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Abstract 

Colorectal cancer (CRC) has a 5-year survival rate of 68% yet it still has a mortality rate of 

50,000 per year. While CRC has a host of causes, one that stands out is TGFβ deficient signaling, 

which is disrupted in a majority of high-microsatellite-instability or inflammation-associated 

CRCs. Since TGFβ is a multifunctional cytokine, it has been elusive to determine whether its 

effect on cancer development is operating through inflammation, differentiation or developmental 

pathways. Additionally, it is now becoming apparent that a great number of CRC cases can be 

associated with and possibly caused by gut bacteria dysbiosis. Here, I present a metagenomic and 

metatranscriptomic study of the interactions between TGFβ deficient signaling, inflammatory 

signaling, and the microbiome in a CRC mouse model. TGFβ deficient mice have reduced 

amounts of Firmicutes as well as mRNA counts of a key butyrate enzyme. Lack of butyrate, as 

shown by previous literature, could be inhibiting apoptosis and promoting growth. Also, TGFβ 

deficient mice have increased mRNA counts of polyamine producing genes, which could act 

synergistically with butyrate reduction. I find that H. hepaticus inoculation, as a source of 

inflammatory signaling, affects another species, M. schaedleri, to produce pro-inflammatory 

lipopolysaccharides. Additionally, H. hepaticus itself has increased oxidative phosphorylation; 

reactive oxygen species from this process could be adding to cancer-promoting DNA damage. 

Taken together, TGFβ deficient signaling and H. hepaticus inoculation, disrupt enough pathways 

to cross the threshold of carcinogenicity in 40% of the mice in our study. The results of this study 

emphasize the importance of microbiome function and represent possible new avenues of 

treatment.  
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Explanation of Dissertation Structure 

This work seeks to better understand the complex interplay between gut bacteria and 

colon cancer. Using a TGFβ-deficient mouse model of colon cancer, I use metagenomics 

and metatranscriptomics to ascertain species and function of gut bacteria. In Chapter 1, I 

describe our current understanding of CRC in humans and provide description of the 

various mouse models used to study this disease. I then outline how CRC relates to 

inflammation and gut bacteria. I finish with outstanding questions of this 

interrelationship. Chapter 2 details the materials and methods used for the results 

described in Chapter 3, Appendix A, and Appendix D. In Chapter 3 I present a summary 

of the dissertation research that produced the manuscript in Appendix A. In Chapter 4 I 

synthesize the findings of our studies and relate them to current understanding of the 

microbiome and colon cancer. I then outline future directions of this research. Appendix 

A is the full manuscript (submitted to mSystems on June 6th, 2017) entitled “Functional 

changes in the gut microbiome contribute to TGFβ-deficient colon cancer”. Appendix B 

represents a summary of previous research done on the lethal giant larvae (lgl) gene and 

how it affects microRNA expression in a fly model of cancer. Appendix C is the 

manuscript “miR-9a mediates the role of Lethal giant larvae as an epithelial growth 

inhibitor in Drosophila” as submitted to Biology Open on June 12th, 2017. In Appendix 

D I present findings of various methodologies to create a metagenomic assembly of the 

gut bacteria in our model. Appendix E is a helpful list of abbreviations for the reader. 
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Chapter 1. Introduction 

Colorectal cancer 

Colorectal cancer (CRC) has an average 5-year survival rate of 68% yet it is the 

third-leading cause of cancer mortality with ~50,000 deaths per year in the U.S. (Siegel et 

al., 2017). Like other cancers, CRC is a multifactorial disease that depends on genetic 

background as well as a host of other elements. CRC is linked to lifestyle and dietary 

choices such as cigarette smoking, red meat consumption, and alcohol consumption 

(Haggar and Boushey, 2009). Additionally, there is frequent comorbidity of CRC with 

inflammatory bowel diseases (IBD’s) (Gillen et al., 1994; Rogler, 2014). Finally, CRC is 

not just a disease of a single organ or organism. Specifically, it is a disease of a multitude 

of bacteria and their interactions with the human host. This body of work will explore the 

unclear interplay between CRC, inflammation and gut bacteria. 

The human colon and digestive system 

 Before diving into colon cancer it would be useful to have a succinct review of 

the digestive system. First, food is mechanically broken into smaller pieces in the mouth. 

Also there, saliva provides amylase and lipase to break down starches and fats before 

food travels to the stomach. In this muscular bag, acidic pepsin and lipase break down 

proteins and fats respectively. At this point the food is a semi-liquid “chyme” that moves 
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onward to the small intestine. It is in this 6-meter long organ that ~95% of nutrients are 

absorbed via the villi-covered walls. Secondary digestive organs that provide additional 

digestive capabilities are the spleen, liver, gallbladder, and pancreas. Finally, food passes 

through the cecum, the approximate dividing point between small and large intestine. It 

travels upwards through the ascending colon (on the right-hand side of the body), 

crosswise through the transverse colon, and downwards through the descending colon, 

rectum and anus. The total length of the colon is approximately 1.5-meters. Importantly 

for our topic, it is in the large intestine where the indigestible fiber is metabolized by gut 

bacteria. Water, minerals, and bacterial byproducts are then absorbed into the 

bloodstream via the epithelial cells lining the colon. Cross-sectionally, stem cells in 

invaginated crypts (Wright and Alison, 1984) renew the top layer of epithelial cells 

(colonocytes), a mucus layer protects the cells from invasive pathogens (Johansson et al., 

2013), and the lumen allows for food passage (Figure 1).  
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Figure 1 - Cross-section of large intestine 

 

Figure 1 - Cartoon cross-section of large intestine. Detailed view does not show all cell types. 
Gut bacteria live within the mucus layer as well as the lumen and the two groups 

differ considerably in species composition (Eckburg et al., 2005). The epithelial layer is 

constantly renewed as cells are sloughed off by the movement of food and bacteria. This 

renewal is higher than most organs (Heath, 1996), so it is no surprise that the colon is 

prone to cancer. The more cell duplications the more possibilities for DNA incorrectly 

replicating. 

Human colon cancer 

Colon cancer is defined by its localization to the colon or its subregion, the 

rectum. Cancer is defined roughly by several “hallmarks” (Hanahan and Weinberg, 2011) 
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including: uncontrolled cell growth and replication, evasion of death signals and the 

immune system, promotion of blood vessel growth, and invasion of other organ systems 

(metastasis). Given the myriad of mechanisms, it is not surprising that cancer is 

controlled by a host of genes. In the context of cancer, genes can be crudely divided into 

two classes: oncogenes (genes that promote growth and are usually upregulated or 

constitutively active in cancer) and tumor suppressors (genes that inhibit growth and are 

usually downregulated or inactive in cancer). As we shall see, some oncogenes / tumor 

suppressors are shared among most cancers, while others are specific to colon cancer.   

Recent genome-wide analyses of CRC tumors show they can have up to 80 

mutations (Leary et al., 2008; Wood et al., 2007). However, it is hypothesized that colon 

cancer develops during an accumulation of only a handful of key genetic changes, either 

by loss-of-function (LOF) mutations or over/under-expression of cancer-related genes. 

Figure 2 shows the multi-step model and Table 1 shows the genes, their functions, and 

their approximate incidences. 
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Figure 2 - Multi-step model of CRC  

 

Figure 2 - Cartoon of CRC progression with mutations and changes in gene expression noted. Red arrows 
denote loss or gain-of-function mutations while green arrows denote changes in expression. An up arrowhead 
means increased expression while a down arrowhead meaning decreased expression. CIN = Chromosomal 
instability. MSI = Microsatellite instability. 
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Table 1 – Genes associated with colorectal cancer 

Name Human 
Gene 

Symbol 

Function Heritable 
form of 

CRC 

Approx. 
% 

incidence 
of 

mutations 

Direction of 
misexpression 

Ref. 

Rat sarcoma KRAS, 
NRAS 

Proliferation, cell 
survival, 
transformation of 
cancer cells 

N/A 50% N/A (Bos et al., 
1987) 

Transforming 
growth-factor 
beta receptor 2 

TGFβR2 Differentiation, 
development, 
immunoregulation 

N/A 15% N/A (Markowitz 
et al., 1995; 
Parsons et 
al., 1995) 

Mothers against 
decapentaplegic 

SMADs Downstream 
transcription 
factor of TGFβ 

N/A 16% N/A Fleming et 
al., 2013 

mutS homologue 
2 

MSH2 DNA mismatch 
repair 

Lynch 
syndrome 

15% N/A Leach et 
al., 1993 

mutL homologue 
1 

MLH1 DNA mismatch 
repair 

Lynch 
syndrome 

15% N/A Bronner et 
al., 1994 

Adenomatous 
polyposis coli 

APC Growth inhibition 
(Inhibitor of 
Wnt/β-catenin 
pathway), 
cytoskeletal 
regulation 

Familial 
polyposis 
coli 

85% N/A Groden et 
al., 1991 
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β-catenin CTNNB1 Transcription 
factor in Wnt 
pathway that 
promotes tumor 
growth and 
invasion 

N/A 15% N/A Samowitz 
et al., 1999 

Deleted in colon 
cancer 

DCC/DPC4 Receptor for 
netrin-1 

N/A 6% N/A Cho et al., 
1994 

Cyclooxygenase-
2 

COX2 Proliferation, 
angiogenesis 

N/A N/A Increased Eberhart et 
al., 1994 

Mucin 2, 
Oligomeric 
Mucus/Gel-
Forming 

MUC2 Protection of gut 
epithelium from 
pathogenic 
bacteria 

N/A N/A Decreased Kim et al., 
1996 

 Table 1 – Gene names as given in genecards.org 

The multi-step model is supported by the increasing incidence of certain gene 

mutations during progression of colon cancer. For instance, loss-of-function APC 

mutations have a rate of 5% in early dysplastic crypt foci, 30-70% in sporadic adenomas 

and as much as 72% of fully developed tumors (Cottrell et al., 1992; Miyaki et al., 1994; 

Otori et al., 1998). In addition, RAS mutations have a similar pattern; a study showed out 

of six tumors that had both adenoma (benign growths) and carcinoma (malignant 

tumors), five had RAS mutations in both tissues (Bos et al., 1987). This means that 

mutations were present before progression from adenoma to carcinoma suggesting a 

causative link. 
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 Genes in the TGFβ pathway are frequently mutated late in disease progression 

(Figure 3).  

Figure 3 - TGFβ pathway 

 

Figure 3 - Cartoon of simplified TGFβ Pathway. 

TGFβ is a multifunctional but poorly understood protein that has roles in 

development, differentiation, and the immune system. The work of Parsons et al. found 

that 90% of CRC tumor had DNA mutations in the poly-adenine tract of TGFβ receptor 2 

(TGFβR2). This 10-bp polyadenine tract is at codons 125–128 of the 565-codon open 
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reading frame. Of the 111 cases, 78 were from hereditary non-polyposis colon cancer 

(HNPCC / Lynch syndrome), six were from sporadic CRC and 27 were from CRC cell 

lines. Importantly, all 111 cases had microsatellite instability, a phenotype associated 

with replication errors. All the alterations involved 1 or 2-bp insertions or deletions. This 

caused a frameshift that produced a nonfunctioning protein. 

Recent work has focused on interacting proteins of the TGFβ receptors 

downstream in the TGFβ pathway, known as “mothers against decapentaplegic” (SMAD). 

These proteins were named after the TGFβ homologue in Drosophila melanogaster (fruit 

fly) that contains a mutation that causes larvae to not develop limbs and organs from 15 

(“decapenta” in greek) proto-tissues called imaginal discs (Gelbart, 1989; Spencer et al., 

1982). Further research uncovered a homologue in the SMAD gene family and named it 

“mothers against dpp” (mad) because mutations in mad would enhance dpp defects 

(Sekelsky et al., 1995). The “mothers” part comes from an allusion to an organization 

started in the 80’s called “mothers against drunk driving” (Weed, 1993).  

SMAD2 / SMAD3 are phosphorylated by the TGFβ receptor complex that binds 

with SMAD4 to translocate to the nucleus (Heldin et al., 1997). This SMAD complex (or 

SMAD3 alone) can bind to DNA directly to promote gene transcription for P15 cyclin 

dependent kinase inhibitor  (P15_INK4B) (Feng et al., 2000), plasminogen activator 

inhibitor-1 (PAI-1) (Dennler et al., 1998), and T cell selectin ligands (Ebel and Kansas, 

2016) that are required for T cell differentiation. In a study of 744 sporadic tumors and 36 

CRC cell lines, Fleming et al. found that SMAD 2, 3, and 4 had mutation rates of 3.4%, 
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4.3% and 8.6% respectively (Fleming et al., 2013). They all had different combinations 

of missense, nonsense, insertions/deletions and frameshifts but missense and nonsense 

mutations were the most common. Importantly, they also found that SMAD3 missense 

mutations altered its ability to bind to DNA. Because SMAD3 regulates its own 

transcription, this mutation acts as a negative feedback loop. 

Genomic instability is another important factor in CRC and disease progression 

that has been associated with mutS homologue 2 (MSH2) and mutL homologue 1 

(MLH1) that are responsible for mismatch-repair (originally described in bacteria). In 

1993, Leach and colleagues discovered that MSH2 is associated with CRC based on a 

study of 213 people, of which 56 had colorectal or endometrial cancer (Leach et al., 

1993). They found that in families afflicted with Lynch syndrome, all affected individuals 

carried mutations in MSH2 compared to unaffected family members, proving it to be a 

causative factor. MLH1 was discovered a year later by Bronner et al. by studying two 

families with Lynch syndrome (Bronner et al., 1994). Compared to MSH2 there was not a 

definite causative link, as not all affected individuals in one family carried the mutations. 

However, both mismatch-repair genes had similar missense mutations of a cysteine to a 

thymine.   

In another study involving inherited mutations, Groden and colleagues discovered 

the gene responsible for the other form of hereditary CRC, familial adenomatous 

polyposis coli (FAP). This eponymously named gene, adenomatous polyposis coli 

(APC), was found to have stop codons or frameshift mutations in 5 of 61 unrelated 
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patients with FAP (8%). However, a later study showed this rate to be much higher at 

85% for FAP patients (Powell et al., 1993) and 80% for sporadic cases of CRC (Jen et al., 

1994; Smith et al., 1993). Regardless of the exact incidence, APC, MSH2, and MLH1 are 

routinely used for genetic screening as early risk-factors for CRC (Ambry).  

Overall, the incidence of CRC changes depending on whether the disease is 

familial or caused by Mismatch Repair (MMR) deficiency or Microsatellite Instability 

(MSI). MMR is the mechanism by which mistakes in DNA replication (e.g. a cytosine is 

replaced by an adenine) are corrected by genes such as mutS homolog (MSH) and mutL 

homolog (MLH). MMR deficiency occurs as a result of loss-of-function (LOF) 

mutations. Microsatellites (MS) are repeat sequences (e.g. ATATATAT…) that are 25-

250bp long (Turnpenny and Ellard, 2016). MSI occurs when  MS repeats expand during 

copying (Cox and Mirkin, 1997; Hancock, 1995). For example, a MS that is 100bp long 

is then copied and ends up being 150bp long. This expansion can cause a loss-of-function 

(LOF) when the MS expansion occurs in a coding region of the gene.  

Coming back to the discussion of incidence, APC has closer to 90% incidence 

when examining families stricken with the disease of FAP (Kinzler and Vogelstein, 

1996) and MSH2 can have 100% incidence in families with Lynch syndrome (Leach et 

al., 1993). Regardless of the incidence rates, it is clear that colorectal cancer, like many 

cancers, is a multifactorial disease. Some genes such as KRAS point towards colon cancer 

being caused by hyperproliferation, MSH2 and MLH1 point toward defects in DNA 

repair contributing to the cancer, and mutations in the TGFβ pathway point to errors in 
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control of differentiation and healthy functioning of the immune system. It turns out that 

70% of colon cancer patients have mutations in 2–3 pathways while only 10% have 

mutations in a single pathway (Bangi et al., 2016). Unfortunately, most mouse models 

focus on a single pathway (Engle et al., 1999, 2002; Maggio-Price et al., 2006; Moser et 

al., 1990; Muñoz et al., 2006; Reddy et al., 1975; Seamons et al., 2013; Zhu et al., 1998). 

Mouse models of CRC  

Given the predominance of APC mutations in human CRC, it is to no surprise that 

an APC mutant mouse was the first colon cancer model with a genetic basis. APCmin/+ are 

heterozygous for an N-ethyl-N-nitrosourea-mediated mutation and have multiple 

intestinal neoplasia (MIN) (Moser et al., 1990). In this model, tumorigenesis is 

independent of colitis (Dove et al., 1997). Normally, APC acts in the WNT signaling 

pathway to degrade β-catenin. Without APC functioning correctly, β-catenin stays in the 

cell and eventually translocates to the nucleus where it activates transcription of other 

genes. Similar to the APCmin/+ model, the carcinogen azoxymethane (AOM) model has 

alterations to the WNT signaling pathway (Reddy et al., 1975). The much older model of 

AOM was developed in the 1970’s. Both APCmin/+ and AOM models have translocation 

of β-catenin to the nucleus. 

On the other hand, there are two other mouse models of colorectal cancer that do 

not have the hallmark of nuclear-β-catenin. Those models are Tgfb1-/- Rag2-/- and 

SMAD3-/-, both of which alter TGFβ signaling. The first model, Tgfb1-/- Rag2-/-, was 
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reported by Engle et al. in 1999 (Engle et al., 1999). In this seminal paper, it was 

discovered that TGFβ1 was not causing colorectal cancer through over-proliferation, 

increased inflammation or disruption of genetic stability. Rather, it was suggested that the 

adenomas and carcinomas in the colon are produced by loss of appropriate structure in 

the colonic crypts that make up the large intestine. It is interesting to note that the Tgfb1-/- 

Rag2-/- model does not produce metastasis. This is possibly due to the fact that Tgfb2 and 

Tgfb3 can substitute in function to abrogate the cancer progression. It must be noted that 

all three signaling proteins target the same TGFβ receptor. Thus, the SMAD3-/- mouse 

model acts as an effective knock-out of SMAD3-mediated signaling of all three TGFβ 

proteins because it is downstream of the TGFβ receptor. Not surprisingly, SMAD3-/- mice 

also develop metastatic colorectal cancer but with certain caveats (Zhu et al., 1998). 

Later models of SMAD3-/- mice do not develop colorectal cancer without addition 

of proinflammatory bacteria (Maggio-Price et al., 2006) or chemicals (Seamons et al., 

2013). In the former, Helicobacter hepaticus is needed while in the latter the 

inflammation is driven by dextran sodium sulfate (DSS). Helicobacter spp are thought to 

activate proinflammatory circuits by the release of cytolethal distending toxin (CTD) 

(Pratt et al., 2006). Dextran sodium sulfate causes inflammation by interfering with the 

mucous layer and being directly toxic to gut epithelial cells (Wirtz et al., 2007). 

Comparing these later models to the first by Zhu et al. it is difficult to determine why the 

earlier model did not require addition of pro-inflammatory bacteria. It could be that the 

first model by Zhu et al. contained undetected pro-inflammatory bacteria. Seeing as how 
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inflammation is required in some cases to produce colon cancer, we can move forward 

with the introduction of inflammatory bowel diseases. 

Inflammatory Bowel Disease 

General inflammation 

Inflammation is a function of the immune and vascular systems, evolved to 

respond quickly to a site of injury; regardless of whether the injury is caused by physical 

or microbial actions (Ley, 2001; Serhan et al., 2010). This defense mechanism drives 

proliferation of immune cells, releases growth factors, and increases reactive oxygen 

species (ROS) and other antimicrobial chemicals. However, chronic or hyper-

inflammation can cause damage to the host by interfering with normal biological 

processes. This is seen in many diseases; including arthritis, sepsis and Crohn’s / 

ulcerative colitis (Choy and Panayi, 2001; Deretic, 2009; Hotchkiss and Nicholson, 2006; 

Sartor, 2006). 

Human IBD’s 

Inflammatory Bowel Diseases (IBD) of the colon include Ulcerative Colitis (UC) 

and Crohn’s Disease (CD). There are others, but these are the main two diseases related 

to colon cancer. In terms of risk factors for IBD, being of Jewish descent increases risk 

while living on a farm or growing up in a large family decreases risk. Interestingly, 
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smoking is correlated with higher rates of CD while it is strangely protective in UC 

(Thomas et al., 1998). The connection of IBD to CRC is quite apparent. A meta-analysis 

study by Eaden et al. 2001 predicted that patients with IBD after 35 years can have a 30% 

risk of CRC compared to the general population's risk of 5% (Eaden et al., 2001). This 

large increase in risk is not consistent across studies. Rutter et al. 2006 reported an 

increase of 2.6% for patients 30 years post-diagnosis (Rutter et al., 2006), and Winther et 

al. 2004 reported no increased risk after diagnosis with UC (Winther et al., 2004). For 

this extreme case, this could be due to the higher rates of colectomy (complete removal of 

the colon) in the Danish adult population studied.  

Based on an online search of malacards.org UC has 35 gene associations, CD has 

36 gene associations, and colorectal cancer has 339 associations (Rappaport et al., 2017) 

(results retrieved 6/3/2017). Rather than report every gene association for CD and UC, I 

will list the most prevalent as well as the most relevant to CRC (Table 2). 

Table 2 – Genes associated with Crohn’s disease or ulcerative colitis 

Name Symbol Function Type 
of 

IBD 

Also 
associated 
with CRC* 

Ref. 

Interleukin-10 IL10 Restricts secretion of 
proinflammatory cytokines 

UC No Glocker et 
al. 2009 
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Nucleotide binding 
oligomerization 
domain containing 2 

NOD2 Recognizes peptidoglycans 
and stimulates NFκB 
pathway 

Both No Ogura et al. 
2001, 
Hugot et al. 
2001 

Major 
Histocompatibility 
Complex, Class II, DR 
Beta 1 

HLADRB2 Presents peptides derived 
from extracellular proteins 
(esp. pathogens) 

UC No Arimura et 
al. 2014 

Interleukin 23 
Receptor 

IL23R Innate and adaptive 
immunity, acute response 
to infection 

Both No Duerr et al. 
2006 

Mucin 2, Oligomeric 
Mucus/Gel-Forming 

MUC2 Protection of gut 
epithelium from pathogenic 
bacteria 

UC Yes Van 
Klinken et 
al. 1999 

ATP Binding Cassette 
Subfamily B Member 
1 

ABCB1 Member of MDR/TAP 
family of transporters, drug 
efflux pump for xenobiotic 
compounds 

UC Yes Juyal et al., 
2009, 
Farnood et 
al., 2007 

mutL homologue 1 MLH1 DNA mismatch repair UC Yes Pokorny et 
al., 1997 
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Tumor Necrosis 
Factor 

TNF Proinflammatory cytokine, 
mainly secreted by 
macrophages, involved in 
proliferation, 
differentiation, apoptosis, 
lipid metabolism and 
coagulation 

UC Yes Prescott et 
al., 2007 

Immunity Related 
GTPase M 

IRGM Member of p47 immunity-
related GFPase family, 
innate immune response, 
regulates autophagy 

CD No Parkes et 
al. 2007 

Autophagy Related 16 
Like 1 

ATG16L1 Autophagy CD No Gazouli et 
al., 2010 

Solute Carrier Family 
22 Member 4 

SLC22A4 Transports organic cations 
across cell membranes 

CD No Newman et 
al., 2005 

Mothers against 
decapentaplegic 7 

SMAD7 Inhibitor of TGFβ activity, 
stimulates immune system 
activity 

UC Yes Chen et al., 
2015, 
Monteleon
e et al., 
2001 

Mothers against 
decapentaplegic 4 

SMAD4 Downstream transcription 
factor of TGFβ, depresses 
immune system activity 

UC Yes Terdiman 
et al., 2002 

Table 2 – Gene names as given at genecards.org. *Association with CRC based on gene association in 

malacards.org. 
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Mouse models of IBD’s 

As of 2015, there are over 74 mouse models of IBD’s (Mizoguchi et al., 2016), 

approximately corresponding to the number of genetic risk factors for these diseases. Not 

surprisingly, a large number of them are immunospecific, affecting cells such as dendritic 

cells, macrophages, and T cells.  

 Interleukin-10 (IL-10) is released by T and other cells to limit secretion of 

proinflammatory cytokines. IL-10-/- mice spontaneously develop chronic colitis and will 

develop tumors with addition of a carcinogen such as AOM. This shows that 

inflammation can be “pushed” into a cancerous state by the addition of another factor. 

Studies show some patients with IBD’s have a frameshift mutation or leucine-rich 

repeats in nucleotide binding oligomerization domain containing 2 (NOD2) (Hugot et al., 

2001; Ogura et al., 2001). NOD2 is an intracellular pattern recognition receptor (PRR) 

that recognizes bacterial peptidoglycans that have become absorbed by epithelial cells in 

the colon (Girardin et al., 2003). NOD2-/- mice are unresponsive to peptidoglycans and as 

such are susceptible by infection with orally introduced bacteria (Kobayashi et al., 2005). 

However, mice with disease-causing variants from humans are hyper-responsive to 

bacterial peptidoglycans, thus over-activating the NF-kB pathway (Maeda et al., 2005). 

TGFβ, as mentioned before, has a prominent role in immunoregulation. It is 

known to promote development of anti-inflammatory T regulatory lymphocytes (TREG 

cells) while inhibiting production of proinflammatory T helper 17 lymphocytes (Th17 

cells) (Massagué, 2012). This immunoregulatory function’s effect was seen in a study by 
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Shull and colleagues. There, mice that were homozygous knockouts for TGFβ had a 

severe wasting disease with infiltration of immune cells into every major organ (Shull et 

al., 1992). These mice only lived for 17 to 34 days. In human inflammatory disease, we 

see decreased expression of TGFβ in inflamed colons (Babyatsky et al., 1996) and 

increased expression of TGFβ-inhibiting SMAD7 (Monteleone et al., 2001). 

Additionally, there is loss of the SMAD4 in ulcerative-colitis related colon cancer 

(Terdiman et al., 2002). Finally, in an intriguing study, it was shown that microRNA-195 

(miR-195) was downregulated in ulcerative colitis (Chen et al., 2015). Notably, SMAD7 

is a target of miR-195; therefore, downregulation of miR-195 equated to upregulation of 

SMAD7, corroborating earlier findings. Interestingly, inflammation-associated colon 

cancer also has a different order of genetic mutations (Figure 4). Here, TGFβ pathway 

gene mutations occur before the development of abnormal proliferation. In summary, all 

of this points to the TGFβ pathway as a primary player in the realm of inflammation-

associated colon cancer. 
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Figure 4 - Multi-step model of inflammation-associated CRC 

 

Figure 4 - Cartoon of inflammation-associated CRC progression with mutations and changes in gene expression 
noted. Red arrows denote loss or gain-of-function mutations while green arrows denote changes in expression. 
An up arrowhead means increased expression while a down arrowhead meaning decreased expression. CIN = 
Chromosomal instability. MSI = Microsatellite instability. 

CRC to IBD, is gut bacteria the missing link? 

In terms of mechanistic links between CRC and inflammation, much remains to 

be discovered. Interestingly, it turns out that mutations found in sporadic CRC can be 

evident in colitis-associated cancer (CAC) even before any noticeable tumors (Fujiwara 

et al., 2008; Thorsteinsdottir et al., 2011). This is possibly due to genomic damage caused 

by reactive oxygen species (ROS) that are normally produced from inflammation 

(Thorsteinsdottir et al., 2011). However, it is surprising that CAC does not always 

develop in areas of highest ROS production (i.e. in the rectum of UC patients and the 
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terminal ileum in CD patients) (Fujiwara et al., 2008). It is likely that another factor is 

involved, and that factor could be gut bacteria. 

The gut microbiome 

Human gut microbiome 

It has been called the “hidden organ” (Ley et al., 2006; O’Hara and Shanahan, 

2006) but it may be more apt to call it the “hidden galaxy”. The estimated number of 

bacteria in a human body, 100 trillion (Whitman et al., 1998), dwarfs the number of stars 

in our galaxy by two to three orders of magnitude (Chen et al., 2001; Robin et al., 2003). 

Leading up to the age of modern DNA sequencing, it was unknown how many species 

are in the gut due to the fact that approximately 90% are unculturable (Turnbaugh et al., 

2007). In recent years, through the techniques of targeted 16S ribosomal and whole-

genome-shotgun sequencing, we are beginning to elucidate the thousands of different 

species of bacteria in our intestine. The major inhabitants of the human microbiome are 

the Firmicutes, Bacteroidetes and Proteobacteria phyla, but the proportions vary by 

individual (Eckburg et al., 2005; Human Microbiome Project Consortium, 2012; Xu et 

al., 2007) Similarly, Firmicutes and Bacteroidetes form more than 80% of the phyla in 

mice (Krych et al., 2013). In terms of function, gut bacteria are known to play a role in a 

wide variety of processes, including, but not limited to: aiding digestion (Dominguez-

Bello and Blaser, 2008; El Kaoutari et al., 2013; Flint et al., 2012; Koropatkin et al., 
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2012; Tremaroli and Bäckhed, 2012) which produces additional nutrients (Bentley and 

Meganathan, 1982; Beulens et al., 2013; Clarke et al., 2013; Conly and Stein, 1992; 

Conly et al., 1994; O’Mahony et al., 2015; Roediger, 1980), assisting the immune system 

(Caballero and Pamer, 2015; Hooper et al., 2012; Kamada et al., 2013; Schieber et al., 

2015), protecting the mucosal barrier (Dicksved et al., 2012; Petersson et al., 2011), and 

even influencing appetite (Roper et al., 2008). 

While it can digest most animal tissue, lipids, simple sugars and starches, the 

human digestive tract contains a paucity of enzymes to digest complex glycans such as 

cellulose, xylans and other fiber.  A multitude of bacteria assist digestion of these glycan 

molecules; most of these species belong to two of the major phyla found in the gut: 

Firmicutes and Bacteroidetes (reviewed in (Koropatkin et al., 2012)). Firmicutes encode 

fewer carbohydrate degrading enzymes than Bacteroidetes but possess more ATP 

Binding Cassette (ABC) transporters specific to carbohydrates (Mahowald et al., 2009). 

ABC transporters are a class of transporters that pump a wide variety of substances across 

cell membranes and are found in all domains of life (Lage, 2003). The diversity of 

carbohydrate-active-enzymes (CAZy’s) is well known: Butyrivibrio fibrisolvens 16/4 

alone has 111 different enzymes (Lombard et al., 2014). Byproducts of this bacterial 

metabolism include simple sugars and, more importantly for the gut, short-chain-fatty-

acids (SCFAs). These molecules include acetate, propionate, and butyrate., the latter of 

which is utilized as a primary energy source by colonocytes (Clausen and Mortensen, 

1995; Firmansyah et al., 1989; Roediger, 1980). When not utilized for energy, butyrate’s 
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other function is inhibition of histone deacetylases (HDACs). This inhibition of specific 

HDACs in turn activates gene circuits that promote apoptosis and stymy proliferation (Hu 

et al., 2011; Janson et al., 1997; Kuefer et al., 2004). The correct balance of apoptosis / 

proliferation is essential for preventing tumorous growth. In summary, complex glycans / 

fiber can be linked to lower rates of colon cancer because of the derived SCFAs, most 

notably butyrate. However, this production of butyrate is impossible without the presence 

of certain bacteriaThe composition of this is always changing and begins at birth. 

The starting mix is different depending on the method of birth; one example is 

that vaginally delivered babies have a greater abundance and variety of Bifidobacterium 

spp. (Biasucci et al., 2010). Additionally, early diet also influences the microbiome; 

breast-fed babies get an abundance of human-milk-oligosaccharides (HMO’s) that are a 

source of food for growing populations of Lactobacillus and Bifidobacterium spp. 

(Martinez et al., 2011). Diet shapes the composition of the human microbiome. In a study 

of African and European children, where the former had higher levels of plant fiber, 

Africans were found to have a greater number of Bacteroidetes and Actinobacteria than 

Europeans. Conversely, European children had higher levels of Firmicutes and 

Proteobacteria than African children (De Filippo et al., 2010). In later life, it has been 

observed that aging individuals have a lowered complexity of certain gut bacteria species 

compared to younger adults. Specifically, one study showed that there were more 

Bacteroidetes and less Clostridium species in older adults (> 65 years) compared to 

young adults (28-46 years) (Claesson et al., 2011). The Clostridium genus contains many 
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species that are capable of producing butyrate; thus, knowing that butyrate is cancer-

preventative, it is tempting to hypothesize that the lack of these “beneficial” species in 

older adults is in part responsible for higher rates of colon cancer. However, it can be 

problematic to label certain species as being “beneficial” or “harmful”. 

Helicobacter Pylori has been shown in the last few decades to be a cause of 

gastric ulcers and is associated with stomach cancer (Butcher et al., 2017; Uemura et al., 

2001). However, there is also evidence that a distinct lack of it can cause acid reflux 

(Feldman et al., 1999; Koike et al., 2001). It could be that there is a homeostatic level of 

H. pylori that is beneficial or that other microbes act as a balancing force. What matters is 

that it can be foolhardy to label  bacteria as “always harmful” when, in fact, it may have 

beneficial capabilities under the right circumstances. Later, we shall see that certain 

animal models containing variants of the ubiquitous E. coli have similar properties. 

Mouse models of the gut microbiome 

In multiple animal models, gut bacteria are required for inflammation (reviewed 

in (Sartor, 2006)). Inflammation could still be caused by introduction of abrasive 

substances or other microorganisms but in the experiments that follow, animals without 

resident bacteria do not develop IBD-like symptoms. One study showed that germ-free 

(GF) Tgfb1-/- Rag2-/- mice do not develop colon cancer if reconstituted with normal gut 

bacteria devoid of H. hepaticus; whereas they do if H. hepaticus is present (Engle et al, 

2002). Another study used interleukin-10 (IL-10) deficient mice that were housed in GF 
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vs. specific-pathogen-free (SPF) facilities (pathogens excluded in SPF include M. 

pulmonis, a highly contagious bacterium that causes pneumonia-like symptoms in mice) 

(Sellon et al., 1998). The results were that mice in SPF facilities developed colitis while 

mice in GF conditions did not. Additionally, the authors showed that the inflammation 

could not be narrowed down to a single species or even a few species alone. Their 

evidence was that GF mice colonized with bacteria previously shown to cause colitis (B. 

vulgatus and five other species) had lower inflammation scores than mice that were SPF. 

The apparent conclusion is that the inflammation doesn’t just require specific pathogens, 

it requires the interplay of a whole host of commensal bacteria. Written in another way, it 

is insufficient to pinpoint CRC or IBD to one causative pathogen; rather, it is a 

dysfunction of the whole ecosystem of gut bacteria. As we shall see, this requires a 

metagenomic and metatranscriptomic approach to capture the multitude of species and 

their functions. All that aside, in addition to their pro-inflammatory role, studies have 

shown that the gut bacteria are required for the development of the immune system.  

GF mice have immature gut-associated lymphoid tissues (GALTs) when 

compared to SPF or control mice due to lack of intestinal bacteria (Bouskra et al., 2008; 

Moreau and Corthier, 1988; Pabst et al., 2006). In terms of specific immune cells, GF 

mice have a depletion of pro-inflammatory T helper cells expressing IL-17 (TH17) in 

their intestines. Additionally, in mice, segmented filamentous bacteria (SFB) of the 

Clostridia class are required for the development of TH17 cells (Ivanov et al., 2009). 

Another CD4+ TH cell type that is affected by the presence or absence of bacteria in the 



37 

intestine is that of the anti-inflammatory Forkhead box P3 (FOXP3)+ regulatory T (TREG) 

cells. Like TH17 cells, the number of TREG’s is decreased in the intestines of germ-free 

mice (Atarashi et al., 2011; Geuking et al., 2011). However, the types of bacteria that 

promote their development is different: TREG are stimulated by the presence of 

Clostridium spp. clusters IV and XIVa and polysaccharide A (PSA)+ Bacteroides fragilis 

(Atarashi et al., 2011; Geuking et al., 2011; Round et al., 2011).  

Other than development, commensal bacteria help the immune system in other 

ways. Perhaps the simplest, non-specific way is direct competition for nutrients. One 

example of this in a mouse model is the competition of Escherichia coli with Citrobacter 

rodentium (a pathogenic bacterium that is used as a model for human enteropathogenic E. 

Coli (EPEC) orenterohemorrhagic E. coli (EHEC)) (Kamada et al., 2012). In this study, 

germ-free mice were inoculated with C. rodentium and 21 days after were subsequently 

inoculated with E. coli, Bacteroides thetaiotaomicron or Bacteroides vulgatus. Of these 

commensal bacteria, only E. coli had the effect of reducing C. rodentium colony-

forming-units (CFU’s) to ~1/200th of their previous levels by day 3 post-inoculation of 

the secondary bacteria. The authors further show that this growth inhibition could be 

becasuse E. coli and C. rodentium prefer monosaccharides as their primary source of 

food. In a similar study, it was shown that B. thetaiotaomicron also indirectly inhibits 

pathogenic E. coli by catabolizing mucin (Pacheco et al., 2012). This catabolysis 

produces fucose which inhibits the expression of EHEC virulence genes through the 

fucose sensor FusKR. 
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Another way commensal bacteria help the immune system is by maintaining a 

healthy mucosal barrier. In much the same way that the blood-brain-barrier keeps 

pathogens from entering the brain, the mucosa that lines the intestines serves as a barrier 

for pathogens attempting to enter the blood. There is clear evidence that bacteria help 

maintain the mucosa, as the mucosal lining of germ-free mice is thinner than mice with a 

normal load of bacteria (Petersson et al., 2011). Specifically, germ-free mice in that study 

had a mucosal layer that was ~¼ the thickness of conventional mice. Additionally, when 

germ-free mice colons were exposed to the bacterial products of lipopolysaccharides or 

peptidoglycans, the mucosal layer was restored to normal levels. In terms of a 

mechanistic link, little is known about how the bacterial products stimulate the goblet 

cells of the intestinal epithelium to produce the mucus membrane. 

Gut bacteria and cancer 

Gut bacterial species have been identified that are associated with colon cancer, 

either in a putatively harmful or beneficial role (Table 3). The species have been 

identified through selective isolation and/or 16S sequencing. The latter technique 

involves PCR amplification of a conserved 16S hypervariable region of ribosomal DNA. 

By analyzing differences in the sequenced amplicons of this region, researchers can 

construct a phylogeny of the bacteria in the sample. However, the specificity of the assay 

is limited to the genus level and the results say nothing of the many other genes bacteria 

possess.  
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Table 3 - Bacterial species associated with colon cancer 

  

Name(s) Relationship Ref. 

Citrobacter rodentium 
  

Min mice inoculated with this species had a four-
fold increase in colonic tumors. 
Only found in mice. 

(Newman et al., 
2001) 

Enterococcus faecalis 
  

Produce superoxide and hydrogen peroxide, both 
of which can damage DNA in epithelial cells. 

(Huycke et al., 
2002; Wang and 
Huycke, 2007) 

Clostridium cluster XVIa 
(Clostridium scindens, C. hiranonis, 
C. hylemonae) 
Clostridium cluster XI (C. sordelli) 

Can produce secondary bile acids such as 
deoxycholic acid (DOC) that increase tumor 
burden in wild-type male B6.129PF2/J mice. 

(Bernstein et al., 
2011; Ridlon et 
al., 2006) 

Acidovorax species 
  

Associated with increased risk for colon cancer 
and it may act as a pathogen by increased 
metabolism of nitroaromatic compounds. 

(Sanapareddy et 
al., 2012) 

Enterotoxigenic Bacteroides fragilis 
  

Produce a toxin that caused colitis and tumors in 
Multiple Intestinal Neoplasia (MinApc716+/-) mice 
through an IL-17-dependant pathway. 

(Wu et al., 
2009) 
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Streptococcus gallolyticus 
  

Present in approximately 20-50% of colon tumors 
compared to less than 5% of normal tissue in CRC 
patients. 
Patients with high counts of S. gallolyticus have 
increased expression of proinflammatory 
cytokines including interleukin-1 (IL-1) and 
cyclooxygenase-2 (COX-2). 

(Abdulamir et 
al., 2010) 

E. coli NC101 
  

Produce genotoxic Colibactin that led to increased 
tumor burden in AOM/Il10-/- mice. 

(Arthur et al., 
2012) 

Fusobacteria nucleatum 
  

Induce hyperproliferation of human colon cancer 
cell lines through binding of its FadA adhesin to 
E-cadherin. 
Also, promote immune evasion of tumors through 
binding of its Fap2 adhesin to TIGIT receptors on 
immune cells. 

(Abed et al., 
2016; Gur et al., 
2015; Kostic et 
al., 2013; 
Rubinstein et 
al., 2013) 

Lactobacillus plantarum Reduce proliferation of colon cancer cells, reduce 
tumor burden in a 1,2 dimethylhydrazine rat colon 
cancer model 

(An and Ha, 
2016; Walia et 
al., 2015) 
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Lactobacillus acidophilus, L. 
fermentum  

Reduce proliferation and increase apoptosis in a 
colon cancer cell line, reduce tumor burden in 
APCmin/+ mice 

(Kahouli et al., 
2017) 

Table 3 - Species names, details of association, and references are listed in chronological order. 

 Some of these studies are associational and mechanism have not been identified. 

On the other hand, studies involving E. faecalis, B. fragilis, E. coli NC101, or F. 

nucleatum have clearly shown a mechanistic link by detailed analysis of the toxins 

produced by the bacteria. 

Knowledge gaps  

In summary of this introduction, there are knowledge gaps in connections 

between colon cancer, inflammation, and gut bacteria. First, TGFβ, often misrepresented 

as a simple growth inhibition factor in vivo, has prominent roles in colon cancer and 

inflammatory diseases. However, very little is known about its effect on the gut 

microbiome. Second, in the context of inflammation-related colon cancers, the reason(s) 

why inflammation can progress into carcinoma remains an open question. Finally, there 

have been excellent studies on singular bacterial species and their mechanisms in 

promoting colon cancer. However, no study has shown the entire dysfunctions of the 

microbial community at once. 
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Following this narrative, this dissertation seeks to explore the entire bacterial 

community and its dysfunctions in murine colon cancer. Moreover, it seeks to 

differentiate between the effects of TGFβ-deficiency and the effects of H. hepaticus 

inoculation.  
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Chapter 2. Materials and methods 

Work done by Collaborator’s: 

Animal husbandry 

Smad3-/- mice (129/Sv) generated previously (Zhu et al., 1998) were obtained from 

Jackson Laboratories and maintained in a specific pathogen-free facility under a 

University of Arizona IACUC protocol. Sentinel mice were routinely screened for 

pathogens.  Homozygous Smad3-/- and Smad3+/+ mice were generated by breeding 

heterozygous animals.  

 

PCR genotyping 

The genotype of newborn pups from double heterozygous mating was determined by 

PCR  amplification of tail DNA and size fractionation on agarose gels (Engle et al., 

1999). 

 

Helicobacter culture, infection and detection 

A pure culture of H. hepaticus was received from Dr. Craig Franklin (University of 

Missouri), and was suspended in brucella broth on tryptic soy agar supplemented with 
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5% sheep blood (Hardy Diagnostics) and incubated in a micro-aerophilic chamber at 

37ºC for 48 h. Later the culture was resuspended in brucella broth and allowed to grow 

for another 48 h. Five breeding pairs of 1-3 month-old heterozygous Smad3+/- mice were 

inoculated with ~108 H. hepaticus organisms by direct introduction using a 1.5 inch 

feeding needle. Control animals of five breeding pairs, 1-3 months of age heterozygous 

Smad3+/- mice, were inoculated with equal amounts of brucella broth. A total of 3 

inoculations for each mouse was completed at 24-hour intervals. Animals were then 

checked for H. hepaticus infection by PCR analysis of fecal matter with H. hepaticus-

specific primers as described earlier (Drazenovich et al., 2002). Infected animals then 

were bred together. All animals in subsequent generations developed chronic infection by 

spontaneous parental/fecal contact without additional inoculation. To minimize cross 

contamination uninfected and infected animals were housed in different buildings. 

 

Tissue collection 

Mice were euthanized by IACUC-approved cervical dislocation. The cecum and colon 

were dissected free from the mesenchyme. Cecum and colon were opened longitudinally 

and contents collected according to location. Cecal content, proximal colon content, and 

distal colon content were placed in individual tubes and flash frozen in liquid nitrogen. 

All samples were stored at -80ºC. Only cecal content was sent for sequencing since most 

tumors were in the cecum of the mouse colon.  
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Isolation of RNA from tissue and cDNA synthesis (for qRT-PCR) 

Total RNA from individual frozen tissue samples were isolated using TRI Reagent 

(Molecular Research Center, Cincinnati, OH). RNA was treated with RNase-free DNase I 

(Qiagen, Valencia, CA) and purified using a Qiagen RNeasy mini kit. RNA was reverse 

transcribed using an iScript cDNA synthesis kit (BioRad, Hercules, CA). 

 

Primer design and SYBR Green qRT-PCR 

qRT-PCR reactions were performed using a Light Cycler® 480 (Roche, Basel, 

Switzerland) with 50-100 ng of cDNA template. At least one primer per pair was 

designed across exon/intron boundaries to prevent co-amplification of genomic DNA; the 

size of the products ranged from 50-150 bp. For each gene Ct values were normalized to 

corresponding β-actin or Gapdh and relative expression was determined by the 2-ΔΔCT 

method. 

DNA/RNA sequencing 

Sequencing was done at the University of Arizona Genomics Core (UAGC). DNA was 

extracted using an in-house lysozyme extraction protocol. The libraries were built with 

the Illumina Truseq DNA kits (Illumina, San Diego, CA). RNA was ribo-depleted using 

both eukaryotic and prokaryotic RiboMinus kits (ThermoFisher, Waltham, MA). The 

RNA libraries were built with the Illumina Truseq RNA kits. Ten mice from each group 

were pooled and run on two lanes using an Illumina HiSeq 2000/2500 machine. 
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DNA/RNA Reads were 2x100bp paired-end and the average insert size was ~325bp for 

DNA and ~225bp for RNA. After sequencing, adapter sequences were trimmed from raw 

data before being downloaded to the University of Arizona High-Performance 

Computing (UA HPC) center. 

Work done by SGD: 

Quality control of DNA reads (incl. filtering) 

Quality control was done using a custom pipeline using the programs SolexaQA++ (Cox 

et al., 2010) and fastx_clipper from the fastx suite of tools (Gordon, 2010) 

(https://github.com/hurwitzlab/fizkin). After QC, DNA reads were filtered for mouse and 

mouse chow (including yeast, barley, soy, wheat, and corn) using jellyfish (Marçais and 

Kingsford, 2011), a k-mer frequency counting tool. Filtering was done based on the 

assumption that reads coming from mouse or mouse chow will have similar kmer 

frequencies as the source genomes. Therefore, reads that had kmer modes of 2 or greater 

in comparison to the mouse or mouse chow were considered “rejected” and filtered from 

downstream analysis. Since quality control and filtering may have eliminated mate pairs, 

reads had to be reconstituted into new fastq files: two files for forward and reverse 

paired-end and two files for single-ended (those that lost their mates, either forward or 

reverse). 
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DNA alignment 

Alignment was done with Taxoner64 version 0.1.3 (Pongor et al., 2014) against the ~30K 

bacterial and archaeal genomes in PATRIC (Wattam et al., 2014) (genomes downloaded 

on 2015-09-05 from patricbrc.org) using the parameters “-A --very-sensitive-local” 

(https://github.com/hurwitzlab/taxoner-patric). Results were then filtered with a 

minimum alignment score of 131 (the average alignment score for H. hepaticus, our 

positive control) and a minimum count of ~138 (the average count of M. pulmonis, a 

pathogen that is a negative control since the facility is specific-pathogen free (SPF)). 

Hierarchical pie-charts of species composition were constructed using KronaTools 

(Ondov et al., 2011). 

 

RNA alignment 

Alignment was done with bowtie2 version 2.2.6 (Langmead and Salzberg, 2012) for 

aligning against bacterial genomes and tophat version 2.1.1(Trapnell et al., 2009) for 

aligning against the mouse genome (Mus_musculus GRCm38 dna_rm primary_assembly 

fa from Ensembl) (https://github.com/hurwitzlab/bacteria-bowtie). RNA coverage of 

mouse genome was ~3X on average (data not shown). Given this, we excluded mouse 

results from further analysis. Bacterial genomes were composed of the ~2K genomes that 

passed filtering criteria in the “DNA alignment” step. Additional filtering of RNA for 

mouse and mouse chow was not necessary due to the use of the selected bacterial 

genomes. 
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Differential gene expression 

To calculate bacterial gene expression, cuffquant was used with the following 

parameters: “-M rRNAGFF --no-length-correction” and cuffnorm (Trapnell et al., 2012) 

was used with default parameters. No length correction was used in our study because of 

the metagenomic nature of our samples. Additionally, we were interested in comparing 

genes across samples and not within samples (where gene length correction would be 

necessary (Conesa et al., 2016)). Post-processing of abundance counts and plotting / 

heatmap generation was done with R version 3.2.2 (Team, 2015) and Excel version 

14.4.0 for Mac (Microsoft Corp. Redmond, WA). 

 

Pathway mapping and species contribution 

To assign gene products to pathways, annotation information was downloaded from 

PATRIC (RefSeq.cds.tab’s). Once each gene was annotated with pathways, sums were 

calculated for each gene and each pathway among species and samples. See figure 

legends for more details. Bubble chart (Fig. 7) was created using custom R and perl 

scripts. 
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Correlation of bacterial RNA count to mouse RNA count 

Since bacterial RNA count had only single data point for each group, median expression 

values were used from the mouse qRT-PCR data. Using these values, Pearson’s product-

moment correlation tests were run using default parameters. The lm() command in R was 

used to construct linear models and plot regression lines in Figure 11.  

 

Data availability 

All raw DNA/RNA reads are available under SRA accession number SRP102190 

“Species and functional composition of gut bacteria from TGF-Beta deficient H. 

hepaticus positive mice”.  

 

Metagenomic assembly 

DNA Assembly was done using three methods: 

1. Assembly of each group individually and then a final assembly of each of those 

(called “iterative_all”) 

2. Assembly of all reads at once (called “original_all”) 

3. Assembly of reads that were filtered or unaligned from “DNA alignment” step 

(called “unknown”).  

For 1 and 2, code is here: (https://github.com/hurwitzlab/assembly-pipeline) 

For 3, code is here: (https://github.com/hurwitzlab/assembly-pipeline/tree/unknown) 
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All assemblies were done using Megahit v1.0.6-3-gfb1e59b 

(https://github.com/voutcn/megahit/releases/tag/v1.0.6) (Li et al., 2015) 

The following were applied to each assembly in order: 

1. Deduplication of reads 

2. Removal of low abundance kmers (count < 2) with khmer (https://github.com/dib-

lab/khmer) 

3. Assembly with megahit using the parameters “--presets meta-large” 

At the end, all assemblies were compared to each other for quality metrics using 

metaquast (http://quast.sourceforge.net/metaquast) (Mikheenko et al., 2016) All results 

from metaquast are available online 

(ftp://ftp.imicrobe.us/tmp/scott/results_2016_11_24_08_27_58/).  

 

Annotation of contigs 

The “unknown” assembly, having the best quality metrics (see Results), was chosen for 

annotation of genes. The following steps were done: 

1. Contigs were filtered so only those greater than 1kbp were kept (before filtering, 

number of contigs was about 6M, after filtering there were about 300K) 

2. The following steps were run using RASTtk v1.3.0 

(https://github.com/TheSEED/RASTtk-Distribution/releases), a modular toolkit 

for annotating bacterial genomes (Brettin et al., 2015) 
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a. Gene start/stop sites were discovered using  “rast-call-features-

CDS-prodigal” 

b. Gene annotations were discovered using “rast-annotate-proteins-

kmer-v2” and “rast-annotate-proteins-kmer-v1 -H” 

c. Overlapping genes from 2b. were consolidated using “rast-resolve-

overlapping-features” 

d. Finally, a “genome file format” (gff) file was exported for use with 

other programs with the command “rast-export-genome gff” 

e. All of these steps (and the troubleshooting involved) can be found 

here: https://github.com/hurwitzlab/assembly-

pipeline/blob/unknown/scripts/09-RASTtk-interactive.md 

 

Assignment of annotations to KEGG pathways 

1. Predicted genes were filtered for enzyme commission numbers (EC numbers) 

using the following perl script: “perl -nle '($id)=/EC ([^)]*)/; print "$id"' 

predicted_genes.gff > just_ec_numbers.list” 

2. EC numbers were copied and pasted into the KEGG pathway search engine: 

(http://www.kegg.jp/kegg/tool/map_pathway1.html) (Kanehisa et al., 2017). 

3. Results were used to construct table in Excel / Word (Microsoft, Redmond, WA). 
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Chapter 3. Summary of “Functional changes of 

the gut microbiome in TGFβ-deficient colon” 

cancer 

Importance  

Most research on the gut microbiome in colon cancer focuses on taxonomic changes at 

the genus level using 16S ribosomal RNA gene sequencing. Here we develop a new 

methodology to integrate DNA and RNA datasets to examine functional shifts at the 

species level that are important to tumor development. We uncover several metabolic 

pathways in the microbiome, that when perturbed by host genetics and H. hepaticus 

inoculation, contribute to colon cancer.   The work presented here lays a foundation for 

improved bioinformatics methodologies to closely examine the cross-talk between 

specific organisms and the host, important for the development of diagnostics and 

pre/probiotic treatment. 
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Overview 

Background 

● Despite an average 68% 5-year survival rate, colon cancer is still 3rd in total 

number of cases and is a major health concern worldwide. 

● Inflammatory bowel disease increases the risk of colon cancer by 5-20%. 

● TGFβ signaling is disrupted in a majority of inflammation-associated colon 

cancer cases. 

● The TGFβ pathway controls several processes including development, 

differentiation and immune system regulation. 

● SMAD3-knockout cause dysfunction in the TGFβ pathway because it is 

downstream of TGFβ. 

● In our hands, the SMAD3-knockout mouse develops colon cancer only when 

inoculated with the pro-inflammatory bacteria, Helicobacter hepaticus. 

Key Findings 

● 40% of SMAD3-/-, H. hepaticus inoculated (combined effect) mice develop 

colorectal cancer by 6 months of age 

● RNA counts of butyrate kinase decrease primarily because of Lachnospiraceae 

bacterium A-4 in the SMAD3-knockout and combined effect mice. Additionally, 

RNA counts of bacterial genes involved in the production of putrescine and 
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spermidine (polyamines) increased because of multiple species, including 

Parabacteroides distasonis. 

● DNA counts of L. bacterium A-4 increase in all effects. DNA counts of P. 

distasonis increase nearly 10-fold in the combined effect. 

● RNA counts of bacterial genes involved in the production of lipopolysaccharides 

(LPS) increase primarily because of Mucispirillum schaedleri in the H. hepaticus 

and combined effects. The increase in RNA counts significantly correlates with an 

increase in RNA expression of murine TLR4 and TLR2. 

● M. schaedleri increases in the H. hepaticus and combined effects but decreases in 

the SMAD3-knockout effect. 

● RNA counts of bacterial genes involved in oxidative phosphorylation (OXPHOS) 

increase because of Helicobacter hepaticus in the H. hepaticus and combined 

effects. 

Additional Insights 

● DNA counts of Lactobacillus plantarum decrease to undetectable amounts in the 

H. hepaticus and combined effects. By comparison, Lactobacillus murinus 

increases in all effects. 
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Conclusion 

Loss of SMAD3 is associated with changes in bacterial RNA counts in the butyrate and 

polyamine synthesis pathways. Butyrate is a known HDACi that downregulates growth-

related pathways. Thus, a decrease in butyrate production may promote a cancerous state. 

Increased polyamines are associated with colorectal cancer in humans and mice. As such, 

an increase of bacterial polyamine production is a novel way that may promote cancerous 

growth.  

 

However, the changes in these two pathways, and presumably others, is not sufficient to 

produce a state of cancer in the mouse colon. With the addition of H. hepaticus, we see 

an increase in LPS and OXPHOS pathways’ RNA counts, suggesting an increase in the 

proinflammatory and free radical status of the colonic epithelium. Inflammatory status is 

correlated significantly with incidence of colorectal cancer in humans and mice. Free 

radicals may cause DNA damage that produce mutations in oncogenes or tumor 

suppressors.  

 

Again, these changes alone are not sufficient to promote carcinogenesis. Rather, it takes 

their combination and possibly a reduction of probiotic species to reach the “tipping 

point” for tumorigenesis. The results of this study emphasize the multifactorial nature of 

colon cancer and how the microbiome may have a profound impact on the cancer 

microenvironment.  This lends credence to the idea that changes in microbial ecology as 
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well as in host genotype must be taken into consideration when examining the causes of 

colon cancer. 
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Chapter 4. Discussion and Future Directions 

Colon cancer is a multifaceted disease that is affected by host genetics, inflammation, 

lifestyle and most importantly, the gut microbiome. In terms of host genetics, up to 30% 

of colon cancer patients have mutations in TGFβ signaling genes and more than 90% of 

patients with high-mismatch-repair-deficiency phenotypes (Markowitz et al., 1995). 

Despite this, their function as tumor suppressors and interaction with inflammation and/or 

gut bacteria is unclear. In mouse colon tumor models in which growth has been 

measured, no loss of growth control was due to the loss of TGFβ signaling (Engle et al., 

1999; Muñoz et al., 2006). However, a role for TGFβ signaling in both the differentiation 

and inflammatory states of colon tumors was revealed in a comparative microarray study 

of several mouse colon tumors models (Kaiser et al., 2007). In this study, it was shown 

that Smad3-/- or Tgfb1-/-; Rag2-/- mouse colons had RNA expression patterns that 

resembled undifferentiated, embryonic-like cells. Since TGFβ signaling is known to be 

an important regulator in immune tolerance and T-cell homeostasis (reviewed in 

(Bommireddy and Doetschman, 2007)), it is likely that its absence could function, at least 

in part, to exacerbate an inflammatory response in the mouse colon. This inflammatory 

response could, in turn, affect the homeostasis of the resident gut bacteria, pushing the 

system into a dysbiotic state.  

 

Moreover, aside from the initial Smad3-/- model where bacterial contamination was not 

controlled for (Zhu et al., 1998), Smad3-/- mice require Helicobacter hepaticus or bilis in 
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order to develop colon cancer (Engle et al., 2002; Maggio-Price et al., 2006). It is 

unknown what H. hepaticus or bilis are doing either to TGFβ signaling or the gut 

bacteria. In other models, H. hepaticus is known to produce inflammatory molecules on 

its own (Pratt et al., 2006), but it may be affecting other gut bacteria by as yet 

undiscovered signaling or competition for nutrients.  

 

Here we report changes to microbial functions from a deficiency of TGFβ signaling as 

well as by inoculation of H. hepaticus. Together, the ultimate effect is to push the mouse 

colon past a threshold into a cancerous state. 

Smad3-/- and Combined Effects 

First, a key butyrate gene, buk, is found to have reduced RNA counts in the Smad3-/- and 

combined effects. This agrees with multiple studies that show butyrate to be crucial for 

proper maintenance of the colonic epithelium (Hamer et al., 2008). It is well known that 

butyrate is the primary energy source of colonocytes; moreover, several studies have 

shown that in high concentrations (~5mM), butyrate is a potent HDAC inhibitor. Table 4 

presents a summary of genes and cell types affected by butyrate.  
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Table 4 – Genes or cell types affected by butyrate 

Gene or cell type 
affected 

Effect of 
butyrate 

Gene function Reference 

Chinese hamster cells Blocks cell-
cycle 
progression at 
G1 

N/A (D’Anna et al., 1980) 

Rat sarcoma (NRAS) Decreased Oncogene (Stoddart et al., 1989) 

Mouse fibroblasts Blocks cell-
cycle 
progression at 
G1 

N/A (Charollais et al., 
1990) 

Avian 
Myelocytomatosis 
Viral Oncogene 
Homolog (c-Myc) 

Decreased Cell growth promoter (Barnard and 
Warwick, 1993) 

Alkaline phosphatase, 
intestine-specific 
(ALPI) 

Increased Functions in the gut mucosal defense 
system 

(Barnard and 
Warwick, 1993) 

Retinoblastoma 
(RB1) 

Decreased Tumor suppressor (Gope and Gope, 
1993) 

Cyclin dependent 
kinase inhibitor 1A 
(p21WAF1/Cip1) 

Increased Promotes cell cycle arrest and apoptosis (Nakano et al., 1997) 

Mucin 2 (MUC-2) Increased Maintains protective mucus layer (Augenlicht et al., 
2003) 
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Proteasome subunit 
Betas 

Decreased Decreased proteasome activity caused 
decreased NF-kB activation 

(Place et al., 2005) 

Testin LIM domain 
protein (TES) 

Increased Tumor suppressor (Donohoe et al., 
2012) 

Forkhead box P3 
(Foxp3) 

Increased Causes expansion of anti-inflammatory 
Treg cells 

(Arpaia et al., 2013) 

Hypoxia inducible 
factor 1 (HIF-1) 

Increased Activates other genes invovled in 
growth control, improves barrier 
function in colonocytes 

(Kelly et al., 2015) 

Interleukin 22 (IL-22) Increased Member of IL-10 family, promotes 
stress resistance 

(Bachmann et al., 
2017) 

 Table 3 - Genes / cell types are listed in order of publication date. 

P21WAF1/Cip1 is a protein that inhibits cell cycles progression and promotes apoptosis 

downstream of p53 (El-Deiry, 1998). MUC-2 is an important structural component of the 

mucus layer in the colon and degradation of this layer occurs in inflammatory diseases 

(Allen et al., 1998; Petersson et al., 2011; Tytgat et al., 1996). HIF-1 is normally 

activated by unavailability of oxygen and there has been debate on its role as an 

apoptosis-inhibitor (Semenza, 2000). However, it has been shown to enhance barrier 

function in colonocytes, a crucial function of the bacteria-blood-barrier (BBB) of the 

colon (Kelly et al., 2015). Additionally, butyrate has been shown that it can stimulate 

histone acetyltransferase (HAT) activity at lower concentrations (~0.5mM) (Donohoe et 

al., 2012). This happens when butyrate is converted to citrate in the tricarboxylic acid 
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(TCA) cycle which combines with ATP citrate lyase (ACL) to produce acetyl coenzyme 

A (Acetyl-CoA). This important coenzyme then acts as an acetyl-group donor for various 

HATs. It was found that HAT activity upregulated 1,416 genes; one of them was the 

tumor suppressor testin LIM domain protein (TES) whose expression is downregulated in 

various cancers (Drusco et al., 2005; Ma et al., 2010; Sarti et al., 2005; Tatarelli et al., 

2000). While we cannot conclude that the reduction in butyrate is a cause or effect of the 

pro-inflammatory, cancerous environment, the correlation is consistent with the literature.  

 

In our study, L. bacterium A4, an understudied member of the Firmicutes phylum and the 

Lachnospiraceae family, decreases in abundance in the combined and Smad3-/- effects. It 

is well known that the Firmicutes phylum contains a wealth of species with the capacity 

to produce butyrate (Vital et al., 2014). Additionally, some literature suggests that the 

Lachnospiraceae family of bacteria may play an anti-inflammatory role. For example, 

one study shows that inoculation with an isolate of Lachnospiraceae decreases disease 

severity of chronic Clostridium difficile infection in mice (Reeves et al., 2012). 

Moreover, 16s rRNA studies of human fecal samples from IBD patients have lower 

amounts of Lachnospiraceae at the genus level (Frank et al., 2007; Manichanh et al., 

2006). One could easily hypothesize that butyrate supplements or probiotic 

Lachnospiraceae would slow cancer growth and reduce inflammation in our cancer 

model. As a caveat, difficulties would have to be surmounted to develop an effective 

treatment: butyrate is rapidly metabolized before reaching the large intestine (Encarnacao 
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et al., 2015; Pouillart, 1998) and, regarding Lachnospiraceae, culturing inhabitants of the 

colon is notoriously difficult (Schloss and Handelsman, 2005; Zhu et al., 2010). 

 

Second, we observe an upshift in RNA counts for genes involved in the production of 

putrescine and spermidine. Like the butyrate gene changes, this occurs in the Smad3-/- 

and combined effects. Changes to polyamine genes are interesting because it has been 

known for decades that polyamines are increased in rapidly-proliferating tissues like 

cancer (Russell and Snyder, 1969). Moreover, studies have shown that polyamines have a 

particular role in intestinal cell renewal (Jaladanki and Wang, 2016; Johnson and Ray, 

2006). Interestingly, there is a direct link between polyamines and TGFβ; polyamine 

depletion increases TGFβ mRNA stability, thereby leading to increased TGFβ expression 

(Liu et al., 2003). While it seems unimportant given that TGFβ signaling is already 

disrupted via deletion of Smad3, it could be that the effect is on the non-canonical (non-

Smad) TGFβ signaling. For instance, TGFβ can activate the small GTPase and 

PI3K/AKT pathways independent of SMAD3 to affect such processes as growth arrest, 

epithelial-to-mesenchymal transition (EMT), tight junction formation, and actin 

polymerization (Zhang, 2009). 

 Additionally, it has been shown that polyamine depletion can affect the pro-

apoptotic p53 pathway (Li et al., 2001). Specifically, polyamine depletion increases the 

cytoplasmic levels of the RNA-binding protein Hu antigen R (HuR) which is known to 

stabilize p53 mRNA, thereby allowing for its translation. Thus, increased levels of 
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spermidine and putrescine in our model could depress cytoplasmic levels of HuR, leading 

to decreased apoptosis. 

Finally, it has been discovered that polyamines can also affect protein translation. 

Specifically, spermidine can be modified to the unique amino acid hypusine. Eukaryotic 

initiation factor EIF5A is the only known protein to be modified by hypusine (Park et al., 

2010). This translation factor is not strictly required for translation initiation in general, 

but for elongation and termination it is essential (Schuller et al., 2017). Additionally, 

EIF5A seems to prefer transcripts with poly-proline motifs (Doerfel et al., 2013; 

Gutierrez et al., 2013). Blocking the production of hypusine or the modification of EIF5A 

by hypusine, leads to reduced (mRNA) translation of growth promoters 

RhoA/ROCK1(Fujimura et al., 2015). 

Also, increased polyamine levels in colon cancer patients correlate with severity 

of disease (Dreyfuss et al., 1975; Löser et al., 1990). Given this correlation, several drugs 

have been developed to attempt to alleviate colon cancer progression by inhibiting the 

activity of ornithine decarboxylase 1 (ODC1), a crucial enzyme in humans that catalyzes 

the production of putrescine and spermidine (Casero and Woster, 2001; Kingsnorth et al., 

1983; Metcalf et al., 1978; Wang et al., 2008; Williams et al., 2007). While there has 

been some evidence that one of these compounds, difluoromethylornithine (DFMO), is 

cancer-preventative (Meyskens et al., 2008), additional studies for ongoing cancer-

treatment have been mixed (Raul, 2007). It could be that other factors are allowing for 

the production of polyamines. 
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The novel finding here is that gut bacteria are at least partially responsible for 

increased polyamines. It is plausible that the polyamines are being actively exported to 

the epithelial cells, as such transporters exist for both pro- and eukaryotes (Rai et al., 

2016; Sakata et al., 2000; Uemura et al., 2005)). Consequently, not just diet, but also 

dysbiosis in the gut microbiome may result in increased polyamine uptake by colon 

mucosal epithelial cells.  

H. hepaticus and Combined Effects 

Although not in the list of top pathways, our third focus was LPS biosynthesis because it 

has been known to produce an inflammatory response for more than a century. 

Lipopolysaccharides (LPS), as the name implies, are composed of a lipid and a long 

chain of sugars. Gram-negative bacteria use LPS as structural molecules to make up their 

outer membrane. Originally, they were termed “endotoxins” before discovery of their 

structure as they were thought to only be released when the bacteria divides or dies 

(Howard et al., 1958). Along with lipopeptides, flagellins, and other molecules, they 

represent the signals by which the innate immune system is able to mount an effective 

response to pathogens (reviewed in (Miller et al., 2005)).    

A recent study showed that LPS related genes were enriched in colon cancer 

tumor tissues (Gao et al., 2017). Indeed, we find an increase in bacterial genes in the LPS 

pathway for both the H. hepaticus and combined effects. Intriguingly, it is not H. 

hepaticus itself that is responsible for the increased RNA counts, it is M. Schaedleri. 
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Although M. schaedleri has been associated with inflammation, its contribution is not 

known. It should be noted that this species is in the set of core bacteria given to mice in 

gnotobiotic models. Our data show that inoculation of H. hepaticus causes increased 

abundance of M. schaedleri that may result in a shift to a proinflammatory state. One 

could speculate that H. hepaticus might be engaging in some kind of intercellular 

signaling with M. schaedleri but, as of yet, there is no evidence to support that 

hypothesis. 

 

In our fourth focus we find a colon epithelial cell response consistent with increased 

bacterial LPS production. By qRT-PCR on colon mucosal epithelial mRNA, Tlr4 and 

Tlr2 is shown to be upregulated in all effects compared to control, and this significantly 

correlates with increased RNA counts of bacterial lpxC and lpxD. Accordingly, LPS has 

been shown to activate the proinflammatory NF-κB pathway through the 

CD14/MD2/TLR4 complex (Hoshino et al., 1999; Mancuso et al., 2005). Mucosal Tlr2 

expression is found to significantly correlate with bacterial lpx expression, but recent 

literature indicates that this receptor responds to compounds produced by gram-positive 

bacteria and not to LPS’s which are produced by gram-negative bacteria (Flo et al., 2000; 

Yoshimura et al., 1999). On the other hand, Helicobacter spp. have been shown to 

activate the TLR2 receptor, possibly explaining its upregulation in the mice (Mandell et 

al., 2004).  
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Our fifth focus, OXPHOS, shows the most change in RNA counts in the combined effect 

(Figure 2). This is surprising given the normally anaerobic environment of the colon. 

Nevertheless, there are increased counts of nuo and ppk for the H. hepaticus and 

combined effects. Importantly, the species mainly responsible for this increase is H. 

hepaticus that may be rapidly growing and depleting the environment of available 

oxygen. More importantly, an increase in OXPHOS points to an increase in RONS. It 

could be that the RONS produced by H. hepaticus and other species are causing oxidative 

damage to DNA, RNA or proteins that leads to a cancerous state. This would be in 

addition to the RONS produced by phagocytes during upregulated inflammation via LPS 

> TLR4 > NF-κB (Rosen et al., 1995). This increased state of RONS production would 

be consistent with what is found in inflammatory bowel diseases (Grisham, 1994; 

Roessner et al., 2008). Even though both SMAD3 deficiency and H. hepaticus 

inoculation are required for colon cancer in this model, the OXPHOS pathway is changed 

more by H. hepaticus than SMAD3 deficiency.  

 

It is important to note that Lactobacillus plantarum does not appear to be involved in 

altering butyrate, polyamine, LPS or OXPHOS levels, yet it almost completely 

disappears in the combined effect (Figure 8, S3). Other studies have shown that adding L. 

plantarum reduces tumor size and burden in rats and inhibits survival of cancer stem cells 

(An and Ha, 2016; Walia et al., 2015). Additionally, while it may not affect butyrate 

production directly, there is evidence that lactic acid from these species can be used by 
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other bacteria to produce butyrate, a phenomenon known as “cross-feeding” (Louis and 

Flint, 2009). L. plantarum could be added along with Lachnospiraceae spp. to treat colon 

cancer (see butyrate section). Opposed to L. plantarum, L. murinus increases in all effects 

compared to control, however this is the first report that links this species to 

inflammation or colon cancer.   

Possible crosstalk between pathways 

In summary, loss of SMAD3 is associated with changes in bacterial RNA counts in the 

butyrate and polyamine synthesis pathways. The butyrate and polyamine pathways could 

synergistically combine to decrease apoptosis and increase proliferation through their 

respective control of gene expression circuits. And, with the addition of H. hepaticus, we 

see an increase in LPS and OXPHOS pathways’ RNA counts, suggesting an increase in 

the proinflammatory and free radical status of the colonic epithelium. Either of these 

changes alone is not sufficient to promote carcinogenesis. Rather, it takes their 

combination and possibly a reduction of probiotic species to reach the “tipping point” for 

tumorigenesis (summarized in Figure 99). This “tipping point” could be explained by 

possible crosstalk between these pathways. 
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Figure 5 - Model of Smad3-/-, H. hepaticus positive colon cancer 

 

Figure 13 - Cartoon of possible model for Smad3-/-, H. hepaticus positive colon cancer: a) H. hepaticus, with 
increased OXPHOS, generates RONS that can be a source of DNA damage, b) M. schaedleri, responding to 
increased H. hepaticus by some unknown mechanism, generates LPS that can increase inflammation, c) Lack of 
SMAD3 promotes a decrease in Firmicutes’ production of butyrate which could lead to increased growth and 
decreased apoptosis, and d) Lack of SMAD3 promotes an increase of polyamines from multiple species which 
can lead to increased growth and non-canonical TGFβ signaling (PI3K, Rho GTPase, etc.). Solid lines indicated 
increased metabolites or RNA counts of genes. Dashed lines indicate decreased metabolites or RNA counts of 
genes.  

 

Butyrate, as an HDACi, downregulates the expression of LPS-induced proinflammatory 

mediators, including nitric oxide, IL-6, and IL-12 (Chang et al., 2014). Thus, as the 

butyrate levels fall in the Smad3-/- effect, hyper-responsiveness to LPS could increase for 
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phagocytes. Moreover, since LPS production is increased by M. schaedleri in the H. 

hepaticus effect, even greater levels of phagocyte activation could result. This, in turn, 

could lead to generation of more DNA-damaging RONS during the oxidative bursts 

produced by phagocytes. 

The results of this study emphasize the multifactorial nature of colon cancer and 

how the microbiome may have a profound impact on the cancer microenvironment.  This 

lends credence to the idea that changes in microbial ecology as well as in host genotype 

must be taken into consideration when examining the causes of colon cancer.  

Future Directions 

Using the well-established Smad3-/-, H. hepaticus mouse model, I can outline a number of 

experiments to extend the results of this study. 

 Taking a closer look at the effects of Smad3-/-, I would like to examine the 

changes in butyrate production. Using the same experimental setup, we could a) measure 

buk levels by both qRT-PCR and western blot, b) measure butyrate or metabolites of 

butyrate levels. Next, we could add supplements of tributyrin to mouse chow for the 

affected mice. Tributyrin is a more stable form of butyrate that is able to reach 

concentrations with pharmacological effects (i.e. butyrate itself is rapidly metabolized 

before reaching the colon) (Gaschott et al., 2001). We could compare and contrast this 

with probiotic supplements of Lachnospiraceae.  
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One unanswered question in all of this is how Smad3-/-, as a host mutation, is 

affecting the bacterial population of cells. It is unlikely that SMAD3, as a transcription 

factor, is being exported to the mucosal or luminal environment of the colon where the 

bacteria reside. However, it could be that its loss is affecting immune cell differentiation 

in such a way as to cause a response in the bacteria. Since we know that a lack of TGFβ 

signaling causes expansion of pro-inflammatory Th17 cells (Zhou et al., 2008), we could 

use flow cytometry to filter out the Th17 cells from Smad3-/- mice. We could then add 

these cells to the butyrate producing bacteria that were changed in our previous 

experiments to ascertain whether this was the source of the effect. 

Next, we could take a closer look at the Smad3-/-–polyamine connection. We see a 

bacterial increase in RNA counts of polyamine-producing genes but we did not have data 

on the mouse epithelial cells. A simple extension of our experiments would be to harvest 

not only the cecal matter but the tumorous epithelial tissue in the mouse cecum. Using 

qRT-PCR and western blots, we could detect changes in polyamine-producing genes 

from both sides of the phylogenetic stream: prokaryotic and eukaryotic. 

Again considering the prokaryotic–eukaryotic difference, I would suggest an 

additional experiment to validate and extend the correlation we see of the bacterial LPS 

production and change in RNA expression of mouse Tlr genes. Using 

coimmunoprecipitation we could detect whether the LPS molecules are truly binding to 

TLR4 as is expected (El-Samalouti et al., 1997). Additionally, we could see whether LPS 

amounts are indeed changing in the H. hepaticus mice through the use of western blots. 
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Finally, an ambitious experiment would be to detect the contribution of RONS 

from both bacterial and immunological sources. As we know that OXPHOS is increased 

in H. hepaticus and there could be expansion of phagocytes releasing RONS into the 

luminal environment, it would be interesting to untangle the knots in this situation. Here, 

I would again propose using flow cytometry to separate out the phagocytes from Smad3-/-

, H. hepaticus mice. Then, I would suggest adding these phagocytes to a colonic organoid 

developed from Smad3-/-, H. hepaticus mice. These organoids are more closely similar to 

a true mouse colon as they have multiple cell types with mucosal and luminal sections 

(Roper et al., 2017). We would also add H. hepaticus and a combination of phagocytes / 

H. hepaticus to organoids from these same mice. Having established this, we would use 

standard DNA damage assays to see which of these factors is having a greater 

contribution to oxidative disruption. 
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Introduction 

In recent years, colorectal cancer (CRC) ranks as the 3rd most deadly cancer with 

approximately ~50,000 deaths in the U.S. alone(Siegel et al., 2016). Chronic intestinal 

inflammation plays a key role in CRC development given that patients with inflammatory 

bowel disease (IBD), ulcerative colitis (UC) or Crohn’s disease (CD), have an increased 

risk of CRC (Eaden et al., 2001; Itzkowitz and Yio, 2004; Lutgens et al., 2008; Rogler, 

2014). IBD-associated colorectal carcinogenesis is characterized by a sequence of 

inflammation > dysplasia > carcinoma (reviewed in(Itzkowitz and Yio, 2004)).  

 

TGFβ signaling is one of the key pathways altered in IBD-associated CRC (Li et al., 

2005; Muñoz et al., 2006; Rhodes and Campbell, 2002). TGFβ is a multifunctional 

cytokine important in diverse biological processes including development, differentiation 

and immune regulation (reviewed in(Massagué, 2012)), yet it is unclear how these 

processes are involved in colon tumor suppression. Human TGFβ Type II Receptor gene 

(TGFBR2) is one of the most frequently mutated genes in IBD-CRCs (Fujiwara et al., 

2008; Svrcek et al., 2007a). Previous studies in human CRC cell lines and tumors show 

that frameshift mutations in the poly(A)10 microsatellite region of TGFBR2 (Fujiwara et 
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al., 2008; Schulmann et al., 2005; Svrcek et al., 2007a, 2007b) result in the loss of 

TGFβR2 protein production and functional TGFβ signaling (Markowitz et al., 1995; 

Souza et al., 1996). Like sporadic and Lynch syndrome, IBD-CRCs with microsatellite 

instability have a higher frequency (57–76%) of mutations in TGFBR2. Consequently, 

mutations in TGFBR2 in dysplastic tissues that result in loss of TGFβ signaling play a 

role in the development of CRC (Fujiwara et al., 2008).  

  

Mutations in mothers against decapentaplegic (SMAD) genes at rates of 3.4% (SMAD2), 

4.3% (SMAD3), and 8.6% (SMAD4) in sporadic CRC tumors also disrupt TGFβ signaling 

(Fleming et al., 2013). SMAD2/3 are receptor-activated and bind to SMAD4 (co-SMAD) 

to form a transcriptional complex. Aside from producing a nonfunctional, truncated 

protein, mutations in SMAD3 can downregulate SMAD3 transcription. In inflamed 

intestinal mucosa samples from patients with active CD and UC, elevated production of 

SMAD7 (Monteleone et al., 2001) inhibits TGFβR1 kinase-mediated phosphorylation of 

SMAD3 protein and disrupts TGFβ signaling (Hayashi et al., 1997). Taken together, 

mutations in TGFBR2, SMAD2/3/4 or elevated SMAD7 levels disrupt TGFβ signaling 

and accelerate CRC pathogenesis.  

 

Understanding how signaling pathways are perturbed in the absence of TGFβ signaling 

can offer novel strategies to decrease the incidence of CRC in IBD patients with TGFβ 

signaling deficiency. To investigate TGFβ signaling as it relates to colon cancer, several 
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mouse models have been developed (Engle et al., 1999, 2002; Maggio-Price et al., 2006; 

Muñoz et al., 2006; Seamons et al., 2013; Zhu et al., 1998). Of the TGFβ-deficient colon 

cancer mouse models, immunocompetent Smad3 knockout (Smad3-/-) mouse is the model 

of choice (Zhu et al., 1998) because the Tgfb1-/- Rag2-/-  model is immunodeficient (Engle 

et al., 1999), the TGFBR2-deficient mouse is embryonic lethal (Oshima et al., 1996), and 

the intestine-specific Tgfbr2 knockout mouse must be combined with another colon 

tumor suppressor (Muñoz et al., 2006).  In both the Tgfb1-/- Rag2-/- and Smad3-/- models, 

colon cancer only develops in conjunction with the presence of gut microbial 

Helicobacter species (Engle et al., 2002; Maggio-Price et al., 2006).  Interestingly, the 

potent inflammation-inducing agent dextran sodium sulfate (DSS) in the absence of 

Helicobacter does not induce colon cancer in the Tgfb1‑ /- Rag2-/- model (Engle et al., 

2002), and induces only a few late-onset tumors in the  Smad3-/- model (Seamons et al., 

2013). Helicobacter alone causes little if any inflammatory response in wildtype animals. 

This suggests that Helicobacter is affecting aspects of tumor development other than just 

inflammation. Aside from Helicobacter, there have been several species identified that 

are shown to be causative or correlative in the development of colon cancer (Table 3) 

(Abdulamir et al., 2010; Abed et al., 2016; Arthur et al., 2012; Bernstein et al., 2011; Gur 

et al., 2015; Huycke et al., 2002; Kostic et al., 2013; Malkan et al., 2009; Newman et al., 

2001; Ridlon et al., 2006; Rubinstein et al., 2013; Sanapareddy et al., 2012; Wang and 

Huycke, 2007; Wu et al., 2009). However, no study to date has investigated the functions 

affected by microbial ecology as a whole. 
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Additionally, most metagenomic studies of gut bacteria in colon cancer use 16S rRNA 

sequencing, which only provides an estimation of taxonomic composition to the genus 

level. As shown in Table 3, there are certain species that combine with host genetic 

backgrounds to produce colon cancer. Because of this complexity, it is necessary to study 

gut microbial ecology at the species level and to identify functions causing or preventing 

CRC. 

  

We hypothesize that a deficiency in TGFβ signaling through loss of SMAD3, combined 

with the presence of Helicobacter hepaticus, alters microbial ecology leading to 

functional dysbiosis and colon cancer. To address this, we analyze the mouse gut 

microbiome in Smad3+/+ and Smad3-/- mice in the presence and absence of Helicobacter 

hepaticus using a novel approach of integrating metagenomics and metatranscriptomics. 

Results 

Study overview. Cecal fecal samples from 40 mice were pooled into four comparison 

groups: (a) Smad3+/+ / H. hepaticus negative (wild type; S+H-), (b) Smad3+/+ / H. 

hepaticus positive (H. hepaticus only; S+H+), (c) Smad3-/- / H. hepaticus negative 

(Smad3-/- only; S-H-), and (d) Smad3-/- / H. hepaticus positive (combined; S-H+).  Figure 

5A summarizes each comparison group where cecal samples from 10 mice were pooled 

per group. Wild type (S+H-), H. hepaticus only (S+H+), and Smad3-/- only (S-H-) mice 
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show little histologically evident inflammation and no cancer.  However, mice with the 

combined Smad3-/- and H. hepaticus inoculation (S-H+) show significant inflammation, 

and 40% of mice develop tumors in the cecum and proximal colon by 6 months of age. 

Figure 5B shows a flowchart of bioinformatics methods. After quality control and 

filtering for host, 316M reads remain of which 120M align to known bacterial genomes 

in the Pathosystems Resource Integration Center (PATRIC) database (Wattam et al., 

2014). After filtering based on positive and negative controls, 20M reads align to 1,944 

bacteria with high confidence representing our “gold standard” genomes (details in 

Materials and Methods).  Overall, ~60% of RNA reads (63M of 106M RNA reads) map 

to these gold standard genomes.  Thus, although the DNA mapping to the gold standard 

genomes only represents ~7% of the total dataset (20M DNA reads of 316M map to 

“gold standard” genomes), these species are functionally dominant based on RNA read 

recruitment. 
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Figure 6 - Materials and methods flowchart 

 

Figure 5 - Materials and methods flowchart - (A1) Four groups of mice were used for DNA/RNA extraction: (top 
left) Mice that were SMAD3 wild-type and H. Hepaticus negative (S+H-), (top right) mice that were Smad3-/- 
and H. Hepaticus negative (S-H+), (bottom left) mice that were SMAD3 wild-type and H. Hepaticus positive 
(S+H-), (bottom right) and mice that were Smad3-/- and H. Hepaticus positive (S-H+). *Four out of ten of mice in 
the S-H+ group had tumors at the time of sacrifice. Corresponding cross-sections of the large intestine (inside 
each box) are shown to indicate levels of inflammation in the group. (A2) Dissection of mouse large intestine 
from the S-H+ group showing tumor locations and site of cecal matter removal. (B1) Flowchart showing number 
of reads at each step of DNA analysis. Reads aligned to PATRIC(Wattam et al., 2014) with Taxoner64(Pongor et 
al., 2014). The last step of the DNA analysis feeds into the 2nd step of the RNA analysis. (B2) Flowchart showing 
number of reads at each step of RNA analysis. Reads were aligned with bowtie2(Langmead and Salzberg, 2012) 
and quantified / normalized with cuffquant / cuffnorm, part of the cufflinks suite of tools(Trapnell et al., 2012). 
  

Functional shifts in the microbiome. To guide our functional analysis, we examine the 

top 37 pathways (Figure 6) ranked by overall estimated RNA counts, where each 
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pathway contains total RNA counts above the pathway mean count (all 140 pathway 

counts are available in Table S1). Then, we examine pathways that either had previous 

links to CRC or had the greatest changes in RNA counts among groups. Previous 

literature shows that butyrate, polyamine, and oxidative phosphorylation (OXPHOS) 

pathways are important in colorectal cancer and/or inflammation (Donohoe et al., 2014; 

Gerner et al., 2007; Wiseman and Halliwell, 1996), and they rank 8th, 9th, and 18th 

respectively, in these 37 pathways (LPS is 73rd but is included because of its known role 

in inflammation (reviewed in(Miller et al., 2005))). In each case, we examine pathways 

gene by gene to highlight the greatest changes in RNA counts and potential points of 

enzymatic flux changes. Additionally, we focus on significant changes to RNA counts in 

genes by sample type using the following comparisons: S-H- vs S+H-, S+H+ vs S+H-, 

and S-H+ vs S+H- (hereafter referred to as Smad3-/- effect, H. hepaticus effect, and 

combined effect, respectively). The combined effect represents the contributions of both 

the loss of SMAD3 and H. hepaticus inoculation. Results are split into two sections: 

First, pathways that are changed by the Smad3-/- and combined but not H. hepaticus 

effects; Second, pathways that are changed by the H. hepaticus and combined but not 

Smad3-/- effects. 
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Figure 7 - Sum of estimated expression by KEGG pathway 
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Figure 6 - Sum of estimated expression by KEGG pathway - “Bubble” chart of RNA count differences between 
sample groups among various KEGG pathways(Kanehisa et al., 2017). Scale at bottom shows estimated RNA 
counts as outputted by cuffquant and cuffnorm (part of the Bowtie2 / Cufflinks suite of tools). Labels at top 
show the sample groups. Heatmap behind bubbles shows log2 fold changes (Log2FC) of pathways for each of the 
effects. Fold changes are mapped to a Blue-Yellow color spectrum with bright yellow having the greatest 
increase in RNA counts and bright blue having the greatest decrease in RNA counts in the given condition 
versus control. Color behind the control bubbles represents no change and is provided for reference.  

Smad3-/- and combined effects on bacterial pathways  

Lachnospiraceae bacterium A-4 is responsible for decreased RNA counts of butyrate 

kinase. In the normal colon, butyrate is a primary energy source for colon mucosal 

epithelial cell growth through oxidative phosphorylation of butyrate rather than glucose-

pyruvate metabolism (Ahmad et al., 2000; Hamer et al., 2008). In colon tumors 

undergoing the Warburg effect however, aerobic glycolysis of glucose is the primary 

source of energy, causing butyrate to accumulate in the nucleus where it becomes a 

histone deacetylase (HDAC) inhibitor (Augenlicht et al., 2003; Donohoe et al., 2012; 

Kelly et al., 2015; Nakano et al., 1997; Takai et al., 2004). HDAC inhibition promotes 

cell cycle arrest and apoptosis through p21 expression (Archer et al., 1998), and inhibits 

NFκB activation by decreasing the proteasome activity responsible for IκB degradation 

(Place et al., 2005). In addition, butyrate also increases T-cell regulation (Arpaia et al., 

2013). Butyrate, therefore, has both anti-tumor and anti-inflammatory activities, making 

it an effective anti-UC therapy (Scheppach et al., 1992). It seems reasonable then that in 

the context of colon cancer decreased colonic levels of butyrate would promote cancer 

cell growth and stimulate inflammation. 
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In the butyrate metabolism pathway, we see a decrease in RNA counts for butyrate kinase 

(buk) with a log2FC of -1.1 in the combined effect (Figure 7, S1, and S2). This enzyme is 

important because it is the last step in the production of butyrate. This decrease in buk 

may be a genotypic effect given that the Smad3-/- effect shows a similar decrease.  By 

contrast, the H. hepaticus effect shows a slight increase. Interestingly, the main bacterial 

species whose decrease in abundance contributes to changes in butyrate kinase is 

Lachnospiraceae bacterium A-4, a relatively understudied species in the realm of 

bacterial butyrate producers. Other contributors include members of the Lachnospiraceae 

family: L. bacterium 10-1 and L. bacterium 28-4.  

Figure 8 - Species contribution to genes in Butanoate (Butyrate) Metabolism 
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Figure 7 - Species contribution to genes in Butanoate (Butyrate) Metabolism - RNA count changes for buk 
(butyrate kinase) [EC:2.7.2.7], categorized by species / strain contribution. Y-axis shows RNA counts and X-axis 
shows sample groups. Species with majority contributions to count bars are numbered for clarity. Bottom-right 
shows partial pathway with a red box to highlight gene. Partial pathway adapted from KEGG pathway 
database(Kanehisa et al., 2017). 
 

Along with decreased RNA counts of buk, we see a decrease in the abundance of the 

Lachnospiraceae family and the Firmicutes phylum (Figure 8, S3), but a surprising 

increase in the population of L. bacterium A-4 (2.92-fold) in the combined effect. 

However, despite the increase in population of L. bacterium A-4, the RNA counts show a 

decrease in buk expression by this bacterium, suggesting a down regulation of buk. 

Changes to the abundance of bacteria in the Lachnospiraceae family and Firmicutes 
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phylum represents an avenue where host genotype may contribute more to microbial 

ecology than inoculation with H. hepaticus. 

Figure 9 - Taxonomic changes at phyla, family and species levels 

 

Figure 8 - Taxonomic changes at phyla, family and species levels - Changes in fractions of total bacterial counts 
at different taxonomic levels for the S+H- (Control), S-H- (Smad3-/-), S+H+ (H. hepaticus only), and S-H+ 
(Combined) groups. (A) Shows changes for the phyla of Bacteroidetes, Deferribacteres, Firmicutes, and 
Proteobacteria. (B) Shows changes for the families of Bacteroidaceae, Deferribacteraceae, Lachnospiraceae, 
Lactobacillaceae, and Helicobacteraceae. (C) Shows changes for the species of Mucispirillum schaedleri, 
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Lachnospiraceae bacterium-A4, Lactobacillus plantarum, Lactobacillus murinus, Parabacteroides distasonis, and 
Helicobacter hepaticus. 
  

Multiple species have increased RNA counts for genes producing putrescine and 

spermidine. Polyamines are small amines (<250 Da) including putrescine, spermidine, 

spermine, ornithine, and cadaverine (Cohen, 1998). Putrescine is required for early 

development, as a lack of it causes cell apoptosis and prenatal death in mice (Pendeville 

et al., 2001). Spermidine is also required for post-translational modification of eIF5A, 

which is required for growth in a range of species (Childs et al., 2003; Park et al., 2010). 

High amounts of polyamines, thought to be derived from diets high in red meat (Kalač, 

2006), are associated with worsening stages of colorectal cancer (Löser et al., 1990). 

Also, when patients are in remission their polyamine levels decrease (Löser et al., 1990). 

While there have been numerous studies on the link between polyamines and colorectal 

cancer in eukaryotic cells, no study to date has shown a prokaryotic contribution to 

polyamine levels in patients. 

  

Two genes that have higher RNA counts in the arginine and proline pathway are N-

carbamoylputrescine amidase (aguB) and carboxynorspermidine decarboxylase (nspC) 

by a log2FC of 2.07 and 2.24 respectively in the combined effect (Figure 9 and Figure S4 

and S5). AguB and nspC are enzymes responsible for one of the reactions that produce 

the polyamines putrescine and spermidine, respectively. Similar to buk, these genes have 



104 

different RNA counts in the Smad3-/- and combined effects, but little difference in the H. 

hepaticus effect. 
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Figure 10 - Species contribution to genes in Arginine and Proline Metabolism 

 

Figure 9 - Species contribution to genes in Arginine and Proline Metabolism - RNA count changes for aguB (N-
carbamoylputrescine amidase) [EC:3.5.1.53]  and nspC (carboxynorspermidine decarboxylase) [EC:4.1.1.96], 
categorized by species / strain contribution. Y-axis shows RNA counts and X-axis shows sample groups. Species 
with majority contributions to count bars are numbered for clarity. Bottom-right shows partial pathway with a 
red box to highlight genes. Partial pathway adapted from KEGG pathway database (Kanehisa et al., 2017). 
  

For aguB, in the combined group (S-H+), the species Marinomonas mediterranea MMB-

1, Desulfotomaculum ruminis DSM 2154, and Bacteroides uniformis dnLKV2 are 

responsible for the majority of the expression. For nspC, in the combined group, a 

majority of the RNA counts is represented by a diverse group of species from the genera 

Bacteroides, Clostridium, Ruminococcus and Alistipes. Parabacteroides distasonis has a 

small contribution to the RNA counts but has a dramatic change in abundance. An 

interesting point is that there is no single dominant species that is responsible for the 

upregulation of these genes. 
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In terms of taxonomic shifts, P. distasonis has nearly a 10-fold increase in the combined 

effect. P. distasonis has been previously associated with inflammation in a DSS mouse 

model of colitis (Kverka et al., 2011). The family Bacteroidaceae, of which Bacteroides 

uniformis is a member, is increased by 1.89-fold in the Smad3-/- effect and 1.20-fold in 

the H. hepaticus effect (Figure 8, S3). In the combined effect, we see a synergistic effect 

in Bacteroidaceae with a 2.26-fold increase. We see similar fold changes at the phylum 

level of Bacteroidetes. Thus, the RNA count changes of the polyamine pathway genes are 

in concordance with the increased abundance of Bacteroides species. 

 

H. hepaticus and combined effects on bacterial pathways 

Mucispirillum schaedleri, a core member of mouse gut bacteria, is a major 

contributor to increased RNA counts for LPS genes in H. hepaticus only mice. Gram-

negative bacteria use LPS’s as structural molecules to make up their outer membrane and 

they are released whenever the bacteria divide or die. In addition to lipopeptides and 

flagellins, LPS’s are signaling molecules for inflammatory pathways. In particular, LPS’s 

can activate the cluster of differentiation 14 / myeloid differentiation 2 / toll-like receptor 

4 (CD14/MD2/TLR4) receptor pathway (Mancuso et al., 2005). This ultimately leads to 

increased transcription of proinflammatory cytokines such as tumor-necrosis factor alpha 

(TNFα) and interleukin 6 (IL-6). As already discussed, there are strong correlations 
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between the presence of inflammatory conditions and progression of colorectal cancer; 

thus, we examined LPS gene signatures in our data set. 

  

Several LPS genes have increased RNA counts in the H. hepaticus and combined effects: 

3-deoxy-D-manno-octulosonic-acid transferase (kdtA), UDP-3-O-[3-hydroxymyristoyl] 

N-acetylglucosamine deacetylase (lpxD), and UDP-3-O-[3-hydroxymyristoyl] 

glucosamine N-acyltransferase (lpxC). In this same order, these genes have log2FC of 2.1, 

1.8 and 1 in the combined effect (Figure 10, S6, and S7). There is little change or a 

decrease in the Smad3-/- effect for these genes. 

Figure 11 - Species contribution to lpxC and lpxD in LPS Biosynthesis 

 

Figure 10 - Species contribution to lpxC and lpxD in LPS Biosynthesis - RNA count changes for lpxC (UDP-3-O-
[3-hydroxymyristoyl] N-acetylglucosamine deacetylase) [EC:3.5.1.108] and lpxD (UDP-3-O-[3-
hydroxymyristoyl] glucosamine N-acyltransferase) [EC:2.3.1.191], categorized by species / strain contribution. 
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Y-axis shows RNA counts and X-axis shows sample groups. Species with majority contributions to count bars 
are numbered for clarity. Bottom-right shows partial pathway with a red box to highlight genes. Partial 
pathway adapted from KEGG pathway database(Kanehisa et al., 2017). 
  

In terms of species contribution, a surprising finding is that Mucispirillum schaedleri 

ASF457 is responsible for a majority of the RNA counts of lpxC and lpxD. This is 

interesting because M. schaedleri is associated with inflammatory pathways (Berry et al., 

2012; El Aidy et al., 2014; Hoffmann et al., 2009; Rooks et al., 2014), but studies have 

not shown which genes may be involved. Mirroring the RNA count changes, M. 

schaedleri abundance is increased in the H. hepaticus only and combined effects by 1.89-

fold and 1.31-fold, respectively, while there is a decrease in the Smad3-/- effect (Figure 8, 

S3). 

  

Increased RNA counts of LPS genes in bacteria correlate significantly with host 

TLR gene expression. As mentioned above, LPS’s activate inflammation via the 

CD14/MD2/TLR4 receptor pathway.  To determine whether TLR receptor activity of 

Smad3-/- / H. hepaticus positive mice could correlate to increases in bacterial LPS 

production, we measured the mucosal epithelial expression of these genes using qRT-

PCR. We find that Tlr2 and Tlr4 expression both significantly correlate with the 

increased counts of bacterial lpxC and lpxD (Figure 11). 

Figure 12 - Correlation of mouse gene expression to bacterial gene expression 
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Figure 11 - Correlation of mouse gene expression to bacterial gene expression - RNA expression correlation 
between mouse TLR genes and bacterial genes in the LPS pathway. Expression in arbitrary units due to 
normalization. Mouse gene expression based on qRT-PCR data, bacterial gene expression based on RNA-seq 
from this study. P-values: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
  

H. hepaticus has increased RNA counts of key genes in the oxidative 

phosphorylation (OXPHOS) pathway. It has been established that cancer cells prefer 

aerobic glycolysis but it has also been shown that they still contain active mitochondria to 

produce a portion of their ATP (LeBleu et al., 2014; Ward and Thompson, 2012). 

However, although OXPHOS may be taking place in the epithelial cells, less is known 

about the microbiome’s metabolic activities. It seems plausible, that like cancer cells, a 

preference for aerobic glycolysis or OXPHOS in microbial cells will have an effect on 

the tumor microenvironment. OXPHOS, aside from being indicative of proliferating 
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bacterial cells, increases the amount of reactive oxygen and nitrogen species (RONS) 

which are known to damage DNA, RNA and proteins (Cabiscol et al., 2010; Liu et al., 

2012; Newcomb and Loeb, 1998). 

  

In our study, we see a log2FC of 1 and 1.5 for nuo (NADH ubiquinone oxidoreductase or 

NADHuo) in the combined and H. hepaticus effects respectively (Figure 12, S8, and S9). 

NADHuo is part of the first electron transport complex to produce ATP. Likewise, in 

these same effects, we see a log2FC of 1.3 and 1 for ppk (polyphosphate kinase). 

Polyphosphate kinase prepares inorganic triphosphate for feeding into ATP synthase. It is 

true that there are other genes in the pathway that are lowered in RNA counts but the 

pathway overall has increased counts in the combined effect (Figure 6 and Table S1). 
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Figure 13 - Species contribution to genes in Oxidative Phosphorylation 

 

Figure 12 - Species contribution to genes in Oxidative Phosphorylation - RNA count changes for nuo[A-N] 
(NADH ubiquinone oxidoreductase A-N) [EC:1.6.5.3] and ppk (polyphosphate kinase) [EC:2.7.4.1], categorized 
by species / strain contribution. Y-axis shows RNA counts and X-axis shows sample groups. Species with 
majority contributions to count bars are numbered for clarity. Dividing lines within species represent multiple 
subunits for that gene. Bottom-right shows partial pathway with a red box to highlight genes. Partial pathway 
adapted from KEGG pathway database(Kanehisa et al., 2017). 
  

The species primarily responsible for increase in oxidative phosphorylation is H. 

hepaticus. Not surprisingly, given that mice were inoculated with the species in the S+H+ 

and S-H+ mice, we see the contribution of H. hepaticus to OXPHOS genes in those 

groups. There is a small contribution in the S-H- group for nuo but this could be due to 

sequencing/alignment error of a closely related species. 

Discussion 

Colon cancer is a multifactorial disease; affected by host genetics, resident gut 
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bacterial species, diet, and inflammation. In terms of host genetics, 10-15% of colon 

cancer patients have mutations in TGFβ signaling genes, but their function as tumor 

suppressors and interaction with gut bacteria is unclear. In mouse colon tumor models in 

which growth has been measured, no loss of growth control was attributable to the loss of 

TGFβ signaling (Engle et al., 1999; Muñoz et al., 2006). However, a role for TGFβ 

signaling in both the differentiation and inflammatory states of colon tumors was 

revealed in a comparative microarray study of several mouse colon tumors models 

(Kaiser et al., 2007). Since TGFβ signaling is known to be an important regulator in 

immune tolerance and T-cell homeostasis (reviewed in(Bommireddy and Doetschman, 

2007)), it is likely that its absence could function, at least in part, to exacerbate an 

inflammatory response in the mouse colon. 

  

The propensity of colorectal cancer having an inflammatory component suggests that 

microbial dysbiosis may result from tumor suppressing activities of TGFβ. Here we 

report changes to microbial functions in a TGFβ signaling-deficient colon cancer model. 

  

First, a key butyrate gene, buk, is found to have reduced RNA counts in the Smad3-/- and 

combined effects. This agrees with multiple studies that show butyrate to be crucial for 

proper maintenance of the colonic epithelium (Hamer et al., 2008). It is well known that 

butyrate is the primary energy source of colonocytes; moreover, several studies have 

shown that in high concentrations (~5mM), butyrate is a potent HDAC inhibitor, 
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resulting in expression of several genes involved in cancer or inflammation: cyclin 

dependent kinase inhibitor 1A (p21WAF1/Cip1), mucin 2 (MUC-2), testin LIM domain 

protein (TES), and hypoxia inducible factor 1 (HIF-1)(Augenlicht et al., 2003; Donohoe 

et al., 2012; Kelly et al., 2015; Nakano et al., 1997). Additionally, it has been shown that 

it can stimulate histone acetyltransferase (HAT) activity at lower concentrations 

(~0.5mM)(Donohoe et al., 2012). This happens when butyrate is converted to citrate in 

the tricarboxylic acid (TCA) cycle which combines with ATP citrate lyase (ACL) to 

produce acetyl coenzyme A (Acetyl-CoA). This important coenzyme then acts as an 

acetyl-group donor for various HATs. While we cannot conclude that the reduction in 

butyrate is a cause or effect of the pro-inflammatory, cancerous environment, the 

correlation is consistent with the literature. 

  

In our study, L. bacterium A4, a member of the Firmicutes phylum, decreases in 

abundance in the combined and Smad3-/- effects. This species, which has been little 

studied, belongs to the Lachnospiraceae family of bacteria of which some literature 

suggests it may play an anti-inflammatory role. For example, one study shows that 

inoculation with an isolate of Lachnospiraceae decreases disease severity of chronic 

Clostridium difficile infection in mice (Reeves et al., 2012). Additionally, 16S rRNA 

studies of human fecal samples from IBD patients have reveal lower amounts of 

Lachnospiraceae at the genus level (Frank et al., 2007; Manichanh et al., 2006). One 
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could easily hypothesize, that butyrate supplements or probiotic Lachnospiraceae would 

slow cancer growth and reduce inflammation in our cancer model. 

  

Second, we observe an upshift in RNA counts for genes involved in the production of 

putrescine and spermidine. Like the butyrate gene changes, this occurs in the SMAD3 

and combined effects. Changes to polyamine genes are interesting because it has been 

known since the 1960’s that polyamines are increased in rapidly-proliferating tissues 

(Russell and Snyder, 1969). More recently it has been discovered that polyamines can 

also affect protein translation. Specifically, spermidine can be modified to the unique 

amino acid hypusine. Eukaryotic initiation factor EIF5A is the only known protein to be 

modified by hypusine (Park et al., 2010). This translation factor is not strictly required for 

translation initiation in general, but for elongation and termination it is essential (Schuller 

et al., 2017). Additionally, EIF5A seems to prefer transcripts with poly-proline motifs 

(Doerfel et al., 2013; Gutierrez et al., 2013). Additionally, it has been shown that 

blocking the production of hypusine or the modification of EIF5A by hypusine, leads to 

reduced (mRNA) translation of growth promoters RhoA/ROCK1(Fujimura et al., 2015). 

Also, increased polyamine levels in colon cancer patients correlate with severity of 

disease (Dreyfuss et al., 1975; Löser et al., 1990). The novel finding here is that gut 

bacteria are at least partially responsible for increased polyamines. It is plausible that the 

polyamines are being actively exported to the epithelial cells, as such transporters exist 

for both pro- and eukaryotes (Rai et al., 2016; Sakata et al., 2000; Uemura et al., 2005)). 
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Consequently, not just diet, but also dysbiosis in the gut microbiome may result in 

increased polyamine uptake by colon mucosal epithelial cells. 

  

Although not in the list of top pathways, our third focus was LPS biosynthesis because it 

has been known to produce an inflammatory response for more than a century (although 

they were termed “endotoxins” before discovery of their structure) (Howard et al., 1958). 

Indeed, we find an increase in bacterial genes in the LPS pathway for both the H. 

hepaticus only and combined effects. Intriguingly, it is not H. hepaticus itself that is 

responsible for the increased RNA counts, it is M. Schaedleri. Though M. schaedleri has 

been associated with inflammation, its contribution is not known. It should be noted that 

this species is in the set of core bacteria given to mice in gnotobiotic models. Our data 

show that inoculation of H. hepaticus causes increased abundance of M. schaedleri that 

may result in a shift to a proinflammatory state.  

  

In our fourth focus, we find a colon epithelial cell response consistent with increased 

bacterial LPS production. By qRT-PCR on colon mucosal epithelial mRNA, Tlr4 and 

Tlr2 is shown to be upregulated in all effects compared to control, and this significantly 

correlates with increased RNA counts of bacterial lpxC and lpxD. Accordingly, LPS can 

activate the proinflammatory NF-kB pathway through the CD14/MD2/TLR4 complex 

(Hoshino et al., 1999; Mancuso et al., 2005). Mucosal Tlr2 expression significantly 

correlates with bacterial lpx expression, but recent literature indicates that this receptor 
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responds to compounds produced by gram-positive bacteria and not to LPS’s which are 

produced by gram-negative bacteria (Flo et al., 2000; Yoshimura et al., 1999). On the 

other hand, Helicobacter spp. can activate the TLR2 receptor, possibly explaining its 

upregulation in the mice (Mandell et al., 2004). 

  

Our fifth focus, OXPHOS, shows the most change in RNA counts. This is surprising 

given the normally anaerobic environment of the colon. Nevertheless, there are increased 

counts of nuo and ppk for the H. hepaticus and combined effects. Importantly, the species 

mainly responsible for this increase is H. hepaticus that may be rapidly growing and 

depleting the environment of available oxygen. More importantly, an increase in 

OXPHOS points to an increase in RONS. It could be that the RONS produced by H. 

hepaticus and other species are causing oxidative damage to DNA, RNA or proteins that 

leads to a cancerous state. Even though both SMAD3 deficiency and H. hepaticus 

inoculation are required for colon cancer in this model, the OXPHOS pathway is changed 

more by H. hepaticus than SMAD3 deficiency. 

  

It is important to note that Lactobacillus plantarum does not appear to be involved in 

altering butyrate, polyamine, LPS or OXPHOS levels, yet it almost completely 

disappears in the combined effect (Figure 8, S3). Other studies have shown that adding L. 

plantarum reduces tumor size and burden in rats and inhibits survival of cancer stem 

cells(An and Ha, 2016; Walia et al., 2015).  On the other hand, Lactobacillus murinus 
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increases in all effects compared to control, however this is the first report that links this 

species to inflammation or colon cancer.  

  

In summary, loss of SMAD3 is associated with changes in bacterial RNA counts in the 

butyrate and polyamine synthesis pathways. And, with the addition of H. hepaticus, we 

see an increase in LPS and OXPHOS pathways’ RNA counts, suggesting an increase in 

the proinflammatory and free radical status of the colonic epithelium. Either of these 

changes alone is not sufficient to promote carcinogenesis. Rather, it takes their 

combination and possibly a reduction of probiotic species to reach the “tipping point” for 

tumorigenesis. The results of this study emphasize the multifactorial nature of colon 

cancer and how the microbiome may have a profound impact on the cancer 

microenvironment.  This lends credence to the idea that changes in microbial ecology as 

well as in host genotype must be taken into consideration when examining the causes of 

colon cancer.  

Supplementary figures and tables 

Table S1 - RNA counts and Log2 fold changes of KEGG pathways among groups  

Name S+H- 
(Control
) 

S-H- 
(Smad3-

/-) 

S+H+ (H. 
hepaticus) 

S-H+ 
(Combin
ed) 

Combined 
effect 

H. hep. 
effect 

Smad3-/-

effect 

01040|Biosynthesis of 
unsaturated fatty acids 

0 0 979 4,441 N/A N/A N/A 
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00791|Atrazine 

degradation 

12,723 14,352 25,446 26,645 0.74 0.69 0.12 

01055|Biosynthesis of 

vancomycin group 

antibiotics 

16,964 28,704 45,999 35,526 0.74 1.00 0.53 

04070|Phosphatidylino

sitol signaling system 

8,482 14,352 26,425 17,763 0.74 1.14 0.53 

00590|Arachidonic 

acid metabolism 

4,241 7,176 8,808 8,882 0.74 0.73 0.53 

00190|Oxidative 

phosphorylation 

1,026,32

4 

782,175 2,111,050 1,993,915 0.66 0.72 -0.27 

00401|Novobiocin 

biosynthesis 

59,374 71,759 97,871 111,020 0.63 0.50 0.19 

01053|Biosynthesis of 

siderophore group 

nonribosomal peptides 

76,338 57,407 751,647 142,105 0.62 2.29 -0.29 

00910|Nitrogen 

metabolism 

1,034,80

6 

997,431 1,867,292 1,851,779 0.58 0.59 -0.04 

00351|1,1,1-Trichloro-

2,2-bis(4-

12,723 21,528 12,723 22,204 0.56 0.00 0.53 
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chlorophenyl)ethane 

(DDT) degradation 

00790|Folate 

biosynthesis 

275,666 279,861 321,180 452,961 0.50 0.15 0.02 

00450|Selenoamino 

acid metabolism 

508,921 344,444 542,204 786,020 0.43 0.06 -0.39 

00473|D-Alanine 

metabolism 

46,651 57,407 67,531 71,053 0.42 0.37 0.21 

00740|Riboflavin 

metabolism 

50,892 28,704 91,020 75,493 0.39 0.58 -0.57 

00430|Taurine and 

hypotaurine 

metabolism 

195,086 229,629 234,890 288,651 0.39 0.19 0.16 

00195|Photosynthesis 737,936 416,203 1,178,341 1,061,349 0.36 0.47 -0.57 

00020|Citrate cycle 

(TCA cycle) 

1,361,36

4 

1,564,34

9 

2,064,093 1,931,744 0.35 0.42 0.14 

00785|Lipoic acid 

metabolism 

12,723 28,704 9,787 17,763 0.33 -0.26 0.81 

00730|Thiamine 

metabolism 

93,302 107,639 192,805 128,783 0.32 0.73 0.14 
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00250|Alanine, 

aspartate and 

glutamate metabolism 

1,378,29

6 

1,384,93

0 

1,753,762 1,847,338 0.29 0.24 0.00 

00630|Glyoxylate and 

dicarboxylate 

metabolism 

1,208,68

8 

875,462 1,405,424 1,612,007 0.29 0.15 -0.32 

00622|Toluene and 

xylene degradation 

80,579 64,583 97,871 106,579 0.28 0.19 -0.22 

00053|Ascorbate and 

aldarate metabolism 

326,558 229,629 393,440 426,316 0.27 0.19 -0.35 

00960|Tropane, 

piperidine and 

pyridine alkaloid 

biosynthesis 

148,435 136,342 183,018 190,954 0.25 0.21 -0.08 

00621|Biphenyl 

degradation 

76,338 50,231 76,339 97,697 0.25 0.00 -0.42 

00410|beta-Alanine 

metabolism 

135,712 172,222 80,254 173,191 0.24 -0.53 0.24 

00623|2,4-

Dichlorobenzoate 

degradation 

330,799 409,027 563,735 421,875 0.24 0.53 0.21 
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00565|Ether lipid 

metabolism 

42,410 50,231 76,339 53,290 0.23 0.59 0.17 

00903|Limonene and 

pinene degradation 

301,112 459,259 410,078 377,467 0.23 0.31 0.42 

00680|Methane 

metabolism 

2,591,25

7 

1,901,61

7 

3,345,199 3,228,454 0.22 0.26 -0.31 

00231|Puromycin 

biosynthesis 

67,856 35,880 44,042 84,375 0.22 -0.43 -0.64 

00531|Glycosaminoglyc

an degradation 

156,917 86,111 3,597,729 186,513 0.17 3.13 -0.60 

00970|Aminoacyl-

tRNA biosynthesis 

2,141,71

0 

1,650,46

1 

2,237,324 2,504,606 0.16 0.04 -0.26 

00750|Vitamin B6 

metabolism 

220,532 186,574 209,443 253,125 0.14 -0.05 -0.17 

00270|Cysteine and 

methionine metabolism 

627,669 602,777 909,219 719,408 0.14 0.37 -0.04 

00281|Geraniol 

degradation 

279,907 444,907 520,672 315,296 0.12 0.62 0.46 

00460|Cyanoamino 

acid metabolism 

195,086 143,518 247,613 217,599 0.11 0.24 -0.31 
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00523|Polyketide sugar 

unit biosynthesis 

93,302 86,111 144,849 102,138 0.09 0.44 -0.08 

00720|Reductive 

carboxylate cycle (CO2 

fixation) 

2,455,54

4 

2,195,83

0 

3,193,522 2,682,237 0.09 0.26 -0.11 

00626|Naphthalene 

and anthracene 

degradation 

318,076 423,379 464,886 337,500 0.06 0.38 0.29 

00300|Lysine 

biosynthesis 

496,198 538,194 641,053 524,013 0.05 0.26 0.08 

00040|Pentose and 

glucuronate 

interconversions 

513,162 351,620 592,118 541,737 0.05 0.14 -0.38 

00140|C21-Steroid 

hormone metabolism 

8,482 14,352 21,532 8,882 0.05 0.93 0.53 

00591|Linoleic acid 

metabolism 

4,241 14,352 16,638 4,441 0.05 1.37 1.22 

00312|beta-Lactam 

resistance 

4,241 0 8,808 4,441 0.05 0.73 N/A 

00400|Phenylalanine, 

tyrosine and 

368,968 272,685 406,163 381,908 0.03 0.10 -0.30 
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tryptophan 

biosynthesis 

00670|One carbon pool 

by folate 

445,306 330,092 493,268 457,401 0.03 0.10 -0.30 

00625|Tetrachloroethe

ne degradation 

199,328 165,046 194,763 204,276 0.02 -0.02 -0.19 

00562|Inositol 

phosphate metabolism 

335,040 380,324 463,907 337,500 0.01 0.33 0.13 

00640|Propanoate 

metabolism 

1,505,55

9 

1,255,78

5 

1,596,271 1,509,869 0.00 0.06 -0.18 

00330|Arginine and 

proline metabolism 

2,010,23

9 

2,145,57

7 

2,570,004 1,985,003 -0.01 0.25 0.07 

00983|Drug 

metabolism - other 

enzymes 

381,668 301,388 688,031 372,990 -0.02 0.59 -0.24 

00930|Caprolactam 

degradation 

169,640 172,222 281,868 164,309 -0.03 0.51 0.02 

00380|Tryptophan 

metabolism 

1,200,20

6 

1,076,38

8 

1,157,811 1,159,046 -0.03 -0.04 -0.11 

00920|Sulfur 

metabolism 

144,194 93,287 241,741 137,665 -0.05 0.52 -0.44 
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00010|Glycolysis / 

Gluconeogenesis 

4,092,57

6 

4,126,13

2 

4,954,145 3,903,428 -0.05 0.19 0.01 

00600|Sphingolipid 

metabolism 

368,968 229,629 3,741,599 350,822 -0.05 2.32 -0.47 

00061|Fatty acid 

biosynthesis 

534,367 459,259 694,882 506,250 -0.05 0.26 -0.15 

00051|Fructose and 

mannose metabolism 

1,594,62

0 

1,298,84

0 

1,976,989 1,509,869 -0.05 0.21 -0.21 

00240|Pyrimidine 

metabolism 

3,575,17

1 

2,475,69

1 

3,241,478 3,383,882 -0.05 -0.10 -0.37 

00521|Streptomycin 

biosynthesis 

220,533 229,629 262,293 208,717 -0.06 0.17 0.04 

00052|Galactose 

metabolism 

826,997 602,777 4,340,568 777,138 -0.06 1.66 -0.32 

00340|Histidine 

metabolism 

504,680 401,851 463,907 466,283 -0.08 -0.08 -0.23 

00120|Primary bile 

acid biosynthesis 

106,025 143,518 221,188 97,697 -0.08 0.74 0.30 

00624|1- and 2-

Methylnaphthalene 

degradation 

585,260 602,777 588,203 537,336 -0.09 0.01 0.03 
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00770|Pantothenate 

and CoA biosynthesis 

648,875 437,731 735,988 595,066 -0.09 0.13 -0.39 

00230|Purine 

metabolism 

5,428,46

9 

3,889,34

6 

4,996,463 4,951,445 -0.09 -0.08 -0.33 

00780|Biotin 

metabolism 

517,403 409,027 592,118 466,283 -0.10 0.13 -0.24 

00604|Glycosphingolipi

d biosynthesis - ganglio 

series 

237,497 172,222 3,681,898 213,158 -0.11 2.74 -0.32 

00620|Pyruvate 

metabolism 

4,045,92

3 

3,681,24

5 

4,192,702 3,610,362 -0.11 0.04 -0.09 

00710|Carbon fixation 

in photosynthetic 

organisms 

3,481,86

9 

3,451,59

6 

3,879,445 3,081,882 -0.12 0.11 -0.01 

00561|Glycerolipid 

metabolism 

322,317 301,389 325,910 284,211 -0.13 0.01 -0.07 

00564|Glycerophosphol

ipid metabolism 

262,943 251,157 280,889 230,921 -0.13 0.07 -0.05 

00633|Trinitrotoluene 

degradation 

339,281 294,213 351,356 288,651 -0.16 0.03 -0.14 
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00062|Fatty acid 

elongation in 

mitochondria 

106,025 143,518 218,252 88,816 -0.18 0.72 0.30 

00520|Amino sugar 

and nucleotide sugar 

metabolism 

1,853,28

8 

1,549,99

8 

2,747,231 1,532,073 -0.19 0.39 -0.18 

00900|Terpenoid 

backbone biosynthesis 

937,263 674,536 777,066 772,698 -0.19 -0.19 -0.33 

00100|Steroid 

biosynthesis 

38,169 7,176 43,063 31,086 -0.21 0.12 -1.67 

00030|Pentose 

phosphate pathway 

1,382,56

9 

1,162,49

8 

1,587,463 1,114,639 -0.22 0.14 -0.17 

00904|Diterpenoid 

biosynthesis 

55,133 35,880 73,403 44,408 -0.22 0.29 -0.43 

00830|Retinol 

metabolism 

131,471 93,287 137,998 102,138 -0.25 0.05 -0.34 

00350|Tyrosine 

metabolism 

538,608 337,268 515,779 417,434 -0.25 -0.04 -0.47 

00480|Glutathione 

metabolism 

356,244 287,037 285,782 275,329 -0.26 -0.22 -0.22 
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00982|Drug 

metabolism - 

cytochrome P450 

63,615 43,056 78,297 48,849 -0.26 0.21 -0.39 

00360|Phenylalanine 

metabolism 

708,249 609,952 821,135 541,776 -0.27 0.15 -0.15 

00500|Starch and 

sucrose metabolism 

1,883,00

8 

1,600,22

9 

2,079,753 1,438,816 -0.27 0.10 -0.16 

00940|Phenylpropanoi

d biosynthesis 

356,245 193,750 297,527 270,888 -0.27 -0.18 -0.61 

00860|Porphyrin and 

chlorophyll 

metabolism 

911,817 638,656 734,030 688,323 -0.28 -0.22 -0.36 

00950|Isoquinoline 

alkaloid biosynthesis 

394,414 251,157 373,866 297,533 -0.28 -0.05 -0.45 

00364|Fluorobenzoate 

degradation 

29,687 14,352 24,468 22,204 -0.29 -0.19 -0.73 

00440|Phosphonate 

and phosphinate 

metabolism 

84,820 64,583 51,871 62,171 -0.31 -0.49 -0.27 
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00660|C5-Branched 

dibasic acid 

metabolism 

122,989 107,639 108,636 88,816 -0.33 -0.12 -0.13 

00363|Bisphenol A 

degradation 

122,989 71,759 92,977 88,816 -0.33 -0.28 -0.54 

00980|Metabolism of 

xenobiotics by 

cytochrome P450 

67,856 50,231 78,297 48,849 -0.33 0.14 -0.30 

00253|Tetracycline 

biosynthesis 

538,608 308,564 486,417 386,349 -0.33 -0.10 -0.56 

00760|Nicotinate and 

nicotinamide 

metabolism 

508,910 373,148 350,377 364,145 -0.33 -0.37 -0.31 

00905|Brassinosteroid 

biosynthesis 

25,446 0 9,787 17,763 -0.36 -0.96 N/A 

00280|Valine, leucine 

and isoleucine 

degradation 

1,933,90

2 

1,456,71

2 

1,156,832 1,336,678 -0.37 -0.51 -0.28 

00540|Lipopolysacchar

ide biosynthesis 

309,594 236,805 344,505 213,158 -0.37 0.11 -0.27 
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00650|Butanoate 

metabolism 

2,726,97

0 

2,217,35

8 

2,280,388 1,874,013 -0.38 -0.18 -0.21 

00362|Benzoate 

degradation via 

hydroxylation 

949,986 875,461 925,857 652,796 -0.38 -0.03 -0.08 

00310|Lysine 

degradation 

882,130 710,416 694,882 603,947 -0.38 -0.24 -0.22 

00361|gamma-

Hexachlorocyclohexan

e degradation 

33,928 14,352 23,489 22,204 -0.42 -0.37 -0.86 

00627|1,4-

Dichlorobenzene 

degradation 

402,896 222,453 385,611 262,007 -0.43 -0.04 -0.59 

00130|Ubiquinone and 

other terpenoid-

quinone biosynthesis 

411,378 208,101 323,952 266,447 -0.43 -0.24 -0.68 

01056|Biosynthesis of 

type II polyketide 

backbone 

72,097 71,759 101,786 44,408 -0.48 0.34 0.00 

00981|Insect hormone 

biosynthesis 

347,763 157,870 259,357 213,158 -0.49 -0.29 -0.79 
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00522|Biosynthesis of 

12-, 14- and 16-

membered macrolides 

428,342 200,926 337,654 257,566 -0.51 -0.24 -0.76 

00260|Glycine, serine 

and threonine 

metabolism 

2,497,95

1 

1,334,72

1 

1,554,187 1,452,139 -0.54 -0.47 -0.63 

00072|Synthesis and 

degradation of ketone 

bodies 

500,439 358,796 258,379 275,329 -0.60 -0.66 -0.33 

00071|Fatty acid 

metabolism 

1,785,46

6 

1,341,89

7 

953,261 976,974 -0.60 -0.63 -0.29 

00603|Glycosphingolipi

d biosynthesis - globo 

series 

233,254 165,046 180,082 124,342 -0.63 -0.26 -0.35 

00642|Ethylbenzene 

degradation 

42,410 50,231 69,488 22,204 -0.65 0.49 0.17 

04150|mTOR signaling 

pathway 

16,964 7,176 31,319 8,882 -0.65 0.61 -0.86 

00121|Secondary bile 

acid biosynthesis 

8,482 7,176 2,936 4,441 -0.65 -1.06 -0.17 
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00311|Penicillin and 

cephalosporin 

biosynthesis 

8,482 0 9,787 4,441 -0.65 0.14 N/A 

00643|Styrene 

degradation 

25,446 21,528 18,595 13,322 -0.65 -0.31 -0.17 

00945|Stilbenoid, 

diarylheptanoid and 

gingerol biosynthesis 

449,547 229,629 347,441 230,921 -0.67 -0.26 -0.67 

00942|Anthocyanin 

biosynthesis 

424,101 229,629 337,654 213,158 -0.69 -0.23 -0.61 

01057|Biosynthesis of 

type II polyketide 

products 

508,921 251,157 347,441 253,125 -0.70 -0.38 -0.71 

00941|Flavonoid 

biosynthesis 

394,414 193,750 277,953 190,954 -0.73 -0.35 -0.71 

01051|Biosynthesis of 

ansamycins 

525,885 337,268 384,632 244,243 -0.77 -0.31 -0.44 

00965|Betalain 

biosynthesis 

152,676 107,639 126,253 62,171 -0.90 -0.19 -0.35 



132 

00290|Valine, leucine 

and isoleucine 

biosynthesis 

2,107,77

9 

631,481 846,582 839,310 -0.92 -0.91 -1.21 

00592|alpha-Linolenic 

acid metabolism 

114,507 57,407 59,701 44,408 -0.95 -0.65 -0.69 

00906|Carotenoid 

biosynthesis 

169,640 114,815 130,168 62,171 -1.00 -0.26 -0.39 

00472|D-Arginine and 

D-ornithine 

metabolism 

12,723 0 6,851 4,441 -1.05 -0.62 N/A 

00563|Glycosylphospha

tidylinositol(GPI)-

anchor biosynthesis 

127,230 78,935 88,084 44,408 -1.05 -0.37 -0.48 

00550|Peptidoglycan 

biosynthesis 

1,450,42

5 

609,953 493,268 461,842 -1.14 -1.08 -0.87 

04660|T cell receptor 

signaling pathway 

42,410 14,352 24,468 13,322 -1.16 -0.55 -1.08 

00601|Glycosphingolipi

d biosynthesis - lacto 

and neolacto series 

122,989 71,759 66,552 35,526 -1.24 -0.61 -0.54 
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00513|High-mannose 

type N-glycan 

biosynthesis 

169,640 136,342 97,871 48,849 -1.24 -0.55 -0.22 

00471|D-Glutamine 

and D-glutamate 

metabolism 

988,155 373,148 123,317 230,921 -1.45 -2.08 -0.97 

00908|Zeatin 

biosynthesis 

122,989 86,111 63,616 26,646 -1.53 -0.66 -0.36 

00512|O-Glycan 

biosynthesis 

114,507 71,759 58,722 22,204 -1.64 -0.67 -0.47 

00944|Flavone and 

flavonol biosynthesis 

118,748 71,759 59,701 22,204 -1.68 -0.69 -0.50 

00510|N-Glycan 

biosynthesis 

4,241 7,176 6,851 0 N/A 0.48 0.53 

00196|Photosynthesis - 

antenna proteins 

8,482 0 3,915 0 N/A -0.77 N/A 

00909|Sesquiterpenoid 

biosynthesis 

4,241 0 0 0 N/A N/A N/A 

00232|Caffeine 

metabolism 

0 0 979 0 N/A N/A N/A 
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Table S1 - RNA counts and Log2 fold changes of KEGG pathways among groups - Estimated RNA counts of 
KEGG pathways per condition. KEGG pathways are prefixed by the assigned pathway number from the 
KEGG website (kegg.jp). “Combined effect” is equal to the log2 fold change of S-H+ / S+H-. “Hhep only effect” 
is equal to the log2 fold change of S+H+ / S+H-. “SMAD3 KO effect” is equal to the log2 fold change of S-H- / 
S+H-. 
 

Figure S1 - Interactive species contribution to genes in Butanoate (Butyrate) 

Metabolism 

Download figure here: https://figshare.com/s/2f4b34bc31f90f8e51db 

RNA count changes for buk (butyrate kinase) [EC:2.7.2.7] and ptb (phosphate 

butyryltransferase) [EC:2.3.1.19], categorized by species / strain contribution. Y-axis 

shows RNA counts and X-axis shows sample groups. Hover mouse cursor over colored 

boxes to get species names. DOI: 10.6084/m9.figshare.5047477 
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Figure S2 - Heatmap of genes in Butyrate Metabolism 

 

Figure S2 - Heatmap of genes in Butyrate Metabolism - Log2 fold changes (Log2FC) of genes in the Butyrate 
metabolism pathway of various comparisons: Smad3-/- effect (S-H- vs. S+H-), H. hepaticus effect (S+H+ vs. S+H-
), and combined effect (S-H+ vs. S+H-). Fold changes are mapped to a Blue-Yellow color spectrum with bright 
yellow having the greatest increase in RNA counts and bright blue having the greatest decrease in RNA counts 
in the given condition versus control. Gene names (as provided by KEGG orthology) are listed in the lefthand 
column and EC numbers are in the righthand column (some EC numbers do not have gene names). 
 

Figure S3 - Interactive taxonomic composition of the four groups 

Download figure here: https://figshare.com/s/c3b715ad6cb13bfeb9b3 

Abundant species according to their taxonomy within each group. These species 

represent alignments of reads that are above the average quality of alignment to H. 
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hepaticus and have counts of reads greater than that of M. pulmonis. Alignment score 

gradient is at the bottom left. Groups are: (A) mice that were SMAD3 wild-type and H. 

Hepaticus negative (S+H-), (B) mice that were Smad3-/- and H. Hepaticus negative (S-

H+), (C) mice that were SMAD3 wild-type and H. Hepaticus positive (S+H-), and (D) 

mice that were Smad3-/- and H. Hepaticus positive (S-H+). DOI: 

10.6084/m9.figshare.5051722 

Figure S4 - Interactive species contribution to genes in Arginine and Proline 

Metabolism 

Download figure here: https://figshare.com/s/9db8b08361dc315f413e 

RNA count changes for aguB (N-carbamoylputrescine amidase) [EC:3.5.1.53]  and nspC 

(carboxynorspermidine decarboxylase) [EC:4.1.1.96], categorized by species / strain 

contribution. Y-axis shows RNA counts and X-axis shows sample groups. Hover mouse 

cursor over colored boxes to get species names. DOI: 10.6084/m9.figshare.5051728 
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Figure S5 - Heatmap of genes in Arginine and Proline Metabolism 

 

Figure S5 - Heatmap of genes in Arginine and Proline Metabolism - Log2 fold changes (Log2FC) of genes in the 
Arginine and Proline metabolism pathway of various comparisons: Smad3-/- effect (S-H- vs. S+H-), H. hepaticus 
effect (S+H+ vs. S+H-), and combined effect (S-H+ vs. S+H-). Fold changes are mapped to a Blue-Yellow color 
spectrum with bright yellow having the greatest increase in RNA counts and bright blue having the greatest 
decrease in RNA counts in the given condition versus control. Gene names (as provided by KEGG orthology) 
are listed in the lefthand column and EC numbers are in the righthand column (some EC numbers do not have 
gene names). 
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Figure S6 - Interactive species contribution to lpxC and lpxD in LPS Biosynthesis 

Download figure here: https://figshare.com/s/159043cb082d4c1c7901 

RNA count changes for lpxC (UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine 

deacetylase) [EC:3.5.1.108] and lpxD (UDP-3-O-[3-hydroxymyristoyl] glucosamine N-

acyltransferase) [EC:2.3.1.191], categorized by species / strain contribution. Y-axis 

shows RNA counts and X-axis shows sample groups. Hover mouse cursor over colored 

boxes to get species names. DOI: 10.6084/m9.figshare.5051734 

Figure S7 - Heatmap of genes in Lipopolysaccharide Biosynthesis 

 

Figure S7 - Heatmap of genes in Lipopolysaccharide Biosynthesis - Log2 fold changes (Log2FC) of genes in the 
LPS biosynthesis pathway of various comparisons: Smad3-/- effect (S-H- vs. S+H-), H. hepaticus effect (S+H+ vs. 
S+H-), and combined effect (S-H+ vs. S+H-). Fold changes are mapped to a Blue-Yellow color spectrum with 
bright yellow having the greatest increase in RNA counts and bright blue having the greatest decrease in RNA 
counts in the given condition versus control. Gene names (as provided by KEGG orthology) are listed in the 
lefthand column and EC numbers are in the righthand column (some EC numbers do not have gene names). 
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Figure S8 - Interactive species contribution to genes in Oxidative Phosphorylation 

Download figure here: https://figshare.com/s/abaa3d6890a9a02fe251 

RNA count changes for for nuo[A-N] (NADH ubiquinone oxidoreductase A-N) 

[EC:1.6.5.3] and ppk (polyphosphate kinase) [EC:2.7.4.1], categorized by species / strain 

contribution. Y-axis shows RNA counts and X-axis shows sample groups. Mouse over 

colored boxes to get species names. DOI: 10.6084/m9.figshare.5051737 

Figure S9 - Heatmap of genes in OXPHOS pathway 
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Figure S9 - Heatmap of genes in OXPHOS pathway - Log2 fold changes (Log2FC) of genes in the OXPHOS 
pathway of various comparisons: Smad3-/- effect (S-H- vs. S+H-), H. hepaticus effect (S+H+ vs. S+H-), and 
combined effect (S-H+ vs. S+H-). Fold changes are mapped to a Blue-Yellow color spectrum with bright yellow 
having the greatest increase in RNA counts and bright blue having the greatest decrease in RNA counts in the 
given condition versus control. Gene names (as provided by KEGG orthology) are listed in the lefthand column 
and EC numbers are in the righthand column (some EC numbers do not have gene names). 
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Appendix B. Summary of “miR-9a mediates the 

role of Lethal giant larvae as an epithelial growth 

inhibitor in Drosophila” 

Abstract 

Drosophila 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 connection between Lgl and Fragile X protein (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 Drosophila lgl mutants. 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 knock-down by RNAi and found it able to 
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reduce the overgrowth phenotype caused by Lgl loss in epithelia. Furthermore, cross-

comparisons between miRNA and mRNA profiling in lgl mutant tissues and human 

breast cancer cells identified thrombospondin (tsp) as a common factor altered in both 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 controlled by Lgl during tumor progression. 

Overview 

Background 

Maintained cell polarity and regulated asymmetric cell division are both crucial to 

prevent the development of cancer (Hanahan and Weinberg, 2011). Lethal giant larvae 

(lgl), a gene discovered in D. melanogaster (fruit fly), has a role in both of these 

functions by acting as an apicolateral plasma membrane protein (Bilder et al., 2000). Lgl 

was discovered and described in the 1930’s but it was not until 1967 that studies showed 

it to be a tumor suppressor (Gateff and Schneiderman, 1967; Hadorn, 1938). To 

understand its role as a tumor suppressor, we must look at the life cycle of D. 

melanogaster. Fruit flies normally hatch from eggs as larvae, grow for approximately 3 

days, pupate, and then emerge 6 days later as adult flies. In lgl-null homozygous flies, 

larvae grow to abnormal size (1.5-2x), have enlarged imaginal discs and brains, and die 
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either before or during pupation (Gateff and Schneiderman, 1969). Additionally, 

transplanted tumors grow into neoplasms in adult flies (Gateff, 1978). Lgl not only has 

relevance in fruit flies as a tumor suppressor but there have been similarly-functioning 

homologues discovered in mammals. 

 Lgl is located at position 21A on the second chromosome in flies (Mechler et al., 

1985). Mice have two lgl orthologs, MGL1 and MGL2, both of which are on chromosome 

11 (Kuwabara et al., 1994). Humans also have two lgl orthologs, Hugl1 / Llgl1 (located 

on chromosome 17p11.2) and Hugl2 / Llgl2 (located on chromosome 17q25.1) (Strand et 

al., 1995). Hugl1 and/or Hugl2 are deleted or have reduced expression in several cancers 

including breast, stomach, colon, ovary, prostate, skin, and endometrial (Batra et al., 

1995; Grifoni et al., 2004; Johnson et al., 2012; Kuphal et al., 2006; Lassmann et al., 

2007; Lisovsky et al., 2009, 2010; Schimanski et al., 2005; Spaderna et al., 2008; 

Tsuruga et al., 2007). 

 As an apicolateral plasma membrane protein, lgl interacts in a common pathway 

with the tumor suppressors discs-large (dlg) and scribble (scrib) (Bilder et al., 2000). 

Less is known about its interaction with microRNA’s (miRNA’s). MiRNA’s are small 

non-coding RNAs (20-22nt) that interact with evolutionarily conserved RNA-interference 

machinery. Argonaute proteins bind with miRNAs to target specific messenger RNAs, 

resulting in their translational repression and/or eventual decay (Hutvagner and Simard, 

2008). While lgl is not part of gene expression control itself, its presence or absence 

could have an effect on the production or reduction of specific miRNAs. Therefore, we 
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undertook this study to see what genetic interaction there was between miRNAs and lgl. 

Additionally, we wanted to know whether this interaction had any connection with 

human cancer. 

Key Findings 

● Lethal giant larvae (lgl) interacts genetically with argonaute-1 (ago1), a main 

component in the miRNA pathway 

● Loss of lgl leads to misexpression of specific miRNAs in neuroepithelial tissues 

● miR-9a overexpression rescues the overgrowth phenotype of lgl knock-down in 

the wing epithelium 

● miRNAs dysregulated in lgl mutant tissues match mRNAs targets in silico 

● miRNAs and mRNA targets are significantly enriched for GO terms related to 

cancer 

● Loss of HUGL1 in human epithelial cells results in upregulation of transcripts 

linked to breast cancer 

Conclusion 

Having previously established a genetic interaction of lgl and the RNA-binding protein 

FMRP (Zarnescu et al., 2005), we show that lgl acts as a dominant modifier of ago1, an 

integral part of the miRNA pathway. Next, we show that lgl stably alters the expression 

of 10 miRNAs over a period of 5 days; that those same miRNAs may target 38 mRNAs 
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in the same lgl-deficient background and that some of these RNA molecules have human 

homologues with implications to cancer development. Having done a global search for 

miRNAs with dysregulation, we sought to test two of the most downregulated miRNAs, 

let-7 and miR-9a, as they both have been linked to cancer (Barh et al., 2010; Hildebrandt 

et al., 2010; Laios et al., 2008; Lujambio et al., 2008; Luo et al., 2009; O’Hara et al., 

2009; Sempere et al., 2007; Takamizawa et al., 2004; Volinia et al., 2006; Yu et al., 

2007). We found that miR-9a interacted genetically with lgl in wing epithelium (let-7 was 

unable to be tested due to overexpression lethality). Specifically, lgl RNAi knockdown in 

the wing led to an overgrowth phenotype (seen as holes in the wings where cells grew too 

fast) and overexpression of miR-9a could ameliorate this phenotype.  

Next, we found that the core set of 10 miRNA’s were predicted to bind with a set 

of 38 mRNA’s; these mRNAs were significantly enriched with GO terms categories that 

were associated with cancer, including cell fate commitment, differentiation, and cell 

adhesion (Hanahan and Weinberg, 2011). Specifically, mir-9a, a microRNA associated 

with apoptosis, was downregulated while tsp, a gene involved in cell adhesion, was 

upregulated, suggesting a causal relationship. This was interesting because the human 

homologue of Tsp, THBS1, was also found to be upregulated in human breast cells where 

HUGL1 had been knocked down.  

 In summary, we have added a piece to the puzzle of lgl as a tumor suppressor. We 

have shown that it has downstream effects on the expression of miRNAs and that these 

same miRNAs have connection to putative mRNA targets. Finally, we show that these 
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miRNAs and their predicted mRNA targets have functional relevance in human cancer. 

This knowledge can lead to possible treatments with gene therapy or druggable targets. 
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Introduction 

lethal giant larvae (lgl) encodes a conserved tumor suppressor with established roles in 

cell polarity and proliferation control (Elsum et al., 2012; Froldi et al., 2008; Hariharan 

and Bilder, 2006; Humbert et al., 2008). Loss of lgl leads to invasive neural and epithelial 

tumors accompanied by lethality at the third instar larval stage in Drosophila 

(Woodhouse et al., 1998). Neural stem cells lacking functional lgl self-renew but fail to 

differentiate, resulting in stem cell tumors (Ohshiro et al., 2000; Peng et al., 2000). 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 (Bilder et al., 2000). 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 
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characteristics (Froldi et al., 2008, 2010; Grzeschik et al., 2007; Humbert et al., 2008). In 

neural stem cells, Lgl can interact with and antagonize the atypical protein kinase C 

(aPKC)/PAR polarity complex to control apico-basal polarity and cell proliferation 

(Betschinger et al., 2003). Likewise, in epithelial tissues, Lgl and aPKC also have 

antagonistic functions in cell polarity and tissue growth (Eder et al., 2005). Recently, 

clonal analyses in the developing eye epithelia have demonstrated that Lgl loss 

downregulates the Salvador/Warts/Hippo tissue growth control pathway, as well as 

upregulates the Notch pathway, leading to ectopic cell proliferation and reduced 

apoptosis (Grzeschik et al., 2010; Parsons et al., 2014). lgl orthologs have been found in 

many different species including yeast, worms, mice, and humans (Strand et al., 1995). 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 (Grifoni et al., 2004). Knock-out of the mouse ortholog, 

mlgl1, results in neuroectodermal tumors and neonatal lethality (Klezovitch et al., 2004), 

whereas knock-out of mlgl2 causes a branching morphogenesis defect during placental 

development (Sripathy et al., 2011). 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 

(Grifoni et al., 2004; Kuphal et al., 2006; Lisovsky et al., 2009, 2010; Schimanski et al., 

2005; Spaderna et al., 2008; Tsuruga et al., 2007). In addition, the locus that contains 
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HUGL1 (at 17p11.2) is deleted in cases of medulloblastoma (Batra et al., 1995), in early 

stages of breast cancer (Johnson et al., 2012) and in chromosomally unstable colon 

cancers (Lassmann et al., 2007). 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 

(EMT) (Kashyap et al., 2013). Recently, we demonstrated a role for both HUGL1 and 

HUGL2 in maintaining cell polarity and growth control in human mammary epithelium 

(Russ et al., 2012). We found that while HUGL1 and HUGL2 inhibited EMT, 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) (Zarnescu et al., 2005), an RNA 

binding protein implicated in the microRNA (miRNA) pathway (Caudy et al., 2002; 

Ishizuka et al., 2002). 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 (Jin et al., 2004). Given the functional connection between 

Lgl and FMRP, we hypothesized that Lgl’s tumor suppressor function, in addition to its 

effect on signalling pathways, might also involve regulation of miRNA expression. 

miRNAs are noncoding RNAs that can control gene expression by inhibiting mRNA 

translation or by degrading transcripts (Carthew and Sontheimer, 2009). Recently, a large 
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body of evidence has emerged linking dysregulation of miRNA expression to the 

development and progression of tumors, with miRNAs acting as either oncogenes or 

tumor suppressors (reviewed in (Ventura and Jacks, 2009)). For example, let-7 has 

multiple cancer-relevant mRNA targets, including those involved in proliferation, 

differentiation, and stem cell maintenance (reviewed in (Boyerinas et al., 2010)). This 

miRNA is highly conserved across species (Pasquinelli et al., 2000) and loss of its 

expression has been documented in many types of cancer, including breast cancer 

(Dahiya et al., 2008; O’Hara et al., 2009; Sempere et al., 2007; Takamizawa et al., 2004). 

let -7 and several other miRNAs are currently being investigated for potential use as 

cancer therapeutics (Barh et al., 2010; Hwang and Mendell, 2006; Liu et al., 2008; 

Tavazoie et al., 2008; Volinia et al., 2006). 

         Here, using Drosophila as a model we found that lgl loss-of-function mutations 

suppress 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 including brain and 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 and brain tumors 

(Beaucher et al., 2007a; Gateff, 1978; Woodhouse et al., 1998). Thus the fly provides a 

unique model of in vivo tumorigenesis, whereby neural and epithelial tissues undergo 
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transformation within a few days and importantly, recapitulate several features of 

metastasis (Woodhouse et al., 1994, 1998). We performed our profiling experiments at 

three different time-points: at tumor onset, during tumor growth, and later, during 

malignant progression. From these 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 (Boyerinas et al., 2010), miR-9a (Hildebrandt et al., 2010; Lehmann et al., 2008; Zhang 

et al., 2012) and miR-210 (Tsuchiya et al., 2011). 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 and 

functionally important for the lgl mutant phenotype, we found that miR-9a 

overexpression reduces 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 
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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 

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.  

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 

(Jin et al., 2004; Zarnescu et al., 2005). 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. Overexpression of AGO1 in the 

developing retina was previously shown to generate a rough eye phenotype accompanied 

by depigmentation (Figure 14A) (Jin et al., 2004). Here, using three independent alleles, 

i.e., lgl1, lgl4 and lglU334, we found that lgl loss-of-function mutations can dominantly 
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suppress the eye phenotype caused by AGO1 overexpression (Figure 14). These data 

support our hypothesis and suggest that lgl may modulate the output of the miRNA 

pathway in vivo.  

Figure 14 – lgl interacts genetically with Argonaute 1 (AGO1) in the eye 

 
Figure 14 – 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 lgl1, lgl4 and lglU334 
can dominantly suppress the GMR>AGO1 phenotype. Genotypes as indicated. 

  

Loss of lgl leads to misexpression of specific miRNAs in neuroepithelial tissues 

Given the genetic interactions between Lgl and components of the miRNA pathway 

(Figure 14), 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 tumor progression process in vivo. The first time-

point corresponds to the late third instar larval stage (Day 0 in our study), when lgl 
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mutant tissues appear relatively normal, with no signs of overproliferation or loss of 

polarity compared to wildtype (Figure 15A, B).  

Figure 15 – lgl brain tissue and dysregulated microRNAs 
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Figure 15 – lgl brain tissue and dysregulated microRNAs - (A-D) Cephalic complexes and ventral ganglia of 3rd 
instar larvae. (A) Day 0 of control’s 3rd instar. (B-D) lgl mutants do not pupate as normal, day 0, 3, and 5 of lgl 
3rd 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 Pvalue < 0.05. 
 

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 

(Figure 15C). 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 Figure 15D 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 lgl1/lglU334 mutants to a genomic 

rescue line as wildtype control (P[lgl+];lgl1/lglU334). 

         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 (see Materials and Methods). Three 

biological replicates (three technical 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 (Reiner et al., 2003). Out of 
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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 S2). 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 (Figure 15E). 

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 (data not shown).  Expression of all three miRNAs corroborated with 

the microarray results showing significantly lowered expression in mutant tissues (Table 

S2).  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 

transcriptionallevel. 

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 malignant progression. 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. 

  
miR-9a overexpression rescues the overgrowth phenotype of lgl knock-down in the 
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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 restoring the expression of these miRNAs in an lgl mutant background might reduce 

the severity of the mutant phenotype. 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 knock-down 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 L4, see dashed outline in Figure 

16A).  
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Figure 16 – miR-9a and lgl exhibit genetic interactions in the wing epithelium 
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Figure 16 – miR-9a and lgl exhibit genetic interactions in the wing epithelium - (A) en-GAL4 control, posterior 
compartment P as indicated; (B) en-GAL4; UAS-lglRNAi , (C)  en-GAL4; UAS-miR-9a; (D) en-GAL4; UAS-
lglRNAi/UAS-miR-9a; (E) en-GAL4; miR-9aF80/+: (F)  en-GAL4; UAS-lglRNAi/ miR-9aF80. 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. Student's t-test was used to determine statistical significance. 
 

Additional phenotypes caused by lgl-RNAi when driven in the posterior compartment by 

en-GAL4 include incomplete cross veins (see insets in Figure 16B, 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-lglRNAi /UAS-miR-9a compared to 

0.732 +/- 0.004 in en-GAL4; UAS-lglRNAi, P-value = 2.04 x 10-7; see Figure 16B, 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 Figure 16A, C and G), these findings 

demonstrate that miR-9a overexpression is sufficient to significantly reduce the epithelial 

overgrowth phenotype caused by lgl knock-down in the posterior compartment of the 

wing. 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 lglRNAi transgenes, we also compared en-GAL4 UAS-GFP; UAS-lglRNAi to en-GAL4; 

UAS-lglRNAi/UAS-miR-9a and found a similar suppressing effect (0.715 +/- 0.003 versus 
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0.68 +/- 0.01, P-value = 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 knock-down. In contrast, miR-9a reduction 

using a loss-of-function allele, miR-9aF80, had no significant effect on posterior 

compartment size, either on its own (0.68 +/- 0.02 in en-GAL4 compared to 0.69 +/- 0.02 

in en-GAL4; miR-9aF80 /+) or in the context of lglRNAi (0.722 +/- 0.004 in en-GAL4; UAS-

lglRNAi /miR-9aF80 compared to 0.732 +/- 0.004 in en-GAL4; UAS-lglRNAi P-value = 0.09). 

The failure to observe a genetic interaction in the miR-9aF80 heterozygous background, 

might indicate that miR-9a is abundantly expressed and reducing its dosage by ~50% is 

not sufficient to significantly alter the tissue growth defects due to lgl knock-down. To 

determine whether miR-9a overexpression mitigates growth and/or apoptosis defects 

caused by lgl knock-down, we quantified the wing disc size and caspase intensity in third 

instar wing discs (Figure S10). These experiments showed a significant increase in 

caspase activity in the wing pouch, within the enGAL4 domain for lglRNAi compared to 

controls (Figure S10A-G). However, miR-9a overexpression did not have a suppressing 

effect, and the size of the posterior compartment was comparable for lglRNAi miR-9a and 

lglRNAi wing discs (Figure S10A-E, F) suggesting that miR-9a exerts its suppressing effect 

on lglRNAi during morphogenesis. Nevertheless, these data provide the first in vivo 

evidence that restoring miR-9a expression in epithelia can rescue the overgrowth 

phenotype due to Lgl knock-down. Importantly, these findings are consistent with the 

miRNA profiling data and support our hypothesis that miRNAs may act as effectors of 
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Lgl’s tumor suppressor function in epithelia. 

  

In silico identification of mRNAs targets for the miRNAs dysregulated in lgl mutant 

tissues 

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 (Chiang et al., 2010). 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) 3rd instar lgl null mutant (lgl27S3/lglE2S31) 

(Grzeschik et al., 2007) larvae to wild-type control tissues (w1118 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 

S2). For the mRNA microarray data, P values were adjusted using Benjamini-Hochberg 

multiple testing correction (Reiner et al., 2003). Next, using the miRNA targeting 
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algorithm miRanda (Enright et al., 2003) as implemented by microRNA.org (Betel et al., 

2008) we matched the core set of 10 misexpressed miRNAs to the 169 dysregulated 

mRNA transcripts identified (John et al., 2004). 

Given the widely accepted paradigm of mRNA translational repression and decreased 

mRNA stability by miRNAs (Carthew and Sontheimer, 2009), we matched those 

miRNAs that were upregulated to predicted mRNA targets that were downregulated 

(Figure 17A). 
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Figure 17 – microRNA targeting strategy and dysregulated mRNAs 

 
Figure 17 – 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 
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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. 

 

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 (Figure 17B). 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. 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 (Figure 18) (Shannon et al., 2003).  
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Figure 18 – microRNA targeting network 

 

Figure 18 – 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. Green = upregulated, and red = downregulated miRs or genes. 
 

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 
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of neural stem cells, which lgl has also been demonstrated to control (Almeida and Bray, 

2005; Bello et al., 2006; Betschinger et al., 2003, 2006; Klezovitch et al., 2004). 

Interestingly, ft, a transcriptional target of Yki in the Hippo pathway, which is 

deregulated in lgl mutant tissue (Grzeschik et al., 2010), was upregulated in lgl mutant 

tissue, and is a predicted target for miR-1, suggesting that post-transcriptional regulation 

of Hippo pathway genes might also be controlled by Lgl.  

  
miRNA and mRNA targets are significantly enriched for GO terms related to 

hallmarks of cancer 

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 plugin for Cytoscape 

(Maere et al., 2005). 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) (Hanahan and 

Weinberg, 2011) (Table 5). 
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Table 5. Genes significantly associated with GO-terms linked to cellular processes 
dysregulated in cancer including 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|pros|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 

  
Table 5. Genes significantly associated with 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) (Ashburner et al., 2000). 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 18.  
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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 S3). 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 (Bilder et al., 2000; Musch et al., 2002; Ohshiro et al., 2000; Peng et al., 2000; 

Russ et al., 2012). 

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 (Crosby et al., 2007; Flicek et al., 2008; Safran et 

al., 2010). Interestingly, of the 14 genes we analyzed, five have human orthologs with a 

documented involvement in processes directly or closely linked to cancer (Table 6).   

Table 6. Human orthologs and cancer phenotypes linked to mRNAs dysregulated in 
lgl mutant tissues. 

Gene ID Gene name Direction of 
regulation 

Description of ontology Human orthologue 

Ubqn 
 
 Ubiquilin 
 

Up Heat shock chaperone-
binding 
  

UBQLN3 
UBQLN1 
UBQLN4 
UBQLN2 
  

CG6357 
  Up Cysteine type 

endopeptidase 
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Rala 
Ras related protein Up Ral GTPase, supports 

tumor initiation and 
progression, inhibits 
apoptosis through 
upregulation of p38 and 
inhibition of JNK 
(Sablina et al., 2007). 
RALB activation 
restricts initiation of 
apoptotic programs 
(Chien et al., 2006). 

RALA 
RALB 

Tsp 
thrombospondin Up Secreted glycoprotein, 

Integrin-mediated 
adhesion, may interact 
with laminin. THBS1 
can have tumor 
suppression or 
oncogenic effects in 
cancer in knockout 
mice (Lopez-Dee et al., 
2015; Rodriguez-
Manzaneque et al., 
2001; Streit et al., 1999) 

THBS1,2,3,4 
COMP (THBS5) 

stv 
starvin Up Expressed by tendon 

cells, stress response 
  

CG12911   Up Function unknown   

odd odd skipped Up Zinc finger 
transcription factor - 
morphogenesis 

OSR2 
OSR1 

CG17352 
  Up Low density lipoprotein 

receptor 
  

cas 
castor Up Transcription factor for 

neural cell fate.  
SRG/CASZ1 is a cell 
survival gene that 
controls apoptosis and 
tumor formation (Yuan 
et al., 2005). 

SRG/CASZ1 
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ewg 
erect wing Up Nuclear respiratory 

factor 1 – transcription 
factor  positive 
regulator of Wnt 
signalling 

NRF1 

pros 
prospero Up Cell fate determination 

Human homeobox gene 
(Zinovieva et al., 1996). 

PROX1 
PROX2 

CG6739 
    Low density lipoprotein 

receptor 
  

sas 
stranded at second   Fibronectin III domain 

– axon guidance, 
morphogenesis 

  

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 (Chen et al., 
2010). 

GRHL1 
GRHL2 
GRHL3 

LanA laminin A Up ECM component, axon 
guidance 

LAMA3 

CG12814 
  Up Function unknown   

ft 
fat Up Atypical cadherin, 

Hippo pathway 
FAT4 
DCHS1 
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regulator, planar cell 
polarity 
  

DCHS2 
  

CG3704 
  Up GPN-loop GTPase 

XPA binding protein 1 
GPN1 

CG12581 
  Up Function unknown   

Ir76a 
 
 Ionotropic receptor 
76a 

 

Up Olfatory receptor – 
sensory signalling 

  

klar 
klarsicht Up Regulation of motor 

proteins 
  

Klp98A 
Kinesin-like protein at 
98A 

Up Kinesin 
KIF1B - susceptibility 
to neuroblastoma-1 
(NBLST1) and to 
pheochromocytoma 

KIF1A 
KIF1B 
KIF1C 
KIF16B 

CG1434 
  Up Dihydrouridine 

synthase, 
Positive regulator of 
protein synthesis 

DUS2L 

by 
blistery Up Tensin, localizes at 

focal adhesions 
  

nahoda 
  Up Function unknown   

Gfat1 
Glutamine:fructose-6-
phosphate 
aminotransferase 1 

Up Metabolic process GFPT1 
GFPT2 

Zasp52 
Z band alternatively 
spliced PDZ motif 
protein 52 

Up Muscle structure 
development 

  

msl-3 
male-specific lethal 3 Up mRNA binding, 

Histone H4 acetylation, 
MSL3 
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dosage compensation 

Ddc 
Dopa decarboxylase Down Synthesis of bioamines HDH 

DDC 

vis 
vismay Down Homeobox 

transcription factor, 
Transforming growth 
factor b induced factor 
2 

TGIF2 

CG13253 
 
 crimpy 
 

Down Insulin-like growth 
factor binding 
protein(Abu-Safieh et 
al., 2011) 

IGFBPL1 
SPINK2,6,1,4,9,7 
KAZALD1 
IGFBP7 
ESM1 

exba Extra bases Down Eukaryotic translation 
initiation factor 

BZW2 

TM4SF 
 
 Transmembrane 4 
superfamily 

 

Down Tetraspanin EC2 
domain 
Function unknown 

  

Oamb 
Octopamine receptor in 
mushroom bodies 

Down G-protein coupled 
receptor, ovulation, 
behavioural 

  

CG9003 
  Down SCF-ubiquitin ligase 

complex 
Protein degradation 
Tissue growth (Yao et 
al., 2007) 
  

FBXL2 
FBXL20 
(SCRAPPER) 

scrt scratch Down Transcriptional 
repressor of alternative 
cell fates.  Member of 
Snail family, key 
regulators of EMT. 

SNAI3 
SCRT1 
SNAI1 
SCRT2 
SNAI3 

Men-b 
Malic enzyme b 
(Malate dehydrogenase) 

Down Key enzyme in the 
biosynthesis of lipids 

ME3 
ME2 



188 

(Mdh) 
ME1 

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 (Wong et al., 
2007). MEIS1 
oncogene is highly 
expressed in 
neuroblastoma (Spieker 
et al., 2001). 

MEIS1 
MEIS2 

  
  
Additionally, five of the core set of ten miRNAs matched orthologous human sequences 

involved in carcinogenesis (Table 7). 

Table 7. Human orthologs and cancer phenotypes linked to miRNAs dysregulated in 
lgl mutant tissues. 

miRNA Direction 
of 
regulation 

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. It 
inhibits cancer cell 
survival and 
proliferation by 
inducing cell death 
and controlling 
cell cycle arrest. 

FGFRL1 
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Correlated with 
differentiated 
epithelial cells. It 
may exert tumor 
suppressive effects 
thru targeting 
degradation of 
FGFRL1 (Tsuchiya	
et	al.,	2011).  

miR-1 Down hsa-miR1 
UGGAAUGUAAAGAAGUAUGUAU 
dme-miR1  
UGGAAUGUAAAGAAGUAUGGAG 

Downregulated in 
colon cancer.  
Targets Met 
expression and 
modulates Met 
levels (Migliore	et	
al.,	2012). 

MET, 
LASP1, 
IGF-1, 
IGFR-1, 
BCL-2 

let-7 Down hsa-let-7a 
      UGAGGUAGUAGGUUGUAUAGUU 
dme-let-7 
      UGAGGUAGUAGGUUGUAUAGU. 

Defects in let-7 
result in lack of 
terminal 
differentiation and 
overproliferation. 
Loss of let-7 
linked to breast 
cancer via 
regulation of RAS, 
Myc, LIN28 or 
HMGA2 (Bussing	
et	al.,	2008)	

RAS, 
MYC, 
LIN28, 
HMGA2 

miR-
100 

Down hsa-miR-100 
    AACCCGUAGAUCCGAACUUGUG 
dme-miR-100 
    AACCCGUAAAUCCGAACUUGUG 
 

miR-100 
downregulated in 
cervical and 
nasopharyngeal 
cancer and targets 
Polo-like kinase 1 
(PLK1) (Li	et	al.,	
2011;	Shi	et	al.,	
2010). An 
upregulation of 
Plk1 can lead to 
mitotic 

PLK1 
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catastrophe. 
Downregulated in 
oral squamous cell 
carcinoma (OSCC) 
and confers loss of 
sensitivity to 
ionizing radiation 
when lost (Henson	
et	al.,	2009). 

miR-9 Down dme-miR-9a 
    UCUUUGGUUAUCUAGCUGUAUGA 
hsa-miR-9 
    UCUUUGGUUAUCUAGCUGUAUGA 
 

Hypermethylated 
in clear cell renal 
cell carcinoma, 
downregulated in 
gastric carcinoma, 
(Hildebrandt	et	al.,	
2010;	Luo	et	al.,	
2009;	
Trankenschuh	et	
al.,	2010)	

CDH1, 
RAB 34 
(A Ras 
family 
member) 

  
  
Loss of HUGL1 in human epithelial cells results in upregulation of transcripts 

linked to breast cancer 

To probe the significance of our mRNA and miRNA profiling results for human cancers, 

we next performed knock-down 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 

knock-down and were used in our experiments (Figure S11). As we have recently shown, 

loss of HUGL1 alone in MCF10 cells is sufficient to induce overproliferation and loss of 

polarity (Russ et al., 2012). The mRNA expression profiles of HUGL1 knock-down cells 

and shRNA control cells were assessed using a Real Time PCR array (SA Biosciences) 
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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, Table 8). 

Table 8.  Downregulation of HUGL1 in human mammary epithelial cells leads to 
upregulation of five mRNAs 

mRNA Fold 
Change 

P-value Function Drosophila ortholog 

ABCG2 2.86 0.019 ATP-Binding Cassette, Sub-Family G 

(WHITE), Member 2 

white 

ESR1 5.20 0.021 Estrogen Receptor 1 ERR (Estrogen-related 

receptor) 

KRT19 3.16 0.036 Keratin 19 - 

MMP2 5.72 0.025 Matrix Metallopeptidase 2 Mmp2 

THBS1 2.70 0.039 Thrombospondin Tsp (thrombospondin) 

  
Table 8.  Downregulation of HUGL1 in human mammary epithelial cells - 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. 
 
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 Figure 18). 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 
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tumors characterized by HUGL1 loss.   

Discussion 

Following our previous findings that Lgl regulates the RNA binding protein FMRP 

(Zarnescu et al., 2005), 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 (Iorio and Croce, 2012). As the human orthologs of Lgl, HUGL1 and/or 

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 cell 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 upon loss of lgl, we conducted miRNA microarrays to compare the 

expression levels of 147 miRNAs in lgl mutants compared to wild type rescue larvae. 

Through this approach we identified several miRNAs affected by lgl loss during tumor 

progression (38 for day 0, 32 for day 3, and 75 for day 5). Interestingly, only ten miRNAs 

were consistently affected across all time points studied. This time series enabled us to 
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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 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 (Kozomara 

and Griffiths-Jones, 2011). These same five have already been shown to exhibit tumor 

suppressive properties in human cancers (Henson et al., 2009; Iorio and Croce, 2012; 

Rothé et al., 2011; Volinia et al., 2006; Yu et al., 2007). Among these, let-7 and miR-100 

are processed from the same primary miRNA. 

         miR-9a was found to be downregulated in the lgl mutant larval epithelial and 

neural tissues, 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 different 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, 
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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). 

Cancer is a complex disease affecting many biological processes including: cell growth 

and proliferation, cell differentiation, angiogenesis, apoptosis, and genomic stability 

(Hanahan and Weinberg, 2011; Scheel and Weinberg, 2012). 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 (Gateff, 1978). Also 

cell adhesion GO-terms are highly relevant to tumorigenesis, since disruption of cell 

adhesion is associated with EMT and is critical for 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 knock-down 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; Table 8). Of these, ABCG2 (also known as Breast Cancer Resistance 

Protein) is an ATP-binding cassette transporter associated with the cancer stem cell 
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phenotype and chemotherapeutic resistance, including therapy-refractory breast cancer 

(Ding et al., 2010; Doyle et al., 1998; Zhou et al., 2001). Although two miRNAs, miR-

328 and miR-519c, that have been previously described to downregulate human ABCG2 

(Pan et al., 2009; To et al., 2009), have no fly orthologs, we report a reduction in miR-

100, which is also predicted to bind to the human ABCG2 3’UTR (To et al., 2008). 

Notably, the mature miRNA sequences of miR-100 have a one base pair difference 

between human and Drosophila as reported by miRBase (Kozomara and Griffiths-Jones, 

2011). Of the other four mRNAs significantly upregulated in mammary epithelial cells 

upon HUGL1 knock-down, MMP2, a matrix metalloprotease (MMP), is elevated in EMT 

(Laffin et al., 2008). Upregulation of MMPs has been previously observed in Drosophila 

lgl mutants, conferring invasive abilities, and has also been documented in cancer stem 

cells (Beaucher et al., 2007b; Cronwright et al., 2005; Huang et al., 2011; Na et al., 2011; 

Woodhouse et al., 1994). In addition, ESR1 is associated with aggressive breast tumor 

types, and KRT 19 has been implicated as a marker of circulating tumor cells (Kim et al., 

2011). Interestingly, THBS1, thrombospondin, is an orthologue 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 (Sampson et al., 

2007; Selbach et al., 2008).  

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 (Yu et al., 2007). It was also shown 
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to act as a repressor of stemness and is frequently lost in transformation (reviewed in 

(Büssing et al., 2008)). Similarly, in Drosophila, let-7 is associated with cell 

differentiation and is regulated by the steroid hormone receptor, EcR (Caygill and 

Johnston, 2008; Kucherenko et al., 2012; Wu et al., 2012), and therefore its down-

regulation would be expected to result in the accumulation of cells in a progenitor-like 

state. 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 (Laios 

et al., 2008; Lujambio et al., 2008; Luo et al., 2009; Selcuklu et al., 2012). 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 stem cell 

population. 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 



197 

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. 

  

Materials and methods 

Drosophila genetics 

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

alleles were previously described (Grzeschik et al., 2007; Zarnescu et al., 2005). lgl 

stocks were balanced over Kr:GFP-CyO. UAS-lglRNAi stocks were obtained from the 

Vienna Drosophila RNAi Center (lines # v51247 and v51249). UAS miR-9a and miR-

9aF80 flies were provided by Fen-Biao Gao (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. A recombinant stock containing UAS-lgl-RNAi51247 and UAS-

lgl-RNAi51249 (3rd chromosome) was generated and a stock made with en-GAL4 (2nd 

chromosome). 

Adult wing and eye sample preparations 
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A recombinant stock containing UAS-lgl-RNAi51247 and UAS-lgl-RNAi51249 (3rd 

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

of en-GAL4/+; UAS-lglRNAi /+, en-GAL4/+; UAS-lglRNAi /UAS-miR-9a, en-GAL4/+; 

UAS-lglRNAi / miR-9aF80 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-lglRNAi /+, we scored n=132 wings. For en-GAL4/+; UAS-lglRNAi /UAS-

miR-9a, n=186. For en-GAL4/+; UAS-lglRNAi / miR-9aF80, n=98 wings. For en-GAL4/+; 

+/+, n=140 wings. For en-GAL4/+; UAS-miR-9a /+, n=77 wings. For en-GAL4/+; miR-

9aF80, n=70 wings. For en-GAL4, UAS-GFP; UAS-lglRNAi/+, 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 L4. “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-lglRNAi /+, we imaged and measured n=16 wings. For en-GAL4/+; UAS-lglRNAi 

/UAS-miR-9a, n=20. For en-GAL4/+; UAS-lglRNAi / miR-9aF80, n=20 wings. For en-

GAL4, UAS-GFP/+; UAS-lglRNAi/+ we imaged and n=28 wings. For statistics, 

measurements within genotypes were checked for normality using the ad.test() in R. 

Differences between genotypes were calculated using t.test() in R for parametric 

distributions and wilcox.test() for non-parametric distributions. All tests used default 
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options. 

For adult eyes, flies were collected and imaged in the first 1-2 days after eclosion. Images 

were acquired using an Olympus DP71 camera mounted on a Leica MZ6 microscope and 

processed with ImageJ and Adobe Photoshop. For all genotypes we imaged 10-20 

randomly selected 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 mounted on a Leica MZ6 microscope and processed 

with Adobe Photoshop. 

RNA preparation, 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. 

For miR 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 
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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 3rd instar larvae and day 4 lgl27S3/E2S31 

mutant 3rd instar larvae. 1 mg 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. 

Cell culture 
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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% Penicillin-Streptomycin (Cellgro), and 

0.5 µg/ml Hydrocortisone. All cells were grown at 37°C in 5% CO2. 

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).  For transduction, virus was added to MCF10A cells at a 

multiplicity of infection (MOI) range of 1 to 3 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.  Stable lines were used as 

heterogenous populations; clones were not selected. 

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 at 18S and 28S ribosomal 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 
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converted to cDNA using the RT2 First Strand Kit (Qiagen) following 

manufacturer’s instructions. cDNA was stored at −20°C until 

used for gene expression profiling. 

The RT2 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 multiple genes involved 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. 

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% NaVO3, 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 
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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 Chemiluminescent Substrate 

(Pierce), visualized on Imagetech-B film (American X-ray) and developed with a Konica 

SRX-101C. 

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 

lgl1/lglU334 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 (Parrish and Spencer, 2004). Data for both 

experiments were then fitted to separate linear models using the limma package 

(Wettenhall and Smyth, 2004), 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 
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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 (Shannon et al., 2003). The Bingo plug-in (version 2.44) for Cytoscape was then 

used to compute enrichment for GO-terms of the miRNAs and mRNAs together (Maere 

et al., 2005). 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 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. 

Statistical analyses 

Statistical analyses are as described for individual methods. 

Data availability 

Fly stocks are available upon request. Gene expression data are available at GEO with the 

accession numbers: GSE40294 and GSE40295. 
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Supplementary figures and tables 

Table S2: Dysregulated miRNAs in 0, 3, and 5 day lgl mutants 

0 day lgl1/lglU334 compared to 0 day P[lgl+];lgl1/lglU334 

 

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 
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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 
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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 

dme-miR-995 0.4377 9.7921 3.0419 6.82E-03 4.26E-02 -3.6322 
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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 

 

3 day lgl1/lglU334 compared to 0 day P[lgl+];lgl1/lglU334 

 

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 
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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 
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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 

 

5 day lgl1/lglU334 compared to 0 day P[lgl+];lgl1/lglU334 

 

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 
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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 
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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 

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 
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ID logFC AveExpr t P.Value adj.P.Val B 

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 
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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 
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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 

 

Table S3: Dysregulated mRNAs in lgl mutants* 

*There are multiple Affy IDs for 4 mRNAs so all were included for completeness 

Affy ID Entrez 
Gene 
ID 

Gene 
Symbol 

log2FC Average 
Expression 

t P-Value Adjusted 
P-Value 

B 

1627736_at 43826 Actbeta 3.7702 5.5554 43.8662 3.91E-07 5.81E-03 5.6847 

1634988_a_at 38946 CG17352 3.2902 6.0563 38.8127 6.79E-07 5.81E-03 5.5138 

1639643_at 33483 CG18557 2.3836 5.1025 30.4076 2.05E-06 8.81E-03 5.0720 

1639442_a_at 32821 Tsf1 1.8542 7.8999 29.5604 2.33E-06 8.81E-03 5.0113 

1629220_at 39150 Ilp2 -2.3716 8.2999 -26.0565 4.11E-06 1.12E-02 4.7149 

1626642_at 38994 CG6486 2.6329 9.2012 26.0406 4.12E-06 1.12E-02 4.7134 

1632119_s_at 35940 ltd -1.6938 5.8817 -24.1769 5.76E-06 1.36E-02 4.5189 

1638131_s_at 37196 5-HT1A -2.3559 4.9898 -22.2862 8.30E-06 1.55E-02 4.2887 
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1624269_at 33530 gkt 2.8271 6.7741 21.3542 1.01E-05 1.55E-02 4.1609 

1638305_at 39933 Mip -1.6650 6.7060 -20.9997 1.08E-05 1.55E-02 4.1096 

1627825_at 38992 CG13305 1.9988 7.6891 20.7531 1.14E-05 1.55E-02 4.0729 

1625850_at 33583 odd 1.2544 5.6890 19.7069 1.44E-05 1.70E-02 3.9079 

1629944_at 41246 CG12814 1.9773 4.7786 19.6531 1.46E-05 1.70E-02 3.8990 

1632688_s_at 38473 CG11594 -1.2165 5.2039 -19.2403 1.61E-05 1.70E-02 3.8292 

1626439_at 50191 CG15353 -2.9632 9.4435 -19.2108 1.62E-05 1.70E-02 3.8241 

1635273_s_at 32930 kek5 3.9559 6.6035 18.3824 1.97E-05 1.97E-02 3.6754 

1625442_a_at 45928 shi -1.0590 7.3075 -18.1630 2.08E-05 1.97E-02 3.6341 

1635522_a_at 34024 santa-maria -1.5899 7.8036 -16.7758 2.97E-05 2.13E-02 3.3520 

1624634_at 5740633 nvd -2.4472 3.6175 -16.4243 3.26E-05 2.13E-02 3.2744 

1638601_at 5740359 spok -5.9969 5.4397 -16.3771 3.31E-05 2.13E-02 3.2638 

1634428_at 34307 CG5924 1.0170 6.6738 16.3095 3.37E-05 2.13E-02 3.2485 

1641490_s_at 33941 Tsp 1.0532 5.8882 16.2218 3.45E-05 2.13E-02 3.2284 

1635665_at 35573 Tdc1 3.2044 6.0324 15.8974 3.78E-05 2.13E-02 3.1529 

1627783_at 42191 CG18599 1.5257 6.1510 15.8807 3.79E-05 2.13E-02 3.1490 
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1630457_s_at 41144 by 1.1613 5.3217 15.7307 3.96E-05 2.13E-02 3.1132 

1632430_at 32821 Tsf1 1.7148 9.4151 15.5856 4.13E-05 2.13E-02 3.0780 

1630642_at 33994 Pvf2 1.8023 4.8666 15.5659 4.15E-05 2.13E-02 3.0732 

1637410_s_at 33156 l(2)gl -4.8783 4.3103 -15.5398 4.18E-05 2.13E-02 3.0668 

1629569_at 32378 Fbxl4 2.9784 5.1256 15.5157 4.21E-05 2.13E-02 3.0609 

1633880_s_at 40157 Ir76a 1.6836 5.8404 15.5000 4.23E-05 2.13E-02 3.0571 

1632097_at 32501 CG15646 1.7923 7.6613 15.4636 4.27E-05 2.13E-02 3.0481 

1625473_at 41935 CG4221 1.4136 4.9077 15.1260 4.72E-05 2.19E-02 2.9633 

1630683_at 42058 Patr-1 2.0026 6.9114 15.1081 4.74E-05 2.19E-02 2.9587 

1635283_at 260645 nimB2 1.2054 6.2397 15.0646 4.80E-05 2.19E-02 2.9475 

1634573_a_at 37038 grh 1.8795 8.5670 14.9710 4.94E-05 2.19E-02 2.9234 

1632212_at 35358 CG14401 1.6569 4.8895 14.8499 5.12E-05 2.19E-02 2.8918 

1632860_at 38508 Cpr64Aa 6.2574 7.8120 14.8242 5.16E-05 2.19E-02 2.8850 

1641548_at 38714 CG10289 -2.6185 6.8741 -14.7921 5.21E-05 2.19E-02 2.8765 

1639741_at 43158 HLHm5 -2.1675 5.6872 -14.5223 5.65E-05 2.29E-02 2.8042 

1639177_at 3346202 IFa -1.4948 7.7829 -14.4957 5.70E-05 2.29E-02 2.7970 
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1631730_at 36081 CG12911 2.1987 4.2267 14.4341 5.81E-05 2.29E-02 2.7802 

1636275_a_at 3346192 Vmat -1.6016 4.5092 -14.2162 6.22E-05 2.31E-02 2.7198 

1625195_s_at 36171 shn -1.5790 6.1515 -14.1516 6.34E-05 2.31E-02 2.7016 

1641344_a_at 44018 cas 1.8185 9.3309 14.0391 6.57E-05 2.32E-02 2.6697 

1625197_at 40680 exba -1.2741 9.2761 -14.0214 6.61E-05 2.32E-02 2.6646 

1641423_at 34037 CG6739 3.0252 6.3249 13.9192 6.83E-05 2.33E-02 2.6352 

1636242_at 31220 Ilp6 -1.7116 5.7638 -13.8167 7.06E-05 2.33E-02 2.6054 

1638984_s_at 40928 CG17816 -2.0394 6.1928 -13.7355 7.24E-05 2.33E-02 2.5816 

1623612_at 36163 Spn47C 3.7865 5.7263 13.3169 8.31E-05 2.37E-02 2.4554 

1625570_at 38510 Cpr64Ac 2.0393 5.9655 13.2671 8.45E-05 2.37E-02 2.4400 

1625325_s_at 39212 simj 2.1170 6.8777 13.2392 8.53E-05 2.37E-02 2.4314 

1634364_s_at 39518 stv 1.6982 7.0937 13.2374 8.53E-05 2.37E-02 2.4308 

1628884_at 32099 PGRP-SA 3.6735 6.4673 13.1212 8.87E-05 2.37E-02 2.3945 

1624344_at 37479 CG17922 -1.0538 5.8498 -13.0763 9.01E-05 2.37E-02 2.3803 

1630476_s_at 37641 nahoda 2.7278 5.8647 13.0763 9.01E-05 2.37E-02 2.3803 

1627214_s_at 39694 CG7650 -1.0387 5.7735 -13.0562 9.07E-05 2.37E-02 2.3740 
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1636991_s_at 37999 emp 1.2611 7.1208 13.0320 9.15E-05 2.37E-02 2.3663 

1638724_at 34775 CG18507 1.5093 6.2276 12.9891 9.28E-05 2.37E-02 2.3526 

1624663_a_at 36372 vis -2.0836 3.3581 -12.9561 9.39E-05 2.37E-02 2.3421 

1634306_at 43310 Klp98A 1.1438 7.2251 12.9474 9.41E-05 2.37E-02 2.3393 

1639320_a_at 35190 Ddc -1.1548 6.3642 -12.9059 9.55E-05 2.37E-02 2.3260 

1640586_at 32037 CG1537 -1.1285 7.6745 -12.8774 9.64E-05 2.37E-02 2.3168 

1639181_at 40893 CG14598 -2.0127 4.4031 -12.8365 9.78E-05 2.37E-02 2.3035 

1624362_at 50190 Nplp4 -3.1264 6.5352 -12.8045 9.89E-05 2.37E-02 2.2931 

1635787_at 33676 CG15630 -1.6754 6.0828 -12.5339 1.09E-04 2.49E-02 2.2037 

1633852_at 32245 fne -1.4616 9.1095 -12.5001 1.10E-04 2.49E-02 2.1924 

1630860_at 38469 scrt -1.1794 7.4293 -12.4939 1.10E-04 2.49E-02 2.1903 

1640465_at 34485 CG17124 -1.5246 9.6502 -12.3935 1.14E-04 2.49E-02 2.1563 

1630065_at 41820 CG6912 1.6674 6.0359 12.0900 1.27E-04 2.73E-02 2.0512 

1641499_at 41739 CG3259 1.3001 4.3453 12.0542 1.29E-04 2.73E-02 2.0386 

1630186_at 35911 CG13743 -1.5346 5.4803 -12.0393 1.30E-04 2.73E-02 2.0333 

1634507_s_at 35212 CG17549 1.9848 7.5373 11.8850 1.37E-04 2.78E-02 1.9782 
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1640057_at 38134 CG9192 2.4181 5.4043 11.7409 1.45E-04 2.78E-02 1.9259 

1632339_s_at 42066 cher 1.7899 7.4597 11.7186 1.46E-04 2.78E-02 1.9178 

1624501_at 31226 CG12496 1.5345 5.4483 11.7077 1.47E-04 2.78E-02 1.9137 

1634302_s_at 43444 CG14516 -1.7385 5.6462 -11.6742 1.49E-04 2.78E-02 1.9014 

1640390_at 37626 CG3649 1.8912 4.2033 11.6308 1.51E-04 2.78E-02 1.8854 

1628732_at 31394 pon 1.0409 9.0410 11.6103 1.52E-04 2.78E-02 1.8778 

1634957_at 41170 Dh -2.5777 6.8927 -11.6084 1.53E-04 2.78E-02 1.8771 

1626857_at 42762 CG4408 -2.6816 5.9143 -11.6070 1.53E-04 2.78E-02 1.8765 

1626405_at 36290 Drep-1 -1.3358 5.6153 -11.5839 1.54E-04 2.78E-02 1.8680 

1633793_at 38801 unc-13-4A -1.3103 4.4416 -11.4373 1.63E-04 2.87E-02 1.8129 

1626837_a_at 38562 CG42540 -1.3312 7.5787 -11.4280 1.63E-04 2.87E-02 1.8094 

1626109_a_at 36236 Drip 2.2568 5.2705 11.2605 1.74E-04 2.96E-02 1.7452 

1629981_at 36615 LamC 1.5945 7.3958 11.2586 1.75E-04 2.96E-02 1.7445 

1636804_at 31055 CG14629 1.3724 6.7000 11.2035 1.78E-04 2.96E-02 1.7231 

1624125_at 33627 ft 1.6222 8.2749 11.1552 1.82E-04 2.96E-02 1.7043 

1631604_at 33894 CG42369 2.5174 4.6944 11.1274 1.84E-04 2.96E-02 1.6934 
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1628155_at 38067 klar 1.0622 9.3789 11.1234 1.84E-04 2.96E-02 1.6918 

1633795_a_at 34485 CG17124 -1.1641 9.0199 -11.0953 1.86E-04 2.96E-02 1.6808 

1633059_at 36532 CG6357 2.6408 9.1864 11.0697 1.88E-04 2.97E-02 1.6707 

1636091_at 37089 fj 2.4363 6.1064 10.9906 1.94E-04 2.97E-02 1.6393 

1632790_at 35528 dream 1.4360 6.1042 10.9592 1.97E-04 2.97E-02 1.6267 

1640904_at 39394 thoc6 1.0437 5.2542 10.9520 1.97E-04 2.97E-02 1.6239 

1623753_at 34045 TepIII 2.0456 4.7897 10.8916 2.02E-04 3.01E-02 1.5996 

1639292_at 32797 Frq1 -1.9796 5.5936 -10.7218 2.16E-04 3.05E-02 1.5304 

1638556_s_at 43982 Oamb -1.1816 4.7866 -10.7160 2.17E-04 3.05E-02 1.5280 

1640440_at 44324 Dms -1.5278 9.2515 -10.7057 2.18E-04 3.05E-02 1.5238 

1631246_at 36030 Fmrf -1.9798 6.7802 -10.6374 2.24E-04 3.05E-02 1.4955 

1633530_at 53446 HGTX -1.0637 4.0343 -10.6280 2.25E-04 3.05E-02 1.4916 

1636057_at 33013 CG9572 1.8197 7.1457 10.6128 2.26E-04 3.05E-02 1.4853 

1630477_at 38779 msl-3 1.5901 6.4588 10.5893 2.28E-04 3.05E-02 1.4755 

1628632_at 41591 Paip2 -2.5355 7.6578 -10.5329 2.34E-04 3.08E-02 1.4518 

1625012_s_at 34652 vir-1 1.2422 10.0148 10.5217 2.35E-04 3.08E-02 1.4471 
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1630986_s_at 41318 Adk3 -1.0335 7.3240 -10.4419 2.43E-04 3.13E-02 1.4134 

1639850_at 31043 CG3704 1.0849 8.2710 10.4419 2.43E-04 3.13E-02 1.4133 

1625616_at 40421 CG14566 -2.4900 5.5315 -10.4274 2.44E-04 3.13E-02 1.4072 

1632873_at 41202 MtnA -1.7564 11.8708 -10.3681 2.51E-04 3.15E-02 1.3818 

1622901_at 37358 CG9993 1.2411 6.0047 10.2894 2.59E-04 3.19E-02 1.3479 

1629269_at 317913 CG32204 -1.1435 6.5596 -10.2416 2.64E-04 3.19E-02 1.3272 

1633696_at 37786 TM4SF -1.1223 8.5756 -10.2021 2.69E-04 3.19E-02 1.3099 

1640978_at 40420 CG14567 2.2234 6.5034 10.1617 2.74E-04 3.20E-02 1.2922 

1641230_at 34538 Ast-CC -1.3381 4.4352 -10.1328 2.77E-04 3.20E-02 1.2795 

1625114_at 35115 Cyp310a1 1.1847 5.1208 9.9949 2.94E-04 3.29E-02 1.2182 

1634707_s_at 3354921 Gfat1 1.8623 7.7075 9.9760 2.97E-04 3.29E-02 1.2097 

1639594_at 3355165 CG40485 2.9464 4.6908 9.9570 2.99E-04 3.29E-02 1.2011 

1632543_at 36244 CG9003 -1.1730 7.6540 -9.9361 3.02E-04 3.29E-02 1.1917 

1638581_at 32977 Ubqn 1.1622 8.5310 9.9349 3.02E-04 3.29E-02 1.1911 

1639183_a_at 42379 mira 2.5401 10.1449 9.9220 3.04E-04 3.29E-02 1.1853 

1625512_s_at 3885644 CG34002 1.2494 4.5307 9.9159 3.05E-04 3.29E-02 1.1825 
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1632177_at 41273 hth -2.6040 5.7193 -9.8477 3.14E-04 3.36E-02 1.1516 

1641476_a_at 41248 Timp 1.9976 6.3388 9.6509 3.43E-04 3.55E-02 1.0606 

1640944_at 33291 CG4577 -1.0974 7.0582 -9.6370 3.45E-04 3.55E-02 1.0541 

1625719_at 48971 Atpalpha -1.2520 9.2240 -9.5813 3.54E-04 3.60E-02 1.0279 

1636927_at 246578 CG30379 -1.8190 5.3031 -9.5131 3.65E-04 3.63E-02 0.9957 

1628146_at 42896 crb 1.2068 6.8303 9.4818 3.70E-04 3.63E-02 0.9807 

1637412_a_at 40861 sas 2.1444 6.0684 9.4711 3.72E-04 3.63E-02 0.9756 

1638616_at 38056 mthl9 2.3906 5.0559 9.4708 3.72E-04 3.63E-02 0.9755 

1626804_at 42625 CG5379 -1.1717 3.9267 -9.4429 3.77E-04 3.66E-02 0.9621 

1638132_at 42783 CG10184 -1.7837 5.4193 -9.3769 3.88E-04 3.72E-02 0.9303 

1632980_at 40059 CG3902 -1.2833 8.1154 -9.3116 4.00E-04 3.79E-02 0.8986 

1637705_at 30975 ewg 1.0479 7.2496 9.2919 4.04E-04 3.79E-02 0.8890 

1623810_at 33509 CG17265 1.5809 6.4141 9.1377 4.35E-04 3.92E-02 0.8129 

1626606_at 38620 CG10630 -1.3937 3.6764 -9.1359 4.35E-04 3.92E-02 0.8120 

1638870_at 31661 CG1958 -1.1225 4.4495 -9.0821 4.46E-04 3.95E-02 0.7851 

1630130_at 32241 CG4404 1.8263 5.5871 9.0452 4.54E-04 3.97E-02 0.7665 
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1629551_s_at 42833 CG12268 1.1942 4.4710 9.0407 4.55E-04 3.97E-02 0.7642 

1636059_at 31922 CG9689 2.8070 5.7024 8.9868 4.67E-04 4.06E-02 0.7370 

1640227_at 35963 CG8801 1.1629 10.7630 8.9187 4.83E-04 4.15E-02 0.7022 

1634350_at 33581 sob 1.7774 4.7546 8.8543 4.98E-04 4.15E-02 0.6691 

1638097_at 3346207 CG33543 -1.2781 5.4619 -8.8241 5.05E-04 4.15E-02 0.6534 

1641428_at 37941 Cyp9c1 -1.5850 5.4134 -8.8235 5.06E-04 4.15E-02 0.6531 

1639928_a_at 36740 Zasp52 2.2423 6.1897 8.8165 5.07E-04 4.15E-02 0.6495 

1631931_s_at 37447 Sdc -1.2980 8.3560 -8.7733 5.18E-04 4.15E-02 0.6270 

1627167_a_at 3355165 CG40485 2.3945 5.7176 8.7726 5.18E-04 4.15E-02 0.6267 

1624745_at 2768992 Ilp5 -3.1592 7.4847 -8.7624 5.21E-04 4.15E-02 0.6213 

1628252_at 40780 CG17919 1.1669 6.5092 8.7481 5.25E-04 4.15E-02 0.6139 

1636835_at 32694 CG16700 -1.1906 6.2855 -8.7443 5.26E-04 4.15E-02 0.6119 

1628585_at 42001 Gyc-89Da -1.3019 3.8715 -8.7437 5.26E-04 4.15E-02 0.6115 

1640979_at 32299 CG1681 1.0547 7.6620 8.7186 5.32E-04 4.17E-02 0.5983 

1639883_at 45307 fz -1.0876 5.1637 -8.6958 5.38E-04 4.18E-02 0.5864 

1629745_at 42586 CG6439 -1.3997 8.1527 -8.6925 5.39E-04 4.18E-02 0.5846 
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1623016_at 38496 CG1299 1.2698 6.3028 8.6864 5.41E-04 4.18E-02 0.5814 

1641118_at 43936 Mdh -1.0293 7.8590 -8.6239 5.58E-04 4.25E-02 0.5483 

1633582_at 36589 Ih -1.7309 7.2304 -8.6236 5.58E-04 4.25E-02 0.5481 

1641370_s_at 31174 CG4199 1.3005 8.3305 8.6096 5.62E-04 4.26E-02 0.5406 

1623315_at 40288 CG13253 -1.5802 6.1690 -8.5914 5.67E-04 4.28E-02 0.5310 

1632533_at 41248 Timp 1.3152 6.7677 8.5105 5.91E-04 4.36E-02 0.4875 

1631378_at 34947 beat-Ia -1.2760 6.3497 -8.5052 5.92E-04 4.36E-02 0.4847 

1635175_at 42721 CG17121 1.8622 6.3135 8.4097 6.22E-04 4.52E-02 0.4328 

1639042_at 31352 CG6414 2.5349 5.1646 8.3792 6.32E-04 4.55E-02 0.4160 

1640377_s_at 31332 Rala 1.7431 7.8144 8.3462 6.43E-04 4.57E-02 0.3979 

1630653_a_at 32087 Gs2 -2.0144 9.3476 -8.3021 6.57E-04 4.57E-02 0.3735 

1637378_s_at 33277 ia2 -1.7094 8.6920 -8.2987 6.58E-04 4.57E-02 0.3716 

1636046_at 33144 Cda4 2.1228 6.4746 8.2947 6.60E-04 4.57E-02 0.3694 

1641324_at 38723 LanA 1.0723 8.6798 8.2833 6.64E-04 4.57E-02 0.3630 

1625154_s_at 32154 pot 2.8899 7.1894 8.2739 6.67E-04 4.57E-02 0.3578 

1633280_s_at 40522 CG12581 1.8080 7.0664 8.2735 6.67E-04 4.57E-02 0.3575 
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1637823_at 32377 CG1434 1.1927 6.6448 8.1831 6.99E-04 4.63E-02 0.3069 

1633427_at 43492 CG7582 -1.0546 6.2754 -8.1778 7.01E-04 4.63E-02 0.3039 

1635500_a_at 41363 pros 2.6178 9.6835 8.1703 7.04E-04 4.63E-02 0.2997 

1624488_a_at 41359 CG17734 -1.6036 9.6428 -8.0981 7.31E-04 4.74E-02 0.2588 

1626513_at 40083 MESR6 -1.0744 8.1781 -8.0955 7.32E-04 4.74E-02 0.2573 

  

Table S4: Genes significantly associated with GO-terms 

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 
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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-
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 
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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 
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5886 3.05E-02 plasma membrane Zasp52|by|ft|Tsp|sas|Oamb|Rala|tm4sf|pros 

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 
morphogenesis 

by|ft|mir-9a|hth|cas|odd 

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 
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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|pros 

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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Figure S10 - lgl and miR-9a interaction in wing imaginal discs 
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Figure S11 - Hugl1 knockdown in MCF-10A cells 
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Appendix D. Metagenomic assembly of unknown 

bacterial species in TGFβ deficient colon cancer 

Abstract 

The science of studying the genome is genomics while that of studying multiple genomes 

at once is metagenomics. By the same comparison, traditional assembly builds one 

genome at a time while metagenomic assembly (meta-assembly) builds multiple at once. 

With this in mind, the difficulties that arise with traditional assembly are multiplied with 

meta-assembly. The work herein described represents a proof-of-difficulty and ways to 

ameliorate said difficulty. The work entails assembling multiple bacterial genomes from a 

DNA sample of mouse cecal matter. I show that iterative methods of meta-assembly are 

different than all-at-once methods and that automated gene annotation programs are 

faulty at best. The advantages of each method depends on the purpose of the assemblies. 

Finally, I conclude with some suggestions for future improvements.  

Introduction 

Nothing in molecular biology can be understood without knowledge of the 

genome. It is the source of all functions and dysfunctions within a living thing. The 

dysfunctions, of course, are what cause disease. Therefore, companies, governments, and 
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universities have spent billions of dollars on the science of genomics. It may be that a 

greater proportion of this money should now be spent on metagenomics. 

 Until the late 1990’s, genomics focused on single organisms (Drosophila 

melanogaster, Saccharomyces cerevisiae, Homo sapiens) and their single genomes. But 

in 1998, a study was published in which a community of bacteria was studied from a soil 

sample (Handelsman et al., 1998). Instead of parceling out each individual strain and 

growing them in plates, the researchers decided to take a more ambitious approach. They 

sequenced the entire soil sample. What came from this was the science of metagenomics; 

that is, looking at multiple genomes at once using modern genomic technologies. While 

the genomes are often incomplete, this allows a broad view of all the species in the 

sample. In summary, traditional sequencing has greater depth while metagenomic 

assembly has greater breadth.  

Due to the low-oxygen and specialized-nutrient environment of the gut, greater 

than 90% of bacteria fail to culture. Metagenomic assembly (meta-assembly) is the best 

choice in this case, since traditional assembly could only identify <10% of the bacteria.  

Additionally, it is estimated that ~50% of species in the gut are still undiscovered. Thus, 

assembling this portion can add to the knowledge of these unfound bacteria. Finally, 

many gut bacteria studies identify species using 16S DNA sequencing. This involves 

sequencing a single gene from the many species in the sample and matching the gene to a 

database of known species. Since it is a single gene, this technique can not report the full 
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or even partial genome of the species. Taking all of these additional limitations into 

account, it is easy to see where metagenomic assembly can provide new insights. 

Acknowledging the limitation mentioned above, this meta-assembly is meant to 

provide the following information: 1) a proof-of-difficulty guide to meta-assembly of gut 

bacteria, 2) a characterization of species in TGFβ-deficient mice, and 3) a comparison of 

meta-assembly methods. To begin tackling this problem, first I must review the tools 

available: meta-assembly programs. 

As mentioned before, traditional assembly involves single organisms; so it is no 

surprise that most assembly programs are still geared towards single organisms. 

However, there are several programs that have been adapted or are purpose-made for 

metagenomics (Table 9) (Adapted from (Vollmers et al., 2017)).  

Table 9 - Current meta-assembly programs 

Name Version 
Last 
release Method 

Citations 
(Total/2016) Reference 

IDBA-UD 1.1.2 2014 

de Bruijn 
multiple K-
mer 481/189 

(Peng et al., 
2012) 

MegaHit 1.0.3 2015 

de Bruijn 
multiple K-
mer 59/39 (Li et al., 2015) 
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MetaVelvet 1.2.01 2012 
de Bruijn 
single K-mer 187/72 

(Namiki et al., 
2012) 

MetaVelvet-SL 1.0 2015 
de Bruijn 
single K-mer 16/11 

(Afiahayati et 
al., 2015) 

Ray Meta 2.3.1 2014 
de Bruijn 
single K-mer 192/73 

(Boisvert et al., 
2012) 

SOAPdenovo2 2.0.1 2015 
de Bruijn 
single K-mer 938/334 

(Luo et al., 
2012) 

Omega 1.0.2 2014 

String graph 
prefix + suffic 
hashtable 21/13 

(Haider et al., 
2014) 

metaSPAdes 3.8.0 2016 

de Bruijn 
multiple K-
mer 5/5 

(Nurk et al., 
2017) 

  

Table 9 – MetaVelvet/-SL, Ray Meta, SOAPdenovo2, and metaSPAdes are all based on programs for single 
genome assembly. The rest are purpose-built for meta-assembly.  
 

At the time of starting this project in 2015, I chose Megahit because of its fast 

performance. This was after using the program SPAdes which I found too slow to be 

workable (assemblies took days).  
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Here, I report the results of a meta-assembly. Reads were already QC’ed and 

filtered for host from Chapter 3. The reads were analyzed by three methods (all using 

MegaHit): an iterative approach, a complete approach, and a filtering of “known” 

genomes approach (logically called the “unknown” approach). The first method involved 

assembling each sample individually (labeled as DNA_1-4) and then finally each of those 

assemblies were assembled (Figure 19). 

 

Figure 19 - Comparison of iterative assembly to all-at-once co-assembly 

 

Figure 19 - Comparison of assembly methods flowchart - representative pipeline can be adapted to more 
samples and different sequencing programs. In iterative assembly, contigs are colored to show differences 
between sample groups. 
 

The second approach simply assembled everything at once. The third and final 

method filtered out the reads that had previously aligned to the “gold standard” set of 

~2K genomes (Chapter 3) and then assembled this “unknown” portion. The conclusion 
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was that the iterative assembly had the best N50, a standard metric for quality of 

assemblies. 

The reader may be confused as to why I didn’t combine this “unknown” portion 

with the known species genomes. Then, I could have aligned all the RNA reads to the 

entire metagenome and determined changes in functions for all species. The problem that 

I encountered was that the functions predicted for the genes in the “unknown” portion 

were of such poor quality that results were nonsensical (Chapter 2, “Annotation of 

contigs”). For example, one of our important findings from the “known” portion (Chapter 

3) is that lipopolysaccharide (LPS) gene’s RNA counts are increased in the H. hepaticus 

effect and the combined effect. However, when the RNA counts of putative LPS genes 

are added, the results are completely reversed. This doesn’t make sense from both a 

statistical and biological point-of-view. The simplest answer is that some of the predicted 

genes are wrong. In conclusion, we decided to not combine the two portions due to 

falsely predicted genes in the “unknown” piece. Moreover, this cautions against 

automated annotation methods to find putative genes. 

Results 

Study overview. To understand the comparisons and optimizations that were done for 

each assembly an introduction to quality metrics must be introduced. First, the “rule of 

thumb” metric for assemblies is the “N50” value. N50 is the contig length X such that all 

contigs of length Y >= X account for 50% of the bases in the assembly. To show how this 
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can be used as a quality metric, I will give an example. Suppose you have one assembly 

with an N50 of 100bp and one that equals 1kbp. The smaller N50 value means that 50% 

of your contigs are >100bp. In the larger N50=1kbp assembly most of your contigs are 

larger than 1kbp. Thus, you simply have a larger amount of longer contigs, thus coming 

closer to having complete genomes. 

Another metric specific to MetaQuast is the NG50. MetaQuast takes all contigs and 

aligns them by BLASTn (Camacho et al., 2009) to the 16S rRNA sequences from the 

SILVA database (Quast et al., 2013). Thus, contig A may be similar to E. Coli and contig 

B may be similar to Clostridium difficile. Having established this, MetaQuast determines 

the length X such that all contigs of length Y >= X account for 50% of the bases of the 

reference genome. Similar to the N50, higher numbers represent a more complete 

genome. There is also the similar metric of percent coverage of the reference genome. 

 

Iterative assembly has a marginally higher N50 but less genes than Co-assembly. 

Here, iterative assembly is running the MEGAHIT program individually on each sample 

(four in our case) to produce contigs. Then, the program is run one last time on each fasta 

file of contigs to produce a final assembly. With the co-assembly method, all of the 

samples are assembled at once to produce the final assembly. Figure X shows a flowchart 

comparison of the two methods. In the statistics without reference genomes, the 

“unknown” assembly had an N50 of 980bp while the “iterative_all” had an N50 ~8% 

larger of 1059bp (Table 10). 
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Table 10 - Metagenomic assembly statistics without reference genomes 

Statistics without 
reference DNA_1 DNA_2 DNA_3 DNA_4 iterative original 

unknow
n 

# contigs (>= 0 bp) 113752 107868 159894 231019 220063 488191 488927 

# contigs (>= 1000 bp) 29119 25467 39214 61980 73631 140297 142784 

# contigs (>= 5000 bp) 45 20 38 108 302 370 470 

# contigs (>= 10000 bp) 0 0 0 0 0 2 1 

# contigs (>= 25000 bp) 0 0 0 0 0 0 0 

# contigs (>= 50000 bp) 0 0 0 0 0 0 0 

Largest contig 7412 6551 7100 9798 9756 12061 13168 

Total length 10112820
4 

9292083
2 

13995419
4 

20928150
9 

22080659
3 

45633560
3 

461174
645 

Total length (>= 0 bp) 10112820
4 

9292083
2 

13995419
4 

20928150
9 

22080659
3 

45633560
3 

461174
645 

Total length (>= 1000 bp) 43891560 3732786
6 

58382819 94156048 11848599
1 

21887325
5 

224685
859 

Total length (>= 5000 bp) 256844 111211 207289 626739 1812644 2155590 276199
0 

Total length (>= 10000 bp) 0 0 0 0 0 22626 13168 

Total length (>= 25000 bp) 0 0 0 0 0 0 0 

Total length (>= 50000 bp) 0 0 0 0 0 0 0 

N50 905 869 887 928 1059 969 980 

N75 656 644 649 668 732 682 686 

L50 36142 35290 51542 72873 65771 149744 148748 

L75 69305 66664 98097 139903 129098 291449 290701 

GC (%) ... ... ... ... ... ... ... 

Predicted genes        

# predicted genes (unique) 178749 164748 248851 366908 366983 787639 791700 
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# predicted genes (>= 0 
bp) 

178782 164783 248905 366991 367103 787880 791950 

# predicted genes (>= 300 
bp) 

121415 113265 168760 249262 255647 537743 541819 

# predicted genes (>= 
1500 bp) 

1810 1443 2236 3929 6066 9883 10446 

# predicted genes (>= 
3000 bp) 

27 21 31 53 136 153 186 

 

Table 10 - N50 is the contig length X such that all contigs of length Y >= X account for 50% of the bases in the 
assembly. Higher is better. L50 is the minimum number of contigs that produce half (50%) of the bases in the 
assembly. Lower is better. Color scales are within rows. 

By comparison, the “unknown” assembly had ~792-thousand predicted genes 

while “iterative_all” had a number ~54% smaller of ~367-thousand predicted genes. 

Additionally, the “unknown” assembly also had the largest contig at ~13kb with 17 

predicted genes (Table 11). 

Table 11 -  17 Predicted genes in longest contig 

Genome Feature 
Type 

Start End Length Strand AA Length Product 

Longest 
contig 

CDS 10584 11780 1197 - 398 Acetate kinase (EC 
2.7.2.1) 

Longest 
contig 

CDS 9230 10561 1332 - 443 CCA tRNA 
nucleotidyltransfera
se (EC 2.7.7.72) 

Longest 
contig 

CDS 5477 5752 276 - 91 DNA-binding 
protein HBsu 

Longest 
contig 

CDS 4761 5051 291 - 96 FIG007421: 
forespore shell 
protein 
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Longest 
contig 

CDS 11884 12138 255 + 84 hypothetical protein 

Longest 
contig 

CDS 12525 12707 183 + 60 hypothetical protein 

Longest 
contig 

CDS 2 385 384 - 128 hypothetical protein 

Longest 
contig 

CDS 3918 4223 306 - 101 hypothetical protein 

Longest 
contig 

CDS 4265 4753 489 - 162 hypothetical protein 

Longest 
contig 

CDS 6632 8059 1428 - 475 hypothetical protein 

Longest 
contig 

CDS 8104 9177 1074 - 357 hypothetical protein 

Longest 
contig 

CDS 511 1035 525 - 174 Hypoxanthine-
guanine 
phosphoribosyltrans
ferase (EC 2.4.2.8) 

Longest 
contig 

CDS 5875 6600 726 - 241 Nucleoside 
triphosphate 
pyrophosphohydrola
se MazG (EC 
3.6.1.8) 

Longest 
contig 

CDS 12704 13126 423 + 140 Pyruvate-flavodoxin 
oxidoreductase (EC 
1.2.7.-) 

Longest 
contig 

CDS 5104 5343 240 - 79 Ribosome-
associated heat 
shock protein 
implicated in the 
recycling of the 50S 
subunit (S4 paralog) 

Longest 
contig 

CDS 2576 3769 1194 - 397 Stage II sporulation 
serine phosphatase 
for sigma-F 
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activation (SpoIIE) 

Longest 
contig 

CDS 1036 2505 1470 - 489 tRNA(Ile)-lysidine 
synthetase (EC 
6.3.4.19) 

Table 11 – Coding sequence was first predicted by Prodigal and then annotated by RastTk.  

As a caveat, the “unknown” method also had the greatest number of 

misassemblies (see full report.html as provided in the methods). 

 

The 16 species most similar to the assembled species. As mentioned above in the 

“Study Overview”, MetaQuast aligns contigs to the Silva 16S database to finds reference 

species. Importantly, this can 1) identify species that may have been missed and/or 2) 

assemble fragments of species already present in a traditional alignment approach 

(Chapter 3). As a compromise between speed and completeness, it takes up to 50 species 

maximum and obtains the most complete genomes from NCBI. Table 12 presents the 16 

species/strains with percent coverage of contigs.  

Table 12 - Percent coverage of reference genomes 

Genome fraction (%) DNA_1 DNA_2 DNA_3 DNA_4 iterativ
e 

complet
e 

unkno
wn 

Average 23.447 23.912 21.541 23.856 29.135 37.529 38.49
5 

Bacteroides_acidifaciens 55.875 63.658 56.13 65.378 68.404 69.981 70.51 

Bacteroides_acidifaciens_JCM_105
56 

55.875 63.658 56.13 65.378 68.404 69.981 70.51 

Bacteroides_uniformis 10.81 2.117 1.303 7.608 11.168 15.043 15.04
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9 

Dorea_sp_5-2 7.346 7.483 6.546 7.895 9.03 16.747 18.17
8 

Eubacterium_plexicaudatum 6.974 6.186 9.06 9.255 9.435 10.866 11.87
9 

Eubacterium_plexicaudatum_ASF4
92 

6.974 6.186 9.06 9.255 9.435 10.867 11.87
9 

Helicobacter_hepaticus 40.721 46.717 - - 48.544 62.595 62.76
8 

Helicobacter_sp_MIT_03-1614 24.493 27.923 - - 28.909 37.189 37.30
1 

Lachnospiraceae_bacterium_A4 57.408 22.268 58.615 47.741 57.007 56.863 60.28
3 

Lachnospiraceae_bacterium_COE1 9.14 8.681 9.921 14.306 17.304 46.465 47.97
2 

Lactobacillus_murinus 65.601 70.752 24.73 67.431 74.921 74.115 75.68
3 

Lactobacillus_taiwanensis 0.528 35.46 52.564 55.954 60.431 67.275 67.45 

Mucispirillum_schaedleri_ASF457 80.208 78.114 70.241 61.937 85.119 86.736 87.76
9 

Oscillibacter_sp_1-3 6.382 7.695 7.85 10.166 9.653 13.079 13.76 

Parabacteroides_distasonis_CL09T
03C24 

0.178 22.164 0.099 0.362 2.827 38.488 38.38
4 

Parabacteroides_goldsteinii_dnLK
V18 

0.806 6.466 1.018 1.308 1.589 16.167 16.10
5 

Table 12 – Percent coverage of reference genomes with assembled contigs. Higher is better. Color scale is within 

rows. 

One of these assembled species is Mucispirillum Schaedleri, which is also present 

in the “gold standard” set of species from Chapter 3. In fact, all species in the assembly 

set were present in the “gold standard” list of species. 
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NG50’s and percent coverage of assembled species. MetaQuast calculated NG50’s for 

8 of the 16 reference genomes (Table 13). 

Table 13 - NG50's of bacterial genomes with contig alignments 

NG50 DNA_1 DNA_2 DNA_3 DNA_4 iterative complet
e 

unknown 

Average 876 1036 797 935 1107 1282 1313 

Bacteroides_acidifaciens 722 1004 749 1223 1381 1556 1610 

Bacteroides_acidifaciens_JCM_1

0556 

722 1004 749 1223 1381 1556 1610 

Helicobacter_hepaticus - - - - 518 738 724 

Lachnospiraceae_bacterium_A4 921 - 988 776 987 1212 1287 

Lachnospiraceae_bacterium_COE

1 

- - - - - 786 823 

Lactobacillus_murinus 833 1024 - 944 1232 1397 1434 

Lactobacillus_taiwanensis - - 621 708 764 1066 1052 

Mucispirillum_schaedleri_ASF45

7 

1182 1111 877 736 1485 1945 1964 
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Table 13 – NG50’s are the length X such that all contigs of length Y >= X account for 50% of the bases of the 
reference genome. Higher is better. Color scale is within rows. 

It excluded genomes that either had less than 10% coverage or had fragmented 

genomes from NCBI. The “unknown” assembly method provided the highest percent 

coverage and highest NG50’s of all the methods. 

 

The top pathways predicted by automated gene annotation are unsurprising. As 

described in Chapter 2, EC numbers from the automated gene annotation were entered 

into the KEGG pathway search engine 

(http://www.kegg.jp/kegg/tool/map_pathway1.html). The results were unsurprising 

(Table S5). The top 10 pathways, were “metabolic pathways”, “biosynthesis of secondary 

metabolites”, “biosynthesis of antibiotics”, “microbial metabolism in diverse 

environments”, “biosynthesis of amino acids”, “carbon metabolism”, “purine 

metabolism”, “two-component system”, “pyrimidine metabolism”, and “amino sugar and 

nucleotide sugar metabolism”. Most of these top 10 pathways are either general terms 

(e.g. “metabolic pathways”) or essential for living bacteria (e.g. “carbon metabolism”). 

There are some non-essential but important pathways below the top 10 such as “oxidative 

phosphorylation”, “beta-Lactam resistance”, and “butanoate (butyrate) metabolism”. 

There are also terms that do not belong amidst a bacterial data-set; for example 

“Parkinson’s disease”, “meiosis - yeast”, and “axon guidance”. These probably came 

from cross-species similarity of protein domains.  
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Discussion 

Assembling genomes is difficult, it took about 10 years to assemble the human 

genome. Bacterial genomes, for the most part, are orders-of-magnitude smaller, so 

assembly of a single bacterial species is relatively trivial. However, in the gut 

microbiome of mammals there are thousands of bacterial species which makes the 

problem orders-of-magnitude difficult again.  

I estimate that we have barely scratched the surface of assembling genomes of our 

mouse model. We’ve possibly only captured about 1% of the genomes. Thus, the utility 

of this report is method, not the content. The pipeline I created can be adapted to other 

mouse meta-assemblies. An interesting in silico experiment would be to take all of the 

gut microbiome mouse studies with DNA sequencing, regardless of experimental models, 

and attempt to assemble genomes in an iterative approach. This could be used to add to 

the catalog of bacterial species without the need for costly (or impossible in some cases) 

culture techniques. 

Despite the drawbacks, this assembly does represent another way to check that we 

have the correct species after using an alignment method. This is because if all the 16 

genomes that were partially assembled did not match our “gold standard” then it would 

have meant we probably had false positives. This is because only the most abundant 

bacteria are going to have even close to complete genomes.  

In summary, the use of the “iterative” versus the “unknown” methodology 

depends on the purpose. If it is acceptable to have a greater number of assemblies, then 
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the “unknown” method will provide the largest number of genes and have the greatest 

coverage of reference genomes. However, if the goal is to have the greatest accuracy, 

then the “iterative” approach is superior.  

In the future, I think it behooves researchers to use multiple programs/methods to 

assemble metagenomes. That, and allocating enough funds to sequence as much DNA as 

possible. 

Supplementary figures and tables 

Table S5 – Top 100 pathways with hits from predicted enzymes in the “unknown” 

genomes 

Pathway Hits 

ko01100 Metabolic pathways  1363 

ko01110 Biosynthesis of secondary metabolites  535 

ko01130 Biosynthesis of antibiotics  480 

ko01120 Microbial metabolism in diverse environments  405 

ko01230 Biosynthesis of amino acids  225 

ko01200 Carbon metabolism  188 

ko00230 Purine metabolism  186 
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ko02020 Two-component system  158 

ko00240 Pyrimidine metabolism  124 

ko00520 Amino sugar and nucleotide sugar metabolism  100 

ko00190 Oxidative phosphorylation  80 

ko00010 Glycolysis / Gluconeogenesis  76 

ko00620 Pyruvate metabolism  70 

ko00400 Phenylalanine, tyrosine and tryptophan biosynthesis  69 

ko00260 Glycine, serine and threonine metabolism  68 

ko01501 beta-Lactam resistance  67 

ko00640 Propanoate metabolism  66 

ko00270 Cysteine and methionine metabolism  64 

ko00500 Starch and sucrose metabolism  63 

ko00680 Methane metabolism  62 

ko00720 Carbon fixation pathways in prokaryotes  61 

ko00051 Fructose and mannose metabolism  60 

ko00564 Glycerophospholipid metabolism  59 
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ko00650 Butanoate metabolism  58 

ko00250 Alanine, aspartate and glutamate metabolism  55 

ko01210 2-Oxocarboxylic acid metabolism  55 

ko00630 Glyoxylate and dicarboxylate metabolism  55 

ko00860 Porphyrin and chlorophyll metabolism  55 

ko02024 Quorum sensing  53 

ko00790 Folate biosynthesis  49 

ko00030 Pentose phosphate pathway  47 

ko00220 Arginine biosynthesis  47 

ko00330 Arginine and proline metabolism  45 

ko00052 Galactose metabolism  43 

ko00020 Citrate cycle   42 

ko03030 DNA replication  42 

ko00561 Glycerolipid metabolism  42 

ko00760 Nicotinate and nicotinamide metabolism  41 

ko02010 ABC transporters  41 
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ko01220 Degradation of aromatic compounds  40 

ko00280 Valine, leucine and isoleucine degradation  39 

ko00670 One carbon pool by folate  38 

ko03410 Base excision repair  37 

ko01212 Fatty acid metabolism  37 

ko00550 Peptidoglycan biosynthesis  36 

ko00040 Pentose and glucuronate interconversions  32 

ko00970 Aminoacyl-tRNA biosynthesis  32 

ko04010 MAPK signaling pathway  32 

ko00071 Fatty acid degradation  31 

ko00130 Ubiquinone and other terpenoid-quinone biosynthesis  31 

ko00300 Lysine biosynthesis  31 

ko03440 Homologous recombination  30 

ko00730 Thiamine metabolism  30 

ko00770 Pantothenate and CoA biosynthesis  30 

ko00540 Lipopolysaccharide biosynthesis  30 
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ko00340 Histidine metabolism  29 

ko00920 Sulfur metabolism  29 

ko00910 Nitrogen metabolism  29 

ko00710 Carbon fixation in photosynthetic organisms  28 

ko00523 Polyketide sugar unit biosynthesis  28 

ko05166 HTLV-I infection  27 

ko03020 RNA polymerase  26 

ko00900 Terpenoid backbone biosynthesis  26 

ko00362 Benzoate degradation  25 

ko04062 Chemokine signaling pathway  24 

ko04723 Retrograde endocannabinoid signaling  24 

ko00740 Riboflavin metabolism  24 

ko00524 Neomycin, kanamycin and gentamicin biosynthesis  24 

ko05200 Pathways in cancer  23 

ko03013 RNA transport  23 

ko00061 Fatty acid biosynthesis  23 
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ko03008 Ribosome biogenesis in eukaryotes  23 

ko00410 beta-Alanine metabolism  23 

ko04146 Peroxisome  22 

ko00261 Monobactam biosynthesis  22 

ko05012 Parkinson's disease  22 

ko00350 Tyrosine metabolism  22 

ko04113 Meiosis - yeast  22 

ko04213 Longevity regulating pathway - multiple species  21 

ko04910 Insulin signaling pathway  21 

ko03430 Mismatch repair  21 

ko04914 Progesterone-mediated oocyte maturation  21 

ko00780 Biotin metabolism  21 

ko04072 Phospholipase D signaling pathway  21 

ko04022 cGMP-PKG signaling pathway  21 

ko04110 Cell cycle  21 

ko04024 cAMP signaling pathway  20 
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ko00310 Lysine degradation  20 

ko04360 Axon guidance  20 

ko04151 PI3K-Akt signaling pathway  20 

ko03018 RNA degradation  20 

ko00627 Aminobenzoate degradation  20 

ko05169 Epstein-Barr virus infection  20 

ko04111 Cell cycle - yeast  19 

ko04611 Platelet activation  19 

ko01057 Biosynthesis of type II polyketide products  19 

ko04931 Insulin resistance  19 

ko04922 Glucagon signaling pathway  19 

ko00562 Inositol phosphate metabolism  19 

Table S5 – Names of pathways are prepended with official KEGG pathway numbers. Hits are defined as 
predicted proteins with enzyme commission (EC) numbers that are assigned to pathways in the KEGG database 
(www.kegg.jp). 
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Appendix E. Abbreviations / Definitions 

ABC: ATP binding cassette 

ABCB1: ABC transporter subfamily B, member 1 

ALPI: Alkaline phosphatase, intestine-specific 

AOM: azoxymethane 

APC: Adenomatous polyposis coli gene 

ATG16L1: Autophagy related 16 like 1 

c-Myc: Avian myelocytomatosis viral oncogene homolog 

CAC: Colitis-associated cancer 

CAZy's: Carbohydrate-active-enzymes 

CD: Crohn's disease 

CD4: Cluster of differentiation 4 

CFU: Colony forming units 

COX2: Cyclooxygenase-2 

CRC: Colorectal cancer 

CTNNB1: Beta-catenin 

DCC / DPC4: Deleted in colon cancer 

DFMO: difluoromethylornithine 

EHEC: Enterohemorrhagic E. Coli 

EIF5A: Eukaryotic initiation factor 5A 

EMT: epithelial to mesenchymal transition 
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EPEC: Enteropathogenic E. Coli 

FAP: Familial adenomatous polyposis 

FOXP3: Forkhead box P3 

GALT: Gut-associated lymphoid tissue 

GF: Germ-free 

HAT: Histone acetyltransferase 

HDACi: Histone deacetylase inhibitor 

HIF: Hypoxia inducible factor 

HLADRB2: Major histocompatibility complex, class 2, DR beta 1 

HMO: Human milk oligosaccharides 

HNPCC: Hereditary non-polyposis colon cancer (aka Lynch syndrome) 

Hugl: Human Lgl 

HuR: Hu antigen R 

IBD: Inflammatory Bowel Disease 

IL: Interleukin 

IRGM: Immunity related GTPase M 

Lgl: Lethal Giant Larvae 

LOF: Loss-of-function 

LPS: Lipopolysaccharides 

MIN: Multiple intestinal neoplasia 

miRNAs: microRNAs 
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MLgl: Mouse Lgl 

MLH: mutL homologue 

MMR: Mismatch repair 

MSH: mutS homologue 

MSI: Microsatellite instability 

MUC2: Mucin 2, oligomeric mucus / gel-forming 

NF-kB: Nuclear factor kappa B 

NOD: Nucleotide binding oligomerization domain containing 

ODC1: Ornithine decarboxylase 1 

OXPHOS: Oxidative phosphorylation 

P21WAF1/Cip1: Cyclin dependant kinase inhibitor 1A 

PI3K/AKT: Phosphatidylinositol 3-Kinase, AKT serine/threonine kinase 

PRR: Pattern recognition receptor 

RAG2: Recombination activating gene 2 

RAS: Rat sarcoma gene 

RB: Retinoblastoma 

RhoA/ROCK1: Ras homolog family member A / Rho associated coiled-coil containing 

protein kinase 1 

RNAi: RNA interference 

RONS: Reactive oxygen and nitrogen species 

ROS: Reactive oxygen species 
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SCFA: Short chain fatty acid 

SFB: Segmented filamentous bacteria 

shRNA: single hairpin RNA 

SLC22A4: Solute carrier family 22, member 4 

SMAD: Similar to mothers against decapentaplegic 

SPF: Specific-pathogen-free 

TES: Testin LIM domain protein 

TGF: Transforming growth factor 

TGFBR2: TGF-beta receptor 2 

TH17: T helper cell expressing IL17 

TLR: Toll-like receptor 

TNF: Tumor necrosis factor 

TP53: Tumor protein 53 

TREG: T regulatory cell 

UC: Ulcerative colities 

WNT: Wingless-related integration site 

Study specific 

S+H-: Smad3+/+, H. hepaticus negative mice (wild-type controls) 

S-H-: Smad3-/-, H. hepaticus negative mice 

S+H+: Smad3+/+, H. hepaticus positive mice 
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S-H+: Smad3-/-, H. hepaticus positive mice (mice that get cancer) 

Smad3-/- effect: SMAD3-/- vs. wild-type mice (changes in DNA/RNA counts) 

H. hepaticus effect: H. hepaticus inoculation vs. wild-type mice (changes in DNA/RNA 

counts) 

Combined effect: SMAD3-/-, H. hepaticus inoculated vs. wild-type mice (changes in 

DNA/RNA counts) 

 


