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miR-205: A Multifaceted microRNA Essential for Lacrimal Gland Development 
 

By D’Juan Tyree Farmer 

Abstract 

While microRNAs are critical in various organs during development, their roles during 

ectodermal appendage development remain underappreciated. This body of work encompasses 

research focused on a microRNA, miR-205, which is enriched in the skin and several 

ectodermal appendages, including teeth, hair follicles, and various glands. We have identified 

miR-205 as an essential microRNA for murine postnatal survival. By postnatal day 7, 50% of 

knockout mice were runted and these mice died by postnatal day 14.  Knockout animals 

developed prominent skin defects that emerged postnatally. However, the skin barrier function 

remained intact. In addition, we uncovered an embryonic phenotype in an important ocular 

supporting gland known as the lacrimal gland, a gland we profiled extensively. Indeed, we 

uncovered novel features of epithelial cell lineage commitment and identified progenitors pools 

in the adult lacrimal. When we deleted miR-205, More than 70% of lacrimal glands were 

missing. By evaluating lacrimal development in control and knockout mice, we revealed that 

miR-205 is required for early lacrimal gland development, and specifically lacrimal gland 

initiation. Mechanistic investigation uncovered several miR-205 targets, including Inppl1 and 

Cadm1, known negative regulators of Akt signaling. Furthermore, we demonstrated that Akt 

signaling is activated downstream of Fgf10, the established inducer of lacrimal gland 

development. Combinatorial deletion of miR-205 and Fgf10 completely inhibited lacrimal 

initiation in 100% of mice, suggesting a possible genetic interaction between the two genes. 

Together, these data illustrate the important roles of miR-205 during embryonic and postnatal 

development. Furthermore, this work uncovered a variety of new, relevant, and important 

information about lacrimal gland development and the role of microRNAs during murine 

development.  
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Chapter 1 − General Introduction 

Introduction 

 The surface ectoderm is a single epithelial sheet that gives rise to the epidermis, the outer 

epithelium that covers and protects animals. However, the surface ectoderm is also the source 

of numerous other tissues, including hair, teeth, and many glands. While these organs, termed 

ectodermal appendages, exhibit diverse structures and have unique functions, they undergo a 

stereotypical set of early developmental decisions [1]. The first common developmental stage is 

the formation of a placode, a thickened epithelial sheet, in response to environmental cues (Fig. 

1). This newly formed placode invaginates toward signals secreted from the underlying 

mesenchyme and will later elongate, branch, and differentiate to form a complex functional 

organ. Key developmental pathways, including FGF signaling, BMP signaling, and Wnt 

signaling, govern these activities. While ectodermal derived organs share common features at 

early stages, they require distinct developmental signals and are driven by unique 

transcriptional programs. Indeed, the diverse regulatory units necessary for the development of 

each ectodermal appendage have been heavily investigated. Until recently, the regulatory 

networks that govern the development of ectodermal appendages have been limited to protein-

coding genes. However, over the past decade, evidence has accumulated describing a 

developmental role for noncoding RNA genes in these organs. 

MicroRNAs in mammalian development 

 MicroRNAs are small noncoding RNAs that function to regulate gene expression post-

transcriptionally.  Generally, microRNAs reduce mRNA levels by binding to the 3’ UTR of 

mRNAs and leading to mRNA degradation [2]. These small noncoding RNAs are present in a 

wide range of species and many are highly conserved. The first microRNA identified was 

discovered from a C. elegans mutant with defects in larval development, immediately 

establishing a role of microRNAs in developmental pathways [3,4]. Since this seminal discovery, 

microRNAs have been established as important regulators of development in a variety of organs 
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in mammals [5–8]. Their biogenesis has been thoroughly investigated and reviewed [9].  

However, how single microRNAs and microRNA families, which share common target genes, 

control the development of ectodermal appendages remains an active field of study. Unlike 

animals that lack many ectodermal appendages present in humans, the mouse is an excellent 

model for ectodermal appendage development. Over the past decade, researchers have 

employed mouse models to identify important roles of microRNAs in ectodermal appendages. 

Together, these studies have uncovered a pattern of microRNAs intersecting with major 

developmental pathways to regulate tissue growth and development. In this introduction, I will 

highlight advances in our knowledge of how microRNAs control the development of ectodermal 

appendages through signaling regulation. In addition, I will introduce a microRNA, miR-205, that 

may be involved in ectodermal appendage development.  

MicroRNAs in hair follicle development 

 Several studies have established that microRNAs are critical regulators of hair 

development and growth. The earliest evidence for a requirement of microRNAs in hair 

development came from removing proteins required for microRNA biogenesis. Genetic deletion 

of Dicer1 using a Keratin 14-Cre, an epithelial restricted Cre, resulted in stunted hair follicles 

that were hypoproliferative and mis-oriented [10,11]. In addition, several markers of hair follicle 

differentiation and hair follicle stem cells, including Sox9 and Keratin-15 respectively, were 

reduced, indicating a failure to properly mature and differentiate [11]. Similar phenotypes were 

observed when DGCR8 was conditionally deleted in the skin [12].  These early studies reveal 

the necessity of microRNAs for proper hair follicle development. However, it is difficult to 

ascertain which microRNA(s) are responsible for these phenotypes as a compendium of 

microRNAs are altered. To truly understand the molecular mechanisms of microRNAs in hair 

development, analysis of individual microRNAs and microRNA families is warranted. 

 Recent studies have attempted to address the role of single microRNAs in hair follicle 

development. To identify microRNAs differentially expressed in the different compartments of 



	 3 

the developing skin, microRNA profiling of specific cell populations in the postnatal skin was 

performed, revealing differential expression of microRNAs [13]. The microRNA miR-125b was 

enriched in Sox9 expressing cells in early skin development, a population that gives rise to adult 

hair follicles [13]. To evaluate the function of miR-125b during skin development, researchers 

established an inducible miR-125b mouse line. Sustained expression of miR-125b blocked hair 

growth, illustrating the impact of miR-125b mis-expression on proper hair follicle differentiation 

and growth. The authors identified Vdr mRNA, encoding the Vitamin D receptor, as a miR-125b 

target and illustrated that the overexpression phenotype could be dampened by increasing the 

levels of the Vdr ligand [13]. These results suggest that miR-125b levels must be robustly down-

regulated to ensure proper signaling via Vdr, which is necessary for hair follicle development 

[14,15]. Together, these studies implicate microRNAs as modulators of key pathways necessary 

for normal hair follicle development. While these studies highlight the early stages of 

understanding the microRNAs that govern hair development, they also demonstrate that even 

individual microRNAs control important decisions during this process.  

MicroRNAs in tooth development 

 Similar to studies in hair follicle development, researchers first assessed the requirement 

of key microRNA biogenesis proteins to uncover the function of microRNAs during tooth 

development. A number of studies achieved this using various Cre lines to conditionally delete 

Dicer1. Epithelial deletion of Dicer1 using a Keratin 14-Cre resulted in aberrations in tooth 

shape and enamel formation, likely due to impaired ameloblast differentiation [16]. Similarly, 

epithelial specific ablation of Dicer1 with a Pitx2-Cre impaired enamel formation, but also 

resulted in aberrant incisors [17]. Unlike previous microRNA studies in ectodermal appendage 

development, one tooth development study focused on the role of microRNAs in the 

mesenchyme. Mesenchymal deletion of Dicer1 with a Wnt1-cre resulted in decreased epithelial 

buds and abnormal tooth positioning [18]. Thus, it is clear that microRNAs play important roles 

in the mesenchyme. Overall, these studies clearly demonstrate the necessity of microRNAs for 
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proper tooth development, but future studies will be required to refine the mechanism of these 

tooth defects.  

 Despite the overt phenotypes described above, to date, just one study shows a functional 

role of an individual microRNA in tooth development. This study identified two microRNAs, miR-

203 and miR-141/200c, regulated by Pitx2, a transcription factor necessary for tooth 

development, in the tooth epithelia [19–22]. In particular, they found that miR-200c targets 

Noggin, which antagonizes BMP signaling, an established promoter of tooth development. 

Consistent with this observation, deletion of miR-141/200c in mice resulted in defects in enamel 

formation with decreased E-cadherin and elevated noggin expression. It was hypothesized that 

the elevated noggin levels dampened BMP signaling, resulting in impaired tooth development 

[19]. These data led researchers to formulate an elegant model of microRNAs modulating BMP 

signaling by inhibiting its negative regulators in tooth development. Again, microRNAs appear to 

converge with a major developmental pathway to ensure the fidelity of signaling during 

ectodermal appendage development. Thus far, no other in vivo models have established a role 

of individual microRNAs in tooth development. However, a host of microRNA studies in related 

cell lines suggest that the above study is just the beginning of our understanding of microRNAs 

in tooth development.  

MicroRNAs in glands  

 The surface ectoderm produces a variety of different glands that are responsible for 

lubricating surfaces and providing important secretions. How microRNAs control glandular 

development is an open but active field of investigation. This section describes studies that 

genetically modulated microRNAs in vivo to assess microRNA function in glands. 

The mammary gland is perhaps the most studied mammalian gland, given its relevance to 

human development and breast cancer. While mouse models have been employed to dissect 

microRNA functions in mammary gland development, many studies thus far have not identified 

major phenotypes [23–25]. However, one study overexpressed miR-30b in the mammary gland 
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and found that aberrant miR-30b specifically impaired the lactating mammary gland [26]. 

Another study identified the miR-424(322)/503 cluster, highly expressed in the mammary gland 

epithelia during involution, as a critical regulator of involution during mammary gland 

development [27]. The microRNA cluster is regulated by TGF-β signaling and genetic deletion of 

the miR-424(322)/503 cluster delayed patterns of involution. Two genes, Bcl2 and Igf1r, were 

identified as targets that regulate apoptosis and insulin signaling, respectively. This study 

implicates the epithelial restricted miR-424(322)/503 cluster as an important mediator of cell 

survival during involution, acting downstream of TGF-β signaling [27].  

 The salivary gland is a critical gland that is necessary for salivation and mouth health. 

Unlike in the mammary gland that has several published in vivo studies evaluating microRNAs 

during development, in vivo mouse models have not yet identified microRNAs involved in 

salivary gland development. However, salivary glands are readily cultured ex vivo and are 

responsive to many perturbations. Using this strategy, studies using antagomirs have 

established important roles of microRNAs in salivary gland branching. One study characterized 

miR-21 as an important microRNA in the salivary gland mesenchyme [28]. This study 

demonstrated that miR-21 is responsive to EGF treatment and that antagonizing miR-21 

reduces epithelial growth. The study identified several miR-21 targets, including Reck and 

Pdcd4, and proposed a role for miR-21 as a regulator of extracellular matrix degradation [28]. 

Thus, researchers conclude that miR-21 controls important components of the extracellular 

matrix to ensure proper salivary gland development. These findings mirror the miR-

424(322)/503 cluster study in the mammary gland, as both provide evidence that microRNAs 

are activated by major developmental signals to refine and modulate signaling and cellular 

activities. However, this report is unique in that it is the only functional demonstration of a 

requirement of a single microRNA in the mesenchyme during ectodermal appendage 

development. Future studies in mice will be useful to elaborate on the microRNA’s function at 

various stages of salivary gland development. 
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 Similar to the tooth development study, miR-200c was identified as an epithelial enriched 

microRNA in the salivary gland [29]. Knockdown of miR-200c using antagomirs resulted in 

hyper-proliferation of the epithelium, suggesting that that miR-200c limits proliferation in the 

developing salivary gland. The microRNA targeted several mRNAs, including the low-density 

lipoprotein receptor (Vldlr) mRNA and the mRNA encoding its ligand, reelin (Reln). Increased 

signaling through Vldlr enhanced Fgf signaling and promoted epithelial proliferation, linking miR-

200c to the regulation of epithelial growth. Interestingly, the molecular role of miR-200c during 

salivary gland development is remarkably distinct from its role regulating BMP signaling during 

tooth development. These tissue specific differences highlight the significance of context in 

microRNA activity.  

 Only one microRNA has been demonstrated to play a functional role during sebaceous 

gland development. Overexpression of miR-125b increased sebaceous gland size by targeting 

Blimp1, an established regulator of sebaceous gland development [13]. This provides yet 

another example of context dependence, as Vdr was reported as the primary target for the hair 

follicle defect when miR-125b was overexpressed in contrast to Blimp1 in the sebaceous gland. 

Similar to the sebaceous gland, the requirement of microRNAs for lacrimal gland development 

and function remains unknown, but warrants attention.  

The future of microRNAs in ectodermal tissues 

 Ectodermal appendages play importance roles in surface protection and lubrication. Many 

of these ectodermal appendages evolved to compensate for terrestrial life and their absence or 

dysfunction results in a variety of disorders. As a result, many research labs have focused on 

understanding ectodermal appendage development. The past decade of work has clearly 

illustrated that microRNAs function to control ectodermal appendage development. In addition, 

several themes have emerged from these microRNA knockout studies. In particular, several 

microRNAs have been linked to developmental signaling pathways, including BMP signaling, 

FGF signaling, and TGF-β signaling (Fig. 1). These signals are essential to the development of 
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these organs and as result are tightly regulated. The reviewed studies suggest that microRNAs 

add another layer of regulation to ensure the fidelity of ectodermal appendage development. 

These microRNAs often refine signaling by behaving upstream or downstream of these key 

developmental pathways. Generally, they can be categorized into two populations, those that 

are activated by developmental signals to enforce biological activities, and those that refine 

signaling by enhancing the robustness of these developmental signals. Thus, studying 

microRNAs in ectodermal appendages offers a valuable opportunity to learn more about how 

major developmental signals are regulated and how the fidelity of these processes is ensured. 

 The vast majority of these studies have identified functionally relevant microRNAs within 

the epithelia of ectodermal appendages. Indeed, during ectodermal appendage development, 

the epithelia must be capable of interpreting signals secreted from the mesenchyme. The 

overrepresentation of epithelial phenotypes in microRNA knockouts is interesting, but may be 

due to the higher number of tools available to evaluate epithelia. Despite the limited number of 

studies, it is certainly likely that the mesenchyme requires microRNAs for proper development 

and function. Future studies will be necessary to expand our understanding of microRNAs in the 

mesenchyme and to identify new microRNAs generally involved in ectodermal appendage 

development. 

 To date, mouse models have been useful tools to dissect the role(s) for microRNAs in 

ectodermal appendage development (Fig. 1). Many of these studies deleted proteins essential 

for microRNA biogenesis in a tissue specific manner. While these studies clearly illustrate the 

importance of microRNAs in ectodermal appendages, they lack mechanistic detail. In addition, 

microRNA biogenesis proteins may have microRNA independent roles in the cell, complicating 

the interpretation of these studies [30]. Thus, to understand the molecular mechanisms of 

microRNA function, single microRNAs and microRNA family knockouts should be analyzed. As 

evident above, given the vast field of microRNA biology research, only a small number of 

studies have successfully identified functional microRNAs in ectodermal appendages. Even less 
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have sought to evaluate the role of microRNA families in these tissues. Nonetheless, it is clear 

that microRNAs are dynamically expressed in these tissues [13,30,32,33]. Thus, we expect this 

discrepancy is largely due to a lack of available microRNA knockout lines.  

A candidate microRNA linked to ectodermal appendages 

 A highly conserved microRNA, miR-205, is expressed in a variety of ectodermal 

appendages. In the mammary gland, miR-205 is restricted to the myoepithelial cell layer, which 

includes a stem cell population known as basal cells [32–34]. Similarly, in mammary gland 

culture systems, miR-205 is enriched in the progenitor cell populations [34]. During tooth 

development, miR-205 is present in the epithelium of both the incisors and the molars [18]. In 

addition, miR-205 is detected in the epithelium of the developing salivary glands [29]. Thus, the 

expression of miR-205 in multiple ectodermal appendages suggests an important role of the 

microRNA in ectodermal appendage development or function. In human cells, transcriptional 

regulation of the microRNA is driven by p63, a gene that is tightly associated with ectodermal 

appendage development [35–37]. Like members of the miR-200 family, miR-205 targets ZEB1 

in humans and as a result plays a critical role in epithelial to mesenchymal transition [38]. In 

addition, miR-205 targets regulators of Akt signaling, such SHIP2 and PTEN, in human cells 

[39–41]. Given the specific expression of miR-205 in ectodermal appendages and its 

implications in several biological pathways, we hypothesized that miR-205 regulates ectodermal 

appendage development. The upcoming chapters describe novel roles of miR-205 during 

mouse development, and specifically during the development of an ectodermal appendage, the 

lacrimal gland.  
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Figure 1. MicroRNAs in ectodermal appendages. A epithelial sheet forms an epithelial 

placode and then buds toward or away from a mesenchymal signal to begin to form the complex 

array of ectodermal appendages. The microRNAs or microRNA associated proteins with known 

in vivo phenotypes are listed. Related signaling pathways are shown in parentheses.  
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Chapter 2 − Partially Penetrant Postnatal Lethality of an Epithelial Specific microRNA in a 

Mouse Knockout 

Abstract 

MicroRNAs are small noncoding RNAs thought to have pivotal roles in numerous diseases and 

developmental processes. However, a growing body of literature indicates that in vivo 

elimination of these tiny RNAs usually has little to no observable consequence, suggesting 

functional redundancy with other microRNAs or cellular pathways. We provide an in-depth 

analysis of miR-205 expression and define miR-205 as an epithelial-specific microRNA, and for 

the first time show that ablation of this microRNA knockout exhibits partially penetrant lethality in 

a constitutive mouse knockout model. Given the role of this microRNA in cancer and 

development, this mouse model will be an incredible reagent to study the function and 

mechanisms of miR-205 in epithelial tissue development and disease.   
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Introduction 

Noncoding RNAs are now recognized as key components of gene regulation. While the 

classes of noncoding RNAs are a growing list, microRNAs (miRNAs) are among the most 

characterized. miRNAs are small, ~22nt RNAs that function to negatively regulate gene 

expression by targeting complementary mRNAs [2].  These non-coding regulatory RNAs have 

been hypothesized to have pivotal roles in numerous diseases and developmental processes 

and to date, thousands of miRNAs have been identified [42–45]. While implicated in a variety of 

biological processes, only a small subset of miRNAs has been demonstrated to be essential 

[46]. Instead, a growing body of literature suggests that elimination of both single miRNAs and 

miRNA families has little to no observable consequence in unstressed conditions [47,48]. This 

observation is shifting the framework of how researchers consider miRNA biology in human 

development and disease. However, despite thousands of published studies on miRNA function 

in cell culture systems, most miRNAs have yet to be studied in vivo, leaving a vast gap in the 

understanding of miRNA-mediated regulation.  

Extensive miRNA profiling has given a low-resolution foundation for when and where 

miRNAs are expressed in several vertebrate models [49–51].  MiR-205, an intergenic miRNA, is 

abundantly expressed in the skin of E17.5 mice and has been detected in footpad epithelium, 

tongue, epidermis, and corneal epithelium, suggesting that it may be a stratified squamous 

epithelial specific miRNA [10,52]. Stratified squamous epithelium is composed of squamous 

epithelial cells that overlay a single layer of epithelial cells that cover a basement membrane. 

This epithelium has two types, a keratinized type, where the keratin functions to protect surfaces 

from abrasion, and a non-keratinized type, where hydration is dependent on external secretions.  

In humans, disruption of epithelial layers can have detrimental consequences, leading to a 

number of pathologies, making miR-205 an interesting miRNA for further evaluation.  Moreover, 

miR-205 has been shown to target ZEB1 and ZEB2, mediators of epithelial to mesenchymal 

transition (EMT), in order to maintain an epithelial state [38,53].  In addition, several cell culture 
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based reports have revealed a role of miR-205 in targeting several regulators of proliferation 

[54–56].  While little in vivo data is available for miR-205, the tumor protein p63 has been found 

to regulate its expression and is also essential for mouse development and proper squamous 

epithelium differentiation and maintenance [36,37]. Given this growing body of literature, we 

sought to generate a miR-205 knockout (KO) to fully ascertain the expression profile of this 

miRNA and to develop a better understanding of its biological significance in vivo.  

In this study, the expression of miR-205 and constitutive KO phenotypes of a miR-205 

mouse line was characterized. miR-205 exhibited striking temporal and spatial epithelial 

expression patterns during embryonic development.  Although KO animals were born normal, 

they exhibited a weight decrease by postnatal day 7 and a partially penetrant postnatal lethality 

by postnatal day 14.  These data reveal an important role for miR-205 in stratified squamous 

epithelial-derived tissues, providing an in vivo model for further understanding the roles of a 

noncoding RNA in basic physiology and potentially in the context of human disease. 
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Results and Discussion 

miR-205 exhibits temporal and spatially distinct embryonic expression 

While miR-205 expression has been described in epithelial tissues, a systemic view of its 

expression has not been studied previously [10,52]. Here we analyze the spatial and temporal 

expression of miR-205 during mouse embryonic development using an integrated LacZ reporter 

allele (Fig. 2A) [57].  To prevent possible interference from the neomycin cassette, targeted 

(lacZ-neo-lox) and beta-Actin-Cre mice were crossed to generate lacZ-KO/+ heterozygous mice 

(Fig. 2A).  Mouse embryos were analyzed at several different time points, where lacZ-KO/+ and 

wild type mice were stained with X-Gal to determine lacZ activity.  Positive lacZ activity was 

observed in the branchial arches and the limb buds in E11.5 and E12.5 embryos with more 

intense staining in the older embryos.  In E12.5 embryos, there was additional lacZ activity in 

distinct regions of the skin. At successive developmental time points (E14.5 and E15.5), strong 

lacZ activity was detected in developing hair follicles and throughout the skin with more intense 

staining in the craniofacial and abdominal areas (Fig. 2B).  

miR-205 marks epithelial cell populations in internal organs 

To identify miR-205 expression in developing organs, E14.5 lacZ-KO/+ whole mount 

embryos were analyzed, and lacZ activity was observed in the thymus, stomach, pancreas, 

ureters and bladder (Fig. 3A-C). Although expression of miR-205 has been described in 

epithelial tissues, this is the first evidence showing expression of miR-205 in the stomach and 

pancreas in mice.  Expression in the other tissues corroborates previous reports [58,59]. For 

E18.5 stage embryos, analysis of internal organs revealed strong lacZ activity in the same 

organs as E14.5 embryos. Removal of the skin from the head revealed exquisite staining of the 

tear ducts, both the exorbital and intraorbital lacrimal glands, and the parotid and submandibular 

salivary glands (Fig. 3D). Closer examination also revealed lacZ activity in the meibomian 

glands (Fig. 3E). Expression of miR-205 in many of these tissues has not been previously 

described. Expression was observed in the esophagus, ureters, and modest lacZ activity in the 
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kidneys (Fig 3F-G).  LacZ activity was not observed in the spleen, heart, liver, or brain, 

corroborating other studies in mice (unpublished data) [52]. Altogether these data reveal a fine 

granularity of miR-205 expression profile in a broad set of squamous epithelial tissues. 

LacZ reporter provides high-resolution localization of miR-205  

To gain a finer resolution on miR-205 expression, whole mount X-gal staining of embryos 

was followed with paraffin embedded sectioning of selected tissues.  Transverse sections of X-

gal-stained E14.5 LacZ-KO/+ embryos showed definitive staining in the skin, particularly in the 

cranial region (Fig. 4A).  Intense lacZ activity was also evident in epithelial cells in the nasal and 

oral cavities, and in developing whisker hair follicles (Fig 4A). In addition, highly specific lacZ 

activity was observed in the submandibular glands at high resolution (Fig. 4B, C). LacZ activity 

in the trachea and oesophagus, specifically in the epithelium lining of their lumens, supports 

data from miRNA expression analyses in mouse and human (Fig 3B) [60,61]. 

Analysis of E18.5 lung revealed a faint lacZ activity in the epithelial cells of bronchioles, 

suggestive of intermediate levels of miR-205 expression in bronchioles compared to the other 

lacZ-positive tissues (unpublished data).  Given that mir-205 expression has not been 

previously reported in the stomach and that there appears to be a strong and differential pattern 

of lacZ activity in this organ (Fig. 3B), stomach sections were examined from X-gal-stained 

E18.5 LacZ-KO/+ embryos.  The proximal portion of the stomach is non-glandular and 

responsible for food storage, while the distal glandular stomach secretes enzymes essential for 

digestion. Distinct transcriptional networks control these two distinct parts of the stomach. The 

proximal stomach is composed of stratified squamous epithelium; consistent with the specificity 

of miR-205, lacZ activity was constrained to this non-glandular portion of the stomach (Fig. 4D, 

E). Notably expression abates abruptly at the non-glandular and glandular epithelial junction 

that lines the stomach (Fig. 4E). These results further emphasize the refined expression of miR-

205 to stratified squamous epithelium and its derivatives.  

LacZ activity is a robust reporter of mature miR-205 expression  
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 Some miRNAs are post-transcriptionally regulated by the inhibition of processing of the 

primary transcript or the miRNA precursor into the mature miRNA [26,27].  Since lacZ activity 

was used as an indicator of mature miRNA expression, correlation with endogenous mature 

miRNA expression was investigated. In these experiments, LNA-based in situ hybridization and 

qRT-PCR was performed to compare endogenous miR-205 expression from wild-type mice with 

the lacZ reporter expression data.  In situ hybridization on gut sections from wild-type embryos 

show that miR-205 is expressed specifically in the non-glandular epithelial cells of the stomach 

(Fig. 4F, G), complementing the lacZ expression data.  Expression was also validated by in situ 

hybridization for a limited number of other tissues (unpublished data). Moreover, total RNA from 

selected E18.5 wild-type embryos tissues was subjected to qRT-PCR analysis for quantitating 

mature miR-205 levels (Fig. 4H).  These data show an excellent correlation between lacZ 

activity and miR-205 levels, with abundant miR-205 expression in the skin, stomach and 

thymus.  Lower levels of expression were detected in the kidney, correlating well with the 

weaker lacZ activity seen in this organ (Fig. 3E).  Together, these data validate the miR-205-

lacZ reporter analysis and suggest that miR-205 is not substantially post-transcriptionally 

regulated at these developmental time points for these tissues. 

Partially penetrant lethality in miR-205 KO mice 

  We previously reported the generation of large numbers of miRNA KO mice using a 

conditional ‘knockout first’ strategy [57], where strategically placed recombination sites allow for 

gene deletion or replacement of the miRNA with a lacZ reporter (Fig. 2A).  In that study the miR-

205 allele was zygotically replaced with a lacZ reporter in a mixed genetic background using a 

beta-Actin Cre transgene, yielding constitutive miR-205 KOs.  These lines exhibited an 

embryonic/p1 lethal phenotype with essentially 100% penetrance.  In the current study, the 

published line has been backcrossed seven generations into a C57BL/6 background, and the 

residual lacZ reporter ablated using consecutive Flp and Cre recombinase crosses.  Although 

the lacZ reporter is useful for monitoring miRNA transcription activity, the transgene represents 
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a significant DNA footprint at the endogenous locus.  Function-based analysis often benefits 

from a clean genetic background and a cleaner ablation of the miRNA, therefore miR-205 KO 

analysis was performed in C57BL/6 mice having only a single frt and loxP site footprint (Fig. 

2A). Evaluation of miR-205 KOs demonstrates no apparent difference at birth between KO mice 

and wildtype littermate controls. Heterozygous mice appeared phenotypically identical to wild-

type littermate controls. Defects become apparent within the first two weeks of birth (Fig. 5A), 

where approximately 50% of the KO mice exhibit perinatal lethality (Fig. 5B), with the remainder 

of the animals surviving at least 16 weeks.  Although the contributing factor responsible for the 

observed partial penetrance is unknown, it seems likely to be an environmental variable.  That 

said, formally we cannot rule out an epigenetic or imprinted modifier of miR-205 activity. 

Similarly, the current data hint that potential miR-205 genetic modifiers may be present, which 

could explain why the earlier report showed an earlier lethality [57].  In the earlier report, the 

presence of a 129 genetic background and a lacZ transgene that might affect potential 

enhancers present at the locus that could sensitize the viability phenotype.  In any case, the 

miR-205 KO animals are readily distinguished by weight between p4 and p6, with non-surviving 

KO animals weighing half that of their littermates by p7 (Fig. 5C).  

miR-205 KOs also show signs of irregular skin development, evident by the appearance of 

dry skin and a much thinner skin layer (Fig. 5A). KO mice that survive past p8 eventually 

develop hair, indicating that early follicle development is intact. The ability to produce mature 

hair follicles suggests that miR-205 plays a role in epidermal development after its differentiation 

from the multipotent progenitor population. Moreover, it remains a possibility that miR-205 may 

play an important role in the maintenance and regeneration of hair follicles.  Toluidine blue dye 

experiments to evaluate potential skin barrier defects did not reveal any epidermal compromise 

at either E18.5 or P1 (data not shown). Future characterizations of skin development could 

reveal mechanistic underpinnings behind the histological abnormalities, and whether these 

phenotypes contribute to the observed postnatal lethality. 
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 Other internal organs characterized to exhibit miR-205 expression appear morphologically 

normal in the non-surviving KOs, suggesting that miR-205 is not required for the gross 

development of these organ systems. However, the roles of miR-205 in organ function require 

further evaluation. Given the knockout runted phenotype and broad expression of miR-205 in 

several digestive organs, the possibility remains that digestive processes are being disrupted.  

Further studies may reveal whether digestive disorders contribute to the observed lethality and 

a deeper understanding of miR-205 role(s) in homeostatic function.  

This study describes a single miRNA knockout that exhibits severe postnatal defects that 

appear within two weeks of birth. Most published miRNA knockouts lack such severe 

phenotypes, and those with a lethality often die embryonically or soon after birth [57].  These 

data support a role for miR-205 in squamous epithelium derived organs, suggested by a bevy of 

work aimed at delineating the targets and pathways affected by miR-205 activity. It is well 

established that miR-205 actively regulates ZEB1 and ZEB2, factors that ensure proper 

maintenance of the epithelial fate [55] and it is tempting to speculate that miR-205 plays roles in 

proliferation or cell migration. Improper regulation of miR-205 has been associated with 

increased metastasis in several tissue types, supporting a role of miR-205 in actively preventing 

EMT [62–64]. In addition, miR-205 has been shown to regulate proliferation and is regulated by 

p63, which marks epithelial stem cells, suggestive a role of miR-205 in proper maintenance of 

the stem cell populations in the epithelium [35,65]. These published targets highlight a subset of 

highly significant miR-205 targets whose deregulation would be expected to make a profound 

impact in normal epithelial cell function. While all organs exhibit grossly normal development in 

the miR-205 KOs, it is plausible that miR-205 is active in several processes essential for proper 

function of these organs such in basic epithelial function or epithelial regeneration and 

maintenance. This report emphasizes a requirement for miRNAs in proper physiology and 

expands on the small list of miRNAs essential for proper development in vivo. 
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Methods 

Ethics Statement. All mouse handling was performed according to the protocols approved by 

the Animal Care and Use Committee of University of California at San Francisco.  

X-Gal staining. For embryo staining, lacZ-miR-205KO/+ embryos were dissected and fixed in 

4% paraformaldehyde and 0.2% glutaraldehyde in PBS for either 1 or 4 hours depending on 

their age. For E18.5 embryos, internal organs and brain were dissected out for better fixation 

and permeabilized in 0.02% NP40, 0.01% sodium deoxycholate, and 2 mM MgCl2 in PBS for 

one hour before staining.  X-gal staining was done overnight at room temperature. Embryos 

were post-fixed in 2% paraformaldehyde in PBS and subsequently stored in 70% ethanol.  

Real-time quantitative RT-PCR (qRT-PCR). Total RNA was purified from dissected E18.5 

embryonic tissues using TRIzol reagent (Invitrogen, Life Technologies) according to the 

manufacturer’s instructions.  Reverse transcription was done using a TaqMan miRNA Reverse 

Transcription Kit (Applied Biosystems, Life Technologies) and Quantitative PCR was done using 

a Taqman miRNA assay system (Applied Biosystems, Life Technologies).  Tissues from three 

different embryos were analyzed and the PCRs for each of these were done in triplicate and 

pooled for the analysis.  Sno202 was used as endogenous control for normalization of the data.  

Expression in arbitrary units was calculated by (215) x 2-
Δ
CT of miR-205 and sno202. 

In situ hybridization. In situ hybdrization was done using LNA-probes against miR-205 

(Exiqon) according to the manufacturer’s directions with the following modifications: Post-

hybridization washes: 2xSSC at 50°C for an hour, 2xSSC at 50°C for 10 minutes, 2xSSC at RT 

for 10 minutes, 1xSSC at RT for 10 minutes, 0.5x SSC at RT for 10 minutes and 0.1xSSC at 

50°C for 45 minutes.  Blocking was done for two hours at room temperature in 0.1% goat 

serum.  Samples were incubated 1:5000 with AP-conjugated anti-DIG antibodies overnight at 

4°C. Detection of the Alkaline Phosphatase was performed using NBT/BCIP stock solution 

(Roche). 



	 19 

 

Figure 2. A targeted miR-205-lacZ reporter is functional in mouse embryos. A. Two 

targeting strategies were used for miR-205 analyses. All lacZ stained embryos were generated 

in a mixed background crossed directly to Actin-Cre. All mice phenotypically analyzed were 

crossed to Actin-FLP, followed by Actin Cre, and backcrossed seven generations to C57/Bl 

mice. B. miR-205 is developmentally regulated. Expression is evident in the branchial arches of 

E11.5 embryos and by E15.5, embryos demonstrate high expression in skin. 
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Figure 3. miR-205 is expressed in squamous stratified epithelium derived organs. X-gal 

staining of E14.5 revealed expression in the thymus [t] (A), stomach [s] and pancreas [p] (B), 

ureters [u] and bladder [b] (C). In the E18.5 embryo head, expression was salient in the several 

cranial organs, including the skin [sk], lacrimal glands [la], parotid glands [pa], and salivary 

glands [sm]. Staining was also detected in the oesophagus [o] and trachea [tr] (D). In addition, 

staining was found in the meibomian glands [m] of the eyelid (E). Staining was maintained in the 

oesophagus of the E18.5 embryo (F). LacZ activity is found in the ureters [u] and faint staining 

was also detected in the kidneys [k] (G).   
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Figure 4. LacZ Reporter provides high resolution and accurate readout of mature miR-

205. Section regions and developmental stage are indicated in the schematics on the left. (A-C) 

Transverse sections of E14.5 reveal defined expression in several cranial tissues. (D-E) E18.5 

sectioning confirms maintained expression in tissues and refined and restricted expression in 

the stomach. Images in C and E are higher magnifications of the dashed box shown in B and D.  

(F-G) miR-205 LNA in situs on stomach sections from wild type E14.5 embryos. (H) Expression 

of miR-205 assayed by qRT-PCR of total RNA from different organs of wild type E18.5 

embryos.  Sno202 was used as a loading control. The error bars shown are S.E.M. Tongue [T], 

nasal cavity [NC], whisker follicles [W], and salivary glands [Sm], oesophagus [O], trachea [Tr], 

stomach [S], glandular region of the stomach [G], non-glandular region of the stomach [NG]   
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Figure 5. miR-205 knockout mice demonstrate postnatal lethality. (A) Image of WT 

(flox/flox, left) and KO (d/d, right) demonstrating striking differences at P10. Clear skin defects 

are observed with a gross decrease in the overall size of the KO. (B) KO mice are born normally 

but about 50% die before two weeks after birth (blue, flox/flox n= 20, red, d/d, n=22). (C) Non-

surviving KOs weigh significantly less than littermate controls at P7, averaging about half the 

weight of littermates. Surviving KOs show minor decrease in weight at P7 compared to 

littermate controls (flox/flox, n = 13, flox/d, n = 26, surviving d/d, n = 13, non-surviving d/d, n = 

12), standard error reported.  
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Chapter 3 – Defining Cell Dynamics and Lineage Relationships in the Developing 

Lacrimal Gland  

Abstract 

Branching morphogenesis is a fundamental developmental process essential for the formation 

of a variety of tubular organs from flies to humans. The lacrimal gland is an excellent model to 

study key features of tubular development. Despite this potential, little is known about the 

developmental dynamics or the cellular identities involved in lacrimal gland formation. Using 

single cell sequencing, protein and RNA expression analysis, as well as genetic lineage tracing, 

we uncover the cellular composition, the tissue dynamics, and the epithelial cell relationships of 

the embryonic and postnatal lacrimal gland. We show that the lacrimal gland from its early 

stages of development is composed of multiple cell types including those of the immune, 

epithelial, and neural crest lineages. Of these, the epithelial lineage exhibits the greatest cellular 

changes with extensive differentiation and maturation of cells into the acinar, ductal and 

myoepithelial lineages between embryonic day 16 and postnatal day 6. We further show that 

these epithelial lineages acquire their terminally differentiated status by transitioning through a 

series of unique transcriptional states. Lineage tracing in the postnatal or adult organ provides 

the first direct evidence of unipotent epithelial cells in the lacrimal gland and suggests that 

epithelial cells are lineage restricted. Finally, we show that epithelial progenitor and 

differentiation markers are highly conserved between mouse and human. Together, our data 

uncover novel insights into lacrimal gland development and reveal critical features of lacrimal 

gland cell dynamics that will advance our understanding of tubular organ development. 
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Introduction 

 The lacrimal gland provides the aqueous layer of the tear film. It forms through the 

process of epithelial branching morphogenesis to establish an interconnected lumenized 

secretory network. Similar to many branching epithelial organs in mammals, lacrimal gland 

development requires a combination of morphogenic cues and interactions between epithelial 

and mesenchymal cells to form a functional tissue. In the mouse, the lacrimal gland initiates 

from the conjunctival epithelium at embryonic day (E) 13.5, where a single epithelial bud on an 

invaginating stalk elongates toward the neural crest derived periocular mesenchyme [66]. Upon 

reaching the mesenchyme (at E15), the epithelium undergoes successive rounds of arborization 

to produce a mature gland by postnatal day 14, a time corresponding to the eyes opening [66]. 

During embryonic and early postnatal development, lacrimal glands can be cultured ex vivo to 

recapitulate in vivo development, allowing for extensive manipulation and perturbation [67–69]. 

Furthermore, unlike other models of tubular development, the lacrimal gland undergoes 

extensive development postnatallly and resides above the masseter muscle just beneath the 

skin. As such, the processes governing later stages of epithelial branching common to tubular 

organs, such as terminal tube lumenization and epithelial shape transformations, can be easily 

manipulated within the animal using lacrimal glands. Despite these advantages, the lacrimal 

gland as a model system remains underutilized. This is likely due to our very limited 

understanding of lacrimal gland formation including the cellular composition, progenitor cell 

identities, tissue dynamics and lineage relationships within the organ.  

 The adult lacrimal gland is composed of multiple cell types derived from neural crest, 

epithelial, and endothelial lineages. The epithelial cell types, which include acinar cells, ductal 

cells, and myoepithelial cells, constitute the secretory transport system of the lacrimal gland. 

However, when these distinct epithelial cells arise during lacrimal gland development is 

unknown and how their transcriptional profiles differ from one another remains to be evaluated. 

Furthermore, the progenitor cells that maintain these cell types have yet to be discovered. Over 
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the past decade, several studies have attempted to identify lacrimal gland stem cells in order to 

find strategies to harvest these populations for the regeneration of the adult lacrimal gland [70–

73]. While these studies suggest the presence of stem cell populations in the lacrimal gland, to 

date, there is still no direct in vivo evidence of a stem cell population under healthy conditions.  

 Similar to other model systems, whether murine lacrimal gland development recapitulates 

that of humans remains unclear. Several studies have evaluated adult human lacrimal glands 

[74–76]. However, only one study has described the morphological development of the human 

lacrimal gland, and, to our knowledge, no study has investigated the molecular characteristics of 

the human fetal lacrimal gland [77]. Such research is crucial to understanding whether epithelial 

growth and morphogenesis is conserved across species.  

 In this study, we uncover spatio-temporal features of lacrimal gland development. Using 

single cell sequencing and other molecular tools, we illustrate the cellular composition of the 

lacrimal gland and the vast amount of differentiation that occurs postnatally. We also 

characterize dynamics features of differentiation and maturation in the acinar, ductal, and 

myoepithelial compartments. Furthermore, by lineage tracing distinct epithelial populations, we 

uncover new characteristics of epithelial homeostasis. We demonstrate that myoepithelial cells 

do not contribute to other epithelial lineages in the adult lacrimal gland. However, basal cells 

that surround ducts behave as ductal progenitors in the postnatal and adult lacrimal gland, 

providing the first direct evidence of a lacrimal gland progenitor pool. Importantly, we also show 

that the embryonic human lacrimal gland displays similar markers of epithelial progenitors and 

differentiation. Our results highlight the distinct differentiation features of the lacrimal gland and 

the robust postnatal differentiation that occurs during lacrimal gland development. This study 

also identifies novel features of lacrimal gland epithelial turnover and implicates a model for 

multiple distinct epithelial progenitors in the developing and adult lacrimal gland.  
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Results 

Single cell sequencing uncovers diverse cell lineages in lacrimal glands 

 The appearance and differentiation of cell types that comprise the lacrimal gland is poorly 

understood. To define the identity and temporal dynamics of cell populations during lacrimal 

gland organogenesis, we performed single cell sequencing at E16 and P4, time points that span 

the lacrimal gland’s vast morphological changes during organogenesis [69]. Wildtype E16 and 

P4 lacrimal glands were isolated, dissociated into single cells and subjected to Drop-seq based 

on the 10X sequencing platform. Unsupervised centroid clustering analysis (k means) of a total 

of 437 cells at E16 and 637 cells at P4 (755 and 758 median genes per cell at >130,000 median 

reads per cell) uncovered several distinct groups exhibiting highly similar gene expression 

patterns at both time points, as visualized by t-distributed Stochastic Neighbour Embedding (t-

SNE). Using manual inspection of canonical cell type marker genes (Table 1 and Table 2, 

minimum 3 genes per lineage) we identified groups belonging to the epithelial (Ehf, Epcam, 

Krt8, Krt18), mesenchymal/neural crest (Htra1, H19, Dcn, Igf2, Col1a1) and endothelial (Fabp4, 

Sox17, Pecam1, Esam) cell lineages as well as to innate immune (Cd14, Apoe, Ctss, Cd68), 

erythroid (Hba) and glial cells (Mpz, Mbp, Plp; Fig. 6A and Fig. 6B). These cell types were 

confirmed to be present at E16 and P4 by immunohistological analysis using epithelial (Ecad, 

Epcam) mesenchymal (Vim), endothelial (Pecam-1), nerves (Tubb3), and immune (F4/80) 

markers (Fig. 6C). In addition, unlike at P4, we found that E16 mesenchymal cells separated 

into 2 distinct populations that differed in their expression of genes required for mitosis (Nusap1, 

Smc2, Top2a), suggesting a subpopulation of these cells is proliferative. Together, these results 

illustrate the diversity of cell types during early lacrimal gland development, reveal innervation 

and vasculogenesis within the lacrimal gland by at least E16, and demonstrate the existence of 

a population of mitotic cells in the mesenchyme. 

Single cell sequencing reveals postnatal epithelial differentiation 
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 In contrast to the E16 lacrimal gland, we observed an increased number of cell clusters at 

P4 corresponding to subpopulations of individual cell lineages, suggestive of systemic 

differentiation (Fig.6B).  P4 lacrimal gland immune cells clustered into two individual groups with 

gene signatures indicative of mast cells/lymphocytes (Sgcn, Klk8, Cd3g) and monocytes (likely 

macrophage/dendritic cells; Csf1r, Cd14, Sepp1). In addition, our analysis unveiled three 

subpopulations within the epithelia by P4 (Fig. 6B). Based on gene expression signatures 

inferred from the adult lacrimal glands or other developing/adult glandular organs, we were able 

to clearly identify two of these unique clusters as the acinar (Aqp5, Cldn10, Eno1, Slc31a2) and 

ductal (Sftpd, Krt7, Krt19, Ascl3) lineages. Interestingly, the third population adjacent to the 

acinar cell cluster expressed lower levels of Aqp5 and Eno1 (3-4 fold lower), as well as the 

epithelial marker Epcam (~6 fold lower). In addition, Cldn10 was not expressed. However, this 

cluster exhibited a more robust expression of Acta2 (SMA), a canonical marker of myoepithelial 

cells, compared to the acinar cell cluster, indicating that this third epithelial cluster represents 

the myoepithelial lineage [78].  The surprisingly close relationship between the acinar and 

myoepithelial clusters suggests that these two lineages are more similar than previously 

anticipated and may actual share a common lineage. Thus, using single cell analysis we have 

defined multiple cell populations within the developing lacrimal gland and described dynamic 

changes in their differentiation status during development. 

RNA analysis highlights epithelial dynamics  

 To confirm the gradual differentiation of epithelial cells during lacrimal gland development, 

we measured transcriptional changes in a panel of genes implicated in glandular epithelial cell 

differentiation from E14 to adulthood (Fig. 7). We prioritized three genes, namely Sox10, Aqp5 

and Mist1, which were previously associated with acinar cells in the lacrimal gland, to evaluate 

acinar cell differentiation. SOX10 is enriched in end buds of developing lacrimal glands where it 

acts downstream of FGF10 and SOX9 to promote acinar cell formation [79]. In adult murine 

lacrimal glands, AQP5, a water channel required for fluid secretion, and MIST1, a transcriptional 
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regulator of the secretory program, label acinar cells, but their developmental expression 

patterns are unknown [80,81]. As expected, Sox10 was readily detected throughout early 

embryonic stages of lacrimal gland development, but its expression decreases substantially 

after P7 (Fig. 7A). Consistent with Aqp5 and Mist1 marking the gradual acquisition of the 

secretory program, transcripts of both genes, but particularly Mist1, were up-regulated after P1 

and reached a homeostatic level after P14, coinciding with eyes opening (Fig. 7A). Likewise, Ltf, 

a secreted protein important for lacrimal gland function, was low at early stages of lacrimal 

gland development and increased dramatically in the adult lacrimal gland [82] (Fig. 7A). 

However, unlike Aqp5 and Mist1, Ltf continuously increased as mice aged. While Lyz1 and Lyz2 

are also important secretory proteins for proper ocular homeostasis and have been used as 

functional markers for the lacrimal gland, their expression peaked at postnatal day 1, rather than 

in the later time points assessed [82,83] (Fig. 7A). Interestingly, our single cell analysis at E16 

and P4 indicated that transcripts of Lyz2 (Table 1; Lyz1 not detected) were enriched specifically 

within immune cell lineages, suggesting that lysozyme RNA were contributed, at least in part, by 

non-epithelial cell types in isolated lacrimal glands. 

 In contrast to markers of the acinar lineage, ductal markers were abundant during 

embryonic stages but decreased substantially after birth (Fig. 7B). Krt19, an established ductal 

enriched cytokeratin, was readily detected embryonically and peaked by P1 before it declined 

continuously at later time points (Fig. 7B) [84]. Nkcc1, a cotransporter important for fluid 

secretion, was reported to be enriched in the ducts of the adult lacrimal gland [85,86]. Analysis 

of Nkcc1 revealed a dynamic expression pattern during early stages of lacrimal gland 

development, but like Krt19, Nkcc1 became lowly detected at adult time points (Fig. 7B). In 

addition to ductal markers, we also assessed Krt5 and Krt14, two cytokeratins commonly 

associated with myoepithelial cells, and showed that both markers were abundant during 

embryonic development, peaking at P1 but quickly decreasing at later stages of development 

(Fig. 7C) [73,87]. Together, these results highlight the dynamic nature of epithelial differentiation 
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during the acquisition of a mature, functional organ and suggest a transition from a highly ductal 

embryonic organ to a prominently acinar filled gland.  

Spatiotemporal analysis confirms progressive acinar differentiation 

 To confirm the spatiotemporal appearance of the cell types inferred from the gene 

expression analyses, we performed immunofluorescent analysis of the lacrimal gland at multiple 

stages of development (E16, P1, P4, P7 and adult) (Fig. 8). We first assessed the expression of 

the acinar/secretory cell markers SOX10, AQP5 and MIST1 at each of these time points. While 

established in early lacrimal gland end buds, we did not detect robust nuclear expression of 

SOX10 (Fig. 8a) at E16. Similarly, AQP5 was lowly expressed (Fig. 8f) and MIST1 was absent 

in the epithelia at E16 (Fig. 8k). The low expression or absence of these genes confirmed the 

limited epithelial differentiation observed in E16 glands by single cell analysis (Fig. 6A). 

However, consistent with the qPCR analysis, SOX10 and AQP5 were readily detected by P1 

(Fig.8b,g) whereas MIST1 was largely absent (Fig. 8l). However, MIST1 was observed by P4 

(Fig. 8m). As expected, both SOX10 and MIST1 were nuclear restricted in the acini, but 

undetected within ducts at early stages of postnatal development. In contrast, AQP5 appeared 

diffusely localized within acinar cells at P1, but accumulated apically by P4, indicating that 

polarization of the epithelium occurred at or before this time point.  Interestingly, after P1, we 

observed a gradual decrease in SOX10+ cells and a corresponding increase in MIST1+ cells, 

suggesting that SOX10+ precursors were differentiating. Co-staining for MIST1 and SOX10 at 

P4 confirmed distinct populations of acinar cells that included both SOX10+MIST1+ and 

SOX10-MIST1+ cells (Fig. 9A). In addition, SOX10+MIST1- epithelial cells were observed at the 

border of acini. These populations were conserved in adult lacrimal glands, although the 

majority of acinar cells were SOX10-Mist1+, with few scattered SOX10+MIST1+ cells (Fig. 9A). 

Indeed, quantification of all epithelial cells (Ecad+) expressing MIST1 and/or SOX10 revealed 

that while 30% of these cells were SOX10+MIST1-, 50% were double positive, and 20% were 

SOX10-MIST+ at P4 (Fig. 9B). However, in adult lacrimal glands, 75% of these cells converted 
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to the SOX10-MIST+ state, while just 22% of these remained double positive and only 3% were 

SOX10+MIST1-. Thus, these data suggest that acinar cells undergo a transitory 

SOX10+MIST1+ state to become mature SOX10-MIST1+ acinar cells. Thus, combined with the 

gene expression analysis, these data suggest that the acinar lineage is highly dynamic with the 

rapid conversion of SOX10+ precursors into differentiated MIST1+AQP5+ secretory cells during 

postnatal development.  

Spatiotemporal analysis reveals unexpected characteristics of ductal differentiation 

 Ducts are essential for transport of tears to the ocular surface. However, very little is 

known about their development or maturation. Our single cell analysis confirmed that ductal and 

acinar cells formed unique populations by P4 but when and how ductal cell differentiate remains 

unclear (Fig. 6A). Gene expression analysis indicated that Krt19 was an early marker of ductal 

cells in the lacrimal gland (Fig. 7B). Indeed, immunostaining confirmed robust detection of 

KRT19 in ducts at E16, and that expression pattern was maintained at all later stages of 

lacrimal gland development (Fig. 8p-t). Thus, Krt19 is an early and stable marker of the ductal 

lineage. In addition to Krt19, Aqp5 has been previously reported in ducts [80]. We confirmed 

noticeable expression of Aqp5 in many of the ducts of within adult lacrimal glands (Fig. 8j).  

Indeed, co-staining for KRT19 and AQP5 in adult tissue revealed that AQP5 was restricted to 

the lumens of most ductal populations except the major ducts (Fig 10A).  

 Like Aqp5, Nkcc1 has been reported in both the acini and the ducts of the lacrimal gland, 

although specifically enriched in ducts [85]. Our spatiotemporal analysis revealed very 

unexpected features of Nkcc1 expression throughout lacrimal gland development. While broadly 

detected throughout the epithelia of E16 lacrimal glands (Fig. 8u), NKCC1 was moderately 

expressed at P1 (Fig. 8v), but increased at P4 and P7 time points (Fig. 8w-x). However, within 

the adult lacrimal gland, NKCC1 was primarily detected only within ducts but not within the 

acinar compartment (Fig. 8y). Co-staining NKCC1 with KRT19 revealed that at P1, NKCC1 was 

enriched with the ductal compartment of lacrimal gland (Fig. 10B). Surprisingly, the expression 
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pattern of NKCC1 switched between P1 and P4, as NKCC1 became lowly detected in ducts but 

prominent in acinar cells at P4 and P7 (Fig. 10B). Co-staining NKCC1 and MIST1 confirmed the 

enrichment of NKCC1 in acinar cells at P4, but robust staining of NKCC1 not within acinar cells 

but in ductal cells at adult stages (Fig. 10C). Thus, unlike any other gene analyzed thus far, 

Nkcc1 was dynamically expressed between distinct epithelial compartments throughout 

development, but inevitably enriched specifically within ducts by adulthood. In addition, NKCC1 

appeared moderately present in the mesenchyme of the E16 lacrimal and P1 lacrimal glands 

(Fig. 8 u,v) as reported in the developing lung [88]. Indeed, even in adult mice, low levels of 

NKCC1 were apparent in the mesenchyme as well. Together, these data exemplify the diversity 

of ductal populations in the lacrimal gland as well as the dynamic expression of genes during 

ductal maturation.  

Novel insight into myoepithelial cell differentiation 

 While immunofluorescence analyses revealed insightful information about acinar and 

ductal cell differentiation, we also sought to understand more about the third major epithelial cell 

type in the lacrimal gland, myoepithelial cells. Our single cell analysis suggested that 

myoepithelial cell differentiated by P4, as evident by the detection of Epcam+/SMA+ cells (Fig. 

6B, Table 2). This data was consistent with past reports that described SMA+ epithelial cells as 

early as P3 in lacrimal glands [89]. However, features of myoepithelial cell differentiation and the 

origin of the myoepithelial cell lineage remain unclear. To determine if the myoepithelial lineage 

is present prior to SMA detection, we took advantage of other notable markers of myoepithelial 

cells, including Krt5, Krt14, and p63 [73,87]. Our gene expression analysis suggested robust 

expression of Krt5 and Krt14 in P1 lacrimal glands, hinting that myoepithelial may be committed 

earlier than P3 (Fig. 7C). Furthermore, immunostaining confirmed the presence of both 

KRT14+ECAD+ and P63+ECAD+ at P1 (Fig. 11A). The localization of P63+ and KRT5+ cells at 

the border of acini was reminiscent of SOX10+MIST1- previously observed above (Fig. 9A). 

Indeed, co-staining of P63 and SOX10 uncovered high SOX10 expression in P63+ cells at P1 



	 32 

(Fig. 11A). These SOX10+P63+ cells were also present at P4 and began to express SMA, 

establishing these cells as true myoepithelial cells (Fig. 11B). Imaging adult lacrimal glands also 

indicated the maintenance of both SOX10 and P63 in myoepithelial cells (Fig. 11B). Together, 

these data strongly indicate both the physical and transcriptional emergence of the 

myoepithelial lineage before P3, and suggest that SMA is a late stage marker of myoepithelial 

identify in contrast to the co-expression of Sox10, p63, and Krt14. Furthermore, the expression 

of SOX10 and P63 suggest a lineage relationship between myoepithelial cells and acinar cells, 

illuminating previously unknown characteristics of epithelial cell differentiation and commitment.  

Maturation and progenitor capacity of myoepithelial cells 

 Cell shape is critical to myoepithelial cell function. While myoepithelial cells were readily 

defined by their gene expression early in lacrimal gland development, canonical features of 

myoepithelial cell shape were not apparent at these early stages. To define the precise timing of 

myoepithelial cell maturation, lacrimal glands were imaged using SMA to visualize myoepithelial 

cell morphology.  As previously established, SMA+ epithelial cells were undetected at P1 in 

lacrimal glands (Fig. 11C). By P3, SMA+ expressing myoepithelial cells were clearly observed 

at the borders of acini of the lacrimal gland. However, these cells appeared morphologically 

indistinguishable from neighboring epithelial cells, with round nuclei and no processes (Fig. 

11C). By P5, myoepithelial cells exhibited small protrusions as well as more compact nuclei 

(Fig. 11C). Maturation of myoepithelial cells persisted at P7, as the number and length of 

processes increased. By P10, myoepithelial cells had acquired their classical stellate shape with 

condensed nuclei and prominent, narrow processes stretching across acini. These features 

were maintained in the myoepithelial cells of adult lacrimal glands (Fig. 11C). Thus, while 

markers of myoepithelial identity were apparent by P1 in the lacrimal gland, morphological 

features of myoepithelial cells were gradually acquired but complete by eye opening.  

 Previous studies have implicated myoepithelial cells as epithelial progenitors [71,73,90]. 

To uncover the progenitor potential of myoepithelial cells in the lacrimal gland, we genetically 
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labeled myoepithelial cells in RFP reporter mice using the Acta2CreERT2 allele [91]. After a six-

month chase, all RFP labeled cells expressed SMA (Fig. 11D). Thus, in lacrimal glands, 

myoepithelial cells do not contribute to different epithelial lineages. However, the maintenance 

of RFP+ cells suggests that myoepithelial cells are either long living or capable of replenishing 

themselves. Together, these data eliminate a role of myoepithelial cells in the maintenance of 

other epithelial lineages and suggests the presence of other progenitor pools for acinar and 

ductal cells.  

Progenitor potential of the basal cell layer in the lacrimal gland 

 In many epithelial tissues, cells that express Krt5 and Krt14 behave as progenitors [92–

94]. As described above, myoepithelial cells express are KRT14+KRT5+, but lack progenitor 

capacity. However, immunofluorescent analysis unveiled a distinct KRT14+SMA- epithelial 

population around ducts in the lacrimal gland, known as basal cells (Fig. 12A). In addition, we 

confirmed that Krt5 and Krt14 are co-expressed in the adult lacrimal gland (Fig. 12B). Given the 

established progenitor potential of KRT14+KRT5+ cells in other tissues, we sought to evaluate 

the progenitor capacity of these basal cells in the lacrimal gland. Thus, we labeled 

KRT14+KRT5+ cells using mice carrying a mTmG reporter and a Krt5CreERT2 allele at either P1 

or P60, and imaged lacrimal glands at P19 days or P74, respectively [95,96]. In the absence of 

Cre, no GFP expression was detected (Fig. 13a,e). However, in the presence of Cre, 

KRT14+KRT5+ basal cells (and myoepithelial cells) were successfully labeled with GFP. 

Interestingly, in addition to these cell populations, at both time points we detected GFP 

expression in ductal cells, suggesting lineage tracing from the basal cell layer (Fig. 13b,f). 

Furthermore, partial labeling of basal cells around ducts illustrated the specific contribution of 

basal cells to underlying ductal cells (Fig. 14). Basal cells that were not labeled did not have 

GFP+ underlying ductal cells and importantly, basal cells maintained GFP expression, 

highlighting their ability to repopulate themselves. Unlike ductal cells, acinar cells were not 

lineage traced by KRT14+KRT5+ cells, as evident by the lack of GFP expression in MIST+ cells 
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(Fig. 13d,h). Together, these data establish the first progenitor pool within the lacrimal gland, 

and propose a role of unipotent stem cells for lacrimal gland tissue homeostasis.  

Molecular profiling of human fetal lacrimal glands  

 Researchers employ mouse models to understand lacrimal gland development and 

regeneration under the working hypothesis that it mimics human development. To further 

appreciate the scope of the similarities between the two organisms, human lacrimal glands were 

collected at various stages of development and analyzed for genes we established as 

differentiation or progenitor markers during mouse lacrimal gland development. Morphologically, 

the human lacrimal gland is quite distinct from its murine counterpart (Fig. 15A). While the 

mouse lacrimal gland initiates as a single bud and has one primary duct, the human lacrimal 

gland consists of numerous bud units and multiple large ducts (Fig. 15A). Nonetheless, both 

undergo extensive branching to form their complex secretory networks (Fig. 14A). Gene 

expression analysis of human fetal lacrimal glands uncovered comparable trends as observed 

during mouse development. Acinar markers were readily detected and SOX10 and MIST1 

steadily increased as the lacrimal gland developed (Fig. 15B). In addition, 

myoepithelial/progenitor markers KRT5 and KRT14 were also readily detected in human 

lacrimal glands (Fig. 15B). To determine the localization of epithelial markers, we also 

performed immunofluorescent analysis on embryonic human lacrimal glands. Co-staining for 

KRT5 and KRT14 revealed distinct expression patterns compared to mice. In the mouse, both 

KRT5 and KRT14 appeared to be expressed at relatively comparable levels (Fig. 12A, data not 

shown). However, in the human fetal lacrimal glands, robust KRT5 and KRT14 expression was 

detected around major ducts, but KRT5 was lowly expressed in myoepithelial cells compared to 

KRT14 (Fig. 15C). These results were confirmed by co-staining with KRT5 and SMA. 

Nonetheless, other features such as the absence of SMA around ducts was conserved. In 

addition, AQP5 was present in developing acini but barely detectable in major ducts, similar to 

our observations in the mouse lacrimal gland. Finally, by 24 weeks, MIST1 was also readily 
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detected in developing acini as well, consistent with MIST1 as a marker of acinar cell maturation 

(Fig. 15C). Thus, several features of lacrimal gland development are conserved between mouse 

and humans, confirming that mice provide excellent models for understanding human lacrimal 

gland development. 
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Discussion 

 Tubular development requires the coordinated interaction and differentiation of multiple 

cell types to create complex organ structures.  While many features make the lacrimal gland an 

excellent model system to investigate this process, little is known about its cellular composition 

and differentiation during development. Advances in our knowledge of lacrimal gland 

development will not only make this organ a more tractable model for tubular development, but 

also will improve our understanding of lacrimal gland regeneration and repair. In this study, we 

employ a bevy of tools to establish the cell lineages that contribute to embryonic and postnatal 

lacrimal development and to gain unprecedented insight into epithelial lineage relationships and 

differentiation. In addition, we show in vivo evidence for a novel progenitor population in the 

mouse lacrimal gland, and provide the first molecular characterization of the human fetal 

lacrimal gland. Overall, this body of work represents a major advance in our understanding of 

lacrimal gland development and lays the foundation for numerous future studies using the 

lacrimal gland as a model to understand conserved attributes of tubular development.  

 Many reports have investigated early lacrimal gland development [66–68,97–99]. 

However, features of late embryonic and postnatal lacrimal gland development, a time frame 

that encompasses vast morphological changes, have not been thoroughly described [69]. 

Employing single cell analysis at E16 and P4, we uncovered a surprising diversity of cell 

lineages present within the developing lacrimal gland, including neural crest, immune, and 

endothelial lineages. However, it was the epithelia that displayed substantial differentiation 

between these time points, as acinar, ductal, and myoepithelial cells emerged specifically in the 

P4 single cell analysis. These results highlight the robust differentiation that occurs between late 

embryonic and postnatal stages. Interestingly, acinar and myoepithelial cells clustered closer 

together than expected, hinting at unexpected similarities in their transcriptome and suggesting 

a plausible lineage relationship between acinar and myoepithelial cells.  
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 Further exploration of epithelial lineages uncovered dynamic changes within epithelial 

compartments. Acinar cells gradually transitioned from a SOX10+ state to a MIST1+ state and 

acquired AQP5 apically. Interestingly, SOX10+MIST1+ cells, which we considered a transitional 

population during development, were also detected in adult lacrimal glands. The co-expression 

of these markers suggests that these rare cells maintain a primitive and less differentiated 

status. However, whether these SOX10+MIST1+ cells display a distinct progenitor capacity will 

require future study. In ducts, we identified Krt19 as a stable ductal marker, while Aqp5 

highlighted distinct ductal populations. The detection of KRT19 in ductal structures at E16 

illustrates the early commitment of the ductal lineage. However, whether these cells have a fluid 

and dynamic differentiation potential at these early stages remains unknown. In addition, we 

observed dynamic expression of Nkcc1 between acinar and ductal compartments. Nkcc1 is a 

co-transporter important for fluid secretion [85,86].  Although restricted to ducts in adult lacrimal 

glands, we observed robust acinar expression of Nkcc1 during lacrimal gland development. It 

will be interesting to investigate if and how this gene contributes to acinar maturation in the 

lacrimal gland.  

 By using other markers of the myoepithelial lineage (i.e. Krt5, Krt14, and p63), we 

demonstrated that myoepithelial cells were committed prior to detection of SMA. However, their 

morphology was acquired slowly during postnatal development. Interestingly, SOX10, 

previously associated with the acinar cell lineage, was robustly detected in myoepithelial cells. 

These data are consistent with our single cell analysis that implied a close relationship between 

acinar and myoepithelial lineages. Intriguingly, deletion of SOX10 in the lacrimal gland not only 

impaired acinar cell development but also resulted in absent myoepithelial cells [79]. As it now 

clear that SOX10 is present in immature myoepithelial cells, it is plausible that SOX10 is 

independently required for myoepithelial cell development. However, it is also possible that a 

common progenitor of both lineages is disrupted in the absence of the SOX10 or that one of 

these cell types emerges from the other in the lacrimal gland. Future work employing conditional 
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alleles specific to these cell lineages will be necessary to resolve these possibilities. 

Nonetheless, our data strongly suggest a novel connection between these two lineages during 

lacrimal gland development.  

 Contrary to predictions from the literature and the progenitor potential of myoepithelial 

cells in other organs, we found that the myoepithelial lineage was restricted in adult lacrimal 

glands [71,73,90,100]. Rather, the maintenance of labeled cells after extensive chasing 

suggested that myoepithelial cells replenish themselves. In contrast, we identified the basal cell 

layer as a progenitor pool for ducts in the lacrimal gland. These basal cells behaved as 

unipotent stem cells and divided asymmetrically to retain a labeled basal cell and give rise to a 

labeled ductal cell. While several studies have sought to identify progenitor pools in the lacrimal 

gland, this is the first study to directly identify progenitors in healthy uninjured tissues [70–72]. 

How these cells behave during injury repair will be interesting to discover. Likewise, whether 

acinar cells, like ductal cells, have a distinct unipotent progenitor requires future investigation. 

Overall, these data highlight a major advance in our understanding of lacrimal gland epithelial 

turnover, and provide interesting insight into lacrimal gland repair.  

 Finally, our analyses of human tissues revealed comparable molecular profiles between 

developing mouse and human lacrimal glands, despite their structural distinctions. However, 

unlike the mouse, humans appear to acquire differentiated epithelia embryonically rather than 

postnatally, regardless of a comparable delay in tear secretion. This report provides some of the 

most mechanistic insight into human lacrimal gland development and introduces the use of 

human embryonic lacrimal glands as a model system to understand features of human tubular 

development. Altogether, this reports unveils interesting and unappreciated features of epithelial 

differentiation and turnover and reveals novel relationships between epithelial lineages within 

the lacrimal gland. This study provides an excellent framework for the application of lacrimal 

glands as a model to investigate fundamental processes of tubular development and provides 

unprecedented insight into lacrimal gland development.   
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Methods 

Mouse lines. All animals procedures were approved by the UCSF Institutional Animal Care 

and Use Committee (IACUC). Timed CD1 animals were purchased from Envigo. 

Rosa26mTmG, Krt5CreERT2, Acta2CreERT2, and Rosa26loxp-RFP mice were acquired from The 

Jackson Laboratory. 

Lineage tracing experiments. For lineage tracing experiments, adult Acta2CreERT2;Rosa26lloxp-

RFP mice were injected with 5 mg of tamoxifen in corn oil by  intraperitoneal injection and 

euthanized after 6 months. P60 Krt5CreERT2; Rosa26mTmG mice were injected with 2.5 mg/20 g of 

tamoxifen in corn oil by intraperitoneal injection and euthanized 2 weeks later. P1 Krt5CreERT2; 

Rosa26mTmG mice were injected in the scruff of the neck with 0.3 mg of tamoxifen in 25 uL of 

corn oil and euthanized at P19.  

Human fetal lacrimal gland tissue isolation.  

Human fetal lacrimal glands were harvested from post-mortem fetuses between 15 and 24 

weeks of gestation with patient consent and permission from the ethical committee of the 

University of California San Francisco. Harvested lacrimal glands were identified by location and 

glandular appearance and placed in 4% PFA for immunostaining or RNAlater (Qiagen) for gene 

expression analysis. 

Human fetal lacrimal gland processing. Fixed lacrimal glands were incubated in increasing 

concentrations of sucrose (25-75%), embedded in OCT, and sectioned at 12 µm on a cryostat.  

Immunofluorescence. Fresh frozen lacrimal glands were sectioned at 10 µm on a cryostat. 

Sections were fixed with either 4% PFA for 10 minutes at RT or with ice-cold acetone/methanol 

(1:1) for 1 minute. PFA fixed tissues were permeabilized with 0.1% Triton in PBS for 10 minutes. 

Slides were blocked for one hour in 10% chicken serum  (Vector Labs) in 0.05 in 0.05% PBS-

Tween-20 (PBST) and incubated overnight in primary antibody. Antibodies include: mouse anti-

TUBB3 (clone TUJ1, 1:400, R&D Systems, MAB1195); rat anti-E-cadherin (1:300, Life 
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Technologies, 13-1900); rabbit anti-KRT5 (1:1000, Covance, PRB-160P); rat anti-KRT19 

(1:300, troma III, DSHB); rabbit anti-KRT14 (1:1000, Covance, PRB-155P), rabbit anti-AQP5 

(1:100, Millipore, AB3559); goat anti-SOX10 (1:100, Santa Cruz, sc-17342); goat anti-NKCC1 

(1:200, Santa Cruz, sc-21545); rat anti-F4/80 (1:50, AbD Serotec, MCA497R); chicken anti-GFP 

(1:1000, Abcam, AB13970); rabbit anti-P63 (1:200, Santa Cruz, sc-8343); mouse anti- Actin, 

alpha-Smooth Muscle (1:400, Sigma, C6198); rabbit anti-VIMENTIN (1:300, Abcam, AB92547); 

rat anti-PECAM-1 (clone MEC13.3, 1:300, BD Pharmigen, 550274); and rabbit anti-MIST1 

(1:500, gift from Stephen Konieczny, Purdue University). Sections were then incubated with 

secondary antibodies from Jackson Laboratories or Life Technologies at 1:300 for 1 hour at RT 

and stained with Hoescht 33342 (1:1000) or DAPI (1:4000). Sections were imaged using a 

Leica SP5 confocal microscope and processed using NIH ImageJ software. SOX10+ and 

MIST+ were quantified using the ImageJ software by manually counting Ecad+ cells that were 

positive for either or both SOX10 and MIST1 using the multi-point tool. Four independent 

images were quantified and averaged.  

Wholemount lacrimal gland immunofluorescence. Lacrimal glands were stained as 

previously described (Knox et al., 2010). Briefly, E16 lacrimal glands were fixed with either 4% 

PFA for 20 minutes or with ice-cold acetone/methanol (1:1) for 1 minute. PFA fixed glands were 

permeabilized with 0.1% Triton-X for 15 minutes. Lacrimal glands were then blocked in 10% 

Chicken Serum  (Vector Labs) and 1% BSA (Sigma Aldrich) in PBST for 3 hours at RT or 

overnight at 4 °C.  Lacrimal glands were incubated with primary antibodies for 2 hours at RT 

followed by an overnight incubation at 4 °C. Glands were then incubated at RT with secondary 

antibodies from Jackson Laboraties or Life Technologies at 1:300 for 2 hours and stained with 

Hoescht 33342 (1:1000) or DAPI (1:4000). Glands were imaged using a Leica SP5 confocal 

microscope and processed using NIH ImageJ software.  

Quantitative PCR analysis. RNA was isolated from lacrimal glands using the RNAqueous 

Micro Kit (Ambion). RNA samples were then DNase-treated (Ambion) and used for cDNA 
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synthesis using the SuperScript kit (Invitrogen, CA). qPCR was performed using 1 ng and SYBR 

Green reagents. Primer sequences are listed in Tables 3. Melt-curves and primer efficiencies 

were estimated as previously described (Hoffman et al., 2002). Gene expression was 

normalized to the Rps18 for mouse and GAPDH for human samples. Reactions were run in 

triplicate. 

Single cell dissociation of lacrimal glands. Murine LGs from timed-pregnant female mice 

(CD1; E16 and P4) were dissected and pooled together in PBS. A single cell suspension was 

created by incubating lacrimal glands in a PBS solution containing Liberase TM (Roche) and 

DNaseI (Roche) at 37 °C for 20-40 min. The enzyme reaction was quenched by the addition of 

fetal calf serum and the solution was filtered through a 40 µm strainer (BD Falcon) and 

centrifuged at 1500 rpm for 5 mins. Cell pellets were washed in PBS, centrifuged and 

resuspended in 0.04% BSA (ThermoFisher) at a cell density of 1000 cells/µL. 

Single cell sequencing. Cell suspensions at a density of 1000 cells/µl in PBS + 0.04% BSA 

were prepared for single cell sequencing using the Chromium™ Single Cell 3’ Reagent Kit and 

Chromium™ Controller (10x Genomics, CA, USA). Briefly, 2400 cells per reaction were loaded 

for GEM generation and barcoding. GEM-RT was performed using a Thermocycler (BioRad; 55 

°C for 2 hrs, 85 °C for 5 mins, hold at 4 °C). Post GEM-RT cleanup and cDNA amplification was 

performed to isolate and amplify cDNA for library construction. Libraries were constructed using 

the Chromium™ Single Cell 3’ Reagent Kit (10x Genomics, CA, USA) and samples were 

sequenced using the Illumina platform. Data was analyzed using Seurat 10x Genomics 

software. 
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Figure 6. 10x sequencing uncovers the contribution and differentiation of diverse cell 

lineages during developing lacrimal gland. (A) t-SNE projection of cells isolated from E16 

lacrimal glands. Distinct clusters indicate unique cell populations present at E16. (B) t-SNE 

projection of cells isolated from P4 lacrimal glands suggests an increase in the number of cell 

types compared to E16. (C) Immunostaining confirmed single cell analysis and illustrated that 

multiple cell types contribute to the early lacrimal gland and are maintained at later stages. 

Mesenchyme was marked by VIM (a-c). PECAM-1 labeled endothelial cells (d-f). Tubb3 marked 

nerve cells (d-i). F4/80 stained macrophages (j-l). Arrowheads highlight representative staining 

at E16. Scale bar: 100 µM. 
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Figure 7. Gene expression analysis reveals are dynamic expression of epithelial markers 

during lacrimal gland development. (A) QPCR analysis of acinar cell markers indicated early 
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expression of Sox10, but gradual acquisition of Aqp5 and Mist1. Functional acinar markers Lyz1 

and Lyz2 were dynamic during lacrimal gland development, Ltf increased steadily as mice aged. 

(B) Krt19 was robustly expressed early in lacrimal gland development but decreased at later 

stages, while Nkcc1 displayed variable and dynamic expression until adult stages. (C) 

Myoepithelial markers Krt5 and Krt14 peaked at P1 and steadily decreased at later stages. All 

qPCR experiments were completed in biological triplicates.  
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Figure 8. Immunofluorescence reveals distinct epithelial patterns during lacrimal gland 

development.  SOX10 was readily detected in acinar cells by P1, but slowly declined at later 

stages of lacrimal gland development  (a-e). Aqp5 was lowly expressed at E16, but increased at 

postnatal stages, prominent in acinar cells, and apically restricted by P4 (f-g). MIST1 was 

absent at E16, clearly expressed in some acinar cells by P4, and prominent in most acinar cells 

by P7 and adulthood (k-o). KRT19 marked ductal cells at time points evaluated (p-t). Nkcc1 was 

broadly expressed at E16, but switched between ductal and acinar compartments between P1 
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and P7. By adulthood, it was specifically expressed in ducts (u-y). Asterisks mark acini and 

arrowheads mark ducts. Scale bar: 100 µM.  
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Figure 9. Distinct subpopulations exist in the acinar compartment in developing and 

adult acini. (A) Varying levels of SOX10 and MIST1 highlighted the heterogeneity of acinar 

cells at P4. Importantly, three types of epithelial cells were readily detected in acini including 

SOX10+MIST1-, SOX10+MIST1+, and SOX10-MIST1+ cells (a, Scale bar: 100 µM). High mag 

image represents boxed region (b, Scale bar, 25 µM). In adult lacrimal glands, SOX10-MIST+ 

cells are the major acinar type, although some SOX10+MIST+ are still apparent (c, Scale bar: 

100 µM). High mag image represents boxed region (d, Scale bar, 25 µM). (B) Quantification of 

epithelial cells expressing Sox10 and/or Mist1 confirmed a transition from a dominant 

SOX10+MIST+ acinar population at P4 (50%) to a mature SOX10-MIST+ acinar cell population 

(75%) in adult lacrimal glands.  
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Figure 10. Ducts in the lacrimal gland display dynamic expression patterns. (A) Co-

staining of AQP5 and KRT19 in adult lacrimal glands showed the detection of AQP5 in the 

lumen of many ducts (a, Scale bar, 100 µM).  High mag image represents boxed region (b, 

Scale bar, 25 µM).  However, in large ducts, AQP5 was not detected (c, Scale bar, 100 µM).  

High mag image represents boxed region (d, Scale bar, 25 µM). (B) At P1, NKCC1 overlapped 

with KRT19 (a). However, by P4, NKCC1 was low in KRT19+ ductal cells, but readily detected 

in the neighboring acinar cells (b). This expression pattern was maintained, although moderately 

increased, at P7 (c). Scale bar: 25 µM. (C) Co-staining of MIST1 and NKCC1 confirmed the 

expression in NKCC1 in acinar cells at P4 (a). However, by adult stages, NKCC1 is not was not 

apparent in MIST1+ acinar cells, but was present in ducts. Scale bar: 25 µM. Arrowheads 

indicate ducts and asterisks indicate acini.  
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Figure 11. Myoepithelial cells present early in postnatal development but do not 

contribute to other epithelial lineages in the lacrimal gland. (A) Myoepithelial cell markers 

KRT5 (a) and P63 (b) were expressed at P1 at the edges of acini. P63+ cells also expressed 

SOX10 (Scale bar: 100 µM). High mag image represents boxed region confirmed co-expression 

of these two markers (d, Scale bar: 25 µM). (B) By P4, SOX10+ at the border of acini co-

expressed SMA (a) and P63 (b). Likewise in adult lacrimal glands, SMA+ECAD+ myoepithelial 

cells remained SOX10+ (c) and P63+ (d). Arrowheads indicate positive cells (C) Imaging of 

myoepithelial cell morphology by SMA staining indicated the absence of SMA at P1 (a), but the 

detection of SMA by P3 (b). However, classical features of myoepithelial cells only began to 
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emerge at P5 (c). These features steadily progressed at P7 (d) and were apparent at P10 (e) 

and P60 (f). Arrowheads mark processes. Scale bar: 25 µM. (D) Genetic labeling of SMA+ cells 

with RFP illustrated stable co-expression of RFP and SMA (a, Scale bar: 100 µM). High mag 

image confirmed co-expression of these two markers (b, Scale bar: 25 µM). Arrowheads 

indicate positive cells. 
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Figure 12. Myoepithelial cells and basal cells have distinct locations and expression 

patterns. Co-staining of KRT14 and SMA revealed two distinct epithelial populations, 

KRT14+SMA+ myoepithelial cells and KRT14+SMA- basal cells (a). Co-staining KRT14 and 

KRT5 (b) confirmed the co-expression of these markers in both the basal and the myoepithelial 

of the adult lacrimal gland. Arrowhead labels basal cells and asterisks label myoepithelial cells. 

Scale bar: 100 µM. 
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Figure 13. Basal cells are progenitors for ductal but not acinar cells. In the absence of Cre, 

no GFP was detected in KRT14+ cells (a, e). However in young or adult mice, induction of Cre 

resulted in Krt14+/GFP+ basal cells and GFP+ ductal cells (b,f). Arrowheads indicate ducts. 

Removing DAPI channel clearly showed GFP expression in ducts (c,g). MIST1 expressing cells 

did not express GFP.  Scale bars: 25 µM.  
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Figure 14. Partial labeling uncovers asymmetry during ductal repopulation. Imaging ducts 

with only partially labeled basal cells indicated specific lineage tracing of ducts from overlying 

basal cells by assymetric division (a). Removing DAPI channel confirmed that basal cells remain 

GFP+ as underlying ducts acquired GFP expression (b).  Scale bar: 25 µM 
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Figure 15. The human lacrimal gland recapitulates many features of murine lacrimal 

gland development. (A) Whole lacrimal gland images illustrated the morphology of the human 
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fetal lacrimal gland and the dramatic increase in the number of buds between 16 weeks (a) and 

23 weeks (b). Scale bar: 500 µM. (B) Human lacrimal glands expressed several genes 

observed in the murine lacrimal gland. MIST1 and SOX10 were detectable at all times points. In 

addition, KRT5 and KRT14 expression increased as glands developed. (C) Unlike in the murine 

lacrimal gland, KRT5 appeared much higher in basal cells around ducts and lower in 

myoepithelial cells around acini. KRT14 appeared evenly expressed in both cell types (a-c) (c). 

Like the murine lacrimal gland, AQP5 was high in acinar cells (d) and low in large ducts (e). 

MIST1 was also expressed in acinar cells at 24 weeks(f). Arrowheads indicate ducts and 

asterisks indicate acini.  
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Table 1. E16 single cell analysis results confirm distinct cell lineages.  

 

 

 

 

 

 

 

Gene ID Gene Name Erythrocyte Mitotic Mesenchymal Epithelial Immune Endothelial Mesenchymal SMA+ Glial
ENSMUSG00000002985 Apoe 0.05 0.96 1.04 108.12 0.4 1.67 0.33 7.5
ENSMUSG00000051439 Cd14 0 0 0.01 4 0 0.01 0 0
ENSMUSG00000018774 Cd68 0 0.11 0.03 2.88 0.1 0.07 0 0
ENSMUSG00000001506 Col1a1 0.22 29.64 0.34 1.62 5.2 26.07 8.73 13.25
ENSMUSG00000038642 Ctss 0 0 0.01 13.25 0 0 0 0
ENSMUSG00000019929 Dcn 0.1 45.46 0.56 1.38 3.9 28.51 8.27 0.25
ENSMUSG00000063524 Eno1 0.1 3.11 12.68 1.25 4.2 1.97 2.73 2.25
ENSMUSG00000001946 Esam 0.01 0.18 0.02 0 8.2 0.01 1.07 0.12
ENSMUSG00000062515 Fabp4 0 0.79 0.08 0 33.6 0.6 0.07 0
ENSMUSG00000000031 H19 0.11 12.61 0.39 0.75 21.5 11.22 4.4 0.75
ENSMUSG00000048583 Igf2 0.08 10.11 0.15 0.38 24 8.82 5 0.12
ENSMUSG00000049382 Krt8 0.02 0.11 3.23 0 0 0.01 0 0
ENSMUSG00000069516 Lyz2 0 0 0.1 47.75 0 0.03 0 0
ENSMUSG00000041607 Mbp 0 0.04 0.03 0 0 0.03 0 4.5
ENSMUSG00000056569 Mpz 0 0.04 0.01 0 0 0 0 1.62
ENSMUSG00000027306 Nusap1 0.04 3.43 0.59 0.12 1.4 0.03 0.27 1.25
ENSMUSG00000020717 Pecam1 0 0 0 0.25 6.2 0.03 0 0.12
ENSMUSG00000028312 Smc2 0.01 4.25 0.88 0.25 2.1 0.84 0.2 1.88
ENSMUSG00000025902 Sox17 0 0 0.01 0 8.1 0 0 0
ENSMUSG00000020914 Top2a 0.03 6.11 1.67 0 3.4 0.09 0.47 3.5



	 57 

 

Table 2. P4 single cell analysis reveals emerging epithelial lineages.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Gene ID Gene Name Mast cell/LymphocyteErythrocyte Mesenchymal Glial Macrophage/Monocyte Endothelial Acinar Myoepithelial Ductal
ENSMUSG00000002985 Apoe 2.11 0.27 2.48 18 102.28 0.86 4.41 1.15 0.4
ENSMUSG00000044217 Aqp5 0.04 0.15 0.06 0 0.02 0 5.29 1.57 0.4
ENSMUSG00000035951 Ascl3 0 0 0 0 0 0 0 0 1
ENSMUSG00000051439 Cd14 0.33 0 0.01 0 3 0.23 0.06 0 1
ENSMUSG00000002033 Cd3g 1.37 0 0 0 0 0 0.06 0 0
ENSMUSG00000018774 Cd68 0.07 0 0.04 0 3.11 0 0.24 0.02 0
ENSMUSG00000022132 Cldn10 0.04 0.29 0.18 0 0 0 9.38 2.72 0
ENSMUSG00000001506 Col1a1 0.22 0.38 41.35 16.5 0.35 0.41 1.03 0.24 1.2
ENSMUSG00000024621 Csf1r 0.07 0.02 0.02 0 2.25 0 0 0.02 0
ENSMUSG00000038642 Ctss 0.48 0.01 0.02 0 3.88 0 0.03 0 0
ENSMUSG00000019929 Dcn 0.3 0.35 50.34 0.5 0.37 0.18 1.68 0.52 0.6
ENSMUSG00000012350 Ehf 0 0.01 0.02 0 0.02 0 3.65 0.26 3.6
ENSMUSG00000063524 Eno1 0.7 0.08 0.9 2 1.16 1.86 6.74 2.52 2.6
ENSMUSG00000001946 Esam 0.04 0 0.06 0 0.02 3.45 0 0 0
ENSMUSG00000062515 Fabp4 0.04 0 0.11 0 0 13.77 0.12 0.04 0
ENSMUSG00000000031 H19 0.07 0.12 12.13 0.5 0.18 1.23 0.41 0.2 0
ENSMUSG00000048583 Igf2 0.04 0.07 5.73 0 0.07 0.77 0.06 0 0
ENSMUSG00000064023 Klk8 1.59 0 0.01 0 0 0.18 0.12 0 0
ENSMUSG00000023043 Krt18 0.15 0.27 0.26 1 0.19 0.14 52.35 5 60
ENSMUSG00000020911 Krt19 0 0 0.13 0 0 0 1.91 0.07 4
ENSMUSG00000023039 Krt7 0 0.01 0.03 0 0 0 2.91 0.22 14
ENSMUSG00000049382 Krt8 0 0.04 0.04 0 0.04 0 16.35 2.22 17.4
ENSMUSG00000041607 Mbp 0.07 0 0.04 142.5 0.02 0.05 0.18 0.02 0.2
ENSMUSG00000056569 Mpz 0 0 0 44 0 0 0 0 0
ENSMUSG00000020717 Pecam1 0.07 0 0.01 0 0 2.91 0.03 0.04 0
ENSMUSG00000064373 Sepp1 0.37 0.11 3.6 3 15.56 3.05 0.56 0.13 0.4
ENSMUSG00000021795 Sftpd 0 0.01 0.01 0 0 0 1.09 0 21.4
ENSMUSG00000066152 Slc31a2 0.11 0.05 0.19 0 0.25 0.23 3.82 0.07 0.4
ENSMUSG00000025902 Sox17 0 0 0 0 0.02 1.45 0 0 0
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Chapter 4 – miR-205 is a Critical Regulator of Lacrimal Gland Development 

Abstract 

Tears are essential for the maintenance of the terrestrial animal ocular surface and the lacrimal 

gland is the source of the aqueous layer of the tear film. Despite the importance of the lacrimal 

gland in ocular health, molecular aspects of its development remain poorly understood. We 

have identified a noncoding RNA (miR-205) as an essential gene for lacrimal gland 

development. Knockout mice lacking miR-205 fail to develop lacrimal glands, establishing this 

noncoding RNA as a key regulator of lacrimal bud initiation. RNA-seq analysis uncovered 

several up-regulated miR-205 targets, including Inppl1, a negative regulator of Akt signaling. 

Data indicate that Akt signaling is required within lacrimal gland epithelia and is activated by 

Fgf10. Furthermore, combinatorial epistatic deletion of Fgf10 and miR-205 in mice exacerbates 

the lacrimal gland phenotype. We develop a molecular rheostat model where miR-205 

modulates signaling pathways downstream of Fgf10 to regulate glandular development. These 

data show that a single microRNA is a key regulator for lacrimal gland development in mice and 

illustrate how microRNAs control organogenesis by ensuring robust signaling.  
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Introduction 

The lacrimal gland provides the aqueous layer for the tear film to protect the eye from 

dryness. When lacrimal glands are dysfunctional, dry eye syndrome can develop, a condition 

that plagues millions of humans [101]. Despite the prevalence of the condition, many of the 

underlying mechanisms and pathways controlling lacrimal gland development remain unknown.  

The lacrimal gland develops by branching morphogenesis to form an interconnected 

network of secretory acinar units and ducts. In mice, lacrimal gland development begins at 

embryonic day (E) 13.5 (6 weeks in humans) when the primary bud invaginates from the 

surface ectoderm and grows toward the periorbital mesenchyme [66,102]. After the bud invades 

the mesenchyme, it branches extensively to produce the intra- and exorbital lacrimal gland 

[66,102]. As a mature organ, the lacrimal gland produces tears to lubricate and protect the 

ocular surface. 

Several protein-coding genes are implicated in the early developmental program of the 

lacrimal gland including members of the fibroblast growth factor (FGF) signaling pathway. 

FGF10 is secreted from the periocular mesenchyme and binds to its receptor FGFR2IIIb on the 

surface ectoderm to induce lacrimal gland budding [66,102]. The Pax6 transcription factor 

behaves as a competence factor that helps establish the transcriptional landscape for these 

Fgf10 responsive epithelial cells [66]. Mice that are heterozygous for Fgf10 or that are deficient 

for the heparan sulfate modifying enzyme Ndst have absent or defective lacrimal glands, 

indicating the importance of this pathway to lacrimal gland growth [97,99,103]. While Fgf10 

signaling is clearly required for lacrimal gland development, the genes that converge to mediate 

this developmental program remain unclear.  

Small noncoding RNAs, known as microRNAs, regulate gene expression post-

transcriptionally. MicroRNAs play critical roles in the development and differentiation of many 

organs, including the heart [5], lung [6], brain [7], and skin [8]. Recently, several studies have 

identified microRNAs that regulate branching morphogenesis. Results from these studies 
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provide promising evidence for an important role of microRNAs in the development of branching 

organs [28,29,104,105]. However, branching morphogenesis encompasses several 

developmental decisions, including the induction and elongation of the primary bud, and the 

budding and clefting of the primary bud to form a branched organ. The majority of microRNA 

studies in branching organs have been performed ex vivo, providing only a snapshot of how 

microRNAs control branching morphogenesis.  In vivo experiments are necessary to gain a 

comprehensive understanding of how microRNAs contribute to branching morphogenesis. 

Furthermore, if and how microRNAs converge with morphogen gradients to govern this process 

remains an open question. 

We recently reported the expression of a microRNA, miR-205, broadly expressed in 

epithelial organs, including the murine E18.5 lacrimal gland [106]. Conserved between mice and 

humans, miR-205 is highly enriched in the stem cells of the mammary gland and regulates 

proliferation in neonatal skin cells (Ibarra et al. 2007; Greene et al. 2010;Wang et al. 2013). 

Here, we uncover a role of miR-205 in the early development of the lacrimal gland. Evidence 

suggests miR-205 regulates lacrimal gland bud initiation via the repression of several targets 

that interfere with signaling pathways downstream of Fgf10. This study supports a key role of 

microRNAs in ensuring proper development by promoting robustness in response to morphogen 

signals. 
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Results 

Ocular defects occur in miR-205-/- mice 

We recently reported a partially penetrant lethal phenotype when the epithelial restricted 

microRNA, miR-205, was deleted in mice [106]. While detected in many epithelial organs, the 

prominent expression of miR-205 in tissues that maintain the tear film suggested a possible role 

for miR-205 in ocular surface health. The tear film protects the eye from dryness and is 

composed of three layers: the mucous layer, the aqueous layer, and the lipid layer. The 

aqueous and lipid layers are derived from the lacrimal glands and meibomian glands, 

respectively. We identified miR-205 expression in both ocular glands as well as within the 

corneal epithelium. To determine the role of miR-205 in ocular biology, we deleted miR-205 in 

mice using an Actin-Cre recombinase and evaluated surviving miR-205 knockout (205-/-) mice 

for ocular defects (Fig. 16A). After eyelid opening, miR-205-/- mice displayed a clear ocular 

phenotype, including a thickening of the eyelid that progressed in severity as the mice aged 

(Fig. 16B). Histological analysis of the corneal epithelium revealed no noticeable morphological 

differences between control and miR-205-/- mice (Fig. 17A). To determine if ocular gland 

dysfunction could account for the observed phenotype, the meibomian glands and the lacrimal 

glands were evaluated. Meibomian glands were present in miR-205-/- mice and occasionally 

were enlarged compared to age matched controls (Fig. 17B). Knockout meibomian glands also 

retained lipid content (Fig. 17C).   

 To assess lacrimal gland functionality, tear secretion was assessed in control and miR-

205-/- mice. On average, less than 1 millimeters of tears was absorbed onto a phenol red thread 

after stimulation with pilocarpine in miR-205-/- mice in contrast to the approximately 6 millimeters 

of tears measured in control animals (Fig. 18A). The failed tear secretion in knockout animals 

clearly indicated lacrimal gland dysfunction. To further characterize any morphological changes, 

lacrimal glands were collected from control and miR-205-/- mice. Surprisingly, lacrimal glands 

were largely undetected in miR-205-/- adult mice (p-value<0.001), and a minor number of glands 
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were considerably smaller than control glands (Fig. 18B).  These data suggested a likely 

mechanism for the observed ocular defects. 

miR-205 controls lacrimal gland development 

The absence of lacrimal glands in adult miR-205-/- mice led us to focus on earlier stages 

of lacrimal gland development. We define early lacrimal gland as the time points before lacrimal 

gland branching (E12.5-E15.5). We previously identified miR-205 expression in the embryonic 

(E) day 18.5 lacrimal gland [106]. To expand our understanding of the timing and localization of 

mir-205 throughout lacrimal gland development, temporal analyses of miR-205 transcription was 

performed using miR-205 LacZ reporter mice. X-gal staining was readily detected before 

lacrimal gland initiation, specifically in the surface ectoderm neighboring the developing eye 

(Fig. 19A). After initiation, miR-205 expression was present within the epithelium of the lacrimal 

gland throughout all stages of embryonic development (Fig. 19A). Unlike in the embryonic 

lacrimal gland, widespread expression of miR-205 in the postnatal lacrimal gland diminished 

and became restricted to cell populations around the ducts and scattered between acinar cells 

(Fig. 19A). These data opened up the possibility that miR-205 could play an early 

developmental role in the lacrimal gland.  

To decipher how miR-205 controls the lacrimal gland, E15.5 lacrimal glands carrying a 

lacZ reporter or a Krt5GFP reporter allele were assessed [108]. Strikingly, in greater than 50% of 

knockout animals (p-value<0.001), no lacrimal glands were identified, indicative of an initiation 

failure (Fig. 19B and C). In addition, approximately 25% of miR-205-/- lacrimal glands initiated 

but were smaller and poorly extended compared to littermate controls. To conclusively evaluate 

whether the lacrimal gland defects originated from the deletion of miR-205 in the epithelia, miR-

205 floxed animals were crossed to the epithelial restricted Le-Cre line (miR-205flox/flox:cre) [109] 

(Fig. 20A). Efficient miR-205 deletion was confirmed by qPCR of P0 lacrimal glands (Fig. 21). 

Indeed, miR-205flox/flox:cre mice recapitulated the lacrimal gland phenotype with 60% of lacrimal 



	 63 

glands absent or runted by E15.5 (p-value<0.001) (Fig. 20A and B). Combined, these data 

support a model for a role of miR-205 in lacrimal gland initiation. 

Initiated knockout glands retain proliferative capacity 

While a large subset of lacrimal glands never initiated, another subset initiated but 

remained smaller than controls (Fig. 19B and 20A). At later stages, these smaller glands 

continued to branch and formed highly elaborate organs that remained proximal to the eye by 

postnatal day (P) 0 (Fig. 20A).  To determine the proliferative capacity of these small knockout 

glands, early (E15.5) and late (P0) development lacrimal glands were labeled with Ki67. 

Immunofluorescence indicated that miR-205-/- lacrimal glands retained highly proliferative end 

buds at both time points and quantification of Ki67 positive cells confirmed no significant 

impairment in the proliferative rate of miR-205-/- runted glands (Fig. 20C and D). Similar results 

were obtained using EdU or pH3 to label proliferating cells (data not shown). All together, these 

data implicate miR-205 at the very earliest stages of lacrimal gland development. 

Multiple targets are up-regulated in miR-205-/- mice 

Early lacrimal gland development is known to be controlled by Fgf10 signaling 

[66,98,99,103,109].  To uncover whether miR-205 might contribute to these early signals, we 

sought to identify differentially regulated miR-205 targets prior to initiation. To accomplish this, 

surface ectoderm was isolated from E12.5 embryos using laser capture, and RNA-seq analysis 

was independently performed in quadruplicate on control and knockout tissues (Fig. 22A). No 

significant differences were observed in any genes previously identified to control lacrimal gland 

development, including Pax6 (Table 3). Of the 95 genes significantly up-regulated in miR-205-/- 

samples, 19 were putative miR-205 targets (chi-square, p-value<0.001) (Fig. 22B, and Table 4). 

A subset of these up-regulated miR-205 targets were validated by conventional 3’-UTR 

experiments (Fig. 22C). Indeed, a majority of the tested UTRs demonstrated sensitivity to miR-

205 levels, further implicating these genes as direct miR-205 targets. Furthermore, mutating the 

miR-205 seed sequence in the 3’ UTR of target genes augmented their response to miR-205 
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expression (Fig. 22D). Among these up-regulated targets, we identified genes that may alter 

signaling downstream of Fgf10. In particular, Inppl1, a previously validated miR-205 target, and 

Cadm1 negatively regulate Akt signaling (Table 3) [39,40,107,110,111]. We thus hypothesized 

that miR-205 acts to reduce the expression of genes that interfere with lacrimal gland initiation.  

Akt signaling is required downstream of Fgf10 

The microRNA, miR-205, is a well-established regulator of Akt signaling [39,40,107]. The 

identification of Inppl1 and Cadm1 as targets up-regulated in the surface ectoderm led us to 

further explore the role of Akt signaling in the lacrimal gland. The Fgf pathway activates Akt 

signaling in several epithelial tissues, but Akt signaling has never been directly evaluated in the 

developing lacrimal gland [112–114]. Given the limited tools to assess early lacrimal gland 

development ex vivo, we employed a late lacrimal gland development model to evaluate the role 

of Akt signaling in lacrimal gland development. To definitively resolve whether Fgf10 activates 

Akt signaling in the lacrimal gland, whole E16.5 lacrimal glands were treated with exogenous 

FGF10 to determine if the ligand could enhance Akt activation. Indeed, addition of exogenous 

FGF10 was sufficient to increase phospho-Akt levels (Fig. 22E). To determine whether Akt 

signaling is necessary for Fgf10 dependent epithelial proliferation, E16.0 epithelia were isolated 

and cultured ex vivo for 48 hours with FGF10 and heparin sulfate. Importantly, in this system, 

FGF10 is the primary ligand driving epithelial proliferation and survival. These cultures were 

treated with DMSO or LY294002, a Pi3k specific inhibitor, to examine the effect of modulating 

Akt signaling downstream of Fgf10 (Fig. 22F). 20 µM of LY294002 potently reduced AKT 

activation in ex vivo-cultured glands (Fig. 23). Addition of LY294002 to these cultures potently 

impaired lacrimal gland proliferation and growth, reducing bud length by more than half that of 

DMSO treated epithelial buds (Fig. 22F). These results establish an essential role for Akt 

signaling within the lacrimal gland epithelium downstream of Fgf10. However, imaging phospho-

AKT by immunostaining in control and knockout tissues at E15.5 indicated no notable 

differences (data not shown). These data are consistent with the lack of a proliferative defect in 
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successfully initiated miR-205-/- glands. However, it remains possible that miR-205 has a role to 

ensure robust activation of signaling pathways, including but not limited to Akt signaling, 

specifically during lacrimal gland initiation.  

Ablation of miR-205 exacerbates the Fgf10 phenotype 

Glandular initiation occurs in a complex environment that may not necessarily be 

recapitulated in an in vitro setting, making in vivo models optimal to study this developmental 

process. To determine whether miR-205 influences the fidelity of FGF signaling, miR-205-/- mice 

were crossed to Fgf10 heterozygous mice.  Deletion of a single copy of Fgf10 alone resulted in 

75% of lacrimal glands absent at P0 and the remaining 25% of lacrimal glands were stunted 

compared to controls, consistent with a dosage model for Fgf10 (Fig. 24A and B) [97]. However, 

no lacrimal glands were present in animals lacking both miR-205 and a copy of Fgf10. The 

absence of lacrimal glands at P0 indicated a complete impairment in lacrimal gland initiation is 

these knockout animals. These data suggest a role of miR-205 in modulating the fidelity of 

Fgf10 signaling. Taken together, these data support a model where miR-205 represses its 

targets to enhance signaling downstream of Fgf10 and ensure the fidelity of early lacrimal gland 

development (Fig. 24C). 
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Discussion 

Few single gene microRNA knockouts have readily identifiable phenotypes in mouse 

models [57]. Our lab and others established miR-205 as a critical regulator of postnatal 

development in mice [106,107]. In this study, we expand the role of miR-205 and establish the 

microRNA as a critical regulator of lacrimal gland development. Remarkably, the observed 

ocular phenotype is likely secondary to absent lacrimal glands. Unlike previous studies, this 

work highlights a role of miR-205 during embryonic development rather than postnatal 

development [106,107]. Furthermore, it uncovers a previously unappreciated role of miR-205 in 

organogenesis and identifies the first noncoding RNA necessary for lacrimal gland 

development.  

The absence of lacrimal gland initiation highlights the role of miR-205 at the earliest 

phases of lacrimal gland development. Indeed, failure to initiate indicates an inability of the 

surface ectoderm to robustly respond to external stimuli. Consistent with this observation, 

glands that initiate, although smaller than controls, retain a normal proliferative capacity and 

eventually form highly branched structures. It should be noted the Pax6, a competence factor 

for lacrimal gland development, is unaffected by miR-205 as evidenced by both RNAseq and 

immunostaining (data not shown) [66]. Thus, it is likely that the defects are consequence of 

signaling rather than cellular identity.  

Despite the widespread expression of miR-205 in various glands that are governed by 

similar developmental pathways, deleting miR-205 has a remarkably specific effect on lacrimal 

gland development. In fact, none of the other ocular glands displayed obvious developmental 

phenotypes. We suspect the driving mechanism for this observation is the potent dosage 

sensitivity of lacrimal gland development to Fgf10 [97]. We propose that miR-205 in the surface 

ectoderm functions to ensure robust activation of signaling pathways downstream of Fgf10. This 

model is supported by the exacerbated lacrimal gland phenotype in miR-205-/-: Fgf10+/- mice, 
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where lacrimal gland initiation is completely blocked. This work also reinforces the power of the 

lacrimal gland as a model system to dissect genes involved in FGF signaling.  

While it is clear that miR-205 impairs lacrimal bud initiation, a process driven by Fgf10, 

future research will be required to definitively demonstrate the molecular mechanism of this 

process. Using RNA-seq, we identified several up-regulated targets in the surface ectoderm of 

miR-205-/- mice. A subset of these genes regulates Akt signaling, a pathway known to be highly 

regulated by miR-205. Evidence of reduced phospo-Akt levels in vivo has presented a technical 

hurdle, given the major role of miR-205 in controlling lacrimal gland initiation but the inability to 

precisely visualize this process.  However, analysis of phospo-Akt levels after initiation indicates 

that miR-205 may not have a sustained role on Akt activation. Given the complexities of 

microRNA targeting, it is very possible that miR-205 represses many biologically relevant 

targets that converge to contribute to this developmental phenotype. Thus, we postulate that 

miR-205 acts as a molecular rheostat to fine-tune the landscape of the surface ectoderm to 

ensure proper lacrimal gland initiation. In this idea, disrupting miR-205 expression likely 

exposes the gland to greater molecular noise, reducing the competence and rigor of early 

developmental decisions. Overall, this work highlights the necessity of microRNAs for 

organogenesis and identifies the first non-coding RNA important during lacrimal gland 

development.  
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Methods 

Ethics Statement. All mouse handling was performed according to the protocols approved by 

the Animal Care and Use Committee of the University of California, San Francisco. 

Mouse generation. miR-205 mice were generated as previously reported [106,57]. Le-Cre mice 

were obtained from Jackson Laboratories and backcrossed 7 generations to C57/B6 mice [109]. 

Keratin-5 GFP mice were kindly provided by Jason Rock [108]. For Le-Cre experiments, only 

one parent carried the Cre allele to avoid defects associated with mice homozygous for Le-Cre.    

X-Gal staining. Xgal staining was performed as previously described [106]. Briefly, embryos 

were dissected and fixed in 4% formaldehyde and 0.2% glutaraldehyde in PBS and 

permeabilized in 0.02% NP40, 0.01% sodium deoxycholate, and 2 mM MgCl2 in PBS. X-gal 

staining was completed overnight at 37°C. Embryos were washed to remove background, post-

fixed in 4% paraformaldehyde in PBS to retain Xgal staining and subsequently dehydrated and 

processed for paraffin embedding using Citrosolv. Sections were dewaxed and counterstained 

with Nuclear fast red.  

Tear Secretion Measurement. Mice were weighed and pilocarpine diluted in saline was injected 

by intraperitoneal injection (IP) at a dosage of 4.5 mg/kg. After ten minutes, injected mice were 

anesthetized with isoflurane and tear secretion was measured using Zone-Quick phenol red 

thread (Showa Yakuhin Kako Co. Ltd., Tokyo, Japan). Tear secretion was determined by 

measuring the length (in millimeters) of absorption along the thread.  

Immunofluorescence. Whole lacrimal glands were isolated and fixed for 20 minutes at room 

temperature in 4% paraformaldehyde. Glands were permealized in 0.2% Triton in PBS and 

blocked in 10% goat serum and 3% BSA for two hours. Glands were then incubated in primary 

antibodies for 2 hours at room temperature followed by an overnight incubation at 4°C.  

Antibodies included 1:300 for E-cadherin (Sigma U3294) and 1:200 for Ki67 (Abcam ab15580). 

Glands were thoroughly washed in 0.05% Tween in PBS followed by a 2-hour incubation in 

appropriate secondary antibodies (1:500, Life Technologies) and stained with DAPI. Glands 



	 69 

imaged on a Leica SP5 confocal. Ki67 and DAPI were quantified using ImageJ [115]. Paraffin 

sections were de-paraffinized and boiled for 20 minutes in Citrate buffer, following by 1 hour 

blocking solution (10% chicken serum in PBST) and an overnight antibody at 4°C. Antibodies 

included 1:500 for E-cadherin (Sigma U3294) and 1:500 for Ki67 (Abcam ab15580). After 

washes in PBS, slides were incubated with secondary for 1 hour (1:500, Life Technologies) and 

stained with DAPI. 

Lacrimal gland organ and epithelial cultures. For epithelial cultures, E16.5 lacrimal glands were 

isolated from ICR mice and epithelia were separated from the mesenchyme and cultured as 

previously described [116]. All epithelia cultures were placed in a laminin matrix and the media 

was supplemented with 400ng/ml of recombinant mouse FGF10 (R&D Systems) and 0.5µg/ml 

of heparin sulfate (Sigma, St Louis, MO, USA). Epithelia were treated with DMSO or 20 

uM LY294002. Triplicates were performed using independently isolated lacrimal gland epithelia 

cultured separate dishes for each condition. Bud length was measured by assessing the 

distance from the edge of the bud to the connection point to the converging duct using ImageJ.  

qPCR analysis. P0 lacrimal glands were isolated and immediately flash frozen. After mechanical 

disruption with pestle, RNA was isolated from lacrimal glands using the Qiagen miRNeasy Mini 

Kit Print. cDNA synthesis was performed using Applied Biosystems’ TaqMan® MicroRNA 

Reverse Transcription Kit (4366596) and Thermo microRNA primers for miR-205 and U6 

snRNA. qPCR was performed in technical triplicates of 3 independently isolated sets of lacrimal 

glands using TaqMan® Universal PCR Master Mix. miR-205 levels were normalized to U6 

snRNA levels.  

Western blots. Akt activation was measured by western blot after 5 lacrimal glands were pooled 

into 35 uL of RIPA buffer and lysed by three consecutive freeze thaws. Protein concentrations 

were measured using Pierce BCA Protein assay. Total protein was loaded onto NuPAGE 4-12% 

polyacrylamide gels (Invitrogen, Carlsbad, CA, USA) and proteins were transferred using the 

BioRad semi dry transfer cell onto PVDF membranes. Membranes were blocked in 5% BSA in 



	 70 

TBS-T and incubated overnight in primary antibodies for Akt (Cell Signaling #9272) and 

Phospho-Akt (Cell Signaling #9271).  The membranes were washed and incubated for one hour 

in an anti-rabbit IgG HRP- linked antibody (Cell Signaling Technology) and imaged using 

Supersignal West Femto Chemiluminescent Substrate (Thermo-Pierce, Rockford, IL, USA). 

Western blots were quantified using ImageJ. Biological replicates were performed with 

independent pools of lacrimal glands collected and treated on separate days. Western blots 

were also performed on separate days.  

Histology. Eyes, eyelids, and ocular glands were dissected from mice and fixed overnight in 4% 

PFA in PBS. Organs were then transferred to 70% EtOH and processed for paraffin embedding 

by either the Mouse Pathology Core at UCSF or the Gladstone Histology and Light Microscopy 

Core and stained with haematoxylin and eosin. Lipid Oil O staining was completed at the 

Gladstone Histology and Light Microscopy Core. 

Laser capture and RNA isolation. The laser capture staining protocol was adapted from the 

Laser Capture Molecular Core at Ohio State University. Briefly, E12.5 embryo heads were 

dissected and flash frozen in OCT for cyrosectioning. Sections were collected at 10 µM onto 

RNase-Zap treated 1.0 PEN membrane slides from Zeiss and stored at -80°C. Frozen sections 

were immediately submerged into ice cold RNase free 70% ethanol, stained in Vector® 

Hematoxylin QS for 30 sec, and then rinsed in RNase water, following by 95% ethanol and 

100% ethanol. Slides were then air dried and returned to -80°C before laser capture. The 

surface ectoderm between the eye and brain was isolated using the Zeiss PALM into 0.5 mL 

tubes containing Qiagen RLT buffer. Three embryos were pooled together per sample. RNA 

was isolated using a Qiagen RNeasy Plus Micro kit and assessed on an Agilent 2100 

Bioanalyzer using Agilent RNA Pico Chips. All samples had a RIN above 7.0.  

cDNA synthesis and library preparation. cDNA was generated using Clontech’s SMART-Seq v4 

Ultra Low Input RNA Kit for Sequencing according to manufacturer’s recommendations. 

Sequencing libraries were prepared with 1 ng of cDNA using the Nextera XT DNA Library Prep 
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Kit according to manufacturer’s recommendations. The final product was then run on a Novex 4-

12% TBE gel and DNA between 300-500 nt was selected. Samples were run on an Illumina 

HiSeq 2500 (UCSF Institute for Human Genetics Genomics Core). 

RNA-seq data analysis. Reads were mapped to the mouse GRCm38 genome using Tophat 

v.2.0.9 [117]. Gene expression was measured from the mapped reads by using HT-seq-count 

[118] in intersection-strict mode, which counts the reads aligning to each annotated gene (gene 

set, Ensembl.org). Differentially expressed genes were called using the DESeq2 R package, 

[119] considering genes differentially expressed with FDR < 0.1. Only genes with normalized 

count values above 10 in all samples were evaluated. One WT samples was removed due to 

contamination of non-surface ectoderm tissues, as evident by decreased markers of Pax6, Krt5, 

and others that constant across all other samples. 

UTR analysis. UTRs were amplified using Phusion High Fidelity polyermase (Thermo) and 

included a minimal of 300 nt on each end of the miR-205 seed sequence. UTRs were cloned 

into the psiCHECK™-2 vector from Promega. psiCHECK™-2 vectors were transfected into 

293T cells with a vector expressing wildtype miR-205 (TCCTTCATTCCACCGGAGTCTG) or a 

mutant miR-205 (TCgTTCATTaCACCGGAGTCTG). UTR mutants were generated using PCR 

and seed sequences were changed from the WT seed sequence (ATGAAGG) to a mutant 

version (AaGtAGG). Each condition was transfected independently for biological triplicates. 

After 48 hours, firefly and renilla expression was detected using Promega’s Dual-Glo® 

Luciferase Assay System. Seed deletions in Inppl1 were created using PCR with a primer 

including two mutations in the miR-205 seed sequence. 
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Figure 16. Deletion of miR-205 results in ocular defects. (A) Construct strategy for mouse 

generation. (B) Images of representative control and miR-205-/- mice. Mice were imaged at four 

months of age.  
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Figure 17. Deletion of miR-205 results in only minor morphological defects in ocular 

tissue. (A) H&E staining of the corneal epithelium of adult mice. Brackets indicate the corneal 

epithelium. (B) H&E staining of eyelid, including the meibomian glands (mg), of adult mice. (C) 

Oil Red O staining of control and miR-205-/- meibomian glands (mg).  
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Figure 18. Loss of miR-205 impairs tear secretion. (A) Whisker plot of tear collection 

quantification after stimulation (*** p-value <0.0001, t-test, SEM error bars). Black points 

indicate outliers. (B) Quantification of gland phenotypes in adult mice (p-value, <0.001, Fisher’s 

exact test). Green: normal, yellow: runted, and blue: absent glands.  
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Figure 19. miR-205 controls early lacrimal gland initiation. (A) Expression analysis of miR-

205 in the lacrimal gland. Lacrimal gland (lg), meibomian gland (mg), eye (e). Surface ectoderm 

is indicated by arrowhead. Scattered lacZ staining around ducts (d) and acini cells (a) is 

indicated by arrowhead. Scale bars are 100 µM. (B) Representative images of E15.5 embryos 

with lacZ reporter. Dashed lines indicate the location of the lacrimal gland.  Scale bars are 500 

µM. (C) Quantification of phenotypes in control and miR-205-/- mice (p-value<0.001, Fisher’s 

exact test). Green: normal glands, yellow: runted glands, and blue: absent glands.  
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Figure 20. miR-205 is required within the epithelium of the lacrimal gland. (A) 

Representative images of phenotypes observed in miR-205flox:flox;cre embryos and timed controls 

(p-value<0.001, Fisher’s exact test). Dashed lines highlight the lacrimal gland position. Scale 

bars are 500 µM (B) Quantification of phenotypes in conditional miR-205 knockout mice. Green: 

normal glands, yellow: runted glands, and blue: absent glands. (C) Confocal imaging of E15.5 

lacrimal glands and quantification of Ki67+ Ecad+ positive cells. Scale bars are 100 µM (ns=not 

significant, t-test, SEM error bars).  (D) Confocal imaging of P0 lacrimal glands and 

quantification of Ki67+ Ecad+ positive cells. Scale bars are 100 µM (ns=not significant, t-test, 

SEM error bars).   
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Figure 21. qPCR confirms miR-205 deletion in miR-205flox/flox:cre mice. (A) Lacrimal glands 

from P0 miR-205flox/flox cre negative mice and miR-205flox/flox cre positive mice were isolated and 

evaluated for miR-205 expression. miR-205 levels were normalized to mouse U6 snRNA.    
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Figure 22. RNA-seq of miR-205-/- tissues uncovers relevant miR-205 targets and 

pathways. (A) Schematic overview of experimental method for tissue isolation and RNA 

sequencing. (B) Overlap between up-regulated genes and predicted miR-205 targets expressed 

in the surface ectoderm. (C) Luciferase UTR assays for subset of genes up-regulated in miR-

205 knockout samples (SEM error bars). No binding site (NS), a perfect binding site (PS) 

control. (D) Luciferase UTR assays for miR-205 targets with wildtype UTRs (normalized to one) 

and mutated UTRs. (E) Quantification of phospho-AKT levels by western blot analysis after 

addition of exogenous FGF10 (* p-value = 0.037, t-test, SEM error bars). (F) Lacrimal gland 

epithelial cultures grown in the presence of Fgf10, with or without LY294002. Bud length 

quantified in microns (*** p-value < 0.001, t-test, SEM error bars).  
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Figure 23. LY294002 potently impairs Akt activation. (A) Western blot of lacrimal glands 

cultured with DMSO or 20 µM LY94002 for 48h.  
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Figure 24. miR-205 controls the fidelity of Fgf signaling during lacrimal gland 

development.  (A) Representative images of combinatorial deletions in P0 mice imaged with 

Krt5GFP reporter. Dashed lines indicate the location of the lacrimal gland.  (B) Quantification of 

lacrimal gland defects in the Fgf10 heterozygous background (p=0.0048, Fisher’s exact test). 

Green: normal, yellow: runted, and blue: absent glands. (C) Working model for the role of miR-

205 in lacrimal gland development. In wildtype mice, FGF10 is secreted by the mesenchyme to 

stimulate epithelial budding and miR-205 targets several genes to ensure efficient lacrimal gland 

initiation. In the absence of the microRNA, miR-205 targets are up-regulated, interfere with 

Fgf10 signaling and impair lacrimal gland development.  
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Associated Gene Name log2FoldChange padj 

Barx2 -0.73 0.07 

Etv4 -0.01 0.99 

Etv5 0.09 0.91 

Fgfr2 -0.15 0.65 

Foxc1 -0.06 0.90 

Hs2st1 -0.17 0.44 

Hs6st1 0.10 0.75 

Hs6st2 -0.07 0.89 

Ndst1 -0.10 0.75 

Ndst2 0.09 0.87 

Pax6 -0.54 0.22 

Runx2 -0.12 0.91 

Smad4 0.02 0.97 

Sox10 0.85 0.18 

Sox9 0.13 0.82 

Spry1 0.13 0.61 

Ugdh -0.03 0.95 

 

Table 3. Fold change of known regulators of lacrimal gland development. 
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Associated Gene Name log2FoldChange padj 

Herc3 1.2 0.00352 

Piezo1 1.0 0.00482 

Abcd1 0.8 0.00477 

Rragd 0.8 0.00024 

Ripk1 0.7 0.00381 

Dok4 0.7 0.01207 

Mgrn1 0.6 0.00000 

Cadm1 0.6 0.00006 

Inppl1 0.6 0.00326 

Pard6b 0.6 0.02830 

Rcbtb1 0.6 0.00000 

Slc35a1 0.5 0.00898 

Etnk1 0.5 0.01498 

Pja2 0.5 0.03875 

Mtfr1l 0.5 0.00253 

Zfp518b 0.4 0.02941 

Phc2 0.4 0.00020 

Slc25a44 0.4 0.04699 

Ubfd1 0.2 0.04642 

 

Table 4. miR-205 targets up-regulated by RNA-seq analysis. 
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Chapter 5 – General summary 

 Gene regulation is essential to life. Because of the necessity to ensure proper control of 

gene expression, complex machineries exist in the cell to manage transcription and translation. 

Many of these regulators of gene expression have been studied for many decades. However, in 

the recent past, novel strategies of gene regulation have emerged, and diverse roles of 

noncoding RNAs in the control of transcription and translation have been discovered [39,120–

122]. MicroRNAs represent an abundant category of noncoding RNAs that control gene 

expression post-transcriptionally [3,123]. Despite strong evidence of important roles of 

microRNAs in development and gene regulation, a vast majority of microRNAs have not been 

comprehensibly evaluated for their individual roles in vivo [124]. In an effort to address this gap 

in the field, the McManus lab in collaboration with other labs at UCSF generated a large cohort 

of microRNA knockout mice [57]. Among this cohort was a microRNA, miR-205, that was 

previously implicated in epithelial biology [10,39,52]. 

 This body of work began with a preliminary observation that a single microRNA, miR-205, 

was necessary for mouse survival [57]. This initial finding was refined and the microRNA was 

discovered to be essential during postnatal development, as animals died as early as postnatal 

day 7. In addition to our work on miR-205, another group identified the same phenotype in 

independently derived miR-205-/- mice [107]. They established a proliferative defect in skin 

progenitors and proposed a role of miR-205 in AKT signaling.  However, to date, neither the 

mechanism nor the tissue responsible for the lethality in miR-205-/- is known. Nonetheless, 

phenotypic and molecular characterization of knockout mice has led to several important 

findings and has illuminated the complexity of microRNA research. In particular, we identified 

expression of miR-205 in ectodermal appendages, including the lacrimal gland. Discovering its 

expression in the lacrimal gland led us to evaluate eye health in surviving knockout animals. 

Surprisingly, we uncovered an interesting and specific lacrimal gland phenotype. However, this 

discovery came with many challenges, mainly the lack of molecular details describing lacrimal 



	 84 

gland development. Thus, our discovery of miR-205 in lacrimal gland epithelia led us to invest 

considerable energy into deciphering how this compartment develops and differentiates in mice. 

In addition, the lacrimal gland phenotype led to a detailed mechanistic investigation of the role of 

miR-205 in pathways associated with lacrimal gland development. As a result of these efforts, 

we have identified and carefully considered important themes relating to microRNA biology. 

Among the most significant motifs was the revelation that microRNAs with potent phenotypes 

can behave as micromanagers.  

Novel insights into lacrimal gland development 

 The widespread expression of miR-205 in the developing lacrimal gland (see Chapters 2 

and 4) as well as the obvious defects in early lacrimal gland heightened our interests in lacrimal 

gland development. Several studies have evaluated early lacrimal gland development [66–

68,79,98,99,125,126]. However, detailed expression analysis of miR-205 indicated that while 

miR-205 was abundant during early development, it was also dynamically expressed as the 

lacrimal gland matured. Indeed, miR-205 was specifically restricted postnatally, indicating a 

massive shift in the transcriptional program of epithelial cells between embryonic an postnatal 

time points.  Thus, in collaboration with the Knox lab, we characterized epithelial differentiation 

within lacrimal glands, and uncovered the emergence of epithelial cell lineages during postnatal 

development. We also demonstrated that markers associated with miR-205, including p63 and 

Krt5 were dynamically expressed in the epithelia [35,107]. Furthermore, our work led to the 

discovery of a P63/KRT5/KRT14 positive (and likely miR-205 expressing) unipotent progenitor 

in the lacrimal gland. However, whether miR-205 plays a role in these adult cell populations 

remains uninvestigated. Nonetheless, our interest in miR-205 has led to an extensive 

characterization of lacrimal gland development and novel insight into lacrimal gland epithelial 

lineage relationships and differentiation.  

 Our investigation of miR-205 in the lacrimal gland also led to interesting insights into 

differences between the lacrimal gland and other ectodermal appendages. As mentioned in 
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previous chapters, miR-205 is expressed in various ectodermal appendages, including salivary 

glands and teeth. However, miR-205 has a specific impact on lacrimal gland development. We 

suspect this is a direct consequence to the lacrimal gland’s incredible sensitivity to morphogen 

cues, and in particular Fgf signaling. While previous reports have implicated FGF10 dosage in 

lacrimal gland initiation, our work demonstrates that even intrinsic changes to the PAX6+ 

epithelial cells receiving FGF10 signals can radically impair lacrimal gland development 

[97,103]. The rationale for such a sensitive system is unclear, but it allows the lacrimal gland to 

be an excellent model to interrogate Fgf signaling. 

MicroRNAs as micromanagers 

 Despite the prominent phenotype in miR-205 knockout mice, the molecular mechanism 

responsible for the observed defects has been challenging to dissect. Prior to this work, one of 

the primary roles assigned to miR-205 in human tissues was regulating epithelial to 

mesenchymal transitions by targeting a known modulator of this process, ZEB1 [35,38]. 

However, contrary to these studies in humans, the role of miR-205 in mice appears more 

complex. In mice, despite a conserved miR-205 binding site in its 3’ UTR, Zeb1 is insensitive to 

miR-205 expression levels, as neither in vitro nor in vivo data demonstrate that this gene is 

altered in response to miR-205 (data not shown). Instead, work from our lab and others suggest 

that, in mice, miR-205 likely behave as micromanager and targets a variety of genes 

simultaneously to regulate signaling [107]. Indeed, within the lacrimal gland specifically, several 

targets were up-regulated in knockout tissues, but no single target clearly explained the 

observed phenotype. Despite the lack of an obvious individual target, miR-205 still had a very 

potent phenotype; data that suggests that micromanaging activities can be as essential as the 

specific regulation of a phenotypic target gene. We speculate that this may be the common 

mode for microRNA regulation. Nonetheless, the standard for most publications remains to 

construct a strict microRNA-to-target relationship that explains the majority of a specific 

phenotype. This model is most certainly a byproduct of early microRNA studies that discovered 
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target genes with multiple microRNA binding sites within their 3’ UTRs, which were robustly 

down-regulated by microRNAs [123,127,128]. However, genes with single microRNA binding 

sites for a given microRNA are much more common. As such, many microRNAs have modest 

effects on a large network of targets, with no single microRNA target standing out [129]. 

However, the need to directly identify a single microRNA target responsible for a phenotype 

persists. Such an unrealistic standard may lead to conclusions that may later be unveiled as 

inaccurate. Instead, we suggest that future microRNA research focus on how microRNAs and 

their known targets converge with relevant pathways to influence cellular signaling and 

behavior.  

Advanced technologies for in vivo microRNA research 

 An emerging theme from a decade of research on microRNAs is that in general, 

microRNAs play minor roles in biology and have weak phenotypes when deleted. Indeed, singly 

deleted microRNAs often fail to exhibit obvious phenotypes [57]. However, there is a long list of 

interesting and tissue specific phenotypes in microRNA knockout mice that highlight the variety 

of critical roles microRNAs play during mammalian development [124]. The microRNA, miR-

205, is one of very few examples of microRNAs required for mouse survival, and the first 

microRNA identified to be specifically required for postnatal development. Other than not being 

a member of a microRNA family, there was no obvious indication that this microRNA would 

have a phenotype in vivo. Like many other microRNAs, miR-205 has a dynamic and tissue 

specific expression pattern that suggesting an interesting biological function [57]. Given this very 

general classification, it is likely that there remains a large number of unevaluated microRNAs 

with interesting and biomedically relevant phenotypes. To date, there are still hundreds of 

microRNAs that have not been directly evaluated in vivo, and there are no strategies to predict 

which microRNAs will have obvious phenotypes. At this time, the only way to continue to identity 

new microRNAs involved in important biological functions is to continue to delete individual 

microRNAs and microRNA families that are conserved and have interesting expression profiles 
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using animal models. In the near future, we believe the application of CRISPR/Cas9 technology 

will drive major advances in microRNA biology (Fig. 25). Complex genetic alleles will become 

cheaper and faster to create, and in vivo confirmation of set of target genes will be achievable 

[130–134]. Together, these technical advances will lead to an enhanced understanding of 

microRNA functions. Thus, the future is bright for the microRNA field as new tools become 

available to address complicated and underappreciated features of microRNA biology. 
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Figure 25. CRISPR/Cas9 applications for microRNA biology. (A) Cas9 (yellow) can facilitate 

the generation of microRNA knockout mice by targeting sgRNAs (green) to the mature 

microRNA sequence (red), leading to small deletions that change the mature sequence.  

Alternatively, targeting sites that interfere with microRNA biogenesis can also cause a functional 

knockout. (B) Combining CRISPR/Cas9 and oligos/donor DNA with homologous arms can 

create conditional microRNA knockout mice in one step. (C) CRISPR/Cas9 can be employed to 

delete microRNA seed sequences in the 3’ UTR (orange) of target genes in vivo to validate 

microRNA target function or to recapitulate microRNA knockout phenotypes.  
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