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ABSTRACT 

MicroRNAs (miRNAs) are endogenous non-coding small RNAs that post-

transcriptionally regulate gene expression primarily through binding to the 3’ 

untranslated region (3’UTR) of target mRNAs, and are known to play important 

roles in various developmental and physiological processes. The work presented 

in this thesis was centered on understanding how Caenorhabditis elegans 

miRNAs are modulated by genetic, environmental, or physiological factors and 

how these small RNAs function to maintain the robustness of developmental 

processes under stressful conditions. 

To identify modulators of the miRNA pathway, I developed sensitized 

genetic backgrounds that consist of a panel of miRNA gene mutants and miRNA 

biogenesis factor mutants with partially penetrant phenotypes. First, I found that 

upon infection of Caenorhabditis elegans with Pseudomonas aeruginosa, an 

opportunistic pathogen of diverse plants and animals, let-7 family miRNAs are 

engaged in reciprocal regulatory interactions with the p38 MAPK innate immune 

pathway to maintain robust developmental timing despite the stress of pathogen 

infection. These let-7 family miRNAs, along with other developmental timing 

regulators, are also integrated into innate immune regulatory networks to 

modulate immune responses. Next, I demonstrated that loss-of-function 

mutations of Staufen (stau-1), a double-stranded RNA-binding protein, increase 

miRNA activity for several miRNA families, and this negative modulation of 

Staufen on miRNA activity acts downstream of miRNA biogenesis, possibly by 
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competing with miRNAs for binding to target mRNA 3’UTRs.  

In summary, these studies provide a better understanding on how miRNAs 

are modulated by various environmental and cellular components, and further 

support the role of the miRNA pathway in conferring robustness to 

developmental processes under these perturbations. 
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CHAPTER I: Introduction 

 

Establishing and maintaining proper gene expression requires various 

regulatory mechanisms including post-transcriptional regulation by microRNAs 

(miRNAs). These small RNAs have been demonstrated to regulate a variety of 

biological processes (1, 2). Therefore, it is important to understand how miRNAs 

are modulated by various genetic, physiological and environmental perturbations. 

Here I describe the current knowledge of the regulation of the miRNA pathway, 

our approach to identify modulators of the miRNA pathway, and roles of miRNAs 

in maintaining biological robustness. 

 

I.A. The microRNA pathway 

1. Discovery. 

In the last decades, our knowledge of the complexity of gene expression 

regulation in eukaryotes has been dramatically expanding. One of the most 

significant advances is the discovery of miRNAs. In 1993, the laboratories of 

Victor Ambros and Gary Ruvkun made the breakthrough finding that a regulator 

of developmental timing in Caenorhabditis elegans (C. elegans), lin-4, actually 

encodes a small noncoding RNA that post-transcriptionally regulates the 

expression of LIN-14 (3, 4). Seven years later, another developmental timing 

regulator let-7 was found to generate a 21-nucleotide RNA that is well-conserved 

across animal phylogeny (5, 6). Since then, the field of miRNA biology has really 
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taken off, and miRNAs have been shown to play important roles in many 

developmental and physiological processes (1, 2). 

2. Biogenesis. 

MiRNAs are endogenous single-stranded non-coding small RNAs that 

post-transcriptionally regulate gene expression through translational inhibition 

and/or mRNA decay (7, 8). Although some miRNAs are located in the introns of 

protein-coding genes, they are usually present in the genome as independent 

genes and these miRNAs are transcribed into primary transcripts (pri-miRNAs) 

by RNA polymerase II in the nucleus (Figure 1.1). Pri-miRNAs fold into stem-loop 

structures and are processed into precursor miRNAs (pre-miRNAs) by the 

Microprocessor complex that consists of RNase III Drosha/DRSH-1 and its 

cofactor DGCR8/PASH-1. The interaction between DGCR8/PASH-1 and apical 

elements of the pri-miRNA’s stem-loop structure ensures the precise cleavage of 

pri-miRNAs by Drosha/DRSH-1, which in turn generates pre-miRNAs with a two 

nucleotide overhang at the 3’ end (9, 10). The hairpin-structured pre-miRNAs are 

exported into the cytoplasm by Ran-GTP and Exportin-5 (11, 12) and further 

processed by the RNase III Dicer/DCR-1 into RNA duplexes with two nucleotide 

overhangs at each 3’ end (13, 14). One strand of the RNA duplex (guide strand) 

is the mature miRNA which is incorporated into the miRNA-specific Argonaute 

(AGO) protein (ALG-1 and ALG-2 in C. elegans (15)), whereas the other strand 

(passenger strand) is usually expelled and not functional (16).  
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3. Function. 

MiRNAs exert their functions in translational inhibition and/or mRNA decay 

primarily through imperfect base-pairing to the 3’ untranslated region (3’UTR) of 

their target mRNAs (17). The seed sequence (nucleotides 2-7) of a mature 

miRNA dictates the specificity of miRNA’s recognition on target mRNAs. There is 

usually no mismatch between the seed sequence and the miRNA target site on 

the 3’UTR. Therefore, miRNAs with the same seed sequence are grouped into a 

family and predicted to potentially share the same set of target mRNAs (18). In 

addition to the seed sequence, the assembly of a ribonucleoprotein complex 

named miRNA-induced silencing complex (miRISC) on the 3’UTR of target 

mRNAs is also crucial for miRNAs to exhibit their regulation. Besides the AGO 

protein, another core component of miRISC is the AGO binding partner GW182 

protein (AIN-1 and AIN-2 in C. elegans (19, 20)) (21, 22). GW182 proteins can 

serve as scaffolds for the binding of numerous silencing effectors on miRISC in 

order to carry out the miRNA-mediated gene silencing (23-29). 

Because different miRNAs could potentially regulate the expression of 

different sets of genes with diverse functions, miRNAs have been shown to play 

important roles in numerous physiological and pathological processes, including 

development, differentiation, immune response, metabolism, neurodegeneration 

and cancer (3, 5, 30-34). Misregulation of miRNAs could lead to large-scale 

changes in gene expression, which in turn lead to disease conditions. For 

example, the upregulation of RAS and cell proliferation pathways caused by 
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reduced expression of let-7 promotes the tumorigenesis of human lung cancer 

(35-38). Since miRNAs are such important regulators of many biological 

processes, it is not too surprising that the activity of miRNAs is subject to 

extremely sophisticated regulation. 

4. The regulation of the microRNA pathway. 

The activity of miRNAs can be regulated at several levels, including 

transcription, processing, target accessibility, miRISC activity and turnover. 

The regulation of miRNA transcription is similar to the transcription 

regulation of protein coding genes. Complex control of miRNA transcription is 

usually observed, which consists of various types of autoregulatory feedback 

loops. One example is that transcription factor PITX3 and mir-133b form a 

negative feedback loop to control the differentiation of dopaminergic neuron. The 

transcription of mir-133b is activated by PITX3, which subsequently suppresses 

PITX3 expression (39). 

The processing of miRNAs can be regulated through changes in the 

activity of miRNA biogenesis factors and through modifications on the miRNA 

sequence (40-46). The best-studied negative regulator of miRNA processing is 

an RNA-binding protein LIN-28, which specifically affects the processing of let-7 

family miRNAs on several different levels (47). First, LIN-28 can bind to the 

primary transcripts and precursors of the let-7 family miRNAs, blocking Drosha 

and Dicer processing respectively (48, 49). Second, upon binding to the pre-let-7, 

LIN-28 also induces the 3’-terminal polyuridylation on pre-let-7 by recruiting 



 6 

TUT4 terminal poly(U) polymerase, which prevents Dicer processing and 

promotes the degradation of pre-let-7 (50-54). The regulation between LIN-28 

and let-7 is highly conserved and plays an important role in the regulation of cell 

fate decisions including the developmental timing in C. elegans, the pluripotency 

of mammalian embryonic stem cells, and oncogenesis (47).  

In order to carry out miRNA-mediated gene silencing, miRNAs need to 

physically bind to the target sites on the 3’UTR of target mRNAs, which can be 

subject to regulation by various 3’UTR binding proteins. Interestingly, 3’UTR 

binding proteins can have both positive and negative effects on the target 

accessibility of miRNAs. PUF proteins can act as positive regulators of miRNA 

activity through binding proximally to the miRNA target sites to increase miRNA 

target site accessibility (55, 56). By contrast, because the binding sites of the 

RNA-binding protein Dead end 1 (Dnd1) overlap with miRNA target sites, Dnd1 

was found to impede the binding of miRNAs to their target 3’UTRs, thereby 

negatively regulating miRNA-mediated gene silencing (57). HuR proteins in some 

cases can function as positive regulators of miRNA activity in a similar manner as 

PUF proteins (58, 59), but in other cases, HuR proteins can negatively regulate 

miRNA activity by forming oligomers on the 3’UTR to block the miRNA target 

sites (60-62). Therefore, many 3’UTR binding proteins can affect the miRNA 

target accessibility, resulting in significant regulation on miRNA activity. 

Another mode of regulation on miRNA activity is through affecting miRISC. 

Both core components of miRISC, AGO and GW182, can be regulated at the 
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level of expression and activity (63-65). However, other protein factors could also 

affect the activity of miRISC. For example, C. elegans TRIM-NHL protein NHL-2 

was found to be associated with miRISC and promoted the potency of miRNA 

action without affecting miRNA biogenesis (66).  

Regulators of the miRNA turnover process could affect the steady state 

level of miRNAs, which in turn regulates miRNA activity. So far, there is still a 

lack of comprehensive understanding on how mature miRNAs are degraded. 

However, certain exonucleases were found to carry out the turnover of mature 

miRNAs (67, 68). Additionally, several studies have shown that under certain 

conditions interaction with targets can contribute to the decay of a miRNA (69-

71). 

Although many regulators has been shown to dramatically affect the 

miRNA pathway, some factors such as NHL-2 only exhibit moderate effects on 

miRNA activity, and they are named miRNA modulators. A few studies so far 

have suggested that miRNA modulators could function to fine-tune the activity of 

miRNAs especially in response to developmental and physiological signals (66, 

72). However, more studies on how the miRNA pathway is modulated by various 

genetic, physiological and environmental factors are needed to provide a better 

understanding of the biological significance of miRNA-mediated gene silencing. 
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I.B. Utilizing sensitized genetic backgrounds to identify microRNA 

modulators 

1. The model organism: C. elegans. 

To identify modulators of the miRNA pathway, we utilized the nematode C. 

elegans as our model organism. In the 1970s, C. elegans was first used by 

Sydney Brenner to study neuronal development (73), and it has since been 

proven to be a fantastic genetic model that has significantly propelled biomedical 

research in the last decades.  

C. elegans is normally a self-fertilizing hermaphrodite organism that has a 

simple life cycle consisting of the embryonic stage, four larval stages (L1, L2, L3 

and L4) and the adult stage (Figure 1.2). Upon fertilization, embryos go through 

proliferation and organogenesis to establish the main body plan. In the presence 

of food after hatching, larvae normally pass through four stages to reach 

adulthood with an increase in body size. At the end of each larval stage, worms 

enter a lethargic period called molt, during which a new, stage-specific cuticle is 

synthesized and the old one is shed. Under starvation, high temperature and 

crowding, L2 larvae can adopt an alternative developmental program and molt 

into an arrested stage named dauer. Dauer larvae can withstand the unfavorable 

conditions and survive for several months, and they will resume normal 

development when favorable conditions occur. 
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Figure 1.2 The life cycle of C. elegans. Image is from WormAtlas 

(http://wormatlas.org/index.html).  

 

  



 10 

Extensive studies have been conducted in C. elegans to show that 

miRNAs are important in the regulation of several developmental processes (3, 

5, 74-76), which provides me with a great system to study modulators of the 

miRNA pathway. 

2. Sensitized genetic backgrounds. 

Genetic loss-of-function mutants of miRNA modulators usually do not 

exhibit any miRNA related phenotype in an otherwise wild type genetic 

background. Therefore, to identify modulators of miRNA activity, we established 

a panel of worm strains containing mutations designed to produce sensitized 

genetic backgrounds with compromised activity of specific miRNA families or 

miRNA biogenesis factors (Figure 1.3). There are three categories of mutations 

in these sensitized genetic backgrounds: 1) null mutations of a subset of genes 

encoding a miRNA family; 2) hypomorphic (non-null partial loss-of-function) 

mutations of a particular miRNA; 3) hypomorphic mutations of a miRNA 

biogenesis factor or miRISC component. One essential feature of the sensitized 

genetic backgrounds is that these mutants all have partially penetrant 

phenotypes. This feature allows the identification of either positive or negative 

modulators of miRNA activity by testing for enhancement or suppression, 

respectively, of these sensitized phenotypes after knockdown of candidate gene 

activity or applying various stress conditions. 
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3. The developmental timing pathway. 

The first identified miRNAs, lin-4 and let-7, are known to function in the 

heterochronic pathway to regulate the developmental timing of the hypodermal 

seam cell V lineage in C. elegans (3, 5, 77) (Figure 1.4). During larval 

development, wild type animals exhibit a distinct seam cell division pattern at 

each larval stage, and after the L4 molt, seam cells will differentiate and produce 

adult specific cuticle structure, called adult alae which are three longitudinally 

oriented ridges above the seam cells on the lateral sides of adult worms (Figure 

1.4A and B). If a mutant animal reiterates an early larval stage seam cell division 

at later stage, it is named a retarded mutant. And a precocious mutant will skip a 

particular larval stage seam cell division causing the early occurrence of later 

stage divisions.  

The expression of the lin-4 miRNA starts in the mid-L1 stage to suppress 

the expression of two core heterochronic genes, lin-14 and lin-28 (4, 78) (Figure 

1.4E and H). The transcription factor lin-14 functions to promote the L1 stage 

seam cell division which is skipped in the lin-14 loss-of-function mutant thereby 

resulting in a precocious phenotype (77, 79). In the absence of lin-4, lin-14 

expression level remains high, which results in the continuous reiteration of the 

L1 stage seam cell division (Figure 1.4A). When lin-28 is disrupted, the L2 stage 

proliferative seam cell division is skipped and worms end up with a precocious 

heterochronic phenotype with decrease seam cell number and precocious adult 
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alae (Figure 1.4A). lin-28 exhibits this function mainly through its regulation on 

let-7 family miRNAs and hbl-1, a target of let-7 family miRNAs (80).  

So far, four of the C. elegans let-7 family miRNAs, let-7, mir-48, mir-84 

and mir-241, are known to regulate developmental timing. Three of the let-7 

family miRNAs (mir-48, mir-241 and mir-84) are expressed starting at the L2 

stage and function redundantly to downregulate the expression of a transcription 

factor hbl-1 (74) (Figure 1.4F and H). hbl-1 is required to promote the L2 stage 

proliferative seam cell division that is reiterated when mir-48, mir-241 and mir-84 

are all deleted. Therefore, all the seam cells in worms lacking mir-48, mir-241 

and mir-84 continue to go through the proliferative division after the L2 stage, 

resulting in worms with an increased number of seam cells and no adult alae at 

the adult stage (Figure 1.4A). Since these three let-7 family miRNAs function 

redundantly, in doubly-mutant worms missing only mir-48 and mir-241 not all the 

seam cells reiterates the L2 stage proliferative division, which leads to a partially 

penetrant phenotype with gaps in the adult alae and extra seam cells at the adult 

stage (Figure 1.4A, C-D). This partially penetrant phenotype of the mir-48 mir-

241 mutant can therefore be used to identify modulators of let-7 family miRNA 

activity.  

Finally, the larval-to-adult transition of seam cells is regulated by the 

upregulation of let-7 miRNA from the L3 stage, which results in the repression of 

lin-41 and hbl-1 (81, 82) (Figure 1.4G and H). lin-41 and hbl-1 function to  
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Figure 1.4 The C. elegans developmental timing pathway. (A) A diagram of 

seam cell V lineage (V1-V4, V6) in wild type and various heterochronic gene 

mutants. The three horizontal lines indicate adult alae formation. (B) Image of 

complete adult alae in wild type animal. (C) Image of gapped adult alae in a let-7 

family miRNA mutant, and the seam cells of the same animal were shown in (D). 

These seam cells pointed by arrows are going through a proliferative division 

instead of differentiation at the L4 molt, and these cells fail to produce the adult 

alae, which leads to the gap in adult alae. Developmental expression patterns of 

(E) lin-4, lin-14 and lin-28; (F) mir-48, mir-241, mir-84 and hbl-1; (G) let-7 and lin-

41. (H) The genetic interactions within the developmental timing pathway.  
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regulate the expression of a zinc finger transcription factor LIN-29 that triggers 

the cellular events associated with seam cell terminal differentiation (83). 

Therefore, seam cells in the let-7 null mutant fail to differentiate at the L4 molt, 

resulting in the absence of adult alae at the young adult stage and the recurrence 

of the L4 stage seam cell division after adulthood (Figure 1.4A). 

Besides lin-4 and let-7 family miRNA, mutants of the miRNA biogenesis 

factor and miRISC components have been shown to exhibit developmental 

timing defects possibly due to the reduced activity of these miRNAs (15, 19, 20, 

84). 

4. Other microRNA regulated developmental processes in C. elegans. 

Similar to the developmental timing regulation elicited by lin-4 and let-7 

family miRNAs, certain other C. elegans miRNAs have been shown to play 

important roles in developmental processes. The mutants of these miRNAs can 

also be used as sensitized genetic backgrounds. 

lsy-6 is a miRNA identified in a forward genetic screen for mutants in 

which the cell fate decision of a pair of morphologically bilaterally symmetric 

gustatory neurons is inappropriately executed (75) (Figure 1.5A). Specifically, the 

two of neurons are ASE left (ASEL) and ASE right (ASER) and they undergo a 

left/right asymmetric diversification in cell fate during embryonic development. 

lsy-6 is expressed only in the ASEL neuron to suppress its target transcription 

factor cog-1, thereby promoting the expression of genes required for ASEL 

neuronal cell fate. Whereas in the ASER neuron, lsy-6 expression is turned off, 
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and another set of genes are expressed to specify the cell fate of ASER. One of 

the genes downstream of lsy-6 is lim-6 that is present specifically in the ASEL 

neuron in wild type animals. In the null mutant of lsy-6, the ASEL neuron adopts 

the fate of ASER neuron, which results in the complete loss of lim-6 expression 

in the ASEL neuron. There is an allele of lsy-6 (lsy-6(ot150)) with weak 

penetrance due to the impaired lsy-6 biogenesis, which makes it an ideal 

candidate of a sensitized genetic background to identify miRNA modulators. 

Loss of all mir-35 family miRNAs (mir-35 through mir-42) results in an 

embryonic lethal phenotype in C. elegans, however, a partially penetrant 

temperature-sensitive embryonic or L1 larval lethal phenotype was observed in 

worms without mir-35-41 (76) (Figure 1.5B). Therefore, mir-35-41 loss-of-function 

mutant could be utilized as sensitized genetic background to identify modulators 

of miRNAs as well.  

 

I.C. MicroRNAs function to confer biological robustness 

Proper animal development requires the robust execution of cell fates 

under diverse genetic, physiological and environmental perturbations. Therefore, 

numerous mechanisms have evolved to confer the robustness of biological 

processes (85). Recent studies have shown that miRNAs participate in feedback 

and feedforward regulatory circuits (86-88), and in doing so, they maintain 

biological robustness under various stresses (89-92).  

  





 19 

In some regulatory circuits, miRNAs could oppose the actions of an 

upstream regulator to create tightly controlled outcome. For example, work in 

Drosophila melanogaster has shown that mir-7 acts in two feedforward loops to 

refine downstream gene expression, which in turn maintains the robustness of 

eye development against temperature fluctuation (93). Similar study in C. 

elegans demonstrated that mir-34 and mir-83 protect the robust migration of 

distal tip cells under temperature changes (94). Furthermore, let-7 family miRNAs 

and the DAF-12 nuclear hormone receptor function in a feedback loop to ensure 

the robust seam cell fate under different environmental signals (72). 

In contrast, miRNAs in other regulatory circuits can reinforce the 

regulation by an upstream factor to generate genetic switches. Upon the 

activation of an inflammatory signal, mammalian let-7 family miRNAs are 

involved in a positive feedback loop with NF-κB, LIN-28, IL6 and Ras to promote 

an epigenetic switch from immortalized breast cells to stably transformed cancer 

cells (95). Moreover, the double negative feedback loops between mir-223 and 

the transcription factor NFI-A control the retinoic acid-induced cell fate 

differentiation in granulocytes (96). 

Additionally, several miRNA modulators have been shown to act through 

miRNAs to regulate biological robustness. As a positive modulator of the miRNA 

pathway, NHL-2 was proposed to modulate the efficacy of miRNAs in response 

to developmental and physiological signals thereby ensuring the robustness of 

miRNA regulated pathways (66). Another RNA-binding protein TDP-43 was 
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found to positively regulate the expression of mir-9a in Drosophila, which is 

important for the robust cell fate specification of sensory organ precursor cells 

when the environmental temperature changes (97). 

Taken together, these studies demonstrate a critical role for miRNAs and 

miRNA modulators in maintaining robustness of biological processes under 

various conditions. Therefore, by identifying new modulators of miRNA pathway, 

we can achieve a better understanding of this important function of miRNAs. 

The proceeding chapters will describe novel environmental and cellular 

modulators of the C. elegans miRNA pathway. First, reciprocal interactions 

between heterochronic genes and the p38 innate immune pathway help to 

ensure the robust developmental cell fate during infection. Second, the double-

stranded RNA-binding protein Staufen can negatively modulate the efficacy of 

miRNAs in C. elegans, suggesting a role for Staufen in buffering miRNA-

mediated gene silencing in developmental, physiological and environmental 

contexts. These findings underscore the importance of miRNA pathway in 

conferring robustness to developmental programs under stressful conditions.  
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CHAPTER II: C. elegans let-7 family microRNAs act in innate immune 

response circuits and confer robust developmental timing against 

pathogen stress 

 

II.A. Abstract 

Animals maintain their developmental robustness against natural stresses 

through numerous regulatory mechanisms, including the post-transcriptional 

regulation of gene expression by miRNAs. Caenorhabditis elegans let-7 family 

miRNAs (let-7, mir-48, mir-241 and mir-84) function semi-redundantly to confer 

robust stage-specificity of cell fates in the hypodermal seam cell lineages. Here 

we show reciprocal regulatory interactions between let-7 family miRNAs and the 

innate immune response pathway in C. elegans. Upon infection of C. elegans 

larvae with the opportunistic human pathogen Pseudomonas aeruginosa (P. 

aeruginosa), the developmental timing defects of certain let-7 family miRNA 

mutants are enhanced. This enhancement is mediated by the p38 MAPK innate 

immune pathway acting in opposition to let-7 family miRNA activity, possibly via 

the downstream transcription factor ATF-7. Furthermore, let-7 family miRNAs 

appear to exert negative regulation on the worm’s resistance to P. aeruginosa 

infection. Our results show that the inhibition of pathogen resistance by let-7 

involves downstream heterochronic genes and the p38 MAPK pathway. These 

findings suggest that let-7 family miRNAs are integrated into innate immunity 

gene regulatory networks, such that this family of miRNAs modulates immune 
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responses while also ensuring robust timing of developmental events under 

pathogen stress.  

 

II.B. Introduction 

During development, animals routinely encounter environmental, 

physiological, and nutritional challenges that threaten to compromise the robust 

execution of developmental programs. Therefore, the genetic programming of 

development includes mechanisms to ensure that developmental events occur 

flawlessly despite stressful conditions (85, 91). Several studies indicate that 

miRNAs are utilized to maintain the robustness of biological processes under 

stress conditions (90, 93, 97-102). MiRNAs are endogenous non-coding small 

RNAs that post-transcriptionally regulate gene expression primarily through 

binding to the 3’ untranslated region (3’UTR) of target mRNAs, which results in 

translation inhibition and/or mRNA degradation (103). MiRNAs with the same 

seed sequence (nucleotides 2-7 of the mature miRNA sequence), which are 

predicated to potentially share the same set of targets (18), are grouped into a 

family.  

lin-4 and let-7 family miRNAs are central to the regulation of pluripotency 

and differentiation in many animal systems, including mammals (3-5, 74, 104, 

105). Four C. elegans let-7 family miRNAs, let-7, mir-48, mir-84 and mir-241, 

function in concert to repress key heterochronic gene targets, including daf-12, 

lin-41, and hbl-1, to stage-specifically regulate the timing of the hypodermal seam 
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cell divisions (74, 81, 82, 106, 107). In C. elegans, the temporal patterns of cell 

division and cell fate during larval development are exquisitely invariant, even 

though larvae develop as free-living inhabitants of a changing environment in soil 

and decaying plant materials.  

In the wild, worms encounter a variety of bacteria species as food 

sources. Several of these species are proven to be pathogenic to C. elegans 

(108), thus representing environmental stressors. Interestingly, recent studies 

have shown that let-7 family miRNAs seem to not only regulate developmental 

events, but also regulate the antibacterial and inflammatory response in several 

animal systems (95, 109-112) . At least two of the C. elegans let-7 family 

miRNAs are shown to regulate worm’s survival to P. aeruginosa infection (112). 

These previous findings suggest that let-7 family miRNAs could possibly 

coordinate developmental timing and innate immune responses, so as to 

contribute to the robustness of development during pathogen infection.  

Here we show that let-7 family miRNAs are engaged in reciprocal 

interactions with innate immune pathways. Using genetically sensitized 

backgrounds, we find that the developmental timing phenotypes of let-7 family 

miRNA mutants are modified by bacterial diet, particularly by growth on 

pathogenic P. aeruginosa. let-7 family miRNA activity is negatively regulated on 

P. aeruginosa by the p38 MAPK pathway. Moreover, let-7 family miRNAs exhibit 

negative regulation on pathogen resistance, possibly through several pathways, 

including the p38 MAPK signaling and also downstream heterochronic genes, 
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particularly the let-7 family miRNA targets lin-41 and hbl-1. Our findings suggest 

that genetic redundancy among let-7 family miRNAs enables these miRNAs to 

robustly control the expression of developmental cell fates, while also modulating 

innate immune responses according to the pathogenicity of the worm’s bacterial 

diet. 

 

II.C. Materials and methods 

Nematode and bacteria methods. C. elegans were cultured on 

nematode growth media (NGM) (73) and fed with E. coli HB101, unless 

otherwise noted. All the C. elegans strains used in this study are listed in Table 

2.1. Synchronized populations of developmentally staged worms were obtained 

by standard methods (113). To test different bacterial foods for effects on 

heterochronic phenotypes, all the E. coli strains and Comamonas sp. were 

seeded onto NGM plates from saturated cultures. Procedures for culturing P. 

aeruginosa and S. enterica for feeding nematodes were carried out as described 

in (114). 

Heterochronic phenotype analysis. Gravid adult animals raised at 20°C 

were placed on control or treatment plates at 20°C, and their progeny were 

scored at the young adult stage for adult lateral alae formation and seam cell 

number. Nomarski DIC microscopy and fluorescence microscopy with the 

maIs105 [col-19::gfp] transgene to mark lateral hypodermal cell nuclei were used 

to score alae formation and seam cell number, respectively. 



 25 

 

  



 26 

P. aeruginosa killing assays and lifespan assays. P. aeruginosa PA14 

and E. coli HB101 were cultured in Luria broth (LB), seeded onto slow-killing 

plates (114) containing 100µM 5-fluorodeoxyuridine (FUdR, Sigma) for P. 

aeruginosa killing assay and lifespan assay, respectively. The seeded plates 

were incubated at 37°C for 24 hours and then transferred to 25°C for 24 hours 

before use. Assays were conducted by transferring L4 stage animals raised on E. 

coli HB101 to P. aeruginosa killing assay plates and lifespan assay plates at 

25°C. Animals that died prematurely due to developmental abnormalities (leading 

to bagging and bursting vulva), or that expired after crawling off the plate, were 

censored. Data were normalized by adjusting the numbers of live animals at 

each time point so as to derive a total population size of 100 for each technical 

replicate. Then, the normalized data for three technical replicates were averaged, 

and survival curves were compared using log-rank test and Fisher’s exact test in 

OASIS (Online Application for Survival Analysis of Lifespan Assays) (115). All 

experiments were independently performed at least twice. 

RNA extraction. Animals were collected and flash frozen in liquid 

nitrogen. Total RNA was extracted using Trizol reagent (Invitrogen).  

Firefly microRNA assay. 2µg of total RNA was used for Firefly microRNA 

assay (http://www.fireflybio.com/). Standard protocol provided by the 

manufacture was followed. Guava easyCyte 8HT was used for analysis. Signals 

(arbitrary unit) were normalized to small nucleolar RNA U18 and then to the 

control group (HB101). 
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Confocal microscopy. Animals were mounted on glass slides with 2% 

agarose pads and anesthetized with 10mM levamisole. A Leica TCS SPE 

microsystem was used to acquire images. The mean intensities were calculated 

with Leica Application Suite Advanced Fluorescence software platform. 

Transgenic constructs. pZR001 plasmid was made by cloning the 2459 

bp of let-7 genomic rescue region (5) into MosSCI destination vector pCFJ150. 

An integration maIs380 at the Chromosome II ttTi5605 site was obtained using 

MosSCI protocol (116). 

Western blot analysis. For p38 western blots, synchronized L4 stage 

animals grown on E. coli HB101 at 20°C were transferred to P. aeruginosa slow-

killing assay plates (114) at 25°C. At each indicated time point, animals were 

washed off plates with M9 buffer and flash frozen in liquid nitrogen. Lysates were 

prepared by resuspending samples in lysis buffer (50mM Tris-HCl pH7.4, 150mM 

NaCl, 2mM EDTA, 1% NP-40, 2mM DTT, PhosSTOP (Roche), Protease inhibitor 

(Roche)) and sonicated briefly with Branson SLPe sonicator. Lysates were 

centrifuged at 164,000rpm for 20 minutes at 4°C and the supernatants were 

collected. Protein concentration was measured by BioRad Protein Assay Dye 

Reagent Concentrate (Cat# 500-0006). 60µg of proteins were used for the 

immunoblot analysis. The activated p38 was recognized by anti-ACTIVE p38 pAb 

(Cell Signaling) at a 1:1000 dilution. The total PMK-1 polyclonal antibody was 

applied at 1:1000 dilution (a gift from Dr. Kunihiro Matsumoto), and anti-α-tubulin 

antibody (Sigma-Aldrich Cat# T6074) was used at 1:20000 dilution. 
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Electron microscopy. Wild type (N2) and let-7(mg279) animals were 

synchronized and grown on NGM plates seeded with E. coli HB101. L4 stage 

animals were transferred onto P. aeruginosa slow-killing plates and incubated at 

25°C for 8, 24 and 48 hours. Worms were harvested and prepared for 

transmission EM as described (117). 

RNAi knockdown. Gene knockdown by RNAi was carried out using 

bacterial feeding RNAi (118). RNAi clones were obtained from Ahringer RNAi 

feeding library (119). Gravid adult animals were placed on the RNAi plates and 

their progeny were scored for their heterochronic phenotypes. 

Epifluorescence Microscopy. Animals carrying transgene 

agIs219[T24B8.5p::gfp::unc-54-3’UTR]) were used as an indication of the p38 

MAPK pathway activity in the RNAi experiments for vhp-1 (120). Images were 

acquired using Zeiss SteREO Discovery.V12 microscope with Zeiss AxioCam 

MRc camera and Zeiss ZEN 2012 (blue edition) software.  

P. aeruginosa avoidance behavior assay: L4 stage animals were put on 

P. aeruginosa slow-killing plates (114), and numbers of animals on and off the 

bacterial lawn were counted 2, 4, 6, 8, 12 and 24 hours later. 
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II. D. Results 

1. Growth on P. aeruginosa aggravates the heterochronic phenotypes of 

let-7 family miRNA mutants. 

let-7 family miRNAs act semi-redundantly in controlling the developmental 

timing of certain stage-specific hypodermal seam cell fates in C. elegans. Loss of 

let-7 family miRNAs results in reiterations of early larval seam cell division 

patterns at later stages, and many seam cells in these mutants also fail to 

properly differentiate adult specific cuticular structures (called adult alae) at the 

L4 molt (5, 74) (Figure 2.1A). These heterochronic let-7 family miRNA mutant 

phenotypes are easily quantified by using microscopy to measure the number of 

seam cells and to score for the formation of adult alae in young adults. To 

investigate whether different bacterial food sources could impact the regulation of 

developmental timing by let-7 family miRNAs, we employed a genetically 

sensitized let-7 family miRNA mutant strain (mir-48 mir-241(nDf51)) that exhibits 

a partially penetrant heterochronic phenotype. Wild type animals have an 

average number of 16 seam cells and 100% of the animals have complete adult 

alae at the young adult stage, while mir-48 mir-241(nDf51) animals display an 

average of 18.5 seam cells and approximately 60% of the animals exhibit 

incomplete adult alae.  

We scored seam cell numbers and adult alae formation for wild type and 

mir-48 mir-241(nDf51) animals after development on six different bacterial diets 

including three strains of E. coli that are typically used as laboratory food sources 
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(HB101, OP50, HT115), and three other bacterial species (Comamonas sp. 

DA1877, P. aeruginosa PA14, Salmonella enterica SL1344) that have been 

shown to significant effect the physiology of C. elegans (108, 121). As expected, 

wild type animals exhibited no evidence of developmental timing abnormalities 

regardless of the bacterial diet (Figure 2.1B, Table 2.2). However, mir-48 mir-

241(nDf51) animals showed quantitatively different seam cell phenotype, 

dependent upon the bacterial food source (Figure 2.1B). Notably, when grown on 

P. aeruginosa, mir-48 mir-241(nDf51) animals exhibited an enhanced seam cell 

phenotype compared to growth on HB101 (Figure 2.1B). Consistent with this 

enhanced seam cell phenotype, mir-48 mir-241(nDf51) animals also exhibit 

enhanced adult alae phenotype on P. aeruginosa (Table 2.2). These results 

suggest that bacterial food source can modulate the activity of the heterochronic 

gene pathway. Since animals with all let-7 family miRNAs intact showed no 

heterochronic phenotypes on any of the bacterial diets, these results indicate that 

let-7 family miRNAs act redundantly to maintain the robustness of developmental 

timing under the influence of dietary stress. 

The most dramatic effect of diet on the developmental timing phenotypes 

of mir-48 mir-241(nDf51) animals was from growth on the pathogenic bacterium 

P. aeruginosa. Therefore, we focused our further studies on the effects of P. 

aeruginosa. The heterochronic phenotype enhancement in mir-48 mir-

241(nDf51) animals on P. aeruginosa suggests that the activity of the remaining  
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Figure 2.1 Effects of bacterial food on the heterochronic phenotype of a let-7 

family partial loss-of-function mutant. (A) Diagrams of seam cell V lineage in wild 

type (N2), let-7(n2853) and mir-48 mir-241(nDf51); mir-84(n4037) animals. L1 to 

L4 are the four larval stages in C. elegans post-embryonic development. (B) 

Scatter plot of seam cell number for wild type (VT1367) and mir-48 mir-

241(nDf51) animals raised on seven different bacteria, E. coli (HB101, OP50, 

HT115), Comamonas sp.(DA1877), P. aeruginosa (PA14), P. aeruginosa (PA14 

gacA), S. enterica (SL1344). Wild type animals in this experiment are the strain 

of VT1367 that carries an integrated col-19 (an adult specific collagen) 

transcriptional reporter (maIs105) to assist the quantification of seam cell 

numbers. maIs105 is also present in the genetic background of all the other 

stains used in heterochronic phenotype analysis. E. coli HB101 was used as 

control. In this and all subsequent scatter plots, the line in the middle is the mean 

value; error bars represents standard deviations (SDs). * p < 0.05, ** p < 0.01, *** 

p < 0.001, N.S. not significant, two-tailed t-test. (n ≥ 15). 
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family members (chiefly let-7 and mir-84) may be decreased upon exposure to P. 

aeruginosa. To examine whether this decrease of let-7 family miRNA activity is 

restricted to certain members of the family, we tested a series of other let-7 

family miRNA mutants for their developmental timing phenotypes upon P. 

aeruginosa treatment. Two other let-7 family miRNA mutants showed 

enhancement in their heterochronic phenotypes on P. aeruginosa. Specifically, 

mir-48(n4097); mir-84(n4037) animals showed an enhancement in seam cell 

phenotype (Figure 2.2), while let-7(n2853) animals exhibited an adult alae 

phenotype enhancement (Table 2.2). These results suggest the activity of mir-

241 and mir-48 could also be decreased by P. aeruginosa treatment. In 

conclusion, the activities of all four let-7 family miRNAs appear to be decreased 

upon growth on P. aeruginosa. 

2. Modulation of let-7 family miRNA activity by the p38 MAPK pathway in 

response to P. aeruginosa infection. 

The observed effects of bacterial diet on the developmental timing 

phenotypes of let-7 family miRNA mutants could be caused by various properties 

of the bacterial food, such as nutritional quality and pathogenic toxicity. This is of 

particular interest in the case of P. aeruginosa, which can support C. elegans 

larval development as a sole food source, yet is also a pathogen capable of 

infecting C. elegans. To determine if the pathogenicity of P. aeruginosa is 

required for the modulation of heterochronic phenotypes elicited in let-7 family 

miRNA mutants, we cultured mir-48 mir-241(nDf51) larvae on the gacA mutant of   
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P. aeruginosa PA14. gacA is an important regulator of the cell-density-dependent 

gene expression in P. aeruginosa and it is required for the production of 

exoenzymes and secondary metabolites (122). The pathogenicity of PA14 gacA 

strain is dramatically decreased compared to the wild type PA14 (123). We 

observed that the enhancement of let-7 family miRNA mutant phenotypes was 

substantially reduced for larvae grown on PA14 gacA, compared to larvae grown 

on wild type PA14 (Figure 2.1B, Table 2.2). This suggests that the pathogenicity 

of P. aeruginosa is crucial for the modulation of let-7 family miRNA activity. 

Although C. elegans can develop throughout postembryonic development 

and into adult stage with P. aeruginosa as a sole food source, adults succumb to 

P. aeruginosa infection within a few days. A key pathway that enables larvae to 

survive on P. aeruginosa is the conserved p38 MAPK cascade (TIR-1-NSY-1-

SEK-1-PMK-1) that initiates the innate immune response for antibacterial 

defenses (124, 125). We found that genetic removal of any p38 MAPK pathway 

component blocks the enhancement of the let-7 family miRNA mutant 

phenotypes on P. aeruginosa (Figure 2.3A and C). We interpret this result to 

indicate that the p38 MAPK pathway activation in larvae grown on P. aeruginosa 

is required for the downregulation of let-7 family miRNA activity. Furthermore, 

one of the major downstream transcription factors of the p38 MAPK pathway is 

ATF-7 (120). We therefore tested whether ATF-7 is involved in the modulation of 

let-7 family miRNA mutant phenotypes. We observed that mir-48 mir-241(nDf51) 

animals homozygous for a null mutation of ATF-7 (atf-7(qd22qd130)) or for a  
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phosphorylation-defective allele of ATF-7 (atf-7(qd22)) (120), did not exhibit 

enhanced heterochronic phenotypes on P. aeruginosa (Figure 2.3B and C). 

Interestingly, even for animals grown on E coli, loss of ATF-7 led to a significant 

enhancement of heterochronic phenotypes in mir-48 mir-241(nDf51) animals 

(Figure 2.3B). Therefore, ATF-7 seems to exhibit a positive regulation on let-7 

family miRNA activity when animals are on E. coli, and upon P. aeruginosa 

infection this regulation could be altered depending on the phosphorylation 

potential of ATF-7. Models for the effects of different atf-7 alleles on let-7 family 

miRNA activity are shown in Figure 2.4B-D.  

3. Effects of P. aeruginosa infection and p38 signaling on let-7 family 

miRNA gene expression  

To investigate possible mechanisms for the apparent reduction of let-7 

family miRNA activity upon P. aeruginosa infection, we first measured the mature 

let-7 family miRNA levels in animals exposed to P. aeruginosa throughout larval 

development to young adults. We observed an approximately two-fold decrease 

in mir-241, but no significant change in the levels of other let-7 family miRNAs on 

P. aeruginosa (Figure 2.5). Because we did not observe any reduction of mir-84 

or let-7 levels on P. aeruginosa, the enhanced heterochronic phenotypes of mir-

48 mir-241(nDf51) animals cannot be simply accounted for by a reduction of let-7 

family miRNA levels in whole animals. It is possible that, upon P. aeruginosa 

infection, let-7 family miRNAs are regulated through modulation of the potency of 

their action, without affecting their overall levels. However, because our miRNA 
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Figure 2.4. The effects of atf-7 on let-7 family miRNA activity. (A) Effects of tir-

1(ok1052) and atf-7(gk715) alleles on the seam cell phenotype of mir-48 mir-

241(nDf51) animals on E. coli HB101 and P. aeruginosa PA14. (B-D) Models for 

how different atf-7 alleles affect let-7 family miRNA activity. (B) On E. coli HB101, 

the unphosphorylated ATF-7 positively regulates let-7 family miRNA activity. 

After being phosphorylated by PMK-1 upon P. aeruginosa PA14 infection, ATF-7 

loses its positive regulation on let-7 family miRNAs, which results in the 

heterochronic phenotype enhancement of let-7 family miRNA mutants. (C) The 

regulation of ATF-7 on let-7 family miRNAs depends on the phosphorylation 

potential of ATF-7. Therefore, the phosphorylation-inactive form of ATF-7 (qd22 

allele) does not affect let-7 family mutant heterochronic phenotypes with or 

without P. aeruginosa infection. (D) ATF-7 (gk715) negatively regulates let-7 

family miRNA activity on HB101. Because atf-7(gk715) animals have no 

enhanced susceptibility to P. aeruginosa infection (E), the phosphorylation 

activity of ATF-7(gk715) is likely still intact. After infected with P. aeruginosa, 

ATF-7 is phosphorylated and this releases its negative regulation on let-7 family 

miRNAs, therefore, the heterochronic phenotypes are suppressed compared to 

the ones from control HB101 group. 
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quantitation was performed on total RNA from whole worms, we would not 

necessarily detect tissue-specific changes in let-7 family miRNA levels.  

The results of our phenotypic analysis indicate that the activities and/or 

levels of let-7 family miRNAs are modulated by the p38 MAPK pathway. Since 

the p38 MAPK pathway is known to ordinarily regulate gene expression 

transcriptionally, we examined whether p38 loss-of-function could affect the 

transcriptional activities of let-7 family miRNA genes. For these studies, we 

employed transgenic worms carrying transcriptional reporters expressing GFP 

from let-7 family miRNA gene promoters. We observed stage- and tissue-specific 

increases of GFP expression for Pmir-48::GFP, Pmir-84::GFP, and Plet-7::GFP 

in the pmk-1 mutant compared to wild type animals (Figure 2.6). The 

developmental stages at which we detected differences in reporter activities 

between wild type and pmk-1 mutant animals were L4 and young adult for Pmir-

48::GFP; day-one adult for Pmir-84::GFP; L3, young adult and day-one adult for 

Plet-7::GFP. For mir-48 and mir-84, the upregulation on these reporters by loss 

of pmk-1 was observed in the hypodermis, suggesting a cell-autonomous effect 

of pmk-1 signaling on let-7 family miRNA transcription (Figure 2.6 A-B, D-E). 

Also, loss of pmk-1 resulted in detectable Pmir-84::GFP expression in the hyp7 

syncytium, compared to essentially undetected expression of Pmir-84::GFP in 

hyp7 for wild type animals. For the let-7 transcriptional reporter, an increase of 

reporter activity in the absence of pmk-1 was apparent in the intestine but not in 

the hypodermis (Figure 2.6C and F). These data suggest that the p38 MAPK  
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Figure 2.6 pmk-1 regulates the transcriptional activity of let-7 family miRNA 

genes. Confocal images showing that the transcriptional reporters of (A) mir-48 

(maIs150), (B) mir-84 (maIs138) and (C) let-7 (maIs137) in wild type (pmk-1(+)) 

and pmk-1(km25) (pmk-1(-)) animals. Animals were raised on E. coli HB101 at 

20°C. Stages of the animals are as indicated. White arrows indicate seam cells; 

white arrowheads indicate hyp7 nuclei; yellow arrows point to representative 

intestine nuclei. (D), (E) and (F) The mean intensities of the intended tissues in 

(A-C). Error bars, SDs. * p < 0.05, *** p < 0.001, two-tailed t-test.  
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pathway negatively regulates the transcription of let-7 family miRNAs and this 

regulation is tissue and stage specific.  

4. let-7 family miRNAs exhibit negative roles in resistance to P. aeruginosa 

infection. 

Our results indicate that during larval development, worms actively 

downregulate their let-7 family miRNA activity upon exposure to P. aeruginosa. 

Additionally, we found that pmk-1 regulates the transcription of let-7 in the 

intestine, a major tissue for pathogen resistance in C. elegans (126). Therefore, 

we hypothesized that this inhibition of let-7 family miRNA activity may reflect a 

survival response to the presence of pathogen during larval development. 

Central to this hypothesis is the premise that let-7 family miRNAs may negatively 

regulate pathogen resistance and hence the downregulation of their activity 

would promote survival. Accordingly, we examined the survival capacity of 

several let-7 family miRNA mutants placed on P. aeruginosa beginning as L4 

stage animals.  

First, we measured the survival of animals homozygous for let-7(mg279), 

a weak loss-of-function allele (with very weak developmental timing phenotypes), 

and animals homozygous for let-7(n2853), a stronger loss-of-function allele (with 

developmental timing phenotypes resembling the let-7 null mutant) on P. 

aeruginosa. We observed that let-7(mg279) animals displayed a dramatic 

improvement in survival against P. aeruginosa infection compared to wild type 

(Figure 2.7A), whereas let-7(n2853) animals displayed the opposite, a decreased 
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survival on P. aeruginosa (Figure 2.7B). Interestingly, populations of double 

mutants mir-48 mir-241(nDf51) and mir-48(n4097); mir-84(n4037) animals 

exhibited bi-phasic survival curves (Figure 2.7A). Apparently, for each of these 

double mutants, a portion of the population dies faster than wild type while the 

remainder of the population survives longer than wild type on P. aeruginosa.  

To confirm that the opposite pathogen survival phenotypes of distinct let-7 

mutants are attributable to the reduction of let-7 gene activity, we tested the 

ability of a single-copy let-7 transgene (maIs380), which fully rescues the 

developmental phenotypes of both let-7 alleles (Figure 2.8A and B), to also 

rescue the characteristic survival phenotypes of let-7(mg279) and let-7(n2853) 

mutants. maIs380 rescued the extended survival phenotype of let-7(mg279) 

animals (Figure 2.8C) and the shortened survival phenotype of let-7(n2853) 

animals on P. aeruginosa (Figure 2.8D). Interestingly, the let-7 rescuing 

transgene also rescued the bi-phasic survival phenotype of mir-48 mir-

241(nDf51) and mir-48(n4097); mir-84(n4037) animals (Figure 2.8E and F). 

These results support the conclusion that let-7 family miRNAs function 

redundantly to regulate survival on P. aeruginosa and all the survival phenotypes 

of let-7 family miRNA mutants on P. aeruginosa result from different degrees of 

let-7 family miRNA loss-of-function. 

To determine whether the complex survival phenotypes of let-7 family 

miRNA mutants on P. aeruginosa could reflect underlying effects of let-7 family 

miRNAs on overall fitness of the animals (regardless of diet), we examined the  
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Figure 2.7 let-7 family miRNAs regulate pathogen resistance against P. 

aeruginosa and lifespan on E. coli. (A) Survival of wild type (N2), let-7(mg279), 

mir-48(n4097); mir-48(n4037) and mir-48 mir-241(nDf51) animals on P. 

aeruginosa. (B) Survival of wild type (N2) and let-7(n2853) animals on P. 

aeruginosa. (C) Lifespan of wild type (N2), let-7(mg279), mir-48(n4097); mir-

48(n4037) and mir-48 mir-241(nDf51) animals on E. coli HB101. (D) Lifespan of 

wild type (N2) and let-7(n2853) animals on E. coli HB101. Animals were usually 

raised at 20°C prior to being transferred to P. aeruginosa killing assay and 

lifespan assay at 25°C, except for experiments with let-7(n2853) (noted with ∞ 

next to the strain names) in which strains were raised at 15°C (to reduce the 

number of bursting adults) prior to being transferred to 25°C for the P. 

aeruginosa killing assay and lifespan assay. *** p< 0.001, N.S. not significant, 

log-rank test. For the let-7 family miRNA mutants that exhibit different survival 

kinetics on P. aeruginosa compared to wild type, Fisher’s exact tests were 

applied (data in Table 2.3). ^ indicates a statistically significant outcome in 

Fisher’s exact test. 





 50 

Figure 2.8 The effects of a let-7-rescuing transgene on the phenotypes of let-7 

family miRNA mutants. (A) Egg laying defective phenotype of let-7 family miRNA 

mutants in combination with the let-7 rescuing transgene, maIs380. Egl-, wild 

type for egg laying, Egl+, egg laying defective. *** p< 0.001, N.S. not significant, 

chi-square test, for comparison in the same genetic background with and without 

transgenes, n ≥ 100 (except let-7(n2853), n = 36). Interestingly, the let-7 

transgene rescued the egg laying defective phenotype of mir-48 mir-241(nDf51) 

and mir-48(n4097); mir-84(n4037) animals, suggesting a redundancy within the 

family in the regulation of vulva development. (B) Adult alae phenotype of let-7 

family miRNA mutants with the transgene maIs380. Since 100% of let-7(mg279) 

and mir-48(n4097); mir-84(n4037) animals have complete adult alae, this 

phenotype was not used to confirm the transgene’s rescue of these strains. *** 

p< 0.001, N.S. not significant, chi-square test, for comparison in the same 

genetic background with and without transgene. The maIs380 let-7-expressing 

transgene did not rescue the adult alae phenotype of mir-48 mir-241(nDf51) 

animals, indicating that although let-7 seems to function together with the other 

let-7 family miRNAs in several processes, the roles of let-7 family miRNAs in 

regulating developmental timing are more distinct. Survival phenotypes of let-

7(mg279) (C), let-7(n2853) (D), mir-48 mir-241(nDf51) (E) and mir-48(n4097); 

mir-84(n4037) (F) animals with let-7 rescuing transgenes maIs380 on P. 

aeruginosa. The maIs380 strain used in (E and F) was not backcrossed. unc-

119(ed3) mutation and/or other possible mutations were suspected to cause the 

further enhanced survival than the same transgene in (C and D). * p < 0.05, ** p 

< 0.01, *** p< 0.001, N.S. not significant, log-rank test. Fisher’s exact test has 

also been performed for mir-48 mir-241(nDf51) and mir-48(n4097); mir-

84(n4037) groups. ^ indicates a statistically significant outcome in Fisher’s exact 

test (Table 2.3). 
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longevity of these mutants on E. coli HB101. All the let-7 family miRNA mutants 

we tested displayed a degree of shortened lifespan compared to wild type 

animals (Figure 2.7C and D), which indicates that let-7 family miRNAs function 

positively to regulate longevity in C. elegans. Therefore, the decreased survival 

phenotype of the stronger loss-of-function mutant let-7(n2853) animals on P. 

aeruginosa could be simply due to reduced longevity of these animals. However, 

importantly, the weak loss-of-function mutant let-7(mg279) animals exhibit an 

improved survival against P. aeruginosa infection despite the fact that these 

animals have a shortened lifespan. This suggests that let-7 family miRNAs 

negatively modulate pathogen resistance, while also positively regulating 

longevity, such that a mild reduction in let-7 family miRNA activity (by let-

7(mg279)) promotes survival on P. aeruginosa because the longevity of these 

animals is not severely compromised. With regard to the bi-phasic survival 

phenotype of mir-48 mir-241(nDf51) and mir-48(n4097); mir-84(n4037) animals 

on P. aeruginosa, we propose that there are variations in the extent of reduced 

let-7 family miRNA activity within the population in these mutants, such that 

animals with mildly reduced let-7 family miRNA activity exhibit enhanced 

pathogen resistance while others with greater reduced let-7 family miRNA activity 

show decreased survival on P. aeruginosa possibly due to a reduced longevity in 

general. 

In summary, let-7 family miRNAs exhibit negative regulation on animals’ 

resistance to P. aeruginosa infection, as evidenced by the increased survival on 
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P. aeruginosa for let-7(mg279) animals. On the other hand, some let-7 family 

miRNA mutants exhibited decreased survival on P. aeruginosa, which probably 

results from an epistatic function of let-7 family miRNAs in promoting longevity.  

5. Downstream heterochronic genes may mediate the enhanced survival of 

let-7(mg279) animals on P. aeruginosa. 

To further investigate the mechanism by which let-7 family miRNAs 

negatively regulate pathogen resistance, we focused on understanding the 

enhanced survival phenotype of let-7(mg279) animals. This emphasis was for 

several reasons. First, let-7 family miRNAs contribute redundantly to survival on 

P. aeruginosa. Hence let-7 can serve as a proxy for the other let-7 family miRNA 

genes in our genetic analyses. Additionally, let-7(mg279) animals exhibit a 

striking survival phenotype on P. aeruginosa that we expected would be more 

tractable for genetic analysis than the complex survival phenotypes of the other 

let-7 family miRNA mutants. Lastly, among the let-7 family mutants tested here, 

let-7(mg279) animals exhibited the least reduced lifespan on E. coli. Therefore, 

employing let-7(mg279) animals to explore the mechanism of let-7 family 

miRNAs in pathogen resistance could minimize potentially confounding effects of 

lifespan in our analysis. 

let-7 family miRNAs regulate a set of specific target gene mRNAs during 

larval development to control developmental timing. For let-7, the most prominent 

targets are lin-41 and hbl-1 (81, 82, 107). To determine if lin-41 and hbl-1 are 

downstream of let-7 in the regulation of pathogen resistance, we tested the 
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survival of let-7(mg279) animals on P. aeruginosa in the presence of lin-41 or 

hbl-1 loss-of-function mutations. Interestingly, animals with partial loss of function 

for lin-41 exhibited a decreased survival upon P. aeruginosa infection, and lin-41 

also suppressed the enhanced survival phenotype of let-7(mg279) animals 

(Figure 2.9A). These findings suggest that aside from its developmental timing 

role downstream of let-7, lin-41 is also possible to be one of the targets of let-7 

for the regulation of pathogen resistance.  

hbl-1(mg285) also suppressed the enhanced survival phenotype of let-

7(mg279) on P. aeruginosa, but unlike lin-41(ma104), the hbl-1(mg285) mutation 

alone did not cause any obvious survival phenotype (Figure 2.9B). Because hbl-

1(mg285) is only a partial loss-of-function mutation, epistasis cannot be 

interpreted unequivocally, but these results are consistent with both hbl-1 and lin-

41 functioning downstream of let-7 for pathogen sensitivity. We note that hbl-1 

has been shown to negatively regulate the transcription of let-7 (127). Therefore, 

the suppression of let-7(mg279) enhanced survival phenotype by hbl-1(mg285) 

could reflect a derepression of let-7 gene transcription. 

In addition, we examined the longevity on E. coli HB101 of lin-41(ma104) 

and hbl-1(mg285) animals along with animals mutant for lin-41(ma104) or hbl-

1(mg285) in combination with let-7(mg279) (Figure 2.9C and D). The results 

suggest that lin-41 and hbl-1 positively regulate lifespan on E. coli. However, 

since hbl-1(mg285) animals exhibit similar survival on P. aeruginosa compared to 

wild type animals (Figure 2.9B), the suppression of hbl-1(mg285) on 
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let-7(mg279) animals’ enhanced survival phenotype on P. aeruginosa is likely 

caused by a role of hbl-1 in pathogen resistance, rather than longevity. On the 

other hand, the suppression of let-7(mg279) animals’ survival phenotype on P. 

aeruginosa by lin-41 could be contributed in part by the role of lin-41 in animal’s 

longevity and in part by a role in pathogen resistance.  

6. The p38 MAPK pathway is required for the prolonged survival phenotype 

of let-7(mg279) animals on P. aeruginosa. 

In addition to targeting lin-41 and hbl-1, let-7 could also (directly or 

indirectly) regulate genes in the innate immune response pathways in order to 

negatively regulate pathogen resistance. Interestingly, in the p38 MAPK pathway, 

tir-1, nsy-1 and sek-1 are all predicted targets of let-7 family miRNAs according 

to mirWIP (128). Therefore, we hypothesized that let-7 could function upstream 

of the p38 MAPK pathway to regulate animal’s survival on P. aeruginosa. 

Accordingly, we examined the survival of animals doubly mutant for let-7(mg279) 

and loss-of-function mutations in p38 MAPK pathway components. We observed 

that loss of any p38 MAPK pathway component could suppress the enhanced 

survival phenotype of let-7(mg279) animals (Figure 2.9E and F, Figure 2.10). 

Also, previous studies indicate that the p38 MAPK pathway does not affect 

animal’s longevity (124, 129). Therefore, these results indicates that let-7(mg279) 

animals’ enhanced pathogen resistance phenotype requires the p38 MAPK 

pathway. 

To examine whether let-7 may regulate factors upstream of p38 in the  
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MAPK pathway, we tested for an elevated level of phosphorylated p38 in protein 

extracts of let-7(mg279) animals compared to that of wild type. These 

experiments did not conclusively reveal an impact of let-7 on p38 

phosphorylation (Figure 2.11). However, since these assays for phosphorylated 

p38 were performed on extracts of whole animals, it is possible that let-7 may 

function upstream of the p38 MAPK pathway in a tissue specific manner. 

Although genetically the p38 MAPK pathway is downstream of let-7 in regulating 

animal’s survival on P. aeruginosa, we cannot rule out the possibility that it might 

function in parallel with lin-41 and hbl-1 for the prolonged survival of let-7(mg279) 

animals on P. aeruginosa. 

7. let-7(mg279) animals exhibit reduced accumulation of outer membrane 

vesicles in the intestine during P. aeruginosa infection. 

To further explore the basis for why let-7(mg279) animals survive better 

than wild type on P. aeruginosa, we examined the intestines of infected worms 

using transmission electron microscopy (TEM). At 8 or 24 hours after infection, 

we did not observe any difference in the intestinal cytopathology between wild 

type and let-7(mg279) animals (Figure 2.12). However, after 48 hours infection, 

we observed a significant reduction of outer membrane vesicles (OMV) in the 

intestinal lumen of let-7(mg279) animals compared to that of wild type (Figure 

2.13). OMVs are secreted by P. aeruginosa and known to function as a virulence 

factor and toxin delivery platform (117). These results suggest that the prolonged  
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Figure 2.12 TEM images of wild type (N2) and let-7(mg279) animals upon P. 

aeruginosa infection for 8h, 24h and 48h. Scale bar, 2µm. 

  

wild type (N2) let-7(mg279)
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survival of let-7(mg279) animals on P. aeruginosa reflects an enhanced counter-

virulence activity compared to that in wild type animals. 

 

II. E. Discussion 

Animals are challenged by diverse physiological and environmental 

stresses during development, but nevertheless execute temporal and spatial 

patterns of developmental events with remarkable robustness. let-7 family 

miRNAs function in the heterochronic gene pathway to regulate the specification 

and execution of stage-specific cell fates during C. elegans larval development 

(5, 74). Here we report evidence that the activity of let-7 family miRNAs is 

regulated by the p38 innate immune response pathway during growth on the 

bacterial pathogen P. aeruginosa (Figure 2.14A). Furthermore, we show that let-

7 family miRNAs and several other heterochronic genes also function in the 

modulation of animal’s resistance against P. aeruginosa infection (Figure 2.14B). 

Our findings uncover fundamental connections between the heterochronic gene 

pathway and innate immune response pathway, and suggest that these 

connections could serve to optimize the coordination of temporal cell fate 

specification and antibacterial responses in the developing larvae. 

An important implication of our findings is that the collective function of let-

7 family miRNAs provides robustness to the specification of temporal fates in wild 

type C. elegans larvae, especially when they are challenged by pathogenic 

bacteria. This conclusion is based on a few interesting findings in our study. First,
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growth on pathogen affects temporal seam cell fate phenotypes only in 

sensitized genetic backgrounds where the full complement of let-7 family 

miRNAs is compromised by mutation. For wild type, and for most of the single 

mutants and for let-7(mg279) mir-84(n4037) animals, developmental timing 

phenotypes were not affected by P. aeruginosa infection (Figure 2.2), which 

indicates that the downregulation of let-7 family miRNA activity caused by P. 

aeruginosa is tolerated in these animals (without compromising temporal cell fate 

specification) due to the genetic redundancy of let-7 family miRNAs. Moreover, 

we also observed an increase in the variation of seam cell number in let-7 family 

miRNA mutants as the activity of this miRNA family declines, and the variation in 

seam cell number is enhanced by P. aeruginosa infection in those same let-7 

family miRNA mutants where we observed P. aeruginosa induced heterochronic 

phenotype enhancement (Figure 2.15). This variation of seam cell number could 

reflect noisy target gene expression caused by reduction of let-7 family miRNA 

activity and could also represent a breakdown in the robustness of seam cell fate 

determination. This further supports the idea that let-7 family miRNAs function to 

protect the robustness in the temporal patterns of seam cell program, especially 

in face of P. aeruginosa infection.  

We observed that certain other bacterial food sources, besides P. 

aeruginosa, can also modulate the seam cell phenotype in the let-7 family 

miRNA sensitized genetic background, albeit with less potency than P. 

aeruginosa (Figure 2.1B). One surprising result is that E. coli OP50, a routine   
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food source for most laboratories, also enhances the seam cell numbers of mir-

48 mir-241(nDf51) animals (although this enhancement is very mild compared to 

the effects of P. aeruginosa, and there is no change in adult alae phenotype). 

Interestingly, pmk-1(km25) partially suppresses the enhanced heterochronic 

phenotypes of mir-48 mir-241(nDf51) animals on OP50 (Figure 2.16), consistent 

with previous findings which suggested that OP50 could be slightly pathogenic to 

worms (130). Therefore, the enhanced seam cell phenotype of the let-7 family 

miRNA mutant on OP50 could be partially due to the slight pathogenicity of the 

bacteria. However, other properties of OP50 could contribute to the phenotype as 

well because pmk-1(km25) did not fully suppress all the enhanced heterochronic 

phenotype of mir-48 mir-241(nDf51) animals on OP50 (Figure 2.16C). 

Nevertheless, it is noteworthy that wild type larvae exhibit robustly normal 

developmental timing regardless of the bacterial diets tested here, supporting our 

conclusion that the full let-7 family miRNA genotype underlies the robustness of 

developmental timing to dietary and/or pathogenic stress. 

Our findings that P. aeruginosa elicits phenotypic modulation of let-7 

family miRNA mutants reveals a regulatory circuit connecting the p38 MAPK 

innate immunity pathway and the heterochronic gene developmental timing 

pathway via let-7 family miRNAs. The role of p38 pathway in this process is 

supported by our observation that loss-of-function mutations that disable the p38 

MAPK pathway block the phenotypic enhancement of let-7 family miRNA 

mutants on P. aeruginosa. Also in support of this conclusion is our result that   
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Figure 2.16 Effects of E. coli OP50 on heterochronic phenotypes of let-7 family 

miRNA mutants. Seam cell phenotype (A), adult alae phenotype (B) and col-

19::gfp expression pattern phenotype (C) of mir-48 mir-241(nDf51) and pmk-

1(km25); mir-48 mir-241(nDf51) animals on E. coli HB101 and E. coli OP50. col-

19 is an adult specific collagen whose expression pattern is regulated by let-7 

family miRNAs (81, 83, 131). seam, col-19::gfp is only expressed in the seam 

cells; part, col-19::gfp is expressed in the seam cells and part of the hyp7 nuclei; 

full, col-19::gfp is expressed in all the seam cells and hyp7 nuclei. All the wild 

type animals have full col-19::gfp expression pattern, and let-7 family miRNA 

mutants loss a degree of col-19::gfp expression in hyp7 nuclei depending on the 

level of let-7 family miRNA activity in the mutants. Hence, col-19::gfp expression 

pattern can be used as an indication of let-7 family miRNA activity: the less let-7 

family miRNA activity there is, the less col-19::gfp expression there is in the hyp7 

nuclei. The col-19::gfp expression pattern phenotype was scored using Zeiss 

SteREO Discovery.V12 microscope. 
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constitutive activation of p38 by knocking down of a negative regulator of p38 

signaling, vhp-1 (the p38 phosphatase (132, 133)), phenocopied the P. 

aeruginosa induced heterochronic phenotype enhancement in let-7 family miRNA 

mutants (Figure 2.17).  

Although our findings show that the p38 MAPK pathway is involved in 

regulation of let-7 family miRNA activity, certain aspects of this regulatory circuit 

differ in interesting ways from canonical p38 innate immune signaling. First, the 

tir-1(ok1052) allele that lacks the N-terminal Heat/Armadillo motif of the protein 

blocks the enhancement of let-7 family miRNA mutant phenotypes as well 

(Figure 2.4A), even though this motif has been shown to be dispensable for 

pathogen resistance (134, 135). This result suggests that activation of the p38 

MAPK pathway is necessary for the regulation of let-7 family miRNA activity upon 

P. aeruginosa infection, but p38 signaling alone without the activity of the 

Heat/Armadillo motif of TIR-1 is not sufficient. Moreover, we observed that ATF-7 

exerts complex and allele-specific modes of regulation on let-7 family miRNA 

activity with and without P. aeruginosa infection, presumably depending on its 

phosphorylation potential (Figure 2.4B-E). This is consistent with previously 

published observations that upon phosphorylation by PMK-1 in face of P. 

aeruginosa infection, ATF-7 switches its regulation on the pmk-1/p38-mediated 

gene expression (120). More intriguingly, the atf-7(gk715) allele enhances the 

phenotypes of the let-7 family miRNA mutant even more than the atf-7 null allele 

does, and the phenotype is suppressed when animals were exposed to P.   
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aeruginosa (Figure 2.4A). This atf-7(gk715) allele removes the first exon from 

two atf-7 gene isoforms, leaving the remaining isoforms unaffected. This 

suggests that there is an activation domain in the N-terminal region of ATF-7 

protein. Removal of this region in the gk715 allele results in a reversal of function 

for the protein. Previous findings suggested that the N-terminal region of 

mammalian ATF-7 homologs is essential for transcriptional activity (136, 137), a 

situation which, according to our results, appears to be evolutionally conserved in 

C. elegans. Even though there are still caveats in the interpretations of these 

non-canonical functions of TIR-1 and ATF-7 on let-7 family miRNA activity that 

might benefit from further confirmation, our results provide a beginning in the 

understanding of mechanisms involved for p38 MAPK pathway’s regulation on 

let-7 family miRNAs. 

Our experiments using let-7 family miRNA gene transcriptional reporters in 

wild type and pmk-1 mutant growing on E coli suggest that p38 signaling could 

inhibit let-7 family miRNA activity at least in part at the transcriptional level. Thus, 

upon P. aeruginosa infection, activated p38 could further reduce let-7 family 

miRNA gene expression relative to growth on E. coli, which correlates with the 

enhanced heterochronic phenotype of let-7 family miRNA mutants on P. 

aeruginosa. However, we were not able to directly explore the GFP reporter 

activity of let-7 family miRNA genes upon P. aeruginosa infection, due to an 

apparent nonspecific degradation of GFP (possibly caused by cellular autophagy 

and/or necrosis) when animals were treated with P. aeruginosa. Additionally, it 
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should be noted that the transcriptional regulation of p38 on let-7 family miRNAs 

could be more complex than observed here, because the reporter transgenes 

used in our study may not have necessarily contained all relevant regulatory 

elements (138). 

The negative regulation of let-7 family miRNAs upon P. aeruginosa 

infection is presumably beneficial to worms and can enhance their response to 

pathogen. This conclusion is supported by our observation that let-7(mg279) 

animals with mildly reduced activity of let-7 exhibit an enhanced survival in the 

face of P. aeruginosa infection. Even though we have shown that the p38 MAPK 

pathway and the let-7 targets lin-41 and hbl-1 are required for this phenotype, it 

is also possible that additional downstream stress response effectors, such as 

skn-1 (112), could also mediate the regulation for pathogen resistance by let-7 

family miRNAs. Predicted targets of let-7 family miRNAs include components of 

several pathways involved in pathogen resistance including the p38 MAPK 

pathway, the unfolded protein response pathway, the oxidative stress response 

pathway, and the autophagy pathway (112, 124, 139, 140). We propose that let-7 

family miRNAs could function during normal, unstressed development to dampen 

several stress response pathways, and that under stress conditions such as P. 

aeruginosa infection, the downregulation of let-7 family miRNA activity reported 

here would broadly augment animal’s stress response.  

Intestine, hypodermis and neurons have been shown previously to be 

involved in host response to pathogen infection in C. elegans (126, 134). 
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Although tissue specific rescue and knock out experiments will be required to 

determine the anatomical site(s) of action, and to test for cell autonomy of let-7 

family miRNAs for their regulation of pathogen resistance, our findings suggest 

that let-7 family miRNAs may impact pathogen resistance by acting in intestine 

and possibly hypodermis. We did not observe any noticeable difference in the 

pathogen avoidance behavior between let-7(mg279) animals and wild type 

(Figure 2.18), arguing against an exclusively neuronal effect. However, our 

electron microscopy results indicate that let-7(mg279) animals actively fight off P. 

aeruginosa infection in the intestine. Lastly, based on the transcriptional reporter 

results, let-7 family miRNAs are specifically regulated in the intestine and the 

hypodermis. 

Implications of our findings include intriguing possibilities for evolutionarily 

conserved roles of let-7 family miRNAs in cell fate and innate immune gene 

regulatory networks. In mammalian cells, let-7 family miRNA levels have been 

shown to be reduced in response to infection by the bacterium Salmonella (109, 

114), or the parasitic protozoan Cryptosporidium parvum (110, 111), or an 

inflammatory response of Src activation (95). In the latter context, let-7 family 

miRNA levels were regulated by lin-28 (95), which also functions in the 

heterochronic pathway with let-7 family miRNAs in C. elegans (74, 141). In the 

context of Salmonella infection, Toll-like receptor (TLR4) and NFκB pathway and 

possibly other innate immune signals appear to mediate the downregulation of 

let-7 family miRNAs (142). This is analogous to the p38 MAPK pathway’s   
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regulation of let-7 family miRNAs in the context of P. aeruginosa infection of C. 

elegans, whose genome does not contain an NFκB homolog (143, 144). It is not 

currently clear whether p38 could contribute to the regulation of let-7 family 

miRNAs in mammalian cells upon innate immune activation.  

 In conclusion, our study demonstrates that let-7 family miRNAs function in 

a feed-forward loop with the p38 MAPK pathway to promote pathogen resistance 

upon infection, and that the evolutionary advantage of genetic redundancy in let-

7 family miRNAs assists animals in maintaining their robust developmental 

programs under various stress conditions. 
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CHAPTER III: Investigating the interplay between heterochronic genes and 

pathogen resistance pathways 

 

III.A. Abstract 

In Chapter II, I have shown that the reciprocal interactions between let-7 

family miRNAs and the p38 MAPK innate immune pathway function to coordinate 

developmental timing with pathogen defense. In this chapter, we further 

investigated the interactions between the developmental timing pathway and 

pathogen resistance pathways in the context of P. aeruginosa infection. I found 

that the developmental timing regulator lin-28 functions upstream of let-7 family 

miRNAs in a manner that is independent of its regulation on developmental 

timing to promote pathogen resistance against P. aeruginosa infection. 

Interestingly, we observed that only one of the two major gene isoforms of lin-28 

is upregulated upon P. aeruginosa infection and this isoform is also 

phosphorylated regardless of the developmental stage and diet. Moreover, 

results in the rest of this chapter further validate that let-7 family miRNAs and the 

p38 MAPK pathway contribute to the interactions between the developmental 

timing pathway and the innate immune pathway upon P. aeruginosa infection. 

The findings in this chapter may provide information about the functional 

divergence of the developmental and non-developmental roles of the 

heterochronic genes.  
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III.B. Introduction 

I previously found that the activity of let-7 family miRNAs is downregulated 

upon P. aeruginosa infection possibly through transcriptional regulation by the 

p38 MAPK pathway. However, whether lin-28, another known regulator of let-7 

family miRNAs, could be involved in the downregulation of let-7 family miRNAs in 

response to P. aeruginosa infection remains to be investigated.  

lin-28 encodes a well-conserved RNA-binding protein with a cold shock 

domain and two retroviral-type (CCHC) zinc finger motifs (78). lin-28 was 

discovered in C. elegans as a developmental timing regulator, and the loss-of-

function mutants of lin-28 skip the L2 stage seam cell division resulting in 

precocious heterochronic phenotypes (77, 78). The protein expression of LIN-28 

in C. elegans starts in the embryos and it is dramatically downregulated by lin-4 

and let-7 family miRNAs after the L2 stage (78). lin-28 has also been shown to 

regulate the biogenesis of let-7 family miRNAs during development and disease 

processes in various organisms (47, 141). Mammalian LIN28 has also been 

shown to be induced by inflammation to promote cell transformation through let-7 

family miRNAs (95). This study echoes our findings of the reciprocal interactions 

between the p38 MAPK innate immune pathway and let-7 family miRNAs in 

seam cell fate and pathogen resistance regulation. Therefore, I hypothesized that 

lin-28 could function with let-7 family miRNAs to regulate pathogen resistance 

against P. aeruginosa infection. 
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Additionally, I sought to determine the heterochronic phenotype 

enhancement of let-7 family miRNA mutants on P. aeruginosa is solely caused 

by the p38 MAPK pathway. Besides the p38 MAPK pathway, multiple innate 

immune pathways are activated upon P. aeruginosa infection. First, a previous 

study has shown that the protein kinase D DFK-2 functions upstream of p38 to 

promote innate immune response upon P. aeruginosa infection (145). Second, 

the G-protein coupled receptor FSHR-1 is known to regulate innate immune 

response genes that partially overlap with the downstream targets of the p38 

MAPK pathway (146). Another innate immune pathway against P. aeruginosa 

infection is controlled by the transcription factor ZIP-2 in a p38 independent 

manner (147). Additionally, the FOXO transcription factor DAF-16 has been 

demonstrated to act downstream of the insulin receptor DAF-2 to regulate innate 

immunity and stress response in dependent from the p38 MAPK pathway as well 

(129). The β-catenin/BAR-1 and the HOX transcription factor/EGL-5 were 

identified to be required for survival against Staphylococcus aureus infection, but 

they also play a role in pathogen resistance against P. aeruginosa (148). Last, 

although the only Toll-like receptor homolog in C. elegans TOL-1 is not required 

for survival on P. aeruginosa, it is important for the pathogen resistance against 

Salmonella enterica and the avoidance behavior in response to pathogenic 

Serratia marcescens (144, 149). Therefore, I tested if these innate immune 

response pathways are required for the heterochronic phenotype enhancement 

of the let-7 family miRNA mutant on P. aeruginosa.  
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Building upon the results in Chapter II, I found that lin-28 functions 

upstream of let-7 family miRNAs in adults to regulate pathogen resistance 

against P. aeruginosa infection. Additionally, the reciprocal regulation between 

developmental timing and pathogen resistance observed in Chapter II seems to 

be specifically elicited by the p38 MAPK pathway and let-7 family miRNAs. 

 

III.C. Materials and methods 

The following are methods not previously described in Chapter II. 

Western blot analysis of LIN-28 and CIP reaction. For LIN-28 western 

blots, animals were washed off plates with M9 buffer and flash frozen in liquid 

nitrogen. Lysates were prepared by resuspending samples in lysis buffer (50mM 

Tris-HCl pH7.4, 150mM NaCl, 2mM EDTA, 1% NP-40, 2mM DTT, PhosSTOP 

(Roche), Protease inhibitor (Roche)) and were then homogenized with Branson 

SLPe sonicator. Lysates were centrifuged at 164,000rpm for 20 minutes at 4°C 

and the supernatants were collected. BioRad Protein Assay Dye Reagent 

Concentrate (Cat# 500-0006) was used to measure the protein concentration. 

LIN-28 was recognized by an anti-serum (150) at 1:1000 dilution, and anti-α-

tubulin antibody (Sigma-Aldrich Cat# T6074) was used at 1:20000 dilution. 

For the CIP treatment, 50 units of Calf Intestinal Alkaline Phosphatase 

(CIP, NEB Cat# M0290) were used for each sample and the reaction was carried 

out at 37°C for 30 minutes. Also, in order to get better separation between the 

doublet bands, samples were run slowly on a 12% SDS-PAGE gel at 80V.  
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Generation of transgenic animals and CRISPR/Cas9 experiments. To 

generate transgenic animals carrying extrachromosomal arrays, a mixture 

containing 50ng/µl pBlueScript, 50ng/µl pCFJ150, 15ng/µl sur-5::gfp and 10ng/µl 

of either lin-28a (pSW30) or lin-28b (pSW22) was injected into post-dauer lin-

28(n719) animals. F1 and F2 generation was screen for sur-5::gfp expression 

and transmission of the extrachromosomal arrays respectively. Two independent 

lines were established for both lin-28a and lin-28b.  

For the CRISPR/Cas9 experiment, wild type (N2) animals were injected 

with a mixture containing 50ng/µl eft-3::cas9 vector, 50ng/µl lin-28a sgRNA-1 

vector (pSW12), 50ng/µl lin-28a sgRNA-2 vector (pSW15), 20ng/µl dpy-10 

sgRNA vector and 15ng/µl sur-5::gfp vector for lin-28a, or 50ng/µl eft-3::cas9 

vector, 50ng/µl lin-28b sgRNA-1 vector (pSW48), 50ng/µl unc-22 sgRNA vector 

and 50ng/µl myo-2::mcherry vector for lin-28b. F1 animals with dumpy phenotype 

were sequenced for mutations in the lin-28 gene.  

Immunoprecipitation and silver staining. For LIN-28 IP, lysates were 

prepared by resuspending samples in the IP lysis buffer (60mM HEPES pH 7.4, 

100mM KCl, 0.2% TritonX-100, 4mM MgCl2, 20% glycerol, 2mM DTT, Protease 

inhibitor (Roche), Phosphatase inhibitor cocktail 2 and 3(Sigma)) and then 

samples were lysed in a medal dounce homogenizer. Lysates were centrifuged 

at 164,000rpm for 20 minutes at 4°C and the supernatants were collected.  

3.17mg and 0.33mg of protein lysate inputs were used for wild type and 

lin-28(n719) samples, respectively. 150µl of 50% suspension of Dynabeads 
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Protein A (Thermo) and 50µl of the LIN-28 antiserum was used for each sample. 

Beads were first washed 3 times with IP lysis buffer, and then LIN-28 antiserum 

was added to the beads solution. 0.8ml volume was made up for each sample by 

compensating with IP lysis buffer. Beads and LIN-28 antiserum were incubated 

at 4°C with gentle rotating for 3 hours. Meanwhile, protein lysates were pre-

cleared by adding 40µl of 50% suspension of Dynabeads Protein A and 

incubating at 4°C with gentle rotating for 1 hour. The beads/antibody suspension 

was added to each pre-cleared protein lysate and incubated at 4°C with gentle 

rotating for 3 hours. Afterwards, supernatants were saved for further analysis. 

Beads were washed 3 times with wash buffer (30mM HEPES pH 7.4, 100mM 

KCl, 0.1% TritonX-100, 2mM MgCl2, 10% glycerol, 1mM DTT, Protease inhibitor 

(Roche)) and then boiled in 50µl of 2xSDS/BME sample buffer at 95°C for 15 

minutes.  

For silver staining, SilverQuest staining kit (Invitrogen Cat# LC6070) was 

used following the manufacturer’s protocol.  

ASE neuron phenotypic analysis. The ASE neuron phenotype was 

scored by the expression of otIs114 [lim-6::gfp] (ASEL marker) in the larvae of 

each genotype under Zeiss SteREO Discovery.V12 microscope (66). 

Quantitative RT-PCR (qRT-PCR). Total RNA was digested with DNase I 

(NEB) to eliminate genomic DNA contamination. QuantiFast SYBR Green RT-

PCR kit (Qiagen) was used for lin-28 qRT-PCR analysis, while SensiMix SYBR 

One Step kit (BIOLINE) was used for qRT-PCR analysis of pathogen response 
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genes. 1ng/µl RNA was used for each reaction. Primer sequences are listed in 

Table 3.1.  

Exotoxin A, tunicamycin and S. aureus treatment. For exotoxin A 

treatment, previously published protocol (151) was used with our modification. 

Gravid adults (P0) were put on each treatment plates to produce progeny (F1 

generation), and the F1 adults were transferred to fresh plates seeded with the 

same bacteria to produce F2 generation. The heterochronic phenotypes of F2 

young adults were scored. 

For tunicamycin treatment, 1µg/ml tunicamycin was added to NGM plates 

and seeded with E. coli HB101. Synchronized L1 stage animals were put on the 

control or treatment plates and their heterochronic phenotypes were scored at 

young adult stage.  

For S. aureus treatment, plates were made following the procedure 

described in (114). L2 stage animals were put on the treatment plates and their 

heterochronic phenotypes were scored at young adult stage. The control group is 

NGM plates seeded with E. coli HB101 because we suspect that E. coli might 

behave quite differently on the S. aureus plates, which could cause changes in 

the heterochronic phenotypes of let-7 family miRNA mutants and would not be a 

good control. 
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Gene Forward Primer Reverse Primer
lin-28a AGAGGCTCCCGTCACCAACA CTTCACCGGTGATGTCATCGATCAC
lin-28b CGGTGCCCATCAAATCTCAATTGTC CTTCACCGGTGATGTCATCGATCAC
tir-1 AGAACGACACCGACCACCAAAG GATGGCCCAGTACGGCTTACT
gst-4 GTGACGCTGATCATATTAACAAAGTACGTT CCTGATTTACTCTTGGCCAGGAAC
tsp-1 TTCGTGTTTGGCTCATCGTTGTATTC CGTTTTGGCCAAACACTTGAAATCATTC
ilys-5 CTCCTTTCTGTCGCTATTGCGTAC CCAACGTCCATGTGGCAACC
lys-3 CTATCTGGATTCAAGTAACTTCTCCAACAA CAAGCCCAGATTCTTCGCACTTCTA
C17H12.8 CGTTCAGAAGACCAACGAACCAAAT TCTCGGATAATCATATACAGCTGTGAAGT 
F55G11.4 GATCCGTGTATTTGGCTGGAATCG CATATGTGCTCCCGCGTTCAC
tba-1 TGACAAGGCTTACCATGAGGCTCTC ATCGCACTTCACCATTTGGTTGGCT

Table 3.1. Primer sequences for qRT-PCR
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III.D. Results 

1. lin-28 functions upstream of let-7 family miRNAs in the regulation of 

pathogen resistance. 

Since let-7 family miRNAs are involved in pathogen resistance against P. 

aeruginosa, we investigated if lin-28, the well-studied post-transcriptional 

regulator of let-7 family miRNAs could play a role in pathogen resistance as well. 

The loss-of-function mutant lin-28(n719) dies faster on P. aeruginosa compared 

to wild type animals, and this phenotype is suppressed by let-7 family miRNAs 

(Figure 3.1). This suggests that lin-28 is genetically upstream of let-7 family 

miRNAs in the regulation of survival on P. aeruginosa.  

In addition, we failed to observe any significant reduction in either mir-48 

or mir-241 levels of the L4 stage lin-28(n719) animals compared to wild type 

animals after 24 hour P. aeruginosa treatment (Figure 3.2), which is consistent 

with the P. aeruginosa survival results showing that lin-28 acts upstream of let-7 

family miRNAs. These results here indicate that lin-28 is probably required for the 

downregulation of mature let-7 family miRNA levels upon P. aeruginosa infection 

after the L4 stage.  

2. lin-28 is not required for the heterochronic phenotype enhancement of 

let-7 family miRNA mutants on P. aeruginosa. 

Since lin-28 affects developmental timing of C. elegans through its 

negative regulation on let-7 family miRNAs, I investigated into whether lin-28 is 

required for the heterochronic phenotype enhancement of the let-7 family miRNA  
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mutants on P. aeruginosa. To do that, I tested if P. aeruginosa infection could still 

elicit the heterochronic phenotype enhancement in let-7 family miRNA mutants in 

the absence of LIN-28. Loss of function for lin-28 results in a precocious 

heterochronic phenotype where seam cells skip the L2 stage symmetric division, 

resulting in less seam cells and formation of adult alae at the L3 molt. I believe 

that this precocious heterochronic phenotype of lin-28(n719) might be too 

dominant to be modulated by P. aeruginosa even if lin-28 is not required for the 

regulation. Therefore, I used a strain that contains a suppressor mutation of lin-

28(n719), lin-46(ma164), but the double mutant lin-28(n719); lin-46(ma164) 

exhibits almost completely normal heterochronic phenotypes that do not fall into 

the sensitized genetic background range. Finally, I built a strain that deletes one 

of the let-7 family miRNAs (mir-48) in the lin-28(n719); lin-46(ma164) 

background. This strain (lin-28(n719); lin-46(ma164) mir-48(n4097)) has a 

partially penetrant retarded heterochronic phenotype that allows the detection of 

any heterochronic phenotype enhancement elicited by P. aeruginosa infection. 

Indeed, the heterochronic phenotype of this mutant is enhanced on P. 

aeruginosa (Figure 3.3). This suggests that lin-28 could not be solely required for 

the heterochronic phenotype enhancement of let-7 family miRNA mutants on P. 

aeruginosa, which is consistent with our previous finding that p38 MAPK pathway 

is required for phenotypic enhancement of let-7 family miRNA mutants on P. 

aeruginosa (152). 
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3. lin-28’s role in pathogen resistance might be separate from its role in 

larval development. 

Since lin-28 is not required for the regulation of developmental timing 

phenotypes of let-7 family miRNA mutants on P. aeruginosa, I wondered if the 

roles of lin-28 in development and pathogen resistance could be separated. 

Because the developmental phenotypes of lin-28(n719) animals are dramatically 

suppressed by going through the dauer stage (153), I tested the survival of post-

dauer animals of wild type and lin-28(n719) animals on P. aeruginosa. 

Interestingly, these post-dauer lin-28(n719) animals still die faster than wild type 

even though the general fitness of these animals is not significantly compromised 

(Figure 3.4). This suggests that the pathogen resistance phenotype of lin-

28(n719) animals is probably independent from their developmental timing 

phenotype.  

To summarize all the results above, upon P. aeruginosa infection, lin-28 

seems to positively regulate pathogen resistance upstream of let-7 family 

miRNAs in adults. Also, lin-28 is not required for the heterochronic phenotype 

enhancement of let-7 family miRNA mutants on P. aeruginosa. Therefore, the 

pathogen resistance role of lin-28 might be distinct from its function in 

developmental timing.  
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4. One of two major gene isoforms of lin-28 is upregulated upon P. 

aeruginosa infection. 

Since lin-28 is involved in pathogen resistance, I examined the protein 

levels of LIN-28 in response to P. aeruginosa infection. Because previously LIN-

28 protein expression was not observed after the L3 stage (150), I looked into the 

LIN-28 protein levels of wild type animals on E. coli or P. aeruginosa at different 

larval stages. First, our results are consistent with previous studies showing that 

there are two protein bands for LIN-28, and that the expression of LIN-28 

proteins starts from embryo stage and dramatically downregulated after the L2 

stage on E. coli (Figure 3.5A) (150). P. aeruginosa appears to delay the 

downregulation of LIN-28 proteins (Figure 3.5A), which could be caused by the 

downregulation of let-7 family miRNAs upon P. aeruginosa treatment since let-7 

family miRNAs can suppress LIN-28 expression as well. 

Because lin-28 probably exhibits its role in pathogen resistance from the 

L4 stage, I investigated into the LIN-28 protein levels of L4 animals upon P. 

aeruginosa infection. Interestingly, I observed that only one of the LIN-28 protein 

isoforms is present at the L4 stage and there is an increase of this LIN-28 protein 

isoform in both wild type and let-7(mg279) animals upon P. aeruginosa infection 

(Figure 3.5B). The upregulation of the LIN-28 protein isoform in wild type 

compared to let-7(mg279) animals were similar, which indicates that let-7 might 

not be required for this upregulation of LIN-28 protein level on P. aeruginosa. 
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Furthermore, I looked into whether this upregulation of LIN-28 protein 

isoform is specific to P. aeruginosa infection and if the p38 MAPK pathway is 

required for this upregulation. Unfortunately, the results were not very conclusive 

because the increase of LIN-28 protein levels in this experiment was very mild 

(less than two-fold change)(Figure 3.5C and D), and further experiments are 

needed to address these questions. Nonetheless, from Figure 3.5C, I found that 

the LIN-28 protein isoform present in the L4 stage is the one with higher 

molecular weight.  

To my knowledge, the results here are the first indication that LIN-28 

proteins are still present after the L3 stage even though in very low abundance. 

Because only one of LIN-28 protein isoform appears to be regulated upon P. 

aeruginosa infection, it is very important to characterize the identity of these two 

LIN-28 protein isoforms. C. elegans lin-28 is present only at one genomic locus, 

but there are two gene isoforms (lin-28a and lin-28b) with different first exons 

(Figure 3.6A). We took two complementary approaches to determine if the two 

LIN-28 protein isoforms correspond to the two gene isoforms: 1) generate 

specific knockout mutations of lin-28a and lin-28b by CRISPR/Cas9 technology; 

2) rescue lin-28(n719) animals with extrachromosomal arrays expressing each 

gene isoform specifically (Figure 3.6B). Both lin-28a and lin-28b 

extrachromosomal arrays rescued the vulva developmental phenotype of lin-

28(n719) animals (data not shown), which suggests that both lin-28a and lin-28b  
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Figure 3.5 Changes in LIN-28 protein levels upon P. aeruginosa infection. (A) 

Western blots of LIN-28 in wild type (N2) animals at different larval stages on 

HB101 and PA14. (B) Western blots of LIN-28 protein levels in L4 stage wild type 

(N2) and let-7(mg279) animals upon infection with PA14. (C) Western blots of 

LIN-28 in L4 stage wild type (N2) animals on HB101 and PA14. (D) Western 

blots of LIN-28 in L4 stage wild type (N2) and pmk-1(km25) animals on PA14. 

sL1, starved L1 animals (obtained by incubating embryos in M9 for 24 hours). 
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transgenes are functional. Moreover, as it is shown in Figure 3.6C, lin-28a and 

lin-28b transgenes specifically generate the bigger and smaller protein isoform 

respectively, and the lin-28a deletion animals only produce the smaller protein 

band. These results indicate that the bigger and smaller protein bands of LIN-28 

correspond to LIN-28A and LIN-28B respectively. The reason we observe less 

LIN-28A and LIN-28B in the extrachromosomal array strains is that only a small 

percentage of animals actually carry the transgenes. And the lower level of LIN-

28B in lin-28a deletion mutant (Figure 3.6C) is likely because the sample 

consists of a mix stage population with majority of the animals at the L4 and 

young adult stage. At the embryonic stage, there might be even a slight 

upregulation of LIN-28B level in the lin-28a knockout strain (Figure 3.6D), which 

suggests that there might be compensatory regulation between the two lin-28 

isoforms. 

From these results, it seems like the LIN-28 gene isoform that is 

upregulated on P. aeruginosa is LIN-28A. Consistently, I also observed that only 

lin-28a is upregulated at the mRNA level upon P. aeruginosa infection (Figure 

3.6E). This indicates that the upregulation of LIN-28 by P. aeruginosa could be 

either through transcriptional activation or inhibition of mRNA decay. 

5. LIN-28A is phosphorylated. 

From the experiment in Figure 5C, we noticed that LIN-28A protein 

exhibits a doublet band pattern. Additionally, the size of LIN-28A in western blot 

analysis (~30kD) is different from the predicated sizes of LIN-28A (25.4kD). 
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Figure 3.6 lin-28 gene isoforms respond differently upon P. aeruginosa infection. 

(A) A diagram of the lin-28 gene locus. There are two gene isoforms, lin-28a (in 

blue) and lin-28b (in red), sharing the same second and third exons. (B) A 

diagram of the design of extrachromosomal arrays specifically expressing either 

lin-28a (lin-28a(Ex)) or lin-28b (lin-28b(Ex)). 2.5kb of upstream promoter region 

was used for both lin-28 isoforms and lin-28b(Ex) also contains 82nt of upstream 

sequence (grey) from the first exon of lin-28b. (C) Western blots of LIN-28 in wild 

type (N2), several lin-28 mutants and transgenic animals carrying the 

extrachromosomal arrays. The lin-28a deletion is the lin-28(ma289) strain which 

has a frame-shift (4bp) deletion in the lin-28a exon 1 resulting in a pre-mature 

stop codon. The lin-28b insertion strain is lin-28(ma288) which has in-frame 

nucleotide changes resulting in an insertion of one amino acid, which is not 

expected to change the LIN-28B expression. (D) Western blots of LIN-28 in wild 

type (N2) and lin-28a deletion embryos. (E) lin-28a and lin-28b mRNA levels in 

wild type (N2) animals upon P. aeruginosa infection for 6 hours. Error bars, SDs. 

* p < 0.05, N.S. not significant, two-tailed t-test.  
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These results suggest that there might be post-translational modifications 

for LIN-28A. Although the doublet band pattern does not reflect well on the 

scanned images, it is present at all different larval stages on E. coli and P. 

aeruginosa for wild type animals (Figure 3.7A) and in pmk-1(km25) animals on P. 

aeruginosa (Figure 3.7B), which suggests that p38 is not required for this 

potential post-translational modification. Based on the size difference of the 

doublet bands, I hypothesized that LIN-28A might be phosphorylated. 

Accordingly, I performed CIP experiments on protein lysates of wild type and lin-

28(n719) embryos. As expected, there is phosphorylation on LIN-28A isoform 

specifically (Figure 3.7C). A previous study has shown that LIN28A in mammals 

is phosphorylated suggesting an evolutionary conserved role of LIN28 

phosphorylation (154). From the protein sequences, there are five potential 

phosphorylation sites specifically on LIN-28A (Figure 3.7D), but it is also possible 

that serine, threonine and tyrosine residues shared by LIN-28A and LIN-28B are 

phosphorylated only on LIN-28A.  

Mass spectrometry analysis could help identify which amino acids of LIN-

28A are phosphorylated. First step of mass spectrometry is to purify the protein 

of interest. I attempted to pull down LIN-28 with an anti-serum (Figure 3.7E and 

F). Even though the IP seems to be successful, I could not identify the LIN-28 

protein bands on the silver staining gel due to the enormous amount of IgG 

eluted from the beads. So, future experiments should be performed by 

crosslinking antibody to the beads to eliminate the IgG contamination.   
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Figure 3.7 Phosphorylation of LIN-28A. (A) Western blots of LIN-28 in wild type 

(N2) animals at different larval stages on HB101 and PA14. (B) Western blots of 

LIN-28 in L4 stage wild type (N2) and pmk-1(km25) animals on PA14. (C) 

Western blots of LIN-28 in wild type (N2) and lin-28(n719) embryos with CIP 

treatment. PI (phosphatase inhibitor); NEG (no phosphatase inhibitor, no CIP and 

did not go through the CIP reaction); CIP- (no phosphatase inhibitor, no CIP but 

went through the CIP reaction); CIP+ (no phosphatase inhibitor, with CIP and 

went through the CIP reaction). (D) Sequence alignment of lin-28 genes in C. 

elegans (Celin-28a and Celin-28b) and human (hLin28a and hLin28b). Cold 

shock domain and zinc-finger domains are highlighted in blue and orange 

respectively. The known phosphorylation sites in human LIN-28A are shown in 

purple, and the potential phosphorylation sites in C. elegans LIN-28A are shown 

in red. (E) Silver stain and (F) western blots of LIN-28 for the LIN-28 IP 

experiment. M, marker. Sup, supernatant. Percentage of sample run on the gel is 

as indicated.  
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Interestingly, I observed protein bands similar to the size of LIN-28 in the 

IP sample of lin-28(n719) lysates (Figure 3.7F), which suggests that there might 

be very small amount of read through protein products produced from this 

nonsense mutation. Other lin-28 mutants should be used as negative control for 

the future mass spectrometry experiment. 

6. Loss of lin-28a does not affect worm’s survival against P. aeruginosa 

infection. 

Since lin-28a is the predominant isoform expressed at the L4 stage, and is 

upregulated isoform upon P. aeruginosa infection, it is reasonable to propose 

that lin-28a could be solely responsible for the pathogen resistance phenotype 

observed in lin-28(n719) animals on P. aeruginosa. However, I observed no 

difference in survival on P. aeruginosa for lin-28(ma289) (lin-28a deletion) 

animals compared to wild type (Figure 3.8A). Interestingly, lin-28(ma289) animals 

might have an extended lifespan (Figure 3.8B) which requires further 

experimental confirmation. So, it seems that the pathogen resistance phenotype 

of lin-28(n719) is not solely from the lin-28a isoform, but it is also possible that 

LIN-28B might be upregulated in lin-28(ma289) animals to compensate the loss 

of LIN-28A for the pathogen resistance phenotype. Western blot analysis of LIN-

28 protein levels in L4 stage wild type and lin-28(ma289) animals is needed to 

test this hypothesis. 
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7. The enhancement of let-7 family miRNA mutant’s heterochronic 

phenotypes on P. aeruginosa occurs during larval development.  

The heterochronic phenotype enhancement of let-7 family miRNA mutants 

on P. aeruginosa was observed at young adult stage. In order to confirm that this 

phenotype is due to enhancement of heterochronic defects during larval 

development instead of only at the L4 to adult transition, I examined the seam 

cell phenotype of early L4 stage wild type and mir-48 mir-241(nDf51) animals on 

P. aeruginosa. As expected, I still observed the enhancement of seam cell 

defects for the L4 stage mir-48 mir-241(nDf51) animals on P. aeruginosa (Figure 

3.9). Therefore, the heterochronic phenotype enhancement of let-7 family miRNA 

mutant on P. aeruginosa could not be simply caused by an over-proliferation of 

seam cells at the L4 molt. 

8. P. aeruginosa infection does not seem to cause a general impairment of 

the miRNA pathway. 

Thus far, I observed that let-7 family miRNA activity is suppressed upon P. 

aeruginosa infection. I wondered if this effect of P. aeruginosa on let-7 family 

miRNA activity might reflect a general inhibition of the miRNA pathway that could 

also affect other miRNAs. Therefore, I tested mutants of miRNA pathway 

components in C. elegans (alg-1, alg-2, nhl-2) (15) for the heterochronic 

phenotypes on P. aeruginosa, and I observed enhanced heterochronic 

phenotypes for alg-1(gk214) and nhl-2(ok818); mir-48(n4097) animals (Figure 

3.10A and B). I think the reason why there is no phenotypic enhancement for
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alg-2(ok304) animals on P. aeruginosa could be because the phenotype of this 

mutant was not sufficiently sensitized genetically. These results suggest that P. 

aeruginosa could not solely act on either alg-1 or nhl-2 to regulate let-7 family 

miRNA activity, which is consistent with our previous results that p38 regulates 

the transcription of let-7 family miRNAs directly. 

Next, if P. aeruginosa infection leads to a compromised miRNA pathway in 

general, I would expect that the phenotype of other miRNA mutants, besides let-

7 family, could be enhanced on P. aeruginosa. So, I tested if the ASE neuron 

phenotypes of lsy-6(ot150) animals could be affected by P. aeruginosa. As it is 

shown in Figure 3.10C, there is no effect of P. aeruginosa on the ASE neuron 

phenotypes of lsy-6(ot150) animals. This suggests that the downregulation of let-

7 family miRNA activity upon P. aeruginosa infection is probably specific to let-7 

family miRNAs and may not reflect a generally compromised miRNA pathway. 

9. The expression changes of several pathogen response genes in wild 

type and let-7(mg279) animals upon P. aeruginosa infection. 

In Chapter II, we observed that upon P. aeruginosa infection let-7(mg279) 

accumulates much less bacterial outer membrane vesicles compared to wild type 

animals, and I suspect that this could be caused by a hyper-activation of the 

innate immune pathway in let-7(mg279) animals. Therefore, I performed qRT-

PCR of wild type and let-7(mg279) animals for several genes that are known to 

be regulated by P. aeruginosa infection (120, 129). The genes exhibited 

statistically significant changes are shown in Figure 3.11. Even though upon P. 
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Figure 3.10 P. aeruginosa does not seem to affect the miRNA pathway in 

general. (A) Adult alae and (B) seam cell phenotypes of wild type (VT1367), alg-

1(gk214), alg-2(ok304), nhl-2(ok818); mir-48(n4097) and mir-48 mir-241(nDf51) 

animals on HB101 and PA14. (C) ASE neuron phenotype of wild type (VT2361) 

and lsy-6(ot150) animals on HB101 and PA14. ASEL+ means ASEL neuron has 

lim-6::gfp expression and ASEL- indicates that there is no lim-6::gfp expression 

in the ASEL neuron. Error bars, SDs. * p < 0.05, ** p < 0.01, *** p < 0.001, N.S. 

not significant, chi-square test for adult alae phenotype and ASE neuron 

phenotype, two-tailed t-test for seam cell phenotype. 
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aeruginosa infection we did not observe any hyper-activation of these genes in 

let-7(mg279) animals compared to wild type, I did notice that several genes were 

already upregulated in let-7(mg279) animals on E. coli, especially tir-1 (the 

upstream adaptor for the p38 MAPK pathway). This indicates that let-7(mg279) 

animals may have an elevated basal level of innate immune response, which 

could contribute to the enhanced survival of these animals on P. aeruginosa 

However, whole-genome studies are needed to prove this hypothesis. 

10. The effects of other stresses, pathogen and innate immune pathways 

on the developmental timing phenotypes of mir-48 mir-241(nDf51) animals.  

We found that the pathogenicity of P. aeruginosa is required for the 

downregulation of let-7 family miRNA activity, thus, I wonder if one of the known 

pathogenicity factors of P. aeruginosa (exotoxin A (ToxA) (151)) could induce this 

downregulation. ToxA is an AB toxin that catalyzes ADP ribosylation of 

elongation factor 2, which blocks protein synthesis, and E575 of ToxA is required 

for the ribosylation reaction (155, 156). In order to test if ToxA is responsible for 

the downregulation of let-7 family miRNAs, I utilized E. coli HT115 strains that 

express ToxA, mutant form of ToxA (ToxA E575Δ) and vector control. 

Interestingly, ToxA has no effect on the heterochronic phenotypes of mir-48 mir-

241(nDf51) animals (Figure 3.12A and B), which suggests that ToxA might not 

be the P. aeruginosa pathogenicity factor required for the regulation of let-7 

family miRNAs. 
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Next, since the ER stress pathway is activated when worms are infected 

with P. aeruginosa (125), I wanted to test if ER stress could induce the 

downregulation of let-7 family miRNA activity. So, I examined if the ER stress 

inducer, tunicamycin, could affect the heterochronic phenotypes of mir-48 mir-

241(nDf51) animals. As it is shown in Figure 3.12C and D, I did not observe any 

enhancement of the heterochronic phenotypes of mir-48 mir-241(nDf51) animals 

on tunicamycin, which suggests that simply inducing ER stress could not 

suppress let-7 family miRNA activity. 

Besides the bacteria diets shown in Chapter II, I also tested if another 

bacterial pathogen Staphylococcus aureus (S. aureus) could affect the 

developmental timing phenotype of the let-7 family miRNA mutant. Since worms 

could not develop from L1 to adults on S. aureus, I performed this experiment 

starting with the L2 stage animals. With this caveat, there is no change in the 

heterochronic phenotypes of wild type or mir-48 mir-241(nDf51) animals on S. 

aureus (Figure 3.12E and F). 

Although our results indicate that ToxA, tunicamycin or S. aureus could 

not affect the activity of let-7 family miRNAs, there is still a caveat that the 

efficacy of these stressors might not be strong enough due to the experimental 

feasibility. Alternatively, I can test if any of the known innate immune pathways 

activated by these stresses could affect the let-7 family miRNA activity. 

Therefore, I knocked down each gene that is important for other innate immune 

response pathways in the parental generation and scored the heterochronic
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Figure 3.12 Heterochronic phenotypes of mir-48 mir-241(nDf51) animals upon 

different stresses. (A) Adult alae and (B) seam cell phenotypes of mir-48 mir-

241(nDf51) animals on Vector, ToxA and ToxA E575Δ. (C) Adult alae and (D) 

seam cell phenotypes of wild type and mir-48 mir-241(nDf51) animals on ER 

stress inducer tunicamycin (TM). (E) Adult alae and (F) seam cell phenotypes of 

wild type and mir-48 mir-241(nDf51) animals on S. aureus. Error bars, SDs. * p < 

0.05, ** p < 0.01, *** p < 0.001, N.S. not significant, chi-square test for adult alae 

phenotype and two-tailed t-test for seam cell phenotype.  



 113 

phenotypes of the progeny after development on E. coli or P. aeruginosa. 

Because the effect of RNAi in C. elegans is transferable through generations 

(157), I expect that the progeny should have lower levels of the gene knocked 

down in their parental generation. I found that knocking down several innate 

immune pathways (daf-16, zip-2, egl-5, bar-1 and tol-1) (129, 144, 147, 148) that 

function in parallel to the p38 MAPK pathway did not affect the enhancement of 

heterochronic phenotypes of mir-48 mir-241(nDf51) animals on P. aeruginosa 

(Figure 3.13). zip-2 is an important downstream regulator for ToxA’s effect on C. 

elegans (151), and beta-catenin (bar-1) and HOX transcription factor (egl-5) are 

the major innate immune response pathway against S. aureus infection (148). 

Therefore, our results here provide additional support that the downregulation of 

let-7 family miRNA activity on P. aeruginosa is specifically elicited by the p38 

MAPK pathway. However, given the nature of RNAi, it is likely that there is still 

residual expression of the knocked down genes, which could lead to false 

negative results. Experiments with genetic knockouts of other innate immune 

response pathway genes are required to confirm our results from the RNAi 

experiment. 

Interestingly, dkf-2 encodes a protein kinase D upstream of the p38 MAPK 

pathway (145) and the G-protein coupled receptor FSHR-1 are required for the 

regulation of let-7 family miRNA activity on P. aeruginosa (Figure 3.13). It has 

been previously shown that even though fshr-1 and the p38 MAPK pathway 

mostly function in parallel in response to P. aeruginosa infection, they share  
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some downstream factors. Our results suggest that the shared downstream 

factors between fshr-1 and the p38 MAPK pathway might be important for the 

regulation of let-7 family miRNAs on P. aeruginosa. 

 

III.E. Discussion 

In C. elegans, many developmental regulators could have alternative 

functions in other tissues and/or at different stages. For example, the p38 MAPK 

pathway was first shown to regulate the asymmetric cell fate decisions in the 

olfactory AWC neurons in the embryos (158-160), and it was later on shown to 

control the innate immune response at larval and adult stages (124). Similarly, I 

found here that the developmental timing regulator lin-28 is also involved in the 

regulation of pathogen resistance against P. aeruginosa infection through the let-

7 family miRNAs. This regulation between lin-28 and let-7 family miRNAs in 

pathogen resistance seems to be distinct from their roles in developmental 

timing.  

Interestingly, I observed that mir-48 mir-241(nDf51) suppressed the 

pathogen resistance phenotype of lin-28(n719) animals on P. aeruginosa. 

However, the phase in which mir-48 mir-241(nDf51) animals die faster than wild 

type seems to be suppressed by lin-28(n719) as well (Figure 3.1A). Our previous 

study indicates that this phase in which mir-48 mir-241(nDf51) animals initially 

die faster than wild type is probably due to the reduced fitness of mir-48 mir-

241(nDf51) animals (152). Therefore, I propose that besides being upstream of 
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let-7 family miRNAs in pathogen resistance, lin-28 is also possibly downstream of 

mir-48 and mir-241 in the regulation of worm’s general fitness, however, 

longevity assays for these mutants are needed to test this hypothesis. 

The downregulation of LIN-28 protein during larval development seems to 

be dramatically delayed when worms were treated with P. aeruginosa (Figure 

3.5A). I proposed that this delay could be due to the suppression of let-7 family 

miRNA activity on P. aeruginosa. However, there could be another possible 

explanation for this result. When cultured on P. aeruginosa , worms tend to go 

through larval development slower than when cultured on E. coli. This 

developmental delay affects individual worms to a different degree, which results 

in asynchronous population of worms on P. aeruginosa. Therefore, the stages 

labeled on Figure 3.5A in P. aeruginosa treatment represent the majority of the 

population while some earlier stage animals were actually present in the sample 

as well, which could lead to this higher LIN-28 protein levels on P. aeruginosa 

since LIN-28 is very abundant in the early larval stages. However, this caveat 

does not affect our experiments regarding LIN-28 protein levels of the L4 stage 

animals because they were treated with P. aeruginosa for a maximum of 8 hours 

and no significant developmental delay was observed for that short period of 

time. 

Because I did not observe a significant increase of LIN-28 protein levels 

on P. aeruginosa in Figure 3.5C and D, it still remains unknown whether the 

upregulation of LIN-28 is specifically caused by P. aeruginosa and the p38 MAPK 
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pathway. The P. aeruginosa treatment was carried out at 25°C on adults that had 

developed at 20°C. Therefore, it is possible that the temperature shift could elicit 

the upregulation of LIN-28, which should be tested in future studies. Additionally, 

lin-28 mRNA and protein levels in wild type and pmk-1(km25) animals upon P. 

aeruginosa infection should be examined to determine if the p38 MAPK pathway 

is required for the upregulation of LIN-28 on P. aeruginosa. 

Interestingly, only one of the two gene isoforms of lin-28, lin-28a, seems to 

be present and upregulated at the L4 stage upon P. aeruginosa infection. 

However, deleting lin-28a does not have any effect on worm’s survival against P. 

aeruginosa infection. It is possible that there might be compensation in LIN-28B 

protein expression when lin-28a is removed. Alternatively, lin-28a and lin-28b 

could function redundantly for pathogen resistance against P. aeruginosa 

infection in early developmental stages (Embryonic stage to L3 stage). 

Interestingly, the lin-28a mutant might have an increased lifespan in our lifespan 

assay that was performed at 25°C with SK plates containing FUDR (Figure 3.8B). 

The reason for this lifespan assay condition is to control for the P. aeruginosa 

killing assay, but this condition could also be considered stressful for C. elegans. 

Therefore, the prolonged life span observed for lin-28a mutant could be due to 

lin-28a’s role in regulating stress response. 

Another interesting finding from this study is that LIN-28A protein is 

phosphorylated, and the amount of mobility shift due to phosphorylation suggests 

that more than one phosphate group is on LIN-28A (Figure 3.7C). Mass 
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spectrometry experiment is needed to identify the phosphorylation sites and 

creating mutations in the phosphorylation sites by CRISPR/Cas9 technology will 

allow us to study the functions of the phosphorylation. Furthermore, it seems that 

LIN-28A is the only phosphorylated LIN-28 protein isoform in C. elegans, which 

echoes a study showing that there is phosphorylation on human LIN28A. In that 

study, one of the phosphorylation sites of human LIN28A was regulated during 

the early differentiation of embryonic stem cells (154). Although I observed the 

doublet band pattern in all larval developmental stages, there could still be 

specific C. elegans LIN-28A phosphorylation sites being regulated during 

development. Protein phosphorylation is known to play important roles in 

regulating signal transduction, protein localization, and protein stability (161). 

Mammalian LIN28A and LIN28B have been shown to exhibit different modes of 

regulation on let-7 and different sub-cellular localizations (162). Whether C. 

elegans LIN-28A and LIN-28B also have distinct regulatory mechanisms and 

whether the phosphorylation of LIN-28A is important for the potential distinction 

remain to be investigated. Additionally, in order to identify specific functions for 

these two lin-28 isoforms, a two-color splicing reporter system (163) will be used 

to identify differences in temporal and spatial expression patterns between lin-

28a and lin-28b, which could indicates potentially diverse functions for these two 

gene isoforms. 

A previous study showed that there might be a broad role for miRNAs in 

suppressing basal activity of C. elegans pathogen response in the intestine 
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(164), consistent with our finding that let-7(mg279) animals shown elevated basal 

levels of pathogen response gene expression. However, the mechanisms of how 

elevated level of basal pathogen resistance could affect survival on P. 

aeruginosa remains to be investigated. The same previous study also showed 

that the inactivation of miRNA-induced silencing complex by loss of ain-1 (C. 

elegans GW182 protein) enhanced the worm’s survival on P. aeruginosa (164). 

Therefore, I examined if P. aeruginosa treatment could affect miRNA pathway in 

general to exhibit the enhancement of heterochronic phenotypes in let-7 family 

miRNA mutants. However, I found that neither alg-1 nor nhl-2 is solely required 

for the downregulation of let-7 family miRNA activity on P. aeruginosa, and the 

activity of lsy-6 was not affected upon P. aeruginosa infection. Even though 

whole-genome studies are needed, I think our results to date along with other 

studies (112, 165) suggest that the effect of P. aeruginosa on miRNA pathway 

might be specific to certain miRNA families, and the enhanced survival 

phenotype of ain-1 mutants could be due to the reduce activity of let-7 family 

miRNAs.  

In conclusion, we provided more information in this chapter on the roles of 

another developmental timing regulator (lin-28) in pathogen resistance against P. 

aeruginosa infection. This finding along with our previous data on let-7 family 

miRNAs suggest that the developmental timing pathway and the innate immune 

pathway in C. elegans are highly integrated perhaps to maintain the robust 

developmental processes in face of a pathogen infection. 
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CHAPTER IV: Staufen negatively modulates microRNA activity in 

Caenorhabditis elegans 

 

IV.A. Abstract 

The double-stranded RNA-binding protein Staufen has been implicated in 

various post-transcriptional gene regulatory processes. Here we demonstrate 

that the Caenorhabditis elegans homolog of Staufen, STAU-1, functionally 

interacts with microRNAs. Loss-of-function mutations of stau-1 significantly 

suppress phenotypes of let-7 family microRNA mutants, a hypomorphic allele of 

dicer and a lsy-6 microRNA partial loss-of-function mutant. Furthermore, STAU-1 

modulates the activity of lin-14, a target of lin-4 and let-7 family microRNAs, and 

this modulation is abolished when the 3’ untranslated region of lin-14 is removed. 

Deep sequencing of small RNA cDNA libraries reveals no dramatic change in the 

levels of microRNAs, or other small RNA populations between wild type and 

stau-1 mutant, with the exception of certain endogenous siRNAs in the WAGO 

pathway. The modulation of microRNA activity by STAU-1 does not seem to be 

associated with the previously reported enhanced exogenous RNAi (Eri) 

phenotype of stau-1 mutants since eri-1 exhibits the opposite effect on microRNA 

activity. Altogether, our results suggest that STAU-1 negatively modulates 

microRNA activity downstream of biogenesis, possibly by competing with 

microRNAs for binding on the 3’ untranslated region of target mRNAs.  
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IV.B. Introduction 

MicroRNAs (miRNAs) are a class of endogenous non-coding small RNAs 

that post-transcriptionally regulate gene expression primarily through binding to 

the 3’ untranslated region (3’UTR) of target mRNAs, and inhibiting translation 

and/or mRNA stability (8). MiRNAs are usually transcribed into primary 

transcripts (pri-miRNAs) by RNA polymerase II. Pri-miRNAs are processed into 

hairpin structured precursor miRNAs (pre-miRNAs) by Drosha-DGCR8 complex 

in the nucleus, and then pre-miRNAs are exported into cytoplasm and further 

processed by Dicer to generate the ~21 nucleotide-long mature miRNAs (166). 

The seed sequence (nucleotides 2-7) of a mature miRNA dictates the specificity 

of miRNA’s recognition on target mRNAs, therefore, miRNAs with the same seed 

sequence are grouped into a family and predicated to potentially share the same 

set of target mRNAs (18).  

MiRNAs exert their repression on mRNAs through the assembly of 

miRNA-induced silencing complex (miRISC) on the 3’UTR of target mRNAs. 

MiRISC is a ribonucleoprotein complex with a miRNA-specific Argonaute (AGO) 

protein loaded with a mature miRNA and a AGO binding partner GW182 protein 

(167). Besides AGO and GW182, other RNA-binding proteins have been shown 

to affect miRNA activity through biogenesis, such as the case of LIN-28 (47), 

miRISC activity, as for NHL-2 (66) and target site accessibility, as shown for 

Pumilio, HuR and Dnd1 (55-57, 60-62, 168). 
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Staufen is a conserved double-stranded RNA-binding protein that contains 

five double-stranded RNA-binding domains, and that was first identified in 

Drosophila to regulate mRNA localization and translation (oskar in oocytes, 

bicoid in embryos and prospero in neuroblasts) (169-171). For example, Staufen 

binding to the 3’UTR of bicoid and prospero mRNAs is required for their 

localization (172-174). In mammalian neurons, Staufen homologs (Staufen1 and 

Staufen2) are also known to regulate mRNA transport and the activation of 

localized mRNA translation (175, 176). Two groups have shown that Staufen1 

can bind to long-range RNA duplexes in the 3’UTR of mRNAs (177, 178). 

Besides regulating mRNA localization and translation, mammalian Staufen can 

also mediate mRNA decay through interaction with the nonsense medicated 

decay regulator Upf1 (179). In Caenorhabditis elegans (C. elegans), there is only 

one Staufen homolog, stau-1, and it has been shown to have high binding affinity 

for double-stranded RNA in vitro. STAU-1 is expressed at all developmental 

stages in C. elegans and partial loss-of-function mutants (stau-1(tm2266) and 

stau-1(q798)) exhibit phenotypes that include enhanced transgene silencing, 

enhanced exogenous RNAi and mild germline defects (180).  

Previous studies demonstrate that miRISC components and miRNAs are 

present in Staufen-containing RNA granules (181, 182), which indicates that 

Staufen might affect the miRNA pathway, perhaps by influencing miRNA 

biogenesis and/or function. Here we report genetic evidence that C. elegans 

STAU-1 exerts activity in opposition to certain miRNAs; we show that loss of 
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function for stau-1 genetically suppresses the phenotypes of mutants in several 

distinct miRNA genes and a miRNA biogenesis factor. Further, our small RNA 

sequencing data show that STAU-1 does not have any significant effect on the 

levels of mature miRNAs, indicating that Staufen can inhibit the activity of 

miRNAs downstream of miRNA biogenesis. Finally, we report data suggesting 

that Staufen-mediated opposition of miRNA activity acts via the 3’UTR of miRNA 

target mRNAs. 

 

IV.C. Materials and methods 

The following are methods not previously described in Chapter II and III. 

Targeted genome editing by CRISPR/Cas9. In order to generate stau-1 

null mutants, we adapted previously described co-CRISPR strategies (183, 184) 

with our modifications. Wild type animals (N2) were injected with a mixture 

containing 40ng/µl eft-3::cas9 vector, 35ng/µl unc-22 sgRNA vector, 35ng/µl dpy-

10 sgRNA vector, 35ng/µl stau-1 sgRNA-1 vector, 35ng/µl stau-1 sgRNA-2 

vector and 15ng/µl sur-5::gfp vector. The sequences for stau-1 sgRNAs are: 

GGATGGAGTGATGATAGTAC (sgRNA-1) and TACGGATCTGGCAGATACTT 

(sgRNA-2). F1 worms exhibiting any of the dumpy and/or twitching phenotypes, 

and/or sur-5::gfp expression were picked individually to plates and allowed to 

produce F2 progeny. These F1 animals were lysed in 10µl single-worm lysis 

buffer (50mM KCl, 10mM Tris-HCl pH 8.2, 2.5mM MgCl2, 0.45% NP-40, 0.45% 

Tween-20, 0.01% Gelatin, 60 ng/µl proteinase K) at 60°C for 1 hour, and PCR 
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reactions were performed with primers (TCCTTCAATCGATGTGGCCAA and 

TGGCTCACATTTTGTTAAACGACA) and the sequence of PCR products was 

determined using Sanger sequencing. Both of the two mutations recovered were 

from CRISPR/Cas9 editing events by sgRNA-1. 

To create endogenously tagged STAU-1, I performed CRISPR/Cas9 

experiment with homology-directed recombination. Wild type animals (N2) were 

injected with a mixture containing 40ng/µl eft-3::cas9 vector, 40ng/µl unc-22 

sgRNA vector, 40ng/µl rol-6 vector, 40ng/µl stau-1 sgRNA-3 vector, 40ng/µl 

3xflag::stau-1 donor repair vector, 40ng/µl pie-1 sgRNA vector and 40ng/µl pie-

1::gfp donor repair vector. The sequence for stau-1 sgRNA-3 is 

TACCTCCTCTGTCCCAATGC. The 3xflag::stau-1 donor repair vector was made 

with 800bp of homology flanking region at each side and PAM sequence was 

mutated from “NGG” to “NAG”. F1 worms exhibiting twitching, rolling, rolling and 

twitching phenotypes were picked individually to plates and allowed to produce 

F2 progeny. These F1 animals were genotyped with primers 

(TTGTCTGAAGCACGTCGCAG and GCCGCAGCTTGTTGAATCG) and PCR 

products were digested with BspHI to test for 3xflag insertion. PCR products 

were also sent to Sanger sequencing to confirm the 3xflag insertion. The two 

independent alleles generated were named ma329 and ma330. 

Western blot analysis. For STAU-1 western blots, samples were 

prepared from populations of mixed stage embryos and synchronized L4 stage 

larvae grown on E. coli HB101 at 20°C. Animals were washed off plates with M9 
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buffer and flash frozen in liquid nitrogen. Lysates were prepared by resuspending 

samples in lysis buffer (25mM HEPES pH7.5, 100mM NaCl, 0.25mM EDTA, 

0.1% NP-40, 2mM DTT, PhosSTOP (Roche), Protease inhibitor (Roche)) and 

homogenized with a Branson SLPe sonicator. Lysates were centrifuged at 

164,000rpm for 15 minutes at 4°C and the supernatants were collected. BioRad 

Protein Assay Dye Reagent Concentrate (Cat# 500-0006) was used to measure 

the protein concentration. 80µg of protein were used for the immunoblot analysis. 

STAU-1 was recognized by an anti-serum generated in Dr. Marvin Wickens 

laboratory (180) at 1:1000 dilution, gel loading was calibrated by re-probing blots 

with anti-α-tubulin antibody (Sigma-Aldrich Cat# T6074) at 1:20000 dilution. ALG-

1 protein was recognized by a purified polyclonal antibody (185) at a 1:1000 

dilution. The DCR-1 polyclonal antibody was applied at 1:1000 dilution (186), and 

anti-α-tubulin antibody (Sigma-Aldrich Cat# T6074) was used at 1:20000 dilution. 

RNA extraction and small RNA cDNA cloning. Wild type (N2) and stau-

1(tm2266) young adults were collected and flash frozen in liquid nitrogen. Three 

biological replicates were analyzed for each strain. Total RNA was extracted 

using Trizol reagent (Invitrogen). 20µg of total RNA for each sample was used to 

isolation small RNA populations. RNA samples were run on 15% PAGE/urea gel 

and small RNA populations were isolated from the gel with the size range from 

18 nucleotide (nt) to 26 nt. A previously published small RNA cloning protocol 

(187) was used to generate cDNA libraries with the following modifications: 1) 3’ 

ligation reactions were performed at 4°C overnight; 2) 100 units of Superscript III 
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Reverse Transcriptase were used for first-strand cDNA synthesis for each 

sample and the Reverse Transcriptase reaction was performed at 42°C for 90 

minutes. The Sterling CH et al. (2015) protocol involves only one RNA ligation to 

the 3’ end of the RNA, and hence recovers RNA species regardless of 5’ end 

structure. 

Computational analysis of small RNA libraries. cDNA libraries were 

sequenced on the Ion Torrent (Proton) instrument according to manufacturer's 

protocols. Sequencing files in FastQ formats were processed using the Cutadapt 

method (version 1.2.1) (188) to remove the adapter sequences with the following 

options -e 0.25 -g ATTGATGGTGCCTACAG -a GATCGTTCGGACTGTAGATC. 

Sequence files were split into libraries according to barcode sequences, 

and reads shorter than 16 nt were removed. For each library, reads with identical 

sequences were combined and the combined count was saved in Fasta files. 

Reads were then aligned to the C. elegans genome (WormBase release WS215) 

using bowtie (189) with arguments, -v 3 -f -B 1 -a–best –strata. Alignments were 

then filtered based on the length of the reads and the number of mismatches as 

follows: for sequence lengths 16-17, 18-19, 20-24, or >24: zero, one, two, or 

three mismatches were allowed, respectively. 

Annotations of coding genes, transposons, tRNAs, rRNAs, piRNAs, and 

miRNAs were obtained from WormBase (release WS215) and miRBase (190) 

(Release 20). An in-house developed code was used to analyze the mapping 

results. To assign read counts to the miRNA sequences, we considered all reads 



 127 

that mapped to the miRNA genomic loci starting within -5 to +5 nucleotides of the 

annotated 5’ end of mature miRNAs. For all the other small RNA species and 

genomic features (e.g. coding genes and transposons), we counted all reads that 

mapped within the annotated region in sense and anti-sense orientations 

separately.  

For endo-siRNA analysis, we considered all reads that mapped anti-sense 

to the 5'UTR, coding exons and 3'UTR regions of each annotated gene. 

Annotations of target genes in the CSR-1, WAGO, ALG-3/4, and ERGO-1 

pathways were downloaded from (191).  

Differential expression analysis was performed using edgeR package in R 

(192). 

Crosslinking immunoprecipitation (CLIP) Mix stage animals were 

raised on 24 of 6cm NGM plates for each of both tagged strains and wild type 

(N2). Right after animals consumed all the bacteria on the plates, UV crosslink in 

Stratalinker was done at energy setting 3000 (3kJ/m2). Non-crosslinked samples 

from the tagged strains were also collected at the same time. Worm pellets were 

washed with M9 for 3 times and flash frozen in liquid nitrogen and then stored at 

-80°C. The CLIP experiment was adapted from previously published protocol 

(193). 

Before each experiment, worm pellets (~1ml) were thawed on ice and 1ml 

of cold homogenization buffer (100mM NaCl, 25mM HEPES pH 7.5, 250uM 

EDTA, 0.10% NP-40, 2mM DTT, Complete mini protease inhibitor (Roche)) were 
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added to each sample. For the homogenization buffer, 25U/ml RNAse inhibitor 

and PhosSTOP (Roche) were also added to the buffer for CLIP and IP 

respectively. Samples were homogenized in Branson SLPe sonicator with the 

pulse of 20 seconds on, 60 seconds off at 20% power (30W). Lysates were 

centrifuged at 164,000rpm for 15 minutes at 4°C and the supernatants were 

collected. BioRad Protein Assay Dye Reagent Concentrate (Cat# 500-0006) was 

used to measure the protein concentration. 

3mg and 6mg of lysates were used for IP and CLIP experiments 

respectively. Sigma anti-FLAG beads were used to capture the FLAG tagged 

proteins. 50µl of bead slurry was used for each sample and the bead slurry was 

washed with 500µl cold homogenization buffer for 3 times before adding to the 

samples. Lysates with washed beads were incubated at 4°C overnight with 

rotating. After incubation, beads were magnetized and supernatant were 

collected for western blot analysis. Beads were then washed 2 times with 500µl 

ice-cold wash buffer (20mM Tris-HCl pH 7.4, 137mM NaCl, 0.10% SDS, 0.50% 

sodium deoxycholate, 0.50% NP-40), 2 times with 500µl ice-cold high-salt wash 

buffer (100mM Tris-HCl pH 7.4, 685mM NaCl, 0.10% SDS, 0.50% sodium 

deoxycholate, 0.50% NP-40), and 2 times with 500µl ice-cold PNK buffer (50mM 

Tris-HCl pH 7.4, 10mM MgCl2, 0.50% NP-40).  

For IP experiments, SDS sample buffer was added to the beads and 

boiled at 95°C for 15 minutes, and then samples were run on SDS-PAGE run 
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and FLAG was recognized by anti-FLAG antibody (Thermo Pierce, Catalog#: 

PA1-984B) at 1:1000 dilution. 

For CLIP experiments, after washing the beads, DNase digestion was 

carried out with Turbo DNase at 37°C for 15 minutes with intermittent shaking 

(1200rpm for 1min, then 1200rpm for 15 seconds every 3 minutes) and 1µl 

Ribolock/RNAse inhibitor were added in each sample before the incubation. After 

DNase reaction, beads were washed 1 time with ice-cold PNK-EDTA buffer 

(50mM Tris-HCl pH 7.4, 20mM EDTA, 0.50% NP-40) and 2 times with ice-cold 

PNK buffer. 

Next, RNA trimming was performed with Micrococcal Nuclease at 1:100 

dilution in MNase buffer (50mM Tris-HCl pH 7.9, 5mM CaCl2). Reactions were 

carried out at 4°C for 10 minutes with rotating. Beads were washed afterwards 2 

times with ice-cold PNK-EGTA buffer (50mM Tris-HCl pH 7.4, 20mM EGTA, 

0.50% NP-40), 2 times with ice-cold wash buffer, and 2 times with ice-cold PNK 

buffer.  

CIP reactions were used next to perform 3’ end de-phosphorylation. 3µl of 

CIP was used in 80µl reaction and samples were incubated at 37°C for 10 

minutes with intermittent shaking (1200rpm for 15 seconds every 3 minute). 

Beads were then washed 2 times with PNK+EGTA buffer and 2 times with PNK 

buffer. 

5’ end labeling was preformed with T4 PNK and P32-gamma-ATP. 80µl 

reaction was used for each sample and incubated at 37°C for 10 minutes with 
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intermittent shaking at 1000rpm. Then, 10µl of 1mM nonradioactive ATP were 

added and incubated for 5 minutes at 37°C. Afterwards, beads were washed 3 

times with PNK+EGTA buffer and resuspended in 30ul of PNK+EGTA buffer and 

10ul of 4x NuPAGE LDS sample buffer. Samples were then incubated at 70°C 

for 10 minutes with optional shaking at 1000rpm. 

Samples were run on a 10% Bis-Tris gel at 180V and gel was then 

transferred to a nitrocellulose membrane in the cold room at 40V for 4 hours. 

Membrane was rinsed with 1x PBS and wrapped in saran warp. Membrane was 

exposed to films (two sheets) and phosphor screen overnight. Films were 

developed in the dark room and phosphor imager was used to capture the 

image. 

 

IV.D. Results 

1. STAU-1 functionally modulates the activity of several miRNAs. 

In order to identify if STAU-1 could modulate miRNA activity, I utilized 

sensitized genetic backgrounds described in Chapter I. 

The first sensitized genetic backgrounds we investigated were the let-7 

family miRNA mutants. C. elegans let-7 family miRNAs (including let-7, mir-48, 

mir-84 and mir-241) function semi-redundantly in controlling the developmental 

timing of certain stage-specific hypodermal seam cell fates. Loss of let-7 family 

miRNAs results in reiterations of early larval seam cell division patterns at later 

stages, and seam cells in these mutants also fail to properly differentiate adult 
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specific cuticular structures (called adult alae) at the young adult stage (Figure 

4.1A). Three of the let-7 family miRNAs (mir-48, mir-84 and mir-241) are 

expressed starting at the L2 stage and function to regulate the L2 stage 

proliferative seam cell division, while the let-7 miRNA is strongly upregulated 

from the L3 stage to control the larval-to-adult transition of seam cells (5, 74). 

These heterochronic let-7 family miRNA mutant phenotypes are easily quantified 

by using microscopy to measure the formation of adult alae and to score the 

number of seam cells in young adults.  

To test if STAU-1 modulates let-7 family miRNA activity, we used two 

mutant strains (mir-48 mir-241(nDf51) and let-7(n2853)) that both have partially 

penetrant heterochronic phenotypes with gaps in adult alae and increased 

number of seam cells at the young adult stage. mir-48 mir-241(nDf51) mutant 

has two let-7 family miRNAs removed while let-7(n2853) is a strong loss-of-

function mutation at the seed region of let-7 mature miRNA (5). Although the 

stau-1 loss-of-function mutant does not exhibit any developmental timing defects 

in an otherwise wild type genetic background, we observed that both stau-

1(tm2266) and stau-1(q978) significantly suppresses the heterochronic 

phenotypes of the mir-48 mir-241(nDf51) mutant (Figure 4.1B and C). Since 

stau-1(tm2266) and stau-1(q978) have similar effect on the phenotypes of mir-48 

mir-241(nDf51) animals, we focused only on stau-1(tm2266) for further analysis. 

Besides suppressing the heterochronic phenotypes of mir-48 mir-241(nDf51) 

animals, stau-1(tm2266) also exerts significant suppression on the heterochronic 
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adult alae phenotype of let-7(n2853) animals (Figure 4.1B). We interpret this 

suppression of heterochronic phenotypes of let-7 family miRNA mutants by stau-

1 loss of function to suggest that loss of stau-1 function causes an increase in the 

activity of the remaining let-7 family miRNAs. These results indicate that STAU-1 

acts as a negative modulator of let-7 family miRNA biogenesis or activity.   

The second sensitized genetic background we tested is a dicer (dcr-1) 

hypomorphic allele, bp132. This mutation causes a single amino acid change in 

the RNase III domain of DCR-1 and has been previously shown to have 

developmental timing defects as indicated by increased number of seam cells 

and failure to form complete adult alae at the young adult stage (Figure 4.1A). 

The phenotypes of this partial loss-of-function mutant dcr-1(bp132) are stronger 

at 15°C and can be suppressed by a point mutation that alters the sequence of 

the lin-4 miRNA precursor (3, 4, 84), indicating that the dcr-1(bp132) phenotypes 

reflect partially compromised lin-4 biogenesis. We found that stau-1(tm2266) 

suppresses both adult alae and seam cell phenotypes of this dcr-1(bp132) 

mutant at 15°C (Figure 4.1D and E), suggesting that STAU-1 exerts a negative 

modulation of lin-4 biogenesis or activity. 

The third sensitized genetic background that we employed is a lsy-6 

miRNA hypomorphic mutant. lsy-6 is known to regulate the asymmetric cell fate 

decision in the ASE neurons (75). The null allele of lsy-6 causes a highly 

penetrant cell fate transformation phenotype where the ASEL neuron adopts the 

cell fate of the ASER neuron, which is detected by loss of expression of the 
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ASEL marker lim-6. The lsy-6(ot150) allele is a non-null (hypomorphic) point 

mutation 111 nt upstream of the lsy-6 hairpin, which disrupts a cis-regulatory 

element required for lsy-6 expression. The lsy-6(ot150) animals exhibit a weak 

phenotype with ~20% penetrance (194) (Figure 4.1F). stau-1(tm2266) animals do 

not exhibit any ASE neuron cell fate defects since all the animals have lim-6 

expression only in the ASEL neurons, yet the phenotype of lsy-6(ot150) animals 

is significantly suppressed by stau-1(tm2266) (Figure 4.1G). These results that 

loss-of-function of stau-1 can potentiate the activity of lsy-6 suggest that the role 

of STAU-1 as a negative modulator of miRNA activity is not restricted to miRNAs 

of the heterochronic pathway.  

2. stau-1 null mutants have the similar effect on miRNA activity as the 

partial loss-of-function mutants.  

The stau-1 mutants available so far are partial loss-of-function mutants 

that remove either the second (tm2266) or the fourth (q798) double-stranded 

RNA-binding domain (Figure 4.2A). Therefore, to test the effect of stau-1 null 

mutants on miRNA activity and to determine if stau-1 may have additional 

functions, we carried out CRISPR/Cas9 experiments to generate null mutants of 

stau-1. The guide RNA was designed to target the first exon of stau-1 and we 

screened for frame-shift mutations that lead to premature stop codons. Two 

independent mutations were isolated: ma327, an 11 base-pair insertion, and 

ma346, a 5 base-pair deletion, both of which generate early premature stop 

codons (Figure 4.2A and B).  
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Figure 4.1 Loss of function for stau-1 suppresses the phenotypes associated 

with mutations of genes encoding miRNAs, or DCR-1, a miRNA biogenesis 

factor. (A) Diagrams of seam cell V lineage in wild type (N2), let-7(n2853), mir-48 

mir-241(nDf51); mir-84(n4037) and dcr-1(bp132) animals. L1 to L4 are the four 

larval stages in C. elegans post-embryonic development. The three horizontal 

lines indicate adult alae formation. (B) Adult alae and (C) seam cell phenotypes 

of stau-1 mutants in wild type and let-7 family miRNA mutants’ background. (D) 

Adult alae and (E) seam cell phenotypes of stau-1(tm2266) in combination with 

dcr-1(bp132). The experiment with dcr-1(bp132) was carried out at 15°C. (F) A 

diagram of C. elegans larvae illustrating the ASE neuron phenotype of miRNA 

lsy-6 mutants. The GFP expression in ASEL neuron is driven by lim-6 promoter.  

lsy-6(0) indicates the null allele of lsy-6; lsy-6(ot150) is a partial loss-of-function 

mutation. (G) ASE neuron phenotype of stau-1(tm2266) and double mutant of 

stau-1(tm2266); lsy-6(ot150). * p < 0.05, ** p < 0.01, *** p < 0.001, N.S. not 

significant, chi-square test for adult alae phenotype and ASE neuron phenotype, 

two-tailed t-test for seam cell phenotype. 
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To confirm that ma327 and ma346 mutations are null alleles, we tested for 

expression of STAU-1 protein in these mutant animals. We performed western 

blot analysis of wild type and stau-1 mutant embryos and L4 stage larvae using 

an anti-serum generated against the fourth double-stranded RNA-binding domain 

of STAU-1 (180) (Figure 4.2C). stau-1(q798) animals lacking the fourth double-

stranded RNA-binding domain was used as negative control, and stau-1(tm2266) 

mutation results in a truncated STAU-1 protein recognizable by the anti-serum. In 

the embryos, we only observed full-length and truncated STAU-1 in wild type 

animals and stau-1(tm2266) mutant respectively, whereas neither stau-1(ma327) 

nor stau-1(ma346) embryos contained any detectable STAU-1 protein. In the L4 

stage samples, there are non-specific bands close to the size of the truncated 

STAU-1 in the western blot, but the stau-1(ma327) and stau-1(ma346) mutants 

have the same band pattern as the negative control. Therefore, the stau-1 alleles 

ma327 and ma346 generated in this study appear to be null alleles.  

Next, we sought to characterize the phenotypes of these stau-1 null 

alleles. Homozygous mutants of either ma327 or ma346 are viable, however, 

similar to tm2266 and q798, these animals exhibit a 4 hour delay in larval 

development at 20°C and they are smaller in size compared to wild type animals 

at the young adult stage (Figure 4.3). Furthermore, to test if the stau-1 null 

mutants also suppress phenotypes of miRNA mutants, we crossed the null 

alleles into the let-7 family mutant mir-48 mir-241(nDf51). As expected, both of 

these null alleles significantly suppress the adult alae and seam cell phenotypes   
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Figure 4.2 Characterization of stau-1 null alleles. (A) Nucleotide changes of stau-

1(ma327) and stau-1(ma346) mutants. All the sequences shown here are in the 

beginning of stau-1’s first exon. The ATG start codon is in green. The sgRNA 

sequence is highlighted in blue and the PAM sequence is in red. The inserted 

sequence in ma327 is in orange and lower case. The premature termination 

codons in ma327 and ma346 are 267nt and 195nt downstream of the start codon 

(not shown). (B) Western blots of STAU-1 and α-tubulin in wild type and stau-1 

mutants. Both mix stage embryos and L4 stage animals were used for this 

experiment. There are non-specific bands in the L4 stage blot. (C) Adult alae and 

(D) seam cell phenotypes of the stau-1 null mutants at the L4 and the young 

adult stage in wild type and mir-48 mir-241(nDf51) background. * p < 0.05, ** p < 

0.01, *** p < 0.001, N.S. not significant, chi-square test for adult alae phenotype 

and two-tailed t-test for seam cell phenotype. 
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of mir-48 mir-241(nDf51) animals (Figure 4.2D and E). Interestingly, neither stau-

1(ma327) nor stau-1(ma346) animals exhibit any heterochronic defects in an 

otherwise wild type genetic background (Figure 4.2D and E), indicating that the 

let-7 family hyperactivity that would be resulted from the loss of STAU-1 appears 

to be below threshold to elicit a precocious developmental timing phenotype.  

Since the effects of these stau-1 null alleles on let-7 family miRNA activity 

is similar to the effect of stau-1(tm2266), subsequent studies were conducted 

using stau-1(tm2266). 

3. STAU-1 does not dramatically affect mature miRNA levels. 

To investigate the mechanism on how stau-1 modulates miRNA activity, 

we first performed small RNA high-throughput sequencing analysis of wild type 

and stau-1(tm2266) animals at the young adult stage. Three replicate samples 

were sequenced for each genotype and all the replicates yielded more than 

5,000,000 reads, with ~80% of the reads mapping to C. elegans genome. Since 

the small RNA cloning technique we used is not dependent on the structure of 

the 5’ nucleotide of the RNA (187), we were able to examine STAU-1’s effect on 

diverse small RNA populations, including miRNAs, piRNAs and endogenous 

siRNAs. Based on the reads distribution data of small RNA populations, we did 

not observe any dramatic difference between wild type and stau-1(tm2266) 

animals (Figure 4.4A). 

Furthermore, we focused our analysis on the levels of mature miRNAs. In 

our sequencing data, we identified a total of 239 miRNAs, however, only 12 
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miRNAs were significantly changed in stau-1(tm2266) compared to wild type 

animals (5 upregulated and 7 downregulated) (Figure 4.4B and C). None of the 

miRNAs that are differentially expressed in stau-1(tm2266) animals is known to 

be able to contribute to the phenotypes we observed earlier. Additionally, since 

the precocious expression of let-7 at the L2 stage, rather than the overexpression 

at the young adult stage, could affect the developmental timing phenotypes 

(141), we therefore looked into the mature miRNA levels at the L2 stage. 

Similarly, no significant change in mature miRNA levels was detected in either 

stau-1(tm2266) or stau-1(q798) animals compared to wild type animals (Figure 

4.5). Consistent with these results, we did not observe any significant change in 

the protein levels of two miRNA biogenesis factors (DCR-1 and ALG-1 (a C. 

elegans AGO)) in several stau-1 mutants (Figure 4.6). Therefore, we conclude 

that the modulation of STAU-1 on miRNA activity is downstream of miRNA 

biogenesis.  

4. STAU-1 does not dramatically affect other small RNA populations. 

Since stau-1 mutants exhibit enhanced RNAi and transgene silencing 

phenotypes (180), we examined if there is any change in other small RNA 

populations between wild type and stau-1(tm2266) animals. Besides miRNAs, C. 

elegans also possesses several classes of endogenous siRNAs (endo-siRNAs) 

and piRNAs. Since different functional classes of endo-siRNAs are loaded into 

distinct Argonaute proteins and endo-siRNAs in Argonaute CSR-1, WAGO, ALG-

3/4 and ERGO-1 were previously identified (191), we mapped our sequencing  
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reads to these annotations and carried out differential gene expression analysis 

(Figure 4.7A-D).  Of all these endo-siRNA categories, the most changes we 

observed were several WAGO endo-siRNAs that may function to maintain the 

silencing of “non-self” transcripts in C. elegans germline (196). STAU-1 does not 

seem to simply promote biogenesis of endo-siRNAs in the WAGO pathway since 

cases of upregulation and downregulation of endo-siRNAs were evident in stau-

1(tm2266) animals (Figure 4.7B). The final class of small RNAs we analyzed was 

piRNAs, and there is no dramatic change in the piRNA levels between wild type 

and stau-1(tm2266) animals as well (Figure 4.7E).  

5. The modulation of miRNA activity by stau-1 mutations is likely 

independent of their enhanced RNAi phenotype. 

C. elegans stau-1 mutants have been shown to exhibit an enhanced RNAi 

(Eri) phenotype, indicating that STAU-1 negatively modulates one or more RNAi 

pathways. This suggests the possibility that STAU-1’s negative modulation of 

miRNA activity we have shown here could reflect a common underlying effect of 

STAU-1 on small RNA silencing more broadly. In that case, one might expect 

other Eri mutants might also exhibit enhanced miRNA activity. Because stau-1 

mutants had been shown to interact genetically with eri-1 (180), we tested if eri-1 

loss-of-function could affect the heterochronic phenotypes of mir-48 mir-

241(nDf51) animals. Interestingly, loss-of-function of eri-1 enhanced the adult 

alae and seam cell defects of mir-48 mir-241(nDf51) animals (Figure 4.8), which 

is opposite to the suppression caused by stau-1 mutation. Therefore, the 
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modulation of miRNA activity by STAU-1 is unlikely to be simply the result of a 

general enhancement of RNA interference. 

6. STAU-1 may act through the 3’UTR of miRNA targets to modulate miRNA 

activity. 

Staufen has been shown to promote the translation of its target mRNAs 

(177, 197, 198), suggesting that the negative effect of STAU-1 on miRNA activity 

shown here could reflect its role in promoting the translation of miRNA target 

mRNAs, either by binding to 3’UTR sequences (perhaps at or near miRNA 

binding sites), or conversely, to other regions of the mRNAs (such as 5’UTR 

and/or coding sequences). To investigate whether STAU-1 could oppose miRNA 

activity relatively directly, via the 3’UTR sequences of the target mRNAs, we 

utilized mutants of the heterochronic miRNA, lin-4, and its primary target, lin-14 

(3, 4). 

The 3’UTR of lin-14 possesses several lin-4 and let-7 family miRNA target 

sites (Figure 4.9A). The first strain we tested was lin-4(e912); lin-14(n179) which 

has a null mutation of lin-4 and a point mutation in lin-14, and this double mutant 

exhibits a temperature sensitive heterochronic phenotype. At permissive 

temperature (15°C), lin-4(e912); lin-14(n179) animals exhibit a partially penetrant 

phenotype (~30% animals have gaps in the adult alae) and can be considered a 

sensitized genetic background, and stau-1(tm2266) significantly suppresses the 

adult alae phenotype of lin-4(e912); lin-14(n179) animals (Figure 4.9B). This 

indicates that STAU-1 could modulate the activity of lin-14 possibly through let-7 
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family miRNAs or mir-237 (the other member of lin-4 family miRNAs in C. 

elegans).  

Next, we used another lin-14 mutant strain lin-14(n355n679). n355 is a 

breakpoint mutation in the 3’UTR of lin-14, which results in the removal of most 

lin-14 3’UTR including all the lin-4 and let-7 family miRNA binding sites (199). In 

combination with another point mutation (n679) that partially compromises LIN-

14 function, the phenotype of lin-14(n355n679) is similar to lin-4(e912); lin-

14(n179) animals. However, we failed to observe any suppression by stau-

1(tm2266) on the adult alae phenotype on lin-14(n355n679) animals (Figure 

4.9C). These data suggest that STAU-1 may modulate miRNA activity through 

the 3’UTR of miRNA targets. 

7. An attempt to identify STAU-1 binding sites in C. elegans. 

To further study the mechanism on how STAU-1 modulates miRNA 

activity, I attempted to perform high-throughput sequencing of RNA isolated by 

crosslinking immunoprecipitation (HITS-CLIP) experiment to identify STAU-1 

binding sites in C. elegans. First, I utilized CRISPR/Cas9 technology to generate 

two independent alleles (ma329 and ma330) of N-terminal 3xFLAG tagged 

STAU-1 at its endogenous locus. To test whether these allele affect the activity of 

STAU-1, I crossed them into mir-48 mir-241(nDf51) animals. If the 3xFLAG tag 

results in loss of function for STAU-1, I would expect that these alleles will 

suppress the heterochronic phenotypes of mir-48 mir-241(nDf51) animals similar 

to stau-1(tm2266) and the null alleles. However, instead of suppression, I
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Figure 4.9 The 3’UTR of lin-14 is required for modulation of lin-14 gain-of-

function phenotypes by stau-1 mutation. (A) Diagrams of C-terminal end of lin-14 

gene in wild type, lin-14(n719) and lin-14(n355n679). The black boxes represent 

exons and the white boxes represent 3’UTRs. The dotted box indicates the 

region of 3’UTR deleted in lin-14(n355n679). The predicated lin-4 family (green 

lines) and let-7 family (red lines) target sites are indicated and the target site 

predication was obtained from TargetScan (200, 201). (B) Adult alae phenotype 

of lin-4(e912); lin-14(n179) and lin-4(e912); lin-14(n179) stau-1(tm2266) animals. 

(C) Adult alae phenotype of lin-14(n355n679) and lin-14(n355n679) stau-

1(tm2266) animals. * p < 0.05, ** p < 0.01, *** p < 0.001, N.S. not significant, chi-

square test for adult alae phenotype and two-tailed t-test for seam cell 

phenotype. 

  

lin-14 (wild type) let-7 family target sites

lin-4 family target sites

lin-14(n355n679)

V       D

lin-14(n179)

R       G

A

B C

0 20 40 60 80 100

lin-4(e912); lin-14(n179)

lin-4(e912); lin-14(n179) 
stau-1(tm2266)

complete
gapped
no

***

% adult alae

(n = 24

(n = 28

0 20 40 60 80 100

lin-14(n355n679)

lin-14(n355n679) 
stau-1(tm2266)

complete
gapped
no

N.S.

% adult alae

(n = 20)

(n = 20)



 151 

observed a mild enhancement of these alleles on the heterochronic phenotypes 

of mir-48 mir-241(nDf51) animals (Figure 4.10). This suggests that these two 

3xflag tagged stau-1 alleles are not loss-of-function alleles and they might cause 

a slight overexpression of STAU-1, which may result in the mild phenotypic 

enhancement on the let-7 family miRNA mutant. 

Next, since the 3xFLAG does not significantly compromise the activity of 

STAU-1, I continued with the HITS-CLIP experiment. In parallel with STAU-1, I 

also used a positive control that is another RNA-binding protein SUP-26. 

3xFLAG::STAU-1 and SUP-26::3xFLAG were both efficiently pulled down from 

the input and I observed that SUP-26 is much more abundant than STAU-1 

(Figure 4.11A-C). Therefore, we doubled amount of input for STAU-1 CLIP 

compared to SUP-26. Although the positive control suggests that CLIP procedure 

was successful, I failed to obtain any STAU-1 ribonucleoprotein (RNP) complex 

in our experiment as indicated by the same signal pattern as the wild type (no 

tag) crosslinking sample (Figure 4.11D).  

Because the double-stranded RNA-binding domain STAU-1 has does not 

interact with RNA bases (202) and the UV crosslinking requires the base 

interaction (203), therefore, the crosslinking reaction for STAU-1 might not be 

successful in our experiment. I proposed to perform formaldehyde crosslinking 

for STAU-1 instead of UV crosslinking in the future. 
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IV.E. Discussion 

The double-stranded RNA-binding protein Staufen has been characterized 

as a master regulator of mRNA localization and translation in many metazoan 

species (204). Staufen is known to positively regulate translation upon 

localization through interactions with structured regions of mRNAs (3’UTR, 

coding sequences and 5’UTR) and various partner proteins and/or ribosomes 

(172, 177, 197, 198). Besides such positive roles in gene expression, Staufen 

can also negatively regulate gene expression by recruiting the nonsense-

mediated decay factor Upf1 to the 3’UTR of mRNAs to trigger mRNA degradation 

(179). Because of these alternative positive or negative roles in post-

transcriptional regulation of mRNA activity, we predicted that Staufen could be 

expected to potentially interact functionally with miRNA-mediated repression of 

mRNA targets, and could exert either promotion or inhibition of miRNA activity. 

In this study, we found that loss of function Staufen (stau-1) mutations in 

C. elegans can suppress the phenotypes of miRNA partial loss of function, 

indicating that STAU-1 inhibits miRNA activity. This suggests that, at least with 

respect to the miRNAs whose functions we examined here, STAU-1 engages its 

translational enhancer function, rather than its mRNA decay activity. We show 

that stau-1 loss of function mutation does not appreciably affect the levels of 

mature miRNAs; in particular, there was no detectable change, in stau-1 

mutants, of the levels of the lin-4, let-7, and lsy-6 miRNAs whose function we 

monitored phenotypically in our genetic interaction experiments. This strongly 
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suggests that STAU-1 likely opposes the activity of these miRNAs independently 

of their biogenesis or turnover, and perhaps may act by binding to their target 

mRNAs. Consistent with a model where STAU-1 can modulate miRNA activity by 

binding to the 3’UTR of miRNA targets, our data show that the 3’UTR of a miRNA 

target, lin-14, is required for STAU-1-mediated modulation of lin-14 heterochronic 

phenotypes. 

Various possible molecular mechanisms could be the basis for an 

opposition of miRNA repression by STAU-1. STAU-1 bound to target mRNA 

could oppose miRNA activity by exerting an independent translational activation 

(Figure 4.12A), or perhaps also by directly inhibiting the binding (Figure 4.12B) or 

efficacy (Figure 4.12C) of miRISC. It should be noted that a target site occlusion 

model for STAU-1 (Figure 4.12B) would be similar to the action attributed to other 

3’UTR binding proteins (Pumilio, HuR and Dnd1) that can apparently affect 

miRNA target accessibility by binding at or near miRNA sites (167). 

All the models proposed here (Figure 4.12) involve a hypothetical physical 

interaction of STAU-1 with miRNA targets. Accordingly, one would predict that 

the miRNA target mRNAs that likely contribute to the phenotypes we observed 

here (lin-14, hbl-1, lin-41 and cog-1) should be recoverable associated with 

STAU-1 immunoprecipitated from worms of the appropriate developmental stage 

(embryo for cog-1; L1 for lin-14, L2 for hbl-1, and L4/adult for lin-41). Our CLIP 

experiment so far did not work, but a previous study (180) did recover the let-7 

target lin-41 as enriched in a STAU-1 RNA Immunoprecipitation (RIP) experiment   





 157 

using extracts of C. elegans adults, supporting the model that STAU-1 could 

interact with miRNA targets. LeGendre JB et al (2013) did not recover cog-1, lin-

14, or hbl-1 in their RIP experiments, but this is perhaps not unexpected since 

larval stage extracts were not tested.  

Our small RNA sequencing data indicate that stau-1 loss of function 

mutation does not affect miRNA biogenesis in general, despite having clear 

effects on the developmental phenotypes of certain miRNA mutants. Importantly, 

the levels of the particular miRNAs responsible for those phenotypes were 

unchanged in stau-1 mutants. However, we did not examine levels of these 

miRNAs in specific cell types, therefore, it is possible that STAU-1 could 

modulate miRNA biogenesis or stability cell type-specifically, and we might not 

have detected cell type-specific changes of those miRNAs in our RNA samples 

extracted from whole animals. Indeed, our sequencing data contain a hint that 

the abundance of some miRNAs could be affected by STAU-1; 11 miRNAs 

exhibited at least 2-fold change in levels in the stau-1 mutant compared to wild 

type animals (Figure 4.4C). In such cases, perhaps STAU-1, through its double-

stranded RNA-binding activity, can associate with secondary structure elements 

in miRNA primary transcripts and/or precursors and modulate their processing 

into mature miRNAs.  

Prompted by the finding from a previous study that C. elegans stau-1 

mutants exhibit an enhanced RNAi (Eri) phenotype, and interact genetically with 

eri-1 mutation (180), we tested whether an eri-1 mutation, similarly to stau-1, 
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could suppress let-7 family miRNA mutant’s heterochronic phenotypes. 

Surprisingly, eri-1(mg366); mir-48 mir-241(nDf51) mutant exhibited enhanced 

heterochronic phenotypes, which is the opposite from the effect of stau-1. First of 

all, this finding indicates that the modulation of miRNA activity by STAU-1 is 

unlikely to stem simply from an enhanced exogenous RNAi pathway, otherwise, 

we would have expected that eri-1(mg366), like stau-1(loss-of-function), should 

suppress mir-48 mir-241(nDf51) mutant phenotypes. Rather, these findings, 

particularly the opposite effects of different Eri loci on let-7 family miRNA 

phenotypes, suggest important, but as yet uncharacterized, interactions among 

RNAi and miRNA pathways in C. elegans. ERI-1 is known to be an exonuclease 

and important for the production of siRNAs in C. elegans (205), and a few studies 

have examined miRNA levels in eri-1 loss of function context with mixed results, 

perhaps reflecting differences amongst experimental systems, and/or the 

particular miRNAs assayed (186, 206-208). It is clear that further studies are 

needed to characterize the mechanisms by which ERI-1 affects miRNA activity. 

Interestingly, we did not observe any overt miRNA gain-of-function 

phenotypes for stau-1 mutations in an otherwise wild type genetic background, 

as might be expected for loss of a potent miRNA inhibitor. Rather, the stau-1 

mutants’ miRNA phenotypes were only detected in sensitized genetic 

backgrounds with compromised miRNA activity. These findings suggest a 

modulatory effect of STAU-1 on miRNA activity and underscore the importance 

of miRNA pathways in conferring robustness to biological systems. The 
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modulatory role of STAU-1 on miRNA activity could perhaps be important in 

refining the post-transcriptional regulation of important miRNA targets and to 

modulate the efficacy of miRNAs in response to physiological and environmental 

signals. 

In conclusion, our study demonstrates that the RNA-binding protein 

STAU-1 negatively modulates miRNA activity downstream of miRNA biogenesis, 

possibly by interacting with the 3’UTR of miRNA targets. These findings reveal 

an expanded suite of RNA regulatory roles for STAU-1; besides regulating 

mRNA localization, translation and decay, Staufen also can exert post-

transcriptional gene regulation through its engagement with miRNA targets. It 

should be noted that our results to date indicate that STAU-1 can inhibit the 

activity of let-7 family, lsy-6, and perhaps lin-4 miRNAs, but further studies are 

required to test for similar roles of STAU-1 in opposing the activity of other 

miRNAs; moreover, we should not rule out the possibility that STAU-1 could 

promote the activity of certain other miRNAs, for example through its known role 

in mediating mRNA decay (179).  
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CHAPTER V: Candidate-based RNAi screens to identify modulators of 

miRNA pathway 

 

V.A. Abstract 

In order to identify previously unknown cellular components that impact 

miRNA mediated gene silencing, I utilized the sensitized genetic backgrounds we 

have developed in Chapter I to perform candidate-base RNAi screens for the 

identification of positive and negative modulators of the miRNA pathway. The 

cellular pathways screened so far include endosomal trafficking, EGF signaling, 

Wnt ligands/retromer and RNA helicases. I found that the phenotypes of miRNA 

mutants could be modulated by various cellular components, but the modulation 

might not be directly through affecting the activity of miRNAs. 

 

V.B. Introduction 

Since the miRNA pathway is involved in the regulation of many 

fundamental processes, it is important to understand how different cellular 

pathways could affect miRNA activity. To build upon the findings in Chapter IV, I 

carried out several RNAi screens to test the effects of various cellular 

components on the activity of miRNAs. 

Recent studies in Drosophila and mammalian cells have suggested that 

endosomal trafficking is linked to miRNA activity (209, 210). In these studies, it 

was observed that several important factors for miRNA’s function (AGO, GW182, 
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Me31b) are coupled to late endosomes (also known as multivesicular bodies, or 

MVBs), and the level of the co-localization between these components varies 

from 60% to 93% depending on the cell type and organism. Additionally, blocking 

MVB formation by depleting ESCRT (endosomal sorting complexes required for 

transport) genes (hrs, vps25, alix) inhibits miRNA activity and results in loss of 

GW bodies, whereas blocking MVB turnover by knocking out genes controlling 

late endosome to lysosome transition (dHPS4, dHPS1) enhances miRNA activity 

and increases the number of GW bodies. These modifications in endosomal 

trafficking do not seem to affect the levels of mature miRNAs or several miRISC 

components.  

Although these previous studies have provided insightful understandings 

of the connections between endosomal trafficking and miRNAs, yet they were 

limited based on lack of endogenous and quantifiable miRNA phenotypes. 

Therefore, I investigated whether important regulators of endosomal trafficking 

pathway (ESCRT genes and RAB genes) could modulate C. elegans miRNA 

activity. ESCRT genes form four major protein complexes (ESCRT-0, I, II, III, IV) 

to control the formation of MVBs and the sorting of cargo into these MVBs (211). 

RAB genes are small GTPases that regulate membrane identity and vesicle 

trafficking through the recruitment of effector proteins (212). Therefore, knocking 

down these two groups of genes by RNAi could significantly affect the 

endosomal trafficking pathway, which allows me to test the effect of endosomal 

trafficking pathway on miRNA activity. 
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In opposition to the previous results that depleting ESCRT genes inhibits 

miRNA activity (209, 210), I observed that knocking down several genes in the 

ESCRT complexes may not affect miRNA activity, and their effects on a GFP 

reporter phenotype of a miRNA mutant could be through the hyper-activation of 

autophagy activity caused by the depletion of ESCRT genes. Also, I observed 

that the master regulator of early to late endosome transition, RAB-7, seems to 

significantly modulate the phenotypes of several miRNA mutants. However, 

RAB-7 might act through EGFR/PI3K pathway to exhibit its modulation on 

miRNA mutant phenotypes instead of directly affecting miRNA activity. 

Additionally, I summarized data on several other genes that might affect miRNA 

activity. Last, I need to mention that a few of the results in this chapter are quite 

preliminary and experimental repeats and functional studies are required to 

confirm these findings. 

 

V.C. Materials and methods 

The following are methods not previously described in Chapter II, III and 

IV. 

RNAi screens. All the candidate-based RNAi screens were performed 

using bacterial feeding RNAi (118). RNAi clones were obtained from Ahringer 

RNAi feeding library (119). RNAi feeding plates were made according to 

standard protocol (119). Gravid adult animals were placed on the RNAi plates 

and their progeny (F1) were transferred to a new RNAi plate seeded with the 
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same RNAi clone, and F2 animals were scored for various phenotypes and gene 

expression levels, except for the embryonic lethality phenotype of mir-35 family 

mutant. 

Embryonic lethality analysis of mir-35 family mutant. The embryonic 

lethality phenotype of wild type and mir-35-41(lf) animals was assayed based on 

previously published studies (76, 102). Gravid adult animals were put on RNAi 

plates and the embryonic lethality phenotype of their progeny was examined at 

both 20°C and 25°C. 

Taqman assay for miRNAs and rab-7. Young adult stage F2 animals on 

control and rab-7 RNAi were collected for miRNA Taqman assay. Mix stage F2 

animals on control and rab-7 RNAi were collected for rab-7 Taqman qRT-PCR. 

Two microliters of 12 ng/µl total RNA were used for multiplex miRNA Taqman 

reactions, and 1µg of total RNA was used for Taqman Gene Expression Assays 

for rab-7. All experiments were performed according to the manufacturer’s 

protocol with an ABI 7900HT Fast-Real Time PCR System (Applied Biosystems).  

 

V.D. Results 

1. A summary of all candidate-based RNAi screens for the identification of 

miRNA pathway modulators. 

In Chapter I, I described that sensitized genetic backgrounds could be 

utilized to identify modulators of miRNA pathways. Sensitized genetic 

backgrounds consist a panel of miRNA mutants with partially penetrant 
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phenotypes. By testing for enhancement or suppression of the partially penetrant 

phenotypes after knockdown of candidate gene activity, I can identify positive or 

negative modulators of miRNA pathway, respectively. 

The establishment of these sensitized genetic backgrounds in combination 

of the ease of feeding RNAi in C. elegans provides us with great tools to study 

how miRNA pathway is affected by different cellular components. In this study, I 

employed candidate-based RNAi screens to examine the effects of several 

cellular pathways on miRNA activity. Three sensitized genetic backgrounds 

mainly utilized here are: 1) mir-48 mir-241(nDf51); 2) lsy-6(ot150); 3) mir-35-

41(lf).  

The phenotypic readouts for the RNAi screens are col-19::gfp expression 

phenotype for mir-48 mir-241(nDf51), the ASE neuron phenotype for lsy-6(ot150) 

and the embryonic lethality phenotype for mir-35-41(lf). For the let-7 family 

miRNA mutant, col-19::gfp expression phenotype was used instead of seam cell 

or adult alae phenotype as an indication of let-7 family miRNA activity because 

col-19::gfp expression phenotype is experimentally feasible for large-scale 

screens. col-19 encodes an adult specific collagen that is regulated by let-7 

family miRNAs through LIN-41 and LIN-29 (81, 83, 131). Wild type animals 

exhibit col-19::gfp expression in both seam cells and the hypodermis main body 

syncytium hyp7 at the young adult stage, and complete loss-of-function mutants 

of let-7 family miRNAs fail to express col-19::gfp in hyp7 (74, 131). mir-48 mir-

241(nDf51) animals exhibit a partially penetrant col-19::gfp expression phenotype 
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with a percentage of animals loss col-19::gfp expression in hyp7, which can be 

used as a reflection of let-7 family miRNA activity. The ASE neuron phenotype of 

lsy-6(ot150) animals was described in Chapter IV and lim-6::gfp expression was 

used as the phenotypic readout. Last, mir-35 family miRNAs were previously 

shown to regulate embryonic viability, and mir-35-41(lf) mutants have a 

temperature-sensitive embryonic lethal phenotype with mild embryonic lethality at 

20°C and almost complete lethal at 25°C (76). I used both temperatures to test 

phenotypic enhancement or suppression of mir-35-41(lf) animals after knocking 

down candidate genes. 

The cellular pathways I have screened are ESCRT complex, RAB genes, 

regulators of RAB activity, Wnt ligands/retromer, EGF signaling pathways, Notch 

pathway and RNA helicases. The genes that do not have any RNAi clones 

available in the Ahringer library were not screened. Therefore, the RNAi screens 

here were not exhausted. The result summary is shown in Table 5.1. The 

detailed studies on several candidate genes are shown in the rest of this chapter.  

2. Endosomal trafficking regulator RAB-7 could modulate the phenotypes 

of several miRNA family mutants.  

Several previous studies have shown that endosomal trafficking is linked 

to miRNA activity in Drosophila and mammalian cells (209, 210), therefore, I 

tested whether C. elegans miRNA pathway can also be modulated by endosomal 

trafficking. In order to do that, I performed RNAi screens to identify the effect of  
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important regulators of endosomal trafficking (ESCRT complex, RAB genes and 

RAB regulators) on miRNA activity.  

From these screens, I identified that the RAB GTPase RAB-7 positively 

modulate the phenotypes of all the tested miRNA mutants. Specifically, knocking 

down rab-7 enhances the col-19::gfp expression phenotype and the adult alae 

defects of mir-48 mir-241(nDf51) animals (Figure 5.1A-D), the embryonic lethality 

phenotype of mir-35-41(lf) animals (Figure 5.1E) and ASE neuron phenotype of 

lsy-6(ot150) animals (Figure 5.1F). This suggests that RAB-7 could function to 

positively modulate the activity of several miRNA families.  

Since rab-7 RNAi enhances the developmental timing phenotypes of a let-

7 family miRNA mutant, I would expect that knocking down rab-7 should inhibit 

the repression of let-7 family miRNA targets in the developmental timing 

pathway. As expected, I observed a signification delay in the downregulation of 

two let-7 family miRNA targets (HBL-1(82, 107) and LIN-28 (20)) upon knocking 

down rab-7 (Figure 5.2). This suggests that the effect of rab-7 RNAi on the 

developmental timing phenotypes of mir-48 mir-241(nDf51) animals is likely due 

to a direct regulation of RAB-7 on the let-7 family miRNA targets.  

3. Knocking down rab-7 does not affect mature miRNA levels.  

Next, I wonder if the modulation of RAB-7 on miRNA activity could be 

through affecting miRNA biogenesis. So, I performed Taqman qRT-PCR for 103 

C. elegans mature miRNAs in wild type and mir-48 mir-241(nDf51) animals upon 

knocking down rab-7. As it is shown in Figure 5.3, there is no significant change  
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Figure 5.1 Knock down of rab-7 enhances the phenotypes associated with 

several miRNA mutants. Images showing the col-19::gfp expression phenotype 

of mir-48 mir-241(nDf51) animals with control RNAi (Empty Vector (EV)) (A) and 

rab-7 RNAi (B). Yellow arrows point to representative seam cells and white 

arrowheads point to representative hyp7 nuclei. (C) The col-19::gfp expression 

phenotype and (D) adult alae phenotype of wild type (VT1367) animals and mir-

48 mir-241(nDf51) animals with EV and rab-7 RNAi at the young adult stage. (E) 

Embryonic lethality phenotype of wild type (N2) and mir-35-41(gk262) animals 

with EV and rab-7 RNAi. (F) ASE neuron phenotype of wild type (VT2361) and 

lsy-6(ot150) animals with EV and rab-7 RNAi. * p < 0.05, ** p < 0.01, *** p < 

0.001, N.S. not significant, chi-square test for adult alae phenotype and ASE 

neuron phenotype, two-tailed t-test for the col-19::gfp expression phenotype and 

embryonic lethality phenotype. 
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in the mature miRNA levels upon knocking down rab-7 in either strain. This 

indicates that the modulation of RAB-7 on miRNA activity probably downstream 

of miRNA biogenesis. 

4. VPS-11 exhibits similar effects as RAB-7 on the phenotypes of miRNA 

mutants.  

Besides RAB-7, I proposed that regulators of RAB-7 in the endosomal 

trafficking pathway could also exhibit modulation on the phenotypes of miRNA 

mutants. Therefore, I performed another RNAi screen of genes encoding HOPS 

and AP-3 complexes on their effects on miRNA activity. HOPS complex is known 

to interact with RAB-7 in tethering late endosomal/lysosomal membrane fusion 

(213) and AP-3 complex is important in regulating cargo transport between 

various cellular organelles (214). From this screen, I identified that knocking 

down a HOPS gene vps-11 exhibits similar effect on the phenotypes of both mir-

48 mir-241(nDf51) animals and lsy-6(ot150) animals as rab-7 RNAi, and vps-11 

is the only gene that have consistent effect on both strains (Figure 5.4A). 

Additionally, knocking down vps-11 delays the downregulation of HBL-1 and 

enhances the embryonic lethality phenotype of mir-35-41(lf) animals (Figure 5.4B 

and C). Therefore, it seems that vps-11 may function together with rab-7 to elicit 

the positive modulation on the phenotypes of miRNA mutants.  
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5. The genetic null mutant of rab-7 does not exhibit the same effects on the 

miRNA mutant phenotypes as rab-7 RNAi. 

Furthermore, I examined if the genetic null mutant of rab-7 (rab-7(ok511)) 

could have the same effect on miRNA mutant phenotypes as rab-7 RNAi. The 

possible maternal contribution of RAB-7 protein allows rab-7(ok511) homozygote 

animals develop to adults even though they will lay dead embryos, which still 

allows us to test the effect of rab-7(ok511) on heterochronic phenotypes and the 

ASE neuron phenotype of miRNA mutants.  

I expect that the rab-7(ok511) animals will exhibit similar effect on the 

phenotypes of miRNA mutants as rab-7 RNAi. Although rab-7(ok511) enhances 

the adult alae phenotype of mir-48 mir-241(nDf51) animals, it suppresses the col-

19::gfp expression phenotype (Figure 5.5 A and B). And rab-7(ok511) has no 

effect on the ASE neuron phenotype of lsy-6(ot150) animals (Figure 5.5C). Also, 

rab-7(ok511)/mIn1 heterozygotes exhibit an enhancement of col-19::gfp 

expression of mir-48 mir-241(nDf51) animals, but it suppresses the adult alae 

phenotype. Next, based on our qRT-PCR and western blot analysis, I confirmed 

that the rab-7 mRNA and protein levels were indeed decreased upon knocking 

down rab-7 (Figure 5.6). This suggests that the rab-7 RNAi I utilized before does 

reflect a loss-of-function for RAB-7. 
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These results in the effects of rab-7(ok511) and rab-7 RNAi on the 

phenotypes of miRNA mutants suggest that RAB-7’s modulation on miRNA 

mutant phenotypes might be through different mechanisms and in a dosage-

dependent manner.  

6. The modulation of rab-7 RNAi on miRNA mutant phenotypes might not 

be directly through miRNAs, but through EGFR/PI3K signaling pathway. 

Since RAB-7 is an important regulator of endosomal trafficking and 

knocking down rab-7 could have significant effects on various cellular pathways 

including protein degradation, endocytosis/exocytosis and signaling pathways, I 

sought to examine if the effect of rab-7 RNAi on the phenotypes of miRNA 

mutants could be contributed by an indirect effect of RAB-7 on miRNA 

phenotypes.  

First, since I observed adult alae and col-19::gfp expression phenotype 

enhancement of mir-48 mir-241(nDf51) animals when knocking down rab-7, I 

tested if the seam cell phenotype of mir-48 mir-241(nDf51) animals is enhanced 

as well. However, I failed to observe any change in the seam cell number of wild 

type or mir-48 mir-241(nDf51) animals upon knocking down rab-7 (Figure 5.7). 

This suggests that the effect of rab-7 RNAi on the adult alae and col-19::gfp 

expression phenotype might not be through directly affecting let-7 family miRNA 

activity. 

Next, previous studies have shown that rab-7 can regulate EGF signaling 

pathway during C. elegans vulva development (216). Therefore, I wondered if the  
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phenotypic enhancement of rab-7 RNAi on miRNA mutants could be due to the 

EGF signaling pathway. The gene that encodes C. elegans EGFR is let-23, and 

there are three possible signaling pathways downstream of LET-23: 1) Ras 

pathway; 2) PI3K/FOXO pathway; 3) PLCγ pathway (Figure 5.8) (217). Also, LIN-

2 (membrane associated guanylate kinase (MAGUK) family) is known to be 

required for the correct localization of LET-23 in the basolateral membrane of the 

vulva precursor cells (218). Interestingly, loss-of-function mutant of let-23 or lin-2 

blocks the enhancement of col-19::gfp expression phenotype of mir-48 mir-

241(nDf51) animals upon knocking down rab-7 or vps-11 (Figure 5.9A). This 

suggests that the modulation of rab-7 RNAi on col-19::gfp expression phenotype 

of the let-7 family miRNA mutant is possibly through the EGF signaling pathway.  

Interestingly, knocking down let-23 or lin-2 suppresses col-19::gfp 

expression phenotype of mir-48 mir-241(nDf51) animals and this suppression is 

diminished in the rab-7(ok511) animals (Figure 5.9B). This suggests that rab-7 is 

also required for the modulation of col-19::gfp expression phenotype in mir-48 

mir-241(nDf51) animals by the EGF signaling pathway. Additionally, let-23 or lin-

2 RNAi mildly enhanced the ASE neuron phenotype of the lsy-6(ot150) animals, 

and the enhancement by lin-2 RNAi is diminished in rab-7(ok511) animals 

(Figure 5.9C). Although further studies are needed to explain the opposite effects 

of EGF signaling pathway on the col-19::gfp expression phenotype and the ASE 

neuron phenotype, yet these results suggest that RAB-7 and EGF signaling  
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Figure 5.9 The EGFR/PI3K pathway seems to contribute to the effect of rab-7 

RNAi on the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) animals. 

(A) The col-19::gfp expression phenotype of EGF pathway mutants in mir-48 mir-

241(nDf51) background upon EV, rab-7 and vps-11 RNAi. (B) The col-19::gfp 

expression phenotype of mir-48 mir-241(nDf51) and mir-48 mir-241(nDf51); rab-

7(ok511) animals upon knocking down let-23 and lin-2. (C) ASE neuron 

phenotype of lsy-6(ot150) and lsy-6(ot150); rab-7(ok511) animals upon knocking 

down let-23 and lin-2. (D) The col-19::gfp expression phenotype of mir-48 mir-

241(nDf51), mir-48 mir-241(nDf51); rab-7(ok511) and mir-48 mir-241(nDf51); 

rab-7(ok511)/mIn1 animals upon knocking down age-1, plc-3 and itr-1. (E) 

Diagram on how rab-7 and vps-11 affect the col-19::gfp expression and adult 

alae phenotype. 
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pathway may function together to exhibit modulation on the miRNA mutant 

phenotypes.  

Last, I wondered which downstream signaling pathway is required for the 

modulation of EGFR and RAB-7 on the col-19::gfp expression phenotype. First, 

loss-of-function mutants of let-60/Ras (n2021 and n2034) do not suppress the 

col-19::gfp expression phenotype of mir-48 mir-241(nDf51) animals and rab-7 

and vps-11 RNAi can still enhance the col-19::gfp expression phenotype of mir-

48 mir-241(nDf51) animals in the let-60(lf) background (Figure 5.9A). This 

suggests that Ras pathway is probably not required for the modulation of the col-

19::gfp expression phenotype by EGFR. Next, knocking down two major 

components of the PLCγ pathway (plc-3/PLCγ and itr-1/IP3 receptor) do not 

suppress the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) animals 

(Figure 5.9D), which indicates that the PLCγ pathway is not required for this 

phenotype either. However, knocking down the PI3K (age-1) significantly 

suppresses the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) 

animals and this suppression is diminished in rab-7(ok511) background (Figure 

5.9D), similar to the effects of let-23 and lin-2 RNAi. These results indicate that 

the modulation of EGF signaling and RAB-7 on the col-19::gfp expression 

phenotype of mir-48 mir-241(nDf51) animals might act through PI3K pathway 

(Figure 5.9E). 

In summary, the modulation of miRNA mutant phenotypes by RAB-7 might 

not be directly through affecting miRNAs, and certain phenotypic modulation of 
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rab-7 RNAi on miRNA mutants might be through RAB-7’s effect on EGFR/PI3K 

pathway.  

7. EGFR, Ras and PI3K pathways affect the developmental timing 

phenotypes of a let-7 family miRNA mutant. 

In addition to col-19::gfp expression phenotype, I also examined the adult 

alae and seam cell phenotypes of EGFR/Ras signaling pathway mutants in wild 

type and mir-48 mir-241(nDf51) background. Interestingly, as oppose to the 

suppression in col-19::gfp expression phenotype, let-23(sy1) and lin-2(e1309) 

significantly enhanced both adult alae and seam cell phenotypes of mir-48 mir-

241(nDf51) animals (Figure 5.10). This suggests that the col-19::gfp expression 

phenotype and the adult alae/seam cell phenotype are not always consistent with 

each other and the effects of EGF signaling pathway on the col-19::gfp 

expression phenotype and the adult alae/seam cell phenotype of mir-48 mir-

241(nDf51) animals might be due to different mechanisms. Indeed, I observed 

that both loss-of-function and gain-of-function mutants of let-60 enhances the 

adult alae and seam cell phenotype of mir-48 mir-241(nDf51) animals (Figure 

5.10). Therefore, it is possible that EGFR acts through Ras signaling pathway to 

positively modulate the adult alae and seam cell phenotypes of the let-7 family 

miRNA mutant. 

Since EGF signaling pathway’s modulation on the col-19::gfp expression 

phenotype might be through PI3K/age-1, I tested the effects of age-1 on the adult 

alae and seam cell phenotypes of mir-48 mir-241(nDf51) animals. Interestingly,  
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consistent with the suppression in col-19::gfp expression phenotype, age-1 RNAi 

mildly suppresses the seam cell phenotype of mir-48 mir-241(nDf51) animals as 

well (Figure 5.11). This indicates that the PI3K pathway might function to 

negatively modulate the heterochronic phenotypes of the let-7 family miRNA 

mutant. 

These results suggest that EGF signaling pathway could modulate the 

developmental timing phenotypes of the let-7 family miRNA mutant, and the 

signaling pathways downstream of EGFR might have opposite effects on the 

phenotypes of mir-48 mir-241(nDf51) animals. 

8. Knock down of ESCRT genes does not affect miRNA pathway, but leads 

to a general reduction of GFP reporter levels caused by an elevated 

autophagy activity. 

In addition to rab-7, I also identified several genes in the ESCRT complex 

(hgrs-1/hrs, vps-37 and T27F7.1/vps-24) that are able to modulate the 

phenotypes of miRNA mutants in the screen. Knocking down hgrs-1, vps-37 or 

T27F7.1 significantly enhanced the col-19::gfp expression phenotype of mir-48 

mir-241(nDf51) animals (Figure 5.12A). However, the ASE neuron phenotype of 

lsy-6(ot150) animals was not affected by knocking down either hgrs-1, vps-37 or 

T27F7.1 (Figure 5.12B). Additionally, we examined the effect of hgrs-1, vps-37 

and T27F7.1 RNAi on the levels of HBL-1 in several genetic backgrounds. Since 

hgrs-1, vps-37 and T27F7.1 RNAi enhances the col-19::gfp expression 

phenotype of mir-48 mir-241(nDf51) animals, I expect that there would be an  
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upregulation of HBL-1 upon depleting hgrs-1, vps-37 and T27F7.1. However, I 

observed the opposite effect that is the levels of HBL-1 were downregulated 

when knocking down hgrs-1, vps-37 and T27F7.1 (Figure 5.12C). I also noticed 

that upon knocking down hgrs-1, vps-37 and T27F7.1, worms became quite sick. 

Therefore, I wonder if the enhancement in the col-19::gfp expression phenotype 

upon hgrs-1, vps-37 and T27F7.1 RNAi could be due to a general reduction in 

the GFP levels. Indeed, I observed that hgrs-1, vps-37 and T27F7.1 RNAi lead to 

a reduction in the GFP levels for two other GFP reporters (scm::gfp and sur-

5::gfp) whose levels are not known to be affected by the developmental timing 

pathway (Figure 5.12D and E). Therefore, it seems that the effects of hgrs-1, 

vps-37 and T27F7.1 RNAi on col-19::gfp expression phenotype of mir-48 mir-

241(nDf51) animals might be through a general reduction of the GFP levels. 

Next, we examined the possible mechanism in which knocking down the 

ESCRT complex hgrs-1, vps-37 and T27F7.1 could cause a reduction in the GFP 

expression. Loss-of-function mutants of ESCRT complex were previously shown 

to exhibit an elevated level of autophagy (219). Consistent with that, I observed a 

dramatic upregulation of the autophagy marker (LGG-1/Atg8) when knocking 

down hgrs-1, vps-37 and T27F7.1 (Figure 5.13A). Also, lgg-1 RNAi suppresses 

the downregulation of col-19::gfp and hbl-1::gfp::hbl-1 expression upon knocking 

down hgrs-1, vps-37 and T27F7.1 (Figure 5.13B and C). This indicates that the 

enhancement of hgrs-1, vps-37 and T27F7.1 RNAi on col-19::gfp expression 

phenotype of mir-48 mir-241(nDf51) animals is possible because of a general  
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Figure 5.12 The effects of genes in the ESCRT complex on the phenotypes of 

miRNA mutants and miRNA target expression levels. (A) The col-19::gfp 

expression phenotype of wild type (VT1367) and mir-48 mir-241(nDf51) animals 

upon knocking down hgrs-1, vps-37 and T27F7.1. (B) ASE neuron phenotype of 

wild type (VT2361) and lsy-6(ot150) animals upon knocking down hgrs-1, vps-37 

and T27F7.1. (C) Quantification of HBL-1::GFP::HBL-1 expression in wild type, 

mir-48 mir-241(nDf51); mir-84(n4037) and alg-1(tm492) animals upon EV, hgrs-

1, vps-37 and T27F7.1 RNAi. (D) Quantification of the reduced expression of 

SUR-5::GFP in wild type animals upon EV, hgrs-1, vps-37 and T27F7.1 RNAi. 

(E) Quantification of the reduced expression of SCM::GFP in wild type and mir-

48 mir-241(nDf51); mir-84(n4037) animals upon knocking down hgrs-1, vps-37 

and T27F7.1.  
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reduction of GFP expression caused by an elevated level of autophagy upon 

depleting hgrs-1, vps-37 and T27F7.1.  

Consistent with these findings, I also observed no co-localization between 

HGRS-1 and a miRISC factor NHL-2 (Figure 5.14), which indicates that the 

ESCRT complex does not directly interact with miRISC in C. elegans.  

In conclusion, the ESCRT complex hgrs-1, vps-37 and T27F7.1 does not 

seems to directly modulate miRNA activity, and the elevated level of autophagy 

caused by hgrs-1, vps-37 and T27F7.1 RNAi seems to be the reason for the 

enhancement in col-19::gfp expression phenotype of mir-48 mir-241(nDf51) 

animals upon knocking down hgrs-1, vps-37 and T27F7.1.  

9. Prion-like proteins PQN-29 and PQN-67 suppress the col-19::gfp 

expression and adult alae phenotype of mir-48 mir-241(nDf51). 

Previous study has shown that human prion protein PrPC binds to AGO 

protein and potentially provides the physical interaction between endosomal 

vesicles and miRISC (220). Therefore, I tested if the homologs of PrPC in C. 

elegans (pqn-29, pqn-67) could have any modulation on the phenotypes of 

miRNA mutants. Interestingly, pqn-29 and pqn-67 seem to negatively modulate 

the col-19::gfp expression phenotype and adult alae phenotype of mir-48 mir-

241(nDf51) animals (Figure 5.15A and C). However, knocking down pqn-29 and 

pqn-67 RNAi does not have any effect on the seam cell phenotype of mir-48 mir-

241(nDf51) animals or the ASE neuron phenotype of lsy-6(ot150) animals 

(Figure 5.15B and D). Further studies are needed to figure out if the negative  
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Figure 5.14 There seems to be no co-localization between miRISC and ESCRT 

complex. Confocal images showing NHL-2::dsRED::NHL-2 and HGRS-

1::GFP::HGRS-1 expression in wild type animals.  

NHL-2::dsRED::NHL-2; HGRS-1::GFP::HGRS-1
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modulation of the col-19::gfp expression phenotype and adult alae phenotype of 

mir-48 mir-241(nDf51) animals by pqn-29 and pqn-67 is through RAB-7. 

10. RNAi for FMRP (M88.5) mildly suppresses the let-7 family miRNA 

mutant’s developmental timing phenotype. 

The fragile X mental retardation protein (FMRP) has been shown before to 

regulate miRNA activity (221). Interestingly, I found that knocking down the C. 

elegans homolog of FMRP (M88.5) suppresses the seam cell phenotype of mir-

48 mir-241(nDf51) animals (Figure 5.16). This suggests that M88.5 might be a 

negative modulator of miRNA activity, however, the effects of M88.5 on the 

phenotypes of other miRNA mutants are needed to test this hypothesis. 

 

V.E. Discussion 

Based on the results presented in this chapter, I have shown that the 

phenotypes of several miRNA mutants (sensitized genetic backgrounds) could 

be modulated by various cellular pathways, including endosomal trafficking, EGF 

signaling pathway. However, these modulators could function to affect miRNA 

activity directly or act downstream of miRNA pathway to exhibit their effects.  

There are three major developmental timing phenotypes examined here: 

1) the col-19::gfp expression phenotype; 2) the adult alae phenotype; 3) the 

seam cell phenotype. Based on our findings, it seems that these three 

heterochronic phenotypes are not always consistent with each other and they 

could be affected differently by the same modulator. The heterochronic defects in  
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C. elegans were originally defined as abnormal temporal patterns of cell lineage 

(77). Therefore, the seam cell phenotype should be the gold standard for 

heterochronic phenotypes, but other mechanisms (for instance, cell division) 

could also affect the seam cell lineage without changing the temporal patterns of 

seam cells (222), which might be independent from the let-7 family miRNAs. 

Another phenotype of the heterochronic mutants is the adult alae phenotype and 

adult alae is an adult-specific cuticular structure produced only at the L4 molt. 

The adult alae phenotype is a great complement to the seam cell phenotype, but 

pathways other than the heterochronic pathway, for example, exocytosis of 

collagens, could also affect the production of adult alae. The adult specific 

collagen col-19 is a downstream target of let-7 and can be used as an indication 

of let-7 family miRNA activity. There is a significant advantage in using the col-

19::gfp phenotype because it can be used in large-scale screens whereas seam 

cell and adult alae phenotypes require much closer examination through high 

magnification fluorescent microscope. However, there are probably more 

pathways affecting this transcriptional reporter col-19::gfp expression in a let-7 

family miRNA independent manner. Therefore, all three developmental timing 

phenotypes should be examined to determine the effects of different modulators 

on let-7 family miRNA activity.  

The enhancement in the col-19::gfp expression of mir-48 mir-241(nDf51) 

animals by rab-7 RNAi seems to be through the EGF pathway, and the EGF 

pathway suppresses the col-19::gfp expression of mir-48 mir-241(nDf51) 
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animals. However, regarding the adult alae phenotype, the EGF pathway 

mutants enhance, rather than suppress, the adult alae phenotype of mir-48 mir-

241(nDf51) animals. This indicates that the EGF pathway might not be the 

downstream pathway required for the adult alae phenotype enhancement of mir-

48 mir-241(nDf51) animals upon knocking down rab-7. I noticed that the cuticle 

looks generally weak under DIC microscopy upon rab-7 RNAi, therefore, I 

propose that knocking down rab-7 could affect the exocytosis of collagens, which 

could result in the enhancement of adult alae phenotype of mir-48 mir-

241(nDf51) animals. Moreover, I have shown that knocking down rab-7 delays 

the downregulation of let-7 family miRNA targets HBL-1 and LIN-28, and I 

hypothesize that this regulation could be contributed by the inhibition of protein 

degradation caused by rab-7 RNAi. 

There is inconsistency between the effects of rab-7 RNAi and rab-

7(ok511) mutant on the phenotypes of miRNA mutants. rab-7 RNAi enhances the 

phenotypes of mir-48 mir-241(nDf51) animals and lsy-6(ot150) animals. 

However, rab-7(ok511) homozygotes suppress the col-19::gfp expression 

phenotype but enhance the adult alae phenotype of mir-48 mir-241(nDf51) 

animals, whereas rab-7(ok511) heterozygotes enhance col-19::gfp expression 

phenotype but suppress the adult alae phenotype of mir-48 mir-241(nDf51) 

animals (Figure 5.5). Also, rab-7(ok511) homozygotes do not modulate the ASE 

neuron phenotype of lsy-6(ot150) animals. rab-7(ok511) is a putative null allele 

that removes about half of the rab-7 coding region and potentially all the 
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promoter elements. The homozygotes of rab-7(ok511) produces dead embryos 

but they are able to develop normally possibly due to the maternal contribution of 

the RAB-7 protein. Although rab-7(ok511) animals probably have lower level of 

RAB-7 protein than wild type animals, the exact tissue distribution of the 

maternally loaded protein is unknown. Therefore, it is possible that rab-7(ok511) 

animals have more RAB-7 protein in the hypodermis and ASE neurons than wild 

type animals upon rab-7 RNAi. Furthermore, different levels of RAB-7 might lead 

to accumulation of different endosomal vesicles, which could affect the miRNA 

phenotypes differently. So far, I do not yet know how exactly is the endosomal 

trafficking pathway affected by rab-7(ok511) and rab-7 RNAi. 

Interestingly, the EGF signaling pathway seems to function together with 

RAB-7 to exhibit the enhancement of the col-19::gfp expression phenotype of 

mir-48 mir-241(nDf51) animals. Loss-of-function mutants of EGF signaling 

pathway suppress the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) 

animals but enhances the seam cell and adult alae phenotype mir-48 mir-

241(nDf51) animals, which is another indication that the heterochronic 

phenotypes could be modulated differently. Our preliminary data suggest that the 

EGFR/Ras pathway might function to enhance the seam cell and adult alae 

phenotype, whereas the PI3K pathway may be responsible for the suppression of 

the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) animals upon let-

23 RNAi.  
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Moreover, PI3K pathway and Ras pathway exhibit modulation on the 

seam cell phenotypes of mir-48 mir-241(nDf51) animals, which indicates that 

these two pathways might be involved in the regulation of developmental timing. 

However, both loss-of-function and gain-of-function mutants of let-60 enhance 

the seam cell and adult alae phenotypes of mir-48 mir-241(nDf51) animals, which 

indicates that let-60 might be able to affect heterochronic phenotypes through 

different mechanisms. Even though let-23(sy1) animals do not have any 

heterochronic defects, it is also possible that PI3K pathway and Ras pathway 

could inhibit and promote cell proliferation respectively to exhibit the seam cell 

and adult alae phenotypes. In order to dissect out the mechanisms, examination 

of the heterochronic phenotypes of these two pathways’ mutants in the wild type 

background is needed in the future. 

It should be noted that mir-35 family mutants were only used in the RNAi 

screens for ESCRT and RAB genes. There are two reasons on why the 

embryonic lethality phenotype of mir-35-41(lf) animals is not ideal for the 

identification of miRNA modulators. First, to score the embryonic lethality 

phenotype is quite labor-intensive for large-scale screens. Second and more 

importantly, there are numerous pathways that can affect embryonic lethality 

independent of the mir-35 family, which makes it difficult to identify bona fine 

miRNA modulators. In contrast, the col-19::gfp expression phenotype and ASE 

neuron phenotype are more specific to the activity of miRNAs and much easier to 

screen.  
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During these RNAi screens, I noticed that a significant number of mir-48 

mir-241(nDf51) animals exhibit a “partial” col-19::gfp expression in the hyp7 and 

this “partial” col-19::gfp expression is almost completely at the posterior of the 

animal. It has been shown that Wnt ligands form a gradient along the worm’s 

anterior-posterior axis (223) and Wnt pathway is known regulate the 

developmental timing phenotypes (84, 222). Additionally, retromer complex 

functions in Wnt-producing cells to allow the formation of Wnt gradient (224) and 

retromer complex functionally interacts with RAB-7 as well (225). Therefore, I 

performed an RNAi screen on the effect of Wnt ligands and retromer complex on 

the col-19::gfp expression phenotype. However, I did not observe any significant 

modulation of the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) 

animals upon knocking down Wnt ligands and retromer complex. It is possible 

that there is functional redundancy in the regulation of the col-19::gfp expression 

phenotype by these genes.  

Additionally, I carried out an RNAi screen to test whether RNA helicases 

could affect miRNA activity. Many RNA helicases seem to be essential for 

worm’s survival, but there was one interesting finding that ddx-23 positively 

modulates both the col-19::gfp expression phenotype of mir-48 mir-241(nDf51) 

animals and the ASE neuron phenotype of lsy-6(ot150) animals. Interestingly, a 

recent study has shown that ddx-23 functions to regulate the processing of pri-

miRNAs (226), which is consistent with our finding.  
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In conclusion, candidate-based RNAi screens allow us to study the 

modulation of different cellular pathways on the activity of miRNAs. Here I 

focused on the endosomal trafficking pathway and observed that several 

regulators of the endosomal trafficking pathway could modulate phenotypes 

associated with miRNA mutants. However, the modulation seems to be 

independent of miRNA pathway. Therefore, there could be indirect the 

interactions between miRNA pathway and other cellular pathways, which may be 

important in conferring the robustness in gene expression profiles under various 

conditions. 
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CHAPTER VI: Conclusions, discussion and future directions 

 

VI.A. Summary of research 

MiRNAs are important post-transcriptional regulators that control many 

developmental and physiological processes. In this thesis, I have shown that 

various environmental and cellular factors can modulate the activity of miRNAs, 

and that miRNAs function to confer developmental robustness under these 

perturbations.  

1. Developmental timing pathway is integrated with innate immune pathway 

to regulate pathogen resistance and robust developmental cell fates. 

The work in Chapter II and III demonstrated a reciprocal interaction 

between the developmental timing pathway and the p38 MAPK innate immune 

pathway centering on the let-7 family miRNAs (Figure 6.1). A novel function of 

the p38 MAPK pathway was discovered in suppressing let-7 family miRNAs upon 

P. aeruginosa infection, meanwhile, let-7 family miRNAs negatively regulate 

pathogen resistance possibly through the p38 MAPK pathway and several 

heterochronic genes. In addition, the developmental timing regulator lin-28 is 

upregulated upon P. aeruginosa infection and acts upstream of let-7 family 

miRNAs to promote pathogen resistance. The feedforward loop involving lin-28, 

let-7 family miRNAs and p38 could function to initiate the innate immune 

response upon a pathogen infection. And the full complement of let-7 family 

miRNAs is required to maintain the invariant developmental timing process 
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during infection. Therefore, the interaction between heterochronic genes and 

innate immune pathway allows worms to monitor the physiological conditions 

while coordinate the robustness of developmental timing and pathogen response. 

2. The miRNA pathway is modulated by various cellular components.  

Besides environmental modulators, the activity of miRNAs can be affected 

by different cellular components and pathways as well. In Chapter IV, we found 

that the double-stranded RNA-binding protein Staufen (STAU-1) negatively 

modulates several miRNAs that control developmental timing and asymmetric 

neuronal cell fate specification in C. elegans. Also, our study reveals a novel 

finding that STAU-1 does not affect the levels of most small RNA populations 

including mature miRNAs, except a sub-population of endogenous siRNAs in the 

WAGO pathway. Interestingly, the 3’UTR of a miRNA target (lin-14) seems to be 

required for STAU-1-mediated modulation on miRNA activity. Therefore, Staufen 

negatively modulates the activity of the miRNA pathway downstream of miRNA 

biogenesis possibly through 3’UTR of miRNA targets, and this negative 

modulation of miRNA activity by Staufen is likely due to its role in promoting 

translation, rather than in mediating mRNA decay. Furthermore, other cellular 

pathways, for example, the endosomal trafficking pathway, can also affect the 

phenotypes associated with miRNA activity, but the modulation may not act 

directly through miRNAs. 
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Figure 6.1 A diagram of the regulatory circuits involving heterochronic genes and 

the innate immune pathway in C. elegans upon P. aeruginosa infection. The 

dotted line indicates a proposed regulatory interaction not yet proven 

experimentally.  
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VI.B. MiRNAs and RNA-binding proteins: the evolutionary selection for 

biological robustness 

1. Biological robustness. 

Biological robustness refers to the maintenance of specific functionalities 

of the biological systems against perturbations (85). To cope with the 

unpredictable environments and the natural genetic mutations, organisms evolve 

various mechanisms to ensure their robust execution of fundamental processes. 

The findings here add to the increasing evidence suggest that miRNAs and RNA-

binding proteins are important in the regulation of biological robustness.  

2. Mechanisms of miRNAs and RNA-binding proteins in maintaining 

biological robustness. 

Four mechanisms were proposed to ensure the robustness of a system: 

system control, alternative (or fail-safe) mechanisms, modularity and decoupling 

(85). Interestingly, our findings here indicate that miRNAs and RNA-binding 

proteins can be utilized in all these mechanisms. 

System control includes feedback and feedforward regulatory circuits to 

confer a robust outcome. I have demonstrated that let-7 family miRNAs and 

RNA-binding protein LIN-28 are involved in a feedforward loop with the p38 

MAPK pathway to amplify the innate immune response (Figure 6.1), which could 

act like a “switch” to assist the host’s correct initiation of pathogen resistance 

programs upon infection. 
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The effects of P. aeruginosa and stau-1 on the developmental timing 

phenotypes were only observed when a few members of the let-7 family miRNAs 

are missing. Therefore, the genetic redundancy of the let-7 family miRNAs is the 

fail-safe mechanism for the robust developmental cell fates against various 

internal and external perturbations, which is possibly the reason why this family 

of miRNAs evolve to consist many genomic copies in most organisms. 

Modularity is a mechanism to restrain the perturbations locally thereby 

minimizing the effects on the whole system. To do that, multi-cellular organisms 

evolve specific functions for different cells or tissues. For example, the regulation 

of let-7 family miRNAs by p38 was observed only in the intestine and 

hypodermis, while in the pharynx where let-7 family miRNAs are highly 

expressed, there is no effect on the transcription of these miRNAs by p38. This 

indicates that different mechanisms are probably evolved in different tissues to 

ensure specific functionalities are carried out robustly.   

Evolution requires organisms to maintain a degree of genetic diversity 

through random neutral mutations, which could be important for the adaptation of 

changing environments. Decoupling is an important mechanism that separates 

important phenotypes from these genetic variations to confer robustness. Since 

the double-stranded RNA-binding protein Staufen can regulate mRNA 

localization and translation, gaining of this gene during evolution is beneficial for 

organisms to carry out complex gene regulation. However, I have shown that 

Staufen has a negative effect on the miRNA pathway. Therefore, miRNAs must 
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utilize mechanisms like feedback loops and redundancy to decouple this effect of 

Staufen from important biological processes.  

Collectively, the work presented in this thesis provides more evidence 

supporting the notion that numerous mechanisms employed by miRNAs and 

RNA-binding proteins are selected during evolution to control the robustness of 

biological processes. Studies on the functions of miRNAs and RNA-binding 

proteins under stresses other than P. aeruginosa infection are needed in the 

future to gain a more comprehensive understanding of the importance of miRNAs 

and RNA-binding proteins in regulating biological robustness. 

 

VI.C. Sensitized genetic backgrounds to identify novel functions of miRNAs 

and miRNA modulators 

One of the most important findings in this thesis is that a panel of miRNA 

and miRNA biogenesis factor mutants were established as sensitized genetic 

backgrounds and could be used to identify miRNA modulators and novel 

functions of miRNAs.  

There are at least 110 miRNAs identified in C. elegans (227), but loss of 

most miRNAs and miRNA families do not exhibit any obvious developmental 

phenotypes (76, 228), which I think could be explained by several reasons. First, 

miRNA families could function redundantly with other miRNA families to regulate 

the same biological process. Second, the expression of miRNAs could be 

restricted to specific cell types (for example, neurons). As a result, the 
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phenotypes of these miRNA mutants could not be easily identified. Last, the 

functions of certain miRNAs could only be manifested under specific 

environmental and physiological conditions, which have not been examined yet. 

A previous effort was made to identify the functions of individual miRNAs 

using sensitized genetic backgrounds (229). Specifically, the sensitized genetic 

background they employed was the null mutant of alg-1. Since there are two 

miRNA-specific AGO proteins in C. elegans, animals lacking alg-1 do not exhibit 

any dramatic phenotype but their miRNA pathway is compromised. They 

generated mutants of individual miRNAs with alg-1 null allele and examined the 

developmental timing phenotype, gonad migration phenotype, embryonic lethality 

and adult lethality phenotypes of these animals. Although several novel functions 

for miRNAs were identified in this study, not many phenotypes were tested to 

obtain a comprehensive understanding of the functions of individual miRNAs. 

However, alg-1 null mutant could be added to our sensitized genetic 

backgrounds to identify modulators of the miRNA pathway as well. 

Even though a lot of work has been done in this thesis to understand the 

functions of miRNAs and miRNA modulators, whole genome RNAi screens and 

more stresses should be applied to these sensitized genetic backgrounds in the 

future to gain more knowledge on the functions of miRNAs and the widespread 

modulation on the miRNA pathway. 
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VI.D. Connecting the dots among let-7 family miRNAs, P. aeruginosa 

infection and Staufen  

It has been shown in Chapter II that let-7 family miRNA activity is 

significantly downregulated upon P. aeruginosa infection, albeit no dramatic 

change in the mature let-7 family miRNA levels was observed. Furthermore, in 

Chapter IV, I demonstrated that Staufen negatively modulates miRNA activity 

without affecting mature miRNA levels. One hypothesis is that in addition to the 

transcriptional repression elicited by the p38 MAPK pathway, P. aeruginosa 

could suppress let-7 family miRNA activity by boosting the level or activity of 

Staufen. To test this hypothesis, I examined the developmental timing 

phenotypes of the double mutant stau-1(tm2266); mir-48 mir-241(nDf51) on P. 

aeruginosa. Although no phenotypic enhancement was observed for this mutant 

on P. aeruginosa compared to the E. coli control (data not shown), it is possible 

that the phenotype of this mutant is not in the range of the sensitized genetic 

backgrounds. Therefore, I propose that other mutants of stau-1 with let-7 family 

miRNAs, which exhibit phenotypes in the range of sensitized genetic 

backgrounds, need to be examined to determine if Staufen is involved in the 

regulation of let-7 family miRNAs on P. aeruginosa. 

Another open question is that whether Staufen is involved in the regulation 

of pathogen resistance against P. aeruginosa infection, and if so, whether let-7 

family miRNAs is required for this regulation. Previous studies have shown that 

Drosophila and mammalian Staufen proteins are localized to P-body or stress 
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granules to potentially regulate stress response (181, 230). Also, a recent CLIP 

experiment identified that mammalian Staufen1 binds to the 3’UTR of xbp1, an 

important regulator of the ER stress pathway, and regulate its mRNA’s cytosolic 

splicing and stability (178). The C. elegans homolog XBP-1 is known to be 

required for larval survival on P. aeruginosa (125). Therefore, it would be 

interesting to test whether stau-1 mutants exhibit any survival phenotype on P. 

aeruginosa and if xbp-1 and/or let-7 family miRNAs are required for the 

phenotype. 

 

VI.E. Concluding remarks 

In this thesis, I have utilized sensitized genetic backgrounds to identify 

modulators of the miRNA pathway in C. elegans. First, I determined that let-7 

family miRNAs, lin-28 and the p38 MAPK pathway function in a regulatory circuit 

to control pathogen resistance against P. aeruginosa infection, and let-7 family 

miRNAs are important in conferring the robust developmental timing in C. 

elegans upon a pathogen infection. Second, the double-stranded RNA-binding 

protein Staufen was identified as a negative modulator of the miRNA pathway. 

This negative modulation of Staufen on miRNAs is carried out downstream of 

miRNA biogenesis, possible through the 3’UTR of miRNA targets. MiRNAs, lin-

28, the p38 MAPK pathway and Staufen are all extremely conserved during 

evolution, and hence this study can enrich the knowledge of these pathways in 

other animal systems as well. Furthermore, the findings here also underscore the 
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emerging role of miRNAs in conferring robustness to developmental programs 

under various internal and external perturbations, which could provides us with a 

better understanding of the biological and pathological processes regulated by 

miRNAs and may potential aid the development of novel therapeutic 

interventions for diseases.  	  
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