA and right panel
Jazf1-4 shRNA. Scale bars = 200 μm. C. Graph showing % GFP positive cells which were
multiciliated, comparing those MTEC cultures (differentiated with DAPT) transduced with
Fank1 / Jazf1 shRNA with control shRNA cultures. Results are displayed relative to control=1
in each biological replicate. Error bars show SEM of 3 biological replicates. Biological
replicates were tracheal epithelium from independent adult mice. P values were calculated
using the 2-tailed, 2 sample unequal variance Student’s T-Test. Statistical significance
(p<0.05) is indicated by * (compared to control).
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Table 10 - Scoring of GFP positive cells in MTEC cultures + shRNA + DAPT. Scoring of
GFP positive cells as positive/negative for ACT (cultured with DAPT). N=biological replicate.
Biological replicates = cultured from tracheas of independent adult mice.

	
  
	
  

	
  
	
  
	
  
Table 11 - Normalising GFP cell scoring to control. Normalisation of scoring (%GFP
positive ACT positive cells, cultured with DAPT, Table 10) to control, where control=1 in each
independent biological replicate. P-values were calculated using 2-tailed 2 sample unequal
variance Student’s T-test.

	
  
	
  
	
  
Extrinsic signalling in the multiciliogenesis cascade - Loss of FGFR1 signalling
results in a block in multiciliated cell differentiation in vivo
We wanted to explore the role of extrinsic signalling in multiciliogenesis with a
longer-term goal of discovering links between extrinsic signalling and the
multiciliogenesis TF cascade.
The links between Notch signalling (acting on GemC1 and Mcin) as well as IL6
(acting on Mcin and Foxj1) and the multiciliogenesis TF cascade have been discussed
and are relatively well established (Fig. 8). It has been shown that Fgfr1 is involved in
regulating cilia length in Zebrafish (Neugebauer, Amack et al. 2009). We therefore
decided to

further explore the role of Fgfr1 in multiciliogenesis, and we found a previously

unreported link between Fgfr1 and multiciliogenesis in the mouse airway
(Balasooriya, Johnson et al. 2016). We firstly showed that Fgfr1 is expressed in basal
cells and luminal cells in the adult mouse trachea (Fig. 33A). We then generated
conditional Fgfr1 knockout mice (Tg(KRT5-CreER);Rosa26RfGFP/+; Fgfr1 Δ /fx)
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and observed that at 24 weeks post-tamoxifen injection, knockout (GFP+) cells are
less likely to be multiciliated. In Fig. 33A, the patch of GFP+ cells marked by the dashed
bracket shows an absence of FGFR1 and no multiciliated cells (ACT, white). In the GFP+
cells within the solid bracket, FGFR1 has not been deleted, and multiciliated cell differentiation has
occurred. Scoring of GFP positive cells showed a reduction in the % of multiciliated

cells, (Foxj1+

and ACT+) in the Fgfr1 knockdown compared to control, with an increase in %
secretory cells (SCGB1A1+) (Fig. 33B and D). Error bars here are of biological
triplicates at least. Biological replicates are independent adult tracheas. This indicates
that, in the adult mouse trachea in vivo, Fgfr1 acts upstream of Foxj1 in the
multiciliogenesis TF cascade and is expressed in basal cells/early luminal progenitors,
determining a multiciliated versus secretory cell fate. 16% of GFP+ luminal cells are
still expressing Fgfr1 24 weeks post-tamoxifen injection (Fig. 33C) indicating a
recombination efficiency of 84%. In these experiments, Dr Gayan Balasooriya
generated the conditional knockout mice and also administered the tamoxifen
injections, harvested the tracheas, prepared the tissue for cryosectioning and
performed the cryosectioning. Myself, Dr Jo-Anne Johnson performed staining and
scoring for gamma-tubulin and Foxj1. At least 200 GFP positive cells were scored per
biological replicate. Dr Balasooriya performed the staining and scoring for ACT,
SCGB1A1 and FGFR1.

Extrinsic signalling in the multiciliogenesis cascade - Loss of FGFR1 signalling
results in a block in multiciliated cell differentiation in vitro
We stripped tracheal epithelium from adult Tg(KRT5-CreER);Rosa26RfGFP/+;
Fgfr1Δ/fx mice, trypsinised and plated cells in transwell inserts and infected with
high-titer Adeno-Cre virus on D2 post-plating (Fig. 34A). The cultures were switched
to ALI on D5 and differentiated until D11 (D6 ALI). Imaging of fixed cells at D11
(Fig. 34B) confirmed the in vivo findings; that Fgfr1 KO cells (right image) have
fewer ACT positive cells than control (left image). Dr Gayan Balasooryia conducted
these in vitro experiments.

	
  

139	
  

	
  

140	
  

Figure 33 – Extrinsic signalling in the multiciliogenesis cascade - Loss of FGFR1
signalling results in a block in multiciliated cell differentiation in vivo. A. Confocal image
of a conditional Fgfr1 knockout mouse adult trachea section at 24 weeks post-tamoxifen
injection (Tg(KRT5-CreER);Rosa26RfGFP/+; Fgfr1Δ/fx). GFP (reporter, green), FGFR1
(blue), SCGB1A1 (secretory cells, red), ACT (cilia, white). Scale bar = 100 µm. B. Percentage
of GFP+ cells that co-express SCGB1A1, ACT, or Foxj1 in control Tg(KRT5-CreER);
Rosa26RfGFP/+; Fgfr1+/fx versus cKO Tg(KRT5-CreER); Rosa26RfGFP/+; Fgfr1Δ/fx
animals 24 weeks after tmx administration. Error bars denote SEM of at least 3 biological
replicates. Biological replicates are independent adult mouse tracheas. P values were
calculated using the 2-tailed, 2 sample unequal variance Student’s T-Test. C. Percentage of
GFP+ luminal cells in cKO Tg(KRT5-CreER); Rosa26RfGFP/+; Fgfr1Δ/fx trachea that retain
FGFR1 protein 24 weeks after tmx administration. D. Sections from control and Fgfr1 cKO
tracheae at 24 weeks after tmx administration. GFP (reporter, green), ϒ-tubulin (basal bodies,
red), Foxj1 (ciliated cells, white). Scale bar = 50 µm.

Figure 34 – Extrinsic signalling in the multiciliogenesis cascade - Loss of FGFR1
signalling results in a block in ciliated cell differentiation in vitro. A. Schematic of in vitro
experiment. High titer Cre-recombinant adenovirus was added to MTECs on D2. Cells were
differentiated on D5 and fixed/stained on D11. B. Day 11 (D6 ALI) cultures grown from control
and Fgfr1 cKO animals. GFP (reporter, green), ACT (cilia, red), DAPI (nuclei, blue). Scale bar
= 100 µm.
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Discussion
Basal/progenitor

cell

specification

and

differentiation

to

MCCs

in

the

adult/developing airway epithelium is a continuum. The pathways regulating these
processes are beginning to be unravelled. There are now many genes known to be
involved in regulating cilia-assembly and cilia-motility. In comparison, relatively few
TFs have been identified as upstream regulators of MCC differentiation.
Here, using a functional overexpression assay in embryonic tracheal epithelium and
subsequently, lentiviral knockdown in MTECs, I have identified 2 novel TFs, Fank1
and Jazf1 which are involved in the regulation of airway multiciliogenesis. Jazf1
encodes a nuclear zinc finger protein which functions as a transcription factor and
there is a previous report of it being linked to cilia assembly in Zebra fish. Although
Fank1 is annotated as a transcription factor, its exact function and the location of its
protein is unclear. In the Zebra fish embryo, Fank1 was localised to the nucleus
(Choksi, Babu et al. 2014) but was found in the basal bodies/cilium of mouse
embryonic airway epithelial cells (Stauber, Weidemann et al. 2017). A Fank1 ciliarelated phenotype has not been reported, but microarrays have suggested that Fank1
lies downstream of Rfx2 in the Xenopus embryo epidermis and downstream of Foxj1
in the Zebra fish embryo (Choksi, Babu et al. 2014) and mouse embryonic airway
(Stauber, Weidemann et al. 2017).
I have shown that overexpressing Fank1 or Jazf1 in the epithelium of E14.5 tracheal
explants results in an increase in the number of MCCs, suggesting that either factor
alone is sufficient to induce multiciliogenesis. At E14.5, the epithelium is made up of
undifferentiated progenitors, although they are Sox2+ suggesting that their airway cell
fate is already specified. This therefore suggests that Fank1/Jazf1 can induce
multiciliogenesis when overexpressed in pre-specified, undifferentiated progenitors.
The process of knocking down these TFs in the airway epithelium involved trialling
several knockdown techniques in embryonic tracheal explant and MTEC systems, as
well as optimising multiciliogenesis in MTEC cultures.
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Supporting the overexpression data, knocking down either Fank1 or Jazf1 using
lentiviral shRNA, in MTEC cultures led to a reduced number of MCCs. Here, the TFs
were knocked down during the basal cell proliferation phase in order to optimize
lentiviral transduction efficiency, but this also meant that the knockdowns were
effective from the onset of basal cell specification/differentiation (ALI D0). The
phenotype was stronger in the Jazf1 knockdown compared to the Fank1 knockdown
(52% reduction in MCCs versus 31% reduction respectively) despite similar levels of
knockdown. This result suggests that Jazf1 and Fank1 are necessary for
multiciliogenesis with Jazf1 possibly more upstream than Fank1. Using my data, I
have been able to make some suggestions as to where Fank1 and Jazf1 fit into the
multiciliogenesis TF hierarchy (Fig. 35).

	
  
	
  
	
  
	
  
Figure 35 – Postulated positioning of Fank1 and Jazf1 in multiciliogenesis hierarchy. Diagram
Diagram showing possible positions of Fank1 and Jazf1 in the multiciliogenesis hierarchy. 	
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Our data suggests that both Fank1 and Jazf1 lie upstream of Foxj1. This is based on
qRT-PCR and Foxj1 staining post-knockdown of Fank1/Jazf1. The qRT-PCR data
also suggests that both Fank1 and Jazf1 are upstream of other TFs in the MCC
differentiation cascade such as Mcin and Myb. We further showed that although
Fank1 expression was limited to multiciliated cells in fresh non-cultured adult mouse
airway epithelium, Jazf1 was expressed in multiciliated cells and to a lesser extent in
basal cells and secretory cells. It is therefore possible that, like p73 and Myb, Jazf1
has a dual function of basal cell lineage determination as well as MCC differentiation.
This hypothesis fits with my qRT-PCR timecourse on wild type MTECs which
showed 2 peaks in Jazf1 expression (day 0-2 and day 9 post-ALI). To confirm this we
need data on what happens to the number of secretory cells/secretory cell markers and
basal cells on Jazf1 knockdown in MTEC cultures. This analysis would be difficult
however as secretory cell fate is transient in these cultures.
In Fig. 35A I have suggested a multiciliogenesis hierarchy whereby Jazf1 performs
this dual role of basal cell fate determination and MCC differentiation. Here, I have
suggested Fank1 as being upstream of Jazf1 in the MCC differentiation cascade due
to my qRT-PCR data as well as showing a reduced expression of Fank1 post Jazf1
also showed reduced expression of Jazf1 post Fank1 knockdown. Fig. 35B suggests a
hierarchy based on Jazf1 being involved in cell fate decision making in basal cells,
but not in the MCC differentiation hierarchy. Here I have suggested a regulation loop
between Fank1 and Jazf1 to explain the co-regulation. Fig. 35C suggests a scenario in
which the Jazf1 expression in basal cells is not related to cell-fate determination and
Jazf1 is involved in MCC differentiation only. Again I have put a regulation loop
between Fank1 and Jazf1. However, I cannot completely exclude the possibility that
Fank1 and Jazf1 act in parallel pathways.
It is possible, as is the case with Myb, Foxj1, and the Rfx’s that as well as regulating
downstream TFs, there is also direct binding of Fank1 and Jazf1 with cilia-assembly
genes. The fact that the expression of both genes continued to increase over time in
the WT MTEC culture qRT-PCR timecourse and was also relatively high in the fresh
non-cultured adult airway epithelium is suggestive of this.
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It was a surprising finding that Fank1 seems to regulate TFs so high up in the MCC
differentiation cascade. Going back to my WT MTEC qRT-PCR timecourse (Fig.
22A), there was a surge in Fank1 expression around D7-9 and a corresponding surge
in Mcin, Myb and Foxj1 expression at this stage which could be due to upregulation
by Fank1. As mentioned, 2 previous studies have shown Fank1 to be downstream of
Foxj1 (Zebra fish embryo and mouse embryonic airway). The difference between
these findings and my own could be explained for example by a tissue-specific
difference. Indeed the same study which showed that Fank1 was downstream of
Foxj1 in the mouse embryonic airway also showed that many of the genes
downregulated in Foxj1 null mice in the embryonic airway were not downregulated in
the ventral node (Stauber, Weidemann et al. 2017). And Fank1 itself was upregulated
independently of Foxj1 during multiciliogenesis in mouse IMCD3 immotile ciliated
cells (Stauber, Weidemann et al. 2017). It could also be an embryonic versus adult
difference. It is now thought that there are several pathways safeguarding
multiciliogenesis in the embryo which become redundant in adult (Villa, Crotta et al.
2016). For example, another microarray did not identify Fank1 as a Foxj1 target in
the postnatal mouse brain (Villa, Crotta et al. 2016). It could also be that Fank1 and
Foxj1 are regulated by a co-regulation loop, similar to the proposed regulation of
Foxj1 by Rfx3. The fact that Jazf1 did not come up as a target of Foxj1 on these
previous microarrays fits with my findings of Jazf1 being upstream of Foxj1.
The IL6/pSTAT3 pathway promotes airway multiciliogenesis (Tadokoro, Wang et al.
2014).

IL6

is

thought

to

act

in

several

positions

along

the

MCC

specification/differentiation pathway. For example, in the MCC differentiation
cascade, IL6 is thought to upregulate Mcin and Foxj1. If Jazf1 and Fank1 are
upstream of Mcin as predicted, this could explain why adding IL6 during MTEC
culture differentiation partially offsets the upstream Jazf1 and Fank1 knockdowns,
reducing the penetrance of the phenotype (Fig. 35).
Notch is known to promote a secretory cell fate at the expense of a MCC fate and
therefore acts early at the stage of basal cell/progenitor specification, but is also
thought to act at several stages during MCC specification/differentiation. During
MCC differentiation, Notch is thought to act at the level of Mcin. It makes sense
therefore, that if Notch is acting downstream of Jazf1, addition of the Notch inhibitor,
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DAPT, to differentiating MTEC cultures post-Jazf1 knockdown might partially offset
the Jazf1 knockdown. The surprising result here was that the addition of DAPT
increased the penetrance of the Fank1 knockdown phenotype. One possibility is that
the increased Mcin expression as a result of Notch inhibition, negatively feeds back to
Fank1, thus increasing the Fank1 knockdown phenotype (Fig. 35).
We also explored the role of Fgf signalling in multiciliogenesis. Fgf signalling is
known to be important in progenitor cell differentiation generally. Although Fgf7 and
Fgf10 are known to be involved in the differentiation of embryonic airway
progenitors, little else is known about Fgf signalling in airway stem/progenitor
differentiation. We discovered that Fgfr1, which has been linked to multiciliogenesis
in Zebrafish, plays a role in early fate determination in basal cells of the adult trachea.
We used Fgfr1 cKO mice to show that in vivo and in vitro, a loss of Fgfr1 led to a
reduction in MCCs and an increase in secretory cells (Balasooriya, Johnson et al.
2016). We showed that Fgfr1 was expressed by basal cells and luminal cells and so is
likely to be acting on the p63- intermediate progenitor cells which are committing to
secretory or ciliated cell lineages. In the future, I would like to explore how Fgfr1
interacts with the multiciliogenesis TF hierarchy.
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Conclusion

In summary, we have identified 2 novel TFs, Fank1 (Fibronectin type3 and ankyrin
repeat domains 1) and Jazf1 (Zinc finger 1), which are sufficient to induce
multiciliogenesis in pre-specified epithelial progenitors in the mouse developing
trachea, as well as being necessary for multiciliogenesis in MTEC cultures. Both of
these TFs seem to act upstream of Mcin, Myb and Foxj1 in the MCC differentiation
cascade in MTEC cultures and it is possible that Jazf1 has a dual roles in MCC
differentiation and determining basal cell lineage fate. It is possible that, like Foxj1
and Myb, Fank1 and Jazf1 also bind directly to cilia assembly/motility genes.
In terms of future goals, I would like to add GemC1 and p73 to my qRT-PCR postknockdown analysis. It would be useful, using Fank1/Jazf1 antibodies, to perform
ChIP seq to identify direct Fank1/Jazf1 targets. It would also be interesting to perform
RNA sequencing comparing wild-type/control MTECs to knockdowns in order to
identify new Jazf1/Fank1 targets. If Fank and Jazf1 do upregulate ciliary motility
genes, it would be useful to use live imaging to look at the knockdown ciliary motility
phenotypes.
I would like to use staining and qRT-PCR to determine indeed whether there is a
secretory as well as a MCC phenotype post-Jazf1 knockdown, as well as to see
whether there is an effect on the basal cell population. This will address the question
as to whether Jazf1 has a role in early basal cell specification. I could also
complement the scoring of phenotypes seen in the Jazf1/Fank1 knockdowns in
MTECs exposed to IL6/DAPT with qRT-PCR.
The Fank1/Jazf1 knockdown efficiencies were relatively small and ideally I would
like to repeat the work using a better knockdown method such as CRISPR (Chu, Rios
et al. 2015). This could be performed on MTECs or newer methods of basal cell
culture (Butler, Hynds et al. 2016, Mou, Vinarsky et al. 2016). My ultimate goal
would be to confirm my findings in vivo, using Fank1 and Jazf1 knockout mice.
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Chapter 4
	
  

Determinants of human lung epithelial progenitor
differentiation

Introduction

	
  
	
  
Chapter 3 focused on multiciliogenesis in the mouse upper airway epithelium. In this
chapter, I am focusing on cell fate decisions in the lower airway/respiratory
epithelium

during

human

development,

specifically

during

the

airway

branching/pseudoglandular stage of embryogenesis. As discussed in the general
introduction, the stages of human lung development are analogous to mouse with the
timeframe illustrated in Fig. 36. At E9.5, or 4 pcw (post-conception weeks) of human
development, two primary lung buds emerge from the ventral foregut. In mouse, these
buds consist of 3 cell layers: an inner epithelial layer (consisting of Nkx2.1+
endoderm progenitors), a mesenchymal layer and an outer mesothelial layer (Rawlins
2011). Branching morphogenesis during the pseudoglandular stage is driven by
communication between these layers which establishes the lobular arrangement of the
lung. The distal epithelial tips at E12.5 consist of multipotent progenitors (distal
progenitors) which differentiate as they exit the tip to become airway-fated stalk
descendants. It is during the pseudoglandular stage that specification and
differentiation of multipotent distal progenitors to a conducting airway fate takes
place (Hashimoto, Chen et al. 2012, Chang, Martinez Alanis et al. 2013, Rockich,
Hrycaj et al. 2013, Alanis, Chang et al. 2014). The distal tips become alveolar fated at
E16.5, they then start to produce alveolar descendants and alveolar development then
continues postnatally. As outlined in the introduction, alveolar development is split
into canalicular, saccular and alveolar stages (Fig. 36). In humans, the distal tips
become alveolar fated at approximately 16 pcw and alveolar differentiation continues
postnatally up until the age of 3 years. In contrast to mouse, very little is known about
the regulation of human lung development.
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Figure 36 – Mouse and human lung development. Diagram showing stages of mouse and
human lung development. (Herriges and Morrisey 2014)

In the mouse, during the pseudoglandular stage, distal tip progenitors are Sox9
positive, whereas stalk cells are Sox2 positive with a clear demarcation between the
two zones (Wang, Tian et al. 2013, Mahoney, Mori et al. 2014, Hrycaj, Dye et al.
2015). Similarly, we observed a tip-stalk boundary in the pseudoglandular stage
human lungs with SOX9 restricted to the tip and SOX2 highly expressed in the stalk.
This demonstrates that, as in mouse, there are transcriptional differences between tip
and stalk which are worth characterizing in order to develop tip self-renewal
conditions. In contrast to the mouse however, low levels of SOX2 were co-expressed
with SOX9 in the distal tip epithelium throughout the pseudoglandular stage (Fig. 37
A&B). qRT-PCR on microdissected tips and stalks compared to whole lung at 9pcw
confirmed that SOX2 was expressed in the tip. Moreover, SOX9 was also expressed at
low levels in the human stalk in these experiments which, based on antibody staining,
is likely to be due to mesenchymal contamination (Fig. 37A&B). Note that TBX4 is a
mesenchymal marker and ID2 is a well-characterised mouse tip gene. Error bars in
Fig. 37B show SEM of 3 biological replicates. Biological replicates were
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tips/stalks/whole lung from independent human embryos. Here, the staining,
microdissection and qRT-PCR was performed by Dr Marko Nikolic.
These results indicate that there are important human versus mouse tip/stalk
transcriptional differences justifying the second aim of this chapter.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure 37 - Differences in gene expression between tip and stalk cells. A. Human lung at
9 pcw. SOX9 (distal tips, mesenchyme, green), SOX2 (stalks and distal tips, red), DAPI
(nuclei, blue). Scale bar = 50 µm. B. qRT-PCR on microdissected tip and stalk cells showing
SOX9, SOX2, TBX4 and ID2 expression compared to whole lung at 9 pcw. Results are
normalised to the housekeeping gene GAPDH. Error bars show SEM of 3 biological
replicates. Biological replicates are of tips/stalks/whole lung from independent human
embryos.
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Aims
1. To discover transcriptional differences between multipotent distal tip cells and
airway-fated stalk descendants during the pseudoglandular stage. The purpose
of this being to understand which factors are necessary to establish conditions
for culturing human self-renewing tip-derived organoids.
2. To compare human and mouse tip/stalk transcriptional profiles with a view to
understanding the similarities and differences between human and mouse lung
development.
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Results
I worked on this project collaboratively with Dr Marko Nikolic and Oriol Caritg. In
order to make the results clear I am including some of their work, but wherever an
experiment was performed by someone other than myself, it is indicated in the text
accordingly.

Transcriptional differences between human tip and stalk cells
Collecting and categorising RNAseq data
RNAseq was performed on microdissected human embryonic lung tips and stalks in
order to detect global tip versus stalk gene expression differences. Epithelium was
microdissected post-dispase digestion of human embryonic lung at around 7-8 pcw
Tips and stalks were microdissected from this epithelium and processed for RNAseq
analysis (Fig. 38A). Microdissection and processing for RNASeq analysis was
performed by Dr Marko Nikolic. There were 15599 transcripts detected in total in the
RNAseq analysis. They were categorized into transcripts enriched in tips (>2 fold
change/FC tip/stalk), transcripts enriched in stalks (>2FC stalk/tip) and transcripts
present in both tips and stalks (<2FC tip/stalk or stalk/tip) (Fig. 38C). Fig. 38B is a
heatmap of hierarchical unsupervised clustering of differentially expressed genes (>2
FC stalk/tip or tip/stalk) in human embryonic stalk/tip epithelium, versus published
whole lung (Fig. 38D) showing that transcripts differentially expressed in tip or stalk
are distinct and are subsets of published foetal whole lung transcripts (Bernstein,
Stamatoyannopoulos et al. 2010).

Validating numbers in stalk/tip/both categories based on comparison to staining
Fig. 38C is a proportional Venn diagram showing the distribution of the 15,599
transcripts amongst the categories of human tip/stalk/both. The majority of genes
were expressed in both tip and stalk.
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Figure 38 - RNA sequencing of human tip and stalk cells. A. Schematic of human tip and
stalk microdissection. Left panel shows human lung at 50 days post-conception (pc). Scale
bar = 2 mm. Middle panel shows lung epithelium after dispase digestion and microdissection.
Scale bar = 1 mm. Right image shows microdissected epithelial tips and stalks. Scale bar = 2
mm. B. Heatmap of hierarchical unsupervised clustering of differentially expressed genes (>2
FC stalk/tip or tip/stalk) in human embryonic stalk/tip epithelium versus whole lung. Blue = low
expression, red = high expression. C. Proportional Venn diagram showing number of genes in
‘tip’ (>2 FC tip/stalk), ‘stalk’ (> 2FC stalk/tip) and ‘both’ (<2FC tip/stalk or stalk/tip) categories.
D. Published human foetal lung RNAseq data (used in B.).

I was interested, however, in genes differentially expressed in tip/stalk or stalk/tip (>
2FC). There were more genes expressed in the stalk only, compared to in the tip only.
One reason for this is likely to be that at ~7 pcw the tip consists of a relatively
homogenous population of multipotent progenitors, whereas the stalk consists of more
heterogeneous differentiating airway progenitors. This can be seen in Fig. 39A where
stalk cells are heterogeneous for TP63 at 7 pcw. There were no signs of multiciliated
cell differentiation, or mature secretory cells, by staining at 7 or 11 pcw. However, the
neuroendocrine marker β3Tubulin (β3TUB) was expressed at 12 pcw (Fig. 39B).
Likewise, Keratin 5 (KRT5), a marker of mature basal cells, was beginning to be
expressed in the larger airways by 16 pcw. Moreover, goblet cells and multiciliated
cells were also seen at 16pcw and 20pcw respectively (Fig. 39 C&D).
Immunostaining was performed by Dr Marko Nikolic and Oriol Caritg.
As well as the presence of differentiating cells in the stalk, there was also more
mesenchymal contamination in stalk cells (Fig. 40) which could also account for the
higher number of stalk-specific versus tip-specific genes. Fig. 40A shows the
percentage mesenchymal contamination in representative microdissected human
embryonic stalks and tips. Stalks had more mesenchymal contamination than tips. We
have shown that smooth muscle is already differentiating around the stalk at this stage
and these, and other non-epithelial cells, are likely to be the mesenchymal
contaminants (Fig. 40B). Immunostaining was performed by Dr Marko Nikolic.

	
  

159	
  

	
  

160	
  

Figure 39 – Validating RNA sequencing data. A. Human stalk cells at 7 pcw. SOX2 (red),
TP63 (basal cells, green), DAPI (nuclei, blue). Scale bar = 50 µm. B. 12 pcw human stalk
cells. β3TUB (neuroendocrine cells, green), SOX2 (red), DAPI (nuclei, blue). Scale bar = 50
µm. C. 16 pcw human stalk cells. MUC5AC (mucous cells, green), DAPI (nuclei, blue). Scale
bar = 50 µm. D. 20 pcw human stalk cells. ECAD (tight junctions, green), ACT (MCCs, white),
P63 (basal cells, red). Scale bar = 50 µm. E. Graph of RNA sequencing data showing that
SOX9 is enriched in human tip cells. F. Graph of RNA sequencing data showing that SOX2 is
enriched in human stalk cells but also expressed in human tip cells. Error bars (E & F) show
SEM of 4 biological replicates. Biological replicates were tissue from age-matched
independent human embryos. G. Section of human embryonic lungs at 15 pcw. NKX2.1
(green), FOXA2 (red), HTII-280 (white). Scale bar = 100 µm.

Validating genes in stalk/tip/both categories based on comparison to staining
In order to further validate the RNAseq data, I compared genes in stalk/tip/both
categories to our immunostaining results and the published literature. The stalk was
enriched with transcripts known to be important in:
1. Airway progenitors. SRY-Box 2	
   /	
   SOX2 (7) (number in brackets = fold
change stalk/tip or tip/stalk) is enriched in human stalks, which correlates with
our human tip/stalk staining (Fig. 37A&B, Fig. 39A, B&F).
2. Basal cells e.g. Tumour Protein 63 / TP63 (10) (Fig. 39A/Table 12), ProtoOncogene, BHLH Transcription Factor / MYC (68) (Table 12), Nerve Growth
Factor Receptor / NGFR (51) (Table 12), Snail Family Transcriptional
Repressor 2 / SNAI2 (53) (Table 12).
3. Neuroendocrine cell differentiation e.g. Achaete-Scute Family bHLH
Transcription factor 1/ ASCL1 (152) (Table 12) and Tubulin Beta 3 Class III /
TUBB3 (3.4) (Fig. 39B).
4. Early secretory cell fate e.g. Secretoglobin Family 3A Member 2 / SCGB3A2
(139) (Table 12) which is an early marker of differentiating secretory club
cells in mouse (Reynolds, Reynolds et al. 2002) (Guha, Vasconcelos et al.
2012).
5. Mesenchymally-expressed genes, which correlates with our ECAD staining
results (Fig. 40A). For example, Table 13 shows examples of genes enriched
in human stalk cells which are known to be mesenchymally expressed in
mouse.

	
  

161	
  

Figure 40 - Mesenchymal contamination of stalk cells. A. Table showing percentage
mesenchymal contamination of representative microdissected human tips and stalks. B. 11
pcw human lungs. Smooth muscle (SMA, white), SOX2 (red), SOX9 (green). Scale bar = 50
µm.

Interestingly, no markers of multicilogenesis were stalk-specific except for JAZF Zinc
Finger 1 / JAZF1 (4), one of the novel multiciliogenesis genes characterized in
chapter 3 which we showed to be necessary for multiciliogenesis and expressed in
multiciliated cells, as well as basal cells and secretory cells in the adult mouse upper
airway epithelium. It could be (as is our hypothesis in mouse), that JAZF1 is involved
very early in human stalk progenitor cell fate decision-making and this hypothesis
could be tested in the future. We also did not detect any of the Mucins or SAM
Pointed Domain Containing ETS Transcription Factor / SPDEF which are markers of
goblet cell differentiation (Chen, Korfhagen et al. 2009).
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Table 12 – Stalk enriched differentiation genes. Table showing stalk enriched genes
indicative of airway differentiation. Genes are categorised as being enriched in basal cells,
secretory club cells, neuroendocrine cells and multiciliated cells.
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Table 13 – Stalk-enriched genes mesenchymally expressed in mouse. Table showing
examples of genes enriched in human stalk which are known to be mesenchymally
expressed in mouse.

Neither did we detect any markers of mature secretory cells such as Secretoglobin
Family 1A Member 1 / SCGB1A1, which previous studies have shown can be detected
from approximately 12 weeks in human lungs (Khoor, Gray et al. 1996). Indeed we
also know from our staining that multiciliogenesis and goblet cell differentiation is
established later than 50 days pc in human stalk cells (we detected MCCs and goblet
cells at 16 but not 11 pcw) (Fig. 39C).
The tip was highly enriched in SRY-Box 9 /	
  SOX9 (8) as expected (Fig. 37A&B, Fig.
39 E&F). Moreover, NKX2-1 and FOXA2 were ubiquitously expressed in both tip
and stalk as expected from our immunostaining at 15pcw (Fig. 39G).

Performing GO analysis of human tip-stalk RNAseq data
Using DAVID Bioinformatics Resources 6.7, I performed gene ontology analysis on
the transcripts enriched in tip/stalk/both categories. I converted the Refseq gene IDs to
Ensemble gene IDs using the DAVID conversion tool. Then performed DAVID
functional annotation clustering selecting Panther BP and MF GO categories and
Panther pathways using a medium classification stringency. The DAVID database
converted each gene list into numbered clusters which I named manually based on the
sub-cluster GO terms within each cluster (Fig. 41A-C) (Appendix 1 https://doi.org/10.17863/CAM.25431). Some genes appeared in more than 1 cluster,
but duplicate genes within clusters were removed so that the same gene does not
appear more than once in each cluster. The limitation of the DAVID analysis was that
not all the gene IDs were mapped to a GO cluster, either due to a Refseq to Ensemble
gene ID conversion issue, or because functional annotation of all genes is incomplete
in DAVID. I was able to retrieve almost all of the unmapped IDs for the tip and stalk
categories using the ID conversion tool in BioMart (http://www.biomart.org/) and
clustered them manually. The number of unmapped IDs in the ‘both stalk and tip’
category was too large for manual clustering within the scope of this project and so
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some IDs remain unmapped in this category. As I am primarily interested in the
differences between stalk and tip, the unmapped IDs in the ‘both’ category was not an
issue.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 41 - Gene ontology of human tips and stalks. A-C. Bar charts showing percentage
of genes enriched in each gene ontology cluster in tips (A), stalks (B) and both tips and stalks
(C). D. Human tip and stalk epithelium at 8pcw. SOX2 (red), SOX9 (green), KI67 (proliferating
cells, white). Scale bar = 100 µm.
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Validating RNAseq data based on number of genes in each GO cluster
The differences between tip/stalk/both categories regarding the proportion of genes in
each GO cluster (Fig. 41A-C), are as expected, validating both the RNAseq data and
the GO analysis. For example, the highest proportion of genes in the ‘neurological’
cluster was in the stalk, which is likely to be due to the presence of differentiated NE
cells. It could also be due to contamination with peripheral nervous system (PNS)
cells, or the developmental use of gene families such as semaphorins and netrins
outside the nervous system. Many of the transcripts in the transcription cluster were
related to the downstream mechanics of transcription, for example the PolyA Binding
Proteins (PABP), which are thought to be involved in regulating pre-mRNA splicing,
General Transcription Factor 111c (GTF3C), which is involved in RNA polymerase
III mediated transcription, Splicing Factors (SF), and the RNA Polymerases (POLR I,
II and III). It therefore makes sense that the category with the highest proportion of
‘transcription’ clustered genes was the ‘both tip and stalk’ category. Likewise many
of the genes in the ‘protein and carbohydrate metabolism category encoded enzymes
involved in generic protein/carbohydrate metabolic processes such as ubiquitination
and were thus enriched in the ‘both tip and stalk’ category. There were more protein
folding and trafficking genes enriched in the stalk versus tip which we expected due
to the presence of NE cells at this gestation in the human stalk which rely on
endocytosis/exocytosis (Houy, Croise et al. 2013). There were also more transcripts in
the signalling cluster in tip than stalk likely because of the complex signalling
pathways required for multipotency. Finally, the fact that there were more genes in
the ECM/cell adhesion cluster in stalk, than in tip, is expected due to the structural
requirements of tight junction-formation in columnar epithelium and the likely
presence of a small number of differentiating smooth muscle, or other mesenchymal,
cells in the stalk samples.

GO Analysis
This next section analyses the genes in each GO cluster in detail, focusing on
differences between tip/stalk and mouse/human and on selected genes that were
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perceived to be of particular interest. The GO ‘developmental’ category is not
mentioned in detail here as the vast majority of genes overlap with other categories.

Neurological
As mentioned above, there were more genes in the neurological category in stalks
compared to tips (in fact there were no genes in this category in tip cells) and this
could be partly due to the presence of NE differentiating cells in the stalk, exemplified
by genes such as Amphiphysin / AMPH (6) (Houy, Estay-Ahumada et al. 2015), the
Synaptotagmins / SYT (3-113) (Pinheiro, Houy et al. 2016), Gamma-aminobutyric
acid (GABA) A receptors (2-13) which are expressed in human neuroendocrine
gastropancreatic cells (von Blankenfeld, Turner et al. 1995) (Yabumoto, Watanabe et
al. 2008) and Nicotinic beta 4 cholinergic receptor / CHRNB4 (5) (Kummer, Lips et
al. 2008). Indeed in the human developing lung, the first NE cells appear at 8 weeks
gestation when all other epithelial cells are still undifferentiated (Cutz 1982).
Moreover, ASCLl1 (152) which we also found enriched in stalk, is required for mouse
neuroendocrine cell differentiation (Borges, Linnoila et al. 1997, Ito, Udaka et al.
2001). There is evidence that pulmonary NE cells are endoderm rather than neuralcrest-derived (Rawlins, Clark et al. 2009, Hockman, Burns et al. 2017). By contrast,
human neuroendocrine gastropancreatic cells are neural crest derived. Hockman et al.,
extensively characterized endoderm versus neural crest-derived neuroendocrine cells
in multiple organs in multiple species (Hockman, Burns et al. 2017). They concluded
that Paired Like Homeobox 2B / Phox2B (154) and Insulinoma-Associated Protein 1 /
INSM1 (400) that we see in the stalk are only expressed in neuroendocrine cells
derived from neural crest origins. This means without further experiments we cannot
conclude which of these neuroendocrine-associated genes are truly expressed in
differentiating human lung neuroendocrine cells, versus cells from the peripheral
nervous system (PNS) that contaminated our stalk samples. Overall, this evidence
suggests that our neurological cluster genes are likely to be a mixture of NE and PNSderived. Slit homologue 3 (SLIT3) (5) is also enriched in stalk cells in this category.
Interestingly, this could have a migratory role in clustering neuroendocrine cells into
neuroendocrine bodies (NEB) in the pulmonary epithelium. (Kuo and Krasnow 2015,
Noguchi, Sumiyama et al. 2015, Branchfield, Nantie et al. 2016).
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A very small proportion of genes expressed in both tip and stalk were in the
neurological category. Genes here include genes involved in calcium transport e.g.
Intersectin 2 (ISN2), Glutamate Receptor Ionotropic N-Methyl-D-Aspartate 3B /
GRIN3B, Calcium Channel Voltage-Dependent L Type Alpha 1D Subunit /
CACNA1D, localisation of membrane proteins e.g. Syntrophin Beta 2 / SNTB2 and
sodium transport e.g. Sodium Channel Voltage-Gated Type II Alpha Subunit / SCN2A.

Protein folding and trafficking
There were more protein folding and trafficking genes in the human stalk versus tip.
Genes in this category in the stalk again included genes expressed in neuroendocrine
cells such as Synaptojanin 1 / SYNJ1 (3) which has a role in endocytosis in NE cells
(Qualmann and Kelly 2000) and Synaptosomal associated protein 25 and 91 / SNAP
(Stubbusch, Narasimhan et al. 2013) (6, 13) and the Synaptotagmins again. Indeed
several of the genes expressed in stalk in the protein folding and trafficking category
overlap with those in the neurological category. Again there is the possibility of these
genes being PNS contamination rather than NE cell-expressed. There are not many
genes in the protein folding and trafficking category in human tip cells, but genes
which were enriched included the tubulins and genes regulating transport across the
nuclear membrane such as Nucleoporin 210kDa / NUP210 (3) and Transportin 2 /
TNPO2 (2) which may be important for regulating intracellular signalling. In terms of
genes expressed in both tip and stalk in the protein folding and trafficking cluster,
most of the genes encode chaperones including Activator of Heat Shock 90kDa
Protein ATPase Homolog 2 (yeast) / AHSA2 and Heat Shock 60kDa Protein 1
(Chaperonin) Pseudogene 5 / HSPD1P5, and nuclear chaperones such as
Nucleoplasmin 3 / NPM 3.

Lipid/fatty acid/steroid metabolism
The tip has more genes in the lipid/fatty acid/steroid metabolism category than the
stalk. There is a published link between highly proliferative cells and upregulation of
the pentose phosphate pathway and glutaminolysis, in order to generate energy for
macromolecule synthesis (including nucleotides, amino acids, fatty acids and lipids)
(Sieber and Spradling 2017). It is likely therefore that the tip enrichment of these
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genes is due to the higher proliferation rate in the tip compared to the stalk. For
example, the pentose phosphate pathway gene Glutathione Peroxidase 6 / GPX6
(387) is enriched in the tip. Likewise, Fatty Acid Synthase / FASN (3) is enriched in
the tip in this cluster as are many genes involved in lipid synthesis such as Oxysterol
Binding Protein 10 / OSBPL10 (3). Stalk-enriched genes in this cluster are mainly
related to cell structure and adhesion and are covered in detail in the cell adhesion
cluster. There are few genes expressed in both tip and stalk in the lipid/steroid/fatty
acid metabolism cluster, but most are involved in the fatty acid beta oxidation
pathway such as Enoyl Coenzyme A Hydratase Short Chain 1 Mitochondrial / ECHS1
and Acyl-CoA Synthetase Medium-Chain Family Member 3 / ACSM3 and AcylCoenzyme A oxidase 2 branched chain / ACOX2.

Protein/carbohydrate metabolism
Looking at the protein and carbohydrate metabolism category, Peptidylglycine AlphaAmidating Monooxygenase / PAM (3) is an enzyme enriched in stalk cells which
catalyses the conversion of neuroendocrine peptides to active alpha-amidated
products (Simpson, Eipper et al. 2015). Similarly, there was evidence of NE cell
differentiation by stalk enrichment of Neurotrophin 3 / NTF3 (4) which is expressed
by NE cells where it contributes to neurogenic inflammation (Jornot, Lacroix et al.
2008). As mentioned earlier, these genes could be expressed by contaminating PNS
cells rather than NE cells. Erythroblastic Leukemia Viral Oncogene Homolog 2 Avian
/ V-erb-a (THRB) (21) is enriched in human stalk. Interestingly, there is no V-Erb-a
orthologue in mouse and there are no studies linking V-Erb-a to human airway
epithelia, but there is one study linking the paralogue V-Erb-b to Mucin 5AC/5AB
Oligomeric Mucus-Forming / MUC5AC and MUC5B expression in human bronchial
epithelial cells (Kettle, Simmons et al. 2010). This suggests that V-Erb-a could be
involved in goblet cell differentiation in human stalk cells and this could be tested in
the future. As mentioned earlier, rapidly proliferative cells upregulate glutaminolysis
and as such, Glutamate Pyruvate Transaminase 2 / GPT2 (5), a glutaminolysis gene,
is enriched in the tip. As well as upregulating glutaminolysis and the pentose
phosphate pathway, rapidly proliferating cells also upregulate aerobic glycolysis for
their energy demands, converting glucose to pyruvate, generating ATP and the
electron carrier NADH which is re-oxidised in the mitochondrial electron transport
	
  

170	
  

chain (Sieber and Spradling 2017). It is not surprising therefore that the glycolytic
enzyme Hexokinase Domain Containing 1 /HKDC1 is enriched in the tip (212).

Cell proliferation/apoptosis
There were more genes in the proliferation/apoptosis category in tip compared to stalk
and I hypothesise that this is due to the higher proliferation rate in tip cells. Figure
41D shows human tips (SOX9+) and stalks (SOX2+) at 8 pcw showing more KI67
staining,

indicating

active

proliferation,

in

tip

versus

stalk

epithelium

(Immunostaining was performed by Dr Marko Nikolic). Genes in this category
include cell cycle regulatory genes such as Cyclin D1 / CCND1 (2), Cyclin J / CCNJ
(3), Cell division cycle 25 / CDC25 (3), Checkpoint Kinase 1 / CHEK1 (2) and DNA
replication helicase 2 / DNA2 (2) (all enriched in the tip). Pleiotrophin / PTN (3) and
Cyclin-Dependent Kinase Inhibitor / CDKN 1B (3) & 1C (2) were enriched in the
stalk. Apoptosis-regulatory genes include Apoptosis enhancing nuclease / AEN (2)
(enriched in tip), Growth Arrest and DNA-Damage-Inducible Beta / GADD45B (9)
PERP TP53 Apoptosis Effector / PERP (2) and Galectin 1 / LGALS1 (6) (enriched in
stalk). Not surprisingly, as is the case in mouse, multipotency genes that are also GO
annotated in the proliferation/apoptosis categories, such as SRY-Box9 / SOX9 (8) and
NK2 Homeobox 1	
   /	
   Nkx2-1 (2) were enriched in human tip cells. SRY-Box 6/	
   SOX6
(2) was also enriched in human tip cells. In the rat chondrosarcoma cell line, Sox9
works with Sox6, primarily through superenhancers, to implement the growth plate
chondrocyte differentiation program (Liu and Lefebvre 2015). I hypothesize therefore
that SOX9 and SOX6 also work together in human tip cells and this could be tested in
the future. Not many genes in this category were expressed in both tip and stalk and
they seem to be mainly DNA repair genes e.g. Nei endonuclease VIII-like 1 and 3 (E.
coli) / NEIL 1 and 3 which would be crucial for maintaining the integrity of the
genetic material during this rapidly proliferating developmental phase.

Oxidoreductases
Oxidoreductases are enzymes that catalyse the transfer of electrons from an electron
donor to electron acceptor. The tip was enriched with many energy-harvesting
mitochondrial electron transport genes such as Cytochrome P450 Family 8 Subfamily
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B Polypeptide 1 / CYP8B1 (2), Cytochrome P450 Family 2 Subfamily S Polypeptide 1
/ CYP2S1 (3) and Electron Transfer Flavoprotein Beta Polypeptide / ETFB (2).
However, the stalk was also enriched in some mitochondrial electron transport chain
genes such as Cytochrome P450 Family 2 Subfamily J Polypeptide 2 / CYP2J2 (3)
Cytochrome B Reductase 1 / CYBRD1 (7). These genes may again indicate highly
proliferative cells (Mason and Rathmell 2011) and it is therefore not unexpected that
they were mainly enriched in the tip. Similarly, Adenylate Cyclase 8 / ADCY8 (509)
which catalyses the formation of cAMP from ATP was highly enriched in the tip. As
was Malic Enzyme 1 / ME1 (3), which encodes a cytosolic NADP-dependent enzyme
that generates NADPH for fatty acid synthesis (Revilla, Fabregat et al. 1987). In a
similar way to the pentose phosphate pathway, the enrichment of Malic enzyme in the
tip is again an indication of the presence of highly proliferative cells (Sieber and
Spradling 2017). Genes expressed in both tip and stalk in this cluster include (inosine
monophosphate) dehydrogenase 2 / IMPDH2 which catalyzes the oxygenation of
inosine-5’-monophosphate into xanthine-5’- monophosphate in guanine nucleotide
biosynthesis, and Peroxiredoxin 5 / PRDX5 which is plays an antioxidant protective
role in many tissues.

Ion transport
In the ion transport category, there was an abundance of genes enriched in the stalk
which have neuroendocrine (mainly synaptic) and secretory functions. Those
neuroendocrine genes differing from those mentioned above include; Secretogranin
III / SCGIII (6) (neuroendocrine secretory protein), Neuroligin / NLGN 1 (3) and 11
(2) (involved in synaptic functioning), Neurexin 1 / NRXN1 (35) (formation of
synaptic contacts), Netrin G1 / NTNG1 (4) and Netrin 1 / NTN1 (24) (synaptogenesis)
(Radhika, Govindaraj et al. 2015) and Piccolo Presynaptic Cytomatrix Protein /
PCLO (3). Again I can’t exclude the possibility that these genes are from
contaminating PNS neurons. It has been shown previously that mouse pulmonary NE
cells stain positive for Acetylcholinesterase / Ache (Cutz 1982) and we found human
stalk cells to be enriched in Butyrylcholinesterase / BCHE (22) suggesting a role for
this gene in pulmonary NE cells, which could be tested. A known function of
butyrylcholinesterase in humans is breakdown of acetylcholinesterase in the liver.
Genes enriched in the stalk with a known secretory function included; ATP-binding
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cassette transporters / ABC (2-11) which have been shown previously to be highly
expressed in human lung (Langmann, Mauerer et al. 2003) and the Solute Carriers /
SLC (2-138). In the tip, again there was a notable absence of neuroendocrine genes,
with the exception of Solute Carrier Family 1 (glial high affinity glutamate
transporter) Member 2 / SLC1A2 (3) and Gamma-Aminobutyric Acid (GABA) A
Receptor Gamma 3 / GABRB3 (2). Similar to the stalk however, the tip was also
enriched in secretory-functioning ABC Transporters (5-8) and Solute Carriers (2-47).
Also, many Solute Carriers and ABC Transporters were expressed in both tip and
stalk. The lung is a secretory organ at this stage of development and produces some of
the amniotic fluid which could account for secretory genes being expressed in both tip
and stalk (Brace and Cheung 2014). In terms of other genes expressed in both tip and
stalk in the ion transport cluster, even though the tip is more proliferative than the
stalk, were the ATP synthases. Also, there were genes involved in the transport of
ions/water across cell membranes which are major functions of epithelial cells
including

Aquaporin / AQP (ubiquitous

water

channel),

Cystic Fibrosis

Transmembrane Conductance Regulator/ CFTR (chloride channel which is known to
be highly expressed in the conducting airways of foetal lung) (McCarthy and Harris
2005), as well as other chloride and calcium channel genes.

Cell structure and motility
Tubulins / TUB and actin binding protein genes are enriched in the tip in this category
e.g. Tubulin beta 1 / TUBB1 (3), Tubulin, alpha 1C / TUBA1C (2) and Coronin actin
binding protein 2A / CORO2A (2) which may well reflect the process of branching
morphogenesis. Actin- and tubulin-based cytoskeletal systems assembly have been
shown to be important in branching morphogenesis in mouse salivary glands (Ray,
Fanti et al. 2014). In fact, Ray, Fanti et al showed that actin polymerization genes LIM
Domain Kinase	
   /	
   LIMK 1 and 2 were necessary for branching morphogenesis. LIM
domains are highly conserved structures mediating protein-protein interactions and
our human tips were enriched in Actin binding LIM protein family member 2 /
ABLIM2 (5). The involvement of ABLIM2 in branching morphogenesis in the human
tip could be tested. Human stalks were also enriched in Tubulins (2-3) and actin
binding protein genes e.g. Coronin actin binding protein 2B / CORO2B (9) and
because of the lack of multiciliated cells (MCCs) at this gestational stage, it is likely
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that

they

are

important

in

establishing

columnar

epithelium

(epithelial

morphogenesis) (St Johnston and Sanson 2011). Similarly, Ankyrin 3 / ANK3 (3),
which links integral membrane proteins to the cytoskeleton, is enriched in the stalk
and likely to be involved in columnar epithelium polarisation. The stalk was also
enriched in LIM domain binding 3 / LDB3 (5). This gene could be involved in
branching morphogenesis in the form of ‘domain branching’ whereby new buds form
from the stalk rather than from the splitting of a tip (Metzger, Klein et al. 2008).
I performed a more detailed analysis of the GO categories; ‘transcription’, ‘signalling’
and ‘ECM/cell adhesion.’ These categories were chosen because there are most likely
to be tip versus stalk differences, which could be utilized when trialling conditions for
the propagation of tip-derived self-renewing organoids. For example, in the
transcription GO category, mainly downstream effectors overlap the tip and stalk
categories, meaning that TFs, rather than transcription machinery, are specifically
enriched in tip or stalk. Not surprisingly given the multipotent nature of tip cells
versus the differentiating stalk cells, there are many tip and stalk differences in the
signalling category, and likewise there are many tip/stalk differences in the cell
adhesion/ECM category as stalk cells are forming a tight columnar epithelium,
whereas the tip cells remain more cuboidal and somewhat motile.

GO Analysis – Transcription factors

The ‘transcription’ GO category was further analysed by removing any genes which
were not transcription factors (TFs), for example genes associated with the
mechanism of transcription. The remaining list of TFs can be seen in Appendix 2
(https://doi.org/10.17863/CAM.25431).

Transcription factors in human tip epithelium
There is concordance between some TFs expressed in human tip cells (our RNAseq
data) and some genes from published data on mouse tip cells. Table 14 shows genes
annotated as TFs enriched in human tip cells which have previously identified in the

	
  

174	
  

mouse tip. These included genes that have identified functions in mouse tip cells, for
example, GATA 6 Binding Protein / GATA6 (6) which controls the balance between
progenitor expansion and epithelial differentiation	
   (Zhang, Goss et al. 2008), High
Mobility Group AT-Hook 2 / HMGA2 (2) which directly regulates GATA6 (Singh,
Mehta et al. 2014), MYCN Proto-Oncogene BHLH Transcription Factor / MYCN (2)
which plays a role in maintaining the progenitor population in an undifferentiated
state (Rockich, Hrycaj et al. 2013), and SRY-‐Box	
   9	
   /	
   SOX9 (8), which promotes
branching morphogenesis by regulating the balance between proliferation and
differentiation in tip progenitor cells (Rockich, Hrycaj et al. 2013).

Transcription factors in human stalk epithelium
As mentioned previously, we found human stalks to be enriched in genes associated
with differentiation, many of which were transcription factors (Table 12). Other TFs
enriched in stalk included; Distal-Less Homeobox 1/DLX1 (65) which is involved in
regulating several cytokine signalling pathways including Transforming Growth
Factor Beta 1 / TGFB1 (Chan, Hui et al. 2017), and therefore could be involved in
SOX2 regulation in the stalk. In mouse Grainyhead Like Transcription Factor 2 /
Grhl2, as mentioned in chapter 1, has been associated with apical-basal polarity and
MCC differentiation in the adult upper airway. However, we found Grainyhead Like
Transcription Factor 1 / GRHL1 (19) to be enriched in human stalk cells, with
GRHL2 to be expressed in both human tip and stalk cells. The role of GRH1 in the
human stalk epithelium, and whether it has a similar function to Grhl2 in mouse could
be a subject of further studies. Sp6 Transcription Factor	
   /	
   Sp6-/- mice showed
defective lung alveolarisation (Hertveldt, Louryan et al. 2008) and therefore
enrichment of SP6 (5) in human stalk cells suggests a different role, perhaps in
proliferation.

Transcription factors in human tip and stalk epithelium
Many Zinc Finger Proteins were expressed in both tip and stalk and this likely
reflects their wide range of biological functions i.e. as well as transcriptional
activation, they have roles such as DNA recognition and RNA packaging, as well as
protein folding/assembly and lipid binding (Laity, Lee et al. 2001).
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Table 14 – Transcription factors enriched in human tips with known expression in
mouse tips. Genes annotated as TFs enriched in human tip cells with known mouse
orthologues which have previously identified in mouse tip.
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GO Analysis – Cell adhesion

In this GO category, I manually sub-categorised the genes into ‘cell-to-cell adhesion’,
‘cell-to-ECM adhesion,’ ‘both cell-to-cell and cell-to-ECM adhesion’ and ‘ECM’
categories (Appendix 3 - https://doi.org/10.17863/CAM.25431).

Cell-to-cell adhesion in human stalk epithelium
Slit Guidance Ligand 1&3 / SLIT 1 (2) &3 (5) were enriched in human stalk cells and
are known to be important in cell migration and therefore could be involved in apicalbasal polarity. Indeed, as described in the introduction, the paralogue Slit 2 is thought
to be involved in regulating apical surface expansion in the mouse differentiating
airway epithelium. They are also very important chemo-attractors for neuroendocrine
(NE) cells which migrate as part of their development into sensory organoids and
could have this role in the human stalk epithelium (Obukhova and Usova 1979, Kuo
and Krasnow 2015, Noguchi, Sumiyama et al. 2015, Branchfield, Nantie et al. 2016).

Cell-to-cell adhesion in human tip epithelium
Adducin 2 / ADD 2 (2) and 3 (2) are important in epithelial cell-to-cell contact and in
the lung have been shown to be important in maintaining the structure of the lateral
membrane in mouse bronchial epithelial cells (Abdi and Bennett 2008). Surprisingly,
we found them to be enriched in human tip cells, which could be related to
maintaining epithelial identity during migration. Similarly, DSC3 / Desmocollin 3 (2)
is important in cell-to-cell adhesion in the human bronchus (Boelens, van den Berg et
al. 2007), but we found it to be enriched in human tip cells.

Cell-to-ECM adhesion in human stalk epithelium
The human stalk was enriched with genes such as TENSIN 1 (3) and 3 (2) which are
involved in attaching a cell to the extracellular matrix (ECM) and could be important
in airway differentiation during the formation of tight junctions. There could also be
some contamination from the developing smooth muscle.
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Cell-to-ECM adhesion in human tip epithelium
Nidogen 2 / NID2 was enriched in human tip cells and encodes a basement membrane
protein (Kohfeldt, Sasaki et al. 1998). It binds collagens 1, 1V and Laminin which are
important in branching morphogenesis, suggesting that there could be a role for NID2
in branching morphogenesis in human tips.

Both cell-to-cell and cell-to-ECM adhesion in human stalk epithelium
Stalk enrichment of multiple INTEGRINS (2-28) which are transmembrane cell
adhesion proteins, again suggests the importance of cell morphology/adhesion in the
formation of a columnar, luminal epithelial barrier.

ECM in human stalk epithelium
The Laminins belong to the laminin family of secreted molecules which are essential
for the formation and function of the basement membrane and also regulate cell
migration. They are also necessary for branching to occur normally (Wu and Santoro
1996), The Laminins enriched in human stalk epithelium included: Alpha 2 Laminin /
LAMA2 (2), Alpha 4 Laminin / LAMA4 (8) and Laminin Subunit Beta 3 / LAMB3 (3)
Here, they could have more of a role in regulating cell migration as progenitors exit
the tip, as well as basement membrane formation as the epithelium forms a tight
columnar barrier.

ECM in human tip epithelium
Other Laminins: Alpha 3 Laminin / LAMA3 (5) and Alpha 1 Laminin (LAMA1) (10)
were enriched in the human tip epithelium, and could have a role in branching
morphogenesis here.

ECM in human tip and stalk epithelium
Some Laminins were enriched in both tip and stalk epithelium and these maybe have
roles in both cell migration/basement membrane formation and branching
morphogenesis. These include: Laminin Subunit Gamma 1 / LAMC1, Laminin Subunit
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Gamma 2, Laminin Subunit Beta 1 / LAMB1, Laminin Subunit Alpha 5 / LAMA5 and
Laminin Subunit Beta 2 / LAMB2.

GO Analysis – Signalling
Genes in the signalling GO category were further clustered into sub-GO categories
again

using

DAVID

Bioinformatics

Resources

6.7

(Appendix

4

-

(https://doi.org/10.17863/CAM.25431). I have focused on several of these categories
below.

Wnt Signalling (Table 15).
The Wnt gene family encodes a set of signalling molecules which play an important
role in key processes of embryonic development. Both canonical and non-canonical
Wnt signalling pathways are initiated by Wnt ligands and Frizzled receptors and are
involved in regulating the proliferation and differentiation of cells. The canonical
pathway leads to β-catenin:T-cell factor/lymphoid enhancer factor-mediated gene
expression. Noncanonical Wnt signalling is mediated by intracellular calcium ion and
JNK and non-canonical signalling is also involved in planar cell polarity (PCP). Beta
catenin mediates crosstalk between canonical Wnt signalling and cadherin-mediated
cell adhesion. In mouse, canonical Wnt signalling is known to be a major regulator of
lung development and many components of the Wnt signalling cascade are expressed
in the developing lung. In fact, 5 of the 19 Wnt genes expressed in the vertebrate
genome are expressed in the mouse developing lung – Wnt2, Wnt2b, Wnt7b, Wnt5a
and Wnt11 (Volckaert and De Langhe 2015). Wnt is necessary for primary lung bud
formation in mouse and, as discussed in the introduction, in E12-16 mice, Wnt
signalling controls the pool of Sox2+ p63- stalk progenitors as they descend from the
tip. Also, again mentioned in the introduction, Wnt is involved in progenitor
differentiation in the mouse upper airway. It is also possible that non-canonical Wnt
signalling (regulating planar cell polarity/PCP) is important in branching
morphogenesis (Volckaert and De Langhe 2015).
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Table 15 – Wnt signalling in human tip and stalk epithelium. Table showing genes in the
Wnt signalling category from GO analysis of RNAseq data. Genes are split into those
differentially expressed in tip, stalk and both tip and stalk epithelium. FC = fold change
tip/stalk or stalk/tip.

Wnt signalling in human tip epithelium
The tip was enriched with	
   Lymphoid Enhancer Binding Factor 1 / LEF1 (2) (Table
15) which forms a complex with beta-Catenin in the nucleus, showing that tip cells
are secreting Wnt and responding to it.
There was enrichment of Wingless-Type MMTV Integration Site Family Member 7B /
WNT7B (8). In mouse, Wnt7b is expressed in ventral anterior foregut endoderm
during lung specification and continues to be expressed by the airway epithelium
throughout lung development, with the highest levels of Wnt7b located distally
(Volckaert and De Langhe 2015). Wnt7b-null lungs are markedly hypoplastic with
decreased replication of both developing epithelium and mesenchyme and yet display
largely normal patterning and cell differentiation (Rajagopal, Carroll et al. 2008). I
hypothesise that Wnt7B is involved in regulating proliferation in human tip cells.
WNT Inhibitory Factor 1 / WIF1 (7) was enriched in human tip cells. In mouse, Wif1
has been shown to be a target of SMAD Family Member 1 / Smad1 (BMP pathway)
and Smad1-Wif1 activation is involved in branching morphogenesis. WIF1 could have
a similar function in human lung development.

Wnt signalling in human stalk epithelium
In mouse, Wnt Family Member 2b	
   /	
   Wnt2b has been shown to be mesenchymally
expressed during branching morphogenesis (Rajagopal, Carroll et al. 2008) and it
possible therefore that the human stalk enrichment of WNT2B (7) seen here is
mesenchymal contamination.
Cadherin EGF LAG Seven-Pass G-Type Receptor 1 / CELSR1 is part of the planar
cell polarity arm of Wnt signalling which has been shown in mice to be necessary for
branching morphogenesis and maintaining epithelial integrity (Yates, Schnatwinkel et
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al. 2010). Our work showing enrichment of CELSR1 (3) in human stalks shows a
possible similar role for this gene in human airway development. There are many
more genes enriched in tip/stalk or both tip and stalk which are involved in the PCP
pathway and are discussed in the ‘cell adhesion’ category.
Wnt Family Member 4	
   /	
  Wnt 4 null mice showed lung hypoplasia and decreased tip
proliferation in the lung bud during early stages of organogenesis (Caprioli,
Villasenor et al. 2015). Our data showed WNT4 (3) enrichment in human stalks
suggesting the possibility that WNT4 has a different role later in human lung
development.
Wnt Family Member 5A / WNT 5A (5) was enriched in human stalk cells. In mouse,
Wnt5a is initially expressed at low levels in both mesenchyme and epithelium, but
becomes restricted to the distal epithelium after E12.5 (De Langhe, Sala et al. 2005).
Wnt5a null mice have overexpansion of the distal epithelium and delayed lung
maturation and it has been suggested that Wnt5 possibly antagonizes the canonical
Wnt pathway by promoting β-catenin degradation (Li, Xiao et al. 2002). Perhaps in
humans, WNT5A antagonizes the Wnt pathway in stalk rather than tip cells.
Wnt Family Member 11 / WNT11 (3) has been shown to be mesenchymally expressed
in early human embryos (Lako, Strachan et al. 1998) and it is possible that stalk
enrichment is mesenchymal contamination, or that this protein has an unknown role in
lung development.
Kringle Containing Transmembrane Protein 1 / Kremen1 is a Dickkopf Homolog 1
(Dkk1) transmembrane receptor that functionally cooperates with Dkk1 to block
Wnt/beta-catenin signalling. It modulates canonical Wnt signalling through
lipoprotein receptor-related protein 6 (LRP6). In mice, overexpression of Dkk1 in
E11.5 lung cultures led to impaired branching, again suggesting that Wnt signalling is
necessary for branching morphogenesis (De Langhe, Sala et al. 2005) and the
enrichment of KREMEN1 (5) in human stalk cells suggests a similar Wnt-regulatory
role in human airway development.
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Secreted Frizzled Related Protein 1 and 2 / SFRP1 (2) and 2 (7) are endogenous Wnt
modulators. They downregulate Wnt signalling by preventing Wnt from binding
Frizzled receptors and are detected in mouse developing epithelium and adjacent
mesenchyme (Tebar, Destree et al. 2001, De Langhe, Sala et al. 2005). Their role in
mouse airway epithelium and human stalks could be the subject of future studies.
Interestingly, there was no enrichment of LEF family transcripts in the human stalks.
This lack of LEFs, combined with the presence of the SRFPs, could suggest that
human stalk epithelium is actively dampening down canonical Wnt signalling, maybe
to inhibit multipotency or branching in the stalk.

Wnt signalling in both human tip and stalk epithelium
Most Frizzled receptors are enriched in both tip and stalk again showing that the tip
and stalk cells are receptive to Wnt (Table 15).
Interestingly, Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 / LGR5
(10) was enriched in human tip cells, whereas Leucine-Rich Repeat-Containing G
Protein-Coupled Receptor 4 / LGR4 (5) was enriched in human stalk cells. These are
R-Spondin / RSPO receptors and act as agonists to amplify the canonical Wnt
signalling pathway. Recent evidence suggests distinct roles for Lgr5 in intestinal crypt
stem cells (ISC). Here, Lgr5+ ISC differentiate unless both Wnt and RSPO ligands
are present whereby Wnt allows the RSPO ligand to drive stem cell expansion (Yan,
Janda et al. 2017). Similarly, LGR5 and LGR4 could have distinct roles in human tip
and stalk cells respectively, depending on the presence of Wnt and RSPO ligands.
Not surprisingly, RSPO1 and 2, two of the R-Spondin ligands, were enriched in both
tip and stalk, whereas RSPO3 (ligand for LGR4) was enriched in stalk (3).
As discussed above, stalk cells seem to be enriched in negative regulators of Wnt
signalling and both tip and stalk express negative Wnt regulators Axis inhibition
protein 1 / AXIN1 and Axis inhibition protein 2 / AXIN2 which degrade beta-catenin.
Axin2 has been described as a reporter of cells that have active Wnt signalling (Al
Alam, Green et al. 2011), and is known to be expressed in mouse epithelium and
mesenchyme in E13.5 lungs, but restricted to the epithelium distally (Al Alam, Green
et al. 2011).
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Fgf Signalling (Table 16)
Fibroblast growth factor / Fgf ligands bind to and activate the Fgf receptor (Fgfr)
family of receptor tyrosine kinases. Epithelial Fgfr isoforms preferentially bind to Fgf
ligands that are expressed in the mesenchyme and vice versa (Zhang, Ibrahimi et al.
2006) which is key for epithelial-mesenchyme interactions necessary for lung
development (e.g. branching morphogenesis). Downstream FGF signalling cascades
include MAPK/P13K/AKT and the phospholipaseC/Ca pathways.

Table 16 – Fgf signalling in human tip and stalk epithelium. Table showing genes in the
Fgf signalling category from GO analysis of RNAseq data. Genes are split into those
differentially expressed in tip, stalk and both tip and stalk epithelium. FC = fold change
tip/stalk or stalk/tip.

Fgf signalling in human tip epithelium
Fibroblast Growth Factor 9 / Fgf9 is a ligand known to be expressed in the
developing mouse lung. Up until E12.5 it is expressed in the epithelium and
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mesothelium and after this it is expressed in the mesothelium only (Volckaert and De
Langhe 2015). Because we found FGF9 (26) (Table 16) to be expressed in human tip
cells which had little contamination with mesenchyme, it is likely that at 7-8 weeks
gestation, FGF9 is being expressed in human epithelium. Fgf9 null lungs show
impaired epithelial branching (Colvin, White et al. 2001, White, Xu et al. 2006),
suggesting that tip expression of FGF9 in human embryonic lungs could be related to
branching morphogenesis. Indeed, it is thought that epithelial Fgf9 expression
regulates branching morphogenesis directly by activation of epithelial Fgfrs and
indirectly by regulating mesenchymal Fgfrs (White, Xu et al. 2006, Yin, Wang et al.
2011).
Fibroblast Growth Factor 20 / FGF20 (3800) is an FGF9-sub-family encoding gene
and has not previously been linked to lung development in mouse/humans. We found
it to be very highly enriched in human tip cells and the role of this gene in human
lung development could be explored in future studies. One possibility is that it is
acting redundantly with FGF9.
Fibroblast Growth Factor Receptor 4 / FGFR4 (5) was enriched in human tips.
Studies have found little Fgfr4 RNA at E18 to 22 (Powell, Wang et al. 1998, Cool,
Sayer et al. 2002), with levels rising postnatally. In keeping with this, another study
has suggested a link between Fgfr4 and postnatal alveogenesis (Powell, Wang et al.
1998). Therefore the enrichment of human tips with FGFR4 at 7 to 8 pcw points
towards a different role in human lung development which could be explored.
The Sprouty family inhibits FGF-induced Ras-MAPK activation. Sprouty RTK
Signaling Antagonist 4 /	
   SPRY4 (4) was enriched in human tip cells. In mouse, at
E11.5, E12.5 and E14.5 Spry4 was highly expressed in the distal tip of the branching
epithelium and mesenchymal cells adjacent to epithelial tips (Zhang, Lin et al. 2001).
Interestingly, it was also restricted to the distal epithelium during branching
morphogenesis at E12.5-14.5 in the salivary gland (Zhang, Lin et al. 2001). This
strongly suggests that Spry4 plays a role in branching morphogenesis in mouse and its
enrichment in human tips suggests a similar role in humans.
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Sprouty RTK Signaling Antagonist2 / Spry2 (2) was also expressed in mice at high
levels in distal tips at E11.25 (Abler, Mansour et al. 2009) and at E11.5, 12.5 and 14.5
(Zhang, Lin et al. 2001) where it has a role in regulating branching morphogensis
(Metzger, Klein et al. 2008). Again, this suggests a possible role for human tip
enrichment of SPRY2 (2) in branching morphogenesis. We also detected SPRY
protein in human tips in 10 pcw lungs (Fig. 42A, immunostaining performed by Dr
Marko Nikolic).

Figure 42 – FGF signalling in human developing lung epithelium. A. 10 pcw human
lungs. SPRY2 (green), SOX2 (red), ECAD (tight junctions, white). Scale bar = 100 µm. B. 8
pcw human lungs. FGFR2 (green), SOX2 (red), ECAD (tight junctions, white). Scale bar =
100 µm.

Fibroblast Growth Factor 1 / FGF1 (3), enriched in human tip cells, has been shown
to induce branching morphogenesis in Matrigel-embedded E11 epithelium (Goto,
Yamazaki et al. 2014) and likewise FGF1 could be involved in branching
morphogenesis in the human lung.
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Fgf signalling in human stalk epithelium
There are no studies describing Fibroblast Growth Factor 12 / Fgf12 in the mouse
developing lung, suggesting a novel role for FGF12 (6) enrichment in human stalk
cells, or adjacent mesenchyme.
Fibroblast Growth Factor 7 / Fgf7 is known to be expressed in the mouse developing
lung at E14.5 throughout the lung mesenchyme and therefore human stalk enrichment
of FGF7 (5) is likely to be due to mesenchymal contamination. Mesenchymal Fgf7
has been shown in mouse to act on the lung epithelium via Fgfr2b whereby Fgf7
induces proliferation (Shiratori, Oshika et al. 1996, Zhou, Graeff et al. 1996). In
addition, Fgf7 induced branching morphogenesis in Matrigel-embedded E11
epithelium (Goto, Yamazaki et al. 2014). It is likely that mesenchymal FGF7epithelial FGFR2 is involved in the epithelial-mesenchymal crosstalk regulation of
branching morphogenesis as it is hypothesized to do in the mouse.

Fgf signalling in both human tip and stalk epithelium
FGFR1 and 2 are expressed in both human tip and stalk cells, suggesting at least
some epithelial expression. In mouse, Fgfr1b & 2b are expressed in the epithelium
and 1c & 2c are expressed in the mesenchyme. In mouse, mesenchymal Fgfr1c and 2c
are receptors for the ligand Fgf9 which I have suggested above is likely to be involved
in branching morphogenesis regulation. Therefore in humans, epithelial tip cell
enrichment in FGF9 could be regulating branching morphogenesis by binding to
mesenchymal FGFR1 and 2 (White, Xu et al. 2006). Moreover, mouse lung epithelial
Fgfr2 expression is known to be essential for branching morphogenesis by acting as
the receptor for FGF10 from the mesenchyme. (Peters, Werner et al. 1994, Bellusci,
Grindley et al. 1997, Arman, Haffner-Krausz et al. 1998, Min, Danilenko et al. 1998,
Park, Miranda et al. 1998, Sekine, Ohuchi et al. 1999, Abler, Mansour et al. 2009,
Volckaert, Campbell et al. 2013). We detected FGFR2 protein in developing human
lung epithelium where it is likely to play a similar role (Fig. 42B, immunostaining
performed by Dr Marko Nikolic).
Fibroblast Growth Factor 2 / FGF2 is enriched in both tip and stalk cells and in
mouse the addition of Fgf2 to matrigel-embedded E11 epithelium induced branching	
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morphogenesis (Goto, Yamazaki et al. 2014), suggesting the possibility of a similar
role in human tip/stalk cells.
Fibroblast Growth Factor 18 / Fgf18 is known to be expressed in the developing
mouse lung epithelium (Volckaert and De Langhe 2015). FGF18 has been used as a
“proximilizing factor” in human iPSC to airway differentiation protocols (Wong, Bear
et al. 2012). Fgf18 deficient mice have hypoplastic lungs with decreased cell
proliferation, but unaffected epithelial differentiation (Usui, Shibayama et al. 2004).
Maybe expression of FGF18 in human tip and stalk epithelium has a similar
proliferative, rather than differentiation function.

Hedgehog signalling (Table 17)
The Hedgehog (Hh) signalling pathway is a signalling cascade that regulates
morphogenesis of the lung and other organs in a concentration-dependent manner
(Kugler, Joyner et al. 2015). Three vertebrate orthologues have been identified: Sonic
(Shh), Indian (Ihh) and Desert (Dhh). Shh is the most broadly expressed ligand and is
involved in the morphogenesis of many organs. In the mouse developing lung, Shh
signalling is involved in an epithelial-mesenchymal feedback loop with Fgf and Wnt,
regulating branching morphogenesis (Chuang, Kawcak et al. 2003, Li, Hu et al. 2005,
Herriges, Verheyden et al. 2015). Canonical Shh signalling requires the presence of
patched (Ptch) and smoothened (Smo) transmembrane receptors in order to induce the
activation of glioblastoma (Gli) zinc finger transcription factors that are the true
effectors of the pathway. Signal transduction is finely regulated by Ptch1, Gli, and
Hhip (hedgehog-interacting protein).

Hedgehog signalling in human tip epithelium
One striking finding from our data (Table 17) was the enrichment of Indian hedgehog
/ IHH (18) in human tips, whereas the orthologue Sonic Hedgehog / Shh is known to
be enriched in mouse tip cells (Bellusci, Furuta et al. 1997, Herriges, Verheyden et al.
2015). Epithelial Shh in mouse is known to be involved in the regulation of branching
morphogenesis via the downregulation of mesenchymally-expressed Fgf10 (Pepicelli,
Lewis et al. 1998, Chuang, Kawcak et al. 2003, Herriges, Verheyden et al. 2015). In
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turn, Shh is negatively regulated by epithelial Wnt5a (Li, Hu et al. 2005). In humans
IHH is known to be important in skeletal development (Horvai, Roy et al. 2012) but
there are no reports of its involvement in human lung development. We found SHH to
be expressed in both human tip and stalk cells and it would be interesting to find out
whether human tip IHH enrichment reflects a role in branching morphogenesis.

Table 17 – Hedgehog signalling in human tip and stalk epithelium. Table showing genes
in the Hedgehog signalling category from GO analysis of RNAseq data. Genes are split into
those differentially expressed in tip, stalk and both tip and stalk epithelium. FC = fold change
tip/stalk or stalk/tip.

Patched1 / Ptch1 is a downstream target and negative regulator of Shh and in mouse
at E10 its expression mirrors that of Shh in that it is expressed in the distal tips and is
again thought to be involved in branching morphogenesis. (Kugler, Joyner et al.
2015). Interestingly, we found PATCHED2 / PTCH2 (3) enriched in human tips. This
could be because this is the downstream effector of IHH in the human lung.
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PATCHED 1 was expressed in both tip and stalk, which is possibly not surprising
given that SHH was also expressed in both human tip and stalk cells.
In mouse, Huntingtin Interacting Protein 1 / Hip1, a Hh-binding protein, is known to
be a downstream effector and negative regulator of Shh in the lung and Ihh in the
endochondral skeleton (Chuang, Kawcak et al. 2003). In the lung, it was found to
interact with Fgf signalling, to control early branching. We found HIP1 (2) to be
enriched in human tip cells, suggesting a similar role in branching morphogenesis.

Hedgehog signalling in human stalk epithelium
Hedgehog Interacting Protein / HHIP (9) is an inhibitor of SHH and IHH and was
enriched in human stalk epithelium. There are no reports on the role of this gene in
the developing mouse lung although genetic variants have been associated with
chronic obstructive airways disease (Kim, Oh et al. 2013).

TGFβ-superfamily Signalling (Table 18)
Transforming growth factor β / TGFβ-superfamily signalling plays a critical role in
the regulation of cell growth, differentiation and development in a wide range of
biological systems. Signalling is initiated with ligand-induced oligomerisation of
serine/threonine receptor kinases and phosphorylation of the cytoplasmic signalling
molecules Smad2 and Smad3 for the TGF-β/activin pathway, or Smad1/5/9 for the
bone morphogenetic protein (BMP) pathway. TGFβ and BMP signalling, along with
Wnt, Fgf and Hh signalling, is thought to be key in the epithelial-mesenchymal
interactions regulating branching morphogenesis in mouse, (Bellusci, Henderson et al.
1996).

TGFβ-superfamily signalling in human tip epithelium
Interestingly, mouse tip epithelium is enriched in Bmp4 (Bellusci, Henderson et al.
1996), whereas human tip epithelium is enriched in BMP2 (2) (Table 18). In mouse,
there is evidence that Wnt and Fgf10 are upstream regulators of proximal-distal
patterning in the lung through the regulation of Bmp4. (Weaver, Yingling et al. 1999,
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Hyatt, Shangguan et al. 2004, Shu, Guttentag et al. 2005). In addition, there is
evidence in mouse that Fgf10 and Bmp4, expressed in the distal mesenchyme and
endoderm, respectively, play combinatorial roles in branching morphogenesis.
(Weaver, Dunn et al. 2000). We found that, unlike BMP2, which was enriched in
human tips only, BMP4 was expressed in both human tips and stalks. BMP2 has not
been described in human lung development previously and in mouse, Bmp2 has been
shown to be completely absent in the developing lungs (Danesh, Villasenor et al.
2009). It is possible that human tip BMP2 performs the same function as mouse tip
Bmp4.
Bmp7 is known to be enriched in mouse tip epithelium (Danesh, Villasenor et al.
2009) and is thought to be involved in branching morphogenesis and our data
suggests this may be the case for BMP7 (2) in human tips.

TGFβ superfamily signalling in human stalk epithelium
As discussed in the introduction, it is thought that TGFβ in mouse stalk epithelium
switches on Sox2 (Mahoney, Mori et al. 2014) and Transforming Growth Factor Beta
1 Induced Transcript 1 / TGFB1I1 (6) could have the same function in human stalks.
BMP5 was enriched in human stalks (5) but there is nothing known about Bmp5 in
mouse lung development. In humans, BMP5 is associated with bone and cartilage
development ,which suggests a new role for this gene in the human developing lung.
Or, alternatively, reflects stalk contamination with mesenchyme. Similarly, BMP3
(25) has previously been described in the regulation of osteoblast differentiation in
humans, and although one study found BMP3 transcripts in human bronchial
epithelium, its function in the lung is not known (Vukicevic, Helder et al. 1994).
From the signalling GO analysis, Wnt, Fgf and TGFβ/BMP pathways are prominent
in the tip epithelium and therefore we decided to focus on these pathways as a starting
point for developing self-renewal medium for tip-derived organoids.
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Table 18 – TGF superfamily signalling in human tip and stalk epithelium. Table showing
genes in the TGF superfamily signalling category from GO analysis of RNAseq data. Genes
are split into those differentially expressed in tip, stalk and both tip and stalk epithelium. FC =
fold change tip/stalk or stalk/tip.
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Self renewal of human epithelial tip-derived organoids
	
  
Factors sufficient to grow epithelial tip-derived organoids
Using the tip and stalk differences seen in the RNAseq data, along with the published
conditions used to grow adult foregut derivatives, and the literature on mouse lung
development, conditions were established to propagate lung tip multipotent
progenitors (which self-renew throughout lung development) as self- renewing
organoids (Dr Marko Nikolic established the conditions for propagating human tipderived organoids). Human epithelial tips were microdissected from 5 to 9 pcw lungs
and plated in matrigel in the presence of 7 factors: EGF (50ng/ml), FGF7 (100ng/ml),
FGF10 (100ng/ml), BMP inhibitor NOG (Noggin, 100ng/ml), Wnt agonist RSPO 1
(R-spondin-1, 5%), GSK3β (Glycogen Synthase Kinase 3 Beta) inhibitor CHIR99021
and TGFβ inhibitor SB431542 (3µM). (Huch, Bonfanti et al. 2013, Huch, Dorrell et
al. 2013, Yin, Farin et al. 2014, Swarr and Morrisey 2015). Using these conditions,
tips formed organoids with 100% colony-forming efficiency (n=303 tips from 13
individuals). Tips formed spheres within 12 hours and expanded for 6–8 days then
branched. The organoids were passaged every 14 days and as can be seen from Fig.
43A their morphology became more variable at later passages. Tip organoids retained
SOX2 and SOX9 expression over multiple passages. (Fig. 43B), were composed of a
single epithelial layer and had a lumen. Every tip organoid line isolated grew in the
same way for at least 9 passages over 4 months (Nikolic, Caritg et al. 2017). It was
concluded that activation of EGF, FGF and Wnt signalling and inhibition of BMP and
TGFβ was sufficient to grow human epithelial tips as long-term, self-renewing
organoids.

Factors necessary to grow epithelial tip-derived organoids
Using tips isolated from the same lung, the effect on tip-derived organoid growth of
the presence of all 7 self-renewing factors was compared to an absence of each one of
the factors (experiments performed by Dr Marko Nikolic). Surprisingly, SOX2+
SOX9+ organoids grew in each of the conditions tested (n=4 experiments with
different individual lungs) (Fig. 43C).
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Figure 43 – Self-renewal of human tip-derived organoids. A. Brightfield images of a single
tip taken every 24 hours for 12 days (top). Tip organoid cultures from P0, P6 and P15
(bottom). Scale bars = 1 mm. B. Human epithelial tip – derived organoids on day 14 of culture
at P0 D14 (top), P6 D14 (middle) and P15 D11 (bottom), showing SOX2 (red), SOX9 (green)
and ECAD (tight junctions, white). Scale bar = 50 µm. C. Brightfield and confocal images of
organoids at P0 D13 cultured in self renewal medium or without the indicated factors. SOX2
(red), SOX9 (green). Scale bars = 1 mm (brightfield), 50 µm (confocal).

However, compared to the self-renewing condition, all other media produced smaller
organoids. They remained extremely small at P1 (except for organoids grown in the
absence of CHIR99021 which disintegrated on passaging) and therefore subsequent
passaging was not attempted. It was concluded that all 7 factors were required for
human tip-derived organoid formation.

Exploring the effect of signalling pathways on SOX2/SOX9 expression in human
tip-derived organoids

Just as human tip epithelium co-expresses SOX2 and SOX9, our tip-derived
organoids also co-expressed SOX2 and SOX9. I explored the effects of modifying
signalling on SOX2/SOX9 expression in the organoids by exposing the organoid over
3 days, after a 7 day period of self-renewal, to various combinations of signalling
factors instead of the self-renewal (SN) medium, prior to collection and processing for
qRT-PCR analysis (Fig. 44A). In the first experiment I screened multiple different
combinations of signalling factors (Fig. 44B), which were added to the basal
medium/BM (Advanced DMEM, GlutaMaxTM, Hepes, B-27 supplement minus
vitamin A, N-2 supplement, N-acetylcysteine / NAC). EGF, Noggin and FGF7 were
always added to allow organoid growth. This experiment was carried out on
biological duplicates. Each replicate was an organoid derived from tips from an
independent human embryo. Our theories behind trialling each of the factors was as
follows: FGF7 is postulated to promote airway fate during development (Bellusci,
Grindley et al. 1997), and therefore we expected an increase in FGF7 to lead to an
increase in SOX2. We know that Wnt promotes Sox9 expression in tip cells by
inhibiting cell exit from tip. Therefore the Wnt inhibitor IWR-1 and Wnt antagonist
XAV (Tankyrase inhibitor) would be expected to result in a decrease in SOX9 and an
increase in SOX2.
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Figure 44 – How signalling affects organoid SOX2 and SOX9 expression. A. Timeline of
experiment. Organoids were set up and cultured for 7 days under self-renewal conditions.
After 7 days, the organoids were exposed to ‘modified signalling’ conditions whereby instead
of self-renewing medium, organoids were exposed to a range of signalling factors over a 3
day period. The organoids were collected on day 10 of culture for qRT-PCR analysis. B.
Graph showing fold change in SOX2 and SOX9 expression relative to self renewal conditions
(SN) analysed by qRT-PCR. Results were normalised to housekeeping gene GAPDH. BM =
basal media. Results are the average of biological duplicates. Each replicate was an organoid
derived from tips from an independent human embryo. C. Graph showing fold change in
SOX2 and SOX9 expression relative to self renewal conditions analysed by qRT-PCR.
Results were normalised to housekeeping gene GAPDH. BM = basal media. Error bars are
SEM of biological triplicates. Each replicate was an organoid derived from tips from an
independent human embryo. NOG = Noggin, XAV = tankyrase inhibitor, PD03 = MEK
inhibitor PD0325901, IWR-1 = Wnt inhibitor, DAPT = Notch inhibitor.

TGF/BMP signalling is known to promote the pool of Sox2+ stalk progenitors in
mouse (Mahoney, Mori et al. 2014), and therefore we expected Dorsomorphin, a
BMP inhibitor to lead to a decrease in SOX2 and possibly an increase in SOX9. PD03
(MEK inhibitor) inhibits Fgf signalling and a study on induced pluripotent stem cells
(iPSCs), suggests that this would promote SOX2 expression when human iPSCs were
differentiated into lung (Mou, Zhao et al. 2012). Notch is known to be important for
multiple cell fate decisions and so we thought it would be interesting to look at the
effect of the Notch inhibitor DAPT on SOX2/SOX9 expression in our tip-derived
organoids. These conditions were compared to organoids grown in self-renewal
medium (see factors listed above) and basal medium for the day7 to day10 culture
period (Fig. 44B). This experiment was done in biological duplicate (organoids
originating from lung tips from two different individuals).
The results showed that all conditions tested led to a reduction in SOX9 and an
increase in SOX2 compared to SN medium. In terms of SOX9 expression, surprisingly
even the BM led to a reduction in SOX9 expression and this could be due to a lack of
proliferating factors which are present in the SN medium. The largest reduction in
SOX9 was on increasing the dose of FGF7 from 50 ng/ml to 100 ng/ml (with
Noggin/EGF) which was not unexpected due to FGF7 being postulated to promote
airway fate. This reduction of SOX9 was dose-dependent. EGF/NOG/FGF7(50
ng/ml)/Dorsomorphin(1 µM) also led to a relatively large reduction in SOX9
expression. We expected this combination to lead to an increase in SOX9, but maybe
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this was likely offset by the addition of FGF7 and removal of some of the selfrenewal / proliferating factors present in the SN medium.
In terms of SOX2, all conditions led to an increase in SOX2 expression compared to
SN medium and again this included BM exposure which could be due to a lack of
factors inhibiting airway differentiation. The largest increase in SOX2 expression was
in organoids exposed to EGF/Nog/FGF7(50 ng/ml)/IWR-1(100 nM)/PD03(2 µM).
This fits with our hypothesis that Wnt inhibition would lead to an increase in SOX2
expression and is consistent with recently-published data from the Kotton lab that
inhibiting Wnt signalling results in iPSC-derived lung progenitors differentiating as
airway cells (McCauley, Hawkins et al. 2017).
The next highest increase in SOX2 expression was in organoids exposed to the
combination of factors EGF/NOG/FGF7(50)/XAV(10 µM)/Dorsomorphin/PD03. We
predicted that the Tankyrase inhibitor XAV and the MEK inhibitor PD03 would lead
to an in increase in SOX2 expression. However we expected the BMP inhibitor
Dorsomorphin to decrease SOX2 expression but maybe this was offset by the
combined effect of removal of some of the self-renewal / airway inhibitory factors
which were present in the SN medium and the addition of Tankyrase/MEK inhibitors.
The combination EGF/NOG/FGF7(50 ng/ml)/IWR-1/PD03/Dorsomorphin also led to
a large increase in SOX2 expression and so again maybe Wnt inhibition and removal
of self-renewal/airway inhibitory factors offset the reduction in SOX2 we expected
from Dorsomorphin.
There seemed to be some cell death in the samples exposed to EGF/NOG/Fgf7/XAV
and EGF/NOG/Fgf7/XAV/Dorsomorphin and so I have not discussed the results of
these factor combinations here.
In the follow-up experiment, this time using biological triplicates (i.e. organoids
derived from tips of 3 individual human embryos), I refined this experiment, using
different factor combinations (Fig. 44C). As most conditions in the previous
experiment led to a relatively large increase in SOX2 expression, including removal of
growth factors / airway inhibitory factors in the S/N medium (BM), I focused this
time on trying to modify SOX9 expression. As removal of the S/N factors themselves
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+/- the addition of the factor combinations tested all led to a relatively small decrease
in SOX9 expression, I wanted to see if we could decrease SOX9 expression further.
Increasing SOX2 expression and decreasing SOX9 expression would be useful if we
wanted to differentiate the organoids into airway for example. I therefore decided to
try increasing FGF7 expression again (150 ng/ml) as this had a surprisingly large
effect on reducing SOX9 expression in the previous experiment. Similarly, I also tried
a higher dose of Dorsomorphin to 10 µM (as 1 µM Dorsomorphin had a surprisingly
large effect on reducing SOX9 expression). I also increased the dose of the Wnt
inhibitor IWR-1 (150 nM) as its use in the first experiment surprisingly did not lead to
a very large decrease in SOX9 expression. Finally, I decided to try FGF18 (10ng/ml)
which we expected to decrease SOX9 expression (McCauley, Hawkins et al. 2017).
Actually, the combination of the lower dose of FGF7 (50 ng/ml) with FGF18 led to
the greatest reduction in SOX9 expression, followed by the higher dose (150 nM) of
Wnt inhibitor, then FGF18 with the higher dose of FGF7 (100 ng/ml) (Fig. 44C). BM
alone again had a relatively large effect on decreasing SOX9 expression. When FGF7
was used on its own (with EGF and Noggin), increasing the dose of FGF7 from 100
ng/ml to 150 ng/ml again reduced SOX9 expression. In terms of SOX2, as predicted,
all the conditions, including BM led to an increase in expression.
In conclusion, it is relatively straight forward using the addition/removal of signalling
factors to modify the tendency of human tip-derived organoids towards self-renewal
or differentiation to an airway or alveolar state, as exemplified by the changes in
SOX9 and SOX2 expression we have seen here.

Mouse tip microarray versus human tip RNAseq

Comparing orthologous genes in human and mouse tips

We wanted to compare genes expressed in mouse versus human tips in order to
discover if there were any important differences between human and mouse at this
stage of development. We compared a previously published mouse tip microarray
(Laresgoiti, Nikolic et al. 2016) to our human RNAseq tip data and we found that
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there was a good correlation between levels of mouse-human orthologous gene
expression, (Fig. 45A) with a Pearson’s Rank correlation (r2) value of 0.423; p<10−16.
Of note, there were more genes expressed in mouse tip than human tip, which is likely
because the dissection of the mouse tips was not as clean leading to contamination.
Indeed, Castor Zinc Finger 1	
   /	
   CASZ1, Four	
   And	
   A	
   Half	
   LIM	
   Domains	
   1	
   /	
   FHL1,
Four	
   And	
   A	
   Half	
   LIM	
   Domains	
   2	
   /	
   FHL2 and Homeobox A3	
   /	
   HOXA3 are all
examples of mesenchymally expressed genes is expressed in mouse tip cells, but not
human tip cells.
Fig. 45B and Appendix 5 (https://doi.org/10.17863/CAM.25431) show the proportion
of orthologous genes expressed in human tip cells but not mouse, mouse tip cells but
not human, and both human and mouse tip cells. Cut-offs for mean expression were 1
for the RNAseq data (RPKM) and 5 (AU) for the microarray data. It can be clearly
seen again that the majority of genes (54%, n=8850) are expressed in both human and
mouse tips, with 22% (n=3425) expressed in mouse tips only (with known human
orthologues) and 2.3% (n=348) expressed in human tips only (with known mouse
orthologues).

Orthologous human tip genes not expressed in mouse
Many of the orthologous genes expressed in human tips only have been discussed in
the ‘human tip versus stalk’ section, such as IHH. Other genes in this category
include; Iroquois Homeobox 6 / IRX6 (2.1) (number in brackets = mean RPKM), a TF
involved in patterning and regionalisation of embryonic tissues. Indeed Irx6 has been
shown to be expressed in various tissues during mouse morphogenesis such as limb
buds and the neural tube, but not in the developing lung (Mummenhoff, Houweling et
al. 2001). Dual Specificity Phosphatase 23 / DUSP23 (2) has been identified as a key
regulator in cell-to-cell adhesion and important in cell migration (Gallegos, Ng et al.
2016) but again has not ben described in the mouse (or human) lung. Roundabout
Guidance Receptor 3 / ROBO3 (1.9) and ROBO2 (1.7) were expressed in human tips
but not mouse tips. SLITs are ROBO ligands and we talked previously about the role
of SLIT1 and 3 as chemoattractors for NE cells in human / mouse stalks. The
expression of ROBO2&3 in human tips suggests a novel role for ROBO/SLIT here.
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In mouse, Foxl1 is expressed in the developing stomach and intestine where it is
involved in the control of epithelial proliferation (Madison, McKenna et al. 2009).
There are no reports of its involvement in lung development and similarly Foxl1 did
not come up on the mouse tip microarray. However, FOXL1 was expressed in our
human tips (1.3), maybe having a role in tip proliferation. Interestingly, PHOX2A was
expressed in human tips (1.6), but not in mouse tips despite the fact that mouse tips
were more contaminated with mesenchyme. As we mentioned earlier, Phox2b has
been shown to be neural crest-derived and therefore enrichment in our human stalks
was thought to be mesenchymal contamination so perhaps this is not the case for
human tip enrichment of PHOX2A. Noggin / NOG (1) was expressed in human tip
cells, but not mouse tip cells. This BMP inhibitor was used in our self-renewal
medium for tip-derived organoids due to the idea that it would promote proliferation
in human tips.
Of note, our data showed that Sprouty RTK Signaling Antagonist 4	
   /	
   SPRY4 was
expressed in human tips but not mouse tips, but, as explained in the ‘human tip versus
stalk’ section, it is known to be expressed in mouse tips and involved in branching
morphogenesis. The mean expression of Spry4 in mouse tips on the microarray was
4.5 which is just below the cut-off of 5 for being labelled as ‘expressed.’ This
highlights the issue with using arbitrary cut-offs.

Human tip genes with no mouse orthologue
There was a number of genes (489/3.2%) which were expressed in human tips with no
mouse orthologue (Fig. 45B, Appendix 6 - https://doi.org/10.17863/CAM.25431) and
2299 genes (15%) were expressed in mouse tips with no human orthologues (Fig.
45B, Appendix7 - https://doi.org/10.17863/CAM.25431).
The list of genes expressed in human tips with no mouse orthologues was explored
further. GO analysis was performed using DAVID Bioinformatics Resources 6.8. The
list of genes was uploaded as a list of Official Gene Symbols and functional
annotation clustering was performed using CC Fat, BP Fat and MP Fat.
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Figure 45 – Human tip versus mouse tip transcriptome analysis. A. Scatterplot showing
mean microarray signal versus mean log-transformed RPKM for each orthologous gene
2
−16
identified. r = 0.423; p<10 . B. Proportional Venn diagram showing the proportion of
orthologous genes shared between mouse tip and human tip (grey) as well as orthologous
genes expressed in human tip only (red) and mouse tip only (blue). The yellow circle
represents genes expressed in human tips with no mouse orthologues and the green circle
those genes expressed in mouse tips with no human orthologues. Cut- offs for expression
was 1 for RNAseq and 5 for microarray.

Annotation clusters were manually selected according to relevance and also manually
named using the sub-cluster names annotated by DAVID. Enrichment scores for each
cluster were taken directly from DAVID. A gene does not appear more than once in
each cluster but may appear in more than one cluster (Appendix 8 /
https://doi.org/10.17863/CAM.25431).	
  
	
  
DNA/Protein binding (enrichment 44)
RNA Binding Motif Protein 23 / RBM 23 (13) (number in brackets = RPKM) encodes
an RNA-binding protein and it may be involved in the pre-mRNA splicing process.
(Dowhan, Hong et al. 2005). There is some evidence that it is expressed in human
lung (UniProtKB-RC). S-Phase Response (Cyclin Related)	
   /	
   SPHAR (6.2) is thought
to be involved in regulating DNA replication (Digweed, Gunthert et al. 1995) and
there is known to be some expression in the human lung (UniProtKB-RC). There are
no studies on SPHAR function in the developing lung. KRAB box domain containing
1 / KRBOX1 (2.1) encodes a DNA-binding protein but not much is known on its
function, other than a link to early-onset pre-eclampsia (Nevalainen, Skarp et al.
2017). It is thought to be expressed in the human lung (UniProtKB-RC). RNA
Polymerase II Subunit J2 / POLR2J2 (6.4) and RNA Polymerase II Subunit J3 /
POLR2J3 (5.3) are members of the RNA polymerase II subunit 11 gene family. The
founding member of this family (RNA Polymerase 2 Polypeptide J) encodes a subunit
of RNA polymerase II. It is unclear if POLR2J2 and POLR2J3 express proteins as it
is possible that spliced variants are subject to nonsense-mediated decay (Marzluff,
Gongidi et al. 2002). THAP Domain Containing /	
   THAP genes (2-11) encode a family
of proteins sharing an N-terminal Thanatos-associated domain. This Thanatosassociated domain contains a zinc-finger domain similar to DNA-binding domains.
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They have been associated with endothelial cell proliferation (Cayrol, Lacroix et al.
2007) but they are not known to be expressed in the lung (Roussigne, Kossida et al.
2003). Transcription Elongation Factor A Like / TCEAL 2 (6) and 4 (105) are
members of the TCEAL family. This family contain TFA domains and modulate
transcription. They are known to be expressed in the human nervous system but not
the human lung (UniProtKB-RC). There are many zinc finger transcription factors in
this DNA binding group which are expressed in human tips with no mouse
orthologues. Some of these are recognized as being expressed in the human lung such
as Zinc Finger Protein 573 / ZNF573 (2.1) (UniProtKB-RC) although their functions
here are unknown.

Immunity (enrichment 0.25)
CD58 Molecule / CD58 (1.9) encodes a protein which functions in the adhesion and
activation of T lymphocytes. It has been shown to be expressed by human alveolar
epithelial cells (Cunningham and Kirby 1995). Fc Fragment Of IgA Receptor / FCAR
(1.9) encodes a receptor for the Fc region of IgA where it mediates immune response
to pathogens but it has not previously been described in the human lung. Interferon
Alpha Inducible Protein 6 / IFI6 (2.5) is one of the many genes induced by interferon
and may play a role in apoptosis. Again it is not known to be expressed in the human
lung. Interferon Induced Protein With Tetratricopeptide Repeats 5 / IFIT5 (3) is again
interferon-induced but this time is an RNA-binding protein involved in the human
innate immune response. It specifically binds to viral single-stranded RNAs. IFIT5
has been shown to be expressed by human lung epithelial cells in response to Dengue
Virus and was shown to have a role in apoptosis (Hsu, Shi et al. 2013).
Transmembrane And Immunoglobulin Domain Containing 2 / TMIGD2 (1.4) interacts
with HHLA2 to co-stimulate T-cells, enhancing T-cell proliferation and cytokine
production. It is widely expressed and known to be expressed by bronchial epithelial
cells (Janakiram, Chinai et al. 2015).
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Cell adhesion (enrichment 0.13)
FIBRILLIN3 / FBN3 (31) encodes a member of the fibrillin protein family which are
extracellular matrix molecules that assemble into microfibrils in many connective
tissues including the developing lung. Fbn3 has been inactivated in the mouse
genome, perhaps during chromosome fission events (Corson, Charbonneau et al.
2004). CD99 Molecule / CD99 (9.6) is a cell surface glycoprotein involved in T-cell
adhesion and it is expressed in the human lung (Edlund, Lindskog et al. 2012).

Fatty acid/carbohydrate metabolism (enrichment 0.1)
Enolase Superfamily Member 1 / ENOSF1 (3.8) plays a role in the catabolism of Lfructose, a sugar which forms part of cellular glycoproteins. It has not been previously
described in the human lung. The protein produced by the gene Fatty Acid Amide
Hydrolase 2 / FAAH2 (3.4) is able to catalyse the hydrolysis of a wise range of
bioactive lipids and is known to be expressed in human lung (UniProtKB-RC). A
second N-acylethanolamine hydrolase has been found in mice which may perform a
similar function (Ueda, Tsuboi et al. 2005).

Mitochondria (enrichment 0.08)
Cytochrome C Oxidase Assembly Factor 1 Homolog / COA1 (21) encodes a protein
which regulates cytochrome c oxidase assembly (part of the respiratory electron
chain). It has not been previously reported in the lung. Methyltransferase Like 12 /
METTL12 (1.8) encodes a human mitochondrial methyltransferase (Rhein, Carroll et
al. 2017) which again has not previously been reported in the lung. TRNA
Methyltransferase 61B / TRMT61B (3.8) is another methyltransferase which catalyzes
the formation of N(1)-methyladenine in various tRNAs in mitochondrion including a
modification in mitochondrial 16S ribosomal tRNA which is important for
mitoribosomal structure and function. It has been shown to be expressed in the human
nervous system (Bar-Yaacov, Frumkin et al. 2016) but not the human lung.
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Protein trafficking (enrichment 0.03)
ARL17A & B / ADP Ribosylation Factor Like GTPase 17A (11.3) and B (21) are
involved in protein trafficking in the form of vesicle budding and uncoating within the
Golgi apparatus. They have not been described in the lung (UniProtKB-RC).
Ribosomal Protein L26 Like 1 / RPL26L1 (17.5) encodes a ribosomal protein involved
in mRNA translation. This gene is known to be mainly expressed in the human lung
but its function is not known (UniProtKB-RC). Ribosomal Protein L41 / RPL41
(2600) encodes another ribosomal protein that is a component of the 60S subunit and
is again involved in mRNA translation. It is also known to be expressed in the human
lung (Yin, Xu et al. 2004).

In summary, the majority of orthologous genes expressed in human lung tips were
also expressed in mouse lung tips. There were some orthologous genes expressed in
human tips only, but more in mouse tips only, and some of this is likely explained by
mesenchymal contamination. There were a relatively small number of genes
expressed in human tips with no mouse orthologue and mouse tips with no human
orthologue which may be explained by evolutionary divergence. Many of the genes
expressed in human tips with no mouse orthologue have not been previously
described in the lung, highlighting future possible research potential. There should be
some caution in interpreting these results due to the fact that we are comparing
RNAseq with microarray data.
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Discussion
	
  
At 8 pcw the human lung epithelium consists of multipotent self-renewing SOX9expressing tip cells which migrate proximally to produce SOX2 positive stalk
descendants which are committed to an airway fate. Through the process of RNAseq
gene analysis, comparing gene expression profiles of human tip and stalk epithelium;
we have been able to identify key differences which we have utilized in the
propagation of epithelial tips as self-renewing organoids. Of note, it was clear during
this analysis is that most of genes were expressed in both tip and stalk. Our selfrenewing organoids were SOX9 and SOX2 positive and I used this as a basis to
explore how various signalling pathways can change this expression with a view to
shifting cell fate in the longer term. One thing we learnt from this is that each of our 7
factors was required in our ‘self-renewal’ medium to maintain organoid growth and
indeed SOX9 expression. Our experiments looking at altering SOX2 and SOX9
expression could be used to ‘push’ self-renewing organoids into an airway or alveolar
fate and thus these organoids are a valuable tool for studying human airway
development. Because these organoids can be passaged over many months and
maintain their self-renewing ability, this limits the need for the use of human embryos
and the associated ethical implications.
In terms of genetic manipulation of these organoids, it is possible to delete selected
genes using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Cas9 via lentiviral transduction, a technique which has already been successful in the
Rawlins laboratory (Dawei Sun) and on human organoids from other tissues (Nie and
Hashino 2017). This relatively straightforward technique has huge implications for
our tip-derived organoids and further analysis of genes that I have noted as interesting
from our RNAseq data.
It also became clear during our RNAseq analysis that there were some interesting
differences between human and mouse tip epithelium (on comparison to a previously
published microarray). Most notable were IHH which is expressed in human tips, but
not in mouse which expresses Shh; and BMP2 which is expressed in human tips
compared to Bmp4 in the mouse, posing the question as to whether these human genes
perform the same function as the already characterized paralogues in mouse.
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In actual fact, the vast majority of genes expressed in human tips were also expressed
in mouse. There was a relatively small number of genes expressed in human tips
which have no mouse orthologues which mainly appear in the DNA/Protein-binding
category on GO analysis (Appendix 8). This disappearance of genes from the mouse
genome, or appearance in the human genome, is likely to be part of an evolutionary
selection process and suggests that paralogues must be performing a similar function
in mice to their human counterparts.
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Conclusion
	
  
Exploring the genetic differences between human tip and stalk cells has highlighted
pathways which are important in maintaining tip cell multipotency (most notably
Wnt, Fgf, and TGFβ/BMP signalling pathways). These pathways have been used to
generate conditions for the propagation of tip-derived organoids.
Comparing human and mouse tip gene expression profiles has also highlighted some
likely evolutionary interspecies differences which again emphasizes the need for
studies

on

human

tissue,

for

which

tip-derived

organoids

and

their

differentiation/genetic manipulation potential can be of use.
Throughout this analysis, many novel genes have been found in the developing lung
which have not been described before, which could be the subject of future studies.
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Chapter 5
Discussion

We have studied factors affecting stem/progenitor cell fate in mouse and human
lungs. In mouse, we focused on the pathway regulating multiciliogenesis in the upper
airway, i.e. which factors are involved in promoting a multiciliated cell fate in
embryonic mouse tracheal progenitor cells and adult mouse tracheal epithelial cell
cultures (basal stem cells). Multiciliated cells (MCCs) form the basis of the
mucociliary escalator, whereby mucus and trapped debris is expelled from the lungs
by coordinated beating of cilia on the apical surface of MCCs. When the mucociliary
escalator is not functioning effectively, chronic infection and irreversible lung damage
can occur. Multiciliogenesis is therefore an essential part of airway epithelial
development and homeostasis/repair in the adult airway epithelium. The regulation of
multiciliogenesis is gradually being unravelled and is a complex interaction between a
cascade of transcription factors (TFs). There is still a significant discrepancy between
the large number of known cilia assembly/motility genes and the relatively small
number of known regulatory genes. We aimed to identify novel TFs regulating
multiciliogenesis in the mouse upper airway, which is representative of the entire
human airway epithelium. Through this process, I importantly optimized the culturing
conditions for the development of multiciliated cells (MCCs) in mouse tracheal
epithelial cell cultures (MTECs), prior to confirming through lentiviral knockdown
the necessity of 2 TFs in this process; Fank1 and Jazf1. These had previously been
identified as possible candidates through a microarray performed by Dr Emma
Rawlins and a functional overexpression assay in mouse embryonic tracheas. The
main implication of this result is that we have found another piece of the jigsaw
puzzle which is the complex pathway regulating multiciliogenesis in mouse.
Understanding this is important because there are several conditions where one of the
pathological features is either reduced MCC number (e.g. Cystic Fibrosis, chronic
asthma), or cilia which don’t function effectively (e.g. primary ciliary dyskinesia),
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both of which lead to ineffective mucociliary clearance and airway damage as a result
of recurrent chest infections and airway inflammation. Cell replacement therapy, for
example by differentiating gene-corrected adult airway stem cells (basal cells)
towards a MCC fate in vitro and then transplanting them, could be a future viable
treatment option for these patients. Indeed the respiratory epithelium is anatomically
accessible for transplantation (Ghosh, Ahmad et al. 2017) This would not be possible
without understanding the genetic pathways regulating multiciliogenesis in normal
development/adult airway homeostasis.
Since commencing this project, CRISPR has become a widely used method to knock
out genes. Instead of using lentiviral shRNA knockdowns, I could have used CRISPR
to knockout the Fank1/ Jazf1 genes in MTECS (Chu, Rios et al. 2015), but at the time
of the study this would have been difficult in basal cells. The recent advance of clonal
expansion of basal cells now makes this a much more viable option (Gao, Bali et al.
2015, Butler, Hynds et al. 2016, Mou, Vinarsky et al. 2016). Nevertheless, lentiviral
shRNA knockdown in MTECs seems to be a robust system for testing candidate
multiciliogenesis genes, although the outcome is dependent on the efficiency of the
knockdown.
The functional screening of candidates identified in the microarray of FOXJ1-GFP
cells by overexpressing genes using electroporation in mouse embryonic tracheal
epithelial progenitors is an efficient way of screening relatively large numbers of
genes. The limitation of this approach is that relatively few cells tend to be
successfully electroporated, and therefore relies on a phenotypic outcome rather than
detection at a molecular level (e.g. qRT-PCR).
Based on our qRT-PCR data, we have been able to postulate where Fank1 and Jazf1
sit in the multiciliogenesis hierarchy, but this could be confirmed using CRISPR to
obtain a more robust knock-out which may or may not have a more robust phenotype
and RNAseq/ChIPseq, rather than qRT-PCR, to look for downstream effects. As
many of the multiciliogenesis genes have direct targets on cilia assembly/motility
genes as well as on downstream TFs, the effect of Jazf1/Fank1 knockdown on cilia
motility as well as cilia ultrastructure could be assessed using a high-resolution
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differential interference contrast microscope (Al Omran, Saternos et al. 2015) and
electron microscopy respectively.
Testing these results in vivo using knockout mice would be my ultimate goal. I have
also explored the possibility of using HA-pseudotyped virus to infect tracheal
epithelium in vivo (adult mice) with the Fank1/Jazf1 shRNA constructs. Although, as
I have shown, MTECs can be transduced relatively efficiently with the commonly
used VSV-G-pseudotyped lentivirus, it has been shown that there are a lack of
receptors for the VSV-G envelope protein on the apical surface of airway epithelium
(Goldman, Lee et al. 1997, Johnson, Mewshaw et al. 1998, Wang, Slepushkin et al.
1999, Johnson, Olsen et al. 2000). Recently, it has been shown that the efficiency of
lentiviral vector entry into airway epithelium can be increased by using lentivirus
pseudotyped with the Haemagglutinin (HA) envelope protein (subtype H7) from a
highly pathogenic strain of avian flu virus. HA-pseudotyped vectors have been
successfully used to efficiently deliver genes to the airways of adult and neonatal
mice via intranasal administration (Patel, Giddings et al. 2013). Thus knocking down
Fank1 and Jazf1 in vivo could potentially be achieved via administration to adult
mice of intranasal HA-pseudotyped Fank1/Jazf1 shRNA lentivirus. This would have
the benefits of being able to observe the effects of the knockdowns on the airway
epithelium in vivo, without the potential lethality or developmental abnormality issues
of generating knockout mice. The potential issue with this technique is the relatively
slow turnover of the respiratory epithelium during homeostasis which could be
overcome by exposing transduced airway epithelium to injury.
I discussed in chapter 3 the evidence that multiciliated cells can be derived from the
transdifferentiation of secretory cells. Just as overexpression of Fank1/Jazf1 in
embryonic tracheal epithelium pushed progenitors to a MCC fate, using this system
we could test the hypothesis that overexpressing Fank1/Jazf1 in goblet cells can
reprogram them to a MCC fate. It is known that IL13 can promote goblet cell
hyperplasia and in a pilot experiment I was able to induce goblet cell hyperplasia in
embryonic mouse tracheas which had been microinjected/electroporated with a
control-GFP plasmid. The next step would be to expose embryonic tracheas to IL13
in order to induce goblet cell formation prior to Fank1/Jazf1-GFP overexpression
then fix and use staining/cell counting to see if there was a difference in GFP positive
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goblet cell/MCC numbers compared to Control-GFP overexpression. One problem I
faced with this experiment was that the mucus cell hyperplasia was quite patchy
which could have been IL3-dose related or a problem with the closed mucus-filled
lumen not having continuous access to IL13. If this was the case we may also have
issues with microinjecting a mucus-filled trachea and so maybe the trachea would
require washing out prior to microinjection.
I could also test the function of FANK1 and JAZF1 in human airway epithelium,
which could be feasible using the human organoids described in chapter 4 which are
derived from epithelial tip cells. These organoids are self-renewing SOX2 and SOX9 expressing (resembling multipotent human tip cells) and have the potential to be
differentiated into bronchiolar/alveolar fates. FANK1 and JAZF1 could be knocked
down using lentiviral shRNA or CRISPR in these organoids prior to airway
differentiation. Alternatively, FANK1 and JAZF1 could be knocked down in human
airway epithelial cell (HAEC) cultures derived from epithelial cells from the human
adult airway.
In summary, in chapter 3 I looked at the regulation of cell fate decision-making,
focusing on multiciliogenesis, in the mouse embryonic tracheal epithelium and MTEC
cultures. In chapter 4 I studied cell fate decision-making in human embryos, focussing
on the lower airway epithelium/respiratory epithelium, with a view to understanding
what keeps multipotent tip epithelium at the pseudoglandular stage of lung
development capable of self-renewing. The ultimate aim was being able to use this
information to generate optimal conditions for self-renewing human tip-derived
organoids.
Human organoids are an invaluable research tool, allowing the study of human
development in vitro by the growth of a 3D simplified version of an organ. This
massively reduces the need for human embryos and associated implications. In terms
of the lung, tip-derived organoids have the potential to be differentiated to airway and
alveolar lineages. This would have massive research potential in terms of filling in the
gaps in knowledge regarding regulation of cell fate decisions during differentiation,
which is poorly understood in human development.
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Finding the optimum conditions for propagating tip-derived organoids involved
comparing expression profiles of tips and stalks. I also highlighted important
differences between mouse tips and human tips in terms of gene expression profiles,
which supports the need to investigate human lung development.
In terms of future potential of the tip-derived organoids, the first obvious step is, as
mentioned, differentiation into airway and alveolar lineages. Again, in my tip versus
stalk transcriptome analysis, I have highlighted some key differences which could be
used to establish a differentiation protocol. Indeed I have demonstrated by
manipulation of key signalling pathways that it is relatively easy to modify SOX9 and
SOX2 expression in the organoids.
We could look at the effect of knocking out genes in human tip-derived organoids
relatively easily using lentiviral CRISPR. One example of where this could be useful
are the Ephrins. It has been shown in the small intestine of adult mice, that the
Ephrins are important in sorting of cell populations so that stem cell progenies occupy
certain positions within the intestinal epithelium. (Batlle, Henderson et al. 2002). Our
RNAseq analysis showed that some Ephrins/receptors are differentially expressed in
the tip (Appendix 4 / https://doi.org/10.17863/CAM.25431) (e.g. EPH receptor A2
/EPHA2, EPH receptor A7/EPHA7, EPH receptor A4/EPHA4, Ephrin-B2/EFNB2)
whilst others are differentially expressed in the stalk (e.g. EPH receptor A3/EPHA3,
EPH receptor B1/EPHB1). It is possible that Ephrins are important in determining
tip-stalk boundaries and one way we could explore this further would be to knock out
one of the Ephrins in bronchiolar-differentiating human tip-derived organoids and see
the effect on downstream genes (including other Ephrins) and the cell types within
tips versus stalks. For example, are multipotent SOX9-expressing progenitor cells still
restricted to the tip? Of note, it is possible that the Ephrins we detected were vascular
contamination.
We could also use CRISPR knockout of SOX9 in tip-derived organoids as an
intermediate step towards bronchiolar differentiation. This is in view of the fact that
bronchiolar progenitors express SOX2 but not SOX9.
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In my tip versus stalk and mouse versus human tip expression profile comparisons I
also highlighted many genes with unknown functions in human lung epithelial
development. These could also be explored by genetic knockdown in the human tipderived epithelial organoids.
These are just some examples of where genetic knockout in human tip-derived
organoids would be useful but the possibilities are large. There is also a question of
further optimisation of in vitro differentiated airway or alveolar organoids, for
example, the organoids are epithelial, with a lumen. In utero and postnatally, the lungs
are exposed to stretch. In mice this alters signalling pathways (Correa-Meyer, Pesce et
al. 2002) and the possibility/effect of exposing the human organoid lumen to stretch
could be explored. Another possibility is adding endothelial cells to the organoids
with the idea of forming gas-exchange units.
In summary, we have used expression differences between tip and stalk cells in
human embryonic lungs to optimise conditions for growing human tip-derived
organoids, which have huge research potential in terms of studying human lung
development. There is on-going work on differentiating human induced pluripotent
stem cells (IPS cells) into lung epithelial lineages/organoids (Dye, Dedhia et al. 2016,
Konishi, Gotoh et al. 2016, Chen, Huang et al. 2017, Hawkins, Kramer et al. 2017,
Jacob, Morley et al. 2017, McCauley, Hawkins et al. 2017, Yamamoto, Gotoh et al.
2017, Miller, Hill et al. 2018). The obvious advantage of using tip-derived organoids
over IPS cells is the starting point of tissue-specific multipotency rather than
pluripotency, making it relatively easier to differentiate a tip-derived organoid into
lung epithelium. Indeed, most of the studies so far using IPS cells use engraftment as
a means to differentiate into lung epithelial lineages. The obvious advantage of IPS
cells is that as they are derived from adult tissue, avoiding the need for human embryo
use. Maybe the work we have done on establishing/differentiating tip-derived
organoid culture conditions can be translated into optimising IPS differentiation
conditions.
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Overall Conclusion and Future Directions
The airway/respiratory epithelium is maintained in the adult during homeostasis and
repair, and during embryonic development by tightly regulated cell fate decisions,
from the progenitor/stem cell level, through to fully differentiated airway cells, which
may or may not themselves transdifferentiate. This regulation takes the form of
complex transcription factor and signalling cascades which are being continuously
unravelled. (Perrimon, Pitsouli et al. 2012). Here, I have identified 2 novel
transcription factors, Fank1 and Jazf1, which form part of the complex transcription
factor cascade regulating the specification/differentiation of MCCs in adult and
embryonic mouse tracheas, and it is possible that we can extrapolate these findings to
human airways. It is not until we fully understand the regulation of multiciliogenesis
that it will be possible to look at ways of pushing basal cells towards a MCC fate for
purposes of cell replacement therapy, for example in patients with mucociliary
disease.
The regulation of human SOX9+ lung tip cell multipotency and differentiation during
lung development is poorly understood and our comparison of tip human versus stalks
transcriptomes has provided some insight. We particularly focused on signalling
regulatory pathways which were utilised in optimising conditions for propagating
self-renewing tip-derived organoids. These organoids have the potential to be
differentiated into bronchiolar and alveolar fates and as such are an invaluable
research tool for studying human lung epithelial development. Indeed my human tip
versus mouse tip comparison has highlighted that although there are many
similarities, there are also differences between human and mouse lung epithelium
development, emphasizing the need for research on human tissue. We could use
human tip-derived organoids to address the question whether the 2 novel
multiciliogenesis genes we found in mouse have the same role in developing human
airway epithelium.
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