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Abstract
There are some pathways that are altered in many tumors, and RB and p53 pathways are two of the most important. 
These proteins are regulated during carcinogenesis by a phosphorylation mechanism. Ser or Thr followed by Pro are 
major phosphorylation motifs in the cells but their significance was obscure until the discovery of the PIN1 protein 
(protein interacting with NIMA (never in mitosis A)-1). Pin1 isomerase specific of pSer/Thr-Pro motifs that catalyzed the 
conformational switch from cis to Trans, which is especially important because Pro-directed kinases and phosphatases 
are conformation-specific and act only on the Trans conformation. In vivo and in vitro data have demonstrated that Pin1 
is involved in many aspects of cell cycle control. We studied the role of Pin1 in controls tumor cell proliferation using a 
conditional mouse model. Our results show a marked increase of tumorigenesis and metastasis in mutated murine models. 
We produced lentivirus containing CRE, HAPIN1 and HAPIN1 S67E sequences and we used these viruses to infect mice’s 
lungs, obtaining a lung cancer conditional model through Cre-Lox recombination method. Finally we characterized the 
effects induced by 4 different time points. For each time point we analyzed the histology characteristics of the induced lung 
cancer.

Keywords: Lung cancer; Prevalent cancer; Killer cancer; Large-cell carcinomas; Neuroendocrine cells; Bronchial 
tree; Gene-enzyme; Mucosal lymphatic vessels; Regional lymph nodes; Bronchial invasion; Phenotype; Epigenetic 
abnormalities; Disease prevention; metastasis; Epidermal growth factor receptor; Proto-oncogenes; Cell lung carcinomas; 
Tumor suppressor genes; Telomere length; Lung carcinogenesis hallmark of cancer; Cytotoxic; Myeloid-derived suppressor 
cells; Small-molecule inhibitors; DNA-binding domain; Regulatory pathway; Cells in culture; Kill cells; Tumorigenic potential
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RUNX3: Runt-Related Transcription Factor 3 

TGF-β: Transforming Growth Factor-β 
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Introduction
Lung cancer
Lung cancer, a highly invasive, rapidly metastasizing and 
prevalent cancer, is the top killer cancer in both men and 
women in the United States of America (USA). During 2014, 
an estimated 224, 210 new cases and 159,260 deaths for 
lung cancer were predicted in the USA [1]. Lung cancer 
can be divided into two major histopathological groups: 
non¬small-cell lung cancer (NSCLC) and small-cell lung 
cancer (SCLC). About 80% of lung cancers are NSCLC, 
and they are subdivided into adenocarcinomas, squamous 
cell, bronchoalveolar, and large-cell carcinomas [2]. 
Squamous cell carcinomas and adenocarcinomas are the 
most prominent. The remaining 20% of lung cancers show 
properties of neuroendocrine cells. It causes more deaths 
per year than the next four leading causes of cancer (colon/

rectal, breast, pancreas, and prostate) death combined in 
the United States. Its incidence and mortality patterns are 
consistently associated with 20 or more years of smoking 
history. The individual susceptibility to tobacco-induced 
lung cancer may be dependent on competitive gene-
enzyme interactions that affect activation or detoxification of 
procarcinogens and levels of DNA adduct formation, as well 
as determined by the integrity of endogenous mechanisms 
for repairing lesions in DNA. Lung cancer is highly 
heterogeneous that can arise in many different sites in the 
bronchial tree, therefore presenting variable symptoms and 
signs depending on its anatomic location. 70% of patients 
diagnosed with lung cancer present with advanced stage 
disease (stage III or IV). In the Table 1 there are the most 
common types of lung cancer with the relative incidence 
and the anatomic location. Disseminate into sub mucosal 
lymphatic vessels and regional lymph nodes almost without 
a bronchial invasion.

Table 1: The most common types of lung cancer with the relative incidence and the anatomic location.

Lung Cancer Type % of All Lung Anatomic Location

Squamous cell lung cancers
(SQCLC) 25–30% Arise in main bronchi and advance to the carina

Adenocarcinomas
(AdenoCA) 40% Arise in peripheral bronchi

Large cell anaplastic
Carcinomas (LCAC) 10% Tumors lack the classic glandular or squamous morphology

Small cell lung cancers
(SCLC) 10–15% Derive from the hormonal cells of the lung

Cells
Disseminate into sub mucosal lymphatic vessels and regional lymph nodes almost without a bronchial invasion.

The transformation from a normal to malignant lung cancer 
phenotype is thought to arise in a multistep fashion, 
through a series of genetic and epigenetic alterations, 
ultimately evolving into invasive cancer. The primary cancer 
has a continuous accumulation of genetic and epigenetic 
abnormalities, acquired during clonal expansion, influences 
the processes of invasion, metastasis, and resistance to 
cancer therapy. The identification and characterization 
of these molecular changes are of critical importance 
for improving disease prevention, early detection, and 
treatment. The knowledge of both a patient’s tumor 
characteristics and genetics will significantly advance the 
personalized prognosis and ideal treatment selection for 
each patient.

Several targetable genetic alterations have been identified 
in lung cancer [4] (Table 2), including:

a. Activating mutations in a number of proto-oncogenes 
such as KRAS, EGFR, BRAF, PI3K, MEK and HER2. 
Also EGFR (epidermal growth factor receptor) plays 
a critical role in regulating normal cell proliferation, 
apoptosis, and other cellular functions. Approximately 
10% of Non Small Cell Lung Cancer (NSCLC) patients 
in the US and 35% in East Asia have tumor associated 
EGFR mutations [5-7].

b. Structural rearrangements in ALK, ROS1 and possibly 
RET.

c. Amplification of proto-oncogenes such as MET in 
adenocarcinomas, FGFR1 and DDR2 in squamous cell 
lung carcinomas.

d. Oncogenic gene overexpression by microRNAs 
(miRNAs).

e. Inactivation of Tumor Suppressor Genes (TSG), 
including TP53, RB1, CDKN2A, FHIT, RASSF1A, and 
PTEN

f. Enhanced telomerase activity, which contributes to 
cellular immortality by maintaining telomere length 
through de novo synthesis of telomeres and elongation 
of existing telomeres (100% of SCLCs and 80% to 85% 
of NSCLCs). The hTERT gene is amplified in 57% of 
NSCLCs [3].

Remarkably, scores of the aforementioned aberrations 
correlate with patient’s smoking history as well as with racial 
and gender differences, which suggest a possible role of 
the host’s genetic makeup as key determinants in lung 
carcinogenesis [8].

Tumor microenvironment
The tumor microenvironment. The complex interactions of 
its various cell types and their released signaling molecules 
are an emerging hallmark of cancer [9]. It consists of 
stromal cells, cancer-associated fibroblasts, stem cells 
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and a comprehensive set of immune cells recruited 
into tumors. The tumor microenvironment is altered to 
suppress host immune responses, foster tumor growth, 
and help cancer cells evade immune surveillance [10]. The 
tumor-associated immune cells include tumor-associated 
macrophages (TAM), dendritic cell (DC) subsets, cytotoxic 
and regulatory T-cells (CTLs and Tregs), natural killer (NK) 
cells, and myeloid-derived suppressor cells (MDSCs). 
The amounts of different immune cell subsets in the 
tumor microenvironment can vary considerably among 
patients and may be used as a predictor of treatment 
outcome and survival in certain cancers [11]. The altered 
tumor microenvironment is established by the cancer 
cells through the loss of MHC class I molecules, the loss 
of antigen variants, and the active secretion of several 

growth factors, such as vascular endothelial growth factor 
(VEGF) and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) [12]. The immune cells present in the 
tumor microenvironment are functionally impaired, and 
the newly infiltrating immune cells become alternatively 
activated, resulting in a perturbed phenotype [12]. Chronic 
inflammation can also play a significant role in the tumor 
environment through the release of reactive oxygen and 
nitrogen species, as well as TNF-α. Consequently, chronic 
inflammation can facilitate tumor growth via activation of 
NF-κB and the subsequent suppression of adaptive immune 
responses [11]. NSCLC tumors often show hypoxic areas, 
which leads to the release of pro-angiogenic factors such 
as VEGF, thereby increasing tumor angiogenesis [13,14].

Table 2: Genetic alterations have been identified in lung cancer (Lemjabbar-Alaoui et al. 2015).

AKT1. AKT2. AKT3 AdenoCA (Rare). SQCLC (20%. AKT3: 16%) PI3K

ALK AdenoCA (3–13%) RTK
BRAF AdenoCA (6%). SQCLC (4%) RAF

CCNE1 AdenoCA (12%) RB1/CDK
DDR2 SQCLC (3–8%) RTK
EGFR AdenoCA (40–50%). SQCLC (7%) RTK

ERBB2 AdenoCA (7–14%) RTK
ERBB3 SQCLC (2%) RTK
FGFR1 AdenoCA (1–3%). SQCLC (22%). SCLC (6%) RTK
HRAS SQCLC (3%) RAS
IGF1R SCLC (95%) RTK
KRAS AdenoCA (30%). SQCLC (5%) RAS

MDM2 AdenoCA (20%) TP53
MET AdenoCA (25%) RTK

MLL SCLC (10%) Epigenetic regulation

MYC. MYCN. MYCL AdenoCA (31%). SQCLC (rare). SCLC (16%) Transcriptional regulators

NKX2.1/TTF1 AdenoCA (20%) Developmental pathways

NRAS AdenoCA (< 1%). SQCLC (< 1%) RAS

NRF2 SQCLC (19%) Oxidative stress response

PIK3CA AdenoCA (rare). SQCLC (16%) PI3K
RET AdenoCA (1–2%) RTK
ROS AdenoCA (1.5%) RTK

SOX2 SQCLC (21%) Developmental pathways

TP63 SQCLC (16%) Developmental pathways

Tumor suppressor gene Cancer type Pathway
PTEN AdenoCA (rare). SQCLC (8%) PI3K

ARID1A AdenoCA (8%) Epigenetic regulation

ASCL4 SQCLC (3%) Developmental pathways

CDKNA2/p16INK4 AdenoCA (> 20%). SQCLC (72%) RB1/CK

CEBBP SCLC (9%) Epigenetic regulation

CUL3 SQCLC (7%) Oxidative stress response

EP300 SCLC (9%) Epigenetic regulation

KEAP1 AdenoCA (11%). SQCLC (12%) Oxidative stress response

LKB1 AdenoCA (15–30%). SQCLC (2%) LKB1/AMPK
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Molecular events associated to lung cancer
Lung cancer is the leading cause of cancer deaths 
worldwide, the most prevalent is with non-small cell lung 
cancer (NSCLC) [15,16]. Most common mutations in 
human NSCLC are activating mutations in K-RAS (10-30%) 
and loss of function point mutations in p53 (50-70%) [17].

KRAS: The KRAS gene (Ki-ras2 Kirsten rat sarcoma viral 
oncogene homolog) is an oncogene involved in the regulation 
of cell division as a result of its ability to relay external signals 

to the cell nucleus. RAS proteins are small GTPases, which 
cycle between inactive guanosine di phosphates (GDP)-
bound and active guanosine triphosphate (GTP)-bound 
forms. RAS proteins are central mediators downstream of 
growth factor receptor signaling and therefore are critical 
for cell proliferation, survival, and differentiation. RAS can 
activate several downstream effectors, including the PI3K-
AKT-mTOR pathway, which is involved in cell survival, and 
the RAS-RAF-MEK-ERK pathway, which is involved in cell 
proliferation [18] (Figure 1).

Figure 1: Schematic of the MAPK and PI3K pathways. Growth factor binding to receptor tyrosine kinase results in activation of the MAPK 
signaling pathway (RAS-RAF-MEK-ERK) and the PI3K pathway (PI3K-AKT-mTOR). In the absence of BRAF mutations, receptor tyrosine 
kinases are activated by their ligands and activate RAS and PI3K. RAS then activates the RAF/MEK/ERK signaling cascade, which 
eventually provides survival, proliferation, invasion, and angiogenesis advantages to melanoma tumors. BRAF mutant melanoma cells 
are sensitive to BRAF inhibitors, but resistance can occur via a RAF isoform switch and other compensatory pathways. Combinatorial 
approaches targeting more than 1 molecule within 1 pathway or several pathways simultaneously need to be carefully investigated as 
potential treatment options for melanomas refractory to BRAF inhibitors. Compounds targeting the MAPK and PI3K pathways, and those 
currently being tested in clinical trials, are indicated.

Mutations in the KRAS gene impair the ability of the KRAS 
protein to switch between active and inactive states, 
leading to cell transformation, increased resistance to 
chemotherapy and biological therapies targeting epidermal 
growth factor receptors. KRAS mutations are particularly 
common in colon cancer, lung cancer, and pancreatic 
cancer. Since when, it has been accepted that KRAS is one 
of front-line sensors that initiate the activation of an array of 
signaling molecules allowing the transmission of transuding 
signals from the cell surface to the nucleus, thus affecting 
cell differentiation, growth, chemotaxis, and apoptosis. A 
signal transduction cascade initiated by the activated form 
of KRAS is depicted in Figure 2. As a result of these effects, 
KRAS elicits changes in the cytoskeleton and consequently 
affects cell shape, adhesion and migration [19,20]. 

a. Regulation of KRAS Gene Expression

The transcription of KRAS is regulated, in part, by an 
interaction between the promoter region and the 65 kDa 
ESXR1 proteins and, in part, by miRNAs. ESXR1 is a 
human protein with an N-terminal homeodomain in the 

nucleus and a C-terminal proline-rich repeat region I in the 
cytoplasm. The N-terminal fragment of ESXR1 binds exon-
1 of the KRAS gene, thus inhibiting its mRNA expression 
[21]. miRNAs contain a 21-22 nucleotide long no coding 
sequence that is able to regulate gene expression [22]. 
KRAS expression is regulated both during the initiation of 
transcription by the binding of proteins to its promoter and 
during transcriptional elongation by microRNAs affecting 
KRAS mRNA stability. While miRNAs and the KRAS 
oncogene are known to be dysregulated in various cancers, 
little is known about the role of miRNAs in the regulation of 
KRAS in cancer.

b. KRAS in oncogenesis

Activating KRAS gene point mutations have been detected 
in many types of human tumors [23]. Such oncogenic forms 
of the KRAS gene are prevalent in pancreatic carcinomas 
(>80%), colon carcinomas (40-50%), and lung carcinomas 
(30-50%), but are also present in biliary tract malignancies, 
endometrial cancer, cervical cancer, bladder cancer, 
liver cancer, myeloid leukemia [24] and breast cancer . 
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Mutations in the KRAS gene have important effects on the 
process of carcinogenesis, which depend on the cells and 
tissues involved [25]. Analyses of human cancer cell RAS 
genes showed that they differed from those in normal cells 
in single nucleotides of codons, such as 12, 13, 59, 61, and 

63; hot spot mutations in exons 1 and 2 were associated 
with transforming activities. These mutations are located 
near to the GTP binding site. Allelic mutations result in 
amino acid changes, namely Gly to Asp, Ala, Arg, Ser, Val, 
or Cys in codon 12 and Gly to Asp in codon 13 [26].

Figure 2: Signaling pathway of the KRAS protein. Following EGF binding to its receptor and activation of tyrosine kinases, the KRAS 
protein becomes activated by binding to GTP, transuding the activation signal to the nucleus by MAPKs and PI3K/AKT-mediated cascades. 
Specifically, the active state of the KRAS protein is facilitated by binding to the Grb2 protein, which interacts with the SH3 domains of the 
SOS protein, a member of the nucleotide exchange factor family. In the GTP state, KRAS is able to activate downstream proteins and to 
regulate cell transformation.
Mutation in codon 12 of the KRAS gene causes the 
encoded KRAS protein to “freeze” in its active state for a 
much longer duration than its non mutated counterpart [27]. 
The oncogenic forms of the RAS protein have a profound 
effect on the downstream effector pathways, resulting in 
much higher proliferation rates of cancer cells expressing 
such forms. Overexpression of KRAS can also be induced 
by the loss of p16INK4 (CDKN2A), p19INK4 (CDKN2D), or 
p53 [28]. However, studies by Zhang et al. [29] have shown 
that the wild-type KRAS allele can suppress the oncogenic 
function of the mutated.

c. KRAS in Non-Small Cell Lung Cancer (NSCLC)

Losses of KRAS wild type alleles in both mouse and human 
lung adenocarcinomas and squamous carcinomas have 
been found in many studies, notably in 67% to 100% of 
chemically induced murine lung adenocarcinoma cases 
harboring a mutant KRAS. Mutations in the KRAS gene in 
codons 12 and 13 were detected in 21% of NSCLC (non-
small cell lung cancer) tumor samples examined in the 
TRIBUTE III trial [30]. They are rarer in never smokers and 
are less common in East Asian vs. US/European patients 
[31,32]. NSCLC patients have a tendency to accumulate 
activating mutations in either the EGFR or KRAS genes. 
However, a clinical study has shown that mutations of 
these two genes are, in general, mutually exclusive. EGFR 
mutations are more often found in patients who have no 
history of smoking. The role of KRAS as either a prognostic 
or predictive factor in NSCLC is unknown at this time. Very 
few prospective randomized trials have been completed 
using KRAS as a biomarker to stratify therapeutic options in 
the metastatic setting.

P53

The p53 pathway responds to stresses that can disrupt 

the fidelity of DNA replication and cell division. A 
stress signal is transmitted to the p53 protein by post-
translational modifications. This results in the activation 
of the p53 protein as a transcription factor that regulates 
several genes with a broad range of functions, including 
DNA repair, metabolism, cell cycle arrest, apoptosis and 
senescence. The p53 pathway is composed of a network 
of genes and their products that are targeted to respond 
to a variety of intrinsic and extrinsic stress signals that 
impact upon cellular homeostatic mechanisms that monitor 
DNA replication, chromosome segregation and cell division 
[33]. The p53 protein is activated in a specific manner by 
post-translational modifications, and this leads to either 
cell cycle arrest, a program that induces cell senescence 
or cellular apoptosis [34]. In this way, a variety of intrinsic 
or extrinsic stresses that would result in a loss of fidelity in 
DNA replication, genome stability, cell cycle progression or 
faithful chromosome segregation can be accommodated or, 
alternatively, the clone of cells with these defects eliminated 
from the body. P53-regulated and p53-secreted proteins 
may alter the extracellular matrix and influence angiogenic 
signals in a localized region of a tissue. After DNA damage 
in a cell, the p53 pathway produces a set of proteins that can 
aid directly in DNA repair processes. Finally, the activation 
of the p53 protein and its network of genes sets in motion 
an elaborate process of auto regulatory-positive or auto 
regulatory-negative feedback loops, which connect the p53 
pathway to other signal transduction pathways in the cell.

Nature of the stress signals that activate p53 and its 
pathway

Stresses, both intrinsic and extrinsic to the cell, can act 
upon the p53 pathway. Among the signals that activate the 
p53 protein is damage to the integrity of the DNA template. 
Gamma or UV irradiation, alkylation of bases, deprivation of 
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DNA or reaction with oxidative free radicals all alter the DNA 
in different ways, and for each damaging agent, a different 
detection and repair mechanism is employed by the cell 
[35,36]. In each case the proteins that detect and repair 
the DNA lesion contain enzyme activities that communicate 

to the p53 protein that the DNA is damaged. This is 
accomplished by post-translational modifications resulting 
in phosphorylation, acetylation, methylation, ubiquitination 
or sumolation of the p53 protein (Figure 3) [37].

Figure 3: Diversity of cancer-related signals that activate p53 contributes to the central role the p53 protein as a tumor suppressor. See 
text for details.

A mutation or alteration in a selected protein that signals 
inappropriately for entry into the cell cycle is detected by 
the p53 checkpoint and this cell is usually killed. This is 
an excellent example of the tumor suppressor phenotype 
of the p53 protein [38]. The activation of the p53 protein 
in response to stresses is mediated and regulated by 
protein kinases, histone acetyl-transferase, methylases, 
and ubiquitin and sumo ligase. Once the p53 protein is 
activated, it initiates a transcriptional program that reflects 
the nature of the stress signal, the protein modifications 
and proteins associated with the p53 protein. The genes in 
this p53 network initiate one of three programs that result in 
cell cycle arrest (G-1 or G-2 blocks are observed), cellular 
senescence or apoptosis (Figure 4). A major player in 
the p53-mediated G-1 arrest is the p21 gene product that 
inhibits cyclic E¬cdk2. This cyclic-dependent kinase act 
upon the Rb protein to derepression the E2F1 activity that 
promotes the transcription of genes involved in preparing a 
cell to progress from G-1 to S phase in the cell cycle. The 
p53-induced G-2 arrest is mediated in part by the synthesis 
of 14-3-3 sigma, a protein that binds to CDC25C and keeps 
it in the cell cytoplasm. CDC25C is a phosphatase that acts 
upon cyclic B-CDC2, a kinase that is essential for the G-2- 
to M-phase transition. Keeping CDC25C in the cytoplasm 
prevents it from activating cyclic B-CDC2 in the nucleus and 
these cells are blocked in the G-2 phase of the cell cycle 
(Figure 4) [39].

P53 is inactivated by mutations in over 50% of all cancers. 
Such mutations can disrupt its direct binding to DNA or 
lead to structural perturbations that prevent the correct 
folding or oligomerization of the tumor suppressor. At other 
times, loss of p53 function is due to overexpression of 
p53-regulatory proteins that suppress p53 activity, such as 
MDM2 and MDMX. In mouse models, the absence of p53 
leads to the development of spontaneous tumors, notably 
in the thymus. Numerous strategies have been devised 
to correct a dysfunctional p53-regulatory pathway. Small-

molecule inhibitors of the p53-MDM2 interaction, p53 gene 
therapies and drugs that act as chaperones by binding 
to mutant p53 and restoring its function are some of the 
approaches currently in clinical trials. The mutations that 
inactivate p53 function in cancer cells almost all appear to 
localize to the DNA-binding domain of the p53 protein and 
produce a protein that fails to transcribe p53- responsive 
genes. Thus, the cancer cell appears to select for the loss 
of transcription factor activity. When fragments of the p53 
protein inactive for transcription are overexpressed in HeLa 
cells in culture, they can induce an apoptosis [40]. Whether 
this is a consequence of an overexpression activity and has 
no physiological significance or this means that p53 even 
without its transcription factor activity can act to kill cells 
remains a debatable issue in the literature. Similarly, p53 
mutant proteins have been shown by many research groups 
to have a ‘gain-of-function’ phenotype [41,42], resulting in 
enhanced tumorigenic potential, enhanced drug resistance 
and even allele- specific phenotypes.

Feedback loops in his p53 pathway

Feedback loops of the type described here provide a means 
to connect the p53 pathway with other signal transduction 
pathways and coordinate the cellular signals for growth and 
division. Redundancies in a system can sometimes prevent 
errors and a backup system reduces the phenotype of 
mutations. Many of these pathways have been elucidated 
by experiments carried out with cancer cells in culture that 
have mutations that alter these pathways. Even normal 
cells in culture or knockout mice may not reflect all the 
conditions that occur in normal cells and organs in vivo. It is 
particularly difficult to prove that a specific protein kinase or 
phosphatase acts upon a specific substrate in vivo and has 
an outcome that can be measured quantitatively. However, 
these constructs are useful in formulating hypotheses and 
testing ideas that will surely lead to novel insights into the 
nature of cancers and the design of drugs and agents that 
selectively kill cancer cells.
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Figure 4: A host of different stresses can activate p53 in the context of tumour initiation or progression, including nutrient deprivation, 
hypoxia, oxidative stress, hyperproliferative signals (which could also promote chronic DNA damage or oxidative stress), DNA damage 
(which might most typically be chronic DNA damage triggered by replicative stress, telomere attrition, or oxidative stress), and ribonucleotide 
depletion. p53 activation by these signals, or potentially even ‘basal’ p53 action in some contexts, can consequently promote diverse 
responses that lead to tumour suppression. This view expands the set of stress signals that can activate p53 to promote responses of 
cell cycle arrest, senescence, apoptosis and DNA repair, which could potentially occur through pathways that are distinct from those used 
upon acute DNA damage.
Pin1

Protein phosphorylation orchestrates the activation of 
signaling cascades in response to extra- and intracellular 
stimuli to control cell growth, proliferation and survival. 
These signaling events often include conformational 
changes in protein kinases and their substrates. Such 
conformational changes are involved in specific signaling 
mechanisms that regulate a spectrum of protein activities 
in physiological processes and diseases such as cancer 
[43,44].

Proline-directed protein phosphorylation is a common 
and central signaling mechanism that has crucial roles in 
diverse cellular processes and controls cell proliferation and 

transformation, and its dysregulation contributes too many 
human cancers [45]. Enzymes that are responsible for such 
phosphorylation belong to a large superfamily of proline-
directed protein kinases, which include cyclic-dependent 
protein kinases (CDKs), mitogen-activated protein kinases 
(MAPKs), including extracellular signal- regulated kinases 
(ERKs), stress-activated protein kinases/c-Jun N-terminal 
kinases (SAPKs/JNKs), and p38 kinases, glycogen synthase 
kinase 3 (GSK3) and Polo-like kinases (PLKs) (Lu & Zhou 
2007). Proline exists in one of two distinct conformers, cis 
and trans. Peptide polyol cis/transisomerases (PPIase) 
catalyze the cis-trans isomerization of peptide polyol bonds, 
and this cis-trans rotation of the peptide bond affects the 
spatial arrangement of the backbone segments in the 
proteins (Figure 5).

Figure 5: Schematic of the structure of Pin1 showing the regulatory posttranslational modification sites.
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The three phylogenetically conserved PPIase families 
are cyclophilins, FK506-binding proteins and pavilions 
[46]. Protein interacting with never in mitosis A1 (Pin1), 
which is a member of the parvula subfamily of PPIase 
and was originally identified in 1996 [47], specifically 
recognizes phosphorylated serine (S) or threonine (T) 
residues in pSer/Thr-Pro peptide sequences [47-49]. 

Pin1 has a modular domain architecture consisting of an 
N-terminal WW domain, a flexible linker and a C-terminal 
parvulin-type catalytic PPIase domain (Figure 6). The WW 
domain is responsible for Pin1’s binding to pSer/Thr-Pro 
motifs in substrate proteins [46], and thus catalyzes the 
interconversion between both conformations [50].

Figure 6: Genome organization of lentiviruses. Viral proteins involved in early stages of replication include Reverse Transcriptase and 
Integrase. Reverse Transcriptase (RT) is the virally encoded RNA-dependent DNA polymerase. The enzyme uses the viral RNA genome 
as a template for the synthesis of a complementary DNA copy. RT also has RNaseH activity for destruction of the RNA-template. Integrase 
(IN) binds both the viral cDNA generated by RT and the host DNA. Processing of the LTR by IN is performed prior to insertion of the viral 
genome into the host DNA. Although transmission is generally via infectious particles, lentiviruses are capable of infecting neighboring 
cells in direct contact with the host cells, without having to form extracellular particles [82].
Pin1 can also regulate the stability of substrate proteins 
by increasing or decreasing their ubiquitylation, working 
with different E3 ubiquitin ligase to regulate degradation 
of proteins. Pin1 mediates conformational changes in its 
substrate proteins. However, some of Pin1’s functions could 
be mediated simply by binding of its WW domain to pS/T-P 
motifs (i.e., a scaffolding activity) without involving its catalytic 
activities. Pin1 is regulated by extra- and intracellular stimuli, 
and governs the structures and functions of a broad range 
of signaling molecules, thus playing a pivotal role in tumor 
cell growth, survival, migration, invasion and metastasis. 
Mouse models have been used to investigate the critical 
roles of Pin1 in regulating tumor development. Transgenic 
overexpression of Pin1 in mouse mammary glands induces 
centrosome duplication, chromosome missegregation 
and Aneuploidy, and results in mammary hyperplasia and 
malignant mammary tumors [51]. In addition, Pin1 ablation 
in mice is highly effective in preventing oncogenic Her2 or 
Ha-Ras from inducing cyclic D1 expression and mouse 
mammary gland carcinoma [52]. Furthermore, Pin1 ablation 
in p53-knockout mice inhibits p53 deficiency-induced 
formation of lymphomas [53]. These findings support an 
instrumental role of Pin1 in promoting tumor development.

a. Pin1 expression in human cancer

Pin1 overexpression is prevalent in human cancers and its 
expression in several types of human cancer is frequently 
found to be higher than that in their normal counterparts 
[54]. Moreover, Pin1 expression has been linked to cancer 
prognosis. Pin1 overexpression positively correlates with a 
higher probability of and a shorter time to tumor recurrence, 
poor survival and lymph node metastasis in non-small cell 
lung cancer patients [55,56]. In addition, Pin1 expression 
has been found to correlate with other tumor markers in 
humans, which supports an important theory about the role 

for Pin1 in tumorigenesis and tumor progression. Pin1 can 
be regulated both transcriptionally and posttranslational. 
However, whether PIN1is amplified in cancer has not been 
intensively studied.

Death-associated protein kinase 1 (DAPK1) phosphorylates 
Pin1 at S71 in the PPIase catalytic active site to inactivate 
Pin1’s catalytic activity and inhibit Pin1’s nuclear localization 
and cellular function [57]. In contrast, mixed-lineage kinase 
3 (MLK3), a MAPK kinase kinase (MAP3K) family member, 
phosphorylates Pin1 at S138 in the PPIase domain to 
increase its catalytic activity and nuclear translocation [58]. 
In addition, PLK1-dependent phosphorylation of Pin1 at 
S65 in the PPIase domain, which prevents the ubiquitylation 
and proteasome-dependent degradation of Pin1 without 
affecting its isomerase activity, stabilizes Pin1 [59]. The 
binding of Pin1 to its substrates can also be regulated by 
Pin1 phosphorylation.

Oxidative stress induces lipid electrophiles to target Pin1 
for modification, which disrupts Pin1 activity by forming an 
adduct with Pin1 at C113, a residue in the active site that 
is essential for catalytic activity. SUMOylation is another 
regulatory modification for Pin1. SUMOylation of Pin1 on 
K6 in the WW domain and on K63 in the PPIase domain 
inhibits Pin1’s activity and oncogenic function. SUMOylated 
Pin1 can be deSUMOylated by SUMO protease 1 (SENP1), 
which increases Pin1 protein stability. Overexpression of 
SENP1 or disruption of Pin1 SUMOylation by mutations 
promotes Pin1’s ability to induce centrosome amplification 
and cell transformation [60]. Protein phosphorylation 
regulated by protein kinases and phosphatases is 
involved in every important cellular activity in eukaryotic 
cells [61]. Pin1 regulates the functions of protein kinases 
and phosphatases at the plasma membrane, cytosol and 
nucleus.
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b. Pin1 modulates protein kinase and phosphatase 
actions in cell cycle regulation

Cell cycle progression requires orchestrated changes 
in the activity or expression levels of a variety of key 
signaling proteins. G protein-coupled receptor kinase 2 
(GRK2), which plays a central role in G protein-coupled 
receptor regulation, is phosphorylated by the cyclic- 
dependent kinase 2 (CDK2) at S670 near the C-terminus. 
This phosphorylation triggers GRK2’s binding to Pin1 and 
its subsequent degradation during the G2/M transition. 
Prevention of GRK2 phosphorylation at S670 by mutation 
to Ala impedes normal GRK2 downregulation and markedly 
delays cell cycle progression in a receptor-independent 
fashion. Doxorubicin- induced activation of the G2/M 
checkpoint stabilizes GRK2 levels, which inversely correlate 
with the p53 response and the induction of apoptosis [62.]

The cyclic-dependent kinase CDC2/cyclic B complex 
regulates mitosis entry and progression. CDC2 is 
negatively regulated by phosphorylations at its T14 
and Y15 residues, which are mediated by the Myt1 and 
Wee1 kinases, respectively. Pin1 interacts with Myt1 and 
potentially modulates mitosis entry [63]. The interaction 
between Pin1 and phosphorylated CDC25 promotes a 
conformational change in CDC25 and increases its ability 
to activate and maintain CDC2/cyclic B activity, suggesting 
that Pin1 modulates cell cycle control through its interaction 
with CDC25 and its regulation of CDC25-dependent CDC2/
cyclic B activity [64,65].

c. Pin1 regulates transcription factors and transcription 
regulators 

It including cyclic D1, cyclic E and c-Myc in central pathways 
important for tumor development

Cyclic D1, which is important for cell cycle progression and 
cell proliferation, is a direct substrate of Pin1. Pin1 binds 
to cyclic D1 phosphorylated at Thr286-Pro by GSK3β and 
increases cyclic D1 levels in the nucleus and stabilizes 
cyclic D1. Pin1-deficient mice and cyclic D1-deficient mice 
share characteristics that include retinal hypoplasia and 
impaired mammary gland development. In pregnant Pin1-
deficient mice, cyclic D1 levels are significantly reduced in 
many tissues, including the retina and breast epithelium, 
and these mice fail to undergo the massive proliferative 
changes in breast epithelium associated with pregnancy 
[66,67].

Besides regulating cyclic D1 expression, Pin1 also regulates 
the stability of cyclic E. Pin1’s binding to the cyclic E-CDK2 
complex depends on CDK2-mediated phosphorylation of 
cyclic E at S384 [68], which promotes cyclic E degradation 
mediated by the sequential functions of SCF-Fbw7α and 
SCF-Fbw7γ. Oncogenic Ras activity both inhibits cyclic 
E-Fbw7 binding and cyclic E ubiquitylation, and potentiates 
cyclic E-induced genetic instability, which may serve as 
a mechanism through which Ras mutations promote 
tumorigenesis [69].

d. Pin1 regulates nuclear receptors

Estrogen receptor-α (ERα), a nuclear receptor expressed 
in breast epithelial cells, functions as a hormone-regulated 
transcription factor. Activation of the PI3K pathway promotes 
the nuclear translocation of CDK2 and phosphorylation of 
CDK2 at T160 in activation site [103]70. Activated CDK2 
in turn phosphorylates ERα at S294 and mediates Pin1-
ERα interaction, which increases ERK-dependent ER 
phosphorylation at S118 and S167 in the transcriptional 
activation function domain and promotes ERα dimidiation 
and activity [71,72]. Pin1 has also been shown to bind to 
ERα pS118 directly and cause the cis-trans isomerization of 
the pS118-P119 bond of ERα. This isomerization stabilizes 
ERα protein by blocking ERα interaction with the E3 ligase, 
E6AP, and thus inhibiting the E6AP-mediated ubiquitylation 
and degradation of ERα. In addition, Pin1 and ERα levels 
are positively correlated in human breast carcinoma 
specimens [71,73,74]. Pin1 also promotes the activation 
of nuclear receptor-regulated transcription by interacting 
selectively with phosphorylated steroid receptor coactivator 
3 (SRC-3/AIB1/pCIP) and modulating interactions between 
SRC-3 and cyclic adenosine monophosphate response 
element binding protein (CREB)-binding protein (CBP)/
p300 coactivators [75].

e. Pin1 regulates transcription factors and co-
regulators involved in tumor suppression and 
growth inhibition

In addition to transcription regulators that promote 
tumorigenesis, Pin1 also regulates a large number of 
tumor suppressors and growth inhibitors, including Smad 
transcription factors, the co-repressor silencing mediator 
for retinoic acid and thyroid hormone receptor (SMRT), 
forehead box O (FOXO), promyelocytic leukemia protein 
(PML), runt-related transcription factor 3 (RUNX3), the 
retinoblastoma protein (pRb), p53 and p73 [76,77]. 
Disruption of transforming growth factor-β (TGF-β) 
signaling, which is crucial in numerous cellular processes 
including proliferation, differentiation, migration and 
apoptosis often occurs in cancer. pRb represses gene 
expression, and hyperphosphorylation of pRb releases its 
inhibition of E2F transcription factors. Pin1 directly interacts 
with CDK-phosphorylated S608/612 in the spacer domain 
of pRb, which enables the interaction between CDK/
cyclic complexes and pRb in middle and late G1 phase 
and promotes pRb S780 phosphorylation. pRb deficiency 
abrogates the Pin1 deficiency-induced inhibitory effect on 
cell proliferation, further supporting the hypothesis that pRB 
is a substrate of Pin1 [71,77].

The tumor suppressor p53 is important in cell cycle arrest or 
apoptosis in response to a variety of stimuli. In response to 
DNA damage, p53 interacts with Pin1, and this interaction is 
dependent on p53 phosphorylations. The binding of Pin1 to 
p53 elicits conformational changes in p53 and stimulates its 
DNA-binding activity and transactivation function towards the 
p21promoter. Moreover, Pin1-deficient cells are defective in 
p53 activation and the timely accumulation of p53 and have 
impaired checkpoint control in response to DNA damage [78-
80]. The physiological relationship between Pin1 and p53 
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was also demonstrated using Pin1−/−p53−/− mice, which 
showed that development of lymphomas in p53-deficient 
mice was inhibited by Pin1 ablation. In addition, Pin1 plays 
an important role in mutant p53- promoted transformation 
and metastasis. Pin1 promotes the mutant p53-dependent 
inhibition of the anti-metastasis factor p63 and promotes 
the induction of a mutant p53 transcriptional program to 
increase tumor aggressiveness. Pin1 also cooperates with 
mutant p53 in Ras-dependent transformation to enhance 
tumorigenesis. Furthermore, in breast cancer patients, the 
combination of Pin1 overexpression and p53 mutation is 
an independent prognostic factor for poor clinical outcome 
[81]. These results suggest that Pin1 impacts p53 function 
at multiple levels [53].

f. Pin1 expression contributes to lung cancer

Pin1 protein was shown to be overexpressed in NSCLC 
tumor samples, and correlated with lymph node positive 
disease and tumor stage. High expression of MDM2 also 
correlated with lymph node positive disease and with 
poorly differentiated tumors. High expression levels of Pin1 
correlated with high levels of p53 or MDM2 protein, but did 
not show a correlation with cyclic D1. However, high levels 
of MDM2 correlated with cyclic D1 overexpression. Pin1 
mRNA was expressed significantly more often in the tumors 
of smokers than of non-smokers. The relationship between 
the expression of protein and mRNA of Pin1 has obviously 
showed that protein expression isn’t significantly associated 
with mRNA expression. Pin1 is overexpressed in many 
different cancers, including NSCLC, and may possibly be 

used as a tumor marker or as a target for cancer therapy. 
Current therapies for NSCLC patients are inefficient due 
to the lack of diagnostic and therapeutic markers. The 
phospho-Ser/Thr-Pro specific prolyl-isomerase Pin1 is 
overexpressed in many different cancers, including NSCLC, 
and may possibly be used as a target for cancer therapy.

Lentivirals vectors
Lentivirus is a genus of the Retroviridae family, characterized 
by a long incubation period. Lentiviruses can deliver genetic 
information into the DNA of the host cell, so they are one 
of the most efficient methods of a gene delivery vector. 
Lentivirus is a research tool used to introduce a gene 
product or edit the genome of in vitro systems or animal 
models through gene editing techniques like cre-lox or 
Crispr\Cas, but it has a wide use for therapeutic applications 
It is important where stable long-term integration or deletion 
of the gene is required, in addition, lentiviral vectors can 
infect a wide variety of cell types and have a relatively low 
toxicity profile when compared to the other virus vectors 
for this reason they have been extensively represented in 
clinical trials. Examples of lentivirus are HIV, SIV, and FIV 
[82]. Infectious lentiviruses have three main genes coding 
for the viral proteins in the order: 5´- gag-pol-env-3´(Figure 
7). There are accessory genes (e.g., for HIV-1: vif, vpr, vpu, 
tat, rev, nef), they are involved in regulation of synthesis and 
processing viral RNA and other replicative functions. The 
LTR is about 600nt long, of which the U3 region is 450, the 
R sequence 100 and the U5 region some 70nt long.

Figure 7: Schematic representation of the proviral genomic structure of lentiviruses and derivative vectors. (A) Proviral wild-type DNA of 
a typical lentivirus: The gag, pro, pol, env, and associated accessory genes, coding regions are indicated together with the U3, R, and U5 
regions of the 3′- and 5′-long terminal repeats (LTRs). The primer binding site (PBS), packaging signal (Ψ), central polypurine tract (cPPT), 
and rev response element (RRE) regulatory regions in cis are also shown. (B) General structure of lentiviral-derived vectors showing 
the mutated gag sequence (Δgag), cPPT, and RRE upstream of the transgene. Arrows indicate the U3 and internal promoter regions. 
Packaging constructs containing gag, pro, and pol sequences together with the RRE, the rev sequence, and the env sequence with polyA 
tracts under the control of the cytomegalovirus (CMV) promoter are shown below [87].
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Large-scale collaborative efforts are underway to use 
lentiviruses to block the expression of a specific gene using 
RNA interference technology in high-throughput formats. 
The expression of short-hairpin RNA (shRNA) reduces the 
expression of a specific gene, thus allowing researchers 
to examine the necessity and effects of a given gene in 
a model system. Another common application is to use a 
lentivirus to introduce a new gene into human or animal 
cells. Retroviruses are useful tools for the efficient delivery 
of genes to mammalian cells, owing to their ability to stably 
integrate into the host cell genome. Over the past few 
decades, retroviral vectors have been used in gene therapy 
clinical trials for the treatment of a number of inherited 
diseases and cancers.

Vectors based on lentiviruses like HIV-1 are able to 
transduced both dividing and non dividing cells [83]. 
This ability is due to the fact that the PIC of lentiviruses 
is able to enter the nucleus without disrupting the nuclear 
membrane. Nuclear translocation is facilitated by proteins 
and accessory protein. For example the MA protein has 
also been shown to bind directly to importin-α, facilitating 
entry of the PIC through nuclear pores [84] or the accessory 
protein Vpr binds directly to the nuclear pore complex and 
causes transient herniations in the nuclear membranes [85]. 
In addition to Vpr, lentiviruses encode a number of other 
accessory proteins Vif, Vpu, Tat, Rev, and Nef (Figure. 2.2A). 
Only Tat and Rev are strictly required for virus replication. 
Tat activates the promoter of the HIV LTR so that viral RNA 
is produced more efficiently, and Rev interacts with a region 
of RNA known as the Rev Response element (RRE) to 
promote the transport of viral RNA from the nucleus into the 
cytoplasm [86]. The larger genomic size of HIV-1 and other 
lentiviruses means that large or multiple transgenes can be 
incorporated into vectors developed from these viruses. 

In lentiviral vectors, the cis-acting elements are similar to that 
of retroviruses, but the additional cPPT and RRE regions 
are also present upstream of the transgene. Additional 
elements increases the risk of homologous recombination 
events, thus the gag-pro-pol, rev, tat, and env genes are 
all provided in trans on separate expression constructs 
to reduce the risk of such events [88]. Third-generation 
lentivirus vectors currently in use have a self-inactivating 
(SIN) design which negates the use of Tat. The generation 
of helper cell lines for lentivirus vectors has proved difficult 
because some of the lentivirus proteins are toxic to cells 
leading to low vector titers. Lentivirus vectors are usually 
produced by transient transfection methods, and pseudo 
typing lentivirus vectors with the surface glycoprotein from 
vesicular stomatitis virus G protein (VSV-G) have helped to 
increase stability and titer, as well as broaden the tropism.

Retrovirus and Lentivirus Vector Design

Various factors must be considered for virus vector 
design, like the choice of transgene. Transgenes selected 
for therapeutic applications normally have very defined 
functions, and mutations lead to loss or gain of very 
specific phenotypic characteristics. Genes involved in cell 
cycle regulation, cellular proliferation, and apoptosis pose 

particular problems for therapeutic applications in humans 
as they are often involved in multiple signaling pathways. 
Non physiological expression may lead to deleterious 
effects such as tissue damage or cancer, so-called 
phenotoxicity. Other factors to consider are whether the 
gene is ubiquitously expressed or only expressed in specific 
cells and tissues, and the level of protein expression in 
different tissues.

The promoter, Marker genes and Enhancer regions

If a ubiquitously expressed is encoded by the gene of 
interest, internal heterogonous promoters can be used to 
drive transgene expression. However, the protein is not 
ubiquitously expressed but found in specific cell types, for 
example, cells of the hematopoietic system, then it may be 
preferable to use a promoter that is cell type specific, such 
as that described for the Wiskott-Aldrich syndrome gene 
[89]. The construction of artificial promoters allows acting 
with specificity. Virus vectors and packaging constructs 
often contain antibiotic resistance genes such as ampicillin 
or kanamycin. These antibiotic resistance genes permit 
the transformation of electrically or chemically competent 
Escherichia coli for the propagation of constructs. 
Selectable markers for other types of antibiotic resistance 
such as G418 are used for selection of mammalian cells 
transfected with packaging constructs to generate stably 
expressing packaging cell lines.

A vector has to contain a marker gene to monitor the 
expression before testing the transgene of choice. This 
enables troubleshooting of any problems associated with 
the vector backbone, promoter, cis-elements, or packaging 
constructs prior to testing the transgene itself. One of the 
most common marker proteins is the enhanced green 
fluorescent protein (eGFP), it is easily monitored by flow 
cytometry or confocal microscopy. Truncated versions of 
cell surface proteins such as CD34 and low-affinity nerve 
growth factor receptor can also be used as cell surface 
markers. These proteins retain their extracellular and TM 
regions but lack intracellular domains and therefore do 
not affect cell function. When live imaging is required, the 
luciferase reporter gene is a useful marker for tracking gene 
expression in vivo in real time [87].

Safety considerations and Vector Production

Gamma retroviral vectors have a propensity to integrate 
near regulatory regions (including transcription start sites) 
of active genes (De et al., 2005 and Wu et al., 2003). The 
activity of promoter/enhancer elements within the vector 
LTRs or aberrant splicing events can lead to the activation 
of genes flanking the integration site (Hacein-Bey-Abina et 
al., 2008 & Howe et al., 2008). This is commonly referred to 
as insertional mutagenesis. If the genes near the integration 
sites are proto-oncogenes, this may lead to increased 
proliferation of clonal populations of cells. This has been 
observed in several patients with SCID-X1 and Wiskott- 
Aldrich syndrome treated with gamma retroviral vectors 
who developed T cell leukemias, and in the patients with 
CGD who developed dominant myeloid clones. Analysis 
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of clonal populations of lymphoid cells from four of the 
SCID-X1 patients and one WAS patient revealed that the 
mutagenic retrovirus integration site was located near the 
promoter of the LMO2 gene, a proto-oncogene associated 
with acute T cell leukemias ( Hacein-Bey- Abina et al., 2008 
and Howe et al., 2008).

A number of packaging cell lines are commercially available 
for the generation of gamma retrovirus vectors and the 
choice of system depends on the envelope protein required 
(Miller, 1997). Phoenix packaging cells lines, based on 
HEK 293T cells, express the MLV gag- pro-pol and env 
proteins and offer the advantage that these cells have high 
protein expression levels of these viral coding sequences, 
allowing for higher virus vector titers to be achieved. Two 
variations are available that allow pseudo typing with either 
amphotropic (Phoenix-Ampho) or ectotropic (Phoenix-Eco) 
envelope proteins. There is also a Phoenix-gp cell line 
which expresses only gag-pro-pol enabling pseudotyping 
of the retroviral vector with other envelop proteins such as 
GALV or VSV-G.

Lung Cancer Mouse Conditional Model
Lung cancer can be divided into two major histopathological 
groups: non-small-cell lung cancer (NSCLC) (Van Zandwijk 
et al. 1995) and small-cell lung cancer (SCLC) [16]. They 
show major differences in histopathologic characteristics 
that can be explained by the distinct patterns of genetic 
lesions found in both tumor classes (Zochbauer-Muller et 
al. 2002). Responsiveness to treatment with chemotherapy 
and/or radiation also differs significantly between NSCLC 
and SCLC and has a dramatic effect on clinical treatment 
outcome. Mouse models for lung cancer can thus serve as 
a valuable tool not only for understanding the basic lung 
tumor biology but also for the development and validation 
of new tumor intervention strategies as well as for the 
identification of markers for early diagnosis.

Similarities in genotype-phenotype correlations, 
morphology, histopathology along with tumor cell 
characteristics between lung tumor in mice and man [2,90] 
make mouse models a valuable tool for understanding 
fundamental biologic mechanisms underlying the ontogeny 
of different histopathological groups of lung tumors (non-
small cell lung cancer (NSCLC) and small cell lung cancer 
(SCLC) [2]. In addition, mouse models for lung cancer serve 
as important means to identify markers for early diagnosis 
and verify novel strategies of therapeutic intervention.

Somatic mouse models are based on the ability to activate 
or inactivate specific alleles, and in a tissue-specific cell 
type. The resulting conditional somatic mouse models 
can be used as versatile powerful tools in basic cancer 
research and preclinical translational studies alike. These 
models permit us to investigate initiation (cell of origin) 
and progression of lung cancer, along with response and 
resistance to drug therapy. Cre/lox or FLP/frt recombinase-
mediated methods are now well-used techniques to 
develop tissue-restricted lung cancer in mice with tumor-
suppressor gene and/or oncogene (in) activation. Intranasal 

or intratracheal administration of engineered adenovirus-
Cre or lentivirus-Cre has been optimized for introducing Cre 
recombinase activity into pulmonary tissues.

The advantage and disadvantage of commonly used mice 
models for lung cancer:

a. Conventional transgenic

Advantages: quick, technically easy and applicability to a 
wide variety of species.

Disadvantage: potential embryonic or prenatal lethality 
of some transgenes, strong cancer predisposition bias, 
stochastic transgene expression.

b. Conditional transgenic

Advantages: introduction of sporadic cancer, real tumor 
microenvironment, ability to study tumor initiation and 
development.

Disadvantages: target a limited number of genes, cannot 
reflect human tumor heterogeneity, complex breeding 
schemes for generating compound mice.

c. Orthotopic xenograft

Advantages: ability to predict drug response of human 
patient, reflection of real heterogeneity of human tumor, 
closely mimic human metastasis, better indication of 
potential clinical activity of drug.

Disadvantages: expensive, technically difficult, stromal 
irritation, dissociation of tumor cells from their niche.

Many conventional knockout mice bearing germ line 
deletions of tumor suppressor genes that play a key role 
in human lung cancer, for instance retinoblastoma (Rb) 
and Wilms tumor- 1 (Wt-1) genes, resulted in embryonic 
or perinatal lethality [91]. Conventional knockout mice with 
embryonal viable tumor suppressor lesions often have 
a limited life span and they can develop a wide tumor 
spectrum, because only a small fraction of it becomes lung 
tumors. An affirmed strategy for generating somatic mouse 
models for sporadic lung cancer makes use of site-specific 
recombinase to introduce genetic lesions inside lung tissue 
cells of adult mice. Currently, Cre/loxP strategy is the most 
commonly used system in mice to produce strains with 
conditional alleles. A different application of the Cre/LoxP 
method, by placing a LoxP-Stop-LoxP (LSL, a transcription 
stop, flanked by two LoxP sites) DNA segment upstream of 
an oncogene, enables one to control conditional activation 
of oncogenes. Cre expression provides for somatic delivery 
and tissue-specific espression. Somatic administration of 
engineered Adeno-Cre or Lenti-Cre viruses (recombinant 
viruses expressing Cre- recombinase) via intranasal or 
intratracheal route can be used as a specific strategy to 
introduce Cre recombinase inside a broad range of lung 
epithelial cells. The tumor multiplicity can be easily controlled 
by the amount of virus administered. This, together with 
the use of tissue-specific promoters that regulate Cre 
recombinase expression, this technique is really versatile.
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The major difference using Lentivirus in respect of the 
Adenovirus:

a. Lentiviral DNA can stably integrate into the genome of 
dividing and nondividing host cells, and lead to long-term 
expression of the Cre transgene [92].

b. Adenoviral DNA does not integrate into the genome of 
host cells and cannot replicate during cell division [93]

Studies demonstrated that the infection efficacy of 
adenovirus is higher (nearly 100%) than that of lentivirus 
(30%). Despite all, Lentiviral Cre vectors remain valuable 
tools for the somatic onset of lung cancer in Cre/lox mice 
models. For instance, intratracheal administration of lentiviral 
Cre-expressing vectors into lungs of Kras LSLG12D/+; 
Trp53flox/flox mice resulted in the development of between 
5 and 20 tumors per single lung [94]. Since the lentivirus 
integrated stably into genome, it was possible to use the 
integration site as an ideal lineage marker that definitely 
linked primary tumors to their related metastases (Figure 
1) (Figure 8).

Figure 8: Representative lung tumor lesions from Trp53flox/
flox : krasLSL-G12W+ mice, after ad-cre infection. (a) Atypical 
adenomatous hyperplasia occurred 3 weeks post-infection (p.i.) 
(scale bar+25um). (b) Adenoma lesion found 6 weeks p.i. (scale 
bar= 25um). (c,d) More advanced adenocarcinoma lesons 
developed at 3 monts p.i. Tumors cells contain plemotropic nuclei 
(white arrow) and giant cells (dotted arrow) (c) scale bar = 15um 
and (d) scale bar =10 um [94].

One should however be aware of a potential problem 
that might arise by the use of regular, lung tissue specific, 
transgenes. Continuous high levels of somatically 
expressed Cre recombinase can lead to significant 
genotoxicity in vivo [95]. The use of Adeno Cre virus 
does circumvent this problem, since the adenoviral Cre 
recombinase is only transiently active in all infected 
cells. In case of Lentiviral Cre one should hence use a 
floxed Cre recombinase [96] in order to guarantee a self-
inactivating Cre activity that renders it a de facto transient 
expression. In another study, lentiviral vectors have been 
designed containing Cre ER T2 coupled with luciferase and 

mStrawberry fluorescent proteins. These vectors contain 
a single actin (CAG) promoter flanked by inverted mutant 
loxP sites, which drives CreER T2 expression. After Cre 
recombinase activation through administration of tamoxifen, 
the promoter inverts and locks into opposite orientation and 
consequently expresses bioluminescent and fluorescence 
reporter proteins while Cre expression itself is inactivated. 
Then, initiated tumors in KRasLSL- G12D/+; Trp53flox/
flox mice could be visualized by bioluminescence imaging 
without the need of an additional reporter transgene [97]. A 
powerful attribute of ER- inducible systems is that removal 
of hormone can reverse the activity of ER-fusion proteins. 
This method was used to engineer Trp53KI/KI mice in 
which both endogenous Trp53 alleles were replaced by 
a fused conditional variant Trp53ERTAM (or Trp53KI). 
When Trp53KI/KI mice underwent tamoxifen treatment 
or withdrawal, their Trp53 status switched between wild-
type and null activity, respectively. Inhalation of Ad-Cre in 
compound KrasLSL- G12D/+; Trp53KI/KI mice resulted 
normally in multiple lung tumors. At 8 weeks after Ad-
Cre application, Trp53 wild-type function was restored by 
treating mice with tamoxifen, which then led to a significant 
decrease in the number of high-grade tumors [98]. This, 
thus clearly showed the importance of Trp53-mediated 
tumor suppression in lung cancer driven by oncogenic 
Ras activity. It however also shows that (re)introduction of 
Trp53 wild-type levels does not prevent the growth of early, 
low-grade Ras dependent-tumors. The above mentioned 
techniques of generating somatic lung cancer have led 
to the creation of distinct models for various lung cancer 
subtypes.

Mutations in the K-Ras gene are present in approximately 30 
percent of adenocarcinomas and are generally associated 
with a poor prognosis [91]. The K-Ras oncogene encodes a 
family of membrane-bound guanosine triphosphate- (GTP-
) binding proteins that are involved in cell proliferation, 
migration, and apoptosis. The most common K-Ras 
mutations are in the form of point mutations on exons 12 and 
13, typically resulting in constitutive activation of RAS [99] 
interestingly; cases of NSCLC exhibiting K- Ras mutations 
are predominately resistant to the EGFR inhibitors, erlotinib, 
and gefitinib [100]. In addition to K-Ras, p53 is a well-
established predictive and prognostic marker for NSCLC. 
Loss of the tumour suppressor gene, p53, leads to mitotic 
abnormalities during cellular development resulting in highly 
proliferative cells [17]. Transversions along the p53 gene 
are found in almost all human lung cancer tissues and have 
implicated p53 as a key molecular marker for lung cancer 
[101]. A comprehensive meta- analysis of the role of p53 as 
a prognostic factor for lung cancer survival revealed that 
mutated or inactive p53 was shown to be associated with a 
poor survival [102].

NSCLC can be subdivided into adeno-, squamous cell, 
bronchoalveolar, and large-cell carcinoma and account for 
about 80 % of all lung cancers. Somatic mutations in KRAS, 
BRAF, EGFR, LKB1, RAC1, NF ΚB, and TRP53 occur 
frequently in human NSCLC and have been subsequently 
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introduced in mice [103]. Especially the somatic introduction 
of Kras mutation has so far been widely used as the basis of 
many mouse models for NSCLC.

The phenotype of the latter mouse model is in contrast 
with the more progressed adenocarcinomas found in other 
conditional mouse models with different Kras mutations, 
which makes that this model can be easily used for 
early stages of NSCLC [104]. The practical use of Kras-
mediated lung cancer models and its importance for 
translational research was underlined by the findings that 
gene expression profiles from murine Kras2- mediated 
lung cancer and human lung adenocarcinomas proved to 
be closely related [105]. About 18 % of all lung tumors are 
classified as Small Cell Lung Cancer (SCLC) [7]. Among 
the specific characteristics of SCLC are a high proliferative 
rate and early metastatic behavior, which results in 
poor prognosis with more than 95 % mortality .SCLC 
development is strongly linked to tobacco smoking and 
arises from neuroendocrine (NE) cells [96]. In stark contrast 
to NSCLC, spontaneous or chemically induced murine 
lung cancer never developed neuroendocrine carcinomas. 
Frequent inactivation of both TRP53 and RB1 has been 
reported in human SCLC and prompted the generation 
of a somatic SCLC mouse model with conditional alleles 
for Rb1 and Trp53. Intratracheal Ad-Cre administration in 
Trp53fl ox,fl ox;Rb1fl ox,fl ox mice led after 6-8 weeks to 
the growth of hyper plastic NE cellular foci, which rapidly 
became dysplastic and grew into fully invasive SCLC after 
an additional 3-5 months [106].

This presentation of mouse models for both NSCLC 
and SCLC that are well defined and currently in use for 
preclinical studies. Although the main emphasis is on 
the genetically modified (somatic) mouse models of lung 
cancer, we certainly do not want to lessen the importance 
of using primary human lung cancer cells in orthotopic 
transplantation studies. The latter studies are very valuable 
since one has to realize that almost all somatically 
induced murine lung tumors are genetically very similar to 
human lung tumors, as has been shown by genome-wide 
comparison and characterization of all genetic variations 
in individual tumors. Still, important differences remain. 
Human lung cancers, whether they are NSCLC or SCLC, 
have almost always a much higher degree of genetic 
modifications than murine lung cancers have. A reason for 
this might be that the whole scale of genetic modifications 
is limited by the relative short time period of tumor 
development, which is allowed during the limited life span of 
a mouse. Another important aspect remains the differences 
in cellular organization of lung tissue that exists between 
mouse and man. All these major differences in epithelial 
organization and homeostasis of the pulmonary tissue 
certainly influence the onset of different murine lung cancer 
types, as we clearly showed in the case of SCC. Finally, we 
want to emphasize that there are not yet convincing mouse 
models that address the important role of genome-wide 
epigenetic changes, which most likely play an important 
role not only during lung cancer growth and maintenance 

but also in its response against (cytotoxic) therapies. Many 
of the abovementioned problems and differences can be 
addressed by developing new or further refining existing 
mice models for lung cancer so that their role and use in 
preclinical research will further increase.

Aim of Study
Normal cells became tumor cells through deregulation 
of multiple pathways. There are some pathways that are 
altered in many tumors and RB and p53 pathways are one 
of the most important. These proteins are regulated during 
carcinogenesis by a phosphorylation mechanism. In vivo 
and in vitro data have demonstrated that Pin1 is involved 
in many aspects of cell cycle control and a plethora of 
protein targets have now been discovered many of which 
are involved in the cell cycle control. Different observations 
indicated that Pin1 may serve as a mediator of malignant 
behavior in lung cancer and suggested that the inhibitory 
targeting of Pin1 might be incorporated into novel lung 
cancer therapies. However, it is not known whether Pin1 
would affect actual cellular growth or tumorigenic properties 
in lung cancer. The project’s focus will be studying the role 
of Pin1 in controls lung cancer tumor cell proliferation. We 
use a recombinant lentivirus expressing Cre recombinase 
(LentiCre) to induce HaPin1 murine model. Tumour-
associated cell cycle defects are common in eukaryotic 
cells [107], they induce unscheduled proliferation as well as 
genomic and chromosomal instability.

To validate the oncogenic potential of Pin1 in lung cells, 
we propose investigated the biological effect of the 
overexpression of Pin1 in a conditional mouse model. To do 
that we are going to use a validated method of intratracheal 
LV injection to specifically induce lung cells tumor growth. 
We genotyped and selected mice engineered for p53 and 
KRAS, obtaining a perfect model to study the function of 
a Pin1 mutated gene. A specific part of the project will be 
dedicated to the LV production, titration and efficiency 
evaluation conducted through transfection process on 
293FT cells and rt-pcr technique. Once ultraspin- dryed and 
isolated the vectors (HIV lentiviruses) particular attention 
has been given for the intratracheal LV injection on mice 
models. The onset of human lung cancer occurs through 
sequential mutations in oncogenes and tumor suppressor 
genes. Mutations in K-Ras and p52 play a prominent role 
in human non-small cell lung cancer. Mice genetically 
engineered obtained through this technique allowed to 
create models bearing a mutated form of Pin1 completed 
by Cre-Lox technique.

Mutations in Pin1 play a prominent role in human non-small 
cell lung cancer [108].

Aim of Study (Italian Language)  
Le cellule normali diventano tumorali attraverso una 
deregolazione di numerosi pathways. Molti di questi sono 
alterati in diversi tumori, I pathways di RB e p53 sono tra I 
piu’ imoportanti. Queste proteine sono regulate durante la 
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carcinogenesis da meccanismI di fosforilazione. Dati sia in 
vivo che in vitro hanno dimostrato che pin1 e’ coinvolto in 
molti aspetti del controllo del ciclo cellulare insieme a diverse 
protein target. Differenti osservazioni indicano che Pin1 
potrebbe fungere da mediatore nel comportamento maligno 
del tumore al polmone, suggeriscono inoltre che il targeting 
e l’inibizione di Pin1 potrebbe essere incorporate in diverse 
nuove terapie contro questo tipo di tumore. Comunque, 
non e’ ancora conosciuto se Pin1 potrebbe avere effetti 
sulla crescita cellulare e sulle proprieta’ tumorogeniche 
del tumore al polmone. Il progetto e’ incentrato sullo studio 
del ruolo di Pin1 nel controllo della proliferazione delle 
suddette cellule tumorali. Per far questo abbiamo utilizzato 
un Lentivirus esprimente la ricombinasi Cre per indurre un 
modello murino HaPin1. In cellule eucariotiche sono molto 
comuni tumori associate a difetti del ciclo cellulare [107], 
questi inducono una proliferazione incontrollata provocando 
instabilita’ sia genomica che cromosomiale. Per validare 
il potenziale oncogenico di Pin1 nelle cellule polmonari, 
abbiamo investigato l’effetto biologico dell’overespressione 
di Pin1 in un modello condizionale murino.

Il metodo validato e scelto per questo obiettivo e’ stata 
l’infezione intratracheale di Lentivirus al fine di indurre 
con precisione la crescita di cellule tumorali nei Polmoni 
dei modelli utilizzati. Abbiamo svolto questi esperimenti 
si topi ingenierizzati selezionati e genotipizzati per p53 
e Kras, ottenendo cosi’ un perfetto modello di studio per 
il gene Pin1 mutato. Una specifica parte del progetto 
e’ dedicate alla produzione di Lentivirus Hiv, alla loro 
titolazione e valutazione della loro efficienza, condotta 
attraverso processi di trasfezione su cellule 293FT e 
tecniche di rt-pcr. Una volta aver ultracentrifugato ed 
isolato I vettori ( Lentivirus HIV), particolare attenzione 
e’ stata data alle iniezioni intratracheali di LV sui modelli 
murine. L’insorgenza del cancro del polmone umano 
avviene attraverso mutazioni sequenziali in oncogeni e geni 
oncosoppressori. Le mutazioni in K-Ras e p52 svolgono UN 
ruolo di primo piano nello human non-small cell lung cancer. 
I topi geneticamente ingegnerizzati, ottenuti attraverso la 
tecnica di ricombinazione Cre-Lox, hanno consentito di 
creare nuovi modelli che portano una forma mutata di Pin1. 
Queste mutazioni su Pin1 giocano un ruolo primario nello 
sviluppo dello human non-small cell lung cancer [108]. I 
suddetti modelli possono essere utilizzati come nuovi 
modelli di studio per il tumore al polmone. Il trasporto di 
Cre ricombinasi nelle cellule epiteliali polmonari mediato 
da lentivirus ha dato luogo a una elevata insorgenza di 
tumori e metastasi. Questi modelli ci permetteranno di 
studiare I vari step coinvolti nell’iniziazione e progression 
del tumore permettendoci di affrontare questioni come la 
cellula di origine, e il ruolo delle cellule staminali tumorali 
nel mantenimento di questi tumori.

Materials and Methods
Lung cancer conditional model
Transgenic mice (TG) are animals that have had a foreign 

gene deliberately inserted into their genome. The mice we 
used for this project were created by the micro-injection 
of DNA into the pronuclear of a fertilized egg which was 
subsequently implanted into the oviduct of a pseudo 
pregnant surrogate mother. This results in the recipient 
animal giving birth to genetically modified offspring. The 
progeny are then bred with other transgenic offspring to 
establish a transgenic line. But the transgenic mice with 
the combination of all the target genes (p53LoxP and 
LsLKRASG12D) of interest are not commercially available, 
and therefore a certain number is required to:

a. Maintenance of breeding colonies (heterozygous x wild-
type) 

b. Maintenance of transgenic colonies p53LoxP 
heterozygous x heterozygous to generate p53LoxP 
KO mice p53LoxPKO x LsLKRASG12D to generate 
p53LoxP / LsLKRASG12D double heterozygous

c. Generation of inducible double transgenic mice p53LoxP 
/ LsLKRASG12D double heterozygous x p53LoxPKO 
(KP model)

We would generate a pilot study to demonstrate the effect 
of Pin1 in KRASG12D, p53LoxP and double TG mice on 
lung tumor development. To do that, we need to have a 
minimum number with a statistical good power. Considering 
positive and negative variables in molecular tests, we have 
planned to collect 5 samples per time point. This number 
included the possibility to lost positive data during the entire 
study process (i.e. death of animal for different causes, 
variability samples collection process such as fixation, 
possible comorbidity of lung related disease or molecular 
variability). We have to inject Lentiviral CRE, Lentiviral 
CREPin1, Lentiviral CREPin1mut to generate KO mice 
with or without overexpression of Pin1. Based on published 
results [17], we will collect tissues at different stage of tumor 
development as follow:

2, 4, 6, and 9 = 4 time points

5 mouse/time point = 20 mice

20 mice/lentivirus = 60 mice

60 mice wild type - 20 injected with Lentiviral CRE, 20 
injected with Lentiviral CREPin1, 20 injected Lentiviral 
CREPin1mut

60 mice p53LoxPKO - 20 injected with lentiviral CRE, 20 
injected with Lentiviral CREPin1, 20 injected Lentiviral 
CREPin1mut

60 mice LsLKRASG12D - 20 injected with lentiviral CRE, 
20 injected with Lentiviral CREPin1, 20 injected Lentiviral 
CREPin1mut

60 mice p53LoxPKO / LsLKRASG12D heterozygous - 
20 injected with lentiviral CRE, 20 injected with Lentiviral 
CREPin1, 20 injected Lentiviral CREPin1mut. In the 
following table (Table 3) are resumed all the characteristics 
of each genetic group.
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Table 3: Scheme representing the specific number of mice for each genetic type, and lentiviral treatment induced.

Mice Injected Mice Injected Mice Injected #Total

KRASG12D

2 months old: 5 2 months old: 5 2 months old: 5 15

4 months old: 5 4 months old: 5 4 months old: 5 15

6 months old: 5 6 months old: 5 6 months old: 5 15

9 months old: 5 9 months old: 5 9 months old: 5 15

#Total 20 20 20 60

p53LoxP

2 months old: 5 2 months old: 5 2 months old: 5 15

4 months old: 5 4 months old: 5 4 months old: 5 15

6 months old: 5 6 months old: 5 6 months old: 5 15

9 months old: 5 9 months old: 5 9 months old: 5 15

#Total 20 20 20 60

double TG KRASG12D + 
p53LoxP

2 months old: 5 2 months old: 5 2 months old: 5 15

4 months old: 5 4 months old: 5 4 months old: 5 15

6 months old: 5 6 months old: 5 6 months old: 5 15

9 months old: 5 9 months old: 5 9 months old: 5 15

#Total 20 20 20 60

wt

2 months old: 5 2 months old: 5 2 months old: 5 15

4 months old: 5 4 months old: 5 4 months old: 5 15

6 months old: 5 6 months old: 5 6 months old: 5 15

9 months old: 5 9 months old: 5 9 months old: 5 15

#Total 20 20 20 60

#Total 80 80 80 240

General breeding strategy

For trio breeding, one heterozygous male will be mating 
with two heterozygous females at a time. Females will give 
birth to no more than six litters of pups, while study males 
will be used up to the age of 1.5 year without a specified 
number of mating. Pregnant females are placed in separate 
cages with commercially nesting material so that they have 
their litters undisturbed and newborn mice will be weaned 
after 21 days. Accurate records are maintained in a breeder 
notebook and on the back of each cage card. Information 
includes identification of the line or strain, sequential 
numbering of litters with birth date of each litter, number 
of pups born, date of weaning, final number of female and 
male pups produced, comments on animal pregnancies and 
health status, etc. Animals will be tail clipped for genotyping. 
Animals will be identified by toe clipping if clipped before 
1 week of age which does not cause any bleeding or 
discomfort to the animal or by ear punch if the animals are 
older than 7 days of age. The toe clipping is the method 
of identification of all my active protocols and I would like 
to follow the same numbering sequence. Specifically, the 
procedure will be performed in the biological safety cabinet 
on a sterile diaper. The toe or tail of the animal will be 
swabbed with betadine and the toe will be clipped with a 
sterile pair of microdissection spring scissors, while the tail 
is clipped with a sterile razor blade. A piece of tail no larger 

than 5 mm and a toe of no more than 3 mm will be collected 
from each mouse for DNA extraction and genotyping. Ear 
punching will be performed with a sterile ear punch.

Lentiviral injection

The protocol in use was adapted from [17]. Mice between 6 
and 12 weeks are anesthetized by intra-peritoneal injection 
of 2-2-2 Tribromoethanol (Avertin, Sigma Aldrich T48402) 
at room temperature (0.4 mg g-1 body weight for females 
and 0.45 mg g-1 body weight for males). Full anesthesia 
is ensured by the lack a toe reflex. The mouse is placed 
on a platform so that it is hanging from its top front teeth 
on the bar. The mouse is pushed towards the bar so that 
the chest is vertical underneath the bar (perpendicular to 
the platform). The Fiber-Lite Illuminator is directed to shine 
on the mouse’s chest, in between the front legs. An exel 
Safelet IV catheter for the infection procedure is used. To 
ensure that the needle does not become exposed and 
impale the mouse, the needle is hold on the square part of 
with the thumb and the index finger, and using the middle 
finger, the catheter is pushed over the end of the needle 
completely. The tongue is pulled out with a flat forceps and 
the trachea is located by peering into the mouth to look for 
the white light emitted from it. The catheter is positioned 
over the white light emitted from the opening of the trachea 
and slide into the trachea until the top of the catheter 
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reaches the mouse’s front teeth. The proper placement of 
the catheter in the trachea can be confirmed by visualizing 
the white light shining through the opening of the catheter 
in the mouth. The platform, mouse and catheter are then 
moved into the bio safety hood. The virus is injected directly 
into the opening of the catheter to ensure the entire volume 
is inhaled.

The mice will be given meloxicam 1-5 mg/kg sub cutaneous 
(SC) at the end of surgery before they wake up. They will 
be monitored at least every 15 minutes until they have fully 
recovered, are awake and can move freely about the cage, 
before being returned to their home cage. They will be 
monitored at least once daily for the duration of the study.

Delivery of Lentivirus using the intratracheal infection 
method

Protocols to determine the recombination efficiency of 
the KrasLSL-G12D and p53fl alleles can be found on the 
Jacks Lab website (http://web.mit.edu/jacks-lab/protocols_
table.html). This is the specific protocol in use to deliver 
lentivirus into mice trachea, to induce a tumor development 
specifically in the animal lungs.

Reagents

a. 2-2-2 Tribromoethanol (Avertin, Sigma Aldrich T48402)

Avertin Stock (1.6 g/ml)—Add 15.5 ml tert-amyl alcohol to 
25g of avertin. Stir overnight to dissolve. Stable at room 
temperature (18-25 °C) for approximately 1 year.

Avertin Working Solution (20 mg/ml)—Dilute avertin stock 
in PBS, stir overnight, and protect from light. Sterilize by 
passing solution through a 0.22 μm filter. Aliquots may be 
safely stored at 4 °C in the dark for approximately 4 months.

b. Bleach

c. Lentivirus-Cre (Three PCDH plasmid transfection 
systems: containing CRE, HAPIN1 and HAPIN1 S67E 
sequences). Lenti-Cre are stored at −80 °C (viruses are 
going to be keep on ice prior to infection). Equipment

d. Bottle top vacuum filter (.22 μM, 150 ml)

e. Scale

f. Needles

g. Syringes (1 ml)

h. Flat forceps

i. Exel Safelet IV catheters (22 gauge, 1 inch)

j. Intubation platform and Fiber-Lite Illuminator - For IT 
administration, set up the platform and light source on a 
flat surface near the biosafety hood. Insert the catheter 
into the trachea outside of the hood, and then move 
the mouse into the biosafety hood to inhale the virus. 
A sharps waste container is also required for the proper 
disposal of the needles from the Exel Safelet IV Catheter.

k. Latex gloves filled with warm water

Procedure

Virus Preparation. Preparation and administration of viruses 
should occur in a biosafety hood and follow all guidelines 
for biosafety level 2 research.

Avertin Administration. Anesthetize mice via intra-peritoneal 
injection of room temperature 20 mg ml−1 avertin (use 0.4 
mg/g body weight for females and 0.45 mg/g body weight for 
males). Confirm the mice are fully anesthetized by ensuring 
that they lack a toe reflex. Administering the correct amount 
of avertin is crucial to successfully delivering the virus.

Intratracheal infection method. 

i. Place mouse on the platform so that it is hanging from 
its top front teeth on the bar.

ii. Push the mouse towards the bar so that the chest 
is vertical underneath the bar (perpendicular to the 
platform).

iii. Direct the Fiber-Lite Illuminator to shine on the mouse’s 
chest, in between the front legs.

iv. Prepare the Exel Safelet IV catheter for the infection 
procedure. To ensure that the needle does not become 
exposed and impale the mouse, hold the square part of 
the needle with one’s thumb and index finger, and using 
one’s middle finger, push the catheter over the end of 
the needle completely and continue to hold the catheter 
in place during the infection protocol.

v. Using the Exel Safelet IV catheter, open the mouth and 
gently pull out the tongue with the flat forceps.

vi. Locate the opening of the trachea by peering into the 
mouth and looking for the white light emitted from the 
trachea.

vii. While holding the Exel Safelet IV catheter vertically, 
position the catheter over the white light emitted from 
the opening of the trachea, and allow the catheter 
to slide into the trachea until the top of the catheter 
reaches the mouse’s front teeth. There should be no 
resistance while inserting the catheter into the trachea.

viii. While stabilizing the Exel Safelet IV catheter with 
one hand, remove the needle from the mouth. Prior 
to removing the needle, the mouse cannot breathe 
through the catheter. Once the Exel Safelet IV catheter 
has been inserted into the trachea, promptly remove 
the needle to allow the mouse to breathe through the 
catheter.

ix. The proper placement of the catheter in the trachea 
can be confirmed by visualizing the white light shining 
through the opening of the catheter in the mouth.

x. Move the platform, mouse, and catheter into the bio 
safety hood.

xi. Pipette the virus directly into the opening of the catheter 
to ensure the entire volume is inhaled.

http://web.mit.edu/jacks-lab/protocols_table.html
http://web.mit.edu/jacks-lab/protocols_table.html
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xii. If the catheter is correctly inserted into the trachea, 
the mouse will begin inhaling the virus immediately. 
Once the virus is no longer visible in the opening of the 
catheter, wait a few seconds for the entire volume to 
travel down the catheter before removing the catheter 
from the trachea and disposing of it in 50% bleach.

Tissue Harvesting

Mice are euthanized by CO2. Euthanasia is confirmed by 
cervical dislocation. In particular, littermates of wild-type, 
heterozygous, and knockout mice are euthanized by CO2 
(7 days old or greater) or decapitation (under 7 days of 
age) for tissue harvesting at different time points at 2, 4, 
6 and 9 months. Euthanasia of 7 days old or greater mice 
will be confirmed by cervical dislocation. Lung tumors, 
brain, breast, heart, kidney, liver, spleen, spinal cord, testis, 
ovaries, peripheral blood, skeletal muscle, skin, and bone 
marrow will be collected from each animal. Part of the 
tissue at each time point will be snap frozen for molecular 
biological experiments including protein, DNA, and RNA 
analysis or fixed for histological analysis.

Genotyping mice (P53 and KRas)
DNA Isolation from Tails - Proteinase K Method

Protocols to isolate DNA from mice tails can be found on 
the Jacks Lab website: http://jacks- lab.mit.edu/protocols/
dna_isolation_proteinase_k_method (The Jacks Lab n.d.)

a. Each tail should be in a clean eppendorfs tube.

b. Add 500µl of tail lysis buffer containing Proteinase K 
(PK) to each tube.

c. Incubate tail samples in 50-60°C water baths overnight.

d. Add 250µl saturated (6M) NaCl to each tube.

e. Shake tubes vigorously (~20 times) and incubate tubes 
on ice for 10 minutes.

f. Spin tubes on low speed at 4°C for 10 minutes.

g. Remove supernatant and place into a clean eppendorfs.

h. Add 650µl isopropanol and invert to mix. Incubate tubes 
at room temperature for 15 minutes.

i. Recover DNA by centrifuging, max speed, 10 minutes 
at room temp.

j. Place tubes inverted on bench and allow air-drying 5 
minutes.

k. Add 200µl of TE pH 7.5 or sterile water to each tube. 
Incubate in 50-60°C water baths for 10 minutes. Re 
suspend pellet by pipetting up and down several times.

PCR analysis

Polymerase chain reaction, or PCR, is a technique to 
make many copies of a specific DNA region in vitro (in a 
test tube rather than an organism). Like DNA replication 
in an organism, PCR requires a DNA polymerase enzyme 

that makes new strands of DNA, using exist strands as 
templates. The DNA polymerase typically used in PCR is 
called Taq polymerase, after the heat-tolerant bacterium 
from which it was isolated (Thermus aquaticus). Thermus 
aquaticus lives in hot springs and hydrothermal vents. Its 
DNA polymerase is very heat- stable and is most active 
around 70°C (a temperature at which a human or E. coli 
DNA polymerase would be nonfunctional). This heat-stability 
makes Taq polymerase ideal for PCR. High temperature is 
used repeatedly in PCR to denature the template DNA, 
or separate its strands. Like other DNA polymerases, Taq 
polymerase can only make DNA if it is given a primer, a 
short sequence of nucleotides that provides a starting point 
for DNA synthesis. In a PCR reaction, the experimenter 
determines the region of DNA that will be copied, or 
amplified, by the primers she or he chooses.PCR primers 
are short pieces of single-stranded DNA. Two primers are 
used in each PCR reaction, and they are designed so that 
they flank the target region (region that should be copied). 
That is, they are given sequences that will make them bind 
to opposite strands of the template DNA, just at the edges of 
the region to be copied. The primers bind to the template by 
complementary base pairing. When the primers are bound 
to the template, they can be extended by the polymerase, 
and the region that lies between them will get copied. Both 
primers, when bound, point “inward” - that is, in the 5’ to 3’ 
direction towards the region to be copied. Like other DNA 
polymerases, Taq polymerase can only synthesize DNA in 
the 5’ to 3’ direction. When the primers are extended, the 
region that lies between them will thus be copied.

PCR primers generally range in length from 15 to 30 
bases and are designed to flank the region of interest. 
Primers should contain 40-60% (G+C), and care should 
be taken to avoid sequences that might produce internal 
secondary structure. The 3 ́-ends of the primers should not 
be complementary to avoid production of primer-dimers. 
Primer-dimers unnecessarily deplete primers from the 
reaction and result in an unwanted polymerase reaction 
that competes with the desired reaction. Avoid three G or C 
nucleotides in a row near the 3 -́ end of the primer because 
this may result in nonspecific primer annealing, increasing 
synthesis of undesirable reaction products. Ideally, both 
primers should have nearly identical melting temperatures 
(Tm) so that the two primers anneal althroughly the same 
temperature. The annealing temperature of the reaction 
depends on the Tm of the primer with the lowest Tm. In 
order to check p53 and kras genes, we used GoTaq® G2 
Flexi DNA polymerase kit, which contains GoTaq® G2 Flexi 
DNA Polymerase, 5X Green GoTaq® Flexi Buffer and 25mM 
MgCl2. The enzyme is supplied in a proprietary formulation 
containing 50% glycerol with buffers designed for enhanced 
amplification. The enzyme is a full-length form of Taq DNA 
polymerase that exhibits 5 ́→3 ́exonuclease activities. It is 
derived from bacteria and his concentration is 5u/μl.

The 5X Green GoTaq® Flexi Buffer, contains two dyes 
(a blue dye and a yellow dye) that separate during 
electrophoresis to indicate migration progress in any 

http://jacks-lab.mit.edu/protocols/dna_isolation_proteinase_k_method
http://jacks-lab.mit.edu/protocols/dna_isolation_proteinase_k_method
http://jacks-lab.mit.edu/protocols/dna_isolation_proteinase_k_method


The Role of Pin1 in Controls Tumor Cell Proliferation in Mouse Lung Cancer Conditional Model

 20

amplification reaction that will be visualized by agarose gel 
electrophoresis followed by ethidium-bromide staining. In 
particular, the blue dye migrates at the same rate as a 3-5kb 
DNA fragment in a 1% agarose gel. The yellow dye migrates 
at a rate faster than primers (<50bp) in a 1% agarose gel. 
The dyes absorb at 225-300nm, making standard A260 
readings to determine DNA concentration unreliable. Also, 
the dyes have excitation peaks at 488nm and 600-700nm. 
The Flexi Buffer also increases the density of the sample, 
so it will sink into the well of the agarose gel, allowing 
reactions to be loaded directly onto gels without loading dye. 
Magnesium Chloride Solution has (25mM) provided to allow 
users to optimize MgCl2 concentration according to their 
individual requirements. Promega has found that 1.25 units 
of GoTaq® G2 Flexi DNA Polymerase per 50μl amplification 
reaction are adequate for most amplification. Adding extra 
enzyme generally does not produce significant increases in 
yield. However, in some cases, more or less enzyme may 
be beneficial. The key ingredients of a PCR reaction are 
Taq polymerase, primers, template DNA, and nucleotides 
(DNA building blocks). The ingredients are assembled in 
a tube, along with cofactors needed by the enzyme, and 
are put through repeated cycles of heating and cooling that 
allow DNA to be synthesized.

The basic steps are:
I. Denaturation (96°C): Heat the reaction strongly to 

separate, or denature, the DNA strands. This provides 
single-stranded template for the next step.

II. Annealing (55-65°C): Cool the reaction so the primers 
can bind to their complementary sequences on the 
single-stranded template DNA.

III. Extension (72°C): Raise the reaction temperatures so 
Taq polymerase extends the primers, synthesizing new 
strands of DNA.

This cycle repeats 25-35 times in a typical PCR reaction, 
which generally takes 2-4 hours, depending on the length 
of the DNA region being copied. If the reaction is efficient 
(works well), the target region can go from just one or a few 
copies to billions. That’s because it’s not just the original 
DNA that’s used as a template each time. Instead, the new 
DNA that’s made in one round can serve as a template in 
the next round of DNA synthesis (Figure 9&10). There are 
many copies of the primers and many molecules of Taq 
polymerase floating around in the reaction, so the number 
of DNA molecules can roughly double in each round of 
cycling. This pattern of exponential growth is shown in the 
image below.

Figure 9: Graphical representation of Pax2 plasmid.
Application of the PCR technique

In a sterile, nuclease-free micro centrifuge tube, combine 
the following components on ice to prepare the respective 
pcr reaction mix: (Table 4,5). Centrifuge the reactions in 
a micro-centrifuge for 5 seconds. After the preparation of 
samples we used a thermal cycler to begin the polymerase 
chain reactions (Table 6).

Using gel electrophoresis to visualize the results of 
PCR

The results of a PCR reaction are usually visualized (made 
visible) using gel electrophoresis. Gel electrophoresis is a 
technique in which fragments of DNA are pulled through 
a gel matrix by an electric current, and it separates DNA 
fragments according to size. A standard, or DNA ladder, is 
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typically included so that the size of the fragments in the 
PCR sample can be determined. DNA fragments of the 
same length form a “band” on the gel, which can be seen 
by eye if the gel is stained with a DNA-binding dye (Figure 
11&12). A DNA band contains many, many copies of the 
target DNA region, not just one or a few copies. Because 
DNA is microscopic, lots of copies of it must be present 
before we can see it by eye. This is a big part of why PCR 
is an important tool: it produces enough copies of a DNA 
sequence that we can see or manipulate that region of DNA.

Figure 10: First three PCR cycles schematic representation. Light 
blue refers to the DNA template; red refers to primer sequence; 
dark blue refers to the new strand generated.

Figure 11: The development of Cre recombinase-controlled (Cre/ 
LoxP) tumor models.

Lentivirus Production and Purification
Lentiviral vectors offer unique versatility and robustness 
as vehicles for gene delivery. They can transduced a wide 
range of cell types and integrate into the host genome in 
both dividing and post-mitotic cells, resulting in long-term 
expression of the transgene both in vitro and in vivo. A viral 
suspension can be routinely prepared with relative ease: 
a low-titer (106viral particles/ml) unpurified preparation can 
be obtained 3 d after transfecting cells with lentiviral vector 
and packaging plasmids.

This protocol describes how to prepare, purify and titrate 
lentiviral vectors.

Materials Plasmids and Cells

a. Human Embryonic Kidney 293 T (HEK-293 T) Cells.

b. PCDH packaging vector/(Empty Backbone) Express 
gene of interest under CMV promoter (Add gene) 
containing genes of interest;

c. pMD2.G VSV-G envelope expressing plasmid (Add 
gene);

d. Pax2 (Add gene).

Figure 12: Phases of the Real Time PCR amplification curves for 
WPRE (a) and GFP (b) markers in PCDH plasmid.

Reagents and Supplies

I. Penicillin/Streptomycin (Pen/Strep; 10,000 units/mL).

II. Fetal bovine serum (FBS).

III. Dulbecco’s modified Eagle media (DMEM) containing 
high glucose, glutamine, and sodium pyruvate.

IV. Phosphate-buffered saline (PBS) containing calcium 
and magnesium.

V. 0.45 μm filter unit (EMD Millipore).

VI. 38.5 mL conical thin wall polyallomer ultracentrifuge 
tubes.

VII. T175 Culture flasks.

VIII. Ultracentrifuge (Beckman Coulter).

IX. Real-time PCR system: Applied biosystems 7500 
(Thermo Fisher Scientific).

We prepared complete HEK-293 T media (DMEM with 10% 
FBS and 1% Pen/strep). Add 100 mL of FBS and 10 mL 
of Pen/strep to 890 mL of DMEM. Prepare the required 
amount of plasmid DNA (for each respective plasmid) using 
a standard plasmid DNA preparation method. DNA must 
be endotoxin free. The current protocol utilizes the second-
generation LV packaging system in which all necessary 
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genes are separated into three distinct plasmids (the 
transfer vector, envelope plasmid and packaging plasmid). 
A third-generation packaging system is also available, in 
which the necessary genes are further separated into four 

distinct plasmids (transfer vector, envelope, and packaging 
plasmid). Although the third generation system offers 
increased biosafety, it is also more cumbersome due to the 
increased number of plasmids.

Table 4: Nuclease-free micro centrifuge tube, combine the following components on ice to prepare the respective pcr reaction mix.

Checking p53 Checking KRAS G12D

Reagent Volume: Reagent Volume:

DNA (100ng) 2 µL DNA (100ng) 2 µL

5X Buffer 2.5 µL 5X Buffer 2.5 µL

2.5mM dNTP mix 1 µL dNTPs 10mM 0.5 µL

100µM Primer fw T008 1 µL 5µM Primer 1 1 µL

100µM Primer rev T009 1 µL 5µM Primer 2 1 µL

dH2O 9.75 µL
Taq 0.25 µL
TOT 15 µL

5µM Primer 3 1 µL
DMSO* 1 µL
dH2O 16 µL
Taq 0.25 µL
TOT 25 µL
*To overcome low yield or no yield in amplifications:
• Add PCR additives. Adding PCR-enhancing agents (e.g., 
DMSO) may improve yields.

Use Promega Green Taq Master Mix
One unit is defined as the amount of enzyme required to catalyze the incorporation of 10 nano moles of 
dNTPs into acid-insoluble material in 30 minutes at 74°C. The reaction conditions are specified below under 
Standard DNA Polymerase Assay Conditions.

PCR Primers:
T008: 5’ cac aaa aac agg tta aac cca 
g 3’ T009: 5’ agc aca tag gag gca gag 
ac 3’

PCR Primers:
KRAS 1: 5' gtc ttt ccc cag cac agt gc 3' KRAS 2: 5' ctc ttg cct acg 
cca cca gct c 3’
KRAS 3: 5’ agc tag cca cca tgg ctt gag taa gtc
tgc a 3’

Table 5: Centrifuge the reactions in a micro-centrifuge for 5 
seconds. After the preparation of samples we used a thermal cycler 
to begin the polymerase chain reactions.

PCR Conditions for P53: PCR Conditions for KRAS:

1. 95°C 3:00 1. 95°C 2:00

2. 95°C 1:00 2. 95°C 0:30

3. 57°C 1:00 3. 61°C 0:30

4. 72°C 0:30 4. 72°C 0:45

5. Goto 2 x35 cycles 5. Goto 2 x34 cycles

6. 72°C 3:00 6. 72°C 10:00

All work should be done in a culture hood using sterile 
technique. The size (in nucleotide bases) of the genetic, 
material to be packaged in the lentivirus vector will alter the 
size of the pCDH plasmid, and the corresponding weight 
of DNA, needed for transfection. To maintain accuracy, 
determine the molecular weight of the plasmid containing 
the genetic material of interest and then calculate the total 
amount (in nano grams) necessary to transfect >6×1011 
copies of the plasmid. This can be done easily using an 
online DNA molecular weight calculator. Seed the T175 

flask with HEK-293 T cells. Grow HEK-293 T cells in a T75 
starter flask prior to seeding the T175. Once the T75 starter 
flask is at 90-95% confluence aspirate media from the flask 
and gently rinse with sterile PBS. Incubate cells with 4mL of 
dissociation reagent at 37°C for 5 min. Add 6 mL of media 
containing serum to deactivate the dissociation reagent, 
and triturate with 25-30 full strokes of a serological pipette 
to create a single cell suspension. Determine cell number 
per mL using a hemo cytometer.

Calculate the amount of the single cell suspension needed 
to seed the T175 flask with 3×107 HEK-293 T cells. Add 
cells to flask and bring the total volume of the flask to 28 
mL with warm (37°C), complete HEK-293 T media. Incubate 
T175 Flask at 37°C with 5% CO2 overnight or until 80-
90% confluence is reached. We use the FuGENE®HD 
Transfection Reagent, which is a proprietary mixture of lipids 
and other components in 80% ethanol, sterile filtered and 
supplied in sterile glass vials. Before use, allow FuGENE 
to reach room temperature, and mix briefly by inverting 
or vortexing. No precipitate should be visible. Successful 
transfection involves optimizing the FuGENE in terms of 
DNA ratio, amount of DNA used, complexion time, cells 
and medium used, etc. To create the complete transfection 
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mixture, two separate solutions are first prepared, a DNA 
solution and the transfection solution: dilute DNA to 2μg per 
100μl of serum-free medium (Opti-MEM reduced-serum 
medium) and add an appropriate amount of FuGENE 
to achieve the proper ratio of reagent to DNA (16μl) and 
incubate for 20 minutes. Plate cells one day before the 
transfection experiment so that cells will be approximately 
80% confluent on the day of transfection. Prepare the 

complete transfection solution by adding the FuGENE 
solution drop wise to the DNA solution. Vortex vigorously 
for 1-2 min. Incubate the complete transfection solution 
at room temperature for 20 min. Add 200μl of complete 
solution (FuGENE and DNA mixture) to each well of cells to 
be transfected, and mix gently. There is no need to remove 
serum or change culture conditions. Incubate for 24 hours 
at 37°C and 5% CO2.

Table 6: DNA fragments of the same length form a “band” on the gel, which can be seen by eye if the gel is stained with a DNA-binding 
dye.

P53 KRAS

Expected Bands:

(run gel a long way to discern between the 2)

5’ Loxp (recombined) = ~590 bp Wt= ~288pb

What a gel would look like:

Expected Bands:

(run gel a long way to discern between the 3)

Wt = ~622bp

LSL-cassette = 500bp

1 Lox (recombined) = ~650bp What a gel would look like:

The supernatant is collected at 24h post-transfection and 
again at 48h post-transfection. At the 24-h time point, 
collect the viral media in a 50 mL polypropylene conical. 
Replace the media with 28 mL of warm (37°C) complete 
HEK-293 T media. Spin the collected viral media at 783×g 
in the RC 6 centrifuge for 5 min to pellet cell debris. Collect 
the supernatant and store in a fresh tube at 4°C. At the 48h 
time point, again collect the media and remove debris by 
centrifugation. Pool all viral media from the 24- and 48-h time 
points. Filter the viral media through the 0.45μm filter. Split 
the viral media into two thin wall polyallomer ultracentrifuge 
tubes. Carefully load the filled ultracentrifugation tubes into 
the SW32Ti rotor and spin at 80,000 × g for 2 h at 4°C. 
Remove the supernatant from the viral pellet by carefully 
aspirating the media from the ultracentrifugation tube. 
After removing the supernatant, resuspend the viral pellet 
by gently overlaying the pellet with 10μL of sterile PBS 
in the conical. Seal the conical tube with parafilm and 
store at 4°C overnight. After overnight incubation, place 
the sealed conical on ice. Gently shake the conical on 
an orbital rotating shaker for 2h. Aliquot the resuspended 
virus into working aliquots and store at -80°C. The quality 
of the transfection can be determined by GFP transgene: 
transfection efficiency can be determined by observing the 
HEK-293 T cells with a fluorescence microscope.

Lentiviral titration methods
For these studies, we utilized the pCDH-GFP lentiviral 
vector, which expresses the GFP gene under control of the 
H1 promoter. To assess the lentiviral titer, the HEK293T 
(ATCC) cell line was cultured in standard conditions. Briefly, 
cells (50% confluence, max.3rd passage) were cultured 
in DMEM medium supplemented with 10% fetal bovine 
serum (Sigma-Aldrich) and 1% penicillin/streptomycin 
(Sigma-Aldrich). Experiments were performed in 24-well 
plates (50,000 cells per well) for 96h. After media changing, 
lentiviruses obtained according to a previously described 
protocol were added to wells in different volumes (4 or 2ul). 
Transduction was performed in the presence of polybrene 
(5lg/ml, Sigma-Aldrich). After 96h incubation (reducing 
the contamination from plasmid DNA) at 37°C and 5% 
CO2, cells were harvested and DNA was isolated. DNA 
was extracted from HEK293T cells using a mini column-
based DNA isolation kit (A&A Biotechnology; Gdynia, 
Poland) and stored at -20°C, according to manufacturer’s 
protocol. High concentration standard samples of plasmid 
and oligonucleotide DNA were prepared in decimal 
concentrations to cover all possible measurement ranges.

The concentration of lentivirus was assessed with two 
pairs of primers: two lentiviral-specific transgene (WPRE 
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and GFP gene) according to standard procedure. The 
primers (eGFP: 5’-GGAGCGCACGATCTTCTTCA-3’ 
and 5’-AGGGTGTCGCCCTCGAA- 3’; WPRE 
5’- CCGTTGTCAGGCAACGTG-3’ and 5’- 
AGCTGACAGGTGGTGGCAAT-3’) were tested in the 
context of specificity. A detailed analysis and optimization 
of the reaction protocol were performed to obtain a precise 
description of the efficiency of individual reactions. The 
protocol was optimized to eliminate primer-dimer formation 
even after 45 cycles of amplification or in low DNA content 
samples. These steps enabled validation of the method 
and, consequently, more reliable and reproducible results. 
Additionally, the protocol was performed on a base of 
the universal SYBR green dye in a mono-color reaction, 
which makes the method easy to implement in any qPCR 
platform. We used The Fast Start Universal SYBR Green 
Master (ROX - Roche) it is a 2×concentrated master mix 
that contains all the reagents, except primers and template, 
needed for running real-time DNA detection assays.

The primer concentration and the annealing temperatures 
analysis were also optimized, thus increasing reaction 
efficiency with simultaneous elimination, a primer-dimer 
formation. Concentration of PCR primers used is 0.5M. It 
is important to always use equimolar primer concentrations. 
Moreover, the design of the PCR primers determines 
amplicons length, melting temperature, amplification 
efficiency, and yield. The optimal PCR conditions to amplify 
the lentiviral-specific fragment WPRE and GFP were carried 
out as follows: initial denaturation and polymerase activation 
(hot start) were performed at 95°C for 5 min without 
fluorescence acquisition. The signal was detected during 
another 45 cycles (95°C/10 s, 60°C/10 s, and 72°C/10s). 
Melting analysis (65-95 °C range, 0.11°C resolution) at the 
end of the reaction was performed to verify specificity of the 
product; that analysis indicated Tm = 84.5°C (WPRE gene) 
and Tm = 83°C (GFP). The efficiency of the reaction was no 
lower than 94.4%. Importantly, this result was repeatable for 
all samples that were analyzed (in serial dilutions). To detect 
DNA contamination, always include a negative control in 
each run. To prepare this control, replace template DNA 
with PCR- grade water. Standard curves for WPRE and 
GFP genes were obtained using plasmid carrying WPRE 
gene and GFP gene. The lentiviral titer was assessed 
using a qPCR system and SYBR Green Master Mix kit. In 
particular, we analyzed our lentiviral DNA template: pCDH-
CRE, pCDH-Pin1 and pCDH- Pin1mut. All templates (and 
controls) must be amplified in triplicate.

Histopathological analysis of lung cancer in mice
Important parts of any gross postmortem examination (gross 
necropsy) are the history of the animal and the description of 
the findings. This is important for the veterinary pathologist 
reading your histopathology slides because he has not 
have seen the animal, and is relying for the background 
information.

Gather the necessary supplies prior to euthanasia of the 
animal:

a. Dissection board

b. Forceps

c. Scissors

d. Labels for containers

e. Fixative

f. Collection tubes/cups

Before euthanize the animal according to the standard 
procedure, it is necessary to briefly assess the condition, 
behavior, and movement of the animal. Observe and 
record breathing patterns (e.g., rapid, shallow) as well as 
ambulatory ability and gait (e.g., limping, circling, tremors). 
Lay the euthanized mouse carcass in dorsal recumbence 
on a clean dissection board and using scissors, incise the 
skin the full length of the ventrum from the anus to the chin, 
reflecting the skin and incising the abdominal wall, exposing 
the abdominal viscera, salivary and perpetual/clitoral 
glands, and cervical and axillary lymph nodes. Cut the rib 
cage to expose and examine the thoracic viscera by making 
2 cuts laterally up each side of the ribcage, then one across, 
at the top of the sternum, to open a space wide enough 
to thoroughly examine all the lobes of the lung. Evaluate 
all organs for abnormalities: specifically find and identify 
the heart and lungs in the thoracic cavity. Note any color 
changes, size differences, and missing or misallocated 
organs. Finally, check the mesentery for enlarged lymph 
nodes and/or masses.

At this point, the tissues are going to be fixed, processed, 
embedded and sectioned, following this procedure: the 
lungs are inflated with fixative; each lobe is separated and 
laid flat between sponges in labeled cassettes, and fixed, 
for processing, embedding and sectioning. It is best to label 
the cassettes using the indelible marker (not a sharpie, 
the ink of which is soluble in the solvents that are used 
to process the tissues into paraffin). It is also extremely 
important to confer with the histo technologist when you 
deliver the sample so that both of you can determine the 
correct orientation of the tissues, so that you will receive 
properly oriented, embedded, sectioned and stained slides 
to review and photograph. Our fixed tissue sections have 
been processed and analyzed for immunohistochemical 
assays by the Fox Chase Facility, which recommended 
to do not fix for longer than 24 hours in paraformaldehyde 
or formalin and transfer to 70% alcohol and take to the 
histology lab for immediate processing, in order to be able 
to detect non-denatured epitopes easily.

Results  
The development of Cre recombinase-controlled (Cre/ 
LoxP) tumor models has allowed for the generation of 
autochthonous tumors derived from a limited number 
of somatic cells that become transformed in their natural 
location, surrounded by a normal tissue microenvironment. 
By engineering LoxP DNA elements into the mouse 
genome that either surround (‘flox’) exons critical to a 
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tumor suppressor genes function or surround a synthetic 
‘stop’ element (‘LSL’) inserted in front of an oncogene, 
investigators can ‘turn-off’ tumor suppressors or ‘turn-
on’ oncogenes with delivery of Cre recombinase to the 
appropriate cell types. We have used a described protocol 
to initiate tumors in conditional genetic model of human 
non-small cell lung cancer (NSCLC) using the inactivation 
of oncogenic K-ras in combination with the loss of function 
of p53 and compensation with overexpression of Pin1 
protein administrating lentivirus by intratracheal intubation. 
To reduce variability related to the LV infection efficiency, 
we optimize the process of viral titration before start out in 
vivo process.

Results Lentiviral Titration methods
Rt-Pcr

Lentiviral titer can be assessed with the use of qPCR 
based on the SYBR Green based detection system. To 
evaluate the lentiviral titer of HEK293T cell line (ATCC), 
cells were cultured in DMEM medium supplemented 
with 10% fetal bovine serum (Sigma-Aldrich) and 1% 
penicillin/streptomycin (Sigma-Aldrich). Lentiviruses 
obtained according to a previously described protocol 
were added to wells in different volumes (4 or 2ul). After 
96 h incubation (reducing the contamination from plasmid 
DNA) at 37°C and 5% CO2, cells were harvested and DNA 
was isolated. High concentration standard samples of 
plasmid and oligonucleotide DNA were prepared in decimal 
concentrations to cover all possible measurement ranges. 
The number of lentiviral vector copies was calculated by a 
standard curves for two specific plasmid sequences (WPRE 
and GFP), and the estimation of absolute DNA titers was 
achieved by comparing crossing point values derived from 
DNA samples to those obtained from a standard curve of 
concentrations of plasmid lentiviral DNA. 

The number of copies was calculated according to the 
following formula:

Number of copies = (X ng 9 6.0221 9 1023 molecules/
mole)/[(N 9 660 g/mole) 9 1 9 109 ng/g] 

Where X is the amount of amplicons (ng), N is the Length 
of dsDNA amplicons, and 660 g/mole is an average mass 
of 1bp dsDNA. The lentiviral titer is viral particles per 
mL of supernatant able to transduced target cells (TU/
mL). Efficacy was very high and there were no observed 
relevant primer-dimer fragments during the melting 
curve analysis in either the WPRE or GFP amplicons. 
The efficiency of the reaction was no lower than 94.4%. 
Specifically, the concentration of lentivirus was assessed 
with two pairs of primers: two lentiviral-specific transgene 
(WPRE and GFP gene) according to standard procedure. 
The primers (eGFP: 5’- GGAGCGCACGATCTTCTTCA-3’ 
and 5’-AGGGTGTCGCCCTCGAA- 3’; WPRE 
5’- CCGTTGTCAGGCAACGTG-3’ and 5’- 
AGCTGACAGGTGGTGGCAAT-3’) were tested in the 
context of specificity. This result was repeatable for all 
samples that were analyzed in serial dilutions: from 1 

*10-1 to 1*10-10. Standard curves for WPRE and GFP 
genes were obtained using plasmid carrying WPRE gene 
and GFP gene. This rt-pcr has been made for GFP gene 
in RRL and PCDH plasmids and for WPRE on RRL and 
PCDH plasmids. Moreover we have been made a rt-pcr for 
GFP and WPRE in lentivirus containing CRE or CREHAPIN 
genes. All templates (and controls) were amplified in 
triplicate.

Elaboration results

As previously described The Cp (Crossing point-PCR-
cycle) or CT (Threshold Cycle) value is the cycle at which 
fluorescence achieves a defined threshold. It corresponds 
to the cycle at which a statistically significant increase in 
fluorescence (ΔRn or non-normalized) is first detected. 
This concept is the basics for accurate and reproducible 
quantification using qPCR; the number of cycles needed 
for the amplification-associated fluorescence to reach a 
specific threshold level of detection (the CT or Cp value) is 
inversely correlated to the amount of nucleic acid that was in 
the original sample. This value always is in the exponential 
phase of amplification, when amplification is most efficient, 
and therefore quantification is least affected by reaction-
limiting conditions. To obtain a more accurate result, in 
each reaction was also included a positive control made of 
DNA extracted from a pull of infected cells. Computing the 
average rt-pcr crossing point (Cp) we obtained the following 
results:

GFP in RRL (Table 7), GFP Standard Curve (Figure 13), 
WPRE in RRL (Table 8), WPRE Standard Curve (Figure 
14), GFP in pCDH (Table 9), GFP pCDH standard curve 
(Figure 15) WPRE in pCDH (Table 10), WPRE pCDH 
Standard Curve (Figure 16)
Table 7: GFP in RRL.

RRL Cp Average

GFP dil -1 17.12 17.51 17.76 17.51

GFP dil -2 21.94 21.26 21.18 21.26

GFP dil -3 17.46 22.67 22.11 22.11

GFP dil -4 23.01 25.56 26.24 25.56

GFP dil -5 29.16 28.87 28.8 28.87

GFP dil -6 30.88 30.20 22.54 30.20

GFP dil -7 31.93 32.09 32.69 32.09

GFP C+ 13.60 13.32 17.25

GFP C- 0.00 0.00 0.00 0.00

Comparing the results obtained from RRL plasmid to results 
obtained from pCDH plasmid, we decided to conduce our 
experiment with the preparation of viruses containing the 
pCDH plasmid, because of the better value of final viral 
preparation. Starting from these information, we used Cp 
value to calculate the concentration of Cre and CREHAPIN 
according to the formula X=(Y/M)-Q, referring to the specific 
values reported in the previous graphs. Specifically, we 
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will use y = 2.4661x+15.56 (M=2.4661 and Q=15.56) for 
the quantification based on GFP, and y=2.7405x+6.4071 
(M=2.7405 and Q=6.4071) for the quantification based 
on WPRE. We have done the analysis in triplicate for 
two samples to be sure that there were not significant 
differences. Obtained values are reported in the following 
tables:

I. GFP in CRE and CREHAPIN (Table 11). WPRE in 
CRE and CREHAPIN (Table 12). We apply the formula 
to each average reported on Table 8&9. To have a 
precise quantification we considered another important 
parameter the virus weight, which is fundamental 
to normalize the value obtained. It is calculated 
converting the plasmids weight (Da) to micrograms. 
The number of virus is calculated starting from X value, 
or concentration, divided for virus weight value, and 
considering the reaction volume.

II. GFP in pCDH CRE -> num virus = 5,8 x104

III. WPRE in pCDH CRE -> num virus = 5,3 x104

IV. GFP in pCDH CREHAPIN1 -> num virus = 9,1 x104

V. WPRE in pCDH CREHAPIN1 -> num virus = 5,3 x106
Table 8: WPRE in RRL.

RRL Cp Average

WPRE dil -1 7.13 5.00 6.68 6.27

WPRE dil -2 10.56 10.88 9.65 10.36

WPRE dil -3 13.63 12.65 13.19 13.16

WPRE dil -4 15.64 15.29 13.63 14.85

WPRE dil -5 18.50 18.49 18.46 18.48

WPRE dil -6 22.01 21.75 21.78 21.85

WPRE dil -7 24.94 23.97 25.01 24.61

WPRE C+ 5.00 5.00 5.00 5.00

WPRE C- 0.00 0.00 0.00 0.00

Figure 13: GFP standard curve.

Figure 14: WPRE (RRL) standered curve.

Figure 15: GFP (pCDH) standard curve.
Table 9: GFP in pCDH.

pCDH Cp Average

GFP dil -1 8.02 5 7.4 17.46

GFP dil -2 10.95 11.76 11.05 21.46

GFP dil -3 14.78 14.82 13.57 22.39

GFP dil -4 16.74 17.54 17.7 24.94

GFP dil -5 21.18 20.64 20.87 28.94

GFP dil -6 23.44 23.76 24.02 30.54

GFP dil -7 26.02 26.61 26.78 32.24

GFP C+ 5 5 5 5

GFP C- 0 0 0 0

The quantity of DNA at the start of the PCR can then be 
determined by interpolation (o standard curve) of the 
resulting CT or Cp value in a linear standard curve of values 
obtained from serially diluted known-amount standards. 
This standard curve correlates the emitted fluorescence (CT 
or Cp value) with the initial concentration of the standards 
used and the final result is achieved by interpolation of 
the produced fluorescence (CT or Cp value) during the 
amplification of the sample in this standard curve (Figure 1).
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Figure 16: WPRE (pCDH)Standard Curve.

Table 10: WPRE in pCDH.

RRL Cp Average

WPRE dil -1 8.84 8.53 8.52 8.63

WPRE dil -2 11.64 12.15 12.51 12.10

WPRE dil -3 15.32 15.18 15.28 15.26

WPRE dil -4 16.94 17.43 17.18 17.18

WPRE dil -5 19.9 20.92 20.62 20.48

WPRE dil -6 23.78 21.72 22.14 22.55

WPRE dil -7 26.24 25.44 25.49 25.72

WPRE C+ 5.00 5.00 5.00 5.00

WPR3 C- 0.00 0.00 0.00 0.00

Table 11: GFP in CRE and CREHAPIN.

GFP

Virus Title Cp Average

Sample 1:
pCDH_CRE 27 29.8 28.85 28.55

pCDH_CREHAPIN1 26.74 26.21 26.63 26.53

Sample 2:
pCDH_CRE 28.73 29.11 28.12 28.65

pCDH_CREHAPIN1 28.49 28.3 28.15 28.31

C+ 20.92 22.12 21.52

C- 0 0 0 0

Table 12: WPRE in CRE and CREHAPIN.

WPRE

Virus Title Cp Average

Sample 1:
pCDH_CRE 21.22 21.26 21.27 21.25

pCDH_CREHAPIN1 24.8 24.93 25.93 25.22

Sample 2:
pCDH_CRE 20.93 21.02 21.16 21.04

pCDH_CREHAPIN1 25.81 25.72 25.93 25.82

C+ 20.92 21.65 19.96 20.78

C- 0 0 0 0

Fluorescence

We confirmed our results obtained from Real Time 
quantification of GFP with the evaluation of the fluorescence 
during the process of cells transfection. The HEK293T 
cells were transfected with a packaging vector expressing 
a green fluorescent protein (GFP) along with transfer and 
envelope vectors, and the virus-containing medium being 
collected at 48hours after transfection was used as the 
starting materials for the concentration. To measure the titer 
of the functional virus, the concentrated virus was added 
to the HEK293T cells, the expression of GFP protein in 
cells has been seen with a fluorescence microscopy. The 
concentration of functional virion particles, reflected as the 
percentage of the cells infected (Figure 17).

The pathological diagnosis on mice model
The pathological status of each animal was first evaluated 

macroscopically during the autopsy. It was not easy to see 
something at the first time points (4&8weeks). Following 
there are examples of a macroscopic evidence of lung 
cancer (Figure 18). Fox Chase Facility did the qualitative 
and quantitative analysis useful to have the characterization 
of the different stage or histo types (Table 13).To follow 
changes objectively, we should consider a 4-stage grading 
system for tumor progression in our NSCLC models. 
The earliest lesions, designated as Grade 1, are atypical 
adenomatous hyperplasia (AAH) or small adenomas that 
feature uniform nuclei and can appear as early as 2-3 
weeks post-infection. These earliest lesions can only be 
identified through careful histological analysis and to see 
visible lesions on the surface of the lung, investigators 
should wait until 6-8 weeks after tumor initiation or later. 
This is the reason of why we were not able to easily detect 
a lot of adenomatous lesions on our animals (we did just 
H&E stain). We should do some more specific IHC to better 
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characterize these early stages on our model. Grade 2 
tumors are larger adenomas that have slightly enlarged 
nuclei with prominent nucleoli and are observed 6-8 weeks 
post-infection. Some of our case showed an adenomatous 
status at time point two, or later, sometime associated to 
AdenoCa diagnosis. However, after 12 weeks we have a 
relevant incidence of Adenocarcinomas. Adenocarcinomas 
are classified as Grade 3; they have a great degree of 
cellular pleomorphic and nuclear atypia and can develop 
as early as 16 weeks post-infection. Grade 4 tumors are 
invasive adenocarcinomas that harbor all the cellular 

characteristics of Grade 3 tumors but with a higher mitotic 
index - including irregular mitoses, a distinctive highly 
invasive stromal reaction (desmoplasia), and invasive 
edges bordering lymphatic vessels, blood vessels, or the 
pleura. Grade 4 tumors may develop as early as 18 weeks 
post-infection in KP animals, but are not observed in K 
animals. In our study, we have only one case of Grade 4 
in KP animals with induced overexpression of Pin1 protein. 
Following are reported some images representing mice 
histo type at different time points (Figure 19&20).

Table 13: In this table are reported all the pathological diagnosis.

To better evaluate the incidence of the pathology on our 
model, we calculate the percentage of pathological status on 
each group. Data are reported on the following table (Table 

14). The time to tumor development and progression will 
vary, while survival time will also depend on the amount and 
type of virus administered to the mice. Decreased survival is 
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due to a greater growth rate of tumors lacking p53, leading 
to the more rapid development of a tumor burden that 
disrupts the normal function of the lungs. Reduced survival 
after p53 loss could be not due to an increased number of 

tumors or metastatic disease. However, survival of mice is 
also reduced after infection with Lenti-Cre. We estimated 
that mice infected with roughly 104-105 infectious particles 
of Lenti-Cre generated 10-100 tumors per mouse.

Table 14: Tumor incidence in each group.

Figure 17: Representative fluorescent images showing the HEK293T cells transduced with either a raw or concentrated GFP-expressing 
lentivirus. GFP expression was examined 24h (a,c) and 48h (b,d) after transfection, there is an evident increase of luminescence signal. 
This result confirm the data obtained through PCR technique.
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  A   B

Figure 18: Pictures of lung cancers collected after 4 weeks (A), 8 
weeks (B) and 22 weeks (C) Fox Chase Facility did the qualitative 
and quantitative analysis useful to have the characterization of the 
different stage or histo types.

Figure 19: After 22 weeks.

Based on the results obtained considering the incidence of 
tumor on mice infected with LV carrying pCDH-CRE-HAPin, 
we can say that where Pin1 is overexpressed we have a 
more aggressive condition.

Du Page et al. reported also locally metastatic disease to 

the meditational lymph nodes or the pleural cavity develops 
in approximately 50% of KP mice as early as 18-20 weeks 
post- infection. In some mice, distant metastases can be 
found seeding the liver or the kidneys as early as 20 weeks 
post-infection. Unfortunately in our study we were not able 
to find any of these conditions. However, as with most 
autochthonous mouse tumor models, there is some variation 
in the results, such as tumor number and approximate time 
to progression, depending on the strain/ background of 
mice as well as other factors that vary between institutions, 
or the efficiency of LV infection after procedure. We have 
evaluated the recombination of K-rasLSL-G12D and 
p53fl alleles in tumors by PCR for the presence of a “1 
lox”, or recombined, product. Performing PCR on DNA 
isolated from whole lung after infection to assess infection 
efficiency confirmed that typically very few cells in the lung 
have undergone recombination of these alleles, making it 
difficult to detect it. It is more informative to examine Cre 
expression after infection by using conditional reporter 
strains such as Rosa26LSL-LacZ or Rosa26LSL-eGFP and 
examining reporter expression by immunohistochemistry, 
immunofluorescence, or fluorescent activated cell sorting. 
Polyclonal antibodies that can specifically detect the 
oncogenic K-rasG12D protein are no longer available.

Figure 20: After 16 weeks.

Discussion  
Lung cancer is the leading cause of cancer deaths worldwide 
with non-small cell lung cancer (NSCLC). Progress within 
the last decade has led to the sophisticated engineering 
and application of advanced preclinical models of human 
cancer in the mouse. Several laboratories have constructed 
genetically-engineered mouse models of NSCLC that mimic 
the genetic and histopathological features of the human 
disease. The development of animal models of cancer is 
critical to our understanding and treatment of the human 
disease.

Common mutations in NSCLC
a. Activating mutations in K-RAS (10-30%) plus an 

oncogenic mutation in K-RAS by changing a glycine 
to aspartic acid at codon 12 in the gene’s endogenous 
locus - To control the expression of K-rasG12D, a lox-
stop-lox (LSL) cassette is engineered into the first intron 
of the K-ras gene. The LSL cassette thus creates a 
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null version of the gene: K-ras null mice are embryonic 
lethal; therefore, mice can only be heterozygous for the 
K-rasLSL-G12D allele.

b. Loss of function point mutations in p53 (50-70%). 
This ‘floxed’ p53 allele (p53fl) has LoxP sites flanking 
exons two through ten of p53 that are deleted after 
Cre-mediated recombination, abolishing p53 function. 
Prior to Cre-mediated recombination, the p53 locus 
is maintained in its wildtype state and p53 activity is 
normal.

c. The activation of oncogenic K-ras along with loss of 
p16Ink4a or Ink4a/Arf tumor suppressors, which are 
mutated in 20-50% of human cases.

d. Two other subtypes of NSCLC, squamous cell and 
large cell carcinoma, develop following the combined 
activation of oncogenic K-ras and loss of the LKB1 
tumor suppressor, which is mutant in 10-30% of human 
cases.

e. NSCLC models driven by conditionally activated 
mutations in Braf or EGFR, mutated in 3% or 10-40% 
(respectively) of human lung cancers.

f. A model of small cell lung cancer (SCLC) has been 
created in which tumors arise following the loss of both 
the p53 and Rb tumor suppressors [106].

Conditional mouse models provide new opportunities 
for testing novel chemo preventatives, therapeutics and 
screening methods that are not possible with cultured cell 
lines or xenograft models.

Mice model: The time to tumor development vary depending 
upon the model chosen, and also depend on the amount 
and type of virus administered to the mice. Increased 
incidence is due to a greater growth rate of tumors lacking 
p53, leading to rapid development of a tumor that disrupts 
the normal function of the lungs. In literature is reported that 
mice infected with 104-105 infectious particles of Lenti-Cre 
can generate 10-100 tumors per mouse, and we estimate 
that in our model the number of tumors are still being in 
the range, considering that we had titrate the virus to 
5×103 infectious particles/mouse. This amount reduces the 
number of primary tumors and increase the survival time of 
mice (latency of tumor development), allowing for a greater 
frequency of metastatic disease in the KP model. Tumors 
do not always progress in exactly the same way or at the 
same time; NSCLC model generates a multi-focal disease 
and therefore we expected some tumor heterogeneity. In 
this experiment the overexpression of Pin1 in addition to 
K-ras activation and p53 loss was expected to impact tumor 
progression. For that reason, monitoring tumor development 
and progression histologically was a useful, though difficult, 
way to follow the disease.

Pin1: Pin1 can be regulated both transcriptionally and 
post translationally. However, whether PIN1 is amplified in 
cancer has not been intensively studied. PIN1 is a direct 
target of E2 transcription factor 1 (E2F1), and Her2- and 

H-Ras-oncogenic signaling upregulated Pin1 expression 
via E2F1 [110]. Pin1 activity can also be regulated post-
translationally. The binding of Pin1 to its substrates 
can also be regulated by Pin1 phosphorylation. For 
instance, 12-O-tetradecanoylphorbol-13- acetate (TPA) 
treatment results in an interaction between the 90-kDa 
ribosomal protein S6 kinase 2 and Pin1, leading to the 
phosphorylation of Pin1 at S16 in the WW domain; this 
phosphorylation inhibits pSer/Thr-Pro target binding, thus 
regulating phosphoserine/threonine-binding activity of the 
WW domain and Pin1 function [111]. In addition, upon 
forskolin treatment, activated PKA phosphorylates Pin1 at 
S16 in the WW domain, which results in the removal of Pin1 
from nuclear speckles and redistribution of Pin1 throughout 
the cell. Expression of a mutant Pin1 carrying the WW 
domain S16A mutation induces mitotic block and apoptosis, 
and increases multinucleated cells, indicating that Pin1 
phosphorylation at S16 has an essential role in cell cycle 
progression.

Targeting Pin1 for cancer treatment. Compelling data 
suggest that Pin1 can be targeted to treat human cancer. 
A number of potent Pin1 antagonists have been developed 
to either inhibit the PPIase activity of Pin1 or target the Pin1 
WW domain to prevent the binding of Pin1 to its substrates 
[109]. The tumor suppressor p53 is important in cell cycle 
arrest or apoptosis in response to a variety of stimuli. In 
response to DNA damage, p53 interacts with Pin1, and 
this interaction is dependent on p53 phosphorylation. 
The physiological relationship between Pin1 and p53 
was demonstrated using Pin1−/−p53−/− mice, which 
showed that Pin1 ablation inhibited the development 
of lymphomas in p53-deficient mice demonstrating that 
Pin1 plays an important role in mutant p53-promoted 
transformation and metastasis. In addition, Pin1 promotes 
the mutant p53-dependent inhibition of the anti-metastasis 
factor p63 and increase the induction of a mutant p53 
transcriptional activity, which promotes increase tumor 
aggressiveness. Pin1 also cooperates with mutant p53 in 
Ras-dependent transformation to enhance tumorigenesis. 
Furthermore, in breast cancer patients, the combination of 
Pin1 overexpression and p53 mutation is an independent 
prognostic factor for poor clinical outcome [81]. These 
results suggest that Pin1 impacts p53 function at multiple 
levels [53].

Lentiviral system: Although these Cre/LoxP models 
provide the most sophisticated means to sporadically control 
genetic events at their endogenous loci, they are also limited 
by the difficult requirement to introduce Cre into an initiating 
cancer cell. The protocol used cannot restrict the genetic 
events exclusively to initiating cells of the disease because 
of the inherently non-specific nature of the viruses used to 
deliver Cre to cells of the lung. However, this has in fact been 
beneficial in our laboratory because it does not require that 
investigators identify and target Cre specifically to the cell 
of origin of the disease. Therefore, despite the drawback of 
using potentially hazardous viruses, this technique is the 
most effective means to sporadically deliver Cre specifically 
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to cells of the lung to initiate lung tumor formation. Although 
it is possible to perform PCR on DNA isolated from whole 
lung after infection to assess infection efficiency, this is not 
recommended and we didn’t do that analysis.

Conclusion 
Accumulating evidence demonstrates that Pin1 is 
regulated by different mechanisms at the transcriptional 
and posttranslational levels and that Pin1 overexpression 
is correlated with poor prognosis in several types of 
human cancers. In addition, the Pin1- mediated cis-trans 
isomerization of a wide variety of phosphorylated proteins 
precisely regulates signal transduction from proteins at the 
plasma membrane to transcription factors and regulators. 
Thus, Pin1-mediated cis-trans isomerization has profound 
regulatory effects on many cellular activities, including 
metabolism, mobility, cell cycle progression, proliferation, 
survival and apoptosis. The instrumental functions of Pin1 
in tumor development make Pin1 a potential target for 
cancer treatment.
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