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ABSTRACT 

Loss of polarity is a defining characteristic of epithelial cancers.  The cytoskeletal 

proteins, HUGL1 and HUGL2, mediate polarity in epithelial cells through diversified 

roles in defining membrane identity and trafficking to the basolateral membrane.  

Importantly, an ortholog of these molecules can inhibit tumor growth in Drosophila, 

although the mechanisms of their tumor suppressive functions in mammary epithelial 

cells are unknown.   

Here, we show nonredundant tumor protective roles for HUGL1 and HUGL2 in 

human mammary epithelial cells.  Using a three dimensional culture system, we report 

that loss of HUGL1 or HUGL2 causes loss of apicobasal polarity, aberrant growth of 

multilayered epithelium, nuclear enlargement, loss of membrane identity, and cellular 

overgrowth.  Experiments on plastic also revealed that HUGL1 or HUGL2 loss results in 

induction of a phenotypic EMT in breast epithelial cells and overexpression of HUGL1 in 

breast cancer cells reduces proliferation.   

In a Drosophila model of cancer driven by loss of lgl, we have discovered the 

consistent dysregulation of a number of miRNAs and mRNAs including the loss of let-7 

and miR-9a, which are implicated in breast cancer and associated with the suppression of 

stem cells.  Cross comparisons revealed a set of mRNAs that are both dysregulated in 

vivo and represent putative targets of the miRNAs changed in lgl mutants. Among these, 

Thrombospondin, a component of the extracellular matrix was found to be misexpressed 

in both flies and human cells lacking Lgl.  Moreover, genetic interaction experiments 

showed miR-9a to be a functional effector of lgl in controlling proliferation in the wing.   
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Taken together, the findings reported in this dissertation suggest that HUGL1 and 

HUGL2 function as tumor suppressors through their roles in polarity and miRNA 

regulation. These two proteins, functioning as modulators of cell plasticity and promoters 

of differentiation, are potentially able to control the transition between a differentiated 

epithelial cell and a cancer stem cell. This research offers new insight into the role of 

HUGL1 and HUGL2 in breast cancer and reveals novel targets downstream of polarity 

proteins for therapeutic intervention. 
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I. INTRODUCTION 

Lethal Giant Larvae 

Discovery of lgl  

The lethal giant larvae gene (lgl) was discovered by Bridges in 1933 as the 

original tumor suppressor gene.  At this early time, the gene was designated as a 

recessive oncogene and homozygous mutation in 

Drosophila was found to lead to tumor formation, 

delayed or defective pupation, and death (1).  In the 

years since, extensive research has been conducted on 

the tumor suppressive mechanisms of this gene in 

multiple model systems, elucidating its role as a 

regulator of polarity, growth, asymmetric cell division, 

and cell plasticity. 

Mutation of lgl in Drosophila causes early 

developmental arrest due to a loss of cellular architecture 

and aberrant cell proliferation, resulting in the 

development of lethal tumorous masses that spread, like 

a pseudo metastasis, throughout a mutant larva.  lgl 

mutant larvae are normal sized at the onset of the third 

instar stage, however at the end of this developmental 

  

Figure 1.1.  Lgl mutant 

tissues       

a. The cephalic complex of 

a wild-type larva.  b. The 

cephalic complex of an lgl 

mutant larva.  br, brain; fb, 

fat body; g, gut; id, 

imaginal disc; int, 

integument; mt, malphigian 

tubes; ov, ovary; vg, ventral 

ganglion. Taken from 

Gonzalez 2007. 



14 

 

 

stage (while wild-type larvae enter pupation), mutant larvae bloat and are burdened with 

large imaginal disc and brain tumors (2, 3) (Figure 1.1).  In the absence of lgl, epithelial 

cells lose their monolayer structure as well as the ability to terminally differentiate and 

instead, overproliferate into neoplastic tumors with invasive characteristics (4-7).  Neural 

stem cells lacking functional lgl self-renew and fail to differentiate, resulting in stem cell 

tumors (8, 9).  Drosophila lgl tumors also show dramatic increases in matrix 

metalloproteinase 1 (MMP1), facilitating their invasion of surrounding tissue (10). 

When transplanted into a wild type animal, lgl mutant cells proliferate, fail to 

differentiate, and develop tumors that invade the host (2, 3).  In mosaic experiments, loss 

of Drosophila lgl has been found to cooperate with oncogenic Ras
v12

 to give rise to 

invasive tumors that are serially transplantable from animal to animal (11) (Figure 1.2). 

  

Figure 1.2. Pseudo metastasis 

in a fly model.  
A. Transplanted lgl mutant 

tumor cells show metastatic 

behavior and are labeled with 

lacZ.  Mutant cells have left the 

primary tumor (T) and formed 

secondary metastatic growths 

(M).  Taken from Woodhouse et 

al. 2003. 
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Major polarity protein complexes  

An extensive body of genetic and molecular research has identified three major 

protein complexes that function in a common pathway to regulate the establishment and 

maintenance of apicobasal polarity in epithelial tissues: the Scribble complex [scribbled 

(Scrib), lethal giant larvae (Lgl), and discs large (Dlg)], the Crumbs complex [Crb, 

PALS/Stardust and PATJ/Discs lost], the Par complex [Par3, Par6/Bazooka, and atypical 

protein kinase c (aPKC)].  Responding to intercellular and intracellular signals, these 

three complexes engage in an elegant interplay to create polar domains within the plasma 

membrane, separating it into apical and basolateral territories guarded by tight junction 

barriers.  The Crumbs and Par complexes localize to the apical surface, promoting apical 

membrane identity, while the Scribble complex localizes to the basolateral surface, 

promoting basolateral membrane identity.  The complexes interact with one another thru 

multiple protein-protein interaction sites (PDZ domains and WD-40 repeats) and 

phosphorylation events that result in mutual exclusion of complexes from opposite 

domains (6, 12-14).  aPKC is a key player in this exclusion process, as its 

phosphorylation of Lgl results in a release of both from the cortex at the confluence of the 

apical and basolateral domains (15-18).  Specifically, phosphorylation of conserved 

serine residues on Lgl by aPKC release Lgl from the cortex into the cytoplasm, thereby 

restricting its function from the apical domain.  aPKC also phosphorylates Crumbs and 

promotes its localization to the apical domain (19, 20) (Figure 1.3).  



16 

 

 

 

 

In an individual cell, membrane domains created by interactions between these 

protein complexes provide a framework for the positioning of other functional proteins 

throughout the membrane (21).  This is important for partitioning of growth factors and 

growth factor receptors (6, 19, 22) and it is also critical for the positioning of cell fate 

determinants in asymmetrical stem cell division (23).  

Of these three complexes, only the components of the Scribble complex are 

considered neoplastic tumor suppressors, as their mutations in Drosophila cause loss of 

apicobasal polarity and overproliferative phenotypes with many characteristics of 

 
 

Figure 1.3.  Epithelial polarity.  Three conserved complexes that 

maintain polarity in epithelial cells: the Crumbs complex, the Par 

complex and the Scribble complex.   
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metastatic growth including upregulation of proteases and increased invasive abilities 

[Reviewed in (13)].  Functional conservation from flies to humans is evidenced by the 

ability of all three human sequences (SCRIB, DLG, and HUGL1) to rescue the 

Drosophila mutation phenotypes (24-26).   
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Lgl orthologs in fly, mouse, and human 

Biochemical experiments have identified Lgl as a cytoskeletal protein that 

localizes at the cortex and cytoplasm containing multiple WD-40 motifs as sites of 

protein-protein interactions and conserved serine residues that are subject to 

phosphorylation (27).  It has been shown to directly interact with nonmuscle myosin IIa 

and the t-SNARE, Syntaxin 4 in several eukaryotic models including mammalian cell 

lines (8, 28-32).  There is one lgl gene in flies and two orthologs in mice and humans, 

Mgl1/Mgl2 and HUGL1/HUGL2, respectively. 

 

Drosophila (lgl) 

The Drosophila lgl gene is located on the second chromosome at position 21A 

(33).  Alternative splicing creates two functional proteins of 127 kDa and 78 kDa in size 

(34).  In addition to functioning as a scaffold for protein complexes, Lgl proteins have 

been found to homo-oligomerize (35).  The highest levels of expression of Lgl in 

Drosophila are reported during early embryogenesis and in late third instar larvae (33, 

34).  

 

Mouse (Mgl1 and Mgl2) 

The Mgl1 gene encodes a protein of 120 kDa containing 1062 amino acids in the 

mouse.  The gene is located on Chromosome 11 and contains 22 exons.  The Mgl2 gene, 

also located on Chromosome 11, contains 1027 amino acids, producing a slightly smaller 

113 kDa protein.  Expression of MGL1 is ubiquitous in the developing mouse with 
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highest levels of expression in the brain, whereas expression of the paralog, MGL2, is 

more restricted and is highest in the kidney, liver and stomach (36).   

 

Human (HUGL1 and HUGL2) 

The cytoskeletal protein HUGL1 has been identified as a potential tumor 

suppressor whose gene maps to chromosomal region 17p 11.2-12 in humans, centromeric 

to p53.  The HUGL1 gene is located in a fragile region of the chromosome that is deleted 

in Smith-Magenis Syndrome, chromosomally unstable epithelial cancers and 

medulloblastomas (37-40).  HUGL1 encodes a 4.3 kb transcript that translates to a 

protein with molecular weight of 115 kDa.  The 3’ end of HUGL1 gene sequence 

overlaps with the 3’ end of the FLII gene.  This region of overlap contains poly A signals 

for both genes and is conserved between human and mouse (41, 42).   

HUGL1 is highly conserved across species, with 87.6% amino acid identity to the 

mouse ortholog, Mgl1, and 26.9% amino acid identity to the Drosophila ortholog, Lgl 

(43).  HUGL2 is located on the same chromosome at 17q25.1 and encodes a 3.5 kb 

transcript for a 113 kDa protein.  HUGL1 and HUGL2 have 60% homology at the amino 

acid level (44).   
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Phenotypes of Lgl loss indicate varied roles 

Loss of Lgl in non-mammalian models, including Saccharomyces cerivisiae 

(yeast), Caenorhabditis elegans (nematode), Drosophila melanogaster (fruit fly), 

Xenopus laevis (frog), and Danio rerio (zebrafish), has been associated with many 

cancer-like phenotypes.  Loss of Lgl in these systems was correlated with disruption of 

apicobasal polarity and hyperproliferation (33, 45), invasive ability (2), aberrant 

expansion of neuronal stem cells (23), upregulation of matrix metalloproteinases (MMPs) 

(10), disruption of vesicular trafficking and exocytosis (46, 47), improper formation of 

desmosomes due to integrin α6 mistrafficking (48), disorganization of the mitotic spindle 

(49) and disruption of planar polarity in tissue (50).  Physical and genetic interactions 

between Lgl and Fragile X protein (FMRP) also suggest a role for Lgl in microRNA 

(miRNA) processing (51-53). The diversity of phenotypes associated with Lgl loss have 

inspired further research to understand mechanisms of its varied involvement in polarity, 

asymmetrical stem cell division, growth control, and miRNA processing. 

 

Role in apicobasal polarity 

A number of studies have shown roles for Lgl orthologs in establishment and 

maintenance of apicobasal polarity.  Lgl has been shown to interact with tSNARE 

syntaxin 4 in mammalian systems and has been implicated in a role for trafficking to the 

basolateral membrane as a mechanism for apico-basal polarity maintenance (46, 54).  

Experiments in MDCK cells demonstrated that nonpolarized cells fuse apical and 

basolateral transport vesicles to the plasma membrane in a random fashion, associated 
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with the nonpolar distribution of Syntaxins 3 and 4 throughout the cytoplasm.  In 

contrast, polarized cells fuse vesicles to the apical plasma membrane promoted by apical 

localization of Syntaxin 3 and basolaterally targeted vesicles fuse at a ‘hot spot’ in the 

lateral membrane promoted by Syntaxin 4 and other exocyst proteins (55, 56).  Mgl1 is 

involved in the membrane fusion of the basolaterally targeted vesicles, as evidenced by 

the localization of Mgl1 to the lateral membrane and binding to basolateral-specific 

tSNARE, Syntaxin 4 in a polarizing cell.  In contrast, nonphosphorylatable Mgl1 mutants 

distribute vesicles in a nonpolar manner (29). 

Experiments with Saccharomyces cerevisiae homologues of Lgl have supported a 

role for Lgl in polarized vesicle transport and exocytosis.  Deletion of yeast Lgl 

homologs, SRO7 and SRO77 genes results in exocytosis defects while overexpression of 

Sro7 and t-Snare proteins rescues polarity defects in exocyst mutants (47).  Also, in 

recent experiments, yeast Sro7, has been shown to be recruited by myosin II to secretory 

vesicles where it coordinates tethering and SNARE-dependent fusion of exocytic vesicles 

with the membrane (46).   

3-D acinar culture of MDCK cells with loss of MGL2 or MGL1/MGL2 showed a 

loss of polarity and failure to form lumina (17).  In another study, the MGL binding 

protein, p32, was found to enhance the interaction and phosphorylation of MGL2 by 

aPKCζ, thereby reducing the levels of active MGL2 in MDCK cells and inducing polarity 

defects (57).   

  



22 

 

 

Role in front rear polarity and migration 

A front-rear polarity program is necessary to facilitate cell migration during 

mammary development as well as in tissue that requires wound repair.  Establishment of 

a front-rear axis relies on the polarization of protein vesicle delivery to the forward 

membrane, a mechanism in which Lgl has a defined role (29, 30).  Lgl also interacts 

directly with non muscle myosin IIa (NMII-A), an actin-based motor protein that has 

effects on adhesion, protrusion and retraction during cell migration (27, 31, 58). This 

interaction, prevented by the phosphorylation of serine residues on Lgl, inhibits the 

assembly of NMII-A filaments, restricts it from the leading edge of cells, and modulates 

cell migration.  Knockdown of HUGL1 in NIH-3T3 cells results in loss of cell-cell 

contacts, independent migration of detached cells in irregular patterns and a greater than 

two fold increase in the rate of migration (58).  The discovery that loss of HUGL 

contributes to cell dissociation from a cell sheet and increases erratic migration coupled 

with evidence that lgl loss upregulates MMPs (10) suggests that Lgl may have a role in 

protection against metastatic progression. 
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Role in planar cell polarity 

In addition to apicobasal and front-rear polarity, epithelial cells also polarize 

within the plane of a tissue, termed planar cell polarity or tissue polarity.  This can be 

observed in diverse tissues, as cells in a tissue orient in the context of their environment, 

including the primary ciliated mammary gland (59).  Two components of the canonical 

Wnt pathway have been defined as central planar cell polarity signaling molecules, 

Dishevelled (Dsh) and Frizzled (Fz) (60).  Evidence linking Lgl with these Wnt pathway 

molecules in both Drosophila and Xenopus models has identified a role for Lgl in the 

planar organization of cell sheets. 

The planar cell polarity of the Drosophila embryonic epidermis involves the 

asymmetric distribution of apical and basal polarity components within the tissue plane.  

Lgl and Dsh interact directly in the Drosophila embryonic epidermis as evidenced by 

colocalization with immunofluorescence and the coimmunoprecipitation of Lgl with Dsh.  

Loss of Lgl or Dsh affects planar polarity, resulting in architectural changes including: 

cellular misalignment, loss of junction asymmetry, defects in cell shape, and actin 

protrusion mislocalization (50). 

Additionally, in Xenopus studies, components of the Wnt pathway have also been 

shown to regulate Lgl, thereby exerting control over regulation of planar cell polarity.  In 

the Xenopus ectoderm, localized Dsh and Frizzled 8 (Fz8, a Wnt receptor) signaling 

causes Lgl to dissociate from the cortex with concomitant loss of activity.  This localized 

disruption of apicobasal polarity modulated by the Wnt pathway has been proposed to 

coordinate planar polarity in a tissue context (61).   
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Role in asymmetric cell division  

Lgl has also been implicated in asymmetrical cell division in a number of animal 

models and tissues.  In Drosophila neural stem cells, termed neuroblasts, Lgl functions to 

inhibit self-renewal.  During neural development, wild type neuroblasts generally 

undergo asymmetric cell division to self-renew a single neuroblast and generate a smaller 

daughter cell, called a ganglion mother cell (GMC), that goes on to divide into two 

neurons or glial cells.  This is due to the asymmetric localization of cell determinants that 

is mediated by Lgl and aPKC.  Lgl localizes cell fate determinants to the cortex and 

phosphorylation of its conserved serine residues by aPKC restricts its localization to the 

basal side of the cell (15).  In the absence of Lgl, determinants distribute throughout the 

neuroblast cortex, resulting in a symmetrical division and ectopic stem cell renewal at the 

expense of differentiated neuronal populations (23) (Figure 1.4).  As further evidence, 

loss of Mgl1 in mice results in severe brain malformations reminiscent of human 

neuroectodermal tumors that form as a result of disrupted asymmetric cell division (36).  

Mutations or downregulation of critical polarity proteins affecting the balance between 

asymmetric and symmetric cell division can result in aberrant expansion of stem cell 

populations.  Deregulated stem cell expansion is hypothesized to be a driver of cancer 

progression (62, 63).  For this reason, tight control over asymmetric stem cell division is 

critical to protect against uncontrolled cell proliferation that could lead to malignant 

tumor formation.   
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Figure 1.4.  Symmetric and asymmetric divisions of stem or progenitor 

cells. (A) Stem or progenitor cells can divide symmetrically and generate either 

two stem or progenitor cells, or two differentiated cells. Alternatively, a stem or 

progenitor cell can divide asymmetrically and generate one stem or progenitor 

cell (self-renewal) and one differentiated cell (differentiation).  (B) The mother 

cell asymmetrically localizes the Par3-Par6-aPKC complex (red) and cell fate 

determinants (green), and orients the mitotic spindle in such a way that basal cell 

fate determinants are inherited by only one daughter. Asymmetric cell division 

may fail because of an inability to asymmetrically localize cell fate determinants 

(Drosophila lgl, dlg, scribl, pros, brat and mira mutants).  Taken from Lee and 

Vasioukhin 2008. 
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Role in Hippo pathway  

Recent research has revealed that Lgl may exert growth control through its 

interactions with the Hippo pathway.  The Hippo signaling pathway is a negative 

regulator of cell proliferation and survival that controls organ size [Reviewed in (64)].  

Loss of Lgl can mislocalize Hippo and cause upregulation of its downstream gene targets 

(65). Activation of the Hippo pathway involves a kinase cascade whereby the Hippo-

Salvador kinase complex (Hpo-Sav) phosphorylates the Warts-Mats kinase complex 

(Wts-Mts) which in turn phosphorylates and inactivates Yorkie (Yki), a transcriptional 

co-activator.  The phosphorylation of Yki by Wts-Mts creates a binding site for 14-3-3 

protein on Yki, promoting nuclear exclusion and cytoplasmic accumulation (64) (Figure 

1.5.).   
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In the nucleus, Yki partners with transcription factor Scalloped (Sd), among 

others, to upregulate genes involved in cell cycle (Cyclin E and E2F1), ribosome 

biogenesis and cell growth (dMyc), escape from apoptosis (DIAP1), and the miRNA 

bantam (66-70). 

In cell competition experiments, upregulation of Yki has shown to cooperate with 

loss of Lgl to allow mutant clones to survive and form tumors when surrounded by wild-

 
Figure 1.5.  Involvement of Lgl in the Hippo pathway.  The cell polarity 

regulators, LGL, aPKC, and CRB regulate proliferation and survival by controlling 

the activity of the Hippo pathway.  aPKC and LGL function in opposition to control 

HPO and RASSF activity.  RASSF inhibits HPO activity by preventing the binding 

of SAV to HPO.  SAV, Salvador; HPO, Hippo; LGL lethal giant larvae; aPKC, 

atypical protein kinase C; CRB, Crumbs.  Taken from Martin-Belmonte and Perez-

Morino 2012. 
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type tissue, while lgl
 
mutants in the same context would succumb to JNK-activated 

apoptosis (71).  Yki upregulation can be driven by a mislocalization of Hpo with Lgl 

depletion or aPKC overexpression (65).  These experiments have revealed that the 

overgrowth phenotype observed in Drosophila lgl mutants can be triggered by a 

misregulation of the Hpo pathway and is not only attributed to a general loss of 

apicobasal polarity. 

  



29 

 

 

Role in miRNA pathway 

In addition to roles in polarity and proliferation pathways, Lgl may also have a 

role in the miRNA pathway.  Lgl interacts physically and genetically with Fragile X 

protein (FMRP), an interactor with the miRNA processing machinery in Drosophila (51-

53).  This raises the possibility that phenotypes associated with Lgl loss could be 

attributed to downstream miRNA effectors.   

miRNAs are short, noncoding RNAs that control gene expression post-

transcriptionally by interfering with translation or inducing degradation of mRNA targets 

(72).  miRNA genes are transcribed by RNA Polymerase II to generate primary miRNA 

(pri-miRNAs).  These pri-miRNAs are then cleaved to precursor miRNAs (pre-miRNAs) 

by the RNase III endonuclease, Drosha, along with DiGeorge syndrome critical region 

gene 8 (DCGR8), a double-stranded RNA binding protein, in the nucleus.  Pre-miRNAs 

are exported from the nucleus to the cytoplasm by Exportin 5, where they are processed 

by another RNase III enzyme, Dicer, to produce mature double-stranded miRNAs.  

miRNAs are subsequently loaded onto a multi-protein RNA-induced silencing complex 

(RISC) and are targeted to the 3’ UTR of mRNA to exert translational repression or 

mRNA cleavage (73, 74) (Figure 1.6). 
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miRNAs are frequently dysregulated with tumor progression and are associated 

with changes in cellular invasion.  Recently, a large body of evidence has emerged 

linking dysregulation of miRNA expression to the development and progression of 

tumors, with miRNAs acting as both oncogenes and tumor suppressors (reviewed in 75). 

In fact, several miRNAs are currently being investigated for potential use as cancer 

therapeutics (76-80).  

Genetic interaction experiments have identified Lgl as a dominant modifier of 

FMRP, an RNA-binding protein implicated in the miRNA pathway (51-53).  Lgl and 

 
 

 

Figure 1.6.  MicroRNA biogenesis.  Processing of miRNAs in humans and the 

enzymes involved. 
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FMRP form a protein complex in vivo as demonstrated with immunoprecipitation 

experiments in both flies and mice and the two are temporally and spatially co-expressed 

during development (53).  The Drosophila FMRP has been found to associate with 

components of the miRNA pathway, including AGO1, AGO2, Dmp68 (an RNA 

helicase), Dicer, and miRNAs (52, 81).  Human FMRP is also associated with 

components of the miRNA pathway and has been implicated in the control of translation 

via miRNAs (82).  Given the functional connection between Lgl and FMRP, it is possible 

that Lgl may exert a role in tumor suppression via regulation of miRNA processing.  Lgl 

in this pathway could protect against tumor formation by regulating the expression of 

specific miRNAs or by maintaining levels of global miRNA expression as a core 

component of miRNA processing 
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Lgl and cancer 

Polarity proteins and mammalian cancer  

Since polarity is a complex orchestration of competitive inhibition, loss and 

overexpression can reveal functions of polarity components as both oncogenes and tumor 

suppressors.  For example, amplification and constitutive activity of aPKC is correlated 

with poor prognosis in ovarian, lung, and colon cancer.  Additionally, tumors with 

elevated levels of aPKC show loss of polarity.  This evidence is suggestive of the role of 

this polarity protein as an oncogene (83-85).  Par6, in the same complex, is overexpressed 

in T47D and MCF7 breast cancer cell lines and overexpression of Par6 in MCF10As 

promotes hyperplastic growth in 3-D culture (86).   

In contrast, immortal mouse kidney epithelial cells selected in vivo to acquire 

tumorigenicity display dramatic repression of Crumbs 3 (Crb3), disrupted tight junction 

formation, loss of apicobasal polarity and anchorage independent growth (87).  Similarly, 

transplantation of mammary progenitor cells deficient in Par3 into a cleared mammary fat 

pad resulted in highly disorganized mammary development where mammary glands 

contained an aberrantly expanded progenitor cell population, improperly formed terminal 

end bud (TEB) structures, and ductal hyperplasia (88).  These studies suggest tumor 

suppressive roles for Crb3 and Par3. 

Similar to the well characterized tumor suppressors Rb and p53, both Scrib and 

Dlg are targeted for degradation by human papillomavirus (HPV) E6 viral oncoprotein, 

highlighting the importance of their role in protection from carcinogenesis (89, 90).  To 

further support the tumor suppressive role of the Scribble complex, mislocalization and 
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downregulation of Dlg1, Scrib and Mgl1 were identified in a mouse model of ocular 

cancer (91).  Knockout of Mgl1 in mice also produces a neonatally fatal phenotype with 

mice putatively succumbing to hydrocephaly and neuroectodermal tumor formation in the 

brain (36).  Contrastingly, knockout of Mgl2 is not lethal, yet results in defective 

branching morphogenesis in the placenta (92). 

 

Loss of HUGL1 and HUGL2 in human cancers 

In recent years, aberrant localization and reduced expression of HUGLl and 

HUGL2 have been reported in several epithelial cancers including cancer of the breast, 

stomach, colon, ovary, prostate, skin, and endometrium (25, 93-98).   

HUGL1 is downregulated in breast cancer, where 76% of primary breast tumors 

tested for levels of HUGL1expression showed significant loss in mRNA transcripts (25).  

HUGL1 is also lost in colorectal cancer (96), endometrial cancer (97) and malignant 

melanoma (95) with studies showing an inverse correlation between HUGL1 expression 

and progression of the disease.  In addition, the locus that contains HUGL1 (at 17p11.2) 

is deleted in cases of medulloblastoma (99) (37, 38) and has also been reported lost in 

early stages of breast cancer (100) as well as chromosomally unstable colon cancers 

(101).  Aberrant splicing of HUGL1 is evident in hepatocellular carcinoma as well, 

resulting in abnormal forms of the protein that are associated with large tumor size and 

poor differentiation (102).  We have observed that expression of HUGL1 is lost in both 
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T47D cells and MDA-MB-453 cells, but is expressed robustly in MCF10A and HMEC 

cells.   

HUGL2 is downregulated in breast cancer and its expression is also lost or 

aberrantly localized in gastric epithelial dysplasia and gastric adenocarcinoma (103, 104).  

Similarly, expression of HUGL2 is lost or mislocalized in high grade pancreatic 

intraepithelial neoplasia and pancreatic ductal adenocarcinoma (105).  These data suggest 

that in humans, Lgl orthologs may act as tumor suppressors and indicate a possible role 

for the loss of either HUGL1 or HUGL2 in the progression of mammary gland epithelium 

from growth controlled, polarized ductal structures to cancerous lesions.   
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HUGL1 and HUGL2 in breast cancer 

Structure of the mammary gland 

In a healthy mammary gland, highly polarized cell sheets are organized into a 

dual layered architecture that facilitates glandular development, cell regeneration, 

secretion and directional transport of milk proteins, and normal apoptosis.  The 

parenchyma forms an arborized network of tubes throughout a vascularized and lymph 

drained stromal matrix that is composed of adipocytes, fibroblasts, and immune cells 

(106).  Two lineages of epithelial cells, myoepithelial and luminal, form the ducts and 

terminal ductal lobular units (TDLUs).  The ductal epithelium is composed of an inner 

luminal layer of secretory cells and an outer contractile layer of myoepithelial cells that 

secrete basement membrane proteins.  The luminal cells are apicobasally polarized 

cuboidal cells that line the ducts and alveoli of the TDLU, producing milk during 

lactation.  Luminal cells express cytokeratins 8 and 18.  They are surrounded by a layer 

of contractile myoepithelial cells that express smooth muscle actin and cytokeratin 14 and 

are in direct contact with the basement membrane that separates the parenchyma from the 

fatty matrix (Smalley et al. 1998).  We have demonstrated that HUGL1 and HUGL2 are 

differentially expressed in the two cell layers of the human mammary gland.  While 

HUGL1 is expressed in both luminal and myoepithelial layers, HUGL2 is expressed 

predominantly in the myoepithelium (Figure 3.2, pp 72).   
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Hallmarks of cancer 

Changes in cell polarity and miRNA expression are required to facilitate a 

multitude of cellular functions and fates, including differentiation, proliferation, 

adhesion, migration, and transformation of epithelium (107, 108).  The progression of 

cancer involves the subversion of a number of physiological processes that control the 

overall organization, growth and programmed death of tissues.  A number of traits have 

been canonized by Hanahan and Weinberg as hallmarks of cancer including: evasion of 

cell death, self-sufficiency in growth 

signaling, tissue invasion and 

metastasis, insensitivity to 

antigrowth signals, replicative 

immortality, induced angiogenesis, 

reprogrammed energy metabolism, 

and evasion of immune destruction.  

Underlying these hallmarks are the 

driving forces of genome instability 

and inflammation (109, 110) (Figure 

1.7).   

Polarity modulation, affecting apicobasal membrane partitioning, planar 

positioning of cells within a sheet, or positioning of cell fate determinants for 

asymmetrical cell division, can assert downstream effects on many of these hallmarks 

and miRNA modulation is known to affect the expression of one third of the genes in the 

Figure 1.7. The Hallmarks of Cancer.  

Taken from  Hanahan and Weinberg 2011. 
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human body (111).  miRNAs have been found dysregulated in every type of cancer 

examined (108).  In this manner, control over cell polarity or miRNA regulation can 

confer master regulation over cancer progression. 

 

Cancer of the breast 

90% of human cancers are of epithelial origin including lung, digestive tract, skin, 

prostate, and mammary glands.  Breast cancer is the most common cancer in women 

worldwide and is second to lung cancer as the leading cause of cancer death among 

women in the United States.  In 2013, over 200,000 women are predicted to be diagnosed 

with breast cancer and nearly 40,000 are predicted to succumb to the disease 

(http://seer.cancer.gov/csr/1975_2009_pops09).  The majority of abnormalities in the 

breast leading to cancer occur in the vicinity of the TDLU (112).  Aberrant growth can 

progress from ductal hyperproliferation to in situ disease as nuclei become pleomorphic, 

cells form multilayered epithelium and the lumen of the gland fills with cells.  With a loss 

of the myoepithelial layer, in situ disease can progress to invasive carcinoma that 

infiltrates the surrounding stroma.  If cancer cells are able to disseminate via the lymph 

and vasculature, the cancer can eventually metastasize to colonize distant sites (112-116) 

(Figure 1.9).  In the US, the 5 year survival rate for an individual diagnosed with in situ 

cancer is nearly 100%, however this rate drops to 24% for an individual diagnosed with 

invasive ductal carcinoma that has colonized a distant site 

(http://www.cancer.gov/global/web/policies/page8). 
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Epithelial to Mesenchymal Transition 

A beginning stage in the development of malignant disease is a loss of organized 

polar architecture.  Deterioration of epithelial polarity is characteristic of epithelial 

cancers and is thought to contribute to invasive progression. In order to metastasize, 

invading tumor cells must leave the primary tumor, breach the extracellular matrix 

(ECM), and intravasate the blood vessels. The transition of polarized mammary epithelial 

cells into a motile phenotype capable of invasion requires dissolution of cell-cell 

junctions and changes in cytoskeleton conformation.  This distinct shift in morphology 

and functional ability is termed an epithelial to mesenchymal transition (EMT).  EMT is a 

critical component of development that is often co-opted in cancer to allow cells to 

acquire invasive characteristics.  EMT is driven by a number of key transcription factors 

commonly including Snail, Slug, Zeb1, Zeb2, and Twist and is typically associated with 

 
 

 

Figure 1.8.  Breast cancer progression.  Model of breast tumor progression from normal 

ductal epithelium to carcinoma in situ to invasive ductal carcinoma.   
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loss of E-Cadherin and increase in Vimentin expression (117, 118).  In the transition to 

an invasive state, cells undergo a metamorphosis from an apicobasally polarized, 

adherent state to a loosely embedded, front-rear polarized conformation (119, 120).  

Invasional events are aided with the secretion of matrix metalloproteases (MMPs), which 

can degrade the basement membrane and ECM to pave a path for migrating cells (121).  

The reverse process, a mesenchymal to epithelial transtition (MET), is also a fundamental 

developmental remodeling event that is hijacked by cancer cells to reorganize at a distant 

site of metastasis.  After traveling through the lymph, blood vessels, or along nerves, cells 

convert from a migratory, nonadhesive state to a less motile, adherent state and organize 

into a tumor that can stimulate angiogenesis and continue to grow (118, 119).   

Research supports a role for HUGL1 in EMT suppression, as reintroduction of 

HUGL1 into malignant melanoma cell lines resulted in increased adhesion, decreased 

invasive activity, downregulated MMPs and upregulated E-cadherin (95).  Recent 

experiments with human breast cancer cells further support this notion, reporting 

transcriptional regulation of HUGL2 by SNAIL1 and revealing that HUGL2 is a driver of 

the mesenchymal to epithelial transition (MET) (122).  The promoter of HUGL2 is also 

targeted by ZEB1, a transcriptional downregulator that induces EMT (103).  Recent 

evidence supporting the notion that EMT generates cells with stem cell properties has 

stimulated a wave of research demonstrating interconnection between the pathways 

responsible for cell polarity, cell plasticity, and stemness. (123, 124). 
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Stem cell hypothesis 

It is well established that tumors are heterogeneous structures, composed of cells 

with variable morphology, levels of differentiation, rates of proliferation, and invasive 

abilities (125).  This is corroborated by the fact that only a fraction of tumor cells are 

capable of regenerating a tumor in vivo (126).  Two models have been proposed to 

explain this: the stochastic model and the cancer stem cell model (63, 125, 127). The 

stochastic or clonal evolution model of cancer predicts that every tumor cell has an equal 

capacity and low probability of regenerating and maintaining the cancer.  Seminal to this 

model is the idea that any tumor cell that acquires a selective advantage can drive tumor 

progression.  In contrast, the 

cancer stem cell model is centered 

on the premise that only a small 

subset of stem-like tumor cells, 

cancer stem cells, have the 

capacity to initiate and sustain 

tumor growth.  These cancer stem 

cells have potent tumor initiation 

and self renewal properties and are 

capable of differentiating into all 

cell types observed in the tumor 

(128) (Figure 1.9).   

 
Figure 1.9.  Models of cancer.  Stochastic model 

of cancer versus the cancer stem cell model as 

presented in Ward and Dirks 2007. 
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Early evidence for mammary stem cells was provided by limiting dilution 

experiments which revealed the ability of adult mammary stem cells to generate 

mammary glands containing ductal, alveolar, and myoepithelial cells when injected into 

cleared fat pads of host mice (129).  More recent research has further demonstrated 

transplantation of a single mammary stem cell into a cleared fat pad is sufficient to 

regenerate a functional mammary gland (130).  The existence of cancer stem cells in 

breast cancer was first demonstrated in 2003.  Clarke and colleagues determined with 

FACS sorting that morphologically indistinct populations of cells existed in the tumor 

that were capable of serially recapitulating the heterogeneity of the tumor based on the 

cell surface markers CD44
hi

/CD24
lo

 (131). 

Though most researchers agree that cancer stem cells exist, there is controversy in 

the field over the cell type of origin.  Given conflicting evidence, cancer stem cells could 

derive from an adult stem cell, a progenitor cell, or a de-differentiated epithelial cell (132, 

133).  Recent evidence has shown that differentiated cells can acquire stem cell 

phenotypes through induction of EMT (123, 134, 135).  Researchers from the Weinberg 

lab have shown that forced passage of mammary epithelial cells through an EMT can 

confer stem-like properties.  Specifically, expression of two transcription factors, SOX9 

and SLUG (SNAIL2) can convert differentiated luminal epithelial cells into mammary 

stem cells (124). 

Cancer stem cells can be characterized by high expression of ALDH1, the ability 

to survive in nonadherent conditions to form floating mammospheres, chemoresistance 

conferred through high expression of ATP-dependent drug efflux pumps, and the serial 
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xerotransplantation into immunocompromised mice to form tumors that express similar 

heterogeneity to the original tumor (131, 136-140). 

The cancer stem cell model has implications for current approaches to cancer 

treatment as it predicts that cancer therapies that target the bulk tumor population of 

proliferating, terminally differentiated cells may initially lead to reduction of tumor size, 

but eventually fail to eliminate the comparably small population of cancer cells that drive 

recurrence.  This coupled with the idea that cancer stem cells have upregulated drug 

pumps that confer resistance to chemotherapeutics (141) underscores the potential benefit 

of combining conventional chemotherapy with treatments targeting cancer stem cells.  It 

has been suggested that the use of neoadjuvant therapy in breast cancer patients, a 

treatment meant to reduce tumor size prior to surgical removal, can lead to enrichment of 

these cancer stem cell populations (142).  
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3-D cell culture to model polarity 

The study of epithelial polarity modulators and their mechanisms in human 

mammary cells poses a unique challenge.  Cells cultured as adherent monolayers on 

tissue culture plastic, despite forming cell-cell junctions, do not model the biological 

architecture of the tissue.  To appropriately study how particular molecular abnormalities 

contribute to histological phenotypes observed in cancer, the glandular structure must be 

recapitulated in vitro.  3-D culture of 

luminal epithelial cells in a 

reconstituted basement membrane 

matrix allows cells to apicobasally 

polarize, form cell-cell junctions, and 

organize into growth-arrested 

spheroids with a hollow lumen (143).  

These structures are amenable to 

immunofluorescent staining and 

markers of polarity, cytoskeleton, 

proliferation and apoptosis can be 

readily analyzed with cross-sectional 

confocal microscopy (Figure 1.10). 

 

As published by the Brugge Lab, immortalized MCF10A mammary epithelial 

cells can be seeded as a single cell suspension on a bed of 100% matrigel, overlayed with 

 

Figure 1.10.  MCF10A acini show markers of 

polarity.  1) GM130 marks the golgi complex 

and faces toward the apical surface. 2) Phalloidin 

stains F-actin, marking the cell cortex.  3) 

Cleaved caspase-3 indicates apoptotic activity.  4) 

Laminin V is secreted on the basal surface of the 

cell.  
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a 2% matrigel-media matrix, and grown to form apicobasally polarized acini.  After 3-5 

days of growth, single cells begin to proliferate, forming clonal spheres.  At day 8, 

nonpolarized cells in the center of the acinus begin to die via apoptosis, creating a hollow 

lumen.  Cells on the outside edge of the acinus, active for p-Akt, do not apoptose (Figure 

12).  After 15 days of growth, the acini show low levels of proliferation and remain stable 

in size and cell number.  With the activation of an oncogene in these cells, the size and 

architecture of the structures can be drastically modulated (143-145) (Figure 1.11).  This 

model system provides a valuable tool with which to interrogate the influence of polarity 

proteins HUGL1 and HUGL2 on mammary epithelial architecture. 

 
Figure 1.11.  MCF10A acinar morphogenesis.  MCF10As seeded in a single cell 

suspension in matrigel will form three-dimensional structures that follow an ordered 

sequence of events to polarize and signal an inner subset of cells lacking matrix contact 

to apoptose.   
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Statement of the Problem  

 

Lethal giant larvae and its homologs have been identified as tumor suppressors in 

several model systems.  Both human orthologs, HUGL1 and HUGL2 are mislocalized 

and downregulated in several epithelial cancers.  Their role in breast cancer has not been 

elucidated, but loss has been documented both in tumor tissue and breast cancer cell 

lines.  Similarly, decreasing levels of expression have been shown in mammary tissue 

with progression of the disease.  Reports from scientific literature have suggested that 

there may be redundancy of function between the two paralogs in certain tissue types (36, 

92).  However, we have shown that HUGL11 and HUGL2 have differential expression in 

the epithelial cell layers of the mammary gland, with HUGL2 being expressed in the 

myoepithelial layer and HUGL1 showing expression in both myoepithelial and luminal 

cell types, leading us to believe that loss of at least HUGL1 in luminal cells will lead to 

phenotypic shifts.  Furthermore, in a fly model, Lgl has been shown to interact physically 

and genetically with FMRP, which has a defined role in the miRNA pathway of 

Drosophila. We postulate that Lgl may also be involved in miRNA processing and 

trafficking and that its loss may cause specific miRNA dysregulation, contributing to 

cancer.   
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Understanding the mechanistic roles of HUGL1 and HUGL2 in cancer onset and 

progression could not only lend valuable insight into their value as diagnostics or 

therapeutic targets, but could elucidate pathways through which polarity proteins can 

function as tumor suppressors.  We have therefore formulated the hypothesis that loss 

of expression of HUGL1 and/or HUGL2 contribute to carcinogenesis and cancer 

progression through disruption of epithelial cell polarity and dysregulation of 

miRNAs.  To address this hypothesis, we have proposed the following questions: 

I. How does loss of HUGL1 or HUGL2 affect cell polarity in human 

mammary epithelial cells? 

 

a. Does loss of HUGL1 or HUGL2 affect apicobasal polarity? 

b. Does loss of HUGL1 or HUGL2 affect proliferation? 

c. Does loss of HUGL1 or HUGL2 affect cell plasticity? 

 

II. Is lgl involved in the miRNA pathway in Drosophila? 

 

a. Are specific miRNAs modulated with loss of lgl? 

b. Are dysregulated miRNAs effectors of the lgl mutant phenotype? 

c. Are any of the miRNAs affected involved in known cancer pathways? 

 

III. How does MGL1 affect mammary gland development and tumor 

suppression? 

 

a. Is MGL1 expressed in mammary gland development, and if so, where? 

b. Does the loss of MGL1 affect branching morphogenesis in pubertal 

mouse mammary glands? 

c. Does the loss of MGL1 affect terminal end bud formation in the 

developing mammary gland? 

d. Does the loss of MGL1 alter cellular architecture of the mammary 

gland? 

e. Does the loss of MGL1 predispose mice to mammary tumor 

formation? 

 

  



47 
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II.  MATERIALS AND METHODS 

Human Tissue Immunofluorescence 

The study design was evaluated and approved by the Human Subjects Research 

and Institutional Review Board at the University of Arizona and it was determined that 

the study did not constitute human research, therefore the need for written informed 

consent from participants was waived.   

Deidentified normal human mammary tissues were obtained from the Tissue 

Acquisition and Cellular/Molecular Analysis Shared Service (TACMASS) of the Arizona 

Cancer Center.  Tissues were dissected and fixed in 10% buffered formalin, embedded in 

paraffin and sectioned.   Tissue was deparaffinized with xylenes, washed in ethanol and 

rehydrated.  Antigen retrieval was performed in boiling 1mM EDTA.  Tissues were 

incubated with anti-HUGL1, anti-HUGL2 and anti-cytokeratin 18 (H80) antibodies at a 

dilution of 1:100 and 1:200 respectively.  Secondary antibodies anti-mouse-594 

(Invitrogen) and anti-rabbit-488 (Invitrogen) were used at 1:400 and 1:200, respectively. 

 

Cell Culture 

MCF10A cell lines were obtained from American Type Culture Collection 

(ATCC) and cultured in Dulbecco’s modified Eagle medium/F12 (DMEM/F12) 

supplemented with 5% Horse Serum (Invitrogen), 10μg/ml insulin, 100 ng/ml Cholera 

toxin (Sigma Aldrich), 20 ng/ml Epidermal Growth Factor, 1% Pen-Strep (Cellgro), and 

0.5 μg/ml Hydrocortisone.  Primary HMEC cells were obtained from Invitrogen and 

cultured in serum-free HuMEC Ready Medium with HuMEC supplement, Bovine 
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Pituitary Extract (Invitrogen), and 1% Pen-Strep.  MDA-MB-453 cells were obtained 

from ATCC and cultured in RPMI media supplemented with 10% fetal bovine serum 

(Omega Scientific) and 1% Pen-Strep.  All cells were grown at 37°C in 5% CO2. 

 

Plasmid transfections 

MDA-MB-453 cells were seeded in 6 well plates at 3 X 10
5
 cells per well.  Cell 

lines were transfected with pEGFP-Lgl1-C1 (102) and the empty vector p-EGFP-C1 

(Clontech) using Lipofectamine 2000 transfection reagent (Invitrogen) as per the 

manufacturer’s specifications.  Stable transfectants were selected with 1.5 mg/ml G418. 

 

Viral shRNA Transductions 

MISSION shRNA lentiviral particles containing nontarget control shRNA or 

HUGL1 shRNAs and packaging vectors were purchased from Sigma Aldrich 

(NM_004140, clones TRCN0000117137-141) (NM_004524, clones TRCN0000116432-

436).  For transduction, virus was added to MCF10A cells at a multiplicity of infection 

(MOI) range of 1 to 5 in the presence of 8 μg/ml hexadimethrine bromide (Sigma 

Aldrich) in culture medium. Transduced cells were selected using puromycin 

dihydrochloride (Sigma Aldrich) at 2 μg/ml and 0.5 μg/ml for MCF10As and HMECs, 

respectively..  Stable lines were used as heterogenous populations; clones were not 

selected. 
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MTT Assays 

Cells were plated in 96 well plates at a density of 5 x 10
3
 cells per well and grown 

for 72 hours.  100 μl of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) in RPMI (1:10 dilution) was added to each well and incubated at 37°C for 4 

hours.  After incubation, MTT solution was aspirated and 50 μl of Dimethyl sulfoxide 

(DMSO) was added to each well.  The plates were read after 10 minutes using a μQuant 

plate reader (Biotek Instruments) 

 

Acinar Culture and Slide Preparation 

Three dimensional culture assays of MCF10As on Growth Factor Reduced 

Matrigel (BD Biosciences) were performed according to the protocol previously 

described in Debnath et al. 2003.  In 8 chamber slides, a cell suspension of 6000 cells per 

well was overlayed onto a thin bed of matrigel (45 μl per well) in assay medium.  Cells 

were cultured for 8 or 21 days with Assay Medium, consisting of DMEM/F12 

(Invitrogen) supplemented with 2% Horse Serum (Omega Scientific), 0.5 μg 

Hydrocortisone, 100 ng/ml Cholera Toxin, 10 μg/ml insulin, 1% Pen/Strep, 5 ng/ml EGF, 

and 2 μg/ml puromycin that was changed every four days.   

HMECs were seeded into 8 chamber slides with matrigel, as above, in a cell 

suspension of 8 X 10
3 

cells per well according to Invitrogen protocols.  Cells were 

cultured for 6 or 10 days in HuMEC Serum Free Medium supplemented with HuMEC 

supplement, Bovine Pituitary Extract (Invitrogen), 1% Pen/Strep, 10% matrigel, and 0.5 

μg/ml puromycin that was changed every two days.  
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Light, fluorescent, and confocal microscopy 

Live acini in matrigel and cells grown on plastic were visualized with a Leica DM 

IL microscope and images were captured with a mounted Nikon E4500 digital camera 

using a 10X objective at room temperature.   

MCF10A acini grown for 8 days in matrigel were fixed, mounted with ProLong 

Gold antifade reagent with DAPI, and visualized with a 10X objective under UV 

excitation with a Zeiss AxioCam mounted to a Zeiss Axiovert 200 microscope.  10 

images per treatment were taken from two wells each of an 8 chamber slide.  Frames of 

each image were designated by dividing each well into five fields and taking one image 

per field.  The length on longest axis of each acinus within a given field was measured in 

pixels with Image Pro Plus software.  

For confocal imaging, cells cultured in matrigel were fixed with 2% 

paraformaldehyde-PBS for 10 minutes, washed once with PBS, and permeabilized with a 

solution containing 0.5% Triton X-100, 10 mM Pipes (pH 6.8), 50 mM NaCl, 300 mM 

sucrose, and 3mM MgCl2 for 5 minutes at room temperature.  Following fixation, cells 

were blocked with 3% BSA containing 0.05% Tween (blocking buffer) for 30 minutes, 

and incubated at 4° C for 18 hours with primary antibody (1:200) in blocking buffer.  

Cells were washed 10 times over 2 hours with 0.2% BSA, 0.05% Tween in PBS (washing 

buffer) and subsequently incubated at 4°C for 18 hours with secondary antibodies 

conjugated to fluorophores.  Cells were washed 10 times over 2 hours and mounted with 

ProLong Gold anti-fade reagent containing DAPI (Invitrogen).  
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Acini and tissue slides were visualized and imaged at room temperature with a 

Leica SP5 confocal microscope using the 40X and 63X NA 1.4 oil immersion objective 

and LAS AF vs2.5.1.6757 software (Leica Microsystems).  Confocal images of acini 

were taken of single equatorial sections by focusing on the largest diameter of each 

acinus within the depth of field.  Image quality and channel intensity were adjusted with 

gain and offset correction using the Leica LAS AF software.  Raw .lif images were 

exported as .tif files and were resized and adjusted for brightness and contrast in 

Photoshop software (Adobe).  Individual image metafiles were archived. 

 

Western Blots 

Cultured cells were lysed in ice-cold lysis buffer containing 20mM TRIS pH7.5, 

150mM NaCl, 1% NP40, 5mM EDTA pH 8.0, 1% NaF, 1% NaVan, 0.1% NH4 

Molybdate and 8% Complete phosphatase and protease inhibitor (Roche).  The lysates 

were centrifuged at 13,000 rpm for 10 min at 4°C and supernatant was collected for 

Western blot analysis. 20μg protein lysate was separated by SDS-PAGE (7%) and 

transferred to PVDF membrane (Millipore). The membrane was blocked in 5% milk in 

PBS/0.1% Tween solution and then used for immunoblotting. The primary antibodies, 

anti-HUG1 (911-1010, cat # H00003996-M01) and anti-β-actin (AC-74) were purchased 

from Abnova and Sigma, respectively and the secondary antibody, conjugated to 

horseradish peroxidase (HRP), goat anti-mouse IgG HRP was purchased from 

Invitrogen/Molecular Probes.  Proteins on the membrane were treated with Super Signal 
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Chemiluminescent Substrate (Pierce), visualized on Imagetech-B film (American X-ray) 

and developed with a Konica SRX-101C.  

 

Antibodies 

The primary antibodies anti-Llgl1 (911-1010, cat # H00003996-M01) and anti-

Llgl2 (101-200, cat # H00003993-M06) antibodies were purchased from Abnova.  Anti-

GFP (FL, sc-8334), anti-αTubulin (TU-02, sc8035), and anti-cytokeratin 18 (H80) were 

purchased from Santa Cruz Biotechnologies.  Laminin λ2 (D4B5) was purchased from 

Millipore, anti-GM130 (cat # 610823) was purchased from BD Transduction 

Laboratories, anti-Ki-67 antibody (clone MIB-1, M7240) was purchased from Dako, and 

anti-MUC1 (Ab5) and anti-cleaved caspase-3 (Asp175) were purchased from Cell 

Signaling.  Fluorescein-phalloidin was purchased from Invitrogen/Molecular Probes and 

anti-Integrin α6 was a kind gift from Dr. Anne Cress at the University of Arizona.  

Secondary antibodies conjugated to horseradish peroxidase (HRP) goat-antimouse IgG-

IgM HRP, goat anti-rabbit IgG HRP, and goat anti-mouse IgG HRP and secondary 

antibodies conjugated to fluorophores (Alexa Fluor 488 anti-mouse, Alexa Fluor 488 

anti-rabbit, Alexa Fluor 594 anti-mouse  and Alexa Fluor 647 anti-rabbit) were 

purchased from Invitrogen/Molecular Probes.  Anti-hamster FITC, was purchased from 

Jackson ImmunoResearch Labs. 
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Image quantification 

Confocal images were quantified using LAS AF Lite 2.6.0 freeware (Leica 

Microsystems).  To measure luminal infilling, nuclei were counted with the count tool 

and a ratio of peripheral nuclei to internal nuclei was calculated.  Ki67 stained acini were 

also quantified using the count tool, assigning a score to each acinus based on the number 

of nuclei that showed positive Ki67 staining.  Nuclear size was measured using the length 

tool to determine the longest axis of the largest nucleus per acinus in microns.  Laminin 

V localization was scored in individual confocal images as either polarized, with staining 

on the basolateral surface of the acini, or unpolarized, with staining on the inside of the 

acinus and/or luminally located.  Cleaved caspase 3 stained images of single acini were 

scored as either cleaved caspase positive or cleaved caspase negative.   

 Statistical differences in acinar size, luminal filling, nuclear size, and Ki67 were 

calculated with a two-tailed Student’s t test for each of three trials per experiment.  

Categorical data on Laminin V polarization and cleaved caspase 3 activity were 

compared with 2 X 2 contingency tables and statistical significance was calculated with a 

Fisher’s exact test. 

 

Drosophila genetics 

All flies were raised on standard fly food at 25°C except where otherwise noted. 

lgl alleles were previously described (7, 53). lgl stocks were balanced over kr:GFP-CyO. 

UAS-lgl
RNAi

 stocks were obtained from the Vienna Drosophila RNAi Center (lines # 

v51247 and v51249). UAS miR-9a and miR-9a
F80

 flies were provided by Fen-Biao Gao 
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(U Mass Medical School) and Eric Lai (Sloan-Kettering Cancer Center). UAS let-7 was 

obtained from Laura Johnston (Columbia U). en-Gal4, GMR-Gal4, and UAS-GFP were 

obtained from the Bloomington Stock Center. 

 

Adult wing and eye sample preparations 

A recombinant stock containing UAS-lgl-RNAi
51247

 and UAS-lgl_RNAi
51249

 (3
rd

 

chromosome) was generated and a stock made with en-GAL4 (2
nd 

chromosome). Wings 

of en-Gal4/+; UAS-lgl
RNAi

 /+, en-Gal4/+; UAS-lgl
RNAi

 /UAS-miR-9a, en-Gal4/+; UAS-

lgl
RNAi

 / miR-9a
F80

 were removed under a dissecting light microscope and mounted on 

standard glass slides. Slides were scored for defects and examples of phenotypes were 

imaged using an Olympus DP71 imaging camera on a Leica MZ6 microscope. For en-

Gal4/+; UAS-lgl
RNAi

 /+, we scored n=132 wings. For en-Gal4/+; UAS-lgl
RNAi

 /UAS-miR-

9a, n=186. For en-Gal4/+; UAS-lgl
RNAi

 / miR-9a
F80

, n=98 wings. For en-Gal4/+; +/+, 

n=140 wings. For en-Gal4/+; UAS-miR-9a /+, n=77 wings. For en-Gal4/+; miR-9a
F80

, 

n=70 wings. For en-Gal4, UAS-GFP; UAS-lgl
RNAi

/+, n=32. For en-Gal4, UAS-GFP/ +,+, 

n=50. Images were processed using Adobe Photoshop and the posterior wing region as a 

proportion of total wing area was measured using ImageJ. The posterior wing region was 

defined as wing area posterior to the longitudinal vein L3. “Freehand selection” was used 

to capture pixel areas and “Measure” was used to compute the areas. For quantifying 

posterior wing region ratios we used a subset of samples: for en-Gal4/+; UAS-lgl
RNAi

 /+, 

we imaged and measured n=16 wings. For en-Gal4/+; UAS-lgl
RNAi

 /UAS-miR-9a, n=20. 
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For en-Gal4/+; UAS-lgl
RNAi

 / miR-9a
F80

, n=20 wings. For en-Gal4, UAS-GFP/+; UAS-

lgl
RNAi

/+ we imaged n = 28 wings.   

For adult eyes, flies were collected within the first day of emerging. They were 

aged for one, seven, or fifteen days, then eye images were taken using an Olympus DP71 

imaging camera on a Leica MZ6 microscope and processed with ImageJ and Adobe 

Photoshop.  For all genotypes, we imaged 20 flies (males and females). 

 

Brain dissection and imaging 

Homozygous larvae were selected against GFP expression under UV light with a 

Leica MZ8 microscope and washed 3 times in 1X PBS. Cephalic complexes, consisting 

of brain lobes, ventral ganglion, and eye imaginal discs were dissected from larvae and 

suspended in a drop of 1X PBS for imaging. Brain images were obtained using an 

Olympus DP71 imaging camera on a Leica MZ6 microscope and processed with Adobe 

Photoshop. 

 

RNA extraction, microarrays and RT-PCR validation 

For miRNA analysis, cephalic complexes were dissected from 20 third instar 

larvae per genotype and were pooled to create each time point sample. Three samples 

were collected per time point and total RNA was immediately extracted following 

dissection with a miRVana RNA extraction kit to conserve small RNA according to 

manufacturer’s protocols (Ambion, Austin, TX). RNA was quantified and evaluated for 

integrity with a nanodrop spectrophotometer and denaturing agarose gels. 
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For miRNA microarray analysis, total RNA was shipped to Genosensor (Phoenix, 

AZ) where it was subjected to quality testing, hybridized with fluorescent probes and 

washed over an array spotted with cDNA complementary to 147 published Drosophila 

miRNAs. Fluorescence was imaged with a GenePix 4000B microarray scanner and 

measured using GenePix Pro 5.0.0.49 software.  

To validate microarray results, Real-Time PCR was performed on select miRNAs. 

1 μg RNA was annealed to poly (A) linkers and reverse transcribed with a one-step 

cDNA Synthesis Kit (GenoSensor, Phoenix, AZ) according to manufacturer’s protocols. 

Real-Time SYBR green Master Mix was combined with amplified cDNA and validated 

Real Time primers for Drosophila let-7, miR-9a, miR-210, and U6 (GenoSensor, 

Phoenix, AZ). Real-Time amplification reactions were loaded into a 384-well plate and 

run on an ABI 7900 Real Time thermocycler with an initial denaturation of 15 mins at 

94°C, 30-45 cycles of denaturation at 94°C for 30 seconds, annealing at 59°C for 15 

seconds, and elongation 72°C for 30 seconds. Raw data was processed using a common 

threshold value. Fold changes were calculated with the delta delta Ct method using U6 as 

a housekeeping gene. 

 For mRNA analysis, RNA was isolated from 20 cephalic complexes (brain lobes 

and eye discs). Samples were from: wild-type day 0 3
rd

 instar larvae and day 4 lgl
27S3/E2S31

 

mutant 3
rd

 instar larvae. 1 μg of total RNA was used for template preparation as per 

manufacturer’s instructions, and hybridized to an Affymetrics 2.0 microarray gene chip. 

Gene-Chips were washed and stained in the Affymetrix Fluidics Station 400 and scanned 

using the Hewlett-Packard GeneArray Scanner G2500A. 
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Real Time PCR Array 

Total RNA was isolated from the MCF10A control and HUGL1 shRNA cell lines 

two weeks after transduction using the RNeasy kit from Qiagen (Valencia, CA).  Total 

RNA concentration and purity in the eluted samples was tested using a NanoDrop 

spectrophotometer (NanoDrop Technologies).  RNA quality was examined in 1% 

denaturing agarose gels and sharp bands of 18S and 28S ribosomal RNA were verified.  

Following RNA preparation, the samples were treated with DNase using the RNase-Free 

DNase Set (Qiagen) to ensure elimination of genomic DNA, and the extracted RNA was 

converted to cDNA using the RT
2
 First Strand Kit (Qiagen) following manufacturer’s 

instructions. cDNA was stored at −20°C until used for gene expression profiling. 

The RT
2
 Profiler PCR Array System (SABiosciences, Qiagen) was used to 

evaluate the cell lines for differential gene expression. The genes evaluated in this Breast 

Cancer RT PCR array include 84 genes with published roles in breast cancer 

carcinogenesis.  SYBR based Real-time PCR detection was carried out per the 

manufacturer's instructions. The array was cycled on an ABI 7900HT real-time cycler on 

the following program: 1 cycle of 10 minutes at 95°C followed by 40 cycles of 15 

seconds at 95°C and 1 minute at 60°C. Raw data were processed in ABI software using 

similar baseline and threshold values and exported to a template Excel file for analysis. 

Analyses of the raw CT values were conducted using the ΔΔCT method through the 

SABiosciences Data Analysis Web Portal (www.sabiosciences.com). Runs that did not 

pass quality control tests were eliminated and four replicates of each treatment were used 

for statistical analysis. 
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Microarray analysis, microRNA target matching and GO-term analysis 

Both microarrays (microRNA and mRNA) were analysed using the Bioconductor 

package in the R statistical software environment. For microRNAs, normalization was 

done between arrays and correlation was determined for technical replicates. 

Normalization was done for arrays on a comparison group basis (i.e., for the day 3 

lgl
1
/lgl

U334
 compared to day 0 wild-type only those two groups were normalized rather 

than all). For mRNAs, background correction and normalization was done using the 

robust-multichip-array (rma) algorithm (146). Data for both experiments were then fitted 

to separate linear models using the limma package (147), which calculated fold changes 

and p-values (using Benjamini-Hochberg multiple testing correction). 

 Computationally determined targets with good mirSVR scores and conservation 

across species were downloaded from microRNA.org (http://cbio.mskcc.org/microrna 

_data/fruitfly_predictions_S_C_aug2010.txt.gz). This list was filtered for the miRNAs of 

interest and the predicted targets were matched to mRNAs of interest. Upregulated miRNAs 

were matched only to downregulated mRNAs and vice versa. The targeting network was 

visualized using Cytoscape software version 2.8.3 (148). The Bingo plug-in (version 2.44) 

for Cytoscape was then used to compute enrichment for GO-terms of the miRNAs and 

mRNAs together (149). The background used for enrichment tests consisted of all 

miRNAs and predicted targets of the same aforementioned list from microRNA.org. 

Fisher exact tests were used with Benjamini-Hochberg multiple testing correction to 
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determine if groups of miRNAs / mRNAs were significantly associated with a specific 

GO-term. Only those with a corrected p-value of .05 or less were included in the results. 

 

Animal husbandry (maintenance and breeding) 

All animal experiments were conducted in accordance with the guidelines 

approved by the UA animal facility.  Animals were housed in groups of 4 in autoclaved 

sterile plastic cages with stainless steel lined tops.  Breeding animals were fed Global 

chow and weanlings and non-breeding animals were fed NIH31 chow.  Food was 

autoclaved and water was provided with sterile hydropacs.  Lighting was controlled for 

12 hours of light and 12 hours of dark and the room was kept at a constant temperature of 

22 °C.   

Breeding animals were crossed with two females to a male in one cage.  After 

mating, one female was separated from the group cage.  Babies were weaned from 

mother at three weeks of age, weighed, tail tipped (approximately .25 cm) for genotyping 

purposes, and separated by sex.   

 

Mouse genotyping  

Genomic DNA was isolated from tail tips with 400uL DNA lysis buffer 

containing 10mg/ml of fresh Proteinase K dissolved in buffer/glycerol.  Tails were 

incubated at 60°C overnight with agitation until tissue was digested completely.  200ul of 

6M NaCl was added to each microcentrifuge tube to precipitate lipids and protein.  Tubes 

were centrifuged at maximum speed for 10 minutes and supernatant containing DNA was 
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transferred to a new tube.  1 ml of 100% EtOH was added to precipitate DNA and tube 

was centrifuged to pelletize DNA.  DNA was washed with 70% EtOH and dried before 

being rehydrated in sterile ddH2O or TE Buffer.  Genotyping PCR reactions were carried 

out in 25 ul reactions using My Red Taq Mix (Bioline) in a 1:1 ratio with water for the 

master mix.  Primers are listed in Table 2.1.   

 

Table 2.1 Genotyping primers 

Primer name Sequence (5’ to 3’) 

Lgl_wildtype X (forward) CTAAGTGTAAGCAGGCTGGATGG 

Lgl_wildtype Y (reverse) TACCTTCATGAGGTGTCAAATATGG 

Lgl_neomycin Z (reverse) TGCCCAGTCATAGCCGAATAG 

Cre (forward) GCGGTCTGGCAGTAAAAACTATC 

Cre (reverse) GTGAAACAGCATTGCTGTCACTT 

 

Whole mounts  

The inguinal mammary glands were collected and fixed in a 1:3 solution of glacial acetic 

acid/100%, washed in series of ethanol washes, and defatted in acetone. The glands were 

rehydrated in series of ethanol washes, stained in 0.2% carmine/0.5% aluminum 

potassium sulfate solution and destained in ethanol. Images of the whole mounts were 

captured using a Leica MZFLIII dissection scope with an Optronics MagnaFire. 
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III.  HUGL1 AND HUGL2 IN MAMMARY EPITHELIAL CELLS: POLARITY, 

PROLIFERATION, AND DIFFERENTIATION. 

 

Note: The contents of this chapter were previously published in (150). 

 

Abstract 

Loss of epithelial polarity is described as a hallmark of epithelial cancer.  To determine 

the role of HUGL1 and HUGL2 expression in the breast, we investigated the localization 

in human mammary duct tissue and the effects of expression modulation in normal and 

cancer cell lines on polarity, proliferation and differentiation.  Expression of HUGL1 and 

HUGL2 was silenced in both MCF10A cells and Human Mammary Epithelial Cells and 

cell lines were grown in 2-D on plastic and in 3-D in matrigel to form acini.  Cells in 

monolayer were compared for proliferative and phenotypic changes while acini were 

examined for differences in size, ability to form a hollow lumen, nuclear size and shape, 

and localization of key domain-specific proteins as a measure of polarity.  

 

We detected overlapping but distinct localization of HUGL1 and HUGL2 in the human 

mammary gland, with HUGL1 expressed in both luminal and myoepithelium and 

HUGL2 largely restricted to myoepithelium.  On a plastic surface, loss of HUGL1 or 

HUGL2 in normal epithelium induced a mesenchymal phenotype, and these cells formed 

large cellular masses when grown in Matrigel.  In addition, loss of HUGL1 or HUGL2 

expression in MCF10A cells resulted in an increased proliferation on Matrigel, while 
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gain of HUGL1 expression in tumor cells suppressed proliferation.  Loss of polarity was 

also observed with knockdown of either HUGL1 or HUGL2, with cells growing in 

Matrigel appearing as a multilayered epithelium, with randomly oriented Golgi and 

multiple enlarged nuclei.  Furthermore, HUGL1 knock down resulted in a loss of 

membrane identity and the development of cellular asymmetries in Human Mammary 

Epithelial Cells.  Overall, these data demonstrate an essential role for both HUGL1 and 

HUGL2 in the maintenance of breast epithelial polarity and differentiated cell 

morphology, as well as growth control. 
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Introduction 

Changes in cell polarity are required to establish a multitude of cellular fates, 

including  differentiation, proliferation, migration, adhesion, and transformation of 

normal epithelium (107).  An extensive body of genetic and molecular research has 

identified three major protein complexes that function in a common pathway to regulate 

the establishment and maintenance of apicobasal polarity in epithelial tissues: Crumbs, 

Par and Scribble (Scrib, Lgl, Dlg) complexes [Reviewed in (20, 21)].  Responding to 

internal and external signals, these three complexes engage in an elegant interplay to 

create polar domains within the plasma membrane, separating it into apical and 

basolateral territories guarded by tight junctions. The Crumbs and Par complexes localize 

to the apical surface, promoting apical membrane identity, while the Scribble complex 

localizes to the basolateral surface, promoting basolateral membrane identity.  The 

complexes interact with one another through multiple protein-protein interaction sites and 

phosphorylation events that result in mutual exclusion of complexes from opposite 

domains (6, 12-14).  In an individual cell, membrane domains created by interactions 

between these protein complexes provide a framework for the positioning of other 

functional proteins throughout the membrane (21).  This is important for partitioning of 

growth factors and growth factor receptors (6, 19, 22) and it is also critical for the 

positioning of cell fate determinants in asymmetric stem cell division (23).  

Components of the Scribble complex are considered neoplastic tumor 

suppressors, as their mutations in Drosophila epithelial and neural tissues cause loss of 

apicobasal polarity, overproliferation, and a failure to differentiate with many 
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characteristics of metastatic growth including upregulation of proteases and increased 

invasive abilities (13).  Functional conservation from Drosophila to humans is evidenced 

by the ability of human HUGL1 to rescue the Drosophila loss of function phenotype 

when expressed exogenously (25).  Note that Lgl is designated as HUGL1 and HUGL2 in 

humans, Mgl1 and Mgl2 in mice and Lgl in flies. 

 

Biochemical experiments have identified Lgl as a cytoskeletal protein that 

localizes at the cortex and cytoplasm, containing multiple WD-40 motifs that are 

involved in protein-protein interactions and multiple serine residues that serve as sites of 

phosphorylation (27).  aPKC phosphorylates Lgl at these serine residues resulting in 

release from the cortex at the confluence of the two domains (15-18).  In addition, an 

increase in the efficiency of aPKC to phosphorylate Llgl2 induces a loss of polarity in 

MDCK cells (57).  Lgl has been shown to directly interact with nonmuscle myosin IIa 

and the t-SNARE, syntaxin 4, and has been implicated in protein trafficking to the 

basolateral membrane (29-31, 54).  Lgl has also been found to play a role in planar 

organization of the embryonic epidermis of Drosophila, an event dependent upon 

Disheveled and myosin (50). 

 

Loss of Lgl in non-mammalian model organisms has been correlated with a 

variety of phenotypes, including the disruption of apicobasal polarity and 

hyperproliferation, among others (10, 23, 33, 45, 151).  Of note, in Drosophila, these 

phenotypes appear to be tissue-restricted, and the promotion of polarity and suppression 
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of cell cycle are differentially regulated in different tissues (Grzeschik et al., 2007).  In 

mouse models, knockout of Mgl1 produces a neonatally fatal phenotype, with mice 

succumbing to hydrocephaly and neuroectodermal tumor formation in the brain (36).  In 

contrast, knockout of Mgl2 is not lethal, yet results in defective branching morphogenesis 

in the placenta (92).  According to this study, no role for Mgl2 as a tumor suppressor was 

observed, although the authors did not report evaluation of the mammary gland. Finally, 

in MDCK cells, both knockdown of Mgl2 and Mgl1/Mgl2 were reported to affect apical 

protein localization and polarization of cells in acinar culture (17).  Overall, these studies 

point to a general role for Mgl1 and Mgl2 in promoting apicobasal polarity in epithelial 

tissues. 

 

In mammary gland epithelium, loss of polarity occurs during the progression to 

neoplasia.  In a small study of primary breast tumors, 13 of 17 showed loss of HUGL1 

expression by RT-PCR (25).  HUGL1 has been implicated as a tumor suppressor in the 

progression of colorectal cancer, endometrial cancer and malignant melanoma (96).   In 

all three cancers, studies showed an inverse correlation between HUGL1 expression and 

tumor progression.  Reintroduction of HUGL1 into malignant melanoma cell lines 

resulted in increased adhesion, decreased invasive activity, downregulated MMPs and 

upregulated E-cadherin, supporting a role for HUGL1 in EMT suppression (95).  HUGL2 

expression is also lost in colorectal cancer and is downregulated in breast cancer, via 

ZEB1, a transcription factor that induces EMT (103).  These data indicate a possible role 
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for the loss of either HUGL1 or HUGL2 in the progression of mammary gland epithelium 

from well-ordered and polarized ductal structures to precancerous lesions.   

 

Given its conserved roles in growth suppression and polarity maintenance, we 

hypothesized that HUGL proteins were important in promoting mammary epithelial 

apicobasal polarity and a differentiated phenotype.  We have examined the role of HUGL 

in the maintenance of polarity in ductal epithelial cells of the human breast and found that 

HUGL1 and HUGL2 control apicobasal polarity, cell morphology, and proliferation.  

Overall, these data demonstrate an essential role for HUGL1 and HUGL2 in maintenance 

of breast epithelial polarity and cell morphology and suggest that it may function as a 

gatekeeper between a proliferative and differentiated state. 
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Results 

HUGL 1 and HUGL2 have restricted expression in breast epithelium and loss induces a 

mesenchymal phenotype  

 HUGL is a core member of the Scribble complex, and in Drosophila, lgl can 

affect cell polarity and proliferation, although these events appear to be differentially 

regulated in different tissues (152).  Proliferative defects in lgl mutants in Drosophila 

have raised interest in the possibility for HUGL to confer tumor suppressive properties in 

humans.  In humans, HUGL is represented by two genes, HUGL1 and HUGL2 which 

share 60% sequence homology, both of which are important for the function of the 

Scribble complex (17, 44).  To evaluate the role of HUGL1 and HUGL2 in breast tissue, 

we first evaluated normal breast tissue to determine whether each has distinct or 

overlapping expression in the luminal epithelium and myoepithelium.  While HUGL1 

was found in both the luminal and myoepithelium of the breast (Fig. 3.1, A), HUGL2 

appeared to be largely restricted to the myoepithelial layer (Fig. 3.1, B, arrows indicate 

myoepithelium, Figure 3.2).  
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Figure 3.1.  HUGL1 and HUGL2 inhibit mesenchymal phenotype.  Ductal epithelium 

from human breast was incubated with antibodies to either (A) HUGL1 (red), or (C) 

HUGL2 (red) and Keratin 18 (green), or (B) no primary antibody, secondary only 

control.  All sections were incubated with DAPI (blue).  Arrowheads indicate luminal 

epithelium and arrows indicate myoepithelium.  Stable knockdown was established in 

MCF10As and HMECs with transduction of (D and E) HUGL1, (H) HUGL2 or control 

shRNA lentiviral particles and selected with puromycin.  Protein lysates were isolated 

from cell lines, 20 μg of protein were separated by SDS PAGE and analyzed by 

immunoblot using the antibodies: anti-HUGL1, anti-HUGL2, anti-β actin (loading 

control), and anti-α tubulin (loading control).  Molecular weights are shown at right. 

MCF10A control shRNA cells (F) and HMEC control shRNA cells (I) retain parental 

cobblestone phenotype while HUGL1 shRNA cells (G and J) and shRNA HUGL2 cells 

(H) take on a mesenchymal phenotype on plastic after transduction.  Scale bar = 300 μm.   
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Figure 3.2.  Differential expression of HUGL1 and HUGL2.  3μm normal human 

mammary tissue sections were incubated with anti-HUGL1 (A, Alexa 594 secondary, 

red), anti-HUGL2 (B, Alexa 594, red) and anti-cytokeratin 18 (A and B, Alexa 488, 

green).  Single images were obtained at 400X on a Leica SP5 confocal microscope.  

Channels are separated to display differential expression of HUGL1 and HUGL2 in 

mammary tissue (C) HUGL1 (D) HUGL2 (E and F) cytokeratin 18 (luminal epithelial 

marker) (G and H) DAPI. 
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To evaluate the role of HUGL expression in mammary epithelium, HUGL1 and 

HUGL2 were each knocked down in either MCF10A cells (immortalized breast 

epithelium) or Human Mammary Epithelial Cells (HMECs, primary from breast 

reduction mammoplasty).  To silence HUGL expression, five different short hairpin RNA 

(shRNA) sequences each were generated for HUGL1 and HUGL2 and knockdown was 

optimized in MCF10A cells and HMECs.  Two shRNAs each for HUGL1 and HUGL2 

resulted in optimal knockdown and similar phenotypes (Fig. 3.1, D and E, data for second 

HUGL1 shRNA, not shown).  Effects of shRNA knockdown were specific to each 

paralog, as HUGL1 knockdown did not reduce HUGL2 expression or vice versa (Fig. 

3.1, D).  Subsequent to transduction, cells were selected with puromycin for one week 

before beginning experiments, and all experiments were performed on stably selected cell 

lines.  In MCF10A cells, transduction of control shRNA yielded cells with a typical 

cobblestone morphology (Fig. 3.1, F).  Notably, transduction of either HUGL1 or 

HUGL2 shRNA resulted in cells with mesenchymal phenotypes (elongated cells with 

extensive filopodia) (Fig. 3.1, G and H).  HUGL1 knockdown in HMECs resulted in a 

similar mesenchymal phenotype (Fig. 3.1, J).  
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HUGL1 and HUGL2 control acinar formation in Matrigel  

 We next investigated whether HUGL loss in breast epithelial cells (immortalized 

MCF10A) would alter their ability to form polarized acini.  To determine the effects of 

HUGL1 and HUGL2 protein loss on mammary epithelial polarity, MC (MCF10A-

shRNA control), MH11 (MCF10A-shRNA HUGL1-1), or MH2C (MCF10A-shRNA 

HUGL2-C) cells were seeded in matrigel (1.5 X 10
4
/ ml) and grown for 21 days as 

previously described (143).  Immediately upon seeding (day 2), MH11 cells formed 

similar size and number colonies to MC cells while MH2 cells appeared unable to thrive 

(Fig. 3.3, A, F, K, arrows).  By day 4, abortive structures could be observed in both 

MH11 and MH2Cs, but not in MCs (Fig. 3.3, B, G, L, arrowheads) (153).  These 

structures appeared to contain cells that survived in culture, yet did not expand to form 

acini.  At day 15, large unorganized acinar overgrowths were obvious in both MH11 and 

MH2C, but not MC and these continued to grow through day 21 (Fig. 3.3, D, E, I, J, N 

and O, arrows).   
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Figure 3.3.  HUGL1 and HUGL2 promote regulated acini formation.  Cells with 

stable expression of HUGL1-1 shRNA (MH11), HUGL2-C shRNA (MH2C) and control 

shRNA (MC) were cultured on matrigel in 8 chamber slides for 21 days and imaged at 

20X magnification by bright field.  Arrows indicate acinar structures and arrowheads 

indicate abortive structures (A-O).  Scale bar = 300 μm. 
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To evaluate the alterations to acinar size and structure that resulted from HUGL 

loss after 21 days of growth, slides were fixed in 2% paraformaldehyde (PFA) and 

incubated with 4',6-diamidino-2-phenylindole (DAPI) (Fig. 3.4, A-D).  The length of 

longest axis for every acinus in the field was measured in pixels (Fig. 3.4, A-D, arrows).  

For MH11, acinar size averaged 50% larger than MC (p < .001), while MH2C acinar size 

averaged 35% larger than MC (p < .001) (Fig. 3.4, E and F).  Analysis of acini revealed 

distinct lumen formation in MC cells, but acinar infilling in both MH11 and MH2C.  

Confocal imaging of acini through the equatorial section (focused on largest cross 

sectional area), revealed largely empty acinar centers in MC, but highly cellular centers 

in both MH11 and MH2C with a multilayered appearing acinar center (Fig. 3.4, G-I, 

arrows).  To quantify cellular infilling, the ratio of luminal to peripheral cells was 

determined by counting nuclei.  For MH11, luminal to peripheral nuclei averaged 70% 

greater than MC (p < .001) while MH2C luminal to peripheral nuclei averaged 53% 

greater than MC (p < .001) (Fig. 3.4, J and K).  Analysis of acinar size revealed a striking 

difference in nuclear size as well.  We observed increased nuclear size in MH11 and 

MH2C compared to MC, and this increase was seen in multiple cells within the acini 

(Fig. 3.4, L-Q, arrows).  Nuclear size was quantified by measuring the length of the 

longest nuclear axis in microns (Fig. 3.4, M, O, Q).  For MH11, nuclear size was 25% 

larger than MC (p <.001) while MH2C nuclear size was 11% larger than MC (p = .0018).  
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Figure 3.4.  HUGL1 and HUGL2 regulate acinar size, nuclear size and lumen 

formation.  Cells with stable expression of HUGL1-1 shRNA (MH11), HUGL2-C 

shRNA (MH2C) and control shRNA (MC) were grown in matrigel for 21 days, fixed 

with 2% PFA, and incubated with 4',6-diamidino-2-phenylindole (DAPI).  (A-D) Images 

were taken at 10X (scale bar = 300 microns) and acini were measured for length on 

longest axis in pixels.  Boxplots (E, F) reflect quantification of acinar size.  For each 

experiment, boxplots reflect data from one of three trials producing similarly significant 

results.  Arrows point to acini reflective of mean.  (G-I, L-Q) Cross-sectional confocal 

images were taken of each acinus at 630X on a Leica confocal microscope.  (G-I) A ratio 

of luminal nuclei/peripheral nuclei was calculated for each acinus to quantify infilling of 

the lumen.  Arrows indicate luminal nuclei.  (J-K) Boxplots reflect quantification of 

luminal infilling.  (L-Q) Nuclear size was measured via length on longest axis in microns.  

White boxes outline magnified area (L, N, P).  Nuclear measurements (M, O, Q) were 

recorded for each acinus and the largest value for each acinus was used to generate 

boxplots (R, S).  Two-tailed Student’s t tests were performed to calculate p values.  Scale 

bars indicate size in microns. 
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HUGL1 and HUGL2 inhibit proliferation in normal and transformed cells 

 As loss of HUGL dramatically affected acinar size in MCF10A cells, we next 

evaluated effects of HUGL expression on proliferation and/or apoptosis.  MC, MH11, 

and MH2C were grown in matrigel for 8 days, fixed, and analyzed by 

immunofluorescence for Ki-67 (marker of proliferation) and cleaved caspase 3 (marker 

of apoptosis).  Quantification of Ki-67 positive nuclei revealed a 71% increase in MH11 

versus MC (p < .001) and a 77% increase in MH2C versus MC (p < .001) (Fig. 3.5, A 

and B).  Alternatively, analysis of the number of acini with active cleaved caspase 3 

revealed a similar number of acini with caspase activity between MC and either MH11 

and MH2C (Table 3.1).   
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Table 3.1.  Cleaved caspase 3 stained images of single acini were scored as either 

cleaved caspase positive or cleaved caspase negative.  Categorical data on apoptotic 

activity were compared with 2 X 2 contingency tables and statistical significance was 

calculated with a Fisher’s exact test.  

 

Cell Line CC 3 

active 

CC 3 

inactive 

n % active 

caspase 

Fisher’s 

exact test 

Control shRNA (MC) 56 10 66 85%  

HUGL1 shRNA 

(MH11) 

27 10 37 73% p = 0.1943 

HUGL2 shRNA 

(MH2C) 

27 8 35 77% p = 0.4144 
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Interestingly, the localization of Ki-67 and cleaved caspase 3 was also altered 

with loss of HUGL.  In control cells, Ki-67 positive cells were restricted to the periphery 

(Fig. 3.5, C, D, E, arrow) and cleaved caspase 3 positive cells were restricted to the 

lumen in MC cells (Fig. 3.5, C, D, E, arrowhead); this was not the case with loss of 

HUGL1 or HUGL2.  With MH11, Ki-67 and cleaved caspase 3 positive cells could be 

seen throughout the acini centers and peripheries (Fig. 3.5, F, G, H). 
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Figure 3.5.  HUGL1 inhibits proliferation.  Cells with stable expression of HUGL1 

shRNA (MH11), HUGL2 shRNA (MH2C) and control shRNA (MC) were grown in 

matrigel for 8 days, fixed with 2% PFA, permeabilized, and incubated with anti-Ki 67 

(proliferation) and/or anti- cleaved caspase 3 (apoptosis) antibodies.  Cells were then 

incubated with secondary antibodies conjugated to immunofluorescent fluorophores 

(Alexa 488, 647).  Acini were imaged with a Leica confocal microscope to obtain cross-

sectional images from the equatorial section at 630X.  (A-B) Number of nuclei with Ki-

67 activity was counted per acinus.  For each experiment, boxplots reflect one of three 

trials producing similar statistically significant results.  (C-H) Acini were 

immunofluorescently labeled for Ki-67 (fuschia, arrows) and cleaved caspase 3 activity 

(green, arrowheads).  Scale bars indicate size in microns.  (I) Re-expression of HUGL1 in 

breast cancer cell line MDA-MB-453 was established with stable transfection of a fusion 

protein construct, pEGFP-HUGL1 (453HUGL1).  Control lines were transfected with 

empty vector pEGFP-C1 (453C1).  20 μg of protein lysate was separated by SDS PAGE 

and analyzed by immunoblot, probing for either anti-HUGL1 (top panel), anti-β actin 

(middle panel) or anti-GFP (bottom panel).  Note that EGFP-HUGL1 is a fusion protein 

and is 144 KDa.  Molecular weight is shown at right.  (J) 453C1 and 453HUGL1 were 

grown for 3 days and analyzed by (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay.  Statistics were performed with two-tailed Student’s t test.  ** p 

value < 0.01 
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 We next evaluated the effects of HUGL on cell proliferation in 2-D, as measured 

by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In 

contrast to what was observed on Matrigel, this analysis revealed no difference in growth 

between MC and MH11 (data not shown).  To determine if HUGL1 expression could 

slow highly proliferative transformed cells, we took a gain of function approach and 

performed an MTT assay on MDA-MB-453 metastatic breast cancer cells, which lack 

endogenous HUGL1 expression.  Cells were transfected with either a pEGFP-HUGL1 or 

a pEGFP-Control1 expression construct and selected with G418.  Analysis of cells by 

GFP or HUGL1 antibodies demonstrated an induction of HUGL1 expression in 453-

HUGL1 cells (Fig. 3.5, I).  We found that 453-HUGL1 cells showed a 2-fold decrease in 

proliferation after 3 days compared to controls (Fig. 3.5, J).  These data demonstrate that 

HUGL inhibits proliferation in MCF10A cells in an extracellular matrix-dependent 

manner, while effects on cancer cells are not dependent upon signals from the 

extracellular matrix. 
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HUGL1 controls polarity in mammary epithelial cells 

 To determine how loss of HUGL affects epithelial polarity during acini 

formation, markers of polarity were evaluated, including GM 130 (apical marker), 

Laminin V deposition (basal marker), and overall cellular structure (phalloidin to localize 

F actin).  F-actin localization revealed uniform cytoskeletal structure of individual cells 

and a hollow lumen in MC acini (Fig. 3.6, A).  Alternatively, in MH11 acini, cytoskeletal 

structure was irregular and multiple lumens could be observed (Fig. 3.6, B and C).  Next, 

cells were incubated with an antibody to GM 130, which revealed apical presentation of 

the Golgi facing the single lumen in MC acini (Fig. 3.6, D, arrows).  Alternatively, in 

MH11 acini, which lacked a single defined lumen, Golgi were oriented in a disorganized 

fashion (Fig. 3.6, E and F, arrows), indicating disruption of planar polarity.  Finally, 

basement membrane deposition (Laminin V) in MC acini was exclusively basally 

localized, forming a ring on the outer edge of each acinus (Fig. 3.6, G, arrows).  

Alternatively, basement membrane deposition in both MH11 and MH2C was haphazard 

and could be found both basally (Fig. 3.6, H and I, arrows) and throughout the inside of 

the acini (Fig. 3.6, H and I, arrowheads).  The localization of Laminin V revealed a 

multilayer epithelial morphology reminiscent of that described previously in Drosophila 

mutants (154).  The number of polarized versus unpolarized acini (based on Laminin V 

deposition) was quantified and, although greater than 90% of MC acini were polarized, 

less than 40% of either MH11 or MH2C were polarized (Table 3.2). 
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Figure 3.6.  HUGL regulates apicobasal polarity and lumen formation.  Cells with 

stable expression of HUGL1 shRNA (MH11), HUGL2 shRNA (MH2C) and control 

shRNA (MC) were cultured in matrigel for 21 days, fixed with 2% PFA, permeabilized, 

and incubated with primary antibodies marking apical (anti-GM130, red), cytoskeletal 

(anti-phalloidin, yellow), or basal (anti-Laminin V, green) domains followed by 

fluorescently labeled secondary antibodies (FITC, Alexa 488, or Alexa 647).  Slides were 

mounted with antifade mounting media containing DAPI.  Acini were imaged with a 

Leica confocal microscope to obtain equatorial cross sectional images of their 

morphology.  (A-I) All images were taken at 630X using internal zoom.  Subsections of 

B and E (white boxes) magnified in C and F.  Scale bars indicate size in microns. 
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Table 3.2.  Polarized localization of Laminin V is lost with HUGL knockdown.  

Laminin V localization within acinar structures was scored as polarized (exclusively 

basal) or unpolarized (apical or luminal localization) and statistical significance was 

calculated using 2 X 2 contingency tables and Fisher’s Exact test.  Data in table is 

reflective of one of three trials producing similar statistically significant results. 

 

Cell Line LamV 

polarized 

LamV 

unpolarized 

n % 

polarized 

Fisher’s 

exact test 

Control shRNA (MC) 51 3 54 94% 
 

HUGL1 shRNA 

(MH11) 
23 38 61 38% 

p < 0.0001 

Control shRNA (MC) 40 3 43 93% 
 

HUGL2 shRNA 

(MH2C) 
11 26 37 30% 

p < 0.0001 
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 MCF10A cells, while able to form polarized acini in matrigel, do not form tight 

junctions (155).  Therefore, to fully analyze alterations in apicobasal polarity, we also 

investigated the role of HUGL1 in Human Mammary Epithelial Cells (HMECs).  

HMECs were transduced with either control shRNA or HUGL1 shRNA-1 lentiviral 

particles, selected with puromycin, and knockdown was verified by immunoblot (Fig. 

3.1, E).  Within four days of transduction, cells were seeded in matrigel and allowed to 

grow for 6 to 10 days.  Immediately upon seeding (day 2), control cells formed similar 

size and number of colonies to knockdown cells (Fig. 3.7, A and E, arrowheads), 

although small filopodic projections were visible in knockdown acini but not controls 

(Fig. 3.7, B and F, arrows).  By day 6, large colonies of cells were observed in both 

control and HUGL1 knockdown, although the HUGL1 knockdown colonies appear less 

organized than the controls (Fig. 3.7, C and G, arrowheads).  Specifically, most control 

acini had grown into discrete round colonies by this time, while knockdown colonies 

were less uniform, formed vacuoles, and formed clusters of smaller masses (Fig. 3.7, D 

and H, arrows).   

 To analyze apicobasal polarity in HMECs, localization of MUC1 (apical marker) 

Integrin α6 (basolateral marker), Laminin V deposition (basal marker) and DAPI nuclear 

stain was performed using four channel confocal microscopy.  Cytoskeletal structure of 

F-actin was evaluated by phalloidin.  In both wild type HMECs and shRNA control 

HMECs, apicobasal polarity was observed, with MUC1 (green) in the apical membrane 

(Fig. 3.7, I, J, M N, arrows), and Laminin V (red) and Integrin a6 (purple) at the 

basement membrane (Fig. 3.7, I, J M, N, arrowheads indicate Laminin V). Evaluation of 
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the actin cytoskeleton in control acini highlighted an acinar structure with cells forming 

cell-cell adhesions around a central lumen (Fig. 3.7, R).  Alternatively, knockdown of 

HUGL1 expression resulted in loss of a central lumen, as shown by actin localization 

(Fig. 3.7, S and T).  Significantly, transmembrane proteins were no longer restricted to 

the apical or basolateral surfaces in the HUGL1 knockdown (Fig. 3.7, L, M, P, Q).  With 

loss of HUGL1, MUC1 (green) and Integrin α6 (purple) were found colocalized (white) 

at multiple membrane surfaces (Fig. 3.7, K and O, arrows).  Distinct Laminin V 

deposition was still observed relative to the cells (Fig. 3.7, K, L, O, P, arrowheads), and 

frequently appeared as fingerlike projections into the matrigel (Fig. 3.7, P, arrowhead).  

In addition, clusters of cells, as opposed to forming acini, formed structures in which 

clumps of cells appeared to be migrating away from the Laminin V deposition (Fig. 3.7, 

K and O).  Note that acini formation in HMECs was highly irregular and variable, 

therefore localization of polarity markers was not quantified.  To demonstrate this 

variability, images K, L, O, and P from Figure 3.7 are replicate examples of structures 

formed in HUGL1 knockouts. 
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Figure 3.7.  HUGL1 regulates membrane domain formation in HMECs.  Control 

shRNA and HUGL1 shRNA HMECs were cultured in matrigel for 6 days and imaged by 

bright field at 20X at day 2 and day 6 of growth.  White boxes in A, C, E, and G outline 

areas magnified in B, D, F, and H.  Wild type, control shRNA, and HUGL1 shRNA 

HMECs (I-T) were cultured in matrigel for 6-10 days, fixed in 2% PFA, permeabilized, 

and incubated with primary antibodies to apical (anti-MUC1, green, I-P), basolateral 

(anti-Integrin α6, purple, I-P) and basal (anti-Laminin V, red, I-P) or cytoskeletal (anti-

phalloidin, green, Q-T) domains followed by fluorescently labeled secondary antibodies 

(FITC, Alexa  488, 594, 647).  Slides were mounted with antifade mounting media 

containing DAPI.  Acini were imaged with a Leica confocal microscope to obtain 

equatorial cross-sectional images of their morphology at 630X.  Arrows in I, J, K and O 

indicate MUC 1 localization.  Arrowheads in K, L, M, N, O, and P indicate Laminin V 

localization.  Scale bars indicate size in microns. 
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Discussion 

We have investigated the role of HUGL1 and HUGL2 in human breast epithelial 

cells and discovered that loss of either of these proteins from the  mammary epithelium 

alters polarized 3-D acinar formation in matrigel, resulting in a multi-layered tissue 

phenotype with random polarization of individual cells and loss of apical and basolateral 

membrane distinctions.  These changes were associated with an increase in proliferation 

when epithelial cells are grown in a 3-dimensional extracellular matrix, but not when 

cells are grown on plastic.  Alternatively, tumor cells grown on plastic in which HUGL1 

expression has been exogenously restored, exhibit a decrease in proliferation.  Loss of 

HUGL1 and HUGL2 is also associated with the induction of a phenotypic EMT.  Overall, 

these results indicate that HUGL1 and HUGL2 promote a cellular program of polarized 

differentiation in mammary epithelium, and that their loss may allow for a proliferative 

mesenchymal fate to predominate. 

 

While HUGL1 and HUGL2 knockdown in MCF10A cells resulted in similar 

phenotypes, all phenotypes were stronger in the HUGL1 knockdown.  HUGL1 and 

HUGL2 also appear to have differential expression in breast epithelium.  The difference 

in HUGL paralog expression between luminal cells and basal cells in the mammary 

epithelium indicates that they may have distinct roles in these two cell types, while 

maintaining similar abilities to drive polarity (92).  They also do not appear to be able to 

compensate for one another, as they do not both need to be knocked down to observe the 

phenotype. HUGL1 is expressed in both luminal and myoepithelial cells, while HUGL2 
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is predominantly expressed in myoepithelial cells, indicating a basal-cell specific 

function for HUGL2.  In addition to loss of polarity and acinar overgrowth, we observed 

enlarged nuclei in the knockdown acinar structures. Alterations in nuclear size and shape 

remain a gold standard in cancer diagnosis, yet no solid mechanistic conclusions have 

been reached to explain the molecular basis of nuclear deformation in cancer cells (156).   

 

The observation of altered Laminin V deposition in acini in the HUGL1 and 

HUGL2 knockdown cells is a phenotype that also can be induced by the constitutive 

activation of T-24 H-Ras resulting in the formation of tumors in immune-compromised 

mice (157, 158). A possible mechanism for this Laminin V mislocalization is a disruption 

of vesicle trafficking to the basal membrane.  It has been previously shown that 

overexpression of aPKCζ can interrupt polarization of mammary cells in 3-D culture and 

cause acinar overgrowths (159).  Similarities between HUGL1 and HUGL2 loss and 

oncogene overexpression indicate that HUGL driven polarity may be important in tumor 

suppression and future work will address this possibility. Overall, these studies 

demonstrate that HUGL1 and HUGL2 are key components of the polarity and 

differentiation program in mammary gland epithelium. 
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IV. MIR-9A  MEDIATES LGL’S ROLE AS AN EPITHELIAL GROWTH INHIBITOR 

IN DROSOPHILA. 

 

Note: Figure 4.1 was prepared by Daniela Zarnescu and Figures 4.2 - 4.5 were prepared 

by Scott Daniel. 

 

Abstract  

lethal giant larvae (lgl) encodes a conserved tumor suppressor with established 

roles in cell polarity, asymmetric division, and proliferation control. Lgl’s human 

orthologs HUGL1 and HUGL2 are altered in human cancers, however, its mechanistic 

role as a tumor suppressor remains poorly understood. Based on a previously established 

functional connection between Lgl and FMRP, a miRNA associated translational 

regulator, we hypothesized that Lgl may exert its role as a tumor suppressor by 

interacting with the miRNA pathway. Consistent with this model we found that lgl is a 

dominant modifier of Argonaute1 overexpression in the eye neuroepithelium. Using 

microarray profiling we identified a core set of ten miRNAs that are altered throughout 

tumorigenesis in lgl mutants in Drosophila. Among these are several miRNAs previously 

linked to human cancers including miR-9a, which we found to be downregulated in lgl 

neuroepithelial tissues. To determine whether miR-9a can act as an effector of Lgl in 

vivo, we overexpressed it in the context of lgl knockdown by RNAi and found that miR-

9a is sufficient to rescue the overgrowth phenotype caused by Lgl loss in epithelia. 

Furthermore, cross-comparisons between miRNA and mRNA profiling in lgl mutant 
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tissues and human breast cancer cells identified thrombospondin (tsp) as a common factor 

altered among the fly and human breast cancer tumorigenesis models. Our work provides 

the first evidence of a functional connection between Lgl and the miRNA pathway, 

demonstrates that miR-9a mediates Lgl’s role in restricting epithelial proliferation and 

provides novel insights into pathways that Lgl may control during tumorigenesis. 
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Introduction 

lethal giant larvae (lgl) encodes a conserved tumor suppressor with established 

roles in cell polarity and proliferation control (5, 6, 160, 161). Loss of lgl leads to 

invasive neural and epithelial tumors accompanied by lethality at the third instar larval 

stage in Drosophila (2). Neural stem cells lacking functional lgl self-renew but fail to 

differentiate, resulting in stem cell tumors (8, 9). In various types of epithelial cells in 

Drosophila, lgl, along with discs-large (dlg) and scribbled (scrib), is involved in apico-

basal polarity by controlling the appropriate localization of basolateral proteins and 

adherens junctions (154). Although loss of polarity and overproliferation are separable, 

overall, in the absence of lgl, epithelial cells lose their monolayer structure as well as the 

ability to terminally differentiate and instead, overproliferate into neoplastic tumors with 

invasive characteristics (4-7). In neural stem cells Lgl has been shown to interact with 

and antagonize the atypical protein kinase C (aPKC)/PAR polarity complex to control 

apico-basal polarity (162). Recently, clonal analyses have demonstrated that Lgl loss 

deregulates the Salvador/Warts/Hippo tissue growth control pathway, leading to ectopic 

growth and escape from apoptosis (161).  

lgl orthologs have been found in many different species including yeast, worms, 

mice, and humans (31). In mice and humans there are two paralogs each, known as 

mlgl1/mlgl2 and HUGL1 /HUGL2, respectively. The exogenous expression of the human 

protein, HUGL1, in flies can rescue the lethality caused by an lgl null mutation, which 

demonstrates functional conservation across species (25). Knock-out of the mouse 

ortholog, mlgl1, results in neuroectodermal tumors and neonatal lethality (36), whereas 
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knock-out of mlgl2 causes a branching morphogenesis defect during placental 

development (163).  

In recent years, aberrant localization and/or reduced expression for either HUGLl 

or HUGL2 have been reported in several epithelial cancers including cancer of the breast, 

stomach, colon, ovary, prostate, skin, and endometrium (25, 93-98). In addition, the locus 

that contains HUGL1 (at 17p11.2) is deleted in cases of medulloblastoma (99) and has 

also been reported lost in early stages of breast cancer (100) as well as chromosomally 

unstable colon cancers (101). These correlations suggest that in humans, Lgl orthologs 

may also act as tumor suppressors. Indeed, recent experiments with human breast cancer 

cells further support this notion, reporting transcriptional regulation of HUGL2 by 

SNAIL1 and revealing that HUGL2 is a driver of the mesenchymal to epithelial transition 

(122). Recently, we demonstrated a role for both HUGL1 and HUGL2 in maintaining 

polarity and growth control in human mammary epithelium (150). We found that while 

HUGL1 and HUGL2 inhibited epithelial to mesenchymal transition, they also promoted 

anoikis and polarity in 3-dimensional cultures as well as inhibited growth of breast cancer 

cells.  

Using genetic interaction experiments in Drosophila we have previously 

identified lgl as a dominant modifier of Fragile X protein (FMRP) (53), an RNA binding 

protein implicated in the microRNA (miRNA) pathway (51, 164). FMRP exhibits 

physical as well as genetic interactions with Argonaute 1(AGO1), a core component of 

the miRNA machinery, which regulates the processing of mature miRNAs (82). Given 

the functional connection between Lgl and FMRP, we hypothesized that Lgl may exert its 
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role as a tumor suppressor by regulating the expression of specific miRNAs. These are 

noncoding RNAs that can control gene expression by inhibiting mRNA translation or by 

degrading transcripts (72). Recently, a large body of evidence has emerged linking 

dysregulation of miRNA expression to the development and progression of tumors, with 

miRNAs acting as both oncogenes and tumor suppressors (reviewed in 75). For example, 

let-7 has multiple cancer-relevant mRNA targets, including those involved in 

proliferation, differentiation, and stem cell maintenance (reviewed in 165). This miRNA 

is highly conserved across species (166) and loss of its expression has been documented 

in many types of cancer, including breast cancer (167-170). let -7 and several other 

miRNAs are currently being investigated for potential use as cancer therapeutics (76-80).  

 Here, using Drosophila as a model we found that lgl loss of function suppresses 

the AGO1 overexpression phenotype in the eye, consistent with a functional link between 

Lgl and the miRNA pathway. Next, we used microarray profiling to identify miRNAs 

that are misexpressed in neural and epithelial tissues of the eye-antennal imaginal discs at 

different stages of tumor growth in lgl loss of function mutants. lgl mutant larvae are 

normal sized at the onset of the third instar stage, however at the end of this 

developmental stage and while wild-type larvae enter pupation, lgl larvae continue to 

grow and accumulate large, invasive imaginal disc as well as brain tumors (2, 3). Thus 

the fly provides a unique model of in vivo tumorigenesis, whereby neural and epithelial 

tissues undergo transformation within a few days and importantly, recapitulate several 

features of metastasis (2, 151). We performed our profiling experiments at three different 

time-points: at tumor onset, during tumor growth, and at metastasis. From these 
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expression profiles, we identified several miRNAs that are dysregulated in lgl tumors. 

Notably, several of the miRNAs we found to be misexpressed in lgl mutant tissues have 

also been linked to human cancers, including let-7 (165), miR-9 (171-173) and miR-210 

(174). To evaluate the physiological significance of our findings we began by testing 

whether miR-9a can modulate lgl’s phenotypes in vivo. Consistent with it being 

downregulated in lgl mutant tumors, miR-9a overexpression rescues the overgrowth 

phenotype caused by lgl loss of function in the wing epithelium. Although the precise 

mechanism of these genetic interactions remains to be established, here we provide the 

first evidence of a functional connection between Lgl and the miRNA pathway in vivo. 

Our data show that miR-9a mediates at least some aspects of Lgl’s role in tumor 

suppression.  

 When comparing the miRNAs that are dysregulated throughout the tumorigenesis 

process, we identified a subset of ten miRNAs that are consistently misexpressed. This 

core set of miRNAs was further compared to mRNA expression changes in the same 

neuroepithelial tissues, late in tumorigenesis. Using cross-comparisons between miRNA 

and mRNA profiling data we further identified a set of 38 mRNAs that are predicted to 

be in vivo targets of the core set of ten miRNAs dysregulated in lgl tumors. GO term and 

Cytoscape analyses of these mRNAs pinpoint to both established and novel pathways 

being involved in Lgl mediated tumor progression. To further determine the significance 

of our findings in the fly model we identified mRNAs that are altered in an in vitro model 

of cancer based on HUGL1 knock-down in human breast epithelia. When compared with 

the gene expression profiling in the fly model, we found that thrombospondin (tsp) is a 
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common factor altered between the fly and human models of tumorigenesis used in our 

studies. This finding underscores the significance of our combined approach and provides 

new insights into Lgl’s role as a tumor suppressor. 
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Results 

lgl interacts genetically with the miRNA pathway 

We have previously shown that Lgl and Fragile X protein (FMRP), an RNA 

binding protein known as a regulator of the miRNA pathway form a functional protein 

complex (53, 82). These findings led us to hypothesize that Lgl may also be involved in 

regulating the miRNA pathway. To test this possibility, we conducted genetic interaction 

experiments between ago1 a core component of the miRNA machinery and lgl in the 

Drosophila neural epithelium. We have previously shown that overexpression of AGO1 

in the developing retina leads to a rough eye phenotype accompanied by depigmentation 

(Fig. 4.1A) (82). Here, using three independent alleles, i.e., lgl
1
, lgl

4
 and lgl

U334
, we found 

that lgl loss of function can dominantly suppress the eye phenotype due to AGO1 

overexpression (Fig. 4.1). These data support our hypothesis and suggest that lgl may 

modulate the output of the miRNA pathway in vivo.   
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Figure 4.1.  lgl interacts genetically with Argonaute 1 (AGO1) in the eye 

(A) Overexpression of AGO1 using GMR-Gal4 results in a rough eye phenotype. (B-D) 

three independent alleles of lgl, namely lgl
1
, lgl

4
 and lgl

U334
 can dominantly suppress the 

GMR>AGO1 phenotype. Genotypes as indicated. 
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Loss of lgl leads to misexpression of specific miRNAs  

Given the genetic interactions between Lgl and components of the miRNA 

pathway (Fig. 4.1), we sought to identify miRNAs that are misexpressed in lgl mutant 

tissues and thus may provide novel insights into Lgl’s function as a tumor suppressor. To 

this end, we dissected larval cephalic complexes (i.e., brains and the eye-antennal 

imaginal discs, which undergo transformation due to loss of lgl) from third instar larvae 

at three different time points of relevance to the tumorigenesis process in vivo. The first 

time-point corresponds to the late third instar larval stage (Day 0 in our study), when lgl 

mutant tissues appear relatively normal, with no signs of overproliferation or loss of 

polarity compared to wildtype (Fig. 4.2A, B). For the second time-point, we analyzed lgl 

mutant larvae three days later (Day 3 in our study) when they appear overgrown and their 

tissues exhibit visible malformations (Fig. 4.2C). The third and final timepoint was 

chosen after five days (Day 5 in our study) when lgl mutants appear grossly bloated and 

are filled with tumors that eventually kill the larvae (see Fig. 4.2D for cephalic complexes 

at Day 5). Since normal larvae enter pupation after 24 hours in the third instar stage, for 

the second and third timepoints no wildtype controls were available for comparison, thus 

the Day 0 wildtype was used as a control throughout. In these studies we compared 

lgl
1
/lgl

U334
 mutants to a genomic rescue line as wildtype control (P[lgl

+
];lgl

1
/lgl

U334
).  

 To identify miRNAs that are misexpressed in lgl mutant tissues both before and 

after the onset of aberrant tissue growth we probed miRNA microarrays with labelled 

miRNAs isolated from lgl mutants or controls. Three biological replicates (three technical 
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replicates each) were performed. After normalization, differences in the expression of 

miRNAs were fitted to a linear model that was then used to calculate fold change and 

statistical significance. Significantly dysregulated miRNAs were determined based on a P 

value cut-off of 0.05 calculated using the Benjamini-Hochberg multiple testing correction 

(175). Out of 147 miRNAs, we found 38 miRNAs dysregulated in lgl mutants compared to 

controls at Day 0, 22 at Day 3 and 58 at Day 5 (Table 4.1). Of these, a core set of 10 

miRNAs was found to be consistently dysregulated across all time-points: let-7, miR-210, 

miR-9a, miR-275, miR-1, miR-993, miR-100, miR-1004, miR-980 and miR-317 (Fig. 4.2E).  
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Figure 4.2 – lgl brain tissue and dysregulated miRNAs 

(A-D) Cephalic complexes and ventral ganglia of 3
rd

 instar larvae. (A) Day 0 of control’s 

3
rd

 instar. (B-D) lgl mutants do not pupate as normal, day 0, 3, and 5 of lgl 3
rd

 instar are 

shown. (E) Graph of up- and down-regulated microRNAs from microarrays done on 

tissue from the brains shown in (A-D). Log of fold-change (logFC) is estimated from a 

linear model of the expression values as computed by the microarray analysis package, 

limma. The microRNAs here represent ones that were dysregulated across all time-points 

for mutants, when compared to controls. All microRNAs shown were found to be 

significantly dysregulated with a p value < 0.05. 
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 Table 4.1 - Dysregulated miRNAs in 0, 3, and 5 day lgl mutants  

 

 
0 day lgl

1
/lgl

U334
 compared to 0 day P[lgl

+
];lgl

1
/lgl

U334 

ID logFC AveExpr t P.Value adj.P.Val B 

dme-let-7 -1.1952 7.8836 -19.0271 1.18E-13 2.71E-11 21.5407 

dme-miR-210 -1.4933 8.6508 -10.6996 2.19E-09 2.50E-07 11.5605 

dme-miR-34 1.1900 8.4691 9.8950 7.61E-09 5.81E-07 10.2787 

dme-miR-125 -0.4540 7.3833 -9.6771 1.08E-08 6.19E-07 9.9188 

dme-miR-100 -0.4843 7.4360 -8.7235 5.34E-08 2.45E-06 8.2755 

dme-miR-277 0.6403 8.4971 8.3621 1.01E-07 3.85E-06 7.6226 

dme-miR-11 -0.5808 10.3621 -8.1093 1.59E-07 5.19E-06 7.1559 

dme-miR-1010 -0.6484 8.6646 -7.1498 9.61E-07 2.75E-05 5.3064 

dme-miR-965 -0.4585 7.9763 -6.6570 2.54E-06 6.47E-05 4.3087 

dme-miR-317 0.5697 10.3094 5.7691 1.59E-05 3.65E-04 2.4334 

dme-miR-993 -0.2770 7.9174 -5.6604 2.01E-05 4.18E-04 2.1972 

dme-miR-279 -0.5175 10.6893 -5.4195 3.37E-05 6.43E-04 1.6701 

dme-miR-14 1.2090 10.1930 5.2976 4.39E-05 7.73E-04 1.4012 

dme-miR-927 -0.3746 8.0153 -5.1404 6.19E-05 1.01E-03 1.0525 

dme-miR-275 -0.6774 8.5163 -5.1011 6.75E-05 1.03E-03 0.9650 

dme-miR-34-pre 0.2323 7.4936 4.8206 1.25E-04 1.80E-03 0.3373 

dme-miR-999 -0.5340 8.4509 -4.7458 1.48E-04 2.00E-03 0.1692 

dme-miR-1012 -0.2284 7.5795 -4.7126 1.60E-04 2.03E-03 0.0945 

dme-miR-133 0.5622 8.2516 4.2154 4.87E-04 5.88E-03 -1.0285 

dme-miR-9a -0.6381 12.4448 -4.1853 5.22E-04 5.97E-03 -1.0965 

dme-miR-980 0.3377 7.5321 3.9963 8.00E-04 8.72E-03 -1.5235 

dme-miR-289 0.3944 7.7972 3.9165 9.58E-04 9.97E-03 -1.7032 

dme-miR-278 0.3375 7.8889 3.8583 1.09E-03 1.09E-02 -1.8343 

dme-miR-iab-4-pre -0.1231 7.5461 -3.8222 1.19E-03 1.13E-02 -1.9154 

dme-miR-9b -0.3932 9.8743 -3.7644 1.35E-03 1.24E-02 -2.0451 

dme-miR-1004 0.2648 7.7865 3.6919 1.59E-03 1.40E-02 -2.2074 

dme-miR-31a 0.2381 8.4021 3.6274 1.84E-03 1.51E-02 -2.3513 

dme-miR-14-pre 0.1649 7.5567 3.6258 1.85E-03 1.51E-02 -2.3549 

dme-miR-276a -0.7282 13.1731 -3.5503 2.19E-03 1.73E-02 -2.5229 

dme-miR-2b 0.4380 13.0940 3.4440 2.78E-03 2.13E-02 -2.7584 

dme-miR-966 0.1820 7.7112 3.3724 3.27E-03 2.42E-02 -2.9160 

dme-miR-276b -0.7424 13.0213 -3.2932 3.90E-03 2.79E-02 -3.0895 

dme-miR-1 0.3115 10.8684 3.2351 4.45E-03 3.04E-02 -3.2161 

dme-miR-277-pre -0.1384 7.2567 -3.2289 4.51E-03 3.04E-02 -3.2296 

dme-miR-281 0.1770 7.3492 3.1949 4.86E-03 3.18E-02 -3.3032         
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dme-miR-995 0.4377 9.7921 3.0419 6.82E-03 4.26E-02 -3.6322 

dme-miR-1003 -0.1830 7.5222 -3.0380 6.88E-03 4.26E-02 -3.6404 

dme-miR-958 0.2199 7.5380 2.9535 0.0082866 0.04993776 -3.8198 
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3 day lgl
1
/lgl

U334
 compared to 0 day P[lgl

+
];lgl

1
/lgl

U334 

ID logFC AveExpr t P.Value adj.P.Val B 

dme-let-7 -1.0533 8.3673 -

14.9044 

2.67E-12 6.12E-10 18.2895 

dme-miR-980 0.8383 7.9187 12.5812 5.80E-11 6.65E-09 15.1453 

dme-miR-9a -0.8635 13.1862 -9.5281 7.03E-09 5.16E-07 10.2232 

dme-miR-210 -0.9062 9.3872 -9.3865 9.01E-09 5.16E-07 9.9692 

dme-miR-317 0.9628 11.0489 8.5210 4.31E-08 1.97E-06 8.3612 

dme-miR-263b -0.5700 9.6784 -7.5657 2.72E-07 1.04E-05 6.4723 

dme-miR-275 -0.7146 8.9456 -7.4275 3.58E-07 1.17E-05 6.1891 

dme-miR-34 0.5519 8.5042 6.6220 1.89E-06 5.40E-05 4.4879 

dme-miR-13a 0.6062 12.6264 6.5192 2.35E-06 5.97E-05 4.2649 

dme-miR-993 -0.4707 8.2093 -6.1270 5.47E-06 1.25E-04 3.4020 

dme-miR-125 -0.4108 7.6189 -5.8409 1.03E-05 2.13E-04 2.7614 

dme-miR-33 0.4658 9.1368 5.6732 1.49E-05 2.84E-04 2.3820 

dme-miR-100 -0.4608 7.6932 -5.4932 2.23E-05 3.93E-04 1.9717 

dme-miR-278-pre -0.3120 7.1975 -5.2919 3.52E-05 5.75E-04 1.5094 

dme-miR-184-pre 0.6371 9.3179 5.2305 4.04E-05 6.18E-04 1.3680 

dme-miR-1 -0.5427 11.0650 -4.8038 1.08E-04 1.54E-03 0.3775 

dme-miR-263a -0.5575 10.1408 -4.6481 1.55E-04 2.08E-03 0.0141 

dme-miR-10 -0.4222 7.9903 -4.5448 1.97E-04 2.50E-03 -0.2273 

dme-miR-307 -0.4322 10.6377 -4.5197 2.09E-04 2.51E-03 -0.2861 

dme-miR-284 -0.2277 7.5347 -4.3609 3.02E-04 3.46E-03 -0.6575 

dme-miR-2c 0.4062 13.3650 3.7620 1.23E-03 1.34E-02 -2.0506 

dme-miR-13b-1-pre 0.2109 7.4914 3.7311 1.32E-03 1.37E-02 -2.1216 

dme-miR-6 -0.2170 7.3993 -3.6767 1.49E-03 1.49E-02 -2.2467 

dme-miR-306-pre -0.2582 12.6311 -3.5809 1.87E-03 1.78E-02 -2.4662 

dme-miR-276* -0.5175 11.2024 -3.3771 2.99E-03 2.72E-02 -2.9284 

dme-bantam 0.5755 12.0156 3.3641 3.08E-03 2.72E-02 -2.9576 

dme-miR-308 0.3263 7.7307 3.2097 4.39E-03 3.73E-02 -3.3023 

dme-miR-304 0.3292 7.6465 3.1671 4.84E-03 3.96E-02 -3.3966 

dme-miR-277 0.2987 8.7257 3.0740 5.98E-03 4.67E-02 -3.6011 

dme-miR-305-pre -0.1593 7.5443 -3.0642 6.12E-03 4.67E-02 -3.6227 

dme-miR-1004 -0.2661 7.7498 -3.0424 6.43E-03 4.75E-02 -3.6700 

dme-miR-281 0.1616 7.4236 3.0140 6.85E-03 4.90E-02 -3.7319 
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5 day lgl
1
/lgl

U334
 compared to 0 day P[lgl

+
];lgl

1
/lgl

U334 

ID logFC AveExpr t P.Value adj.P.Val B 

dme-miR-2c 1.0282 14.0254 13.2719 3.64E-11 8.35E-09 15.6930 

dme-miR-304 0.7046 7.9413 12.0993 1.81E-10 1.71E-08 14.0522 

dme-miR-13a 0.8625 13.1794 11.9516 2.24E-10 1.71E-08 13.8363 

dme-miR-317 1.0370 11.3534 11.1805 6.96E-10 3.98E-08 12.6744 

dme-miR-993 -0.5957 8.3707 -9.1374 1.90E-08 8.69E-07 9.2797 

dme-miR-263b -0.6943 9.8754 -8.4092 6.95E-08 2.65E-06 7.9472 

dme-miR-2b 0.5961 14.4505 8.0737 1.29E-07 4.23E-06 7.3098 

dme-miR-999 0.7691 9.7441 7.9269 1.70E-07 4.28E-06 7.0263 

dme-miR-282 0.6003 8.1291 7.9135 1.75E-07 4.28E-06 7.0004 

dme-miR-6 -0.3061 7.4670 -7.8784 1.87E-07 4.28E-06 6.9320 

dme-miR-252 -0.8144 12.3615 -7.8128 2.12E-07 4.40E-06 6.8040 

dme-miR-263a -0.7836 10.3156 -7.6814 2.72E-07 5.19E-06 6.5457 

dme-miR-10 -0.5001 8.1041 -7.1299 8.02E-07 1.41E-05 5.4368 

dme-miR-1 -0.9589 11.1261 -7.0625 9.18E-07 1.50E-05 5.2984 

dme-miR-276a-pre 0.6169 8.7686 6.8866 1.31E-06 1.95E-05 4.9346 

dme-miR-965 0.4931 9.0821 6.8664 1.36E-06 1.95E-05 4.8926 

dme-bantam 1.0867 12.6680 6.6653 2.06E-06 2.77E-05 4.4712 

dme-miR-980 0.4596 7.8368 6.5769 2.47E-06 3.15E-05 4.2844 

dme-miR-190 -0.8557 9.4161 -6.4386 3.30E-06 3.97E-05 3.9901 

dme-miR-1016 -0.2948 7.4521 -6.3923 3.63E-06 4.06E-05 3.8908 

dme-miR-961 0.3011 7.4331 6.3806 3.72E-06 4.06E-05 3.8657 

dme-miR-278-pre -0.3539 7.2622 -6.2988 4.42E-06 4.60E-05 3.6899 

dme-miR-87 -0.4176 7.8336 -6.2184 5.24E-06 5.22E-05 3.5164 

dme-miR-1008 0.3915 7.7884 6.1801 5.69E-06 5.43E-05 3.4335 

dme-miR-284 -0.2806 7.6264 -6.0624 7.31E-06 6.36E-05 3.1774 

dme-miR-981 0.4709 8.6243 6.0563 7.40E-06 6.36E-05 3.1641 

dme-miR-9a -0.7119 13.6559 -6.0504 7.50E-06 6.36E-05 3.1512 

dme-miR-31b -0.4554 8.6695 -6.0328 7.79E-06 6.37E-05 3.1128 

dme-miR-1004 -0.4269 7.7978 -5.7614 1.40E-05 1.10E-04 2.5156 

dme-miR-315 1.0454 12.0901 5.7432 1.46E-05 1.11E-04 2.4752 

dme-miR-2a -0.8350 13.3461 -5.5134 2.41E-05 1.78E-04 1.9631 

dme-miR-iab-4-pre -0.2641 7.7916 -5.3719 3.29E-05 2.32E-04 1.6451 

dme-miR-1001 0.3061 7.3204 5.3654 3.34E-05 2.32E-04 1.6306 

dme-miR-304-pre 0.2754 7.4632 5.2469 4.35E-05 2.93E-04 1.3630 

dme-miR-13a-pre 0.2612 7.4215 5.0880 6.21E-05 4.06E-04 1.0023 

dme-miR-963 0.2913 7.4617 5.0287 7.09E-05 4.51E-04 0.8675 

dme-miR-2c-pre 0.3680 7.5646 5.0032 7.51E-05 4.65E-04 0.8093         
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dme-miR-31a -0.3609 8.7439 -4.9400 8.67E-05 5.22E-04 0.6650 

dme-miR-33 0.3360 9.2948 4.9064 9.35E-05 5.49E-04 0.5884 

dme-miR-316 -0.3280 9.1401 -4.7003 1.49E-04 8.55E-04 0.1162 

dme-miR-275 -0.4241 9.2926 -4.6328 1.74E-04 9.71E-04 -0.0388 

dme-miR-1007 0.2836 7.5222 4.6231 1.78E-04 9.71E-04 -0.0610 

dme-miR-1017 -0.1644 7.5899 -4.5642 2.04E-04 1.08E-03 -0.1964 

dme-miR-998 0.4655 11.1510 4.5449 2.13E-04 1.11E-03 -0.2408 

dme-miR-966 0.3233 8.1191 4.5308 2.20E-04 1.12E-03 -0.2731 

dme-miR-306 -0.3442 12.9731 -4.4626 2.57E-04 1.28E-03 -0.4300 

dme-miR-184* -0.1825 7.6669 -4.3548 3.29E-04 1.60E-03 -0.6781 

dme-miR-1003 0.4171 8.1739 4.3178 3.58E-04 1.71E-03 -0.7632 

dme-miR-276a -0.4471 14.5395 -4.3014 3.72E-04 1.74E-03 -0.8009 

dme-miR-9a-pre -0.1806 7.4248 -4.2607 4.09E-04 1.87E-03 -0.8945 

dme-miR-210 -0.4728 9.8374 -4.1458 5.32E-04 2.39E-03 -1.1586 

dme-miR-995 0.7444 10.6417 4.0744 6.27E-04 2.76E-03 -1.3226 

dme-miR-276* -0.7684 11.4119 -4.0345 6.88E-04 2.97E-03 -1.4142 

dme-miR-1009 0.1635 7.3192 3.8127 1.15E-03 4.86E-03 -1.9214 

dme-miR-263b-pre -0.1575 7.0955 -3.7354 1.37E-03 5.70E-03 -2.0974 

dme-miR-314 0.4129 7.5035 3.7109 1.45E-03 5.92E-03 -2.1529 

dme-miR-958 -0.3141 7.5279 -3.5808 1.95E-03 7.84E-03 -2.4472 

dme-let-7 -0.3520 8.9411 -3.5142 2.27E-03 8.97E-03 -2.5972 

dme-miR-957 0.3031 8.6398 3.5022 2.34E-03 9.06E-03 -2.6241 

dme-miR-316-pre -0.4749 8.1542 -3.4446 2.66E-03 1.02E-02 -2.7531 

dme-miR-317-pre 0.2079 7.4198 3.4353 2.72E-03 1.02E-02 -2.7739 

dme-miR-iab-4-5p -0.1951 7.8152 -3.3753 3.12E-03 1.15E-02 -2.9078 

dme-miR-13b-1-pre 0.1667 7.5634 3.2549 4.10E-03 1.49E-02 -3.1744 

dme-miR-276b -0.3918 14.3933 -3.1978 4.66E-03 1.67E-02 -3.2997 

dme-miR-11 -0.3825 11.3233 -3.1613 5.06E-03 1.78E-02 -3.3797 

dme-miR-956 0.1213 7.2064 3.1375 5.34E-03 1.85E-02 -3.4315 

dme-miR-279 0.2874 12.1330 2.9846 7.52E-03 2.57E-02 -3.7618 

dme-miR-100 -0.2469 7.9272 -2.9332 8.42E-03 2.84E-02 -3.8715 

dme-miR-280-pre 0.1397 7.3562 2.9265 8.55E-03 2.84E-02 -3.8857 

dme-miR-184-pre 0.3575 9.3942 2.9186 8.70E-03 2.85E-02 -3.9025 

dme-miR-12-pre 0.2203 7.6314 2.9056 8.96E-03 2.86E-02 -3.9302 

dme-miR-307 -0.2688 10.9166 -2.9039 8.99E-03 2.86E-02 -3.9337 

dme-miR-970 0.3674 9.6759 2.8757 9.57E-03 3.00E-02 -3.9934 

dme-miR-284-pre -0.1752 7.2424 -2.8265 1.07E-02 3.30E-02 -4.0970 

dme-miR-184 -0.2550 10.9838 -2.6302 1.63E-02 4.99E-02 -4.5021 
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For validation, the expression levels of let-7, miR-210 and miR-9a in Day 0 lgl 

mutant tissues were compared to controls using Real-Time PCR with small RNA U6 as a 

housekeeping gene.  Expression of all three miRNAs corroborated with the microarray 

results showing significantly lowered expression in mutant tissues (data not shown).  

Overall, the majority of altered miRNAs corresponded to mature rather than precursor 

forms, suggesting that Lgl is not involved in regulation of these targets at a transcriptional 

level.  

Although at this point we do not know whether Lgl regulates the processing of these 

miRNAs directly or indirectly, via RNA binding proteins such as FMRP or AGO1, our data 

indicate that loss of lgl leads to the dysregulation of specific miRNAs in a temporal manner 

that corresponds to critical stages of tumor progression including initiation, growth and 

metastasis. Furthermore, our findings define an Lgl specific “signature” represented by a 

core set of ten miRNAs that are dysregulated throughout tumorigenesis and may help 

elucidate the mechanisms by which Lgl acts as a tumor suppressor. 
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miR-9a overexpression rescues the overgrowth phenotype in wing epithelium 

One of the premises of our work is that the miRNAs found to be dysregulated in 

lgl mutant tissues may mediate Lgl’s function as a tumor suppressor. Thus, we 

hypothesize that by restoring the expression of these miRNAs in lgl mutants we may 

rescue the tumor phenotypes. We began to test this hypothesis by asking whether miR-9a 

or let-7 overexpression can mitigate lgl loss of function phenotypes. For these 

experiments we focused on the wing, where Lgl knockdown by RNAi using the engrailed 

driver (en-Gal4) causes epithelial overgrowth accompanied by an increase in the 

posterior compartment as compared to the total wing area (with the posterior region 

defined as wing area posterior to the longitudinal vein L3, see dashed outline in Fig. 

4.3A). Additional phenotypes caused by lgl-RNAi when driven in the posterior 

compartment by en-Gal4 include incomplete cross veins (see insets in Fig. 4.3B, D and 

F) and tissue loss, usually near longitudinal vein L4 (data not shown). We could not 

pursue the lgl - let-7 interaction due to lethality caused by let-7 overexpression using en-

Gal4. Therefore, we focused our studies on the lgl -miR-9a functional relationship. Using 

the en-Gal4 driver we overexpressed miR-9a in the context of lgl knock-down by RNAi 

and found a statistically significant reduction of the posterior compartment overgrowth 

caused by lgl loss (0.68 +/- 0.01 in en-Gal4; UAS-lgl
RNAi

 /UAS-miR-9a compared to 

0.732 +/- 0.004 in en-Gal4; UAS-lgl
RNAi

, Pvalue = 2.04 x 10
-7

; see Fig. 3B, D and G). 

Although overexpression of miR-9a alone caused a slight reduction in the wing posterior 

compartment area compared to en-Gal4 controls (0.66 +/- 0.03 in en-Gal4; UAS-miR-9a 

compared to 0.68 +/- 0.02 in en-Gal4; see Fig. 4.3A, C and G), these findings 
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demonstrate that miR-9a overexpression is sufficient to rescue the epithelial overgrowth 

phenotype caused by lgl knock-down in the posterior compartment. To address potential 

concerns that the suppression by miR-9a may be due to a decrease in Gal4 activity caused 

by additional UAS elements controlling both miR-9a and lgl
RNAi

 transgenes, we also 

compared en-Gal4 UAS-GFP; UAS-lgl
RNAi

 to en-Gal4; UAS-lgl
RNAi

/UAS-miR-9a and 

found a similar suppressing effect (0.715 +/- 0.003 versus 0.68 +/- 0.01, Pvalue = 2.64 x 

10
-5

; data not shown). These findings indicate that the overgrowth suppression we 

detected is not due to a reduction in Gal4 activity but rather due to miR-9a expression in 

the context of lgl RNAi knock-down. In contrast, miR-9a reduction using a loss-of-

function allele, F80, had no effect on posterior compartment size, either on its own (0.68 

+/- 0.02 in enGal4 compared to 0.69 +/- 0.02 in enGal4; miR-9a
F80

 /+, Pvalue = 0.16) or in 

the context of lgl
RNAi 

(0.722 +/- 0.004 in en-Gal4; UAS-lgl
RNAi

 /miR-9a
F80

 compared to 

0.732 +/- 0.004 in enGal4; UAS-lgl
RNAi

, Pvalue = 0.09). These data provide the first in vivo 

evidence that restoring miR-9a expression in epithelia can rescue the overgrowth 

phenotype due to Lgl knockdown. Importantly, these findings are consistent with the 

miRNA profiling data and support our hypothesis that miRNAs may act as effectors of 

Lgl’s tumor suppressor function in epithelia.  
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Figure 4.3 –microRNA targeting strategy and dysregulated mRNAs 

(A) Significantly dysregulated microRNAs were matched to mRNAs based on 

predictions given by the miRanda algorithm. Additionally, matches were validated by 

their direction of deregulation; upregulated miRNAs matched downregulated mRNAs 

while downregulated miRNAs matched upregulated mRNAs. (B) The matching mRNAs 

after applying our targeting strategy (see text). Log of fold-change (logFC) is estimated 

from a linear model of the expression values as computed by the microarray analysis 

package, limma. All mRNAs shown were found to be significantly dysregulated with a 

Pvalue less than 0.05.  
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In silico identification of mRNAs targets of dysregulated miRNAs 

 

A major challenge in the miRNA field is to identify in vivo target transcripts. 

Since individual miRNAs can target several mRNAs at once, it is imperative that these 

transcripts are identified, which should lead to a better mechanistic understanding of the 

miRNA pathway and the development of therapeutic strategies for diseases linked to 

miRNA dysregulation. Several software packages have been developed for predicting 

mRNA targets of miRNAs, however cell-based assays have shown that about half of the 

computational predictions do not validate in vivo (176). To address this important issue, 

we complemented our miRNA microarray data with mRNA profiling experiments. To 

generate mRNA expression profiles, we compared lgl mutant cephalic tissues dissected 

from four day old (Day 4) 3
rd

 instar lgl null mutant (lgl
27S3

/lgl
E2S31

) (7) larvae to wild-type 

control tissues (w
1118

 larvae at Day 0). After background correction and normalization, 

any differences in mRNA expression were fitted to a linear model that was then used to 

calculate fold change and significance of dysregulation. Using a P value cut-off of 0.05 and 

a logFC cut-off of 1 we identified 169 mRNAs that were significantly dysregulated in 

mutant tissues versus wildtype (Table 4.2). For the miRNA microarray data, P values were 

adjusted using Benjamini-Hochberg multiple testing correction (175). Next, using the 

miRNA targeting algorithm miRanda (177) as implemented by microRNA.org (178) we 

matched the core set of 1 misexpressed miRNAs to the 169 dysregulated mRNA transcripts 

identified (179).  
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 Table 4.2 - Dysregulated mRNAs in lgl mutants 
 

Entrez 

Gene ID 

Gene 

Symbol 

log2FC Average 

Expression 

t P-Value Adjusted 

P-Value 

B 

43826 Actbeta 3.7702 5.5554 43.8662 3.91E-07 5.81E-03 5.6847 

38946 CG17352 3.2902 6.0563 38.8127 6.79E-07 5.81E-03 5.5138 

33483 CG18557 2.3836 5.1025 30.4076 2.05E-06 8.81E-03 5.0720 

32821 Tsf1 1.8542 7.8999 29.5604 2.33E-06 8.81E-03 5.0113 

39150 Ilp2 -2.3716 8.2999 -26.0565 4.11E-06 1.12E-02 4.7149 

38994 CG6486 2.6329 9.2012 26.0406 4.12E-06 1.12E-02 4.7134 

35940 ltd -1.6938 5.8817 -24.1769 5.76E-06 1.36E-02 4.5189 

37196 5-HT1A -2.3559 4.9898 -22.2862 8.30E-06 1.55E-02 4.2887 

33530 gkt 2.8271 6.7741 21.3542 1.01E-05 1.55E-02 4.1609 

39933 Mip -1.6650 6.7060 -20.9997 1.08E-05 1.55E-02 4.1096 

38992 CG13305 1.9988 7.6891 20.7531 1.14E-05 1.55E-02 4.0729 

33583 odd 1.2544 5.6890 19.7069 1.44E-05 1.70E-02 3.9079 

41246 CG12814 1.9773 4.7786 19.6531 1.46E-05 1.70E-02 3.8990 

38473 CG11594 -1.2165 5.2039 -19.2403 1.61E-05 1.70E-02 3.8292 

50191 CG15353 -2.9632 9.4435 -19.2108 1.62E-05 1.70E-02 3.8241 

32930 kek5 3.9559 6.6035 18.3824 1.97E-05 1.97E-02 3.6754 

45928 shi -1.0590 7.3075 -18.1630 2.08E-05 1.97E-02 3.6341 

34024 santa-

maria 

-1.5899 7.8036 -16.7758 2.97E-05 2.13E-02 3.3520 

5740633 nvd -2.4472 3.6175 -16.4243 3.26E-05 2.13E-02 3.2744 

5740359 spok -5.9969 5.4397 -16.3771 3.31E-05 2.13E-02 3.2638 

34307 CG5924 1.0170 6.6738 16.3095 3.37E-05 2.13E-02 3.2485 

33941 Tsp 1.0532 5.8882 16.2218 3.45E-05 2.13E-02 3.2284 

35573 Tdc1 3.2044 6.0324 15.8974 3.78E-05 2.13E-02 3.1529 

42191 CG18599 1.5257 6.1510 15.8807 3.79E-05 2.13E-02 3.1490 

41144 by 1.1613 5.3217 15.7307 3.96E-05 2.13E-02 3.1132 

32821 Tsf1 1.7148 9.4151 15.5856 4.13E-05 2.13E-02 3.0780 

33994 Pvf2 1.8023 4.8666 15.5659 4.15E-05 2.13E-02 3.0732 

33156 l(2)gl -4.8783 4.3103 -15.5398 4.18E-05 2.13E-02 3.0668 

32378 Fbxl4 2.9784 5.1256 15.5157 4.21E-05 2.13E-02 3.0609 

40157 Ir76a 1.6836 5.8404 15.5000 4.23E-05 2.13E-02 3.0571 

32501 CG15646 1.7923 7.6613 15.4636 4.27E-05 2.13E-02 3.0481 

41935 CG4221 1.4136 4.9077 15.1260 4.72E-05 2.19E-02 2.9633 

42058 Patr-1 2.0026 6.9114 15.1081 4.74E-05 2.19E-02 2.9587 

260645 nimB2 1.2054 6.2397 15.0646 4.80E-05 2.19E-02 2.9475 

37038 grh 1.8795 8.5670 14.9710 4.94E-05 2.19E-02 2.9234 



118 

 

 

35358 CG14401 1.6569 4.8895 14.8499 5.12E-05 2.19E-02 2.8918 

38508 Cpr64Aa 6.2574 7.8120 14.8242 5.16E-05 2.19E-02 2.8850 

38714 CG10289 -2.6185 6.8741 -14.7921 5.21E-05 2.19E-02 2.8765 

43158 HLHm5 -2.1675 5.6872 -14.5223 5.65E-05 2.29E-02 2.8042 

3346202 IFa -1.4948 7.7829 -14.4957 5.70E-05 2.29E-02 2.7970 

36081 CG12911 2.1987 4.2267 14.4341 5.81E-05 2.29E-02 2.7802 

3346192 Vmat -1.6016 4.5092 -14.2162 6.22E-05 2.31E-02 2.7198 

36171 shn -1.5790 6.1515 -14.1516 6.34E-05 2.31E-02 2.7016 

44018 cas 1.8185 9.3309 14.0391 6.57E-05 2.32E-02 2.6697 

40680 exba -1.2741 9.2761 -14.0214 6.61E-05 2.32E-02 2.6646 

34037 CG6739 3.0252 6.3249 13.9192 6.83E-05 2.33E-02 2.6352 

31220 Ilp6 -1.7116 5.7638 -13.8167 7.06E-05 2.33E-02 2.6054 

40928 CG17816 -2.0394 6.1928 -13.7355 7.24E-05 2.33E-02 2.5816 

36163 Spn47C 3.7865 5.7263 13.3169 8.31E-05 2.37E-02 2.4554 

38510 Cpr64Ac 2.0393 5.9655 13.2671 8.45E-05 2.37E-02 2.4400 

39212 simj 2.1170 6.8777 13.2392 8.53E-05 2.37E-02 2.4314 

39518 stv 1.6982 7.0937 13.2374 8.53E-05 2.37E-02 2.4308 

32099 PGRP-SA 3.6735 6.4673 13.1212 8.87E-05 2.37E-02 2.3945 

37479 CG17922 -1.0538 5.8498 -13.0763 9.01E-05 2.37E-02 2.3803 

37641 nahoda 2.7278 5.8647 13.0763 9.01E-05 2.37E-02 2.3803 

39694 CG7650 -1.0387 5.7735 -13.0562 9.07E-05 2.37E-02 2.3740 

37999 emp 1.2611 7.1208 13.0320 9.15E-05 2.37E-02 2.3663 

34775 CG18507 1.5093 6.2276 12.9891 9.28E-05 2.37E-02 2.3526 

36372 vis -2.0836 3.3581 -12.9561 9.39E-05 2.37E-02 2.3421 

43310 Klp98A 1.1438 7.2251 12.9474 9.41E-05 2.37E-02 2.3393 

35190 Ddc -1.1548 6.3642 -12.9059 9.55E-05 2.37E-02 2.3260 

32037 CG1537 -1.1285 7.6745 -12.8774 9.64E-05 2.37E-02 2.3168 

40893 CG14598 -2.0127 4.4031 -12.8365 9.78E-05 2.37E-02 2.3035 

50190 Nplp4 -3.1264 6.5352 -12.8045 9.89E-05 2.37E-02 2.2931 

33676 CG15630 -1.6754 6.0828 -12.5339 1.09E-04 2.49E-02 2.2037 

32245 fne -1.4616 9.1095 -12.5001 1.10E-04 2.49E-02 2.1924 

38469 scrt -1.1794 7.4293 -12.4939 1.10E-04 2.49E-02 2.1903 

34485 CG17124 -1.5246 9.6502 -12.3935 1.14E-04 2.49E-02 2.1563 

41820 CG6912 1.6674 6.0359 12.0900 1.27E-04 2.73E-02 2.0512 

41739 CG3259 1.3001 4.3453 12.0542 1.29E-04 2.73E-02 2.0386 

35911 CG13743 -1.5346 5.4803 -12.0393 1.30E-04 2.73E-02 2.0333 

35212 CG17549 1.9848 7.5373 11.8850 1.37E-04 2.78E-02 1.9782 

38134 CG9192 2.4181 5.4043 11.7409 1.45E-04 2.78E-02 1.9259 

42066 cher 1.7899 7.4597 11.7186 1.46E-04 2.78E-02 1.9178 
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31226 CG12496 1.5345 5.4483 11.7077 1.47E-04 2.78E-02 1.9137 

43444 CG14516 -1.7385 5.6462 -11.6742 1.49E-04 2.78E-02 1.9014 

37626 CG3649 1.8912 4.2033 11.6308 1.51E-04 2.78E-02 1.8854 

31394 pon 1.0409 9.0410 11.6103 1.52E-04 2.78E-02 1.8778 

41170 Dh -2.5777 6.8927 -11.6084 1.53E-04 2.78E-02 1.8771 

42762 CG4408 -2.6816 5.9143 -11.6070 1.53E-04 2.78E-02 1.8765 

36290 Drep-1 -1.3358 5.6153 -11.5839 1.54E-04 2.78E-02 1.8680 

38801 unc-13-4A -1.3103 4.4416 -11.4373 1.63E-04 2.87E-02 1.8129 

38562 CG42540 -1.3312 7.5787 -11.4280 1.63E-04 2.87E-02 1.8094 

36236 Drip 2.2568 5.2705 11.2605 1.74E-04 2.96E-02 1.7452 

36615 LamC 1.5945 7.3958 11.2586 1.75E-04 2.96E-02 1.7445 

31055 CG14629 1.3724 6.7000 11.2035 1.78E-04 2.96E-02 1.7231 

33627 ft 1.6222 8.2749 11.1552 1.82E-04 2.96E-02 1.7043 

33894 CG42369 2.5174 4.6944 11.1274 1.84E-04 2.96E-02 1.6934 

38067 klar 1.0622 9.3789 11.1234 1.84E-04 2.96E-02 1.6918 

34485 CG17124 -1.1641 9.0199 -11.0953 1.86E-04 2.96E-02 1.6808 

36532 CG6357 2.6408 9.1864 11.0697 1.88E-04 2.97E-02 1.6707 

37089 fj 2.4363 6.1064 10.9906 1.94E-04 2.97E-02 1.6393 

35528 dream 1.4360 6.1042 10.9592 1.97E-04 2.97E-02 1.6267 

39394 thoc6 1.0437 5.2542 10.9520 1.97E-04 2.97E-02 1.6239 

34045 TepIII 2.0456 4.7897 10.8916 2.02E-04 3.01E-02 1.5996 

32797 Frq1 -1.9796 5.5936 -10.7218 2.16E-04 3.05E-02 1.5304 

43982 Oamb -1.1816 4.7866 -10.7160 2.17E-04 3.05E-02 1.5280 

44324 Dms -1.5278 9.2515 -10.7057 2.18E-04 3.05E-02 1.5238 

36030 Fmrf -1.9798 6.7802 -10.6374 2.24E-04 3.05E-02 1.4955 

53446 HGTX -1.0637 4.0343 -10.6280 2.25E-04 3.05E-02 1.4916 

33013 CG9572 1.8197 7.1457 10.6128 2.26E-04 3.05E-02 1.4853 

38779 msl-3 1.5901 6.4588 10.5893 2.28E-04 3.05E-02 1.4755 

41591 Paip2 -2.5355 7.6578 -10.5329 2.34E-04 3.08E-02 1.4518 

34652 vir-1 1.2422 10.0148 10.5217 2.35E-04 3.08E-02 1.4471 

41318 Adk3 -1.0335 7.3240 -10.4419 2.43E-04 3.13E-02 1.4134 

31043 CG3704 1.0849 8.2710 10.4419 2.43E-04 3.13E-02 1.4133 

40421 CG14566 -2.4900 5.5315 -10.4274 2.44E-04 3.13E-02 1.4072 

41202 MtnA -1.7564 11.8708 -10.3681 2.51E-04 3.15E-02 1.3818 

37358 CG9993 1.2411 6.0047 10.2894 2.59E-04 3.19E-02 1.3479 

317913 CG32204 -1.1435 6.5596 -10.2416 2.64E-04 3.19E-02 1.3272 

37786 TM4SF -1.1223 8.5756 -10.2021 2.69E-04 3.19E-02 1.3099 

40420 CG14567 2.2234 6.5034 10.1617 2.74E-04 3.20E-02 1.2922 

34538 Ast-CC -1.3381 4.4352 -10.1328 2.77E-04 3.20E-02 1.2795 
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35115 Cyp310a1 1.1847 5.1208 9.9949 2.94E-04 3.29E-02 1.2182 

3354921 Gfat1 1.8623 7.7075 9.9760 2.97E-04 3.29E-02 1.2097 

3355165 CG40485 2.9464 4.6908 9.9570 2.99E-04 3.29E-02 1.2011 

36244 CG9003 -1.1730 7.6540 -9.9361 3.02E-04 3.29E-02 1.1917 

32977 Ubqn 1.1622 8.5310 9.9349 3.02E-04 3.29E-02 1.1911 

42379 mira 2.5401 10.1449 9.9220 3.04E-04 3.29E-02 1.1853 

3885644 CG34002 1.2494 4.5307 9.9159 3.05E-04 3.29E-02 1.1825 

41273 hth -2.6040 5.7193 -9.8477 3.14E-04 3.36E-02 1.1516 

41248 Timp 1.9976 6.3388 9.6509 3.43E-04 3.55E-02 1.0606 

33291 CG4577 -1.0974 7.0582 -9.6370 3.45E-04 3.55E-02 1.0541 

48971 Atpalpha -1.2520 9.2240 -9.5813 3.54E-04 3.60E-02 1.0279 

246578 CG30379 -1.8190 5.3031 -9.5131 3.65E-04 3.63E-02 0.9957 

42896 crb 1.2068 6.8303 9.4818 3.70E-04 3.63E-02 0.9807 

40861 sas 2.1444 6.0684 9.4711 3.72E-04 3.63E-02 0.9756 

38056 mthl9 2.3906 5.0559 9.4708 3.72E-04 3.63E-02 0.9755 

42625 CG5379 -1.1717 3.9267 -9.4429 3.77E-04 3.66E-02 0.9621 

42783 CG10184 -1.7837 5.4193 -9.3769 3.88E-04 3.72E-02 0.9303 

40059 CG3902 -1.2833 8.1154 -9.3116 4.00E-04 3.79E-02 0.8986 

30975 ewg 1.0479 7.2496 9.2919 4.04E-04 3.79E-02 0.8890 

33509 CG17265 1.5809 6.4141 9.1377 4.35E-04 3.92E-02 0.8129 

38620 CG10630 -1.3937 3.6764 -9.1359 4.35E-04 3.92E-02 0.8120 

31661 CG1958 -1.1225 4.4495 -9.0821 4.46E-04 3.95E-02 0.7851 

32241 CG4404 1.8263 5.5871 9.0452 4.54E-04 3.97E-02 0.7665 

42833 CG12268 1.1942 4.4710 9.0407 4.55E-04 3.97E-02 0.7642 

31922 CG9689 2.8070 5.7024 8.9868 4.67E-04 4.06E-02 0.7370 

35963 CG8801 1.1629 10.7630 8.9187 4.83E-04 4.15E-02 0.7022 

33581 sob 1.7774 4.7546 8.8543 4.98E-04 4.15E-02 0.6691 

3346207 CG33543 -1.2781 5.4619 -8.8241 5.05E-04 4.15E-02 0.6534 

37941 Cyp9c1 -1.5850 5.4134 -8.8235 5.06E-04 4.15E-02 0.6531 

36740 Zasp52 2.2423 6.1897 8.8165 5.07E-04 4.15E-02 0.6495 

37447 Sdc -1.2980 8.3560 -8.7733 5.18E-04 4.15E-02 0.6270 

3355165 CG40485 2.3945 5.7176 8.7726 5.18E-04 4.15E-02 0.6267 

2768992 Ilp5 -3.1592 7.4847 -8.7624 5.21E-04 4.15E-02 0.6213 

40780 CG17919 1.1669 6.5092 8.7481 5.25E-04 4.15E-02 0.6139 

32694 CG16700 -1.1906 6.2855 -8.7443 5.26E-04 4.15E-02 0.6119 

42001 Gyc-89Da -1.3019 3.8715 -8.7437 5.26E-04 4.15E-02 0.6115 

32299 CG1681 1.0547 7.6620 8.7186 5.32E-04 4.17E-02 0.5983 

45307 fz -1.0876 5.1637 -8.6958 5.38E-04 4.18E-02 0.5864 

42586 CG6439 -1.3997 8.1527 -8.6925 5.39E-04 4.18E-02 0.5846 
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38496 CG1299 1.2698 6.3028 8.6864 5.41E-04 4.18E-02 0.5814 

43936 Mdh -1.0293 7.8590 -8.6239 5.58E-04 4.25E-02 0.5483 

36589 Ih -1.7309 7.2304 -8.6236 5.58E-04 4.25E-02 0.5481 

31174 CG4199 1.3005 8.3305 8.6096 5.62E-04 4.26E-02 0.5406 

40288 CG13253 -1.5802 6.1690 -8.5914 5.67E-04 4.28E-02 0.5310 

41248 Timp 1.3152 6.7677 8.5105 5.91E-04 4.36E-02 0.4875 

34947 beat-Ia -1.2760 6.3497 -8.5052 5.92E-04 4.36E-02 0.4847 

42721 CG17121 1.8622 6.3135 8.4097 6.22E-04 4.52E-02 0.4328 

31352 CG6414 2.5349 5.1646 8.3792 6.32E-04 4.55E-02 0.4160 

31332 Rala 1.7431 7.8144 8.3462 6.43E-04 4.57E-02 0.3979 

32087 Gs2 -2.0144 9.3476 -8.3021 6.57E-04 4.57E-02 0.3735 

33277 ia2 -1.7094 8.6920 -8.2987 6.58E-04 4.57E-02 0.3716 

33144 Cda4 2.1228 6.4746 8.2947 6.60E-04 4.57E-02 0.3694 

38723 LanA 1.0723 8.6798 8.2833 6.64E-04 4.57E-02 0.3630 

32154 pot 2.8899 7.1894 8.2739 6.67E-04 4.57E-02 0.3578 

40522 CG12581 1.8080 7.0664 8.2735 6.67E-04 4.57E-02 0.3575 

32377 CG1434 1.1927 6.6448 8.1831 6.99E-04 4.63E-02 0.3069 

43492 CG7582 -1.0546 6.2754 -8.1778 7.01E-04 4.63E-02 0.3039 

41363 pros 2.6178 9.6835 8.1703 7.04E-04 4.63E-02 0.2997 

41359 CG17734 -1.6036 9.6428 -8.0981 7.31E-04 4.74E-02 0.2588 

40083 MESR6 -1.0744 8.1781 -8.0955 7.32E-04 4.74E-02 0.2573 
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Given the widely accepted paradigm of mRNA translational repression and mRNA 

stability by miRNAs (72), we matched those miRNAs that were upregulated to predicted 

mRNA targets that were downregulated (Fig. 4.4A). Conversely, miRNAs that were found 

to be downregulated in lgl tissues were matched to upregulated mRNAs. This matching 

approach allowed us to filter our data and discard: 1) the upregulated mRNAs predicted by 

microRNA.org to be targeted by upregulated miRNAs and 2) the downregulated mRNAs 

predicted to be targeted by downregulated miRNAs. Of the 112 miRNA-mRNA matches 

predicted (including matches to different sequences within the 3’ UTR for the same gene), 

50.9% (57 of 112) were judged to be parsimonious by the filtering method we implemented.  

Using this approach, we found 38 mRNAs that were both inversely correlated with our core 

set of ten miRNAs and were predicted by microRNA.org to be direct targets (Fig. 4.4B). For 

example, miR-980 and miR-317, which were found to be upregulated in lgl tissues, matched 

10 downregulated mRNAs. The remaining eight miRNAs, which were downregulated, 

matched 28 upregulated mRNAs.  
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Figure 4.4 – miR-9a and lgl exhibit genetic interactions in wing epithelium 

(A) en-Gal4 control, posterior compartment is indicated with red-dashed outline; (B) en-

Gal4; UAS-lgl
RNAi

 , (C)  en-Gal4; UAS-miR-9a; (D) en-Gal4; UAS-lgl
RNAi

/UAS-miR-9a; 

(E) en-Gal4; miR-9a
F80

/+: (F)  en-Gal4; UAS-lgl
RNAi

/ miR-9a
F80

. Insets show incomplete 

cross-vein phenotype. (G) Graph of posterior wing region area divided by total wing area. 

Genotypes as indicated. (***) Pvalue < 0.001, (**) Pvalue < 0.01, (*) Pvalue < 0.05. Student's 

t-test was used to determine statistical significance. 
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The strength of the miRNA targeting (mirSVR score, as computed by 

microRNA.org) as well as the logFC of miRNAs and mRNAs was visualized using 

Cytoscape (Fig. 4.5). Notably, our bioinformatics analyses combined with miRNA and 

mRNA profiling indicate that among the genes identified there are several that have been 

previously linked to lgl function via standard molecular genetic approaches. Prospero 

(pros), grainyhead (grh) and castor (cas) are required for proper proliferation and 

differentiation of neural stem cells, which lgl has also been demonstrated to control (36, 

162, 180-182). 
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Figure 4.5 – microRNA targeting network.  MicroRNAs (center) target multiple 

mRNAs (outer ring); in turn, some mRNAs are targeted by a number of microRNAs 

(e.g., Klp98A is targeted by miR-993 and miR-275). The spectrum of maximum 

downregulation (-2.6 logFC) to maximum upregulation (3.3 logFC) is denoted by a 

standard red to green gradient. Only upregulated mRNAs are targeted by downregulated 

microRNAs while downregulated mRNAs are targeted by upregulated microRNAs. 

Width of lines connecting microRNA to mRNA represents strength of targeting, as 

defined by the mirSVR score of the miRanda targeting algorithm. mirSVR score heat 

map as shown.  
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miRNA and mRNA targets involved in cancer pathways 

 

Next, we analyzed the 10 miRNAs and the 38 mRNAs they targeted for gene 

ontology (GO) terms linked to cancer-related processes using the Bingo plug-in for 

Cytoscape (149). Significantly enriched GO terms linked to cancer as determined by 

processes associated with the disease include cell polarity (e.g., basolateral plasma 

membrane), cell-cell junctions (e.g., cell-substrate adherens junction, cell-substrate 

junction), cellular proliferation and differentiation (e.g., ganglion mother cell fate 

determination, neuron fate commitment, cell fate commitment, etc) (109) (Table 4.3). 

Most notable are cell fate commitment and neuron differentiation, each with eight genes 

associated. Additional GO terms that were significantly associated with our set of genes 

include various aspects of development (Table 4.4). Interestingly, this matching analysis 

further confirmed cellular processes that have been previously linked to lgl loss, such as 

ganglion mother cell fate determination, cell fate commitment, and basolateral polarity 

control (8, 9, 29, 150, 154). 
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Table 4.3. Genes associated with GO terms linked to cancer. 

Corr p-value is the significance by Fisher’s exact test after Benjamini-Hochberg multiple 

testing correction. GO-ID’s and description are directly drawn from the official GO 

database (www.geneontology.org) (183). Genes in test set are those found to be 

significantly associated (p-value < .05) with GO-terms. The test set are the ten 

microRNAs and 38 mRNAs as shown in Figure 5.  GO-terms linked to cancer include 

cell polarity, cell fate commitment, differentiation and adhesion. 

 

GO-

ID 

corr p-

value 

Description Genes in test set 

45165 2.17E-02 cell fate commitment stv|hth|cas|Mdh| 

Rala|exba|pros| 

grh 

48663 3.05E-03 neuron fate commitment hth|Rala|exba| 

pros|grh 

7402 2.08E-03 ganglion mother cell fate 

determination 

cas|pros|grh 

30182 4.66E-02 neuron differentiation scrt|hth|LanA|Rala|klar|exba|pro

s|grh 

42706 1.50E-02 eye photoreceptor cell fate 

commitment 

hth|Rala|pros| 

grh 

46552 1.50E-02 photoreceptor cell fate 

commitment 

hth|Rala|pros| 

grh 

1751 1.72E-02 compound eye photoreceptor 

cell differentiation 

hth|Rala|klar| 

pros|grh 

1754 1.82E-02 eye photoreceptor cell 

differentiation 

hth|Rala|klar| 

pros|grh 

46530 2.45E-02 photoreceptor cell 

differentiation 

hth|Rala|klar| 

pros|grh 

5924 1.50E-02 cell-substrate adherens junction Zasp52|by|Tsp 

30055 1.50E-02 cell-substrate junction Zasp52|by|Tsp 

16323 3.64E-02 basolateral plasma membrane Zasp52|by|Tsp 
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Table 4.4 – miRNAs and mRNAs associated with cancer-related GO terms 

Corr p-value is the significance by Fisher’s exact test after Benjamini-Hochberg multiple 

testing correction. GO-ID’s and description are directly drawn from the official GO 

database (www.geneontology.org) (183). References for the associations of the genes 

with the GO terms can be found on the GO website. Genes in test set are those found to 

be significantly associated (p-value < .05) with GO-terms. The test set includes the ten 

microRNAs and 38 mRNAs as shown in Figure 5. 

 

GO-ID corr p-

value 

Description Genes in test set 

48513 1.47E-04 organ development Ddc|ewg|by|Mdh|mir-1|mir-

317|klar|odd|grh|ft|Tsp|mir-

9a|hth|LanA|cas|Rala|CG13253|pros 

9887 2.12E-04 organ morphogenesis ewg|by|mir-317|klar|grh|odd|ft|hth|mir-

9a|cas|LanA|Rala|pros 

9653 2.07E-03 anatomical structure morphogenesis ewg|by|let-7|Mdh|mir-

317|klar|odd|grh|ft|mir-

9a|hth|scrt|LanA|cas|Rala|exba|pros 

32502 2.07E-03 developmental process Ddc|Zasp52|ewg|by|let-7|stv|Mdh|mir-

1|mir-317|klar|odd|grh|ft|Tsp|sas|mir-

9a|hth|scrt|LanA|cas|Rala|CG13253|exba

|pros 

7402 2.08E-03 ganglion mother cell fate 

determination 

cas|pros|grh 

48731 2.45E-03 system development Ddc|ewg|by|Mdh|mir-1|mir-

317|klar|odd|grh|ft|Tsp|mir-

9a|hth|scrt|LanA|cas|Rala|CG13253|exba

|pros 

48856 3.05E-03 anatomical structure development Zasp52|Ddc|ewg|by|let-7|Mdh|mir-1|mir-

317|klar|odd|grh|ft|Tsp|mir-

9a|hth|scrt|LanA|cas|Rala|CG13253|exba

|pros 

48663 3.05E-03 neuron fate commitment hth|Rala|exba|pros|grh 

50793 3.51E-03 regulation of developmental process Ddc|ewg|ft|let-

7|hth|LanA|cas|Rala|pros|grh 

32501 4.49E-03 multicellular organismal process Ddc|ewg|by|Oamb|Mdh|mir-1|mir-

317|klar|vis|odd|grh|ft|Tsp|sas|ir76a|mir-

9a|hth|scrt|LanA|cas|Rala|CG13253|exba

|pros 

7275 5.34E-03 multicellular organismal 

development 

Ddc|ewg|by|Mdh|mir-1|mir-

317|klar|odd|grh|ft|Tsp|sas|mir-

9a|hth|scrt|LanA|cas|Rala|CG13253|exba

|pros 

7417 5.65E-03 central nervous system development ewg|hth|LanA|cas|mir-317|pros|grh 

7552 9.68E-03 metamorphosis by|ewg|ft|let-7|mir-9a|hth|cas|Mdh|odd 

65007 1.50E-02 biological regulation Ddc|ewg|by|let-7|Oamb|Mdh|mir-

1|klar|vis|odd|grh|ft|ir76a|mir-
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9a|hth|scrt|msl-

3|LanA|cas|Rala|CG13253|exba|pros 

7420 1.50E-02 brain development hth|LanA|cas|mir-317|pros 

5924 1.50E-02 cell-substrate adherens junction Zasp52|by|Tsp 

30055 1.50E-02 cell-substrate junction Zasp52|by|Tsp 

1752 1.50E-02 compound eye photoreceptor fate 

commitment 

hth|Rala|pros|grh 

42706 1.50E-02 eye photoreceptor cell fate 

commitment 

hth|Rala|pros|grh 

2165 1.50E-02 instar larval or pupal development by|ewg|ft|sas|mir-9a|hth|cas|Mdh|odd 

1071 1.50E-02 nucleic acid binding transcription 

factor activity 

ewg|scrt|hth|cas|pros|vis|odd|grh 

46552 1.50E-02 photoreceptor cell fate commitment hth|Rala|pros|grh 

3700 1.50E-02 sequence-specific DNA binding 

transcription factor activity 

ewg|scrt|hth|cas|pros|vis|odd|grh 

9791 1.64E-02 post-embryonic development by|ewg|ft|sas|mir-9a|hth|cas|Mdh|odd 

1751 1.72E-02 compound eye photoreceptor cell 

differentiation 

hth|Rala|klar|pros|grh 

5927 1.72E-02 muscle tendon junction Zasp52|Tsp 

1754 1.82E-02 eye photoreceptor cell differentiation hth|Rala|klar|pros|grh 

48707 1.82E-02 instar larval or pupal morphogenesis by|ewg|ft|mir-9a|hth|cas|Mdh|odd 

9886 1.99E-02 post-embryonic morphogenesis by|ewg|ft|mir-9a|hth|cas|Mdh|odd 

45165 2.17E-02 cell fate commitment stv|hth|cas|Mdh|Rala|exba|pros|grh 

1745 2.42E-02 compound eye morphogenesis ft|hth|Rala|klar|pros|grh 

7560 2.42E-02 imaginal disc morphogenesis by|ewg|ft|mir-9a|hth|cas|odd 

48563 2.42E-02 post-embryonic organ 

morphogenesis 

by|ewg|ft|mir-9a|hth|cas|odd 

7419 2.42E-02 ventral cord development cas|pros|grh 

46530 2.45E-02 photoreceptor cell differentiation hth|Rala|klar|pros|grh 

48592 3.03E-02 eye morphogenesis ft|hth|Rala|klar|pros|grh 

5886 3.05E-02 plasma membrane Zasp52|by|ft|Tsp|sas|Oamb|Rala|tm4sf|pr

os 

48569 3.05E-02 post-embryonic organ development by|ewg|ft|mir-9a|hth|cas|odd 

50789 3.13E-02 regulation of biological process Ddc|ewg|let-7|Oamb|Mdh|mir-

1|vis|odd|grh|ft|ir76a|mir-9a|hth|scrt|msl-

3|LanA|cas|Rala|CG13253|exba|pros 

16323 3.64E-02 basolateral plasma membrane Zasp52|by|Tsp 

48699 3.64E-02 generation of neurons scrt|hth|LanA|cas|Rala|klar|exba|pros|grh 

7444 3.64E-02 imaginal disc development Ddc|by|ewg|ft|mir-9a|hth|cas|odd 

35120 3.64E-02 post-embryonic appendage by|ft|mir-9a|hth|cas|odd 
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morphogenesis 

6357 3.64E-02 regulation of transcription from 

RNA polymerase II promoter 

scrt|hth|cas|pros|vis|odd|grh 

35107 3.83E-02 appendage morphogenesis by|ft|mir-9a|hth|cas|odd 

48859 3.83E-02 formation of anatomical boundary ft|mir-9a|hth 

35114 3.83E-02 imaginal disc-derived appendage 

morphogenesis 

by|ft|mir-9a|hth|cas|odd 

48519 3.83E-02 negative regulation of biological 

process 

ewg|ft|mir-

9a|scrt|cas|Rala|CG13253|exba|pros|odd 

40034 3.83E-02 regulation of development, 

heterochronic 

let-7|cas 

48737 3.87E-02 imaginal disc-derived appendage 

development 

by|ft|mir-9a|hth|cas|odd 

48736 3.92E-02 appendage development by|ft|mir-9a|hth|cas|odd 

10468 4.50E-02 regulation of gene expression ewg|mir-9a|scrt|hth|msl-

3|cas|exba|pros|vis|odd|grh 

71944 4.66E-02 cell periphery Zasp52|by|ft|Tsp|sas|Oamb|Rala|tm4sf|pr

os 

48749 4.66E-02 compound eye development ft|hth|Rala|klar|pros|grh 

30182 4.66E-02 neuron differentiation scrt|hth|LanA|Rala|klar|exba|pros|grh 

5515 4.66E-02 protein binding Zasp52|by|stv|klar|vis|grh|ft|hth|LanA|msl

-3|Rala|CG13253|exba 

1964 4.76E-02 startle response LanA|mir-317 

48523 4.78E-02 negative regulation of cellular 

process 

ewg|ft|scrt|cas|Rala|CG13253|exba|pros|

odd 

7423 4.94E-02 sensory organ development ft|mir-9a|hth|Rala|klar|pros|grh 
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To predict human cancer pathways potentially affected by absence of HUGL1, we 

searched Flybase, Genecards miRBase and Ensembl! online databases (flybase.org, 

genecards.org, ensemble.org) for human orthologs of Drosophila miRNAs and targets 

predicted to be altered due to loss of lgl  (184-186). Interestingly, of the 14 genes we 

analyzed, five have human orthologs with a documented involvement in processes 

directly or closely linked to cancer (Table 4.5).  Additionally, five of the core set of ten 

miRNAs matched orthologous human sequences involved in carcinogenesis (see Table 

4.6).  
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Table 4.5. Human orthologs and cancer phenotypes of mRNAs from lgl mutants. 

 

Gene ID Gene name Direction 

of 

regulation 

Description of ontology Human 

ortholog 

Cas Castor Up Transcription factor for 

neural cell fate. 

 SRG/CASZ1 is a cell 

survival gene that controls 

apoptosis and tumor 

formation (187).  

SRG/CASZ1 

Pros prospero Up Human homeobox gene 

(188). 

PROX1 

Grh Grainyhead Up Ectodermal transcription 

factor that regulates 

mitotic activity of 

neuroblasts. 

Grainyhead-like 2 

enhances the human 

telomerase reverse 

transcriptase gene 

expression by inhibiting 

DNA methylation at the 

5-prime-CpG island in 

normal human 

keratinocytes resulting in 

keratinocyte proliferation 

and increased cellular life 

span (189). 

GRHL1 

GRHL2 

GRHL3 

Hth Homothorax Down MEIS1 regulates the 

differentiation, cycling 

activity, and self-renewal 

of MLL leukemia cells 

and functions as a 

determinant of leukemia 

stem cell potential  (190). 

MEIS1 oncogene is 

highly expressed in 

neuroblastoma (191). 

MEIS1 

MEIS2 

Rala Ras related 

protein 

Up Ral GTPase, supports 

tumor initiation and 

progression, inhibits 

apoptosis thru 

RALA 

RALB 
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upregulation of p38 and 

inhibition of JNK (192). 

RALB activation restricts 

initiation of apoptotic 

programs (193).  

Exba Extra bases Down Eukaryotic translation 

initiation factor 

BZW2 

Zasp52 Z band 

alternatively 

spliced PDZ 

motif protein 52 

Up   

By Blistery Up Tensin, localizes at focal 

adhesions 

 

Tsp Thrombospondin Up Integrin-mediated 

adhesion, may interact 

with laminin 

THBS1 

Klar Klarsicht Up Regulation of motor 

proteins 

 

Stv starvin Up Expressed by tendon 

cells, stress response 

 

Mdh Malate 

dehydrogenase 

Down Key enzyme in the 

biosynthesis of lipids 

 

Scrt Scratch Down Transcriptional repressor 

of alternative cell fates.  

Member of Snail family, 

key regulators of EMT. 

 

lanA Laminin A Up ECM component, axon 

guidance 
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Table 4.6. Human orthologs and cancer phenotypes of miRNAs from lgl mutants. 

 

miRNA Directi

on of 

regulat

ion 

Homology to human miRNA Published 

cancer 

involvement 

Targets 

in 

human 

cancers 

miR-

210 

Down dme-miR-210 

UUGUGCGUGUGACAGCGGCUA.. 

hsa-miR-210 

CUGUGCGUGUGACAGCGGCUGA. 

Downregulated 

in esophageal 

squamous cell 

carcinoma and 

during EMT. 

Inhibits cancer 

cell survival and 

proliferation by 

inducing cell 

death and 

controlling cell 

cycle arrest. 

Correlated with 

differentiated 

epithelial cells. 

Exerts tumor 

suppressive 

effects thru 

targeting 

degradation of 

FGFRL1 (174).   

FGFRL

1 

miR-1 Down hsa-miR1 

UGGAAUGUAAAGAAGUAUGUAU 

dme-miR1  

UGGAAUGUAAAGAAGUAUGGAG 

Downregulated 

in colon cancer.  

Targets Met 

expression and 

modulates Met 

levels (194).  

MET, 

LASP1, 

IGF-1, 

IGFR-1, 

BCL-2 

Let-7  Down hsa-let-7a 

      UGAGGUAGUAGGUUGUAUAGUU 

dme-let-7 

      UGAGGUAGUAGGUUGUAUAGU. 

Loss or defects 

in this miRNA 

result in lack of 

terminal 

differentiation 

and 

overproliferatio

n.  Loss linked 

to breast cancer 

via regulation of 

Ras, 

Myc, 

Lin28, 

HMGA

2 
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Ras, Myc, 

Lin28 or 

HMGA2 (195-

199) 

miR-

100 

Down hsa-miR-100 

    AACCCGUAGAUCCGAACUUGUG 

dme-miR-100 

    AACCCGUAAAUCCGAACUUGUG 

 

Downregulated 

in cervical and 

nasopharyngeal 

cancer where it 

targets Polo-like 

kinase 1, 

leading to 

mitotic 

catastrophe 

(Plk1) (200, 

201).  

Downregulated 

in oral 

squamous cell 

carcinoma and 

confers loss of 

sensitivity to 

ionizing 

radiation (202). 

Plk1 

miR-9 Down dme-miR-9a 

    UCUUUGGUUAUCUAGCUGUAUGA 

hsa-miR-9 

    UCUUUGGUUAUCUAGCUGUAUGA 

 

Hypermethylate

d in clear cell 

renal cell 

carcinoma and 

downregulated 

in gastric 

carcinoma (171, 

203, 204). 

CDH1, 

RAB 34 

(Ras 

family 

member

) 
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Loss of HUGL1 in human epithelial cells upregulates transcripts linked to breast cancer 

To probe the significance of our mRNA and miRNA profiling results for human 

cancers, we next performed knockdown of HUGL1 in the human mammary epithelial 

cell line, MCF10A. To silence HUGL1 expression, shRNA sequences designed against 

HUGL1 mRNA were optimized in MCF10A cells. Two shRNAs resulted in optimal 

HUGL1 knockdown and were used in our experiments (Supplementary Material, Figure 

1). As we have recently shown, loss of HUGL1 alone in MCF10 cells is sufficient to 

induce overproliferation and loss of polarity (150). The mRNA expression profiles of 

HUGL1 knockdown cells as well as shRNA control cells were tested against a Real Time 

PCR array (SA Biosciences) containing 84 genes involved in breast cancer. These 

experiments identified five mRNAs that were significantly upregulated in the HUGL1 

knock-down cells as compared to the controls (ABCG2, ESR1, KRT19, MMP2, THBS1, 

see Table 4.7). Notably, one of these genes is THBS1 (Thrombospondin), which was also 

identified as an upregulated mRNA in the fly lgl mutant tissues and is predicted to be a 

target of miR-9a (see tsp1 in Fig. 4.5). These findings underscore the importance of our 

combined bioinformatics and genetic approach to identify critical genes involved in 

tumorigenesis driven by Lgl. Future experiments will focus on the significance of THBS1 

in human tumors accompanied by HUGL1 loss.   
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Figure 4.6 - HUGL1 knockdown in human breast epithelial cells.  
Stable knockdown was established in MCF10As with transduction of HUGL1 or control 

shRNA lentiviral particles and selected with puromycin.  Protein lysates were isolated 

from cell lines, 20 μg of protein were separated by SDS PAGE and analyzed by 

immunoblot using the antibodies: anti-HUGL1 and anti-β actin (loading control). 

Molecular weights as shown. 
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Table 4.7.  Downregulation of HUGL1 leads to upregulation of five mRNAs.  Table 

shows mRNAs upregulated by more than 5 fold in HUGL1 knock-down human 

mammary epithelial cells compared to controls (scrambled knock-down). P values as 

shown.  

 

mRNA Fold 

Change 

P-value 

ABCG2 2.86 0.019 

ESR1 5.20 0.021 

KRT19 3.16 0.036 

MMP2 5.72 0.025 

THBS1 2.70 0.039 
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Discussion  

Following up on our previous report that Lgl regulates the RNA binding protein 

FMRP (53), here we report a novel functional connection between the tumor suppressor 

Lgl and the miRNA pathway. Although miRNA dysregulation has been linked to cancer 

progression, the role of this pathway in tumorigenesis remains poorly understood (205). 

As the human orthologs of Lgl (HUGL1 and HUGL2), are reported to be downregulated 

in breast and other epithelial cancers, we turned to the genetically tractable model 

Drosophila to explore the effects of lgl loss on the miRNA transcriptome and to identify 

miRNAs that may act as effectors of lgl’s ability to protect against cancer progression by 

modulating pathways involved in tumorigenesis including polarity, proliferation, 

differentiation, adhesion, cell fate and stem cell expansion.  

First, by demonstrating a genetic interaction between lgl and AGO1, we identified 

a potential role for Lgl in the microRNA pathway. Next, to identify specific miRNAs 

misexpressed due to loss of lgl, we conducted miRNA microarrays to compare miRNA 

expression levels of lgl mutants compared to wild type rescue larval tissues. Microarrays 

have the advantage of being able to simultaneously analyze thousands of genes; it was 

this approach that allowed us to determine precisely which of 147 miRNAs were being 

affected due to lgl loss. Many miRNAs were found to be dysregulated among time-point 

comparisons (38 for day 0, 32 for day 3, and 75 for day 5) but only ten were consistently 

affected among time points. This time series enabled us to determine changes in miRNA 

expression before and during early as well as late tumor development that may serve in 

the future for biomarker development. This approach also provided a robust means for 
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identifying a core set of ten miRNAs that define an Lgl tumor “signature”. Of the ten 

Drosophila miRNAs identified, let-7, miR-210, miR-1, miR-100, and miR-9a have 

homologues in humans as evidenced in miRBase (206). These same five have already 

been shown to exhibit tumor suppressive properties in human cancers (78, 198, 202, 205, 

207). Among these, let-7 and miR-100 are processed from the same primary miRNA. 

 miR-9a was found to be downregulated in our lgl mutant larvae, therefore, we 

hypothesized that overexpressing miR-9a in lgl loss-of-function tissues may have a 

rescuing effect. By restoring levels of miR-9a in the wing, flies showed a statistically 

significant reduction in the overgrowth of the posterior compartment of the wing due to 

lgl knock-down.  

 We conducted two separate array experiments, one for miRNA and one for 

mRNA using two separate lgl mutants. Furthermore, we compared our data to matches 

predicted by microRNA.org, which uses a machine-learning algorithm to score matches 

based on sequence similarity, free energy of the RNA duplex and conservation of the 

target site. Target matching algorithms have an estimated 50% error rate and indeed, 

using one of the latest target matching algorithms implemented by microRNA.org, 

miRanda, we discovered that the error rate was corroborated by our in vivo data. Thus, 

the power of our combined approach is that of target matches predicted by 

microRNA.org corresponding with an inverse expression relationship of miRNAs and 

their predicted mRNA targets in lgl mutant tissues (e.g., an upregulated miRNA validates 

a predicted mRNA target if that mRNA is downregulated). 
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Cancer is a complex disease affecting many biological processes including: cell 

growth and proliferation, cell differentiation, angiogenesis, apoptosis, and genomic 

stability (109, 208). The dysregulated miRNAs and mRNAs in our analysis not only 

corroborated 3’ UTR targeting predicted by microRNA.org, but targeted mRNAs were 

significantly associated with GO-terms linked to cellular processes involved in cancer, 

including cell fate commitment, differentiation, and cell adhesion. Indeed, a disruption in 

differentiation of neuroblasts has been shown to result in brain tumors, a well-established 

phenotype of lgl mutants (3). Also cell adhesion GO-terms are highly relevant to 

tumorigenesis, since disruption of cell adhesion is associated with an epithelial to 

mesenchymal transition (EMT) and is critical to allow cells to break away from the 

epithelium and become invasive.  Future studies will address the contribution of these 

genes, particularly the miR-9a targets, to the lgl mutant phenotype. 

 We have shown that knockdown of HUGL1 in human mammary epithelial cells 

leads to upregulation of five transcripts that have been linked to cancer stem cells, side 

population (SP) cells, or increased invasion in cancers (ABCG2, MMP2, ESR1, THBS1 

and KRT19). Of these, ABCG2 (also known as Breast Cancer Resistance Protein) is an 

ATP-binding cassette transporter associated with the cancer stem cell phenotype and 

chemotherapeutic resistance, including therapy-refractory breast cancer (209-211). 

Although two miRNAs, miR-328 and miR-519c, that have been previously described to 

downregulate human ABCG2 (212, 213), have no fly orthologs, we report a reduction in 

miR-100, which is also predicted to bind to the human ABCG2 3’UTR (214).  Notably, 

the mature miRNA sequences of miR-100 have a one base pair difference between human 
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and Drosophila as reported by miRBase (206). Of the other four mRNAs significantly 

upregulated in mammary epithelial cells with HUGL1 knockdown, MMP2, a matrix 

metalloprotease (MMP), is elevated in epithelial to mesenchymal transition (EMT) (215). 

Upregulation of MMPs has been previously observed in Drosophila lgl mutants, 

conferring invasive abilities, and has also been documented in cancer stem cells (151, 

216-219). In addition, ESR1 is associated with aggressive breast tumor types, and KRT 19 

has been implicated as a marker of circulating tumor cells (220). Interestingly, THBS1, 

thrombospondin, is an ortholog of tsp, a fly mRNA that we report upregulated in lgl 

mutants. This upregulation is potentially due to the reduction in miR-9a levels we 

detected, as tsp is a predicted target of this miRNA (197, 221). 

let-7, the most significantly downregulated miRNA in lgl tissues, has been shown 

to inhibit breast cancer cell proliferation in severely compromised immunodeficient 

(SCID) mice while its loss led to increased stem cell renewal (198). It was also shown to 

act as a repressor of stemness and is frequently lost in transformation (reviewed in 195). 

miR-9 is downregulated in human gastric carcinoma, breast cancer, and ovarian cancer 

and has been shown to exhibit control over cell proliferation and metastasis (204, 222-

224). The findings presented here, coupled with an established role for Lgl as a regulator 

of stem and epithelial cell integrity in Drosophila, suggest that similar miRNAs and 

downstream pathways may be dysregulated in both fly and human tumors with loss of 

Lgl or HUGL1/2, respectively. We speculate that the contribution of lgl as a tumor 

suppressor may be attributed to its control over epithelial cell plasticity and localization 

of cell fate determinants and/or by conferring protection against a dedifferentiated cancer 



143 

 

 

stem cell population in varied tissues. Proper regulation of miRNAs let-7 and miR-9 by 

lgl via modulation of miRNA processing could contribute to this role.  

In summary, we used a combined approach including bioinformatics in flies and 

human cells lacking Lgl and identified a “signature” set of miRNAs characteristic to Lgl 

tumors. Cross comparisons between miRNA and mRNA profiling uncovered a small set 

of mRNAs that are both dysregulated in vivo and represent putative targets of the 

signature miRNAs. Among these, Thrombospondin, a component of the extracellular 

matrix was found to be misexpressed in both flies and human cells lacking Lgl. It is 

tempting to speculate that this connection between Lgl depletion and thrombospondin 

upregulation points to a mechanism involving the remodeling of the extracellular matrix, 

a key player in metastasis, which will be explored in future experiments. These results, 

together with genetic interaction experiments in Drosophila suggest the potential for 

using miRNAs as therapeutics in tumors with Lgl loss.  
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V.  A MAMMARY GLAND SPECIFIC KNOCKOUT OF MGL1 IN MOUSE  

 

Abstract 

Downregulation or loss of HUGL1 has been reported in many cancers including 

breast cancer.  Loss of function mutation of the mouse ortholog Mgl1 results in neonatal 

lethality, obscuring the role of Mgl1 in mammary gland formation and tumor suppression 

in these tissues.  To overcome this obstacle, we have generated a Cre-loxP mammary 

tissue specific knockout of Mgl1 in the mammary gland to assess effects of loss of Mgl1 

expression on glandular development and tumor suppression at puberty, early pregnancy, 

late pregnancy, and post lactational involution in the mouse mammary gland.  This was 

accomplished by crossing an animal with homozygously floxed Mgl1 alleles to a mouse 

homozygously expressing Cre recombinase under the MMTV-LTR promoter.  

Heterozygotes were in turn bred to one another to generate three genotypes for 

phenotypic analysis: Mgl1
flox/flox

, +Cre; Mgl1
wt/wt

, +Cre, and Mgl1
wt/wt

, -Cre.  

Preliminarily, two in ten whole mounts of mammary glands from five week old mice 

display an impairment in mammary fat pad ductal invasion.  Ongoing experiments will 

elucidate the tumor suppressive role of Mgl1 in mouse mammary tissues. 
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Introduction 

Human and Mouse Orthologs: HUGL1 and Mgl1 

The cytoskeletal protein HUGL1 has been identified as a potential tumor 

suppressor whose gene maps to chromosomal region 17p 11.2-12 in humans, centromeric 

to p53.  The HUGL1 gene is located in a fragile region of the chromosome that is deleted 

in Smith-Magenis Syndrome, chromosomally unstable epithelial cancers and 

medulloblastomas (37-40).  HUGL1 is highly conserved across species, with 87.6% 

amino acid identity to the mouse ortholog, Mgl1 (43).  The Mgl1 gene encodes a protein 

of 120 kDa containing1062 amino acids in the mouse.  The gene is located on 

Chromosome 11 and contains 22 exons.  All homologs contain WD-40 repeats as sites of 

protein-protein interactions and conserved serine residues that are subject to 

phosphorylation.  Expression of Mgl1 is ubiquitous in the developing mouse with highest 

levels of expression in the brain, whereas expression of the paralog, Mgl2, is more 

restricted and is highest in the kidney, liver and stomach (36). 

 

Roles of HUGL1 in Murine Models 

Significant research has been performed to elucidate the putative tumor 

suppressive roles of HUGL orthologs in model systems.  Murine models of Mgl1 and 

Mgl2 loss have been generated to obtain an understanding of the in vivo functions of 

these proteins in development and protection from cancer.  Phenotypes observed in these 

knockout mice strengthen the hypothesis that the proteins confer roles as tumor 

suppressors through varied roles in cell polarity, asymmetrical cell division, and vesicular 
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trafficking.  Mgl1 knockout pups develop severe hydrocephaly and die neonatally.  Loss 

of Mgl1 in the mouse results in the early formation of neuroepithelial rosette structures in 

the brain that prove fatal.  In these mice, the neural progenitor cells fail to differentiate, 

improperly localize cell fate determinants, and continue to proliferate (36). An Mgl2-null 

mouse, while not fatal, shows defects in polarization of trophoblasts during placental 

development that affect branching morphogenesis (92).  In another study, concomitant 

mislocalization and downregulation of SCRIB, DLG1 and MGL1 were reported in a 

Trp1/Tag transgenic mouse model that develops primary ocular tumors (91).  In mice, 

Hoxc8 targets Mgl1 by directly binding the promoter and downregulating Mgl1 

expression, reducing cell adhesion and migration (225, 226).   

 

HUGL1 in human cancers 

Expression of HUGL1 is lost or significantly downregulated in several epithelial 

cancers.  It has been shown to function as a tumor suppressor in the progression of 

colorectal cancer (96) and malignant melanoma (95).  In both cancers, studies showed an 

inverse correlation between HUGL1 expression and tumor progression.  Reduced 

expression has also been demonstrated in primary breast tumors and breast cancer cell 

lines (25). 

 

As investigation of mammary tissues in a null mutant mouse is not plausible due 

to the fatal phenotype, we chose to investigate the phenotype of a tissue-specific 

knockout of Mgl1 in the mammary gland.  Our experiments will interrogate how 
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mammary development and tumorigenesis are affected in the Mgl1 
-/-

 mammary gland. 

We have generated a Cre-loxP mammary tissue specific knockout of Mgl1 in the mouse 

mammary gland to assess effects of loss of Mgl1 expression on glandular development 

and tumorigenesis at puberty, early pregnancy, late pregnancy, and post lactational 

involution. 

 

Cre -loxP system  

The Cre-loxP system is a powerful and commonly used molecular tool for tissue-

specific ablation of genes whose function cannot be investigated in differentiated tissues 

due to lethal phenotypes in whole organism knockouts.  Two mouse lines are required for 

this type of conditional gene deletion: (1) a conventional transgenic mouse line 

expressing Cre under the regulation of a tissue-specific promoter and (2) a mouse strain 

that contains a target gene flanked by two loxP sites, termed a “floxed gene”.  Cre is a 38 

kDa site-specific DNA recombinase from bacteriophage P1 that recognizes and catalyzes 

recombination between loxP sites.  A loxP site is a sequence containing an 8 bp spacer 

sequence flanked by two 13 bp inverted repeats, the orientation of which determines the 

directionality of the recombination.  Two sites bordering a locus in matching orientation 

dictate excision of the intervening DNA, whereas loxP sequences in opposite orientation 

to each other invert the DNA.  Excision or inversion and consequent inactivation of the 

target gene occurs in cells expressing Cre, leaving the gene active in all other tissues 

(227). 
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Flp/FRT system  

Similar to the Cre-lox system, the FLP-FRT system can also be used to 

conditionally manipulate gene expression.  This system employs the use of Flippase 

DNA recombinase from the yeast Saccharomyces cerevisiae.  Flippase recognizes a pair 

of 34 bp Flippase recombinase target (FRT) sequences that flank a locus of interest and in 

turn catalyze excision or inversion via recombination (228). 

 

MMTV-Cre Line 

The promoter of the mouse mammary tumor virus-long terminal repeat (MMTV-

LTR) has been engineered to drive the expression of Cre recombinase in a number of 

transgenic mouse lines (229).  We chose to use line D, Tg(MMTV-cre)4Mam/J, which 

has been characterized to direct expression of Cre in secretory epithelium of adult mice 

including the mammary gland.  Cre expression has been characterized in this line by 

crossing line D mice to a lac-z reporter strain carrying a lox-stop sequence.  In Cre 

expressing tissues of the progeny, the stop sequence was removed via recombination and 

tissues were subsequently stained in situ for B-galactosidase activity.  In this line, high 

expression of Cre was demonstrated at day 22 of growth in both myoepithelial and 

luminal epithelial cells of the mammary gland, but little or no expression was observed in 

stroma, fibroblasts, or adipocytes.  Significant Cre expression was also noted in the 

striated ducts of the salivary gland, the secretory cells of the epidermis, B and T cells, 

megakaryoctes, and erythroid cells (230).  
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Murine Mammary Gland  

The murine mammary gland is composed of a series of arborized ductal structures 

embedded within an adipocyte rich stroma, termed a fat pad.  Two lineages of epithelial 

cells, myoepithelial and luminal, form the ducts and alveoli.  The luminal cells are highly 

polarized cuboidal secretory cells that line the ducts and alveoli, producing milk during 

lactation.  They are surrounded by a layer of contractile myoepithelial cells that express 

smooth muscle actin and are in direct contact with the basement membrane.  

Murine mammary development begins during gestation.  Mice are born with five 

pairs of rudimentary ductal trees, each sprouting from a nipple bud and occupying a small 

area of the fat pad.  Through the first three weeks of growth of the juvenile animal, the 

gland progresses isometrically with normal body growth.  In the fourth week, growth 

increases and ducts begin to penetrate the fat pad beyond the central lymph node.  During 

this period, terminal end buds (TEBs) composed of proliferative structures at the invasive 

front of the ductal branches, expand greatly.  At puberty, ductal elongation and 

bifurcation accelerates until ducts reach the periphery of the fat pad and TEBs transition 

into terminal ductal structures.  Upon pregnancy, lasting 18 to 21 days in mice, 

proliferation and maturation of the alveoli occurs.  The epithelial cells continue to 

proliferate during lactation and luminal cells begin to manufacture and secrete milk under 

the control of the hormones prolactin, insulin, and glucocorticoid.  When lactation ceases, 

massive apoptosis and phagocytosis ensues, causing collapse of the alveolar structures 

and the initiation of an involution remodeling program that restores simple ductal 

structure (96, 106) (Figure 5.1) .  Signaling components of the invasion, migration, and 
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tissue remodeling programs that orchestrate branching morphogenesis, maturation, and 

involution in the mammary gland are commonly hijacked during cancer development and 

progression.  

 

  

 
 

Figure 5.1.  Murine mammary development.  A representation of mouse ductal 

development within the mammary fat pad.  a) Terminal End Buds (TEBs) develop at 

the ductal tips b) In a mature virgin, the entire fat pad is filled with branching ducts c) 

Alveolar buds form during pregnancy that grow into alveoli that produce milk d) 

During lactation, alveoli fill the fat pad, producing and secreting milk.  Taken from 

Hennighausen and Robinson 2005. 
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Results 

We are interested in understanding the roles of MGL1 in polarity establishment, 

maintenance, and tumor suppression in the mammary gland.  Because Mgl1-null 

mutations caused neonatal lethality, we have designed a mouse with an inverted exon 2 

of Mgl1 using a Cre-lox approach to study the function of Mgl1 during mammary gland 

development and lactation.  What follows is a description of strategies used to generate 

the floxed alleles, breeding schemes and genotyping methods to produce the Mgl1 

conditional knockout and preliminary characterization of the phenotype at five weeks of 

age, a prepubertal time point. 

 

Design of Targeted Construct 

In the first step toward generation of an Mgl1 conditional allele, we designed a 

construct with multiple lox P sites and two FRT sites inserted into the Mgl1 locus.  Two 

loxP sites were engineered to flank a neomycin resistance cassette that was inserted into 

the first intron.  Another two loxP sites, oriented antiparallel to one another, flank exon 

two of the Mgl1 gene.  Outside of the loxP sites are antiparallel FRT sites (Figure 5.2).    



154 

 

 

 

Figure 5.2.  Mgl1 targeting vector.  A targeting vector was designed with Lox P sites 

flanking exon 2 of the Mgl1 gene to invert this section of the gene with Cre recombinase 

expression and render the protein nonfunctional.  The mutation is made reversible under 

Flippase expression by the design of FRT sites internal to the LoxP sites. 
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This design allows the reversible inversion of exon 2 with expression of Cre 

recombinase and the subsequent reactivation with expression of Flippase in the same 

tissues.  Full exploitation of the power of this model requires the generation of a 

transgenic mouse that inducibly expresses Flippase and Cre recombinase under the same 

tissue specific promoter, but with separate methods of induction.  A transgenic mouse 

with these attributes does not exist at this time and we have chosen not to engineer one at 

this point in the project.  However, if a strong mammary-specific phenotype emerges, we 

plan to pursue the generation of a transgenic mouse with these features and conduct 

follow up studies. 

 

Engineering of Mgl1 floxed mouse GEMM Core 

In cooperation with the Genetically Engineered Mouse Modeling Core Facility 

(GEMM) to create a mouse with a floxed Mgl1 allele, a construct was engineered and 

transfected into mouse embryonic stem cell line S6 via electroporation.  Neomycin and 

gangcyclovir resistant colonies were selected to ensure integration of the construct and 

proper location of the integration.  Long sequencing was performed with primers 

designed to amplify from the construct into the arms of homology (Figure 5.3) and a stem 

cell colony with confirmed integrations was expanded. 
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Figure 5.3.  PCR validation of construct integration.  Evaluation of embryonic stem 

cells (+) demonstrated an insertion of both the left (2.3 kB) and right (5.2 kB) arms of the 

targeting vector, which was subsequently transmitted to progeny of the chimeric founder 

(#56 shown).  Non-targeted controls are indicated by (-). 
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Blastocysts were harvested from C57BL/6 donor mice and Mgl1 targeted S6 

embryonic stem cells were injected into the inner cell mass of blastocysts.  After 

recovery, chimeric blastocysts were then implanted into the uteri of pseudopregnant 

surrogate dams and carried to term.  Chimeric mice born (Agouti coat color) were bred 

against C57BL/6 to test for germline integration of the construct.   
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Breeding Strategy 

One agouti male chimera with a germline mutation was successfully generated 

and subsequently bred against wild type C57BL/6 females to produce progeny 

heterozygous for the floxed allele.  Heterozygous progeny were bred to one another (from 

separate litters of different C57BL/6 mothers) to produce homozygously floxed animals.  

MMTV-Cre 4Mam/J  mice with an FVB and B6129F1 background, homozygous for Cre 

expression under the MMTV-LTR promoter, were acquired from Jackson Labs and bred 

against Mgl1 homozygously floxed animals.  The F1 progeny, heterozygous for both Cre 

and Mgl1 flox, were bred to one another to produce three genotypes of interest: 

Mgl1
flox/flox

, +Cre; Mgl1
wt/wt

, +Cre, and Mgl1
wt/wt

, -Cre (Figure 5.4). 
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Figure 5.4.  Crossing scheme for generation of experimental mice.  Two generations 

of crosses were performed to generate F2 experimental genotypes:   Mgl1
flox/flox

, +Cre; 

Mgl1
wt/wt

, +Cre, and Mgl1
wt/wt

, -Cre.    

  

Mgl1 flox/flox  X  MMTV Cre/Cre 

 

 

 

F1  Mgl1 flox/+, MMTV Cre/+  X  Mgl1 flox/+, MMTV Cre/+ 
 
 
 
F2   Mgl1 flox/flox, MMTV Cre/+ or Cre/Cre 

Mgl1 +/+, MMTV Cre/+ or Cre/Cre 

Mgl1 +/+, MMTV +/+ 
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Genotyping 

DNA was isolated from tail tips and two PCR reactions were performed to 

determine genotypes.  Primers X, Y, and Z were designed to be used in a multiplex 

reaction to differentiate between floxed and wt animals.  Primers X and Z (Table 2.1) will 

amplify a 501 bp region of DNA within the neomycin cassette, present only in a floxed 

locus with an inserted neomycin cassette.  Primers X and Y (see Table 2.1) will amplify a 

255 bp region of DNA across the first intron, present only in a wild type locus (Figure 

5.5, A).  Primer sequences to recognize the Cre allele were obtained from Jackson Labs 

and amplify a 100bp sequence in a +Cre mouse (Figure 5.5, B). 
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Figure 5.5.  Genotyping results for floxed Mgl1 allele and Cre allele.  (A) Multiplex 

PCR reaction for floxed allele generates single band of 255 bp for wild type, single band 

of 501 bp for floxed, double band of 255 bp and 501 bp for heterozygote. (B) Cre PCR 

reaction generates 100 bp fragment if at least one allele of Cre is present.  Note:  this 

amplification reaction cannot differentiate between homozygous and heterozygous Cre 

animals. 
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Phenotypic Analysis 

Due to the mixed background of FVB, B6129F1, and C57BL/6, the experimental 

animals have varied coat color.  Though it may obscure potential phenotypes, the strength 

of this outbred background lies in its biological relevance to the human genetic 

background.  Litter size of F2 progeny averages 7.5. 

 To investigate the role of Mgl1 in mammary gland development, right side #4 

mammary glands from ten females per genotype at 39 days of age were excised and 

processed into whole mount slides.  10 glands each from Lgl 
flox/flox

, +Cre mice and 

Mgl1
wt/wt

, +Cre were stained with Carmine Alum and compared for morphological 

differences in glandular structure (Figure 5.6.)  Preliminarily, two of ten mutant glandular 

trees reflect delays in mammary fat pad invasion as compared to age matched controls. 
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    Mgl1
wt/wt

, + Cre   Mgl1
flox/flox

, + Cre 

 
 

Figure 5.6.  Mammary gland whole mounts of wild type and floxed mice.  10 

mice per genotype of Mgl1
flox/flox

, + Cre, Mgl1 
wt/wt

, + Cre were analyzed for 

mammary gland development at five weeks. 
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Discussion 

We expected to see a loss of Mgl1 expression early in mammary development, as 

Cre expression in myoepithelial and luminal cell layers is reported to initiate at Day 22 of 

growth.  In response to MGL1 loss in these cell layers, a measurable disruption in 

apicobasal or planar polarity and/or migration in the mammary epithelial tissues is 

predicted based on the phenotypic results we have observed as a result of ortholog loss in 

human cell line experiments. 

Preliminary results reflect a slight impairment in mammary fat pad ductal 

invasion in two of ten mice investigated at five weeks of age, suggesting a role for Mgl1 

in migration and branching morphogenesis of the developing mammary gland.  However, 

expression of Mgl1 in epithelial cells in controls and loss of Mgl1 in conditional knockout 

glands has yet to be validated.  Real-Time PCR reactions will be performed on glands to 

validate knockdown as well as immunostaining for Mgl1 and other polarity markers.  

Additional roles in polarity mechanisms will be investigated at later timepoints 

throughout pregnancy and post-lactational involution.  Findings from this study will 

elucidate the potential role of HUGL1 in developmental and tumor protective pathways 

in the mammary gland. 
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VI.  DISCUSSION 

 

To reveal the varied roles of Lgl in tumor suppressive contexts, we used a 

powerful three-model approach combining the strength of a Drosophila model of cancer, 

three dimensional culture of human mammary cells, and a mouse conditional knockout.  

Drosophila models offer simplified molecular pathways lacking gene duplication often 

complicating investigations in higher order organisms.  The Drosophila model has 

provided us with a tractable framework within which to identify miRNA candidates as 

effectors of the lgl cancer phenotype and the ability to validate them with genetic 

interaction experiments, using mutant and overexpression reagents to observe whole 

organism effects.  In addition, three dimensional culture of human mammary epithelial 

cell lines has allowed us to recapitulate glandular development and model disruption of 

mammary architecture and cell polarity with the manipulation of HUGL1 and HUGL2 

gene expression.  Furthermore, experiments currently underway in a conditional 

knockout mouse model allow us to ablate the tissue-specific function of Mgl1 where loss 

on a whole organism level would be fatal.  In this manner, we will be able to ascertain the 

specific contribution of mammalian Mgl1 to development and tumor suppression in the 

mammary parenchyma.  Data from these models have revealed roles of Lgl in 

proliferation, polarity, nuclear morphology, cell plasticity, and miRNA processing. 

  



167 

 

 

HUGL controls proliferation 

The well-established ability of mutant Lgl to alter epithelial polarity and 

proliferation in Drosophila led us to investigate the role of orthologs HUGL1 and 

HUGL2 in breast cancer progression.  HUGL1 and/or HUGL2 are lost or downregulated 

in several human epithelial cancers and preliminary immunostaining conducted in our lab 

suggests differential expression in the two layers of the mammary gland.  Importantly, we 

have observed that HUGL1 and HUGL2 proteins are expressed in the adult breast and in 

ductal carcinoma in situ (DCIS), yet appear to be downregulated in primary breast tumors 

(data not shown). 

 As epithelial cells in the breast progress toward malignant phenotypes, TDLUs 

and their proximal ducts expand to many times their normal size (113).  Similarly, 

HUGL1 or HUGL2 knockdown in mammary epithelial cells grown in 3D culture 

produced large disorganized cell colonies compared to hollow spherical, uniform acini 

observed in control lines.  To decipher the source of overgrowth in the enlarged 

structures, we analyzed the expression of Ki67 as a proliferative index and cleaved 

caspase-3 as an apoptotic index in MCF10A cells. Though we failed to find significant 

differences in areas of activated caspase-3 at day 9 of culture, we observed a statistically 

significant increase in Ki67 expression in both HUGL1 and HUGL2 knockdown cells.  

With these results, we demonstrate that HUGL1 and HUGL2 suppress proliferation, but 

do not actively promote apoptosis.  Notably, another research group showed a significant 

reduction of apoptosis in SCRIB knockdown cells via immunostaining with activated 
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caspase-3.  It is interesting to note that even with a reduction in apoptotic activity, those 

structures were not reported to overgrow (231).  This highlights anti-apoptotic activity as 

a potential mechanism for luminal infilling, but not necessarily as a mechanism for 

promoting acinar overgrowth. 

 To examine whether loss of HUGL1 similarly alters the growth of noncancerous 

cells on plastic, proliferation of HUGL1 knockdown MCF10A cells was compared to 

controls over a three day period in an MTT assay.  Interestingly, the growth rate of 

MCF10A cells grown as a monolayer was not affected by HUGL1 loss.  These results 

conflict with the overt proliferative increases that we see in knockdown cells grown in 

matrigel.  While we feel that the 3-D culture is a much more biologically relevant model, 

differences in HUGL1 effects on proliferation between 2D and 3D culture could be 

attributed to matrix-dependent growth signaling that is dependent upon intact polarity to 

be kept in check.  Lgl has been demonstrated to affect tissue growth in Drosophila 

through regulation of the Salvador/warts/hippo (SWH) pathway (65).  Because cells on 

plastic are not inherently apicobasally polarized to begin with, perhaps there is no 

opportunity for disruption of the Hippo signaling.   

 Because several breast cancer cell lines do not express functional levels of 

HUGL1, we sought to determine whether replacement of that expression in cancer cells 

could alter their growth rate.  With overexpression of a HUGL1-GFP fusion construct in 

metastatic breast cancer cell line MDA-MB-453, we measured differences in 

proliferation with an MTT assay and observed a twofold decrease in growth rate with 
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HUGL1 replacement.  This provides evidence that HUGL1 has a role in controlling 

proliferation in human mammary epithelial cells that is lost in breast cancer.   

 

HUGL contributes to polarity 

Epithelial cells are characterized by an asymmetric distribution of cytoplasmic 

and membrane proteins essential for formation of cell junctions, spatial partitioning of 

molecular cascades, and the planar formation of a dual layered epithelium.  Because of 

this, pathways involved in the establishment and maintenance of polarity are of particular 

relevance to the study of carcinogenesis in the mammary gland.  Here, we have identified 

non redundant functions for HUGL1 and HUGL2 as apicobasal polarity determinants in 

three dimensional cell culture primitively recapitulating the architecture of the human 

mammary gland.   

 Mammary acini grown in a reconstituted extracellular matrix revealed a loss of 

polarity within HUGL knockdown colonies that manifested as a failure to form hollow 

lumina, proliferation of multi-layered epithelia, random organization of individual cells 

with respect to the acinar space, a loss of partitioned membrane identity, and a 

mislocalized secretion of basement membrane, Laminin V, to the lumen. 

Immortalized human mammary epithelial cell lines such as MCF10As, express 

markers of both luminal and myoepithelial cell lineages.  Experiments using this cell line 

as a control are sometimes scrutinized, as these cells fail to form tight junctions due to 

low expression levels of Crb3 (143).  This is evidenced by an increase in the formation of 

tight junctions in these cells with exogenous Crb3 expression when grown in monolayer 
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culture (232).  Hence, we conducted similar experiments with non-immortalized human 

mammary epithelial cells HMEC cells obtained from mammoplasty reduction surgeries.  

In HMEC cells, immunofluorescent localization of Muc1, Integrin alpha6, and Laminin 

V deposition revealed an inability of knockdown cells to properly partition apical and 

basolateral transmembrane proteins and a loss of overall acinar architecture.  This 

corroborates what we observed in MCF10As and provides evidence that HUGL1 and 

HUGL2 indeed are required for polarity establishment in mammary epithelial cells. 

 Laminin V expression is increased in several tumor types (233, 234).  Early IHC 

studies of breast cancer tissues report strong cytoplasmic Laminin V staining in both 

malignant breast tissues and lymph node metastases (235).  However, downregulation of 

Laminin V has been shown in several breast cancer cell lines when compared to 

MCF10A expression levels (236).  Interestingly, recent research reports evidence of a 

Laminin V rich area at the invasive front of breast cancers (220).  It is known to bind to 

integrin α6β4 and integrin α3β1 to promote survival, invasion, and migration of tumor 

cells (237).  The aberrant localization of Laminin V into the luminal space that we 

observe in acini with HUGL1 loss could be contributing to anoikis resistance in this inner 

cell population.  If this does occur, the effects must be realized at a timepoint later than 

day 9, as we observed no statistically significant differences in activated caspase-3 

activity at day 9 in our experiments.   

Of note, variations on the phenotypes observed here have been reported before 

with loss of HUGL1/2 or Mgl1/2.   Interestingly, we report a more extreme phenotype 
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than was observed for Scrib loss in MCF10As.  Though modulation of either Lgl or 

Scribble can control polarity and proliferation in Drosophila, loss of Scrib in MCF10A 

cells has only modest effects on apicobasal polarity, as measured by Golgi orientation 

(231).  This provides evidence that the roles of SCRIB and HUGL are more nuanced in 

humans than in Drosophila and that perhaps HUGL plays a more prominent role in 

apicobasal polarity in human epithelial cells. 

Knockdown of Mgl2 has previously shown to induce polarity defects in MDCK 

cells, but loss of Mgl1 alone in these cells is not sufficient to produce the phenotype.  The 

fact that our blinded quantification revealed  less extreme phenotypes in cells with 

HUGL2 loss suggests that levels of knockdown with each respective shRNA had 

differing efficiencies of protein knockdown that were not discernible by Western Blot.  

Alternatively, it is a function of the endogenous level of expression of each protein in the 

tissue type of interest.  It has been shown that Mgl2 is highly expressed in the kidney of a 

mouse, therefore its expression level in kidney of a dog may be similar.  Contrastingly, 

we have shown via IF in human tissues that levels of HUGL1 are highly enriched in 

luminal epithelial cells of the mammary gland, where HUGL2 expression is 

comparatively low or undetectable.  HUGL2 is however, highly expressed in the 

myoepithelium.  Tissue context could reconcile the differences between the paralogs in 

these two cell types and will likely be further elucidated as subtle differences in their 

function are deciphered. 
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HUGL affects nuclear morphology 

 Nuclear grade is one of the properties that is scored in a biopsy to grade a tumor 

sample; nuclear size, nuclear shape, and prominence of nucleoli are considered (156, 238, 

239).  Interestingly, within HUGL1 and HUGL2 knockdown cells, pleomorphic nuclei 

were observed to be present.  Quantification of nuclear size revealed that some nuclei 

within acini with loss of HUGL1 were statistically significantly larger than control 

nuclei, had varying aberrant shape, and many displayed prominent nucleoli.  Nuclei of 

HUGL2 knockdown cells were also significantly enlarged, albeit to a lesser extent.  

Beyond an obvious connection to a phenotype observed in human cancer, the mechanism 

of this observed phenomenon is as of yet unexplained.  Nuclear pleomorphism is 

considered a ‘gold standard’ in pathological diagnosis of epithelial cancers, but the 

molecular mechanism of the phenotype remains to be characterized.  Nuclear size can be 

affected by changes to nuclear lamin composition, by gross changes in gene expression 

due to chromatin remodeling, and may reflect nuclear fusion events (156, 240).   

 

HUGL protects against invasive progression 

An epithelial to mesenchymal transition (EMT) involves a phenotypic shift from 

an apicobasally polarized morphology to a front rear polarized morphology.  EMT is an 

essential process in both development and wound healing, but can also contribute to 

invasive growth and metastasis when the molecular pathways become hijacked in cancer 

(119).  During neoplastic transformation, epithelial cells lose polarization, cell to cell and 

cell to extracellular matrix connections disassemble, and cells acquire increased motility.  
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With a knockdown of HUGL1 or HUGL2 in human breast epithelial cell lines, we 

have observed an induction of phenotypic EMT, with cells adopting a spindle-like 

morphology and separating from one another in a culture dish.  Transcriptional analysis 

of these cells did not indicate upregulation of factors canonically associated with EMT, 

however, such as SNAIL or ZEB1 family transcription factors, but reflected an 

upregulation MMP2 and THBS1.  MMP2, a matrix metalloprotease (MMP), is known to 

be elevated in EMT (241).  Upregulation of MMPs has also been previously observed in 

Drosophila lgl mutants, conferring invasive abilities (10, 151, 216, 242, 243).  The role 

of THBS1 in cancer progression, however, is controversial.  Thrombospondin 1 is a 

matrix glycoprotein secreted by cells in response to injury or stress.  THBS1 can activate 

TGF-β in both wound healing and tumor progression and has been shown to decrease 

primary tumor growth and have anti-angiogenic properties [Reviewed in (244)].  

Contrastingly, it also has been shown to induce anoikis resistance via stimulating Akt 

activity and has roles in matrix remodeling (245).  THBS1 also promotes metastasis to 

the lung in a mouse model, attributed to its role in tumor cell migration (246).  It is 

attractive to speculate that increased expression of THBS1 promotes resistance to anoikis 

in HUGL knockdown acini, however, there currently exists a lack of evidence for 

differential caspase activation between knockdowns and controls. 

Despite a transition to an obvious mesenchymal phenotype on plastic with 

knockdown of HUGL, we did not observe loss of E-cadherin via Western Blot, nor was 

CDH1 mRNA significantly downregulated in our PCR array.  In a zebrafish study of 

Lgl2 mutants, loss of Lgl2 induced EMT via an overactivation of ErbB2 and upregulation 
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of MMPs.  However, E-cadherin was robustly upregulated at the mRNA level, yet 

mislocalized at the protein level (247).  This suggests that follow up studies should be 

performed in MCF10As to probe for mislocalization of E-cadherin. 

In a recent study of the effects of Lgl loss on cell migration, Lgl depleted cells 

were reported to have elongated morphology with long protrusions where control cells 

exhibited broad lamellipodia.  This is similar to the EMT phenotype that we observe with 

Lgl knockdown in MCF10A and HMEC cells.  Lgl knockdown cells also reportedly 

displayed loss of cell-cell adhesions, which led to aberrant cell migration.  These 

increased migrational effects were attributed to the interaction of Mgl1 with non-myosin 

IIa (58).  Additionally, in Drosophila, knockdown of lgl in the context of Ras activation 

leads to metastatic behavior, showing that polarity protects against activation of pathways 

responsible for invasion (248).  While our results and that of others suggests that HUGL 

loss can lead to invasive phenotypes in epithelial cells, current evidence does not support 

the canonical activation of an EMT and the molecular pathways involved have yet to be 

fully elucidated.   

 

HUGL affects miRNAs 

miRNAs primarily control gene expression post-transcriptionally and their 

aberrant expression in cancers has been extensively demonstrated (249).  Research has 

revealed that Lgl is a functional partner of two established components of the miRNA 

pathway, the Fragile X protein and Argonaute 1 (53, 82).  With the hypothesis that Lgl 

plays a role in the miRNA pathway, we identified miRNAs and mRNAs that are 
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misexpressed in lgl tumors compared to wild-type tissues by profiling changes in tissues 

undergoing tumorigenesis.  These experiments identified five miRNAs downregulated 

with lgl mutation that have high levels of homology to the human miRNA sequences and 

have been shown to exhibit tumor suppressive properties in human cancers: let-7, miR-

9a, miR-210, miR-100, and miR-1 (198, 250-253).  Importantly, dysregulation of 

precursor miRNAs was not observed, suggesting that Lgl is involved at the level of 

processing or trafficking of mature miRNA. 

We compared the dysregulated miRNA and mRNA datasets to miRNA:mRNA 

matches predicted by an algorithm at microRNA.org, thereby identifying a network of 

biologically validated target matches in our lgl mutants that corroborated sequence-based 

predicted interactions between miRNAs and mRNAs.  Furthermore, we analyzed the 

cellular processes that molecular components of this network were published to be 

involved in.  Not surprisingly, we identified that targeted mRNAs were significantly 

associated with cellular processes involved in cancer, including cell fate commitment, 

differentiation, and cell adhesion.  Indeed, a disruption in differentiation of neuroblasts 

has been shown to result in brain tumors, a well-established phenotype of lgl mutants (3).  

These data suggest that in addition to characterized roles of the protein in localizing in 

cell fate determinants, miRNA effectors of Lgl loss may also contribute to these 

phenotypes.   

 Focusing on the two miRNAs with greatest loss of expression, we used genetic 

interaction approaches in the Drosophila model to test whether restoration of individual 

miRNAs, let-7 or miR-9a, could rescue loss of cell polarity or overproliferation 
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phenotypes in epithelial tissues of lgl mutants.  By restoring levels of miR-9a in the wing, 

flies showed a statistically significant reduction in overgrowth of the posterior wing 

compartment, one of several established wing defect phenotypes due to lgl knockdown.  

Interestingly, THBS1, Thrombospondin, is an ortholog of tsp, a fly mRNA that we report 

upregulated in lgl mutants.  This upregulation is potentially due to the reduction in miR-

9a levels we detected, as tsp is a predicted target of this miRNA (221, 254).   

 Unfortunately, reagents for overexpression of let-7 in the wing that were 

generated in our lab resulted in fatality, therefore we were unable to perform genetic 

interaction experiments for this miRNA.  A surge in let-7 expression in the fly occurs at 

the third instar larval stage, just prior to pupation (255).  The observation that let-7 levels 

are drastically reduced at this time point in lgl mutants and the well-characterized 

contribution of let-7 to carcinogenesis leads one to postulate that it could significantly 

contribute to the cancer phenotype seen in flies.  Given the role of let-7 in multiple forms 

of cancer and its regulation of several oncogenes including c-MYC and RAS, genetic 

interaction experiments between let-7 and lgl are an important component of follow up 

study.  Interestingly, preliminary experimentation in our lab has revealed a loss of let-7 

with downregulation of HUGL1 in mammary epithelial cells, accompanied by an 

increase in mammosphere forming ability, indicating a reversion to a stem-like phenotype 

(data not shown).  Taken together, these findings provide evidence that loss of Lgl results 

in miRNA modulation that could significantly impact cancer progression. 
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HUGL modulates stemness 

Recent evidence suggests that many cancers are maintained by a population of 

cancer cells that display stem cell properties.  These populations are refractory to 

chemotherapy and radiation, show upregulation of ATP-transporters, and are capable of 

increased levels of proliferation and motility (131, 136-140).  Our analysis of changes to 

gene transcripts in cells with HUGL1 and HUGL2 knockdown revealed an increased 

expression of cancer stem cell genes, including ABCG2, a gene upregulated in breast 

cancer stem cells.  This protein, also known as Breast Cancer Resistance Protein (BCRP) 

is an ATP-binding cassette transporter associated with the cancer stem cell phenotype and 

chemotherapeutic resistance, including therapy-refractory breast cancer (138, 256, 257).  

Transcripts of ABCG2 were significantly upregulated in both HUGL1 and HUGL2 

knockdowns compared to controls.  

Three miRNAs, miR-328, miR-519c, and miR-100 have been previously described 

to bind the human ABCG2 3’UTR resulting in downregulation (258, 259) (260).  

Although miR-328 and miR-519c have no fly orthologs, our miRNA experiments in 

Drosophila found a reduction of miR-100 in lgl mutants.  Notably, the mature miRNA 

sequences of miR-100 have a one base pair difference between human and Drosophila as 

reported by miRBase (261).  The conservation of the miRNA sequence suggests that it 

may play a similar regulatory role in humans.   

As mentioned above, in our Drosophila model of cancer driven by loss of lgl, we 

have also discovered the downregulation of let-7 and miR-9a, which have been shown to 

act as repressors of stemness (23, 262).  Let-7 is frequently lost in transformation and its 



178 

 

 

overexpression inhibits proliferation, mammosphere formation, cancer stem cell self-

renewal, and tumor formation (198).   

miR-9 is downregulated in human gastric carcinoma, breast cancer, and ovarian 

cancer and has been shown to exhibit control over proliferation and metastasis (263-266).  

It has been demonstrated to be hypermethylated in breast cancer and clear cell Renal Cell 

Carcinoma (171, 267).  Expression of miR-9 is also reduced in gastric cancer where it has 

been shown to control the expression of RAB34, a member of the Ras oncogene family 

(264).  miR-9 is highly expressed in the brain and its loss is implicated in control over 

stem cell progenitors (23).   

Additionally, research has shown that loss of Lgl in Drosophila can result in 

abnormal targeting of basal complex proteins such as Miranda, Prospero and Numb (23).  

It is possible that a disruption in the balance of cell fate determinants could lead to a 

disruption of asymmetrical stem cell division and misregulation of numbers of cells in a 

particular lineage, contributing to a cancer stem cell phenotype. 

It is possible that cancer stem cells are simply tumor cells that transiently acquire 

stem cell properties as a consequence of a dedifferentiation, similar to an EMT.  These 

data point to a potential role for HUGL in regulating plasticity from a differentiated 

epithelial cell to a stem-like cell.  Proper regulation of miRNAs let-7 and miR-9 by Lgl 

via modulation of miRNA processing could contribute to this role.  

The ABCG2 upregulation that we detected could also be linked to nuclear EGFR 

as a consequence of polarity loss.  Intriguingly, transcription of ABCG2 has been shown 
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to be controlled by EGFR in the nucleus of cancer cells (216).  With a loss of apicobasal 

polarity, Bitler et al. showed that an aberrant interaction of MUC1 and EGFR can 

influence retrograde trafficking of EGFR to the nucleus where it acts as a 

cotranscriptional transactivator (268).  It is tempting to speculate that HUGL loss could 

trigger deterioration of polarity, driving aberrant protein-protein interactions that 

contribute downstream to a dedifferentiated stem cell state.  Further experimentation in 

this area will shed light on the connection between polarity degradation and stemness. 

 

HUGL affects mammary gland development 

 A knockout mouse of Mgl1 was created in 2004 by Klezovitch et al., and 

embryonic loss of Mgl1 expression resulted in neonatal lethality (36). To address this 

issue, we generated a floxed Mgl1 mouse and crossed it to a MMTV-Cre expressing 

mouse to create a tissue specific knockout, enabling an evaluation of the role of this 

protein through its effects on development and tumor suppression.  Experiments are 

ongoing to determine how loss of HUGL1 affects mammary gland development and 

tumorigenesis.   

 Using immunofluorescence, we have determined that there is low to no 

expression of Mgl1 in the five week old mammary gland, yet there is robust expression in 

pregnant and lactating females (data not shown).  Curiously, two of ten whole mounts of 

five week old mammary glands show delayed invasion of the mammary fat pad.  Because 

the MMTV promoter functions neonatally, we can expect newborn pups to have ablation 

of Mgl1.  Due to this, the slight delay in development can potentially be explained by a 
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surge of Mgl1 expression that occurs earlier in mammary development.  Alternatively, 

because we are working with a mixed genetic background, it is possible that 20% of mice 

will have delayed mammary outgrowth at the five week timepoint for reasons that do not 

involve Mgl1 ablation.   
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Conclusion 

 Overall, the findings of this study support multiple tumor suppressive roles for 

HUGL1 and HUGL2 in breast and other epithelial cancers and provide a foundation for 

exploration of biomarkers and therapeutics in epithelial cancers targeting HUGL 

effectors.  Given the similar structure of 3-D acini and the mammary duct, we were able 

to draw parallels between 3-D culture morphology and ductal morphology, identifying 

qualities within the HUGL knockdown acini that are also characteristic of malignant 

mammary tissue including: structural overgrowth, formation of a multilayered 

epithelium, acinar infilling, nuclear pleomorphisms, increased Ki67 activity, and loss of 

asymmetrical membrane identity.  The findings presented here suggest that similar 

pathways may be dysregulated in both fly and human tumors with loss of lgl or 

HUGL1/2, as evidenced by linkages between dysregulated miRNAs in the fly model and 

pathways affected in human cell lines.  With roles in polarity maintenance, one could 

speculate that the contribution of lgl as a tumor suppressor may be attributed to its control 

over epithelial cell plasticity, by conferring protection against a dedifferentiated cancer 

stem cell population in varied tissues.  Aberrantly activated pathways, including 

dysregulated miRNAs triggered by a loss of HUGL1 or HUGL2, may contain therapeutic 

targets for blocking tumor growth and metastasis.   
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