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Abstract 

With 3.5 million cases diagnosed in more than 2 million people in the United 

States annually, skin cancer leads as a frequent and devastating disease carrying a large 

public health burden. Understanding the multi-step disease progression is crucial for 

developing interventional strategies that can reduce the incidence as well as the risk of 

recurrence for non-melanoma skin cancers. In this study of 40 tissue samples, cellular 

proliferation is quantified and analyzed in four categories that represent the stages of 

progression for SCC carcinogenesis: Normal, Sun-exposed, Actinic Keratosis, and 

Squamous Cell Carcinoma. The results in this study show an exponential increase in 

levels of Proliferative Cell Nuclear Antigen (PCNA) expression with each progressed 

category, as well as a positive association with nuclear morphology feature values related 

to sun-damaged nuclei that were published in a previous study. These findings support 

the utility of investigative techniques from the field of immunohistochemistry in studying 

the UV-induced skin carcinogenesis model for the multi-step disease progression of 

cutaneous squamous cell carcinoma. Furthermore, this study elucidates the complexities 

involved in clinical histological diagnoses for non-melanoma skin cancers. 
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Introduction:  

Skin Cancer – a National and Global Issue: 

Skin cancer diagnoses consist of two main subtypes: non-melanoma skin cancer 

(NMSC) and melanoma skin cancer. The global incidence of both non-melanoma and 

melanoma skin cancers has been increasing for many decades, and especially among 

light-skinned and fair-skinned populations [1]. For cases of NMSC in the United States, 

an estimated 3.5 million cases are diagnosed annually, with over 2 million cases 

receiving treatment, according to the most recent report in 2006 [2].  Additionally, data 

on NMSC cases are not recorded on national cancer registries like melanoma skin cancer 

cases; rather reports of this condition are often obtained via cross-sectional surveys 

combined with Physicians Claims databases. [2] Therefore, the epidemiological data 

currently available on the number of NMSC cases are highly likely to under-estimate the 

true incidence of this disease, on both a national and international level.  

Fortunately, most NMSC conditions have a greater than 95% cure rate with an 

early diagnosis and early treatment intervention [3,4]. Within the NMSC subtype, a skin 

lesion can be diagnosed as basal cell carcinoma (BCC) or squamous cell carcinoma 

(SCC) in patients. Approximately eighty percent of NMSC cases are BCC, and 20% of 

NMSC cases are SCC [5]. Although BCC conditions are more common, this malignancy 

grows slowly and rarely metastasizes. Cases of cutaneous SCC, on the other hand, are 

associated with a substantial risk of metastasis and therefore represent a significant public 

health burden [4]. Thus it is essential and imperative to investigate and identify the key 

developmental and molecular changes involved in the pathogenesis of SCC, especially 

from its precancerous stage. Studies involving histopathology, karyometry, optical 
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imaging, and biomarker analyses on the multistep progression of SCC, have potential to 

make advancements in the current age of personalized and precision medicine, 

specifically in developing and improving novel targeted therapeutic strategies to reduce 

the risk of cutaneous squamous cell carcinomas. 

 

Progression from Actinic Keratosis to Squamous Cell Carcinoma: 

Actinic keratosis is the putative pre-malignant lesion of cutaneous SCC caused by 

ultraviolet (UV) radiation from chronic sun exposure, and it is one of the most commonly 

treated conditions by dermatologists in the United States, affecting more than 39.5 

million Americans in 2004 [6]. If left untreated, AKs can develop into squamous cell 

carcinoma (SCC) [7]. In the 1986 study by Marks et al, the annual transformation rate of 

an AK lesion into an invasive SCC was published to be 0.24% [8]. While this yearly 

transformation rate for a single AK lesion may seem low, a mathematical model analyzed 

by Clark et al in 1991 demonstrated that this fraction of a percent translates into a 

substantial lifetime transformation risk for patients that have several AK lesions. In fact, 

over the course of 10-25 years, approximately, 5-20% of AK lesions will develop into 

SCC [9], and this transformation risk is further amplified in patients of older age, as well 

as in patients with an increased amount of solar damage and immune suppression [10]. 

Studies on the AK-to-SCC progression have not only looked at the percentage of AK’s 

that develop into SCC’s, but also the percentage of SCC’s that arise directly from AK 

diagnoses. This percentage has varied among research studies - in a 2009 study, 

approximately two-thirds of SCC cases were found to arise from previous AK diagnoses 

[7], and in a 1998 study, an estimated 20-27% of SCC cases originated in an AK or 
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within 8 mm of an AK-diagnosed lesion [11]. Despite this variation, the epidemiological 

literature supporting the AK-to-SCC progression has been thoroughly explored from the 

perspective of both sides of the disease spectrum. Furthermore, research demonstrating 

similar gene expression profiles between AK and SCC samples further supports the close 

genetic relationship between the two diagnoses along a continuum of disease progression 

[12]. In 2011, Ra et al performed a microarray assay profiling analysis of over 47,000 

genes, where nine genes were significantly found to be differentially expressed within 

AK and SCC lesions [13].  

 

Nuclear Morphology in AK and SCC lesions: 

Karyometry has been used as a tool to develop a progression curve for non-

melanoma skin cancers by identifying nuclear chromatin patterns and detecting the 

morphologic deviations of a lesion from the normal [14,15]. In supporting the 

progression model of visually normal-appearing, sun-exposed skin to AK and eventually 

SCC, karyometry detected a consistent increase in the following feature values: relative 

nuclear area, total optical density, and dispersion of chromatin texture, as well as the 

clumpiness, heterogeneity, and condensation of pixel optical density [14]. As a well-

documented precursor for SCC development, AK lesions of the skin have also been 

shown to have increasingly abnormal values of nuclear morphometric parameters in 

regards to nuclear absorbance, size, and shape, as compared to normal and sun-damaged 

skin [16]. This quantitative karyometric method has proven useful in application for 

many other cancer types, specifically for defining pre-neoplastic lesions in endometrial 
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cancer [17,18] and measuring the risk for metastatic development in colorectal cancer 

[19]. 

 

Cellular proliferation in skin carcinogenesis: 

Cellular proliferation via the cell cycle is a highly regulated biological process 

that results in an increase in the number of cells through cell growth and division. In 

normal regulation of the cell cycle, certain genes are activated or inactivated at specific 

time points, or phases, in the cycle in order to change the expression levels of proteins 

that can interact with the cellular machinery to ensure proper regulation of cell 

proliferation. However, when there is abnormal or defunct regulation of the cell cycle, 

this can lead to unwarranted cell proliferation as well as neoplastic tumors and lesions. 

UV radiation has been a well-studied example of causing abnormal regulation of the cell 

cycle [20]. 

 

UV-induced Skin carcinogenesis Model: 

The major carcinogen for skin cancers, and especially SCC, is UV radiation 

exposure from sunlight. UV radiation is a mutagen that has been shown to induce distinct 

DNA mutations, including double base substitutions of Cytosine ! Thymine. In a 1991 

study looking at UV-induced mutations in skin cancer, Brash et al, discovered that the 

majority of SCC lesions contained these UV-B (wavelength 280-315nm) radiation-

induced point mutations in the p53 tumor suppressor gene [21]. In normal cell division 

and proliferation, the p53 tumor suppressor protein is the “guardian of the genome” in the 

case of DNA damage, allowing cells that have been repaired to divide and replicate, 
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while triggering cell apoptosis (programmed cell death) and destruction of cells that are 

damaged beyond repair so that they may not divide and replicate. In this UV-induced 

skin carcinogenesis model, the UV radiation penetrates the epidermis of the skin, 

inducing DNA damage via point mutations in di-pyrimidine sites, which can alter the 

downstream p53 regulatory pathways, and ultimately allow DNA-damaged cells to 

survive and continue dividing and replicating. This unregulated and abnormal 

proliferation of cells forms the basis for the UV-induced skin carcinogenesis model [22]. 

 

Immunohistochemistry Staining Background: 

Measuring cell proliferation activity is thus useful in clinical application, 

especially by histopathologists, in order to facilitate the diagnosis of lesions, assessment 

of clinical behaviors, and direction or selection of therapies and treatments. Proliferative 

activity is commonly assessed through biomarkers, which are specific proteins or factors 

indicating cells that are actively growing and dividing. To determine and measure 

proliferative activity, immunohistochemistry (IHC) techniques are utilized, which take 

advantage of the specific binding properties of antibodies to antigens and visualize the 

binding via color-producing enzymatic reactions to measure the levels of biomarker 

expression. There are many staining methods used for immunohistochemistry, but for 

light microscopy, the most commonly used are the Direct method, two-step indirect 

method, three-step indirect method, soluble enzyme immune complex method, and 

avidin-biotin method [23]. All of these techniques end with a chromogen to conclude the 

reaction sequence.  
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For the Direct Method, an enzyme-labeled primary antibody is used to react with 

the tissue antigen. For the two-step indirect method, an unconjugated primary antibody 

binds to the tissue antigen, followed by an enzyme-labeled secondary antibody that is 

directed against the primary antibody. The three-step indirect method adds an additional 

enzyme-conjugated antibody that reacts with the secondary antibody from the two-step 

indirect method. The soluble enzyme immune complex method involves a primary 

antibody and antibody of the enzyme immune complex that are both made in the same 

species, and these two antibodies are then linked by the secondary antibody.  

Lastly, there is the Avidin-Biotin method, which utilizes the high affinity of 

avidin to biotin (dissociation constant Km=10-19
 M) and the multiple binding sites on 

avidin for biotin. A primary antibody binds to the tissue antigen, followed by a 

biotinylated secondary antibody binding to the primary antibody. Then the preformed 

avidin-biotin enzyme complex (ABC) is added, which targets the biotinylated secondary 

antibody, followed by the chromogen. This ABC method is considered to have the 

greatest sensitivity when compared to each of the previously described IHC Staining 

methods [23,24], and is therefore the method selected for use in this IHC experiment 

regarding SCC progression. 

 

Two Biomarkers for Cell Proliferation – PCNA and Ki-67: 

In this study of the AK-to-SCC progression, cell proliferation levels were 

developed and investigated in a quantitative analysis using immunohistochemistry 

staining techniques. The first biomarker analyzed in the step-wise progression of SCC is 

the Proliferation Cell Nuclear Antigen (PCNA), which has a molecular weight of 36 
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KDa, and is a non-histone nuclear polypeptide that functions in the cell cycle 

progression, DNA replication, as well as in DNA repair [25, 26]. PCNA serves as a 

necessary protein for DNA synthesis and an accessory protein for DNA polymerase alpha 

during G1/S phase transition of cell cycle. PCNA is widely used as a marker of cell 

proliferation because cells remain in the G1/S phase for a longer period of time during 

proliferation, and low levels of PCNA mRNA are found in quiescent and senescent cells 

[25, 29]. 

In this experiment, the assay for a second biomarker, Ki-67, was prospectively 

developed for a future quantification study that compares the levels of Ki-67 expression 

with the levels of PCNA expression along the multiple stages of the SCC progression. 

Ki-67 is a mono-clonal antibody, encoded by the MKI67 gene, that detects a nuclear 

antigen in proliferating cells, and this biomarker has been used exclusively as a cellular 

proliferation marker after a 1984 study by Gerdes et al showed that the antigen was 

expressed in the G1, S, G2 phases of the cell cycle in addition to the mitosis process, 

where as the antigen was absent in the G0 phase [27]. This antibody is useful for IHC 

purposes because staining can be easily and reliably performed on histological sections, 

and the labeling index is more sensitive than other proliferation markers such as PCNA 

because Ki-67 recognizes all of the active phases of the cell cycle. Clinically, Ki-67 has 

high potential of prognostic value in tumor diagnostics because the labeling index for Ki-

67 is used as a tool to estimate the growth fraction of human cell populations. [28] 

Additionally, previous immunohistochemistry studies have found Ki67 to be expressed in 

SCC samples [30]. 
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IHC and Karyometric approach for AK to SCC progression: 

A deeper understanding of the multistep SCC disease progression is essential for 

public health risk reduction and chemoprevention strategies for non-melanoma skin 

cancer. Accurate clinical histological diagnosis throughout the progression of non-

melanoma skin cancer is also crucial for treating this disease in the most cost-effective 

and clinically effective manner. Therefore there is a need for greater precision of 

histological diagnosis of non-melanoma skin cancers in order to ultimately facilitate and 

optimize the decision-making process for diagnosis-specific treatments, especially with 

interventions early on in the pre-malignancy stage of the disease spectrum in order to 

reduce the future risk of cutaneous squamous cell carcinoma. Identifying and analyzing 

molecular targets in the disease progression of NMSC will greatly benefit 

chemoprevention strategies that aim to lower the risk of skin cancer among the 

population.  

In the effort to improve the understanding as well as the accuracy and efficacy in 

all three areas of the skin cancer spectrum – prevention, diagnosis, treatment - two 

analytical methods of high potential include immunohistochemistry analyses for cellular 

proliferation and nuclear morphometric quantitation. The purpose of this experiment is to 

investigate the relationship between cellular proliferation levels and degree of nuclear 

abnormality in morphology in the stepwise progression of non-melanoma skin cancer, 

from normal skin to squamous cell carcinoma (SCC).  

The present study focuses on utilizing these two techniques to specifically analyze 

the NMSC subtype of SCC using computer-assisted image analysis in order to further 

evaluate the significance of molecular cell proliferation targets and nuclear chromatin 
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patterns in the developmental progression of sun-induced pre-cancerous lesions of AK to 

fully differentiated SCC.  

  



Kha 13 

Methods and Materials 

Tissue Sample Collection: 

The tissue sample collection in this study was approved by the Institutional 

Review Board, and samples were collected prospectively for use in the related studies in 

the Chemoprevention of Skin Cancer Program Project Grant (NIH/NCI Grant PO1 

CA27502) at the University of Arizona Cancer Center.  

Samples were retrospectively selected based on their histological diagnosis. Ten 

specimen were selected from each of the following four diagnostic categories in the 

tissue bank: (1) Normal non-sun-exposed skin, (2) Sun-exposed skin, (3) Actinic 

Keratosis lesion, and (4) cutaneous Squamous Cell Carcinoma lesion. A total of 40 

Tissue samples from 20 patients were obtained. The ten tissue samples in the AK 

category each had a corresponding matched sample in both the Normal non-sun-exposed 

category and the sun-exposed category from a total of ten patients from the Skin Cancer 

Program Project Bio Repository. The ten SCC specimen were all unmatched samples 

from a separate ten patients, eight of which came from the Skin Cancer Institute Patient 

Registry and Tissue Bank and two of which are designated as laboratory controls. The 

diagnosis of AK and SCC was confirmed and indicated on matching H&E tissue samples 

of each specimen by a pathologist (Dr. Paul Sagerman, MD, Tucson, AZ). 

 

Immunohistochemistry Staining Protocol for PCNA 

PCNA Antibody selection: 

The primary antibody selected for PCNA IHC staining was an anti-PCNA 

monoclonal antibody (Cat # NA03, Calbiochem, EMD Millipore, Temecula, CA, USA) 
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derived in mouse and initially stored at a concentration of 200 !g/mL. The assay 

development of this antibody involved dilutions in a 5% concentration of normal horse 

serum (S-2000, Vector Laboratories, Burlingame, CA, USA) in TBST buffer solution. 

The secondary antibody selected for the PCNA IHC staining was a biotinylated F(ab’)2 

fragment polyclonal rabbit anti-mouse antibody (E0413, Dako, Carpinteria, CA, USA) 

initially at a concentration of 0.73 g/L. This was further diluted during assay development 

in a 5% horse serum/TBST buffer solution.  

 

FFPE Processing and Baking Preparation: 

At the time of biopsy collection, skin tissue samples are processed to be formalin-

fixed and paraffin embedded (FFPE). First, the samples are fixed in a solution of 10% 

formaldehyde in water - called formalin – in order preserve the cytoskeletal structure and 

the protein structure of the tissue by permanently cross-linking the proteins via their 

amino groups.  

Then the samples are embedded in a block of paraffin wax so that they can be 

thinly sliced at 5 microns in thickness on a microtome instrument. (Mo Bio Laboratories, 

Inc). After the FFPE tissue blocks are cut, the 5-micron sections are mounted onto slides 

that are stored at -20 degrees Celsius, until they are ready to be IHC stained.  

To prepare the specimen for IHC staining, the selected slides are placed into a 

gray metal slide holder and baked in a Binder oven at 60 degrees Celsius for 1 hour and 

20 minutes. This baking process allows the wax to melt. Then the slides are removed 

from the oven and allowed to cool at room temperature for 15 minutes. 
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Deparaffinization: 

The next step for processing the slides is deparaffinization, which ultimately 

removes the paraffin wax so that tissue sections are further exposed for IHC staining 

preparation. Paraffin wax is an unreactive organic compound composed of hydrocarbon 

molecules [31]. Xylene, an aromatic hydrocarbon mixture of a benzene ring with two 

methyl group substitutions at various positions, is the organic solvent that is used to 

remove the paraffin wax from the tissue [32]. The tissue slides, which have been cooled 

to room temperature, are transferred from the gray metal slide holder] and placed into a 

plastic slide holder. The slides are then washed for multiple times in containers of xylene, 

which will dissolve the organic wax. All containers used in this study are Tissue-Tek 

solution wells/ staining dishes (Sakura Finetek, S7631-5 and S7631-6, Cardinal Health). 

Each xylene wash involves placing the slides for five minutes each in three consecutive 

containers filled with approximately 250 mL of xylene. Then the slides are washed in 

successively decreasing concentrations of ethanol to remove the xylene. The two ethanol 

washes are for 2 minutes each in two consecutive containers filled with 250 mL of 100% 

ethanol. The next ethanol wash is for 2 minutes in a container filled with 250 mL of 95% 

ethanol. The last ethanol wash is for 2 minutes in a container filled with 250 mL of 70% 

ethanol. For the final step of deparaffinization, the slides are rinsed and rehydrated by 

placing them in a container filled with 250 mL of deionized water.  

 

Antigen Retrieval Step: 

Once the slides have been rehydrated, the next step is to perform the antigen 

retrieval procedure. These tissues have been formalin-fixed, and during this fixation 
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process, methylene bridges were formed that cross-linked the proteins in the tissue 

structure which masked the antigenic sites. Therefore this antigen retrieval step is 

essential before the IHC staining can proceed in order to unmask the antigenic sites and 

allow antibodies to bind. There are two common methods of antigen retrieval, heat-

induced or enzymatic. For this study, heat-induced epitope retrieval (HIER) was 

performed in a Decloaking Chamber (Pro Model: DC2002; BioCare Medical; Concord, 

CA, USA). This chamber is essentially a pressure cooker filled with 500 mL of distilled 

water. The slides were placed into a container filled with a solution of 20 mL DIVA 

Decloaker 10X stock reagent (pH 6.2, BioCare Medical) diluted with 180 mL of distilled 

water. This solution provided a total volume of 200mL for the diluted DIVA buffering 

reagent at 1X concentration. This container was placed in the Decloaking chamber and 

balanced with a container of 200 mL distilled water with a slide rack that held the same 

number of slides.  

The purpose of the DIVA Decloaker reagent is to provide a heat retrieval solution 

that is compatible with the antibodies to be used in the IHC staining process, while also 

eliminating the need for the use of multiple buffers (i.e. citrate buffer, EDTA, high pH 

tris buffer, etc.) This DIVA Decloaking Reagent also serves as a powerful color-coded 

visual indicator (Assure technology) of the correct dilution and pH stability. When 

concentrated at 10X, the Diva Decloaker solution is bright yellow. When diluted to a 1X 

concentration, the Diva Decloaker is pale yellow. When the DIVA decloaker solution is 

at a pH above 7.0, the color of the solution turns fuchsia red. When the pH too low, the 

color of the solution turns pink.  Therefore, visual inspection of the reagent helps to 

ensure that pH-sensitive antigens are not lost during the antigen retrieval process. 
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Once the chamber is loaded with the container of the tissue specimen in diluted 

Diva decloaker solution and then balanced with the container of empty slides in an 

equivalent volume of water, the chamber is then ready to be sealed shut. The chamber 

was turned on and the temperature/time settings for the two steps were established: 125 

degrees Celsius for 30 seconds, followed by 90 degrees Celsius for 10 seconds. The 

pressure increased to 22 psi in the first step and decreased back down to 0 psi in the 

second step. Then the chamber lid was carefully opened, and the container holding the 

tissue specimen was removed from the chamber and rinsed under deionized water at 

room temperature for 5 minutes to cool down. Afterwards, the tissue slides were 

incubated in 200 mL of 3% diluted Hydrogen Peroxide solution in distilled water 

(prepared using 20mL 30% Hydrogen Peroxide stock solution and 180 mL distilled 

water) for 10 minutes, followed by a stabilizing wash in deionized water for 5 minutes. 

The purpose of the hydrogen peroxide is to block endogenous peroxidase activity, which 

could potentially lead to false positives under microscope visualization. Therefore this 

blocking step with hydrogen peroxide reduces non-specific background for cell surface or 

membrane markers. Then the slides were washed in TBST buffer (prepared as a 1X 

solution in distilled water) for 1 minute and then fitted with a Coverplate device (Product 

No. 36107, Pelco) and loaded into the Sequenza Staining Rack (Ted Pella, Redding, CA) 

in the TBST buffer. This Coverplate technology is especially important because the 

starting buffer fills the gap between the Coverplate and the tissue slide by capillary 

attraction. When a new reagent is applied into the well, then this reagent displaces the 

buffer via gravity flow and then remains in the gap between the Coverplate and slide due 

to surface tension during the incubation period. Any successive buffer washes and 
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reagent applications will continue in this pattern to allow the tissue specimen to be 

immunostained using a minimum amount of reagent. Additionally, this Coverplate 

technology allows the sections to be placed anywhere on the slide and still receive 

consistent immunostaining treatment. [Pelco Technical notes] 

 

Application of serum blocking reagent: 

For each slide in the PCNA IHC assay, I applied 125 !L of 5% horse 

serum/TBST blocking solution (prepared by 0.5mL normal horse serum and 9.5 mL 

TBST 1X Buffer under the vacuum hood), covered the Sequenza to create a closed 

environment during the incubation period and allowed the slides to incubate for 1 hour at 

room temperature. The purpose of this blocking step is to prevent non-specific 

interactions during staining, which occurs when the primary antibody binds to amino 

acids that are not within the desired epitope of the antigen of interest. This results in 

higher background under microscope visualization of the slide after IHC staining is 

completed. Since the primary antibody used in this experiment for anti-PCNA is derived 

from mouse and the secondary antibody is derived from rabbit, normal horse serum was 

selected as the blocking reagent and diluted to a 5% solution in TBST buffer.  

 

Application of Primary antibody: 

While the slides incubated in the horse block, the selected primary antibody 

dilutions for PCNA were prepared in 5% horse serum/TBST buffer solution. An ice 

bucket was used to keep the primary antibody cool on the lab table after it was removed 
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from the 4 degree Celsius refrigerator.  Primary antibody dilutions were calculated and 

prepared, and then stored in the 4 degrees Celsius refrigerator until ready for application. 

The primary antibody for anti-PCNA was prepared at the selected dilution of 

1:800 and this dilution selection was based on previous PCNA IHC studies [33, 34]. This 

dilution was prepared by adding 1.50 !L primary antibody to 1250 !L 5% goat 

serum/TBST buffer solution, and this dilution preparation was sufficient for batches of 10 

slides at a time. I added an individual volume of 125 !L to each tissue slide and allowed 

the slides to incubate for overnight at a temperature of 4 degrees Celsius. After one hour, 

the slides were washed with TBST buffer three times for five minutes each time.  

 

Application of the Secondary antibody 

The secondary antibody was prepared in a 1:250 dilution of 3uL secondary 

antibody and 750 !L 5% horse serum/TBST buffer. Then the secondary antibody was 

applied to each slide at a volume of 125 !L and allowed to incubate for 30 minutes at 

room temperature. The purpose of the secondary antibody is twofold – it must bind 

specifically to the primary antibody target and it must also biotinylated so that it can be 

further targeted and detected by the Avidin/Biotinylated enzyme Complex (ABC). 

 

Application of ABC Reagent: 

During this incubation period of the secondary antibody, the Vectastain ABC 

reagent (Vector Laboratories) was prepared and allowed to sit at room temperature for 30 

minutes. The ABC reagent is used to target and detect any biotinylated molecule, in this 

case the PCNA secondary antibody. The ABC reagent takes advantage of avidin’s 
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extraordinarily high affinity for biotin as well as avidin’s four biotin-binding sites. In the 

ABC reagent kit, Reagent A (Avidin DH) is mixed with Reagent B (biotinylated enzyme) 

in TBST buffer before application. Once the complex is formed, it remains stable and can 

be used for several days after preparation. Specifically, the ABC reagent in this 

experiment is prepared by adding 2 drops (100 !L) of Reagent A to 5 mL of TBST buffer 

in the ABC Reagent mixing bottle, followed by adding 2 drops (100 !L) of Reagent B to 

the same mixing bottle. The solution is mixed immediately using the Vortex mixer (brand 

of machine, company, location) and set at room temperature for 30 minutes. Once the 

secondary antibody incubation is complete, the ABC reagent is applied at a volume of 

125 !L to each slide, and allowed to incubate for 30 minutes at room temperature. After 

the ABC reagent incubation perio, the slides are washed with TBST buffer three times at 

five minutes per wash. 

 

Application of Vector Nova Red: 

The Vector Nova Red substrate kit for peroxidase (SK-4800, Vector Laboratories, 

location) is used as the chromogen reagent for this IHC staining experiment to produce 

red reaction products with excellent color contrast in the tissue sections that can be 

visualized under the microscope, and this reagent must be prepared immediately before 

use on the tissue sections. This substrate solution is composed of three different reagents 

(labeled as Reagent 1, Reagent 2, and Reagent 3) in distilled water combined with a 

hydrogen peroxide solution. After each step in adding a reagent to the mixture, the 

solution is mixed well via the vortex mixer. Specifically, the NovaRed solution was 

prepared by adding three drops of Reagent 1 to 5 mL of distilled water, followed by two 
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drops of Reagent 2, two drops of Reagent 3, and lastly two drops of the Hydrogen 

Peroxide solution. After the ABC Reagent incubation is complete, the prepared Nova Red 

reagent is applied at a volume of 125 !L to each slide and allowed to incubate for 10 

minutes. Immediately after the Nova Red incubation, the slides are rinsed with deionized 

water for three minutes. Then the slides are removed from the Coverplate and Sequenza 

Staining rack and placed into a plastic grey slide holder in a container of deionized water. 

 

Hematoxylin Counterstaining and Dehydration of Tissue Slides: 

The slides were placed for 10 seconds into a container of diluted Hematoxylin 

solution prepared in a 1:4 dilution (50 mL Hematoxylin at full strength and 150 mL of 

distilled water). Immediately afterwards, the slides were removed from the hematoxylin 

dilution and rinsed under distilled water for 1 minute. The purpose of hematoxylin is for 

nuclear counterstaining that enhances the contrast and visualization of tissue morphology. 

The positively charged aluminium ions attached to the hematoxylin dye are attracted to 

the negatively charged DNA backbone in the cell nucleus, therefore staining the 

chromatin a blue/purple color. After the counterstaining, the slides are dehydrated 

through a series of containers washes in the following order: 1 dip in 70% ethanol, 2 

minutes in 95% ethanol, 2 minutes in the first 100% ethanol, 2 minutes in the second 

100% ethanol, 10 dips in the first container of xylene, 2 minutes in the second container 

of xylene, and a final 2 minutes in the last container of xylene.  

After this dehydration step, cover glass slips (Dimensions: 24x50mm, Leica, 

location) were adhered onto the slides using one drop of an adhesive transparent Cytoseal 

XYL mounting media (Product #8312-4, Thermo Scientific, Richard-Allan Scientific). 
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IHC Assay Development for future study on Ki67  

Ki-67 Antibody Selection: 

The Ki-67 antibody kit (NB110-89717, Novus Biologicals, Littleton, Colorado, 

USA) was purchased with unit size of 0.1mL and starting concentration of 1 mg/mL. The 

primary antibody for Ki-67 was a polyclonal antibody derived from rabbit and purified 

via immunogen affinity for a synthetic peptide for a portion within residues 1600-1700 of 

the mouse Ki-67 protein. The primary antibody for Ki-67 were prepared and diluted in 

5% normal goat serum (S-1000, Vector Laboratories) in TBST buffer solution. 

The IHC staining protocol for the Ki-67 antibody was consistent with that of the PCNA 

antibody. The FFPE tissue samples were baked, deparaffinized, and then placed in the 

decloaker for antigen retrieval. The blocking reagent was normal goat serum (instead of 

normal horse serum for PCNA) diluted to 5% concentration in TBST buffer, because 

both the Ki-67 primary and secondary antibodies are derived from rabbit. This diluted 

goat serum buffer was also used to dilute the primary and secondary antibodies for Ki-67.  

 

Dilution Selection and Testing of the Primary antibody for Ki-67: 

Unlike the PCNA IHC staining protocol that had a predetermined dilution of 

1:800 for the primary antibody, the Ki-67 assay had to be developed through control 

testing and titer dilution testing in order to find the optimal dilution proportions for 

visualization under the microscope.  

First, the Ki-67 antibody was tested on four different tissue controls: spleen, 

tonsil, normal skin, and SCC-diagnosed skin at a 1:100 dilution of the Ki-67 primary 

antibody in 5% goat serum/TBST buffer. Since the 1:100 dilution of the Ki-67 showed 
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especially dark staining under microscope visualization, three titer dilutions (1:100, 

1:250, and 1:500) of the Ki-67 primary antibody were tested on two tissue samples each – 

tonsil and SCC-diagnosed skin. Of special note, these three dilutions for the four different 

tissue specimen had a primary antibody overnight incubation period in 4 degrees Celsius, 

which is consistent with the PCNA IHC protocol. Due to the high background of the 

overnight incubation period, the IHC protocol was permanently altered for Ki-67 so that 

subsequent primary antibody incubation periods for Ki-67 were for 1 hour at room 

temperature. With this alteration, these three titer dilutions (1:100, 1:250, and 1:500) still 

exhibited dark staining under microscope visualization, therefore an additional three titer 

dilutions (1:500, 1:750, and 1:1000) were each applied on to three tissue sections (Tonsil, 

AK-diagnosed skin, and normal skin) that were mounted onto uncharged slides. Under 

microscope visualization, these three tissue sections exhibited curling around the 

circumference of the section, and the 1:500 dilution exhibited particularly dark staining. 

Therefore two titer dilutions (1:750, and 1:1000) were each repeated onto two tissue 

sections (Tonsil and AK-diagnosed skin) that were mounted onto charged slides. The 

1:750 dilution was selected for optimal visualization and contrast of the Ki-67 antibody 

on the tissue specimen. In a future study comparing Ki-67 and PCNA for this sample 

subset, the subsequent sections of Normal, Sun-exposed, AK, and SCC specimen will be 

stained using a 1:750 dilution of the primary antibody. 

 

Image-Pro Computer Script for PCNA: 

The image quantification analysis for the PCNA biomarker in the IHC-stained 

skin samples was performed using the computer software Image-Pro Plus (Version 6.3.1, 
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Media Cybernetics, Silver Springs, MD), visualized under a Lecia DMR microscope 

(Leica, Westzlar, Germany) and a Sony 3 CCD color video camera (Sony, Tokyo, Japan). 

A semi-automated macro script (IHA2-Process-Image) in the computer software program 

was used to identify and quantify Percent Positive Area (PPA) as well as Integrated 

Optical Density (IOD). The PPA is computed as the percent area occupied by positive 

staining in a given field of visualization. The IOD is computed as the average 

intensity/density of each object, expressed in terms of the current intensity/density and 

calibration for a given field of visualization. The PPA and the IOD were both determined 

under a 40X microscope visualization field for three representative field areas defined as 

Areas of Interest) for the entire epidermis of each normal and sun-exposed tissue section. 

The three representative field areas of the epidermis for each sample in the AK and SCC 

subsets were based on a pathologist’s encircled marking for the diagnosed lesion on a 

matching Hematoxylin and Eosin (H&E) stained slide.  

 

Statistical Methods for Analysis: 

 The Mean values for both PPA and IOD were calculated for each of the three 

representative 40X field areas for each tissue section. Then the categorical mean and the 

standard deviation of the 10 samples within each of the four groups (Normal, Sun-

Exposed, AK, and SCC) were determined for both PPA and IOD. Simple linear 

regression models and exponential regression models were applied to each PPA and IOD 

data set using Microsoft Excel Statistical software programming to determine if the PPA 

and the IOD values demonstrated a linear or nonlinear trend across the four stages that 

are designated in this study to represent SCC progression. The R-squared value, also 
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known as the coefficient of determination, is a statistical measurement that was 

calculated for each regression model. 

Additionally, a simple linear regression models was used to analyze the 

categorical mean PCNA levels of expression (PPA and IOD) and the two karyometric 

feature values determined for the average degree of nuclear abnormality and proportion 

of nuclei exhibiting sun damage, as published in the 2009 study by Krouse et al, for 

normal sun-exposed skin (n=140), AK (n=20), and SCC (n=21) categories. The R-

squared values were calculated for each of these regression models to investigate the 

association between these variables.  
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Results 

For the four categorical stages analyzed in the SCC progression from normal skin, 

the levels of expression for cellular proliferation via PCNA biomarker were quantified 

according to percent positive area (PPA) and integrated optical density (IOD). The PPA 

and IOD values for the three representative field areas for each tissue section were 

averaged. Then, the categorical mean values for the PPA and IOD were calculated for the 

10 samples within each category of diagnosis (normal, sun-exposed, AK, and SCC). The 

PPA and IOD values for mean and standard deviation are listed in Tables 1 and 2 

respectively, and graphed in Figures 1 and 2 respectively. The categorical means of PPA 

and IOD both increased in value in a stepwise fashion from normal skin to sun-exposed 

skin to AK to SCC.  

The PPA of PCNA expression was determined to be 9.28 ± 3.72% in Normal skin 

(n=10), 11.93 ± 2.88% in Sun-exposed skin (n=10), 20.72 ± 3.65% in AK lesions (n=10), 

and 26.45 ± 5.10% in SCC lesions (n=10). The percent IOD was determined to be 7.16 ± 

2.94% in Normal skin, 9.27 ± 2.31% in Sun-exposed skin, 16.47 ± 3.04% in AK lesions, 

and 21.38 ± 4.42% in SCC lesions.  

For the PPA measurement, the greatest stepwise difference in percentage occurred 

between the sun-exposed and the AK categories, with a difference of 8.79%. Two 

different regression models were used to determine if the increases in PPA value among 

the four categories exhibited a linear or exponential trend, as calculated in Table 3. When 

analyzing the stepwise pattern of increase in the mean PPA values, a simple linear 

regression model resulted in an R-squared value of 0.9651, and an exponential regression 

model resulted in an R-squared value of 0.9737. For the IOD measurement, the greatest 
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stepwise difference in percentage also occurred between the sun-exposed and the AK 

categories, with a difference of 7.20%. For the stepwise pattern of increase in the mean 

IOD values, a simple linear regression model resulted in an R-squared value of 0.9637, 

and an exponential regression model resulted in an R-squared value of 0.9740. 

Furthermore, the mean PCNA levels of expression (PPA and IOD) were also 

compared via simple linear regression models to the two karyometric feature values 

determined for the average degree of nuclear abnormality and proportion of nuclei 

exhibiting sun damage, as published in the 2009 study by Krouse et al, for normal sun-

exposed skin (n=140), AK (n=20), and SCC (n=21) categories [14, See Table 4]. Krouse 

et al reported that the feature values for the average degree of nuclear abnormality are 

0.579 for sun-exposed skin, 0.69 for AK, and 1.234 for SCC. For the proportion of nuclei 

exhibiting sun damage, Krouse et al reported values of 26.6% for sun-exposed skin, 

74.2% for AK, and 97.4% for SCC [14, See Table 4].  

As shown in Table 5, in the linear regression model comparing the two 

independent variable so PPA of PCNA expression with average degree of nuclear 

abnormality, the R-squared value was determined to be 0.7822. For the linear regression 

model comparing PPA of PCNA expression with proportion of nuclei exhibiting sun 

damage, the R-squared value was determined to be 0.9943. 

For the PCNA expression level indicated by percentage of IOD, the linear 

regression model comparing IOD with average degree of nuclear abnormality 

demonstrated an R-squared value of 0.7925. For the linear regression model comparing 

IOD of PCNA expression with proportion of nuclei exhibiting sun damage, the R-squared 

value was determined to be 0.9926, also listed in Table 5. 
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Discussion 

Squamous cell carcinoma, a type of non-melanoma skin cancer, is highly 

prevalent in the United States population. This disease progression model for SCC 

involves a staged progression from its premalignant lesion diagnosed as Actinic 

Keratosis. This study investigates this model further by examining the changes in cellular 

biomarkers and nuclear morphometry across these four defined stages. Specifically, 

biomarker analyses were performed using immunohistochemistry staining techniques to 

evaluate the level of expression for the cell proliferation marker PCNA. These changes in 

cellular proliferation levels were then compared to the changes in nuclear morphometric 

properties, as published in 2009 by Krouse et al in a karyometric analysis of sun-exposed, 

AK, and SCC lesions.  

In this study, the data further supports the UV-induced skin cancer progression 

model from normal skin to sun-exposed skin to AK lesions, and finally to SCC. Levels of 

PCNA expression, as indicated by both PPA and IOD values, increased along the four 

stages described in the disease progression. The PPA values ranged from 9.28 ± 3.72% in 

Normal skin to 26.45 ± 5.10% in SCC lesions, while the IOD values ranged from 7.16 ± 

2.94% in Normal skin to 21.38 ± 4.42% in SCC lesions. Across the four categories, this 

increase in cellular proliferation was better supported by an exponential regression model 

(R^2=0.9737 for PPA, R^2=0.9740 for IOD), rather than a linear regression model 

(R^2=0.9651 for PPA, R^2=0.9637 for IOD). This suggests that the four selected 

diagnostic categories may not represent an arithmetic staging of endpoints in the disease 

spectrum. Additionally, this data may also support the exponential nature of cellular 

proliferation in tumorigenesis.  
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When the cell proliferation IHC biomarker analysis was compared to karyometric 

(nuclear morphometry) feature values published by Krouse et al in 2009, the data showed 

a strong positive association between average PCNA levels and average proportion of 

sun-damaged nuclei among matched categories for sun-exposed skin, AK, and SCC 

lesions (R^2=0.9943 for PPA, R^2=0.9926 for IOD). Meanwhile, the data showed a 

weaker association between average PCNA levels and average degree of nuclear 

abnormality (R^2=0.7822 for PPA, R^2=0.7925 for IOD). These results are consistent 

with the UV-induced skin carcinogenesis model because the increase in the proportion of 

proliferating cells along the SCC progression corresponded to increases in the proportion 

of sun-damaged nuclei as measured by karyometric feature values. From this data, it can 

be suggested that sun-damaged cells and proliferating cells are linked, and that exploring 

the molecular and genetic changes in this link will help further elucidate this association 

within the context of the UV-induced skin carcinogenesis model.  

The IHC assay for the Ki-67 biomarker was developed during the latter part of 

this study in order to compare its detection of cellular proliferation levels with that of 

PCNA in a future follow-up quantification analysis. A key step in the IHC assay 

development was testing the Ki-67 primary antibody through a series of titer dilutions to 

determine the optimal dilution ratio for visualization under the 40X lens of the 

microscope. At the time of this writing, the antibody titer tests are complete, and the 

dilution ratio was selected to be a 1:750 dilution for the Ki-67 primary antibody.  

 For the present study, the major limitations include the sample size of the four 

categories, the tissue specimen selection, and histological staging for the diagnostic 

categories. This study quantified the levels of cellular proliferation in 120 images from a 
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total of 40 tissue samples, with 10 samples in each of the four diagnostic categories. 

Having three representative field areas quantified for each tissue sample helped to 

validate the PPA and IOD values for each sample, however having a larger sample set for 

each category would be a stronger measure of validation.  

Secondly, the first three categories designated in this study (Normal, Sun-

Exposed, and AK lesion) each consisted of 10 matched samples that were obtained from 

the same patient. Having matched samples from the same patients is helpful in 

controlling for clinical and demographic factors, however it should also be noted that 

having matched samples can be problematic, because each sample is not independent, 

when comparing the groups. Meanwhile, the 10 samples in the SCC category were 

obtained from 10 separate patients, and these patients did not have a matching Normal or 

Sun-Exposed sample quantified in this study. Therefore, there is an underlying 

assumption that the patients diagnosed with SCC lesions and the patients diagnosed with 

an AK lesion share similar cellular proliferation expression patterns in the epidermis of 

their normal and sun-exposed skin. Additionally, the 2009 Krouse et al study on 

karyometric feature values did not have a Normal non-sun-exposed category to match 

with this present study’s Normal non-sun exposed skin tissue category. Therefore only 

three categories from both data sets (sun-exposed, AK, and SCC) were taken into 

consideration for the simple linear regression model analyses for PPA and IOD with the 

average nuclear abnormality values and the proportion of nuclei exhibiting sun damage. 

The third limitation is the subjective nature that is inherent to studies that 

investigate a disease spectrum and characterize the categories based on histological 

diagnosis by a pathologist. This study looked at four categories along the SCC disease 
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progression: Normal, Sun-Exposed, AK, and SCC. However, within two of these four 

categories, namely AK and SCC, there exist another subset staging of clinical histological 

diagnoses. For example, AK lesions can be designated by a pathologist as early AK or 

late AK lesions, and SCC can be diagnosed as well-, moderately-, or poorly-

differentiated and also can be indicated as invasive or non-invasive, and keratinizing or 

non-keratinizing. The larger standard deviation percentages for PPA and IOD values of 

cellular proliferation expression for the SCC category (SD=5.10% for PPA, SD=4.42 for 

IOD) further support this great degree of variance in histological staging. 

However, despite these limitations, the results of this study support the presence 

of a multistep progression from normal to sun-exposed to AK to SCC, through a 

demonstrated increase in cellular proliferation levels indicated by the PCNA biomarker 

and the karyometry values measuring changes in nuclear morphometry. Additionally, an 

ongoing study on another cell proliferation biomarker, Ki-67, has already started, and the 

quantification data for this biomarker will be compared with the results of the PCNA 

analysis to investigate the consistency and sensitivity of these two biomarkers in the 

detection for levels of cellular proliferation expression among the four diagnostic 

categories. Furthermore, future studies on molecular targets should also focus in at the 

genetic level to quantify expressions of inactivating mutations in other tumor-suppressor 

genes as well as activating mutations in onco-genes, both of which are implicated as 

hallmarks in skin carcinogenesis [35].  

The presence of a multistage progression for SCC is significant because it is a 

research opportunity for early interventional strategies that can ultimately help prevent 

invasive SCC in the future. Therefore it is both essential and imperative to study the key 
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developmental changes involved in the pathogenesis of SCC from its precancerous stages 

by utilizing analytical tools in the fields of histopathology, karyometry, optical imaging, 

and biochemistry. These tools have great potential in clinical application to make 

advancements in this age of personalized and precision medicine, specifically in 

developing strategies for early intervention to reduce the risk and burden of cutaneous 

squamous cell carcinomas for the sun-exposed population on a national and global level. 
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Footnotes 

Abbreviations Used: 

AK - Actinic Keratosis 

BCC – Basal Cell Carcinoma 

IHC – Immunohistochemistry  

IOD – integrated optical density 

NMSC – Non-melanoma skin cancer 

PCNA – Proliferative Cell Nuclear Antigen 

PPA – Percent positive area 

SCC – Squamous Cell Carcinoma 

TBST – Tris buffered saline and tween 20 
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Tables: 
 
Table 1: Values of Categorical Mean and Standard Deviation for Percent Positive Area of 

PCNA antibody in the SCC disease progression  

 

Diagnostic Category Mean (%) Std Dev (%) 
Normal 9.276138557 3.719815427 
Sun-Exposed 11.93215572 2.880661848 
AK 20.71927698 3.653193686 
SCC 26.4495844 5.100599145 

 

 
 
Table 2: Values of Categorical Mean and Standard Deviation for Percent Integrated 

Optical Density of PCNA antibody in the SCC disease progression 

 

 Diagnostic Category Mean (%) Std Dev (%) 
Normal 7.164693368 2.939270892 
Sun-Exposed 9.273313454 2.307701781 
AK 16.46527233 3.042750176 
SCC 21.37754215 4.420858301 

 
 
 

Table 3: R-squared values Calculated for PPA and IOD using a Linear Regression Model 

and an Exponential Regression Model 

 
 

 Measurement Linear Exponential 
PPA 0.9651 0.9737 
IOD 0.9637 0.974 
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Table 4: Karyometry feature values for average nuclear abnormality and Proportion (%) 

of nuclei exhibiting sun damage according to Diagnostic category [14] 

 

Diagnostic Category 
Average Nuclear 
Abnormality 

Proportion of nuclei 
exhibiting sun damage 

Sun Exposed 0.579 26.60% 
Actinic Keratosis 0.690 74.20% 
Squamous Cell Carcinoma 1.234 97.40% 

  
 
 
 
 
Table 5: R-squared values calculated for PPA and IOD vs Karyometry feature values 

using a Linear Regression Model  

 

Measurement 
Average Nuclear 
Abnormality 

Proportion of nuclei 
exhibiting sun damage 

PPA 0.7822 0.9943 
IOD 0.7925 0.9926 
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Figures: 

Figure 1: Graphical representation of the Categorical Mean and Standard Deviation for 

Percent Positive area of PCNA antibody in the SCC disease progression 
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Figure 2: Graphical representation of the Categorical Mean and Standard Deviation for 

Percent Integrated Optical Density of PCNA antibody in the SCC disease progression 
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Table and Figure Legends: 
 
Table 1 lists the Mean and Standard Deviation values calculated for Percent Positive 
Area (PPA) of the PCNA antibody in the four categories of the SCC disease progression. 
Each category consisted of 10 samples, and for each sample, three representative 40X 
fields were imaged and quantified for PPA values using Image Pro Plus Version 6.3 
software. 
 
Table 2 lists the Mean and Standard Deviation values calculated for Percent Integrated 
Optical Density (IOD) of the PCNA antibody in the four categories of the SCC disease 
progression. Each category consisted of 10 samples, and for each sample, three 
representative 40X fields were imaged and quantified for percent IOD values using 
Image Pro Plus Version 6.3 software. 
 
Table 3 records the R-squared values for PPA and IOD using a Linear Regression Model 
and an Exponential Regression Model, based on the categorical mean values 
demonstrated in Figures 1 and 2 for each diagnostic category in the SCC progression. 
The coefficient of determination for each regression model was calculated using 
statistical software in Microsoft Excel Program. 
 
Table 4 lists the Karyometry feature values for average nuclear abnormality and 
Proportion (%) of nuclei exhibiting sun damage according to three diagnostic categories 
(Sun-exposed, AK, and SCC), as previously published in a study by Krouse et al in 2009 
[14].  
 
Table 5 records the R-squared values calculated for PPA and IOD versus Karyometry 
feature values reported in the Krouse et al study [14] using a Linear Regression Model. 
The coefficient of determination was computed for three categories (Sun-exposed, AK, 
and SCC) for this linear regression model, and this calculation was performed using 
statistical software in Microsoft Excel Program. The Normal Non-sun-exposed category 
was excluded because the Karyometry feature values were not reported for this specific 
diagnostic category. 
 
Figure 1 is a bar graph demonstrating the Categorical Mean with error bars indicating 
one Standard Deviation above and below the Mean, for Percent Positive Area of the 
PCNA antibody in the SCC disease progression according to the four diagnostic 
categories, based on the values listed in Table 1. The bar graph was constructed using 
Microsoft Excel Program. 
 
Figure 2 is a bar graph demonstrating the Categorical Mean with error bars indicating 
one Standard Deviation above and below the Mean, for Percent Integrated Optical 
Density of the PCNA antibody in the SCC disease progression according to the four 
diagnostic categories, based on the values listed in Table 2, and this bar graph was 
constructed using Microsoft Excel Program. 


