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ABSTRACT  

Lung carcinogens, inhaled asbestos and cigarette smoke, both elicit a Th17 

inflammatory phenotype. Therefore, the study of the intrinsic connection between the 

Th17 effector cytokine IL-17 and lung tumorigenesis may broaden our current 

knowledge about the pathogenesis of lung cancer.  

Our study was conducted in a K-Ras driven autochthonous model of lung cancer 

in mice (K-Ras
LA1

 mice). IL-17 overexpression through lung delivery of IL-17-expressing 

recombinant adenovirus (Adv-IL-17) significantly promoted lung tumor growth in these 

animals compared to Adv-GFP treated littermates. Levels of both MMP-9 and IL-6 were 

elevated in mouse lung samples during tumor promotion by IL-17. In vitro studies using 

mK-Ras-LE cells derived from a lung tumor-bearing K-Ras
LA1

 mouse showed that IL-17 

enhanced cell motility and invasiveness but had no effect on cell proliferation. In addition, 

IL-17 increased MMP-9 expression in mK-Ras-LE cells, which appeared to be integral to 

the enhanced cell motility and invasiveness induced by IL-17. Interestingly, inhibition of 

p53 abrogated the pro-migratory effect of IL-17 and increased levels of MMP-9 mRNA. 

IL-17 stabilized MMP-9 mRNA via regulation of SRSF1 binding to MMP-9 mRNA. 

Our study also investigated the consequences of IL-17 overexpression upon lung 

tumor growth in animals harboring both K-Ras and p53 mutations (K-Ras
LA1

-SPC-

DNp53 mice). Lung tumors developed much faster in K-Ras
LA1

-SPC-DNp53 mice than in 

K-Ras
LA1

 littermates and IL-17 failed to promote tumor growth in K-Ras
LA1

-SPC-DNp53 



 

 

mice. In accord with these findings in vivo, experiments in mK-Ras-LE cells agreed with 

the concept that IL-17 promoted lung tumor growth by repressing the function of p53. 

IL-17 repressed p53 induction by ribosomal stress in vitro. Accordingly, p53-

mediated activation of p21 in cells undergoing ribosomal stress was also downregulated 

by IL-17 treatment. SRSF1 was also involved in negatively regulating p53 by IL-17. A 

model consistent with these findings is that IL-17 binding causes formation of an IL-17 

receptor-Act1-SRSF1 complex and thereby prevents formation of a MDM2/RPL5/SRSF1 

complex during ribosomal stress. Together, our results demonstrate that IL-17 stimulates 

lung tumor growth, at least in part by antagonizing the function of wild-type p53.
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CHAPTER I.  INTRODUCTION  

I. L UNG CANCER 

Lung cancer is the leading cause of cancer-associated deaths worldwide Society 

[1]. In the United States between 2006 and 2010, lung cancer was the second most 

common cancer in both males and females [2]. The National Cancer Institute estimated 

that there were 228,190 new lung cancer cases and 159,480 lung cancer deaths in United 

States in 2013. Lung cancer is histologically classified into two major types, non-small 

cell lung cancer (NSCLC) and small cell lung cancer (SCLC), accounting for about 80% 

and 20% of the lung cancer cases, respectively. Despite the development of diagnostic 

techniques in recent years, surgical resection and adjuvant chemotherapy or radiotherapy 

remain the standard treatments for lung cancer. However, a definitive role for adjuvant 

therapy in preventing lung cancer recurrence has not been established [3]. The 5-year 

survival rate for lung cancer (16.3%) is much lower than other leading cancer types, such 

as breast (90.0%) and prostate (99.9%) cancer [4]. Therefore, better understanding of the 

molecular mechanisms of lung tumorigenesis is needed to develop new therapies and 

thereby enhance lung cancer survival rates. 

 

II. INTERLEUKIN -17 (IL -17) 

1. IL -17 cytokine family 

The recently described interleukin-17 family consists of 6 members: termed IL-

17A to IL-17F. They are structurally related and contain highly conserved carboxy-
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terminal cysteine residues [5, 6]. IL-17 cytokine family members originate from different 

cell types and perform diverse biological functions. Most IL-17 cytokine family members 

exist as homodimers except IL-17B [7]. IL-17A, commonly called IL-17, is the first 

identified and by far the most well studied IL-17 family member. It is predominately 

produced by a newly established T helper cell subtype: T helper 17 (Th17) cells, which 

also produce IL-17F, the family member with the most similar homology to IL-17A [8]. 

Th17 cell differentiation and IL-17 secretion are induced by TGF-ɓ and IL-6 through 

Stat3 [9]. Meanwhile, IL-17 stimulates the production of IL-6, which activates the 

downstream transcriptional factor Stat3 [10, 11]. Therefore, a positive feedback loop 

forms between IL-17 and the IL-6/Stat 3 signaling pathway. Active forms of IL-17A and 

IL-17F are either homo- or heterodimers (IL-17A/F) that bind to the same receptor [7].  

 

2. IL-17 receptor family 

IL-17 cytokine family members bind to a family of IL-17 receptors which form 

hetero- and homodimers with bound ligand to activate downstream signaling pathways 

[7]. The first identified IL-17 receptor is IL-17 receptor A (IL-17RA) [12]. Another four 

IL-17 receptors have been identified: named IL-17RB to IL-17RE (Figure 1-1). These 

receptor family members have diverse ligand-binding specificity and variable tissue 

distribution [7, 13]. All IL -17 receptors contain three basic domains, including the single-

pass transmembrane domain, extracellular fibronectin III-like domain where the ligands 

bind, and the intracellular conserved SEF/IL-17R (SEFIR) domain [3]. IL-17RA is the 

most widely distributed IL-17 receptor family member. In both humans and mice, IL-

17RA forms a heterodimer with IL-17RC which can be activated by IL-17A and IL-17F 
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homodimers or the IL-17A/F heterodimer [14, 15]. IL-17RA is expressed throughout the 

body, while IL-17 RC is mainly expressed in epithelial cells and fibroblasts [16].  

 

Figure 1-1. IL -17 cytokines and receptors. 

Figure is adapted from [7]. 

 

3. Signal transduction of IL -17 

The binding of IL-17 triggers the activation of IL-17RA/RC complex [17] and 

induces diverse downstream signaling events. IL-17 can activate several common 

signaling pathways, such as NF-əB, C/EBP and MAPK [18, 19], which induce the 

expression of multiple pro-inflammatory genes including chemokines, cytokines and 

matrix metalloproteinases (MMPs).  

Although the mechanism of how IL-17 induces downstream signals is not 

completely understood, several critical IL-17 signal intermediates have been discovered. 

The SEFIR domain was identified in both IL-17 receptor cytoplasmic segments and an 

adaptor protein Act1 [20]. Upon IL-17 stimulation, Act1, which is located in the cytosol 

directly interacts with IL-17RA/RC through the SEFIR domains [21] and works as an 
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important adaptor protein in IL-17 signal transduction. The IL-17RA/RC-Act1 complex 

subsequently recruits TNF receptor associated factors, including TRAF6 [21] and 

TRAF2/5 [22], resulting in the formation of the IL-17RA/RC-ACT1-TRAF complex. 

Upon the formation of IL-17RA/RC-ACT1-TRAF6 complex, the NF-əB pathway is 

activated in a TRAF6-dependent manner. Besides functioning as an adaptor protein for 

TRAF6, Act1 also works as an E3 ubiquitin ligase and ubiquitinates TRAF6, which 

further activates the kinase TAK1, the downstream IKK complex and NF-əB [23]. IL-

17RA/RC-ACT1 can also recruit TRAF2/5 to form another complex IL-17RA/RC-

ACT1-TRAF2/5, which subsequently modulates the half-life of several chemokine 

mRNAs including CXCL1 mRNA [22].    

 

4. The role of IL-17 in inflammation 

Emerging evidence shows that IL-17 is a pro-inflammatory cytokine. High levels 

of IL-17 expression are associated with autoimmune diseases and chronic inflammatory 

diseases, including pulmonary diseases like asthma and COPD [16, 24, 25]. IL-17 

promotes inflammation mainly by increasing the production of other pro-inflammatory 

cytokines and chemokines. Direct application of IL-17 to mouse embryonic fibroblasts or 

lung epithelial cells increases the expression of multiple cytokines, including CXCL1, 

CCL2, CCL7, Cx3cl and CCL20 [8]. IL-17 is also able to stimulate inflammatory cells, 

such as macrophages, to induce the generation of other cytokines like IL-1ɓ and TNF-Ŭ 

[26].  IL-17 synergizes with TNF-Ŭ in upregulating chemokines [27, 28]. Besides 

inducing inflammatory cytokines and chemokines, IL-17 is the inducer of tissue-

destructive MMPs, such as MMP-1, MMP-3 [29], MMP-7 [30] and MMP-9 [1, 16, 32].  
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5. IL-17 in cancer development 

The association between inflammation and tumorigenesis has been recognized 

[31]. Although inflammation is crucial for immunity and host defense, excess 

inflammatory activities contribute to autoimmune diseases, chronic inflammatory 

diseases and cancer [16, 24, 25]. Multiple clinical findings show that a worse prognosis 

of many types of cancer, such as gastric [32], prostate [33], colon [34] and lung [35], is 

tightly connected with IL-17 elevation. However, in animal models, elevated expression 

of IL-17 is not always associated with cancer promotion. In animals, the role of IL-17 in 

tumor growth depends on context. In many models, including immunodeficient mice, IL-

17 promotes tumorigenesis mainly by promoting angiogenesis through increasing the 

expression of a series of pro-angiogenic factors (VEGF, CXCL1, CXCL2) [36] and 

increasing tumor resistance to VEGF inhibition [37]. IL-17 also plays a pro-tumorigenic 

role through activating transcription factors, such as NF-əɓ [38] and STAT3 [10, 11], 

which turn on the expression of genes which are important for cell proliferation, survival, 

angiogenesis and metastasis [38, 39]. However, in some immunocompetent mice, IL-17 

represses the growth of tumor allografts [40, 41], which may be because tumor graft 

models lack the natural tumor microenvironment and therefore, are not sufficient to test 

the effect of IL-17 in cancer. Therefore, the molecular mechanisms of IL-17 regulated 

tumor initiation and development still needs more investigation.  
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II. TUMOR SU PPRESSOR P53 

1. The role p53 in cancer 

Since its discovery in 1979 [42, 43], much evidence has shown that mutation of 

the tumor suppressor p53 is the most frequent genetic alternation in all human cancers 

[44]. For lung cancer, TP53 mutation occurs in approximately half of NSCLC [45, 46] 

and in about 70% of SCLC [47].  

p53 mainly functions as a transcriptional factor to prevent tumor development 

through regulating a broad range of genes involved in DNA repair, apoptosis, cell-cycle 

arrest, and senescence [48, 49]. The p53 protein contains two DNA binding domains, the 

centrally located sequence-specific core DNA-binding domain and sequence-nonspecific 

C-terminal DNA-binding domain [50]. Most p53 mutations are point mutations within 

the core DNA binding domain which lead to a single amino acid change [51]. These 

mutations interfere with the sequence-specific binding to target genes, which disrupts the 

ability of p53 to regulate transcription. Therefore these types of missense mutations are 

defined as ñloss of functionò p53 mutations. Some p53 mutations not only lose the 

capacity to suppress tumor development, but also acquire new pro-oncogenic abilities 

[52], which are ñgain of functionò mutations, including the R175H hotspot human p53 

mutation [53] (R172H in mouse [54]).  

 

2. Regulation of p53  

In normal cells, the amount of p53 protein is maintained at low levels. When cells 

receive stress signals, the p53 level is increased and the protein activates diverse 
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downstream events such as cell cycle arrest or apoptosis [48]. Therefore, tight regulation 

of p53 is crucial to avoid extreme biological effects and maintain cell homeostasis.  

The most common p53 regulator is MDM2, which negatively regulates p53 

mainly through two mechanisms: directly binding to the N-terminal region of p53 and 

preventing its transcriptional activities [55] or functioning as an E3 ubiquitin ligase that 

targets p53 for degradation [56]. Its structural homolog, MDMX, is also able to 

negatively regulate p53 by binding to its N-terminus and inhibiting its transcriptional 

activities [57]. MDMX also interacts with, and stabilizes, MDM2 [58].  

Interestingly, MDM2 is also a target gene of p53. p53 transcriptionally activates 

the MDM2 gene and upregulates its expression in cells [59]. Increased MDM2 in turn 

promotes the degradation of p53. Therefore, a negative regulatory feedback loop exists 

between MDM2 and p53 [60]. 

 

3. Ribosomal stress and p53 

Besides cellular stress induced by DNA damage, ribosomal stress or nucleolar 

stress is another way to activate p53 independent of DNA damage. Ribosomal stress is 

caused by the interruption of ribosome biogenesis, such as the disruption of rRNA 

biogenesis, ribosome assembly and ribosome export [61, 62]. Several compounds are 

commonly used for experimental study of ribosomal stress, including actinomycin D (Act 

D) [63], 5-fluorouracil (5-FU) [64] and mycophenolic acid [65]. It has been well-

established that Act D at low dose (5 nM) selectively inhibits the transcription of rRNAs 

by intercalating into G-C rich region of rDNA [66].  
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Ribosomal stress stimulates the translocation of ribosomal proteins (RP) from the 

nucleolus to the nucleoplasm, which transmits ribosomal stress signals to p53 [63, 67-69]. 

Ribosomal proteins (RPL23 [67], RPL11 [63, 68] and RPL5 [69]) bind to MDM2 and 

inhibit its E3 ubiquitin ligase function. Therefore ribosomal protein translocation induced 

by ribosomal stress leads to p53 accumulation in cells. In addition, the pro-oncogenic 

factor SRSF1 is found to be the third component of the RPL5-MDM2 complex [70].    

 

III. K -RAS MUTATION IN CANCER  

K-Ras mutation is another of the most common alterations in human lung 

adenocarcinoma, which is detected in 10% to 30% of patients [71]. The majority of K-

Ras mutations are point mutations mostly occurring in codon 12 (more than 90%), 13 and 

61 [72, 73]. Misssense mutated K-Ras is usually constitutively activated [73]. Activated 

K-Ras consequently interacts with multiple signal effectors, including MAPK, STAT-3 

and PI3-kinases [74], which regulate downstream events involved in cell survival, 

proliferation and invasion.  

Since a point mutation in codon 12 accounts for the majority of K-Ras mutations, 

the K-Ras
G12D

 mutation has been widely used in making genetically engineered mice to 

model human lung carcinoma. In these models, K-Ras
G12D

 is either somatically activated 

[75] or conditionally activated through Lox-Stop-Lox (LSL) recombination [76]. In the 

LSL K-Ras
G12D

 model, K-Ras activation in the lung induced inflammation with 

accumulation of macrophages and neutrophils and generation of abundant inflammatory 

chemokines in the lung [77]. In another K-Ras
G12D

 mouse model, Th17 cells were 

recruited to the lung, which may indicate a correlation between IL-17-mediated 
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inflammation and tumorigenesis [75]. In addition, the K-Ras
G12D

 mutation drives tumor 

formation through the pro-inflammatory transcription factor, NF-kB [78]. 

 

IV. MATRIX METALLOPROTEINASES ( MMPS) IN CANCER  

MMPSs are a large family of proteolytic enzymes that degrade different 

components of the extracellular matrix (ECM). More than 20 types of MMPs have been 

recognized and can be divided into several subgroups based on their substrates, including 

collagenases (MMP-1, -8 and -13), gelatinases (MMP-2 and -9), stromelysin (MMP-3 , -

10 and -11) and matrilysin (MMP-7) [79]. MMPs contain the following common 

domains: pro-peptide domain, catalytic domain, hemopexin domain and linker peptide 

[80]. Newly synthesized MMPs are in the inactive form (pro-MMPs), which will be 

activated after the interaction between the cysteine residue in the pro-peptide domain and 

zinc ion in the catalytic domain is interrupted [81]. The activities of MMPs are also 

regulated by tissue inhibitors of metalloproteinases (TIMPs), which is a family of 

protease inhibitors that consists of four isoforms (TIMP1 to TIMP4) [82].  

The level of MMPs remains low in normal tissues, but they are inducible by 

various stimuli, such as growth factors, cytokines and oncogenic signals [83]. 

Overexpression of MMPs is found in several cancer types, such as breast cancer [84] and 

NSCLC [85]. Emerging evidence shows that MMPs play an important role in cancer 

development. It is well known that MMPs contribute to tumor invasion and metastasis 

based on their ability to degrade the ECM that surrounds the tumor tissues [86].  

Moreover, the effect of MMPs on cancer development is not only limited to 

promoting tumor invasion. Evidence shows that different MMP family members can also 
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affect tumorigenesis through other mechanisms. MMPs (MMP-7 [87], MMP-3 and 

MMP-9 [88]) promote tumor growth by cleaving the insulin-growth-factor-binding 

protein (IGF-BP) and releasing the bioactive insulin-like growth factors (IGF) into cells. 

MMPs can also positively regulate the angiogenesis process. Both MMP-7 and MMP-9 

contribute to increasing the size of tumor blood vessels [89]. MMP-13 indirectly 

promotes angiogenesis by increasing the secretion of pro-angiogenic growth factor 

VEGF-A [90]. MMPs are also involved in regulating cell survival. MMP-7 can prevent 

cancer cell apoptosis by cleaving and releasing the Fas ligand [91, 92].  

 

V. SERINE/ARGININE -RICH SPLICING FACTOR 1(SRSF1) 

SRSF1 (also known as ASF/SF2) belongs to the serine- and arginine-rich splicing 

factor protein family (SR proteins). The most important functional domain in SRSF1 is 

the RNA binding domain, which interacts with the pre-mRNA and spliceosome to control 

downstream splicing events [93]. SRSF1 is involved in multiple RNA metabolism 

activities, including pre-mRNA alternative splicing, mRNA translation, mRNA export 

from the nucleus to cytoplasm and cytoplasmic mRNA decay [94-97]. A recent report 

revealed that SRSF1 is also involved in destabilizing mRNA by reducing its half-life [22]. 

For example, SRSF1 binding destabilizes CXCL1 mRNA. Upon IL-17 stimulation, 

disassociation of SRSF1 from 3ôUTR region of CXCL1 mRNA makes the mRNA stable 

[22].  

Since most eukaryotic pre-mRNAs need to be spliced to become mature mRNA, 

SRSF1 is crucial for the normal expression of a broad range of genes. Altered expression 

of SRSF1 is found to be associated with the initiation of many diseases, including cancer 
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[98, 99] and enhanced expression of SRSF1 directly drives the transformation of 

immortal rodent fibroblasts [98] and mammary epithelial cells [99]. In contrast to this 

pro-tumor function, SRSF1 is also involved in inducing cell senescence coupled with 

ribosomal stress [70, 100].   
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CHAPTER II. MECHANISMS OF MATRIX METALLOPROTEINASE -9 

ACTIVATION DURING LUNG TUMOR PRO MOTION BY INTERLEUKIN -17 

I: INTRODUCTION  

The Interleukin-17 family consists of six members, IL-17A to IL-17F. Although 

the family members are structurally related, they originate from different cell types and 

have diverse biological functions [101]. IL-17 family members bind to a family of IL-17 

receptors (IL-17 receptor A to E) which form hetero- and homodimers with bound ligand 

to activate downstream signaling [7]. As these IL-17 receptor family members have 

different ligand-binding specificities and variable tissue distributions, the IL-17 cytokine 

family associates with multiple inflammatory responses. IL-17A, commonly called IL-17, 

is the first identified and by far the most well-studied IL-17 family member. T helper 17 

(Th17) cells are a primary source of IL-17A and homologous family member IL-17F [8]. 

In both humans and mice, IL-17A and IL-17F bind and activate a heterodimeric receptor 

formed by IL-17RA and IL-17RC [14, 15]. IL-17RA is expressed ubiquitously, while IL-

17RC is mainly expressed in epithelial cells and fibroblasts [16]. 

Multiple clinical findings with a variety of cancers, such as gastric [32], prostate 

[33], colon [34] and lung cancer [35], demonstrate that elevated levels of IL-17 correlate 

with a worse prognosis. However, in experimental models, the role of IL-17 in tumor 

growth depends on context. In many models, particularly in immune-deficient mice, IL-

17 promotes tumorigenesis and enhanced angiogenesis appears to account, in large part, 

for this pro-tumorigenic effect [102]. However, in immune competent mice, IL-17 
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impairs growth of tumor allografts by stimulating anti-tumor immunity [40, 41]. A 

possible explanation for these disparate findings is that tumor graft models are inadequate 

in testing the effect of IL-17 in tumorigenesis. In an autochthonous model of prostate 

cancer in immunocompetent mice, IL-17 deficiency leads to impaired tumor growth [30].   

In lung cancer, dissection of the inflammatory response to cigarette smoke, the 

predominant lung carcinogen, could be used to identify specific inflammatory mediators 

that promote lung tumor progression. In support of this view, lung inflammation induced 

by cigarette smoke accelerates progression of lung adenocarcinoma in mice [103]. Since 

cigarette smoke elicits a Th17 inflammatory response [104, 105], tumors arising in the 

lung must adapt to this inflammatory phenotype. This observation prompted us to 

determine the consequence of overexpression of IL-17A, the prototypical Th17 cytokine, 

upon progression of mutant K-Ras-driven lung adenocarcinoma. 
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II : MATERI ALS AND METHODS  

1. Animal Model 

K-Ras
LA1

 mice in the C57BL/6 background were provided by Dr. Tyler Jacks through the 

National Cancer Institute Mouse Repository. Mice were maintained under pathogen-free 

conditions and experimental protocols were approved by the Tulane University 

Institutional Animal Care and Use Committee (IACUC) following guidelines of the 

Association for Assessment and Accreditation of Laboratory Animal Care. 

 

2. Plasmids 

Plasmids pCMV-p53-wt [106] and pCMV-p53-R175H express the wild-type human p53 

and dominant negative R175H mutant human p53, respectively, from the CMV promoter. 

The pCMV-p53-R175H plasmid was constructed by digesting the SPC-p53-R175H 

plasmid [107] with BamH I and adding EcoR I linkers after filling in the restricted DNA. 

After digestion with Hind III, the R175H mutant p53 cDNA was subcloned into the 

pCMV12S.FS plasmid [108] at the EcoR I-Hind III sites after removal of the EIA cDNA 

insert. 

 

3. Adenovirus Administration to Mice and Assessment of Tumor Progression 

Lung tumor-bearing K-Ras
LA1

 mice 8-10 weeks of age were anaesthetized with isoflurane 

before being administered 1x10
8
 pfu IL-17-expressing adenovirus (AdV-IL-17) by 

oropharyngeal aspiration. Control K-Ras
LA1

 mice received an identical amount of GFP-

expressing adenovirus (AdV-GFP). Three weeks after treatment the mice were 

euthanized and the lungs were inflated by perfusion with 10% formalin at 30 cm pressure 
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for 20 minutes before removal.  After overnight fixation, the number of lung tumors on 

the pleural surface was quantified without knowledge of the sample identity. Tissue 

sections prepared from paraffin-embedded lung tissue were stained with hematoxylin and 

eosin (H&E) before evaluation of tumor burden. The tumor burden (defined as the ratio 

of hyperplastic lesion area to total lung section area on H&E stained sections) [109] was 

quantified with an Aperio ScanScope slide scanner. 

 

4. Immunofluorescence 

Deparaffinized and rehydrated lung tissue sections were blocked with 10% donkey 

normal serum and 0.1% Triton in PBS at room temperature for 1 hour in a humid 

chamber. Immunofluorescent staining of lung sections for IL-17 receptor C was 

performed using mouse IL-17 Receptor C primary antibody (R&D Systems, Minneapolis, 

MN) diluted 1:20 in PBS containing 1% donkey serum and 0.05% Triton X-100 

overnight at 4°C. The primary antibody was removed, and the slides were rinsed in 200 

ɛl of PBS three times. Secondary donkey Alexa Fluor® 594 antibody (Invitrogen) diluted 

1:1000 and 0.14 ɛg/ml DAPI in the same solution as the primary antibody were 

incubated for 1 hour at room temperature. After washing with 200 ɛl of PBS three times, 

the slides were mounted with a cover slip using Prolong Gold antifade (Invitrogen). 

Images were taken using an Olympus BX60 fluorescent microscope and Magnafire 

image acquisition software. 
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5. Cell Culture  

mK-Ras-LE cells, a murine lung cancer epithelial cell line, were established from a lung 

tumor-bearing K-Ras
LA1

 mouse [110]. The mK-Ras-LE cells form tumors in syngeneic 

mice and express the lung epithelial cell markers surfactant protein C and E-cadherin, but 

fail to express Clara cell secretory protein or N-cadherin (our unpublished observation). 

mK-Ras-R172H-LE cells were established from a lung tumor-bearing K-Ras
LA1

 mouse 

that was also heterozygous for a R172H knockin mutation of p53[111]. The line had been 

backcrossed to the C57BL/6 inbred strain for more than 10 generations before the cells 

were prepared. The mK-Ras-R172H-LE cells are positive for SPC and cytokeratin, but 

negative for E-cadherin and slightly positive for vimentin (our unpublished observation). 

Both cell lines were cultured in RPMI medium with 10% FBS and 1% 

pencicillin/streptomycin (complete medium) at 37 °C with 5% CO2 [110]. 

 

6. Wound Healing Assay 

Cells were seeded on 12-well plates with RPMI complete medium. When the cells 

reached about 80% confluence, the medium was replaced with serum-free RPMI 

followed by overnight incubation. Then a single artificial wound was made by scratching 

the center of the monolayer of cells with a 200 ɛl pipet tip at time zero. After wounding, 

the cells were washed with PBS to remove detached cells and fresh serum-free RPMI was 

added containing increasing concentrations of mouse IL-17. During the post-wounding 

period, images within the same area of the scratches were taken with a phase-contrast 

microscope. Ten measurements of wound width were taken for each scratch and were 

averaged. Percent of wound closure was calculated as the distance (ɛm) the cells 
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migrated relative to the initial scratch width. In some experiments, a selective inhibitor of 

MMP-9 (10nM, MMP-9 Inhibitor I, CAS 1177749-58-4, Millipore, Billerica, MA) was 

added simultaneously with IL-17. For the migration assays with p53 knockdown 

experiments, cells growing in 1 ml RPMI containing 10% FBS in 24-well plate were 

transfected with 5pm siRNA using Lipofectamine diluted in 50 µl Opti-MEM according 

to the supplierôs (Invitrogen) specifications. For the p53 knockdown-restoration 

experiments, cells growing in 1 ml RPMI containing 10% FBS in 24-well plate were 

transfected with 5pm siRNA plus 150 ng pCMV-p53-wt plasmid or PCMV-p53-R175H 

plasmid using Lipofectamine diluted in 50 µl Opti-MEM. The protocol for the wound 

healing assay in p53 knockdown or knockdown-restoration experiments was the same as 

in untransfected cells, except the treatment incubation time was 30 hours. Silencer® 

Select siRNAs specifically targeting mouse p53 (gene ID: s75472) and Silencer® Select 

Negative Control No. 1 siRNA were purchased from Invitrogen.  

 

7. Transwell Migration Assays  

Cells at about 80% confluence were incubated overnight with serum-free RPMI. The next 

day, the cells were trypsinized and resuspended in serum-free RPMI before seeding 2.5 x 

10
5
 cells in 200µl in 24-well transwell migration inserts (8 ɛm pore, BD Biosciences, San 

Jose, CA). Serum-free RPMI with or without 10ng/ml mouse IL-17 was added to the 

lower chamber. After 24 hours, the cells on the upper surface of the insert were removed 

by scraping with cotton swabs and the cells that migrated to the lower surface were fixed 

and stained with the HEMA-3 staining kit (Thermo Fisher Scientific, Waltham, MA). 

After air-drying, the inserts were mounted using Permount on glass slides. At least 5 
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random images were taken at 200x magnification under a light microscope. The number 

of migrated cells were quantified per image and averaged per well.  

 

8. Transwell Invasion Assays  

The invasion assays were performed with 24-well BD BioCoatÊ MatrigelÊ Invasion 

Chambers as described by the supplier (BD Biosciences). Briefly, cells were seeded in 

the inserts coated with growth factor reduced matrigel at a density of 2.5 x 10
5
 cells/well 

in 200ul serum-free RPMI. RPMI containing 0.5% FBS with or without 10ng/ml mouse 

IL-17 was added to the lower chamber. After 48 hours, the inserts were stained and 

photographed as described above and the number of cells that invaded through the 

matrigel was quantified as described above. 

 

9. RNA Quantification  

Total RNA was extracted from cultured cells or mouse lung tissue with TriPure Isolation 

Reagent (Roche Applied Science, Mannheim, Germany) and purified using the RNeasy 

Mini Kit (Qiagen, Valencia, CA), followed by TURBOÊ DNase treatment (Invitrogen, 

Carlsbad, CA) as described by the supplier. RNA purity and concentration were 

measured using a NanoDrop Spectrophotometer (Thermo Scientific). First-strand cDNA 

was generated by reverse transcription (RT) using the iScriptÊ cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA). Quantitative PCR of the cDNA was performed for MMP-9 and 

ɓ-actin with primer sets (MMP-9 forward 5ǋ-CAATCCTTGCAATGTGGATG-3ǋ and 

MMP-9 reverse 5ǋ-TAAGGAAGGGGCCCTGTAAT-3ǋ, ɓ-actin forward 5ǋ-

TCTACGAGGGCTATGCTCTCC-3ǋ, ɓ-actin reverse 5ǋ-
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GGATGCCACAGGATTCCATAC-3ǋ) using iQÊ SYBRÈ Green Supermix (Bio-Rad). 

PCR conditions were 95°C for 3 min, followed by 45 cycles at 95°C for 15 seconds, 

60°C for 30 seconds, and 72°C for 15 seconds. After PCR, a melting curve validated the 

specificity of the amplification. Relative expression of the MMP-9 mRNA was 

normalized against the internal control mouse ɓ-actin mRNA using the 2
-ȹȹCt

 method 

[112]. 

 

10. Cell Viability Assay 

mK-Ras-LE cells were seeded into 96-well plates in RPMI complete medium for 24 

hours. Then the complete medium was removed and serum-free RPMI was added 

followed by incubation overnight. The next day the medium was replaced with serum-

free RPMI with increasing concentrations of mouse IL-17. After 48 hours, the cell 

viability was determined using the MTT Cell Proliferation Assay kit (ATCC, Manassas, 

VA) according to the manufacturerôs protocol. 

 

11. Gelatin Zymography 

MMP-9 enzymatic activity in cell culture media or bronchoalveolar lavage (BAL) fluid 

from mice was determined by gelatin zymography [113]. An equal volume of each 

sample was mixed with 4x Tris-glycine SDS sample buffer (40% glycerol, 250mM Tris-

HCl pH 6.8, 8% SDS, 0.01% bromophenol blue) and incubated 10 minutes at room 

temperature. The samples were loaded on a Novex® 10% zymogram (gelatin) gel 

(Invitrogen). The gel was run at constant voltage (~ 100V) at 4 °C until the bromophenol 

blue tracking marker reached the bottom. Then the gel was incubated in 1x zymogram 
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renaturing buffer (2.5% Triton X-100 in water) for 30 minutes at room temperature with 

gentle agitation and subsequently incubated in 1x zymogram developing buffer (50mM 

Tris, 5mM CaCl2, 0.2M NaCl) for another 30 minutes. The gel was incubated in fresh 1x 

developing buffer overnight at 37 °C for maximum sensitivity. Then the gel was stained 

with 0.5% Coomassie Blue in methanol: acetic acid: water, 50: 10: 40 for 45 minutes and 

destained in the same solution without dye to detect the clear area of protease activity. 

 

12. mRNA Stability Assay 

mK-Ras-LE cells were pre-treated in serum-free RPMI with or without 10 ng/ml IL-17 

for 2 hours. The medium was replaced with fresh serum-free RPMI medium containing 

10 ɛg/ml actinomycin D (Sigma-Aldrich, St. Louis, Missouri) or the same concentration 

actinomycin D plus 10ng/ml IL-17 for 2.5, 5 and 8 hours before preparing total RNA 

with Tripure (Roche) and RNeasy Mini Kit (Qiagen) as described above. The abundance 

of mRNA for MMP-9, ɓ-actin, CXCL-1 and CXCL-2 at different time points was 

determined by quantitative RT-PCR (CXCL-1 forward 5ǋ-GGGCGCCTATCGCCAAT-3ǋ, 

CXCL-1 reverse 5ǋ-ACCTTCAAGCTCTGGATGTTCTTG-3ǋ; CXCL-2 forward 5ǋ- 

TGTCAATGCCTGAAGACCCTGCC-3ǋ, CXCL-2 reverse 5ǋ-

AACTTTTTGACCGCCCTTGAGA-3ǋ). PCR conditions for CXCL-1 and CXCL-2 were 

95°C for 3 min followed by 40 cycles at 95°C for 15 seconds, 60°C for 1 minute. 

 

13. siRNA Transfection 

Cells growing in 2 ml RPMI containing 10% FBS in a 6-well plate were transfected with 

30 pm siRNA using LipofectamineÊ 2000 transfection reagent (Invitrogen) diluted in 
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500 µl of Opti-MEM® I reduced-serum medium (Invitrogen) according to the 

manufacturerôs recommendations. SilencerÈ Select siRNAs specifically targeting 

serine/arginine-rich splicing factor 1 (SRSF1) (gene ID: s200965) and Silencer® Select 

Negative Control No. 1 siRNA were purchased from Invitrogen. After 48 hours, total 

cellular RNA was prepared and subjected to quantitative RT-PCR as described above. 

 

14. RNA Immunoprecipitation  

RNA co-immunoprecipitation assays were performed as described previously with some 

modifications [114].  mK-Ras-LE cells were incubated in serum-free RPMI medium 

overnight and treated with or without 10ng/ml IL-17 for another 48 hours. After 

treatment, 4 x 10
6
 cells were harvested by trypsinization and fixed in PBS solution with 

0.1% formalin for 15 minutes. The fixation procedure was quenched by incubating in 10 

ml PBS with 0.25M glycine (pH 7) for 5 minutes. Then cells were washed with PBS and 

resuspended in 1ml RIPA buffer (50Mm Tris-Cl pH 8, 150mM NaCl, 1% NP40, 0.5% 

Sodium Deoxycholate, 0.1% SDS) containing 1x protease inhibitors (Roche), and 

sonicated (30% power, 12 seconds; 40% power, 12 seconds; 50% power, 5 seconds twice) 

with a Branson Sonifier. After removal of insoluble material by centrifugation at 16,000g 

for 15 minutes, 1ml of each cell extract was incubated with 5 µg antibody to SRSF1 

(Santa Cruz Biotechnology, Santa Cruz, CA) or the same volume of PBS for 1 hour. 

Then 20 µl BSA pre-blocked protein A/G Plus-Agarose beads (Santa Cruz) were added 

and incubated on a rotating incubator overnight at 4°C. The next day, the agarose beads 

were collected by centrifugation at 3,000xg, 4°C for 5 minutes. After washing the beads 3 

times with 1ml RIPA buffer, they were resuspended in 200 µl elution buffer (50mM Tris-
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Cl pH 7, 5mM EDTA, 10mM DTT, 1% SDS) and incubated at 70°C for 1 hour to reverse 

formalin cross-linking. RNA was extracted from the eluate using TriPure (Roche) reagent 

according to the Manufacturerôs protocol. cDNA was prepared as described above. The 

same volume of each cDNA product (1.5 out of 40 µl) was subjected to quantitative RT-

PCR for measuring CXCL-2, ɓ-actin and MMP-9 mRNA levels as described above. 

 

15. Statistical Analysis 

Data are presented as means Ñ SEM. Data were analyzed using Studentôs t test or Mann 

Whitney test when appropriate with GrapdPad Prism 5 software. p values lower than 0.05 

were considered as statistically significant. 
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I II . RESULTS. 

1. IL -17 over-expression increases lung tumor growth in K-Ras
LA1

 mice 

IL-17A signals through a heterodimer of IL-17 receptor A (IL-17RA), which is 

ubiquitously expressed, and IL-17 receptor C (IL-17RC), which has a restricted pattern of 

expression [15, 115]. We performed immunofluorescent staining to determine if IL-17RC 

is expressed in lung tumor tissue of K-Ras
LA1

 mice. We found more prominent IL-17RC 

immunostaining within hyperplastic lung lesions than in normal parenchyma (Figure 2-

1A). These findings are consistent with the postulate that tumor tissue responds directly 

to IL-17A.  

To evaluate the effect of IL-17A on lung tumor growth, IL-17A-expressing 

recombinant adenovirus (AdV-IL-17) [116] was delivered by oropharyngeal aspiration to 

the lungs of tumor-bearing K-Ras
LA1

 mice at 8 to 10 weeks of age. For control purposes, 

an equivalent amount of green fluorescent protein-expressing adenovirus (AdV-GFP) 

was delivered to K-Ras
LA1 

littermates. Three weeks after adenovirus treatment, the 

number of visible tumors on the pleural surface of AdV-IL-17-treated mice doubled 

relative to that in the control group treated with AdV-GFP (Figure 2-1B). K-Ras
LA1

 

littermates that did not receive adenovirus had a comparable number of tumors on the 

pleural surface relative to that of the AdV-GFP-treated mice. Control experiments 

demonstrated that AdV-IL-17 treatment of mice expressed elevated levels of IL-17 in the 

BAL fluid with a corresponding higher number of lung neutrophilia. 

To confirm IL-17-mediated acceleration of lung tumor growth, we used a slide 

scanner to quantify tumor burden on hematoxylin and eosin (H&E) stained lung tissue 

sections from the adenovirus-treated animals. Consistent with quantification of tumors on 
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the pleural surface, tumor burden expressed as the ratio of tumor lesion area to total lung 

area in H&E stained tissue sections [109] nearly doubled in K-Ras
LA1 

mice 

overexpressing IL-17 (AdV-IL-17) relative to the AdV-GFP control group (Figure 2-1C).  

Quantification of nucleoside analog (5-ethynyl-2ô-deoxyuridine, EdU) 

incorporation and tumor cell number per hyperplastic lesion confirmed an approximate 2-

fold increase in lung tumor growth in K-Ras
LA1 

mice treated with AdV-IL-17 relative to 

AdV-GFP-treated littermates (Figure 3-2B).  These data confirmed that IL-17 

overexpression stimulated a rapid increase in lung tumor growth in vivo over a relatively 

brief three-week period. 



25 
 

 
 

To assess the effect of IL-17 upon proliferation of lung tumor cells in vitro, we 

performed MTT assays with a lung tumor cell line prepared from K-Ras
LA1

 mice [110]. 

An increasing amount of IL-17 had little effect on proliferation of serum-starved mK-

Ras-LE cells (Figure 2-2). Indeed, at the highest dose (50 ng/ml), IL-17 slightly repressed 

lung tumor cell viability, but the decrease was not significant. We concluded that the 

observed increase in lung tumor growth in AdV-IL-17-treated mice was not due to a 

direct effect of the cytokine upon lung tumor cell proliferation.  
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Figure 2-1. Overexpression of IL-17 promotes lung tumor growth in K-Ras
LA1

 mice. 

 

 (A) Lung tumors express IL-17RC. A fixed and paraffin-embedded lung tissue section 

from a K-Ras
LA1

 mouse was stained with an antibody to IL-17RC by immunofluorescence.  

The figure shows a merged image of red IL-17RC immunofluorescence and 4', 6-

diamidino-2-phenylindole (DAPI) blue nuclear staining. Images were taken at 200x 

magnification.  

 

(B) Quantification of tumor nodules on the lung pleural surfaces of K-Ras
LA1

 mice after 

AdV-IL-17 treatment.  K-Ras
LA1

 mice at 8-10 weeks received 1x10
8
 pfu IL-17-expressing 

recombinant adenovirus (AdV-IL-17) (n=9), green fluorescent protein expressing 

adenovirus (AdV-GFP) (n=6), or no virus treatment (n=3) by oropharyngeal aspiration.  

Three weeks after adenovirus treatment, the mice were evaluated for lung tumor nodules 

on the pleural surface. The graph shows the mean number (± SEM) of tumor modules on 

the pleural surface of fixed lung tissue from K-Ras
LA1

 mice untreated (grey bar, n=3), or 

treated with control virus (AdV-GFP, white bar, n=6), or treated with IL-17-expressing 

adenovirus (AdV-IL-17, black bar, n=9). * p < 0.05. 

 

(C) Evaluation of tumor burden. The area of hyperplastic lesions and total area of lung 

tissue examined was quantified on H&E stained tissue sections from each mouse. The 

graph shows the mean lung tumor burden (± SEM) as measured by the ratio (percent) of 

the tumor area versus total area evaluated. The white bar represents the tumor burden of 

AdV-GFP treated K-Ras
LA1

 mice (n=6) and the black bar represents the tumor burden of 

AdV-IL-17-treated littermates (n=9). * p < 0.05. 
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Figure 2-2. IL -17 does not stimulate proliferation of lung tumor cells in culture. 

 

Serum-starved mK-Ras-LE cells, which were derived from a K-Ras
LA1

 mouse, were 

treated with increasing concentrations of mouse IL-17 for 48 hours. Relative cell number 

was assessed by MTT assay. The experiment was repeated twice in triplicate. Data shown 

are mean ± SEM. 
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2. IL -17 enhances matrix M etallopeptidase 9 (MMP-9) expression In Vivo and In 

Vitro 

The result above suggested that IL-17 stimulated tumor growth indirectly, 

possibly by overcoming physical barriers to proliferation in vivo. Consequently, we 

evaluated gelatinase activity in the bronchoalveolar lavage (BAL) fluid from adenovirus-

treated mice by gelatin zymography. One week after virus delivery, BAL fluid and lung 

tissue were prepared from wild-type mice treated with AdV-IL-17 or AdV-GFP. Gelatin-

zymography revealed a less than 2-fold increase in MMP-2 and a more than 7-fold 

increase in MMP-9 in the BAL fluid from AdV-IL-17-treated mice relative to that from 

AdV-GFP-treated littermates (Figure 2-3A). The increased amount of MMP-9 in the 

BAL fluid correlated with more than a 2-fold increase in MMP-9 mRNA in total lung 

RNA (Figure 2-3B). These data are consistent with the possibility that induction of 

MMP-9 could at least partially account for lung tumor growth mediated by IL-17 

overexpression. Since MMP-9 has been implicated in progression of lung 

adenocarcinoma in a number of studies [117-123], we addressed the mechanism of 

MMP-9 activation by IL-17 in cell culture. 

 We treated serum-starved mK-Ras-LE cells in culture with IL-17 to determine if 

the cytokine can act directly on the lung tumor cells to induce MMP-9 expression. 

Gelatin-zymography of the cell culture supernatant confirmed a time and concentration-

dependent increase in MMP-9 following IL-17 treatment (Figure 2-4A). In accord with 

these findings, IL-17 treatment increased MMP-9 mRNA levels more than 4-fold relative 

to ɓ-actin mRNA in mK-Ras-LE cells (Figure 2-4B). Thus, IL-17 enhanced expression of 

MMP-9 in murine lung tumor cells. 
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Figure 2-3.  Induction of MMP -9 in the lungs of mice by IL-17.  

Wild-type mice were treated with 1x10
8
 pfu AdV-IL-17 or AdV-GFP. One week after 

treatment, the mice were sacrificed and evaluated for MMP-9 expression.   

 

(A) Equal volumes of BAL fluid from AdV-IL-17- or AdV-GFP-treated mice was 

assessed by gelatin zymography for MMP activity (n=4 per group).  

 

B 
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(B) Total lung RNA prepared from the mice in part A was assessed by qRT-PCR for 

MMP-9 mRNA levels with ɓ-actin mRNA as the internal control. Mice treated with 

AdV-IL-17 (black bar) showed a 2.3-fold increase (2
-ȹȹCT

method) in MMP-9 mRNA 

levels compared to AdV-GFP treated littermates (white bar). Data shown are means ± 

SEM. n=3 per group. * p < 0.05.  
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Figure 2-4. IL -17 treatment increases MMP-9 protein and mRNA levels in mK-Ras-

LE cells.  

(A) Serum-starved mK-Ras-LE cells were incubated with IL-17 (0, 10, or 50 ng/ml) for 8, 

24, and 48 hours. Cell supernatants were collected and tested for MMPs by gelatin 

zymography.  

 

(B) Total RNA was prepared from mK-Ras-LE cells at increasing times after treatment 

with 10 ng/ml IL-17. The graph shows mean levels of MMP-9 mRNA relative to ɓ-actin 

(2
-ȹȹCT 

method) at the indicated time after addition of IL-17 to the serum-starved cells. 

Error bars represent mean ± SEM (nÓ4). * p < 0.05. 

B 
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3. IL -17 increases the motility and invasion of mK-Ras-LE cells 

MMP-9 can increase cell motility and invasion [124]. Therefore, we determined if IL-17 

could increase the motility and invasiveness of mK-Ras-LE cells. IL-17 promoted 

migration of mK-Ras-LE cells in a scratch-wound closure assay (Figure 2-5A). In 

agreement with the concept that the enhanced motility and invasion of IL-17-treated mK-

Ras-LE cells required MMP-9, a selective MMP-9 inhibitor prevented augmented 

migration mediated by IL-17 (Figure 2-5B). In addition, enhanced invasion of IL-17-

treated mK-Ras-LE cells through a matrigel matrix in transwell invasion assays was also 

repressed by the MMP-9 inhibitor (Figure 2-5C). Control experiments demonstrated that 

the MMP-9 inhibitor had no effect on the viability of the mK-Ras-LE cells (Figure 2-5D).  
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Figure 2-5. IL -17 promotes migration and invasion of mK-Ras-LE cells.  

(A) Confluent mK-Ras-LE cells in 24-well plates were serum-starved overnight, then a 

scratch wound was made at time 0 (0hr) and fresh serum-free medium or serum-free 

medium supplemented with 10 or 50 ng/ml IL-17 was added before returning the cells to 

the incubator. Cell motility was measured as the ratio of wound closure relative to initial 

wound width. The graph shows the percentage of wound closure versus time for cells 

incubated in 0 (dotted line), 10 (solid line) and 50 (dashed line) ng/ml IL-17.  
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(B) A selective inhibitor of MMP-9 prevents enhanced migration mediated by IL-17.  

mK-Ras-LE cells were plated onto a porous membrane without serum. Trans-well 

migration assays were performed with (black bar) or without (white bar) addition of 10 

ng/ml IL-17 added to the bottom of the transwells.  Enhanced migration by these cells in 

the presence of IL-17 could be reduced by a selective MMP-9 inhibitor (gray bar). The 

extent of migration is expressed as the number of migrated cells relative to the number of 

migrated cells in the negative control group, which was normalized to 100.  

 

(C) The same treatments as shown in panel B except the porous membrane was coated 

with matrigel. Enhanced invasion mediated by IL-17 was reduced by the inhibitor of 

MMP-9. * p < 0.05. 

 

(D) MMP-9 inhibition does not inhibit the viability of mK-Ras-LE cells. Serum-starved 

mK-Ras-LE cells were treated with IL-17 (10 ng/ml) with or without MMP-9 inhibitor I 

(10nM), or MMP-9 inhibitor alone for 24 hours. Cell viability was measured by MTT 

assay. 
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4. Knockdown or mutation of p53 abrogates promotion of lung tumor cell motility 

and invasion by IL-17 

 Lung tumors harboring mutations in both K-Ras and the p53 tumor suppressor 

protein grow more rapidly and metastasize more readily than lung tumors with mutations 

only in K-Ras [111, 125]. To address the effects of p53 mutation upon lung tumor 

promotion by IL-17, we prepared a lung tumor cell line, mK-Ras-R172H-LE cells, from 

K-Ras
LA1

 mice that were also heterozygous knock-in for the tumor promoting R172H 

mutation of p53 [111]. Treatment of mK-Ras-R172H-LE cells with IL-17 had no effect 

on migration (Figure 2-6A) or invasion (Figure 2-6B).  Moreover, basal levels of MMP-9 

mRNA in mK-Ras-R172H-LE cells were greater than 10-fold higher relative to ɓ-actin 

than this ratio in mK-Ras-LE cells and IL-17 failed to increase MMP-9 mRNA levels in 

mK-Ras-R172H-LE cells (Figure 2-6C). 
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Figure 2-6. IL -17 fails to enhance migration, invasion and MMP-9 expression in 

mutant p53-expressing lung tumor cells.   
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(A) Effect of IL-17 upon migration of mutant p53-expressing cells. Same as Figure 5A 

except confluent mK-Ras-R172H-LE cells were assessed for migration in serum-free 

medium (closed circles) or serum-free medium supplemented with 10 (squares) or 50 

(triangles) ng/ml IL-17.  The graph shows the percentage of wound closure versus time. 

Data shown are means ± SEM (n=4). * p < 0.05.  

 

(B) IL-17 does not promote invasion of mutant p53-expressing cells. Trans-well 

migration assays (see Figure 2-5B) were performed with mK-Ras-R172H-LE cells in 

serum-free media with (black bar) or without (white bar) 10 ng/ml IL-17.  Data shown 

are means ± SEM (n=4).  

 

(C) Total RNA was prepared from mK-Ras-R172H-LE cells at increasing times after 

treatment with 10 ng/ml IL-17. The graph shows mean level of MMP-9 mRNA relative 

to ɓ-actin (2
-ȹȹCT 

method) at the indicated time after addition of IL-17 to the serum-

starved cells. Data shown are means ± SEM (nÓ5). * p < 0.05. 
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 Data in the preceding section suggested that promotion of lung tumor cell 

invasion by IL-17 is p53 dependent.  To test this concept directly, we determined the 

consequences of p53 knockdown in mK-Ras-LE cells upon promotion of migration by 

IL-17.  Knockdown of p53 enhanced migration of mK-Ras-LE cells and prevented 

enhanced migration mediated by IL-17 (Figure 2-7A).  In contrast, mK-Ras-LE cells 

transfected with a mock siRNA migrated more slowly than the p53 siRNA-transfected 

counterparts and retained the response to IL-17.  In accord with these findings, IL-17 

increased MMP-9 mRNA levels in the mock siRNA-transfected cells, while p53 

knockdown increased MMP-9 mRNA levels and IL-17 had no additional effect (Figure 

2-7B).  Thus, the effect of the p53 siRNA on migration and response to IL-17 correlated 

with a similar effect on MMP-9 expression.  Transfection of the p53 siRNA into mK-

Ras-R172H-LE cells had no effect upon the failure of these cells to respond to IL-17 in 

the migration assay (Figure 2-7C).  Restoration of p53 by co-transfection of the p53 

siRNA with a plasmid that expresses a siRNA resistant wild-type human p53 into mK-

Ras-LE cells repressed migration and restored the enhanced migratory response to IL-17 

(Figure 2-7D).  Furthermore, restoration of wild-type p53 rescued IL-17-mediated 

induction of MMP-9 mRNA (Figure 2-7E).  These wild-type p53 rescue experiments 

demonstrated a correlation between p53 status and IL-17-mediated induction of MMP-9 

and migration.  In contrast, co-transfection of a plasmid that expresses a p53 siRNA-

resistant R175H mutant human p53 with the p53 siRNA did not restore the enhanced 

migratory response to IL-17 (Figure 2-7F).  Taken together, these data suggest that IL-17 

enhances migration of lung tumor cells by inhibiting wild-type p53-mediated repression 

of MMP-9 expression. 
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Figure 2-7.  P53 status alters IL -17-mediated promotion of migration and induction 

of MMP-9.   

(A) Knockdown of p53 prevents enhanced migration of IL-17-treated cells. mK-Ras-LE 

cells were transfected with a p53-targeting siRNA (sip53) or a non-targeting control 
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siRNA (siMock) before growth to confluence.  A scratch wound was made in the 

confluent cultures at time 0 (0hr) and fresh serum-free medium or serum-free medium 

supplemented with 10 ng/ml IL-17 was added before returning the cells to the incubator.  

At 15 and 30 hours after the addition of IL-17, the percentage of wound closure was 

assessed for mock- (dashed lines) and p53-targeting  (solid lines) siRNA-transfected cells 

incubated without (X) or with (circles) IL-17.  Data shown are means ± SEM (n=4). ** p 

< 0.01.  

 

(B) RNA was prepared from the cells at the 30 hour time point in part A and levels of 

MMP-9 mRNA were determined by qRT-PCR.  The graph shows the mean fold change 

(± SEM) of MMP-9 mRNA levels relative to ɓ-actin (2
-ȹȹCT 

method) with (black bars) or 

without (white bars) IL-17. For normalization purposes, the MMP-9/ɓ-actin mRNA ratio 

in siMock-transfected, untreated cells was made equal to 1. * p < 0.05.  

 

(C) Transfection of mK-Ras-R172H-LE cells with a p53-targeting siRNA does not 

restore IL-17-dependent enhanced migration.  mK-Ras-R172H-LE cells were transfected 

with a p53-targeting siRNA (sip53) or a non-targeting control siRNA (siMock) before 

growth to confluence.  A scratch wound was made in the confluent cultures at time 0 (0hr) 

and fresh serum-free medium or serum-free medium supplemented with 10 ng/ml IL-17 

was added before returning the cells to the incubator.  At 24 and 48 hours after the 

addition of IL-17, the percentage of wound closure was assessed for mock- (dashed lines) 

and p53-targeting  (solid lines) siRNA-transfected cells incubated without (X) or with 

(circles) IL-17. Data shown are means ± SEM (n=4). 
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(D) Restoration of wild-type p53 rescues enhanced motility mediated by IL-17.  mK-Ras-

LE cells were co-transfected with a p53-targeting siRNA (sip53) or a non-targeting 

control siRNA (siMock) with a plasmid (pCMV-p53-wt) that expresses wild-type human 

p53, which is siRNA resistant.  The graph shows the percentage wound closure at the 

indicated times after wild-type human p53 expression in mock siRNA-transfected cells 

(dashed lines) versus p53 siRNA-transfected cells (solid lines) in the presence (circles) 

and absence (X) of 10 ng/ml IL-17. Data shown are means ± SEM (n=4). * p < 0.05. ** p 

< 0.01.  

 

(E) Restoration of wild-type p53 rescues induction of MMP-9 mRNA by IL-17. Same as 

part B, except the levels of MMP-9 mRNA at the 30 hour time point from the cells in part 

C were determined. * p < 0.05. 

 

(F) Same as Figure 2-7D, except the co-transfected plasmid (pCMV-p53-R175H) 

expressed the R175H mutant of human p53 in the mK-Ras-LE cells with p53 knocked 

down.  The graph shows the percentage wound closure at the indicated times after mutant 

human p53 expression in mock siRNA-transfected cells (dashed lines) versus p53 

siRNA-transfected cells (solid lines) in the presence (circles) and absence (X) of 10 

ng/ml IL-17. Data shown are means ± SEM (n=4). 
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5. Upregulation of MMP-9 expression by IL-17 depends partially on IL -6 

Previous findings indicated that IL-17 increased MMP-9 expression via the IL-6-

Stat3 pathway [126]. Both IL-6 mRNA and protein levels are significantly higher in the 

lungs of IL-17-overexpressing animals than in the AdV-GFP control group (Figure 2-8A, 

Figure 2-8B). To test involvement of IL-6 in the IL-17-mediated upregulation of MMP-9 

mRNA expression in mK-Ras-LE cells, an antibody to IL-6 was added to the cells 

simultaneously with IL-17 treatment. The IL-6 antibody reduced MMP-9 mRNA levels 

in IL-17-treated mK-Ras-LE cells by 8 hours (Figure 2-8C). By 48 hours post-treatment, 

the 3.5-fold increase in MMP-9 mRNA in IL-17-treated mK-Ras-LE cells (relative to ɓ-

actin) was reduced to about 1.8-fold by the antibody to IL-6. In agreement with this result, 

the IL-6 antibody rapidly reduced levels of suppressor of cytokine-3 (SOCS-3) mRNA, 

an established target of the IL-6-Stat-3 pathway [127], in IL-17-treated mK-Ras-LE cells 

by more than 50% at 8 hours (Figure 2-8D). These findings indicated that IL-17 

increased MMP-9 mRNA, in part, through IL-6.  
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Figure 2-8. IL -17 regulates MMP-9 partially through IL -6. 

(A) IL-17 upregulates IL-6 mRNA in the mouse lung. Total lung RNA was collected one 

week post treatment of wild-type mice with 1x10
8 
AdV-GFP or AdV-IL-17. qRT-PCR 

for IL-6 mRNA levels was performed. ɓ-actin mRNA served as the internal control. Mice 

treated with AdV-IL-17 (black bar) showed ~3.6-fold increase (2
-ȹȹCT 

method) in IL-6 

mRNA levels compared to AdV-GFP treated littermates (white bar). n=3 per group. * p < 

0.05. 

 

(B) BAL fluid from AdV-IL-17- or AdV-GFP-treated mice was analyzed for IL-6 protein. 

n=8 per group. * p < 0.05. 

 

(C) IL-6-dependent regulation of MMP-9 by IL-17. Serum-starved mK-Ras-LE cells 

were incubated with 10 ng/ml IL-17 in the presence (x) and absence (open circles) of 2 

µg/ml antibody to IL-6. RNA was prepared from the cells at the indicated times and 

levels of MMP-9 mRNA were determined by qRT-PCR (2
-ȹȹCT 

method) relative to ɓ-

actin mRNA. Data shown are means ± SEM (nÓ4). * p < 0.05. 
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(D) IL-17 regulates SOCS-3 mRNA through IL-6 in mK-Ras-LE cells. Total RNA was 

prepared from serum-starved mK-Ras-LE cells that were incubated with IL-17 (10 ng/ml) 

with or without IL-6 antibody (2 µg/ml) for 8, 24, 48 hours. The graph shows the levels 

of SOCS3 mRNA (determined by qRT-PCR with the 2
-ȹȹCT

 method and ɓ-actin mRNA 

as control) at the indicated times post-exposure to IL-17 in the presence (white bar) or 

absence of (black bar) antibody to IL-6. 
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6. IL -17 upregulates MMP-9 expression via mRNA stabilization  

A previous report demonstrated that IL-17 enhanced the stability of chemokine 

mRNAs [22]. To test whether IL-17 could also affect the stability of MMP-9 mRNA in 

mK-ras-LE cells, we treated the cells with IL-17 for 2 hours before inhibiting 

transcription with 10 µg/ml actinomycin D. The decay of ɓ-actin mRNA appeared similar 

in mK-Ras-LE cells in the presence and absence of IL-17 (Figure 2-9A). Consistent with 

previous findings, IL-17 treatment delayed the decay of chemokine mRNAs, CXCL-2 

(Figure 2-9B) and CXCL-1 (Figure 2-9C). Similarly, IL-17 treatment also stabilized 

MMP-9 mRNA (Figure 2-9D).  Chemokine mRNA stabilization by IL-17 requires the 

serine/arginine-rich splicing factor 1, SRSF1 [22]. To determine if SRSF1 altered the 

stability of MMP-9 mRNA, we transfected mK-Ras-LE cells with a siRNA that targeted 

SRSF1. After 48 hours, qRT-PCR assays indicated an ~80% reduction of SRSF1 mRNA 

levels in SRSF1 siRNA-transfected cells. Accordingly, western blots for SRSF1 protein 

also showed efficient knockdown of the SRSF1 protein in mK-Ras-LE cells with this 

SRSF1 targeting siRNA (Figure 2-10A). The SRSF1-targeting siRNA increased MMP-9 

mRNA ~1.4 fold in transfected mK-Ras-LE cells relative to control cells transfected with 

scrambled siRNA (Figure 2-10B). To demonstrate IL-17-regulated interaction between 

SRSF1 and MMP-9 mRNA, we performed RNA co-immunoprecipitation assays 

followed by mRNA quantification by qRT-PCR. An antibody to SRSF1 co-

immunoprecipitated approximately 7-fold more MMP-9 mRNA than the negative control 

from whole cell extracts of untreated serum-starved mK-Ras-LE cells (Figure 2-10C). 

Treatment of the cells with 10 ng/ml IL-17 reduced the amount of MMP-9 mRNA that 

co-immunoprecipitated with the antibody to SRSF-1 to levels approximating the negative 
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control. Additional assays did not show an association between ɓ-actin mRNA with 

SRSF1 in extracts from untreated or IL-17-treated cells. Immunoblots confirmed that 

equal amounts of SRSF1 immunoprecipitated specifically with or without IL-17 

treatment. Positive control experiments replicated previous findings [114] demonstrating 

an IL-17-dependent association between SRSF-1 and CXCL-2 mRNA (Figure 2-10D). 

These observations support the concept that IL-17 increased MMP-9 mRNA stability by 

reducing interaction with SRSF1. These data agree with our conclusion that IL-17 

increases expression of MMP-9 in lung tumor cells via two mechanisms: an indirect IL-

6-dependent mechanism and a direct mechanism related to post-transcriptional 

stabilization of the MMP-9 mRNA by reducing interaction with SRSF-1. 
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Figure 2-9. IL -17 enhanced MMP-9 mRNA stability in mK -Ras-LE cells. 

Serum-starved mK-Ras-LE cells were untreated (circles) or treated with 10 ng/ml IL-17 

(X) for 2 hours. Then 10 µg/ml actinomycin D was added to both groups. Equal amounts 

of total RNA prepared at 2.5, 5, and 8 hours from duplicate or triplicate samples were 

assessed for the target mRNAs by qRT-PCR. The results are presented as decay over 

time. The mRNA levels before actinomycin D treatment were set to 1.  

 

(A) Addition of IL-17 had no effect (dashed line, open circles) on the decay of ɓ-actin 

mRNA (solid line, X). The graph shows the percentage of ɓ-actin mRNA remaining 

versus time.  

 

(B) Same as part A, except the percentages of CXCL-2 mRNA remaining at the indicate 

times for IL-17-treated (dashed line, open circles) and untreated cells (solid line, X) are 

shown.  
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(C) Same as part A, except the percentages of CXCL-1 mRNA remaining at the indicate 

times for IL-17-treated (dashed line, open circles) and untreated cells (solid line, X) are 

shown.  

 

(D) Same as part A, except stabilization of MMP-9 mRNA by IL-17 is shown.  

Data shown are means ± SEM (nÓ4). *p < 0.05.  
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