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ABSTRACT 

Cancer is a disease involving changes in the genome and abnormal, uncontrolled growth 

of tissue. The hallmarks of cancer include evading apoptosis, insensitivity to anti-growth signals, 

sustained angiogenesis, limitless replicative potential and tissue invasion and metastasis. 

Epigenetic factors such as DNA methylation, histone modifications, nucleosome remodeling, and 

RNA regulation contribute to normal cell development but also play a crucial role in cancer 

development when the normal control mechanisms go awry. Here we will use DNA methylation 

and histone modification to study cancer as a disease.  

When focusing on DNA methylation, our aim was to detect tissue-specific adverse events 

of thoracic radiation therapy in combination with chemotherapy by using changes in circulating, 

methylated cell-free DNA (cfDNA) in patient serum collected during treatment. We will discuss 

the potential value and further development needed to use methylated cfDNA biomarkers as a 

basis to access organ specific adverse events during cancer treatment. 

Histone modifications are druggable targets that modulate gene regulation.  We evaluate 

how response to experimental treatments such as a HDAC (histone deacetylase) class IIa inhibitor 

may impact immune checkpoint inhibitor therapy in a pancreatic ductal adenocarcinoma model. 

We also investigate how this affects cancer cell subpopulations in this heterogeneous tumor model.  

Overall, epigenetic cell-type specific regulation reflected in DNA methylation was 

evaluated to detect tissue-specific damage during treatment using cfDNA. Targeting an epigenetic 

modification using an HDAC inhibitor was studied for its impact on tumor growth, heterogeneity 

and immunotherapy response. We view epigenetic factors as an opportunity and common theme 
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to advance cancer research and therapy; with the goal of understanding the complexities in this 

disease. 
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CHAPTER 1: INTRODUCTION 

Cancer is a disease involving changes in the genome and abnormal, uncontrolled growth 

of tissue. The hallmarks of cancer include evading apoptosis, insensitivity to anti-growth signals, 

sustained angiogenesis, limitless replicative potential and tissue invasion and metastasis (Hanahan 

et al., 2000). These characteristics allow cancer cells to metastasize, survive and proliferate. Two 

enabling characteristics for these six hallmarks have been further studied, i.e. genome instability 

and resulting mutations as well as tumor promoting inflammation (Hanahan et al., 2011).   

Usually the genome maintenance systems in cells used to detect and fix mutant DNA are 

very good, leading to low mutation rates. In hereditary cancers, the underlying basis for genome 

instability are defective DNA repair genes. Non-hereditary cancers may be caused by oncogene-

induced DNA damage and loss of TP53 function (Negrini et al., 2010). Therefore mutability is 

caused by either sensitivity to mutagenic agents and/ or the breakdown of genomic repair 

machinery.  

 One way to detect gains or losses in the genome is comparative genome hybridization. 

This tool is useful because it can detect the amplifications or deletions at a particular site which 

can lead to neoplastic progression (Korkola and Gray 2010). Also, with the advent of advanced 

and high throughput DNA sequencing technologies studies have been able to show distinct DNA 

mutations in specific tumor types (Palomo et al., 2017).  

The term epigenetics was  proposed by Conrad Waddington in the 1950s to describe 

heritable changes in a cellular phenotype that were independent of alterations in the DNA sequence 

(Berger et al., 2009). Epigenetic factors such as DNA methylation, histone modifications, 

nucleosome remodeling, and RNA regulation (Figure 1.1) contribute to normal cell development 

but also play a crucial role in cancer development when the normal control mechanisms go awry 

(Baylin et al., 2016).  
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Figure 1.1. The epigenetic machinery. 
Epigenetic processes in cancer. (Adapted from Baylin et al., 2016) 
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 Epigenetics mechanisms in humans is impacted by factors such as development in utero, 

the environment, aging and diet among many other factors. This occurs at the microscopic level 

of the chromosome. As the chromatin is unwound into to single stranded DNA, we can begin to 

discuss the epigenetic concept of DNA methylation, which occurs when methyl groups that attach 

to the cytosine of the DNA either activate or suppress genes. Next the histones that are wrapped 

around the DNA control gene regulation. The binding of epigenetic factors influence the extent to 

which the DNA is wrapped around the histones and which genes can be activated or repressed. 

Both of these processes can result in cancer or other illnesses (Bonetta et al., 2008). These two 

epigenetic modifications (DNA methylation and histone remodeling) will be discussed in different 

aspects in chapters 2 and 3. These two modifications work closely together to lead to disease 

progression and are valuable areas of research. 

HISTONE REMODELING 

Histone modifications have been known to have a major influence in all DNA-templated 

processes including transcription. The eight different classes of modification on histones include: 

acetylation, methylation on lysines and arginines, phosphorylation, ubiquitylation, sumoylation, 

ADP ribosylation, deamination and proline isomerization (Kouzarides et al., 2007). To expand on 

acetylation, the basis for the data in chapter 3, acetylation of lysine residues is a major histone 

modification impacting transcription, chromatin structure and DNA repair. Acetylation is 

regulated by histone lysine (K) acetyltransferases (KATs) and histone deacetylases (HDACs). 

KATs were the first enzymes shown to modify histones and play a very important role in 

malignancies. HDACs are enzymes that reverse lysine acetylation and restore positive charge on 

the side chain. There are 18 such enzymes identified that are subdivided into four major classes. 

This will be further explained in chapter 3 (Dawson et al., 2012). Cellular enzymes that modify 

histones have been identified for the histone modifications listed above. Out of all of the enzymes 
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that modify histones, the methyltransferases and kinases are the most specific which is why histone 

methylation is the most characterized modification to date (Kouzarides et al., 2007). Studies have 

also shown that loss of function somatic mutations in genes encoding Histone 3 (H3F3A) and the 

canonical histone H3.1 (HIST1H3B) in up to one-third of pediatric glioblastomas pointing to their 

role in this malignancy (Schwartzentruber et al., 2012). It is also know that the location of the 

histone modification is critically important and is crucial for its effect on transcription as well as 

the initiation and elongation steps of transcription (Li et al., 2007).  In conclusion, histone 

modifications have the potential to influence many fundamental biological processes, some of 

which can be inherited epigenetically.  

NUCLEOSOME REMODELING 

Another epigenetic mechanism worth exploring is nucleosome remodeling, which is 

controlled by four major gene families: the SWI/SNF family (switching defective/ sucrose 

nonfermenting), the ISWI family (imitation SWI), the NuRD family (nucleosome remodeling and 

deacetylation)/ CHD family (chromodomain helicase DNA binding) and the INO80 family 

(inositol requiring 80) (Dawson et al., 2012). These enzymes use ATP as an energy source to 

mobilize and exchange histones (Wang et al., 2007). The dysregulation of the ATP-dependent 

chromatin-remodeling complexes have been linked to cancer development (Wang et al., 2007) and 

their study provides a key to understanding epigenetics. 

RNA REGULATION 

The last epigenetic mechanism to briefly discuss in this introduction are noncoding RNAs 

which are crucial for normal development and are altered in cancer. Noncoding RNAs can be 

broken down into small (small nuclear RNAs, PIWI interacting RNAs, small interfering and 

microRNAs RNAs) or long noncoding RNAs. The small noncoding RNAs conserve their sequence 

very well across species whilst large noncoding RNAs do not. Long noncoding RNAs are not fully 
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understood although their potential for widespread regulation of gene expression and chromatin 

remodeling is established (Wang et al., 2011). Dissecting the molecular mechanisms of RNA 

interactions will be key in understanding chromatin regulation and potentially provide druggable 

targets in cancer. 

DNA METHYLATION 

One additional epigenetic mechanism studied here is DNA methylation. In contrast to the 

above epigenetic regulators, DNA methylation is a covalent modification that consists of an 

addition of a methyl group to the 5th carbon of the cytosine within the dinucleotide CpG island 

(Berdasco et al., 2010). DNA methylation plays a critical role in gene expression (Yin et al., 2017), 

cellular differentiation and can serve as a biomarker for tissues (Bock et al., 2012) with 3 - 6% of 

cytosines known to be methylated in normal tissues. CpG-rich regions which are usually in the 5’ 

end region of a gene, and unmethylated in normal cells. The regions are unmethylated because 

they need to be accessed by transcriptional activators. In cancer cells, hypermethylation is 

considered to be a key tumorigenic driver (Berdasco et al., 2007). The current knowledge is that 

DNA methylation represses transcription factor binding. However, some emerging studies are 

being done that transcription factor binding to methylated regions induce demethylation (Héberlé 

et al., 2019). When expanding to epigenetic therapy, DNA methylation can be druggable using 

broad reprogramming drugs, known as DNMT inhibitors (DNMTi). DNMTi’s can be used to 

inhibit DNA methylation and remove hypermethylation of tumor suppressor genes (Jones et al., 

2016). Indeed the detection of abnormal promoter CpG island DNA hypermethylation emerged as 

a potential strategy for assessing cancer risk, prognosis, early detection, and predicting therapeutic 

responses (Baylin et al., 2011). This translational advance in using DNA methylation as a 

biomarker will be further discussed in chapter 2. 
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Genetics play a significant role in all diseases and dysregulation of DNA by either mutation 

or epigenetic mechanisms can lead to disease. Circulating biomarkers that can serve as early 

indicators of disease, response to treatment or adverse events. DNA is attractive as a blood-based 

marker because it is stable in serum and abundant in the blood of cancer patients (Bettegowda et 

al., 2014). Also, cancer cells and cells in the tumor microenvironment have a higher turnover rate, 

shedding more of their DNA into the blood stream (Yi et al., 2013). Based on the distinct DNA 

methylation patterns, circulating cell-free DNA (cfDNA) methylation analysis may allow for 

assessment of cancer progression, adverse events and therapy response and have been a 

centerpiece of diagnostics due to minimally invasive ease of repeat sampling. 

 In chapter 2, our aim was to detect cardiac adverse events of thoracic radiation therapy in 

combination with chemotherapy by using changes in circulating, cfDNA methylation patterns in 

patient serum before, during and after treatment. We will discuss the potential value and further 

development needed to use methylated cfDNA biomarkers as a basis to access organ specific 

adverse events during and after cancer treatment. 

In chapter 3, we evaluate how response to experimental treatments such as a HDAC class 

IIa inhibitor may impact immunotherapy in a pancreatic ductal adenocarcinoma model and affects 

the heterogeneous nature of this tumor reflected in cfDNA. Our goals were to evaluate if cell 

subpopulation-specific circulating cell-free DNA can be used as an indicator of treatment 

resistance and reveal distinct sensitivity to HDAC class IIa inhibitors and/ or to anti-PD1.  

 Overall, epigenetic regulation is the common thread of the work presented using the 

detection of methylated cell-free DNA (cfDNA) to assess tissue-specific damage during 

treatment and evaluating the impact of an HDAC inhibitor on tumor growth and immunotherapy 

response. Beyond epigenetic, cancer subpopulation-specific mutations used to detect clonal 
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behavior driving tumor growth, tap into the genetic basis of cancer. Thus, both epigenetics and 

genetic approaches and analyses are used here to provide insights from their distinct angles. 
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CHAPTER 2:  
Cardiomyocyte-specific circulating cell-free methylated DNA in esophageal cancer patients 

treated with chemoradiation 
 
INTRODUCTION 
 

The number of patients living with cancer and cancer survivors is increasing in the United 

States due to advances in early detection, improved cancer treatment and the aging population 

(Miller et al., 2016). Development of novel therapies, often given in sequence or concomitantly 

with conventional therapies, has resulted in prolonged survival but also carries an increased risk 

of adverse events. Cardiovascular toxicities from conventional cytotoxic or pathway-targeted 

therapies, immunotherapy, radiation treatment have been recognized and can include myocardial 

infarction, left ventricular dysfunction, hypertension, heart failure, coronary artery disease and 

arrhythmias (Miller et al., 2016) (Yeh at al., 2009). Here, we evaluate the use of circulating nucleic 

acids as a potential marker of cardiac injury related to cancer therapies and present feasibility data 

in esophageal cancer patients treated with chemoradiation as a proof of concept in a feasibility 

study.  

Liquid biopsies or blood sample-based diagnostics in patients with cancer were originally focused 

on the harvest of circulating tumor cells (CTCs) to gain insights into the cellular and molecular 

makeup of invasive and metastatic cancers that shed cells into the blood stream (Rapisuwon et 

al.,2016; Crowley et al., 2013). The impact of circulating biomarkers has grown as technological 

advances increase the sensitivity of molecular biology techniques and allow for non-invasive 

characterization of molecular determinants in cancer for real time monitoring  

 
Adapted from publication: 
 
Martinez Roth S, Vietsch EE, Barefoot ME, Schmidt MO, Park MD, Ramesh A, Lindberg MR, 
Giaccone G, Riegel AT, Barac A, Unger K, Wellstein A. Cardiomyocyte-specific circulating cell-
free methylated DNA in esophageal cancer patients treated with chemoradiation (Submitted to 
Journal of Clinical Medicine)  
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of individual patients. 

Circulating cell-free DNA (cfDNA) has been shown in previous studies to distinguish 

disease in early and late stage cancers without requiring invasive procedures to obtain samples 

from primary or metastatic lesions (Gall et al., 2016; Jiang et al., 2019; Vietsch et al., 2017). More 

recent uses of blood sample analyses to gain insights into the molecular composition of cancers 

have expanded to cfDNA, mRNAs and microRNAs (miR) as diagnostic or prognostic biomarkers 

in cancer (Finotti et al., 2018; Crowley et al., 2013). Earlier studies have shown thatchanges in the 

expression patterns of circulating miRNAs can be indicators for responsiveness to drugs 

(Shivapurkar et al., 2017; Crowley et al., 2013). cfDNA analysis can also detect the presence of 

cancer by monitoring the abundance of mutant DNA that is shed from dying cancer cells into the 

circulation. Numerous studies have shown that liquid biopsies can be used to accurately infer 

molecular characteristics and provide a comprehensive view of tumor genetics that encompasses 

multiple tumor subtypes.  Such insights will further our understanding of intratumor heterogeneity, 

which is a major challenge for tissue biopsies and a known contributor to therapy resistance 

(Rapiswon et al., 2016; Crowley et al., 2013). Also, this approach has expanded the possibilities 

for informing treatment decisions when a tumor tissue biopsy is inadequate or unavailable.  One 

of the more recent developments along these lines is the FDA approval of cfDNA analysis to alter 

treatment for drug resistant lung cancers upon detection of an indicator T790M EGFR mutation in 

cfDNA (Dono et al., 2019). 

Circulating cell-free tumor DNA (ctDNA) has also been shown to uncover residual disease 

in these patients with early stage colon cancer (Tie et al., 2016). Serial analysis of ctDNA and 

circulation tumor cells (CTCs) can also be a useful, noninvasive tool to monitor clonal evolution 

during the progression of disease (Dawson et al., 2019). In conclusion, ctDNA has been shown by 

previous studies to be a specific and sensitive biomarker that can be used to detect a variety of 
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different tumor types (Bettegowda et al., 2014), and has been used to detect mutations occurring 

at very low allele frequencies (Ulz et al., 2017). 

DNA methylation has also been shown to be a useful tool to study cancer and aging 

(Horvath et al., 2013). Interestingly, fragments of cellular genomic DNA from normal cells are 

detectable in the bloodstream due to the physiologic turnover and replacement of cells in healthy 

organs at steady-state. Damage of healthy organs due to various insults can result in higher cellular 

turnover rates that are reflected in an increase in fragments of genomic DNA shed from dying 

cells. Previous work by others pioneered the detection of tissue-specific cell death based on the 

presence of tissue-specific methylation patterns in cfDNA (Lehmann-Werman et al., 2016;  Sun 

et al., 2015). This approach can be adapted to identify cfDNA from any cell type in the body 

(Lehmann-Werman et al., 2016) and was reviewed by us recently (Barefoot et al., 2021). 

Complementary to methylation patterns in cfDNA nucleosome footprints can also be used to infer 

cell types contributing to the altered abundance in cfDNAs in different pathological states 

including cancer (Snyder et al., 2016). Quite diverse insults including hypoxia, trauma, immune 

attack, or drugs can be detected as changes in methylated cfDNA composition originating from  

different dying cell populations (Heitzer et al., 2020). 

 Circulating cfDNA is an attractive blood-based marker due to its relative stability in 

plasma and serum with a relatively short in-vivo half-life of up to 3 hours (De Vlaminck et al., 

2014). A proof of principle study tested the utility of circulating cell-free donor-derived DNA (dd-

cfDNA) in monitoring acute rejection after heart transplantation in a small retrospective cohort. 

For this cell-free DNA was isolated from plasma and the samples were sequenced to quantify the 

fraction of dd-cfDNA. This study concluded that analyzing dd-cfDNA enables diagnosis of acute 

rejection after heart transplantation and can be, corroborated by endomyocardial biopsy.  Dd-

cfDNA detection is indeed a noninvasive approach for routine monitoring of cardiac allograft 
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health without tissue biopsies (De Vlaminck et al., 2014) . In addition to using cfDNA as a 

diagnostic marker to detect acute rejection after heart transplantation, cfDNA has been shown to 

be a useful biomarker for cardiomyocyte death to monitor cardiac pathologies such as myocardial 

infarctions (Zemmour et al., 2018). In other organs such as the liver, damage is usually assessed 

by serum measurements of enzymes such as aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT). As shown recently, hepatocyte-derived cfDNA can provide information 

on hepatocyte death during disease and toxicity (Lehmann-Werman et al., 2018). Other groups 

have shown that cfDNA can be used to detect organ-specific signatures that correlate with rejection 

of any combination of donors and recipients, and may be applicable to other solid organ transplants 

(Snyder et al., 2011). 

 In the cancer setting, whole exome sequencing of cfDNA concordance has been used in 

monitoring metastatic disease and potentially discover patients with earlier stages of disease 

(Adalsteinsson et al., 2017). The ability to use cancer-specific altered DNA methylation 

biomarkers found in liquid biopsies can complement the prediction, monitoring, and diagnosis of 

cancer (Hao et al., 2017).  

The tissue source of cfDNA fragments in the circulation can be delineated from the distinct 

patterns of DNA methylation that distinguish cells from different tissues (Sun et al., 2015). DNA 

methylation is an epigenetic regulatory mechanism that is highly stable and cell-type specific. 

DNA methylation marks are erased in early metazoan organism development and reestablished 

over the lifetime of the organism as cell fate decisions are made (Bergman et al., 2013). From a 

comparison of DNA methylation of tissues, genomic sequences can be selected which will allow 

for detection of tissue-specific DNA fragments in the circulation (Sun et al., 2019). Thus, 

complementary to mutation analysis of cfDNA shed from cancerous cells, changes in DNA 

methylation patterns of cfDNA can reveal abnormal tissue homeostasis and altered rates of cell 
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death in healthy normal tissues (Yi et al., 2013). Newer studies have shown that deconvolution of 

cfDNA can be used to relate changes to clinical findings (Moss et al., 2018). This makes DNA 

methylation an appealing tool where markers can be selected through identifying sites in reference 

data that are preferentially hyper- or hypo-methylated in specific tissues or cell types. 

In the present proof of principle study, we evaluated whether radiation treatment related 

cardiac damage can be detected through changes in circulating tissue-specific DNA in cancer 

patients. We hypothesized that changes in cardiomyocyte-specific, methylated DNA in the 

circulation could be used to detect increased cardiac cell death in patients undergoing cancer 

treatment and potentially serve as an early marker of cardiac toxicity. Here, we describe the 

rationale and development of an amplicon sequencing method to detect changes in cardiac cfDNA 

methylation patterns. We present preliminary data from patients with esophageal cancer treated 

with radiation and chemotherapy.  
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MATERIALS AND METHODS      

Experimental Approach 

The experimental paradigm is outlined in Figure 2.1. The approach to detect differentially 

methylated DNA takes advantage of the well-established distinct sensitivity between methylated 

and non-methylated cytosines to bisulfite treatment of DNA that converts non-methylated 

cytosines to uracil. The change is detected by conventional DNA sequencing where methylated 

cytosines will be read as Cs whereas non-methylated cytosines will be read as Ts. It is noteworthy 

that the majority of eukaryotic CpGs are methylated and thus not affected by bisulfite treatment. 

For the detection and quantitation of DNA fragments in the circulation we use a PCR-based 

approach that relies on running  DNA amplicons on a MiSeq sequencing system to quantify 

sequence-specific methylation within the selected fragments. Non-methylation specific PCR 

primers were designed to hybridize outside of target CpG sites to generate the amplicons from 

bisulfite-treated DNA and quantify the number of methylated and non-methylated CpGs after 

sequencing. 
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Figure 2.1. Overview of approach to detect to changes in circulating cell-free DNA (cfDNA) 
methylation patterns. 
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Genomic DNA From Different Organs  

Commercially available human genomic DNA from different organs was used to establish 

tissue specificity. The DNA sources were cardiac myocytes (ScienCell cat. #6219), heart left 

ventricle (Amsbio cat. #D1234138), skeletal muscle (Amsbio cat. #D1234171), lung (Amsbio cat. 

#HG-601), spleen (Amsbio cat. # CD563320). We also included universal methylated human DNA 

standard (Zymo cat. #D5011). 

Normal Healthy Donors 

 We acquired serum from three normal controls from the histopathology and tissue shared 

resource at Georgetown Lombard Cancer Center. Subjects included: 36604 (age 25, female), 

32519 (age 27, female), 35876, (age 52, female). 

Study Participants     
 

We enrolled 11 patients with distal esophageal cancer who were treated with neoadjuvant 

chemoradiation to 50.4 Gy with concurrent carboplatin and paclitaxel followed by esophagectomy. 

All patients gave written consent for blood collection and analysis. Table 2.1 contains the patients’ 

characteristics. Patients underwent fasting blood draw prior to the initiation of RT and 4-6 months 

following RT. The study was approved by the Georgetown University IRB (#2015-1320). 

This study used the same patient samples in the Burke et al., 2020 manuscript. The patients 

were relabeled in our manuscript, and the patients in the Burke et al manuscript are in parentheses 

here; RT-01 (01), 02 (04), 03 (02), 04 (Skip), 05 (05), 06 (06), 07 (07), 08 (08), 09 (09), 10 (03), 

11 (10). These numbers will be useful when comparing manuscripts. 
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Table 2.1. Patient characteristics in the study. 
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Serum Collection 

4 mL peripheral venous blood was drawn in serum tubes (BD Vacutainer), allowed to clot 

and spun down 1-2 hours later, in a swing bucket centrifuge at 1200 x g for 10 minutes. Serum 

was collected from the supernatant and frozen at -80 °C in 200 μL aliquots, until further analysis. 

A post-treatment sample was collected at the last day of radiation (5.5 weeks) and thus around 6 – 

7 weeks after the pre-treatment sample. A third sample after recovery was collected 3 – 4 months 

after the last radiation dose. 

DNA Isolation, Bisulfite Conversion and PCR 

Serum was thawed on ice and cell-free circulating DNA (cfDNA) was isolated from 2 x 

100 μL serum per patient sample using the DNA extractor SP Kit (Wako cat. # 296-60501), 

following the manufacturer’s protocol. The cfDNA was diluted in 15 μL of ultra-pure water and 

quantitated with the qubit fluorometric quantification (Thermo Fisher Scientific). Bisulfite 

conversion of 50 ng DNA per sample was performed using the EZ DNA Methylation-Gold Kit 

(Zymo cat. # D5005), following the manufacturer’s protocol. After purification and 

desulphonation, the DNA was diluted in 15 μL of ultra-pure water. PCR amplification was 

performed using the Platinum Taq DNA polymerase kit (Invitrogen cat. # 10966), in the following 

reaction: 2.5 μL of bisulfite converted DNA or genomic DNA, 39.4 μL of water, 5 μL PCR Buffer, 

1.5 mM MgCl2, 0.2 μM dNTP, 0.2 μM primers, 2 Units of Platinum DNA Taq Polymerase. 

Reactions were incubated in the Epgradient Mastercycler (Eppendorf) thermal cycler. Cycling 

consisted of 2 min denaturation at 95 °C, followed by 38 cycles of: 30 seconds at 94 °C, 30 seconds 

at 55°C, then 30 seconds at 72 °C, and an infinite hold at 4 °C. 

Amplicons were examined by electrophoresis in 2% agarose gel with 1X TAE buffer, and 

visualized with xylene cyanol dye and ethidium bromide under UV light (see Fig. 2.2B). As a size 

marker the 1 kb plus DNA ladder (Invitrogen) was used. All PCR products that showed single 
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bands at the expected size were evaluated by Sanger sequencing analysis. These selected primers 

were used for methylation PCR of the serum cfDNA samples. Sequences of selected primers used 

for cfDNA methylation analysis were based on Zemmour et al (Table 2.2). (Zemmour et al., 2018) 
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Table 2.2. Cardiomyocyte primer sequence. 

CpG island of gene Left primer 
(using bisulfite 
converted DNA) 

Right primer 
(using bisulfite 
converted DNA) 

Size [bp] 

FAM101A, 
Chromosome12:124,2
07,916-124,208 
(hg38) 

TATGGTTTGGTAA
TTTATT TAGAG  

AAATACAAATCC
CACAAATAAA 

122 
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Determination of cfDNA Fragment Size  

The fragment size of cfDNA from patient samples was determined for each sample with 

an Agilent High Sensitivity DNA chip, according to the manufacturer’s instructions. Agilent 2100 

Bioanalyzer software was used and fragment size defined as the mode of the main peak in the 

electropherogram (see Figure 2.2A).  
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Figure 2.2. Detection of cardiomyocyte-specific methylated cfDNA.  
A) Bioanalyzer reading of cfDNA. Fragment size (~150bp) and cfDNA level in patient serum after 
DNA extraction. Peaks from size markers spiked in with the sample serve are a reference (arrows). 
B) Gel image of amplicons using primers adjacent to the FAM101A locus (see Methods) 
(Zemmour et al., 2018). DNA samples analyzed were genomic heart and cardiomyocyte DNA, 
patient RT02 and RT05 cfDNA from the current study, H20 as a negative control. C) Bisulfite 
sequencing data from the FAM101A genomic locus (chr12:124,207,916-124,208,005) using 
cardiomyocyte and lymphocyte gDNA as well as patient cfDNA. The six CpGs in this locus are 
unmethylated in cardiomyocytes but methylated in lymphocytes. in bisulfite treated DNA from 
cardiomyocytes the six C's read as Ts in contrast to lymphocytes where they read as C's. The 
distinctive pattern can be used to identify cardiomyocyte-derived DNA molecules in patient 
serum.  
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Sequencing Adapter Ligation 
      

Illumina adapter overhangs were attached to the PCR amplicons using the Platinum Taq 

DNA polymerase Kit (Invitrogen cat. #10966), in the following reaction: 2.5 μL of purified PCR 

amplicons, 39.4 μL of water, 5 μL PCR Buffer, 1.5 mM MgCl2, 0.2 μM dNTP, 0.2 μM primers, 2 

Units of Platinum DNA Taq Polymerase. Cycling consisted of 2 min denaturation at 95 °C, 

followed by 20 cycles of 30 seconds at 94 °C, 30 seconds at 56 °C, and 30 seconds at 72 °C. The 

samples were kept at 4 °C until further analysis. 

Primer sequences for adapter ligation: 

Forward: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTATGGTTTGGTAATTTATT TAGAG 
Reverse: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAAATACAAATCCCACAAATAAA 
      
PCR Amplicons were examined by electrophoresis in 2% agarose gel as described above. PCR 

products were purified using the QIAquick PCR Purification Kit (Qiagen). Cleaned PCR products 

were eluted in 30 μL of water. The predicted size of the amplicon is 189bp. 

Indexing and Library Preparation 
      
Purified amplicon concentrations were quantitated with the QuantiFluor ONE dsDNA System 

(Promega cat. # E4870), following the manufacturer’s protocol. The amplicon was normalized to 

a concentration of 5 ng/μL in water and pooled per patient sample. Each amplicon pool was 

constructed into a dual indexed library using the Nextera XT Index Kit (Illumina cat. #  FC-131-

1001) and the 2x KAPA HiFi HotStart Ready Mix (KAPA Biosystems cat. # KK2602). The unique 

index sequence was added to each library sample through an 8-cycle PCR amplification procedure 

found in the 16S Metagenomic Sequencing Library Preparation user guide (Illumina Part # 

15044223 Rev. B). Each sample was purified using AMPure XP beads (Beckman Coulter cat. # 

A63881) and as assessed using the Agilent DNA 1000 kit (Agilent Technologies cat. # 5067-1504) 
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on the Bioanalyzer instrument. The libraries were normalized to 4 nM and pooled together to be 

sequenced on an Illumina MiSeq instrument.    

Illumina MiSeq Deep Sequencing and Data Analysis 
      

Before sequencing, an aliquot of the 4 nM library pool was denatured by incubating the 

aliquot with 0.2N NaOH for 5 minutes and then kept on ice. One percent of 12.5 pM PhiX Control 

V3 (Illumina) was spiked into the denatured library pool. Paired end 2x150 bp sequencing was 

performed on the MiSeq using the MiSeq Reagent Nano kit v2 (300 cycles) according to the 

manufacturer’s protocol (Illumina). All primary- and run-quality analyses were performed 

automatically on the MiSeq.   

Amplicon sequenced reads were demultiplexed, aligned to the reference genome using a 

modified BWA-algorithm and analyzed through the BISulfite-seq CUI Toolkit (BISCUIT) tool 

suite for bisulfite-converted DNA methylation data (https://github.com/zhou-lab/biscuit). Reads 

were quality filtered to include only reads mapped to the primary alignment in proper pairs and 

with the correct insert size. Methylation sites, sequenced reference-mismatched Cs, were reviewed 

by manual visualization of alignments using IGV (Broad Institute) using the bisulfite CG mode 

for alignment coloring (Figure 2.2C). Methylation frequencies were quantified to estimate relative 

methylation rates at specific sites. We show the data as a fraction of total 6 CpGs divided by the 

total number of reads. Only DNA fragments that showed all 6 CpGs as unmethylated were counted. 

Abundance of cardiac-specific DNA is provided in genome equivalents.  >35,000 reads were 

obtained for each of the amplicons generated from the cfDNAs.  Between 35,000 and 74,000 reads 

were obtained for each of the amplicons generated from the cfDNAs isolated from serum samples. 

Only amplicons that showed all 6 CpGs as unmethylated were considered as a cardiomyocyte-

specific signal. For detection of cardiomyocyte-specific cfDNA an amplicon with 6 CpGs was 

analyzed. All cardiomyocyte-specific amplicons consisted of >100 reads. 
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RESULTS  

Patient Characteristics 

Eleven patients were enrolled between February 2016 and February 2018. The median age 

was 69 (range 37 – 80 years) and the majority of patients were male (82%). Patients had clinical 

stage T2 (n=2) and T3 (n=9) disease with clinical N0 (n=3) or N1 (n=8) nodal stage. The majority 

of patients had adenocarcinoma (n = 10) and one patient had squamous cell carcinoma (Table 2.1). 

Each patient was assigned a unique identifier from RT-01 to RT-11, with three different timepoints 

(pre-treatment (01), post-treatment (02) and recovery(03)). 

Overview of the Amplicon Sequencing Method 

An overview of the approach is shown in Figure 2.1. Cell-free DNA (cfDNA) was 

extracted from patient serum, and subsequently bisulfite converted. Bisulfite-converted DNA was 

then subjected to PCR amplification for a fragment that contains the tissue-specific methylation 

signature of interest. The DNA amplicons were subjected to deep sequencing to quantify reads 

with different methylation patterns.  

cfDNA extracted from serum had an average fragment size of ~150bp and a maximum of 

200bp (Figure 2.2A). The FAM101A locus was selected for amplification because it contains a 

cardiac specific methylation patterns that is predicted to result in a 189 bp product from cfDNA 

after including the adapter sequences (Zemmour et al., 2018). Figure 2.2B shows a gel image with 

a set of PCR amplicons generated from genomic heart and cardiomyocyte DNA as a positive 

control, water as a negative control and  two representative cfDNA from patient serum. In the 

bisulfite sequencing analysis, only DNA fragments that showed all 6 CpGs as unmethylated were 

counted as a positive signal for cardiomyocyte-specific DNA. Figure 2.2C shows the sequencing 

reads from cardiomyocyte (positive control), lymphocyte (negative control) genomic DNA as well 

as cell-free DNA from patient serum. Most cardiomyocyte DNA CpGs in this genomic region 
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were unmethylated and read as Ts due to the bisulfite conversion whereas lymphocyte DNA was 

methylated and thus read as Cs (see Figure 2.1). 

Verification of Cardiomyocyte Methylation Markers 

We applied the amplicon sequencing method of the FAM101A locus to commercially 

available cardiomyocyte genomic DNA. We found 78% of the molecules were fully unmethylated 

at the FAM101A locus (Figure 2.3), which is similar to the finding of Zemmour et al (Zemmour 

et al., 2018) (89%). Cardiac ventricle DNA contained 20% of fully unmethylated molecules and 

non-cardiac tissue such as muscle, spleen and lung showed <0.2% of molecules as unmethylated 

(Figure 2.3). As a control, we used human methylated DNA and found <0.9% of these molecules 

as unmethylated (Figure 2.3). It is noteworthy that the conversion rate of unmethylated C's by 

bisulfite treatment of DNA was 99%. Spike-in experiments were performed to assess the 

sensitivity of the assay by mixing human cardiomyocyte DNA and human buffy coat DNA in a 

serial dilution from 0.1% to 20% cardiomyocyte DNA. The amount of cardiomyocyte DNA in the 

spike-in experiment was measured using PCR amplification and subsequent deep sequencing. We 

found detectable cardiomyocyte DNA spiked into human buffy coat as low as 0.1% of total DNA 

(Figure 2.4). In composite, these results indicate that the amplicon sequencing of the indicated 

CpG island in the FAM101A locus detects cardiomyocyte-specific DNA. 
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Figure 2.3. Cardiomyocyte-specificity of DNA methylation. Methylation levels of FAM101A 
locus in different human tissues, including cardiomyocyte, ventricle, skeletal muscle, lung and 
spleen plus human methylated control DNA. Mean ± SEM; n=2. 
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Figure 2.4. Detection of human cardiomyocyte DNA spiked into human buffy coat DNA. The 
percentage of fully unmethylated FAM101A molecules (in which all CpG sites were converted by 
bisulfite) was determined from amplicon sequencing. Mean ± SEM; n=3. 
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Circulating Cell-Free DNA Analysis  

Thoracic radiation therapy has been associated with the development of early and late 

cardiac toxicity. This study included 11 patients with distal esophageal cancer that were treated 

with neoadjuvant chemoradiation to 50.4 Gy with concurrent carboplatin and paclitaxel followed 

by esophagectomy. Five patients (RT-03, 05, 06, 09, and 11) had pre-existing cardiac pathologies 

and three patients developed structural and functional clinical cardiotoxicity on follow up cardiac 

MRI scans within 6 months of chemoradiation. We analyzed serum samples drawn pre- and post-

radiation treatment and after recovery to measure cardiomyocyte-specific cfDNA as an indicator 

of cardiac damage in these patients. Established circulating biomarkers of cardiac  (BNP and 

Troponin-I) or systemic response to the radiation treatment (CRP) were also obtained  

(Supplementary Figure 2.2). Cardiomyocyte-specific methylated DNA was quantified relative to 

non-specific cfDNA present in the FAM101A amplicon.  

Samples with the highest levels of cardiomyocyte-specific cfDNA are from RT-06 at the 

pre-treatment timepoint and from RT-09 after recovery (Figure 2.5). It is noteworthy that RT-06 

had preexisting cardiac damage and RT-09 had a pathologically elevated BNP for all time points 

corroborating cardiac pathology even though Troponin-I was in the normal range (see 

Supplementary Figure 2.2). Before initiation of radiation treatment six patients showed 

cardiomyocyte-specific cfDNA levels above the limit of detection (grey bar in Fig. 2.5) possibly 

due to cardiac co-morbidity or damage from the primary disease. Interestingly, before initiation of 

treatment cfDNA levels in the three patients  
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Figure 2.5. Cardiomyocyte specific methylated cell-free DNA in serum samples from patients 
with esophageal cancer pre- and post-radiation treatment and after recovery. Data from 11 
patients are shown as fraction of unmethylated cfDNA. The grey box depicts the limit of detection 
in serum samples; average fraction unmethylation of the cardiomyocyte marker of 3 non-cancer 
patients ± s.e.m. 
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(RT -7, -8, -10) with cfDNAs below the detection limit increased into the detectable range. Overall, 

the median cardiomyocyte-specific cfDNA levels in this cohort did not change significantly during 

treatment (0.018 - 0.020).  

Finally, to assess reproducibility across sequencing runs, we analyzed two separate 

complete preparations from DNA extraction to quantitation of cardiomyocyte-specific cfDNA 

amplicons. Repeated analysis of patient samples RT-05-02 and RT-02-01 (Supplementary Figure 

2.1) showed similar readouts for the independent runs, suggesting that the method is reproducible 

and stable.  
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DISCUSSION 
 

Cardiac damage incurred as an adverse event can be fatal to patients either during or after 

chemotherapy, immunotherapy, or radiation treatment. Cardiac damage can negatively impact 

overall survival and long-term quality of life. This is the first study in which a cardiomyocyte 

cfDNA methylation marker was used to detect cardiac damage as a result of chemotherapy and 

radiation treatment in cancer patients. In this study, we established and evaluated the analysis of 

cardiomyocyte-specific, cfDNA as a novel biomarker of detecting and monitoring cardiotoxicity 

in cancer patients. The identification of tissue-specific, cfDNA relies on DNA methylation patterns 

that are highly cell-type specific. We used the data set from (Sun et al., 2015) to identify specific 

methylation patterns associated with the heart (Figure 2.2C). In order to detect cardiomyocyte-

derived cfDNA in the circulation, we designed an amplicon sequencing method whereby first 

DNA was extracted from serum, then DNA was bisulfite converted, the gold standard method to 

distinguish between methylated and non-methylated CpGs (Figure 2.1). We quantitated the 

frequency of methylated cytosines by bisulfite sequencing of DNA amplicons containing the 

genomic region of interest (Figure 2.1 & 2.2). The sequence-based analysis used here increases 

the specificity of detection because we counted only those DNA fragments as cardiomyocyte-

specific that showed a homogeneous lack of methylation at all six CpGs contained in the tissue-

specific amplicon selected (Figure 2.2C). This approach reduces non-specific signals from random 

methylation of individual CpGs in the DNA fragment of interest (Barefoot et al., 2021). The 

sequencing method was quality-controlled for distribution of sequencing quality and error rate 

distribution. Only samples that passed these steps were analyzed. Cardiomyocyte-specificity was 

established using genomic DNA from human cardiomyocytes and from heart ventricle tissues. A 

higher percentage of DNA molecules with the specific methylation pattern was detected in human 

cardiomyocyte gDNA relative to ventricle tissue DNA. This difference is due to DNA from other 
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cell types present in the ventricle sample. Both of these genomic DNA samples showed a higher 

percentage of unmethylated molecules than genomic DNA from human methylated DNA, skeletal 

muscle, lung and spleen (Figure 2.3). The data show that this marker can be used to detect 

cardiomyocyte specific DNA.  

We speculate that patient-specific changes in cardiac damage or cardiac remodeling in 

response to the treatment as well as disease control due to the treatment may be revealed by these 

changes. In this pilot study the sequencing depth was 35,000 to 74,000 read-pairs for the cfDNA 

samples which provides a very sensitive read-out to detect low abundance of differentially 

methylated amplicons. The combination of this deep sequencing of >35,000 reads and the 

requirement of homogeneous non-methylation of all six cytosines in the selected amplicon results 

in an exquisitely sensitive and specific assay to detect cell death even from normal cardiac cell 

turnover under physiologic conditions. The abundance of differently methylated cfDNAs in the 

circulation is an indicator of the steady-state turnover of different cell populations. Changes in cell 

type-specific cfDNAs indicate altered rates of cell death in a given cell population (see 

Introduction; Heitzer et al., 2020). Thus, the definition of a normal range is challenging because 

cell turnover can be impacted by a range of physiologic differences such as age, sex, body weight, 

ethnicity but also by co-morbidities such as hypertension and metabolic disease or by medications 

that target inflammation and thus cell turnover. In therapeutic studies such as the one here, serial 

analyses of samples collected before and after treatment is the best approach to avoid biases due 

to person-to-person variations due to the multitude of conditions. Also, as more data are generated 

with a multitude of physiologic and pathologic situations, a better understanding of the impact of 

those variables will emerge. In the majority of patients in this study cardiac cfDNA was detectable 

above the baseline before radiation therapy onset (Supplementary Fig. 2.2) which could be due to 

local reaction to the tumor or pre-existing cardiac co-morbidity picked up by this sensitive readout.  
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Some weaknesses in this pilot study are due to confounding factors that include the variable 

extent of the disease across the patient cohort and different pre-existing cardiac co-morbidity at 

the time of treatment and sample collection. Some limitations include, not age and sex matching 

these patients. In further studies it would be beneficial to control for both age and sex as 

methylation patterns are known to change (Horvath et al., 2013). As a result of not doing so, it is 

unclear whether or not the variation was due to not controlling for age or sex. Also, we did not 

find a significant relationship between changes in cardiomyocte cfDNA abundance and other 

established cardiac damage parameters such as Troponin-1 (Figure 2.5; Supplementary Fig. 2.2). 

This may be due to different residence time in the circulation of Troponin-1 versus the relatively 

short cfDNA half-life leading to different steady state levels. In studies with defined timing of 

cardiac intervention (i.e. PCI) Troponin-1 showed a distinctly longer residence time than cardiac 

cfDNA (Zemmour et al., 2018). An alternative approach to detect adverse cardiac effects applies 

pattern analyses of metabolites in the circulation that is indicative of tissue specific damages. 

Feasibility of this approach was shown recently (Unger et al., 2020). Metabolomic changes in 

cardiac tissues and the circulation after radiation treatment were established in an animal model 

and the patterns were then used to identify at risk patients in the cohort also described here.  

From the data presented we conclude that we can detect cardiomyocyte specific cfDNA in 

the circulation with high sensitivity, potentially supporting monitoring in patients undergoing 

treatments with known cardiotoxic adverse effects. This concludes that using methylation-based 

techniques can potentially shed a light in assessing damage in organs during cancer treatment, 

guide therapeutic decisions and improve patient outcomes.  
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SUPPLEMENTAL FIGURES 

 

Supplementary Figure 2.1. Repeat measurements of cardiomyocyte-specific methylated 
cfDNA in patient serum. Independent repeat measurements of samples from patients RT05-02 
and RT02-01 from separate sequencing runs. Data are from separate serum DNA extractions and 
sequencing analysis. n=2 per data point.  
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Supplementary Figure 2.2. Conventional clinical parameters related to cardiac function 
collected at different points during treatment. A) BNP (B-type natriuretic peptide). Normal 
range is <100 pg/mL, grey bar. B) CRP (C-reactive protein). Normal range < 3 mg/L, grey bar. C) 
Troponin-I. Normal <0.4ng/mL, grey bar. D) LVDEV (Left ventricular end diastolic volume) 
values pre and post recovery. 
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CHAPTER 3: Class IIa HDAC inhibition changes intratumoral heterogeneity and immune 
checkpoint inhibitor response in a pancreatic ductal adenocarcinoma cancer model 

 
INTRODUCTION 

One of the major contributors to cancer-associated mortality is pancreatic cancer. 

Prevention and early detection of this disease is known to be exceedingly rare. In 2018, 458,900 

new cases of pancreatic cancer were diagnosed worldwide and 432,242 deaths that year (Ferlay et 

al., 2019). This makes for a 94.1% death rate. It is known that fewer than 20% percent of patients 

have surgical resectable disease (He et al., 2014). About 10% of pancreatic cancers are genetically 

inherited (Turati et al., 2013).The most commonly mutated genes in pancreatic cancer are KRAS, 

CDKN2A, TP53 and SMAD4 none of which are currently targetable for treatment (Rizzato et al., 

2013).  

One factor that makes pancreatic cancer so complex to understand and difficult to treat is 

the interaction between neoplastic and stromal cells in the tumor microenvironment (Kleeff et al., 

2016). Stromal desmoplasia in pancreatic cancer also plays a role in making this cancer resistant 

to current standard of care (Müerköster et al., 2004). Pancreatic cancer is also known to a highly 

immunosuppressive and a very heterogenous cancer (Sharma et al., 2020). 

 In order to delve into understanding the tumor-stroma interaction and to further investigate 

the effect of experimental drugs on this very complex environment, we generated a series of clonal 

cancer cell lines from the well- established LSL-KrasG12D/+; LSL-Trp53R172H/+; P48-Cre 

driven PDAC model (Hingorani et al., 2005). Here, we use a model previously developed in our 

lab that is comprised of six individual clonal cell lines isolated from one tumor that possess their 

own distinct set of signature mutations. The prowess of this model is that instead of having to 

exogenously tag these individual cell lines, they have unique molecular signatures that can be used 

to actually quantitate the abundance of each of the clones from DNA extracted from the tumors by 

deep sequencing in the presence of different drug treatments (Vietsch et al., 2020). Previous data 
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from Vietsch et al, demonstrated that tumors grown from mixtures of these six clonal cell lines 

revealed distinct sensitivity when treated with an anti-metabolite chemotherapeutic drug 

(gemcitabine), a MEK kinase inhibitor (trametinib) or an immune checkpoint inhibitor (α-PD-1 

antibody). 

In the present study, we used this heterogenous model as a tool to unlock the complexities 

of pancreatic cancer. The very desmoplastic stroma and extensive extracellular matrix (ECM) 

plays an integral role in the immune evasion of pancreatic cancer (Sharma et al., 2020). In order 

to attempt to change this paradigm, we strove to harness the power of macrophages. Macrophage 

targeting is a winding road in cancer therapy. Macrophages are complex because they reside in 

tissues early on in development; these are called tissue resident macrophages (TRM) (Bian et al., 

2020). Tumor-associated macrophages (TAMs) play a major role in the interaction between 

inflammation and cancer. TAMs play a role in tumor cell proliferation and angiogenesis, thus 

making macrophages a very attractive target of novel new therapeutics (Solinas et al., 2009). Re-

orienting the location of macrophages has been hypothesized to show great potential in cancer 

therapy. Activating TAMs could potentially re-orient macrophages. Some therapeutics that could 

potentially re-program macrophages from pro-tumor to anti-tumor include anti-CSF-1R, CD40 

antagonism, TLR agonists, PI3kγ inhibition and class IIa HDAC inhibition (Guerriero et al., 2019). 

In this study, we focused on assessing the potential of class IIa HDAC inhibition. Class IIa 

HDACs include HDAC 4, 5, 7 and 9 that are mechanistically distinct from class I which include 

HDAC 1, 2, 3, and 8 and class IIb which comprise HDAC 6 and 10 (Lobera et al., 2013) and bind 

but do not erase acetylation of lysines (Fischle et al., 2002; Lahm et al., 2007). Class IIa HDACs 

are rarely associated with histone tails (Di Giorgio et al., 2015). Class IIa HDAC are currently not 

fully understood and have been shown to not be efficient deacetylases. The drug used in this study, 

TMP195, was identified in a high throughput screen as a selective first in class IIa HDAC inhibitor 
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(Lobera et al., 2013). TMP195 has been shown to compete against binding of HDAC7 to substrate 

(Guerriero et al., 2017). TMP195 is known to alter the transcription profile of macrophages, and 

to sensitize these macrophages to Th1 signaling, protecting them from Th2 signaling. TMP195 is 

not known to alter the transcription profile of T-cells (Lobera et al., 2013, Guerriero et al., 2017). 

In previous studies using pre-clinical breast cancer models, TMP195 was shown to activate 

macrophages that became highly phagocytic and made macrophages express IFNγ (Guerriero et 

al., 2017). This initial study began to show that class IIa HDAC inhibition (TMP195) induced anti-

tumor macrophages in a breast cancer model (Guerriero et al., 2017). Since macrophages have the 

potential to behave very differently from organ to organ, and in different cancers we took the 

initiative to observe the effect of TMP195 in our heterogenous pancreatic cancer model. Our goal 

in this study was to delve deep into understanding how the heterogenous pancreatic cancer model 

was impacted by TMP195 vs current immunotherapy, i.e. anti-PD1. Also, our goal was to observe 

if macrophages behaved the same when treated in pancreatic cancer versus breast cancer. Overall, 

HDAC inhibitors are currently being used in the clinic and in this study we are interested if 

TMP195 can be used to turn pancreatic cancer which is a historically “cold tumor” (tumors 

containing few T-cells) to a “hot tumor,” thus, potentially making immunotherapy a possible 

treatment approach for pancreatic cancer. 
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MATERIALS AND METHODS 

Mouse Experiments  
 

The animal study protocols were approved by the Georgetown University Animal Care and 

Use Committee (GUACUC #14-043-100181; 2016-1149). The transgenic KPC mouse model was 

originally described by Hingorani et al. Mice were of mixed sexes and aged 3-6 months at time of 

the experiments.  

KPC Derived Pancreatic Ductal Adenocarcinoma Clonal Cell Lines Used From Vietsch et al. 

One tumor from a female KPC mouse was harvested. This tumor tissue was minced for 5 

minutes and shaken at 150 rpm for 1 hour at 37ºC in a Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco Life) with 5% fetal bovine serum (FBS), 2 

mg/mL collagenase (Sigma), 4 mg/mL trypsin (Sigma), 50 μg/mL gentamicin (Gibco Life), and 1 

IU/mL penicillin/streptomycin (Gibco Life). The cell pellet was washed and centrifuged at 600 g 

in 4ºC in DMEM / F-12, four times. The cell pellet was suspended in primary cell culture media 

(F-12, 10% FBS, 16 μg/mL insulin (Gibco Life), 10 ng/mL epidermal growth factor, 1 μg/mL 

hydrocortisone (Sigma), 4 ng/mL cholera toxin (Sigma), 50 μg/mL gentamicin, and 0.5 IU/mL 

penicillin/streptomycin). The cells were placed in a 37ºC, 5% CO2, humidified incubator on a 

Collagen-1 coated 10 cm culture dish (Corning BioCoat) in primary cell culture media for 40 

minutes to let fibroblasts attach. Subsequently, the unattached cancer cells were transferred to a 

regular 10 cm dish. Primary cell culture media was changed every 48 hours. After one week, the 

primary cancer cells were trypsinized, and resuspended in primary cell media in the dilution of 

approximately one single cell per 200 μL and plated in a 96-well plate. After 3 weeks of incubation, 

eleven wells contained clonal cell populations. The eleven clones were expanded individually to 

stable clonal cell lines and were grown in DMEM/10% FBS from passage 4 onwards. In this study, 

we used 6 out of these 11 cell lines: C5, C8, D10, F2, G8 and G9. 
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Allograft Tumor Model 

Each of the 6 cell lines were grown separately in culture for at least a week in DMEM + 

FBS. One million clonal PDAC cells were injected subcutaneously into both of the flanks of the 

animals, and one intraperitoneal injection since these cells home to the pancreas, in immune 

competent wildtype KPC mice. The individual clonal mouse pancreatic ductal adenocarcinoma 

cell lines were grown separately in culture, and tested for mycoplasma contamination regularly. 

Drug Dosing 

Mice were treated with intraperitoneal (i.p.) injections of 50 μl of the vehicle dimethyl 

sulfoxide (DMSO) or 50 μl of TMP195 (Selleckchem; cat. S8502) dissolved in 100% DMSO at a 

final concentration of 50 mg per kg daily. TMP195 was given to the mice every day for ten days 

after the clonal cell line had established a tumor (about 1 week). For PD-1 checkpoint blockade, 

mice were treated with three intraperitoneal injections of 250 μg of rat monoclonal anti-mouse-

PD-1 in 50 μL PBS, on day 2 and 5 of treatment (BioXCell, clone RMP1-14; cat. BE0146). For 

the combination, TMP195 was given every day for 10 days after the tumor established and anti-

PD1 was given on day 2 and 5. 

Growth Assay with Conditioned Media in-vitro  

Each of the six clonal cell lines were grown separately in T175 flasks in DMEM + 

10%FBS. After a few passages an equal mix of 1000 cells were added to each well of the 

xCelligence E-Plates.  Different concentrations of TMP195 (Selleckchem) [0.5, 1.0, 2.0 and 4.0 

µM] or DMSO in PBS/ or media as a control were added after cells alone had attached for 24 

hours. The cell index was monitored every 5 hours and dose response curves were generated in 

Prism 5.0 Graphpad.  

Histopathology and Immunohistochemistry        
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Immunohistochemical staining of tumor tissue was performed for α-Smooth Muscle Actin 

(Rabbit α–SMA monoclonal antibody, Abcam ab124964). Five micron sections from formalin 

fixed paraffin embedded tissues were de-paraffinized with xylenes and rehydrated through a 

graded alcohol series. Heat induced epitope retrieval was performed by immersing the tissue 

sections at 98 °C for 20 minutes in 10 mM citrate buffer (pH 6.0) with 0.05% Tween. Staining was 

performed using the VectaStain Kit from Vector Labs according to manufacturer’s instructions.  

Briefly, slides were treated with 3% hydrogen peroxide and 10% normal (animal) serum and 

exposed to 1:1000 PCNA (millapore sigma cat #30523), CD68 (thermofisher cat#11-0689), CD8 

(abcam #217344), F4/80 (abcam #111101) antibodies in normal antibody diluent (MP 

Biomedicals) overnight at 4 °C.  Slides were exposed to anti-rabbit biotin-conjugated secondary 

antibody (Vector Labs), Vectastain ABC reagent and DAB chromagen (Dako). Slides were 

counterstained with Hematoxylin (Fisher, Harris Modified Hematoxylin), dehydrated and 

mounted with Acrymount.  Images were captured using an Olympus IX71 microscope. 

Histopathological evaluations were analyzed with advice from pathologist Dr. Bhaskar Kallakury.  

Tumor Digestion for Flow Cytometry  

Tumors and pancreas were digested with DMEM with 1 mg/mL collagenase D and 0.1 

mg/mL for 30 minutes at 37ºC after mechanical digestion in DMEM. The protocol instructions 

are: after the incubation, pass the cell suspension through a cell strainer and centrifuge at 1200rpm 

for 5 minutes at 4ºC. Next decant supernatant and tap to resuspend pellet in 3mL of red blood cell 

lysis buffer for 3 minutes at 37ºC, and neutralize with 10mL of media. Then spin at 1200rpm for 

5 minutes at 4ºC, decant supernatant and resuspend in 2mL of media, count cells and stain with 

live/dead reagent incubate for 3 minutes in the dark at 4ºC, wash and resuspend with Fc block 

using 1μg/106 in PBS and incubate for 15 minutes in the dark, wash and resuspend with 

recommended dilutions: CD45 (BD cat# 564590), CD3e (BD cat #56466), CD4 (BD cat #563151), 
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CD8 (BD cat #564920), B220 (BD cat #563103), NK 1.1 (BD cat #562864), Ly6C (Biolegend cat 

#128030), Ly6G (Biolegend cat #127645), CD11b (BD cat #56443), CD11c (BD cat #565452), 

MHC-II (BD cat #563415), Gr-1 (Biolegend cat #108428), PD-1 (BD cat #744549), PD-L1 (BD 

cat #564715), CD25 (BD cat #565134), IFN- γ (Biolegend cat#505849), and F4/80 (Biolegend cat 

#123114). Data was acquired with FACS Symphony (BD Biosciences) and analyzed with FlowJo 

and Prism Graphpad 5.01.  
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Table 3.1. Sequences, variant position, amplicon size for each of the six clonal cell lines. 

 

gene primer sequence 

variant 

mm9 

position 

amplicon 

size 

Trp53 

ubiquitous 

forward 

reverse 

5’- GAAAGGGAGGAAGAAGGAAAG-3’ 

5’- CTTCCAGATACTCGGGATACA-3’ 

chr11:69

402014 

G>A 

492 bp 

Kras 

ubiquitous 

forward 

reverse 

5’-TGGACTTTCTTGCACCTATGG-3’ 

5’-

AGTGTTGATGAGAAAGTTGTAAGTG-

3’ 

chr6:145

195291 

C>T 

481 bp 

Olfr1157  

(C8) 

forward 

reverse 

5’- 

TCTTAGATTTGGGAAGACCTTACA-3’ 

5’- CCCACCTCACAGTCATCATT-3’ 

chr2:878

02181 

G>C 

494 bp 

Nox4 

(D10) 

forward 

reverse 

5’- 

GAGCACTTGGCAATGTAAGAATAG-3’ 

5’- CCCAGAATAACCCACTCACTAAA-

3’ 

chr7:944

62586 

C>T 

493 bp 

Matn4 

(F2) 

forward 

reverse 

5’- GCACATACACACCACCATCT-3’ 

5’- GCTACACTCAGAAGTGACATCC-3’ 

chr2:164

222680 

C>T 

481 bp 

Baiap3 

(C5) 

forward 

reverse 

5’- GTAGGAGCCTTACAACAGGAAG-

3’ 

5’- GCTAGTTGACTGGCAACAGTA-3’ 

chr17:25

387359 

G>T 

500 bp 

Arhgap25 

(G8) 

forward 

reverse 

5’- GCTCCTTGTTCTCCTGAATCC-3’ 

5’- 

CATACACGTGATACCCAGACATAC-3’ 

chr6:874

26299 

T>C 

497 bp 

Pla2g4d 

(G9) 

forward 

reverse 

5’- AAGTTCCAGGATAGCGACAAG-3’ 

5’- GATCCTTGGATTCCCTTGGAG-3’ 

chr2:120

094626 

G>T 

502 bp 
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Amplicon Deep Sequencing of Drug Treated Tumors 

Purified PCR amplicons of the clonal signature genes plus mutant Kras and mutant Trp53 

for all cancer cells were generated from DNA from allograft tumors that were pooled in 

equimolarity. PCR amplicons were quantified using the Quantifluor ONE dsDNA kit on the 

GloMax-Multi-Plus Microplate Reader (Promega) by following their protocol. Amplicons were 

analyzed by MiSeq deep sequencing. Primers used for PCR amplification of the eight genes 

containing clonal and ubiquitous cancer cell signature mutations: 

Amplicon DNAs were pooled according to their sample type after quantitation as above. 

Pooled amplicon DNA was normalized to a concentration of 10 ng/μL, and then diluted further to 

0.2 ng/μL in nuclease free water.  For sequencing library construction, each amplicon pool was 

constructed into a library using the Nextera XT DNA library preparation kit (Illumina). 1 ng of 

each amplicon pool was enzymatically sheared and simultaneously tagged with an adapter. A 

unique index sequence was added to each library sample through a 12-cycle PCR amplification.  

Each sample was purified and size selected to capture greater than 500 bp amplicons using 

AMPure XP beads. Quality of the indexed libraries was assessed using the High Sensitivity DNA 

kit on the 2100 Bioanalyzer system (Agilent Technologies). The libraries were normalized and 

pooled together by following the Nextera XT DNA user guide (Illumina).   

MiSeq Sequencing & Data Analysis for Drug Treated Tumors 

An aliquot of the library pool was denatured at 96 °C for 2 minutes and then kept on ice.  

One percent of 12.5 pM PhiX Control V3 (Illumina) was spiked into the denatured library pool.  

Paired end 2x150 bp sequencing was performed on the MiSeq using the MiSeq Reagent Nano kit 

v2 (300 cycles) according to the manufacturer’s protocol (Illumina).  All primary- and run-quality 

analyses were performed automatically on the MiSeq.  Alignment to the mus musculus genome 9, 

NCBI 37 assembly (mm9) and quality trimming were executed by the Burrows-Wheeler Aligner 
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tool on the MiSeq.  All point mutations specific to each sample were reviewed by manual 

visualization of the reads in the Integrated Genomics Viewer (Broad Institute) and variant allele 

frequencies (VAF) were quantified. To account for wildtype stroma in the tumors, clonal 

abundance in the tumors was normalized to the VAF of Trp53R172H. The minimum VAF for clone 

specific genes was set to 0.01%, in case the clonal mutations were below detection. 
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RESULTS 

 Pancreatic cancer is known to be a very heterogenous tumor. In order to model this we 

used clonal cell lines from a primary pancreatic ductal adenocarcinoma lesion from a KrasG12D/+; 

LSL-Trp53R172H/+; P48-Cre mouse (Figure 3.1a, Vietsch et al 2020). A single tumor was 

expanded in a 2D cell culture and thus eleven clonal cell lines were isolated by single cell cloning 

(Fig 3.1a, Vietsch et al 2020). In this study we focused on six distinct clonal cell lines. 
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Figure 3.1. TMP195 improves the efficacy of immunotherapy. a) Pancreatic ductal 
adenocarcinoma heterogenous model (Vietsch et al 2020)  b)  Allograft tumor-bearing mice were 
randomly placed into treatment groups and received daily intraperitoneal injections of either 
vehicle or 50 mg kg−1 of TMP195 every day, or two doses of 250µg anti-PD1 or a combination 
of both drugs, as shown above. Tumors were measured and plotted as average total tumor burden 
± s.e.m. DMSO (n=4) versus TMP195 (n=4), anti-PD1 (n=4), or TMP195/ anti-PD1 (n=4), p-value 
from two way ANOVA.  c) Tumor phenotypes were divided into three groups visually by H&E 
staining (glandular, necrotic, and de-differentiated) in vehicle (n=5) and TMP195 (n=6),  anti-PD1 
(n=6), and TMP195/ anti-PD1 (n=6). Note: mice number differ from b) and c) since they are 
combined experiments. 
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 We injected an equal number of clonal cells from the six cell lines into wild type KPC 

mice, either intraperitoneally or subcutaneously on each flank. These cells home to the pancreas 

upon i.p. injection; therefore, the intraperitoneal injection is acceptable in lieu of orthotopic 

injections. Our goal was to test the efficacy of TMP195 and of anti-PD1 in this heterogenous 

pancreatic cancer model. We let the tumor establish for 10 days before either treating every day 

with vehicle (DMSO), 50 mg/kg TMP195, or two treatments on day 12 and day 15 of 250 μg anti-

PD1, finally or simultaneous treatment with every day treatment of TMP195 and two doses of anti-

PD1. Over this time course TMP195 does not change the rate of tumor growth (Fig 3.1b). In a 

bigger sample size, which was comprised of three experiments, we observed that TMP195 

increased the tumor growth (Supp Fig S3.1). We also observed the proliferation rate in the presence 

of TMP195 [0.5, 1.0, 2.0, 4.0 μM] vs DMSO in-vitro with the pooled clonal cell lines. From this 

data we concluded we TMP195 does not significantly change the proliferation rate in culture. In 

fact at the lower doses [0.5 and 1.0 μM] seem to not affect proliferation rates at all, but TMP195 

inhibits the clonal cell line at the higher concentrations [2.0 and 4.0 μM] (Supp Fig S3.1). However, 

in-vivo we found that anti-PD1 significantly reduces tumor growth in comparison to DMSO alone 

or TMP195 alone. TMP195 and anti-PD1 in combination significantly reduced the tumor size in 

comparison to DMSO, TMP195 or anti-PD1 alone (Fig 3.1b). We observed three different types 

of histological phenotypes after these tumors were treated with either DMSO, TMP195, anti-PD1 

or combination of both. The three different phenotypes observed are glandular, necrotic and de-

differentiated (Sup Fig S3.3a) glandular phenotype was highest in the TMP195 treated tumors in 

comparison to vehicle and the combination. The treatment groups with anti-PD1 showed only little 

if any glandular phenotype (Figure 3.1b). In conclusion, we saw a significant  increase in glandular 

phenotype in TMP195 in comparison to vehicle treated tumors (Supp. Fig 3.2b). The TMP195 

treated group showed less necrotic cells than DMSO, anti-PD1 and combination treated tumors 
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(Figure 3.1b). However, in separate experiments we saw an increased amount of necrotic cells in 

TMP195 treated tumors versus DMSO treated tumors suggesting variability due to tumor size 

(Supp Figure 3.2b).  All drug treated tumors showed a large percentage of de-differentiated 

phenotype (Figure 3.1b). 

 Next, we focused on this analysis of the tumors at the cellular level. We evaluated the 

proliferation rate using PCNA staining with immuno-histochemistry. Combination treated tumors 

had the least amount of PCNA positive cells, followed by anti-PD1, followed by TMP195. DMSO 

had the highest percentage of PCNA staining (Figure 3.2a). In a separate experiment, we also 

found that TMP195 treatment reduced PCNA staining versus vehicle (Supp Fig S3.3b). 

Subsequently, we began to investigate the immune cell profile of the drug treated tumors. 

TMP195 treated tumors showed significantly less CD68 positive cells in comparison to vehicle 

(Fig 3.2b). CD68 is highly expressed by circulating macrophages (Chistiakov et al., 2017). Both 

anti-PD1 and combination treated tumors have an increased amount of CD68 positive cells in 

comparison to TMP195. DMSO had the highest percentage of CD68 positive cells amongst the 

treatment groups (Fig 3.2d). Next, since anti-PD1 in this study was shown to decrease our tumor 

size we stained for T-cells. Anti-PD1 and combination treated tumors showed an increased 

abundance of CD8 positive T-cells in compared to DMSO and TMP195 treated tumors (Fig 3.2e). 
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Figure 3.2. TMP195 treated tumors have a distinct immune cell  morphology and a decreased 
amount of proliferation. a) PCNA staining of primary tumors harvested from mice injected with 
KPC PDAC clones and treated with either DMSO (control), TMP195, anti-PD1 or both with 
PCNA staining b) Quantification of percent PCNA staining c) CD68 staining of primary tumors 
harvested from mice injected with KPC PDAC clones and treated with either DMSO (control), 
TMP195, anti-PD1 or both d) Quantification of percent of CD68 staining p-value from ANOVA 
± s.e.m. e) Quantification of percent of CD8 with either DMSO (control), TMP195, anti-PD1 or 
both with CD8 staining p-value from ANOVA ± s.e.m.  
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Our overall goal was to elucidate the impact of TMP195 in this heterogenous pancreatic 

tumor model. We used F4/80 which is expressed in circulating and tissue-residing monocytes 

and macrophages (Dos Anjos Cassao et al., 2017; Rose et al., 2012) to determine the effect of 

TMP195 on the macrophage population in the tumors. Interestingly, F4/80 positive cells were 

trapped outside of tumors (Fig 3.3a). However, we did see an increased amount of F4/80 

infiltrating into the TMP195 treated tumors in comparison to vehicle (Fig 3.3b). Using flow 

cytometry, we saw also an increased trend in F4/80+/ Ly6C+ cells in the TMP195 group in 

comparison to vehicle and anti-PD1. Ly6C is known to identify activated macrophages and is 

usually expressed on macrophage and dendritic cell precursors (Rose et al., 2017). We did not 

have enough cellular events to determine F4/80+/ Ly6C+ cells in the combination treated animals 

(Figure 3.3c). In conclusion, we found that TMP195 induces a myeloid- biased effect by 

increasing the proportion of mature macrophages (Ly6C+, F4/80+) in PDAC tumors.  

Previous studies have shown that CD45+ MHCII+ cells are indicative of pro-tumor tumor-

associated macrophages also known as TAMs. Differential expression of CD11b can help 

distinguish TAMs (CD11blo) and pancreatic tumor macrophages (PTMs) (CD11bhi) (Guerriero et 

al., 2017).  We thus gated these cells also into CD45+/ B220-shown in the gating strategy in 

supplementary figure S3.5. We found that TMP195 treated tumors showed a decrease in pro-

tumor TAMs, and increase in PTMs compared to vehicle (Fig 3.3d, Fig 3.3e, Supp Fig S3.4a). 

We also found that anti-PD1 treated tumors showed a decrease in pro-tumor TAMs and PTMs 

compared to TMP195 and vehicle, and TMP195 and anti-PD1 in combination showed an 

increased abundance of TAMs (Fig 3.3d, 3.3e). These are overall trends. 

Next to elucidate the potential mechanism of action of TMP195, we looked into IFNγ 

which is known to promote tumor cell survival and to induce adaptive immune resistance via 

CD4+ T-cell loss and programmed death ligand 1 (PD-L1) upregulation (Liu et al., 2019). We 
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observed an increase in IFNγ, with the combination treated mice having the highest percentage 

of IFNγ positive cells via flow cytometry followed by the anti-PD1 treated mice and finally the 

TMP195 treated mice with the lowest amount of IFNγ positive cells (Figure 3.3f). This suggests 

that TMP195 and anti-PD1 together induce the cancer cells to mount an adaptive immune 

resistance. We thus evaluated the PD-L1 expression in each of our treatment groups, since PD1 

(Programmed cell Death 1) is a cell surface membrane protein expressed by T-cells and activated 

by its ligand PD-L1 (Sabatier et al., 2015). We observed a decrease in the percent positive 

MHCII+/ MHC+/ PD-L1+cells in the TMP195 and anti-PD1 treated animals, and not enough 

cellular events to draw a conclusion about the combination treatment (Figure 3.3g). To rule out 

other cellular contributions to the mechanism of action of TMP195, we measured the abundance 

of NK cells, T-cells and B cells in the PDAC model treated with TMP195, anti-PD1 or both. We 

observed no significant change in NK, T-cells and B cells in the TMP195 or anti-PD1 treated 

animals (Fig 3.3h, 3.3i, 3.3j). However, we saw an increase of T-cells and B cells in the 

combination treated animals (Fig 3.3i, 3.3j). 
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Figure 3.3. TMP195 leads to the recruitment of immune cells and macrophages within 
tumors. a) F4/80 IHC staining for vehicle versus TMP195 treated tumors. b) Quantification of 
F4/80+ IHC stained tumors vehicle (n=4) versus TMP195 (n=4), ± s.e.m. c) FACS sorted Ly6C+ 
/F4/80+ cells in vehicle treated, TMP195, anti-PD1 and combination treated tumors, ± s.e.m. d) 
FACS sorted CD45+/ B220-  Tumor associated macrophages in vehicle treated, TMP195, anti-PD1 
and combination treated tumors, ± s.e.m. e) FACS sorted CD45+/ B220-  Pancreatic Tumor 
macrophages with vehicle treated, TMP195, anti-PD1 and combination treated tumors, ± s.e.m. f) 
IFNg positive cells in vehicle treated, TMP195, anti-PD1 and combination treated tumors, ± s.e.m. 
g) FACS sorted PDL1+  cells in vehicle treated, TMP195, anti-PD1 and combination treated 
tumors, ± s.e.m. h) FACS sorted NK1.1+  cells in vehicle treated, TMP195, anti-PD1 and 
combination treated tumors, ± s.e.m. i) FACS sorted CD3+  T-cells in vehicle treated, TMP195, 
anti-PD1 and combination treated tumors, ± s.e.m. j) FACS sorted B220+  B-cells in vehicle 
treated, TMP195, anti-PD1 and combination treated tumors, ± s.e.m. FACS analysis done with 
assistance from Dr. Maha Moussa. 
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In previous studies in our laboratory, genotyping of the clonal PDAC cell lines confirmed 

heterozygosity for the loss of the wildtype Trp53 allele (Fig 3.4a, adapted from Vietsch et al). 

Amplicon deep-sequencing of the clonal signature mutations allowed us to follow the clonal 

contribution to the population after drug treatment with TMP195.  

We compared the variant allele frequencies (VAF) of the mutant and wild-type p53 gene. 

We used the mutant VAF as a readout of cancer cell abundance in the tumor tissues, because the 

wildtype allele is lost from the cancer cells. We observed a significant difference between the ratio 

of cancer to normal tissue across the control and TMP195-treated tumors in independent 

experiments (Fig 3.4b and 3.4c). Anti-PD1 treated tumors did not show a strikingly different ratio 

relative to vehicle treated tumors. The combination treated tumor ratio between mutant and wild 

type p53 was between the control and TMP195 treated tumors (Fig 3.4c). 

The strength of this model is being able to track after drug treatment which of the six clonal 

cell lines were sensitive or resistant to the treatment in the tumor context. Previously, our lab found 

that C5, D10, F2, G8 and G9 were resistant to anti-PD1, and C8 is sensitive to anti-PD1 treatment. 

This is consistent with what we have found in this study (Fig 3.4e). Interestingly, C8 increased in 

sensitivity in the presence of TMP195. D10 and G8 flipped from being resistant in the presence of 

anti-PD1 to being sensitive to TMP195 (Fig 3.4d). In PDAC tumors treated with both TMP195 

and anti-PD1, clones D10 and G8 are both resistant as they were when treated with TMP195 

(Figure 3.4d, and 3.4f). Unlike in any of the other treatments, G9 flipped from sensitive to resistant 

in the presence of both anti-PD1 and TMP195 (Figure 3.4f). The clone C5 was resistant in the 

presence of combination treatment, whereas C8 and F2 showed no significantly altered abundance 

(Figure 3.4f).  
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Figure 3.4. TMP195 changes the cellular tumor heterogeneity composition in comparison to 
vehicle, anti-PD1 alone and combined with TMP195 treatment. a) Gel image of all original 11 
clonal cell lines that have all lost the WT p53 (courtesy of Dr. Vietsch). b) Tumor composition of 
wildtypeTrp53 (normal tissue) versus Trp53 (cancer cells) DNA in vehicle and TMP195 alone 
(n=10), ± s.e.m. c) All treatment groups, ± s.e.m. d-f) Amplicon sequencing for clonal abundance 
ratio measured as variant allele frequency for TMP195, anti- PD1 and combination.  
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DISCUSSION 
 
 The conclusion of this study is that we found that anti-PD1 alone significantly reduces the 

growth in this heterogenous pancreatic tumor model and anti-PD1 in combination with TMP195 

is more efficacious  in reducing the size of these tumors (Figure 3.1b). This could be explained by 

the fact that macrophages are antigen presenting cells (APCs) and they have an essential role in 

activating T-cells. Macrophages have also been shown to be required for the efficacy of PD-1 

immunotherapy (Dahan et al., 2015). Using flow cytometry, we observed an increase of CD3+ T-

cells in the combination treated tumors which would explain why the PDAC tumors treated with 

both TMP195 and anti-PD1 have the greatest tumor reduction effect (Fig 3.3i). 

Currently, immune checkpoint inhibitor therapies targeting CTLA4, PDL1 and PD1 have 

not been shown to be successful in reducing pancreatic tumors (Sharma et al., 2020). Therefore, 

this result is quite intriguing. We hypothesize that this is due to the fact that one or more of the 

individual clones are sensitive to anti-PD1 (Vietsch et al., 2020). We observed three distinct 

phenotypes in the tumors from the initial histology: glandular, necrotic and de-differentiated 

phenotypes when treated with either vehicle, TMP195, anti-PD1 or combination (Fig 3.1c). This 

led us to believe that each of the treatments perhaps affected the clonal populations differently. 

Our next step was to deep sequence these tumors that underwent the three different drug 

treatments, to observe if the clones changed in their sensitivity or resistance when treated 

differently. The previous study by Vietsch et al showed that clone C8 was particularly sensitive to 

anti-PD1. We corroborated that here (Fig 3.4e). We also found that C5, D10, and G9 were resistant 

to anti-PD1 treatment. We hypothesized that the HDAC inhibitor would have unique effects on 

changing the cellular microenvironment of the pancreatic tumor, and observed that TMP195 

indeed changed D10 and G8 from sensitive to resistant, whereas C8 became more resistant. This 

supports our hypothesis that TMP195 can alter the tumor microenvironment and potentially can 
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be used in combination with immunotherapy such as anti-PD1 to turn pancreatic cancer from a 

“cold” to a “hot” tumor. The combination of TMP195 and anti-PD1 showed growth of the 

heterogenous pancreatic tumor model more than anti-PD1 alone (Fig 3.1b) and this combination 

treatment changed the C8 clone to sensitive. This shows promising results that has not been found 

before in heterogenous pancreatic cancer and can potentially be useful for treatment of patients 

with HDAC inhibitors. 

Further studies in our group will continue to study the mechanism the sensitivity of specific 

clones not only to anti-PD1 treatment but other treatments as well. These further studies will be 

pursued with the goal of understanding why some clonal cell lines are sensitive to anti-PD1 and 

others are resistant. To delve more into this we are utilizing a three-dimensional co-culture system 

developed in our lab (Lin et al., 2020) to monitor invasion of co-cultured pancreatic cancer cells 

and interacting T-cells. 

Pancreatic cancer is known to have a very desmoplastic component, making it difficult to 

treat. In order to determine what the tumor to stroma ratio looks like within our different drug  

treatments, we focused on the wildtype (local stromal cells plus infiltrating host cells) versus 

mutant (cancer cells) component of Trp53 in each of the different drug treatments. Interestingly, 

we do see that the TMP195 treatment resulted in a relative decrease in the wild-type Trp53 allele 

and this could mean that this is due to a decrease in the stroma within the microenvironment (Fig 

3.4b and 3.4c). Originally, if there were an equal contribution of stromal and cancer cells to the 

cancerous lesion, the VAF of the mutant Trp53 should be 33.3%. Comparing the proportion of the 

percent VAF that is the wildtype allele, though, suggests that the stromal contribution is reduced 

when tumors are treated with TMP195 (Fig 3.4b). Anti-PD1 treated tumor to stroma ratio look 

more like the ratio in vehicle treated tumors. The combination treated tumor ratio between mutant 

and wild type p53 is an average between the control and TMP195 treated tumors (Fig 3.4c). 
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In conclusion, TMP195 is a promising new treatment in combination with immunotherapy 

to potentially tackle pancreatic ductal adenocarcinoma. This study has shown that we see a change 

in immune infiltrate with the HDAC inhibitor alone, anti-PD1 alone and in combination. We have 

shown that the clones in the heterogenous model changes in sensitivity and resistance respond 

differently when treated with HDAC inhibitor alone, anti-PD1 alone and in combination. The most 

interesting finding we have is how the clone G9 became sensitive in the combination treatment 

whereas it was resistant to TMP195 and anti-PD1 alone  (Figure 3.4f). Unfortunately, we have not 

yet narrowed down a common or distinct mechanisms for each of these clones. However, further 

studies are ongoing in our lab to uncover this. One limitation of this study could be that we only 

focused on one heterogenous tumor model, replicating the data in another heterogenous model 

would also be informative. To sum up, work needs to be done to understand the sensitivity and 

resistance mechanism in this pancreatic cancer model. 

 Further limitations also include further classifying the macrophage phenotypes targeted 

by TMP195. Also, next steps would be to delve into understanding the immune phenotype that 

changes in the presence of TMP195, as we know the composition of the tumors change, 

understanding the mechanism behind the functional changes behind the immune cell composition 

will be key moving forward.  

This study sheds light on the concept of changing the desmoplastic component of 

pancreatic cancer with TMP195 in order to be targeted by immunotherapy. We hypothesize that 

HDAC inhibitors are a promising new approach to change the immune component of pancreatic 

cancer and change sensitivity to anti-PD1 immunotherapy.  
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SUPPLEMENTAL FIGURES 

 
Supplementary Figure S3.1. TMP195 does not affect tumor proliferation in-vitro. Dose 
response of TMP195  over 100 hours graphed in delta cell index using ECIS machine. 
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Supplementary Figure S3.2. TMP195 proliferation and cellular composition.                                  
a) Tumor-bearing Pancreatic Ductal Adenocarcinoma  mice were randomly placed into treatment 
groups and received daily intraperitoneal injections of either vehicle or 50 mg kg−1 of TMP195, 
as shown. Tumors were measured and plotted as average total tumor burden ± s.e.m. DMSO 
(n=17)  versus TMP195 (n=16), paired t test.  b) Tumors phenotype was divided into three groups 
visually by H&E staining (glandular, necrotic, and de-differentiated) in vehicle (n=8) and TMP195 
(n=10),  chi-squared test. 
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Supplementary Figure S3.3. Cellular composition and proliferation rates of all drug treated 
tumors. A) Representative H&E stains of vehicle, TMP195, anti-PD1 and combination treated 
tumors of the glandular, necrotic and de-differentiated regions.  b) PCNA stain via H&E of 3 
vehicle- treated and 5 TMP195-treated mice with quantitation. Graphs show the result from 1 
independent experiment in which there were about 5 animals per treatment group ± s.e.m, unpaired 
t-test. 
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Supplementary Figure S3.4. Characterization of activated myeloid cells, vehicle versus 
TMP195. MHCII+CD11blo versus MHCII+CD11bhi. a) Tumor associated macrophages (TAMs) 
± s.e.m versus b) Pancreatic tissue macrophages (PTMs) ± s.e.m plots of 10 vehicle- treated and 
11 TMP195-treated mice with quantitation. Graphs show the results from 2 independent 
experiments in which there were about 5 animals per treatment group. 
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Supplementary Figure S3.5. Gating strategy of lymphocytes and myeloid cells. Gating 
strategy for sorting tumor cell suspensions. Mononuclear cells gated on the basis of FSC-A versus 
SSC-A  were sequentially gated to select single cells (FSC-A versus FSC-H). Single cells were 
then gated to select live CD45+, then MHC-II+,  then CD11b+ , then CD11c+, then Gr-1+, then NK 
1.1+, then CD3e+, then CD4+, then CD25+, then B220+, then CD8+, then PD-1+, then PD-L1+, then 
IFN- γ+ but external stimulation, and finally then Ly6C+ and F4/80+. Cells were acquired with 
FACS Symphony (with assistance from Dr. Maha Moussa), BD Biosciences and analyzed with 
FlowJo and Prism Graphpad 5.01. 
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CHAPTER 4: FUTURE DIRECTIONS 
 

Epigenetics can be approached from a variety of different angles. We have shown the 

potential of using DNA methylation as a circulating biomarker of tissue damage and have explored 

histone modifications. We evaluated the therapeutic potential of HDAC inhibition as a 

combination treatment for cancer. In addition, we used clone specific DNA mutations on tumor 

subpopulations and tumor/stroma ratios as a tool to determine the effect of the therapeutics. 

In this body of work, we demonstrated that circulating cell-free DNA can potentially be 

used as a marker for cardiomyocyte specific, methylated cfDNA indicative of tissue damage after 

radiation and chemotherapy (Chapter 2). We discussed the potential value and further development 

needed to use methylated cfDNA biomarkers as a basis to access organ specific adverse events 

during and after cancer treatment.  

This was the first study done in this lab as a proof-of-principle to show that cell-free-DNA 

can be used to detect organ damage through amplicon sequencing of bisulfite-treated DNA (Fig 

2.1). This is the initial step to use sequencing of cell-free DNA to detect organ damage.  

In Chapter 3, we wished to evaluate how tumor heterogeneity impacts the efficacy and 

responses to the TMP195 HDAC inhibitor in conjunction with immune checkpoint blockade by 

anti-PD1. In conclusion, we found that TMP195 is a promising new treatment in combination with 

immunotherapy to potentially tackle pancreatic ductal adenocarcinoma. We saw a change in 

immune infiltrate with the HDAC inhibitor alone, anti-PD1 alone and in combination. We also 

saw a change in the composition of the heterogenous tumor shown in the context of sensitivity and 

resistance to HDAC class IIa inhibitor alone, anti-PD1 alone and in combination. This study sheds 

light on the concept of changing the desmoplastic component of pancreatic cancer with TMP195 

in order to be targeted by immunotherapy. However, going forward next steps would be understand 

the mechanism of action of why our clonal cell lines are alter in sensitivity and resistance to 
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different drug. Also, understanding the mechanism of action of TMP195 will be important, 

whether it alters the composition of immune cells or changes the immune cell function is a key 

concern moving forward. Recent studies have potentially explored the mechanism possibly being 

that class IIa HDAC enzymes control macrophage metabolism by initiating toll-like receptor 

inducible glycolysis. In addition, to driving glycolysis this study also showed that class IIa HDACs 

interact with the glycolytic enzyme known as PKM2 to drive inflammatory responses (Das Gupta 

et al., 2020). Thus linking the results of our study to immuno-metabolism which will bring these 

studies to a new direction. These potentially can open many doors looking at how metabolism 

impacts activating the immune system in response to tumors. 

We hypothesize that HDAC inhibitors are a promising new approach to change the immune 

component of pancreatic cancer and change sensitivity to anti-PD1 immunotherapy. Going 

forward, HDACs are a very intriguing for further study in the clinic and potentially be used to 

unlock the complexity intricacies of pancreatic cancer as well as other malignancies, but continued 

work needs to be done in order to understand the impact on immune cell function. 

Looking Ahead  

In the umbrella of epigenetics in the subsection of DNA methylation, going forward our 

lab will be working on discovering if sequencing methods can be used to access immune-related 

Adverse Effects (irAEs) as a result of immunotherapy in metastatic melanoma patients. Currently, 

therapeutic inhibition of mutant driver (BRAF) and resistance pathways (MEK) are a successful 

treatment strategy in melanoma (Long et al., 2015; Robert et al., 2015). However, inhibiting the 

PD-1 pathway (e.g. nivolumab) produces tumor responses in >40% in patients with advanced 

melanoma (Hodi et al., 2010; Topalian et al., 2012). Combining nivolumab with anti-CTLA-4, 

ipilimumab, produces tumor responses in approximately 60% of patients. Complete responses 

occur in 10-20% of patients and are extremely durable and the majority of patients with partial 
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response also appear to achieve durable cancer free survival. These results have contributed to the 

approval of anti-PD-1 monotherapy and nivolumab/ipilumumab combination therapy in patients 

with advanced melanoma (Wellstein et al., 2017; Mellman et al., 2011; Vanneman et al., 2012; 

Chen et al., 2017).  

In contrast to the adverse effects expected after BRAF and MEK pathway inhibitors 

(Wellstein et al., 2017), immune checkpoint inhibition induces inflammatory and immune-related 

Adverse Effects (irAEs) due to the disruption of self-tolerance protection of normal tissues. These 

irAEs can be very severe and can lead to discontinuation of immune checkpoint inhibitor therapy. 

These irAE’s can require immunosuppressive treatment. Any tissue can be injured with the most 

frequent occurrences in the skin, gastro-intestinal tract, endocrine glands, liver, and lungs (June et 

al., 2017; Postow et al., 2018). 90% of patients who undergo immunotherapy develop any grade 

of irAE’s; 40% of patients develop grade three and higher irAE’s which could be lethal (Postow 

et al., 2018). However, the irAE’s that develop are distinct in different cancer types in response to 

immunotherapy. Also, what makes irAE’s more perplexing is that they are unpredictable because 

the time of onset varies between patients and what organ that develops the irAE varies between 

patients. 

Our future goal is to develop a method to detect early onset of irAEs using serial analyses 

of patient serum samples using deep sequencing. Our lab will use the blood samples collected from 

trial EA6134,  before initiation of treatment that is followed by serial collections at prescribed 

intervals and at defined events during and after treatment. Each patient's pre-treatment sample will 

thus serve as the respective control. Also, patients without irAE’s were also collected as a control 

to observe their cell-free methylated DNA patterns as a negative control. Changes in the circulating 

cell-free mutant tumor DNA (ctDNA) patterns and altered abundance of individual mutant DNAs 

serve as a readout of anti-tumor treatment efficacy. In addition, our lab will assess immune-related 
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organ damage by monitoring changes in the abundance of a set of tissue-specific circulating cell-

free methylated DNA (cmeDNA).  

Before we could begin working on the idea mentioned above we had to develop the methyl-

c capture sequencing method which helps with the analysis of the complete cell-free DNA 

methylome. This is unlike the targeted approach for defined tissue as shown in Chapter 2. This 

approach will analyze the changes in the entire cell-free DNA methylome in circulation. This 

method works with an input of 1.5-2mL of serum and as low as 5ng of cell-free DNA (about 15-

50ng/mL). First cell-free DNA is extracted from serum and size selected to enrich for shorter 

200bp sized fragments that are released via apoptotic cell death, then bisulfite converted (as in Fig 

2.1), subsequently a whole genome-wide bisulfite library is made. Following these steps a 

hybridization capture, target-enriched methyl-capture sequencing using commercially available 

probes is initiated (Fig 4.1). This technique was essential in developing after our lab focused on 

the amplicon sequencing technique for several years, which provides extensive depth but low 

throughput. This methyl-c capture sequencing technique covers the entire cell-free DNA 

methylome, 5.5 million CpG sites which is about 3% of the genome, with a depth of 500-1000x 

depth; this is 10-100x greater than whole genome bisulfite sequencing. This method has achieved 

about a 90% coverage of the epigenome and this depth will achieve  
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Figure 4.1. Overview of epigenome wide pull down technique to detect changes in cell- free 
DNA methylation patterns. Cell-free DNA is extracted from serum and size selected to enrich 
for shorter 200bp sized fragments that are released via apoptotic cell death, bisulfite converted. 
Following this, hybridization is used to capture specific regions for sequencing on the Hiseq 4000. 
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sufficient organ-specific signal. The bisulfite efficiency of this technique is about 97-100% which 

limits error in this technique. 

 This technique has laid the ground work to continue the study of using changes in DNA 

methylation patterns as a marker of disease. The next step will be to use the methyl-capture 

sequencing to detect signatures of irAEs in metastatic melanoma  immunotherapy clinical trials. 

In conclusion, this new method can potentially be used to track tumors during a course of treatment 

as seen in chapter 3, to detect organ specific damage due to COVID-19, and even to predict organ 

transplant rejection. Long term, the goal will be to use serial liquid biopsies as a diagnostic test to 

detect changes in DNA methylation patterns in patients and use those to predict cancer progression, 

intervene if adverse event signatures are detectable during therapy and to asses potential organ 

damage. The work done has laid the foundation to develop this method further and hopefully be 

used as a diagnostic technique to be very influential in patient’s lives. 

 Cancer has been shown to  subvert the epigenome to evolve mechanisms by which cancer 

cells can escape surveillance and develop drug resistance. Epigenetic processes, especially those 

involving DNA methylation, can contribute to stable changes in gene expression that interact with 

gene mutations and give tumors the advantage of evolving at a much more rapid pace than can be 

achieved by DNA sequence changes. The next step in cancer research, would be to merge the field 

of cancer genetics and epigenetics. This will help to understand how DNA mutations and 

epigenetic alterations work together to cause cancer and drive malignant progression. Much work 

has been done to develop cancer biomarkers including protein and mRNA expression or DNA 

mutations to name some and new therapeutic entities such as HDAC class IIa inhibitors (see 

above). This is just one step of introducing epigenetic therapies into the clinic. Further research 

needs to be done to understand what potential combinations can be used e.g. with immunotherapy, 
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and how to overcome naturally evolving resistance. Studying various aspects of epigenetics can 

thus be very productive in terms of targeting all types of cancer and managing treatment. 
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APPENDIX 1:  
Cancer cell invasion and metastasis in zebrafish models (Danio rerio). 

 
1. INTRODUCTION 

 
Metastatic progression accounts for the majority of cancer related deaths, however the 

mechanisms underlying this complex process differ between cancer types and remains poorly 

understood (Cummings et al., 2014). The migration of cancer cells from primary tumors to distant 

tissues involves a multi-step process named the invasion-metastasis cascade. The process begins 

with the local invasion of tumor cells into the surrounding tissues. These cells then intravasate into 

the circulatory system and survive hematogenous transport. Cancer cells arrest in the micro vessels 

of distant tissues and extravasate through the vascular lining into the parenchyma to form 

metastatic seeds. Proliferation of these colonies lead to clinically detectable lesions (Lambert et 

al., 2017). Crucial rate-limiting steps in the metastatic cascade include intravasation and 

extravasation of cancer cells. Cancer cells disrupt and migrate through endothelial junctions whilst 

also interacting with other circulating cells such as leukocytes and platelets that contribute to this 

process (Reymond et al., 2013). The tumor microenvironment (TME) also continually changes 

over the course of cancer progression, emphasizing the need to consider the TME’s role in 

metastasis (Quail et al., 2013). Developing an animal model that allows the tracking of single cells 

or cell subpopulations is essential to understanding the key components of the invasion-metastasis 

cascade.  

Currently, there are various in-vitro model systems that are employed to study cancer cell 

vascular invasion.  

 
 
Adapted from Publication: 
 
Martinez Roth S, Berens E.B., Sharif G.S., Glasgow E, Wellstein A. (2020) Cancer cell invasion 
and metastasis in zebrafish models (Danio rerio).  Methods in Molecular biology: Metastasis: 
Methods and Protocols 
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The most common of in-vitro assays include trans-well assays to observe cancer migration through 

endothelial barriers (Hooper et al., 2006), and electric cell-substrate impendence sensing (ECIS) 

assay to assess the disruption of an intact monolayer by cancer cells in real-time over a time lapse 

(Stylianou et al., 2009; Rahim et al., 2011). However, there are limitations in these existing in-

vitro assays, in that they lack the fluid dynamics and stromal factors that physiologically impact 

cancer cell attachment to the endothelial wall. Microfluidic devices are at the forefront of studying 

metastasis in-vitro. These devices create a perfusable vascular networks that arise from 3D cultures 

of endothelia cells with supporting stroma (Jeon et al., 2015; Shin et al., 2012). Still, these 

techniques lack the microenvironment of a physiologically intact circulatory system. 

 Mouse models have been the most widely used animal model in cancer research because 

of the gene homology with humans and similar body organization, organ function and immune 

system. Some limitations include the high number of animals needed to reach statistical 

significance. Still, mice remain the most widely used in vivo model to study vascular invasion 

because they closely mimic physiologic metastasis (Vargo-Gagola., 2007). The assays in mice 

involve injection of cancer cells into the circulation to monitor extravasation and colonization of 

distant organs. Cancer cells injected into the tail vein will result mostly in seeding of the lungs, 

as a distant organ of metastasis (Mohanty et al., 2010; Minn et al., 2005]. Intracardiac injection 

will result in metastatic seeding of the bone marrow (Campbell et al., 2012, Arguello et al., 1988, 

Minn et al., (2005) and brain (Bos et al., 2009). Injection into the spleen or portal vein results in 

seeding of the liver (Soares et al., 2014) whilst carotid artery injection directs cancer cells to the 

brain (Kienast et al., 2010; Hasegawa et al., 1983). Monitoring and quantitation of organ 

colonization is generally determined via luminescence and can detect manifest metastases. Real-

time imaging of extravasation can be very instructive though it requires surgical implantation 

and complex microscopy that has to adapt to the breathing of an anesthetized animal (Entenberg  
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et al., 2018; Dondossola et al., 2018; Warren et al., 2018). This complexity of the setup limits the 

extravasation analysis.  

The zebrafish model has emerged as a system to study cancer cell metastasis that is easier 

to implement, accommodates higher throughput and allows for state-of-the-art imaging 

(Amatruda et al.,2002; Feitsma et al., 2008). This model allows for the assessment of cancer cell 

invasion and extravasation in an intact circulatory system over a shorter timescale when 

compared with murine model (Stoletov et al., 2008, Stoletov et al., 2010, Kanada et al., 2014, 

Teng et al., 2013). The zebrafish genome overlaps with the human genome by 70% and most 

organs and cellular function are conserved. An overview of zebrafish in biomedical research is 

provided in an award-winning short movie for an educated lay audience (Manner et al., 2018) 

(www.zebrafishfilm.org ). One major benefit of the model is the potential for cost efficient, 

relatively high throughput using dozens of easy to visualize transparent embryos that can grow 

and develop in small volumes accommodated by 96-well format dishes in a single experiment 

(Osmani et al., 2019). The model also allows the observation of very few to single-cell behaviors 

that help elucidate the impact of subpopulations present in heterogeneous tumor cell populations 

(see e.g. Fig A.3) (Blackburn et al., 2014). Therefore, transplantation of cells in the optically 

clear, immune-permissive zebrafish embryos can provide a unique perspective to understand 

cancer metastasis and to visualize single-cell cancer progression in real-time (Tang et al., 2016). 

The zebrafish model of cancer invasion and metastasis can also be used to assess drug effects or 

screen for candidate inhibitors in an in vivo model. Drugs to be analyzed can be added to the 

growth media of the fish embryos at an appropriate time to read out the effect on the host embryo 

as well as the cancer cells transplanted for evaluation of invasion and metastasis. Several 

examples from different areas of study were published during the past years (Çelik et al., 2015; 
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Chen et al., 2017; Paradiso et al., 2019; Spikol et al., 2016) including the application to 

individualized analysis of human cancer biopsies (Yan et al., 2019). 
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Figure A.1.Overview of the cancer cell extravasation assay in zebrafish embryos. Cancer cells 
are incubated with Q-dots (Thermofisher) or a fluorescent dye that is taken up by the cells as a 
label (red). Cells in suspension are injected into the precardiac sinus of the embryos (2 days old). 
During the next 2 to 4 days, cancer cells traffic in the vasculature, can invade tissues in the caudal 
region of the embryo and are imaged after mounting in an anesthetic agarose medium. The vascular 
endothelia in the embryos express GFP (Green Fluorescent Protein) to identify the location of 
cancer cells either inside the vasculature or inside the tissues by confocal microscopy. (Reproduced 
with permission; Berens et al., 2016) 
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In the approach described, first we utilize a transparent zebrafish strain that has its 

endothelia tagged with a green reef coral fluorescent protein reporter driven by the kdrl promoter, 

the receptor for vascular endothelial growth factor (Cross et al., 2003). The vascular invasive 

ability of a commonly used cancer cell line is shown as a representative example and the general 

steps are outlined in Figure A.1. In this example, MDA-MB-231, a human breast cancer cell line, 

was labeled with a red fluorescent lipophilic dye and injected into the precardiac sinus of 2-day 

old embryos.  Between 48 and 96 hours after the injection, cancer cells that have extravasated out 

of the vasculature and invaded into tissues in the caudal region of embryos can be scored efficiently 

on a fluorescent microscope (Fig A.2). In the experiment shown here, the breast cancer cell line 

was cultured at different cell densities for a few days resulting in inhibition of the Hippo pathway 

and in vitro invasion of an endothelial monolayer by cells grown at low density (Sharif et al., 

2015). In the zebrafish embryos cells grown at low density extravasated from the vasculature and 

invaded tissues at a significantly higher rate confirming the biologic significance of the in vitro 

findings (Fig A.2 B,C). 
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Figure A.2. Extravasation of cancer cells (red) in zebrafish embryos with GFP-labeled 
vasculature (green).  (A) Schematic of injection of cancer cells into the precardiac sinus. Note 
that some of the cancer cells have entered tissues 2 days after injection. (B) The embryo's caudal 
region is magnified to show extravasated cancer cells. Punctate fluorescent labeling is seen upon 
magnification. (C) Quantitation of extravasated cancer cells in tissues. Twelve and five Zebrafish 
were scored for extravasated cancer cells grown at low and high density respectively (Adapted 
from Sharif et al., 2015 with permission). 
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In a second approach in wildtype zebrafish embryos without fluorescent vasculature, the 

injection site of cancer cells is changed to the yolk sac (Fig A.3 A,B). The approach allows for the 

study of heterogeneous cancer cell populations that are labeled with differently colored Q-dots 

(Fig A.3). Cancer cells that have intravasated in the yolk sac can traffic in the vasculature and are 

scored in the caudal region (Fig A.3C) 24 to 48 hours after injection (Sharif et al., 2015; Berens et 

al., 2017). In the example shown here, breast cancer cells grown at low or high cell density were 

labeled with green or red Q-dots respectively and co-inoculated at the same time into the yolk sacs 

of embryos for a direct comparison (Fig A.3B). Cells grown at low density intravasated at a 

significantly higher rate than the high-density cells as evidenced by their appearance in the tail 

vasculature (Fig A.3C, D). The extravasation and intravasation assays from Figures A.2 and A.3 

provide complementary insights. Both approaches can also be used to assess the contribution of 

pathways by knockdown of candidate genes as well as treatment with small molecule or antibody-

based inhibitors of potential driver molecules. Examples of such interventions can be found in 

(Sharif et al., 2015; Berens et al., 2017). 
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Figure A.3. Intravasation of two distinct cancer cell populations after yolk sac injection. (A) 
Brightfield image of a wild-type zebrafish embryo 4 days after fertilization. The boxed areas 
indicates the yolk sac. (B) Yolk sac with green (invasive = low density growth) and red (non-
invasive = high density growth) Q-dot labeled cancer cells. (C) The caudal region with cancer cells 
that intravasated into the vasculature and reached the tail region. (D) The percentage of embryos 
(n = 75) with intravasated cells in the caudal region two days after injection (Adapted from Sharif 
et al., 2015 with permission). 
 

 



91 
 

2. MATERIALS 
 
Injection station 
1. Needles: Capillary Glass, Standard, 1.2MM x 0.68MM, 4", A-M Systems, Inc, pulled using 
David Kopf 700C Vertical Pipette Puller, Hofstra Group. Pull long tapered pipettes using 20 
mAmp current and a 2-coil heating element. 
 
2. Machinery needed for injection station set up: Electrode Storage Jar, 1.0MM, World Precision 
Instruments, Inc, latex rubber bulbs, 2mL, Pack of 72, Heathrow Scientific 
and micromanipulator, Narishige, picospritzer II, General Valve Corporation. 
 
Manipulating fish 
 
1.Tools for manipulating embryos: Eyelash Brush, Ted Pella, Inc, transfer pipettes, and 5 3/4" 
Disposable Pasteur Pipets, borosilicate Glass. 
 
2.Fish water:  0.3 g/L, Instant Ocean Salt, Sea Salt, Pentair. Store at room temperature for up to 3 
months. 
 
3. Tricane stock solution: Ethyl 3-aminobenzoate methane sulfonate salt (Tricaine, MS-222), 
Fluka: (4 mg/mL,10 mM Tris, pH 7) to 50 mL of fish water plus penicillin-G potassium and 
streptomycin sulfate. 

 
Visualization 
1. Microscopy method used: for visualizing cells use Leica SP8 Confocal Microscope.  
2. Staining cells:  

a) For staining cancer cells for pre-cardiac sinus injection cancer cells were labeled with 
a lipophilic red fluorescent dye: vybrant diI cell-labeling solution (Thermofisher). 

b) For staining cancer cells for yolk sac injection cells were labelled with 565 nm or 655 
nm Q-dots using the Qtracker Cell Labeling kit (Thermofisher). 
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3. METHODS 
 
Ethics Statement: Experiments were carried out in compliance with recommendations by the 
Georgetown University Animal Care and Use Committee. Zebrafish embryos were generated 
under an approved IACUC protocol. 
 
3.1 Set up embryos for injection and make stock solutions 
 
1. Separate males and females the night before experiment in a breeding cage. The goal is to 
develop enough zebrafish larvae to assess cancer cell vascular invasion. 
 
2. Pull the gate on the breeding cage of pair-wise or group in-cross mating with 
Tg(kdrl:grcfp)zn1;mitfab692;ednrb1b140 fish (see Note 1).  
 
3. After about 30 mins, collect eggs, and remove unfertilized, deformed embryos and debris the 
next day under the microscope. 
 
4. Incubate embryos at 28.5 °C until ready for injection, 2-days post-fertilization (2 dpf), make 
sure all embryos are dechorionated. 
 
5. Make injection plates: melt 25 mL of 1.5% agarose in dH2O for each plate. 
 
7. Pour 12 mL of the agarose into a 100 mm x 15 mm petri dish and let it solidify. 
 
8. Re-melt then pour the remaining agarose in the plate. 
 
9. Immediately position a cut glass mold (3 mm x 7.2 cm wide x 7.5 cm long) so that it is at a 30 
degree angle to the agarose and positioned in the center of the plate. (see Note 2). 
 
10. Tape the glass mold in place and let the agarose set. 
 
11. Slowly remove the glass mold. (see Note 3). 
 
12. Equilibrate injection plate with fish water (0.3 g/L sea salt) and to room temperature. 
 
13. Wash plate twice with distilled water. 
 
14. Equilibrate plate by adding 10 mL of fish water to the plate and place on shaker for 10 min. 
Do this two times as well. 
 
15. Split 2-day post-fertilization (dpf) embryos into injection groups by transferring them into petri 
dishes containing fish water.  
 
16. Set up recovery dishes for each group that will be used after injection. (see Note 4). 
 
17. Prepare 2X tricaine solution by adding 4 mL of buffered tricaine stock (4 mg/mL,10 mM Tris, 
pH 7) to 50 mL of fish water plus penicillin and streptomycin. 
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18. Dissolve 15 mg low melting-point agarose in 10 mL of 2X tricaine solution to generate a 
mounting anesthetic medium that will immobilize live embryos for imaging. (see Note 5). 
 
19. Pull the microinjection needles. 
 
20. Place glass capillary tubing in a vertical pipette puller. Pull long tapered pipettes using 20 
mAmp current and a 2-coil heating element.  
 
3.2 Labeling cells with red lipophilic fluorescent dye 
 
1. Grow cells of interest in their recommended culture conditions (see Note 6).  
 
2. Generate a single-cell suspension by dissociating an adherent culture of cancer cells. 
 
3. Wash cells with 1X PBS and add 0.05% trypsin-EDTA solution (see Note 7). 
 
4. Neutralize the trypsin solution with serum-containing cell culture media after the cells detach.  
 
5. Centrifuge the cell suspension for 5 min at 200 x g, then resuspend the cell pellet in media for 
cell counting.   
 
6. Count the cell suspension and prepare 1 million cells per 200 μl of cell culture media (see Note 
8). 
 
7. Check cell viability with trypan blue dye before injection into zebrafish embryos (see Note 9).   
 
8. Add 2 μl of red lipophilic dye to the cell suspension for a 1:100 dilution, mix well, and then 
incubate the mixture at 37 °C for 20 min (see Note 10). 
 
9. Following the incubation, add 1 mL of fresh media to the tube and then centrifuge again for 5 
min at 200 x g. 
 
10. Wash the residual fluorescent dye from the cells. 
 
11. Aspirate the supernatant and resuspend the pellet in 1 mL of fresh culture media, and centrifuge 
for 5 min at 200 x g. 
 
12. Repeat the washing step a second time: aspirate the supernatant, resuspend the cell pellet in 1 
mL of fresh media and then centrifuge again for 5 min at 200 x g.  
   
13. Repeat the washing step: aspirate the supernatant, resuspend the cell pellet in 1 mL of fresh 
media and then centrifuge for the third time for 5 min at 200 x g.   
  
14. Aspirate the supernatant and resuspend the cell pellet containing 1 million labeled cancer cells 
in 500 μL of fresh media (see Note 11). 
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3.3 Injecting cells into the precardiac sinus of zebrafish embryos 
 
1. Attach microinjection dispense system to a pressurized air source and turn on the microinjection 
dispense system power. 
  
2. Test pressure by depressing the foot pedal. A brief pulse of air should come out from the needle 
holder.  
 
3. Equilibrate the injection plates twice with 2X tricaine solution. 
 
4. For each equilibration step, add 20 mL of 2X tricaine solution to the injection plate and place 
on shaker for 10 min. 
 
5. Use a transfer pipette to move a group of embryos to a small dish containing the 2X tricaine 
solution. 
 
6. Fill the microinjection injection needle from the back with cancer cells using a gel-loading pipet 
tip.  
 
7. Place the needle in an electrode storage jar with the pointed end facing down so cells settle near 
the tip, make sure to cut your tip so the appropriate number of cells are injected per embryo. 
 
8. Transfer 20-30 anesthetized embryos to an injection plate with a transfer pipette with 2X 
tricaine. 
 
9. Allow embryos to settle in the tip of the pipette. 
 
10. Gently move embryos into the trough of the injection plate, spreading the fish along the length 
of the trough. 
 
11. Align embryos with heads facing up and bellies facing the steep wall of the trough (see Note 
12). 
 
12. Inject 50-100 cancer cells (2-5 nL) into the precardiac sinus of the zebrafish embryos using the 
microinjection dispense system.  
 
13.  Attach the needle to the needle holder of a micromanipulator. 
 
14. Position the injection plate under the stereoscope with the 60º wall to the left and focus on the 
top embryo at 25x magnification (Fig A.1). 
 
15. Position the micromanipulator so that, the needle will pierce the embryo. 
 
16. Extend the needle until it is nearly touching the embryo. 
 
17. Looking under the microscope, align the needle so that it will pierce the embryo upon further 
extension. 
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18. Pierce the embryo through the yolk sac placing the tip just at the pre-cardiac sinus. 
 
19. Inject cells by depressing the foot pedal. The force of the injection expels the cells into the 
cardiac sinus. Retract the needle (Fig A.2B). 
 
20. Extend and retract the injection needle with one hand. Make fine adjustments to position next 
embryo with your other hand. 
 
21. Retract the needle as high as it goes while setting up to inject another plate. 
 
22. Transfer the embryos to the recovery dish once the entire plate is injected. 
 
23. Tilt the injection plate to pool the embryos at the bottom of the petri dish and wash embryos 
off the plate with fish water, and collecting them with the transfer pipette. 
 
24. Allow the embryos to settle in the bottom of the transfer pipette. 
 
25. Transfer the embryos to the recovery dish. 
 
26. Incubate recovery dish at 28 °C for 1 hr. After the incubation, separate viable zebrafish 
embryos from dead embryos.     
   
27. Incubate dish at 33 °C until ready for scoring, typically 24-96 hrs (see Note 13). 
 
3.4 Scoring extravasation of cancer cells in zebrafish embryos 
 
1. Anesthetize one batch of embryos at a time to be scored by placing them in a dish with 2X 
tricaine solution.  
 
2. Place an anesthetized larva on a depression slide in a drop of 2X tricaine. 
 
3. Orient larvae laterally for imaging of the caudal region (Fig A.2B). 
 
4. Count the number of cancer cells that have successfully invaded out of the vasculature by 
focusing on the cell location to clearly discern an intact cell (see Note 14).  
 
5. Score larvae on a Nikon compound fluorescence microscope with the 10x objective lens. Use 
the 20x objective for any difficult calls (Fig A.2C).  
 
3.5 Mounting zebrafish onto slides and subsequent fluorescence imaging 
 
1. Melt 1.5% agarose/2X tricaine solution, and bring to 37 °C. 
 
2. Anesthetize the embryo by placing it in 2X tricaine solution. 
 
3.Transfer the embryo in a drop of 2X tricaine solution to the imaging station (see Note 15). 
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4. Use a glass pipette to remove the excess 2X tricaine solution, retaining the embryo on the 
imaging surface.   
 
5. Overlay one drop of melted agarose solution over the embryo. 
 
6. Before the agarose polymerizes, use an eyelash brush, to orient the embryo laterally for imaging, 
making sure the embryo is flattened along the imaging surface.  
 
7. Submerge the now polymerized agarose drop under 2X tricaine solution. 
 
8. Image the zebrafish embryo using microscopy. 
 
3.6 Alternative application: Injecting cancer cells into the yolk sac 
 
1. Prepare the microinjection dispense system and injection plates as previously described in 
section (3.3) of this protocol. 
 
2. Label two cell populations with contrasting fluorescent Q-dots from the Qtracker Cell Labeling 
kit (Thermofisher) or with flourescent dyes as described in section (3.2) above. 
 
3. Inject 5-10 nL of 2 x10^7 cells/mL into the yolk sac (Fig A.3B). Keep the injection volume 
constant to inject identical cell numbers (100-200 cancer cells) from each cell population (see Note 
16). 
 
4. Collect the injected embryos as previously described in section (3.3) of this protocol and then 
screen for successful injections. 
 
5. Screen and transfer viable embryos that were successfully injected to a new dish (see Note 17). 
 
6. Transfer the viable embryos to a new petri dish if cancer cells are clearly seen in the yolk sac 
(Fig 3B). 
 
7. Incubate dish at 33 °C until ready for scoring, typically 24-48 hrs after injection (see Note 18). 
 
8. To score intravasation in zebrafish embryos, follow the guidelines in section (3.4) of this 
protocol, but instead count the number of cancer cells that have successfully invaded into the 
vasculature of the caudal region (Fig A.3C).  
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NOTES 
  
1. We generated Tg(kdrl:grcfp)zn1;mitfab692;ednrb1b140 zebrafish, by crossing 
Tg(kdrl:grcfp)zn125, which express green reef coral fluorescent protein in endothelial cells, with 
a line that lacks pigment cells, mitfab692;ednrb1b140, developed at the Zebrafish International 
Resource Center. 
 
2. This will create a steep 60° wall with a 30° sloped ramp. 
 
3. Molds can be stored in dH2O at 4 °C, edges wrapped with parafilm. 
 
4. Recovery dish contains 10 mL fish water: penicillin (25 μg/mL) and streptomycin (50 μg/mL).   
 
5. Mounting medium consists of 1.5% agarose. 
 
6. This cell line was grown in DMEM + 10% FBS:  MDA-MB-231. 
 
7. Time of trypsin exposure will depend on the cell line.   
 
8. Cell number is determined with an automated counter, feel free to use whatever you have. 
 
9. Only live cell populations should be injected into zebrafish embryos, as injection of dead cells 
will not reflect true vascular invasion.       
 
10. We have found that DiI tends to produce the best labeling, yet its fluorescence level can vary 
between cell lines. Concentration and labeling time may need to be optimized for each cell line. It 
is critical that the excess dye is washed away from the cells after labeling. This is achieved by the 
centrifugation steps indicated in the labeling section 3.2. Excess fluorescent dye can be toxic to 
cells or leak into the bloodstream, producing a faux fluorescent background. 
 
11. 0.5 mM EDTA can be added to the media to prevent cell clumping. 
 
12. Tricaine solution should cover both the trough length and the flat agarose surface, with 
embryos only residing in the trough.  
 
13. This temperature is determined as a compromise between 37 °C, the ideal temperature for 
cancer cells, and 28.5 °C, the temperature for zebrafish.  
 
14. It is best to have at least two individuals involved in this process, where one individual scoring 
the fish is blind to the experimental condition being assessed. It is imperative to generate consistent 
criteria that will be applied to all conditions. 
 
15. A glass-bottom dish or microscope slide can be used. 
 
16. A transparent zebrafish embryos lacking fluorescent vasculature can be used for this assay. 
Passive entry of particles into the vasculature can be controlled for by injecting fluorescent beads 
(<10 μm).  
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17. All embryos should have a consistently sized mass of cells located in the yolk (Fig 3B). 
Embryos are discarded if the mass size differs or if any cells are located outside of the yolk.  
 
18. This temperature is considered a compromise between 37°C, the ideal temperature for cancer 
cells, and 28.5°C, the ideal temperature for zebrafish.  
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