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Abstract 

 

Triple negative breast cancer (TNBC) is a particularly deadly subtype of breast cancer, owing to 

the intratumoral heterogeneity present in late-stage metastatic breast cancer. This heterogeneity is 

characterized by different gene expression programs between cellular subpopulations. This 

heterogeneity is also observed in a number of TNBC cell lines and efforts have been made to 

understand both types of heterogeneity. These efforts have focused on genetic mutations, mRNA 

expression, cellular responses to chemotherapy, or population dynamics. While this research is 

valuable, there have been fewer investigations into the epigenetic mechanisms of TNBC 

heterogeneity.  This knowledge is critical since aggressive and undifferentiated cells expand in 

response to chemotherapy and in fewer than 72 hours—a clear epigenetic response. However, there 

has been an inability previously to address this unknown due to the difficulty of population 

modeling using the standard methods of CD44/CD24 antibodies and aldehyde dehydrogenase 

activity. These methods are time consuming and require expertise. Instead, we used CRISPR/Cas-

9 gene knock-ins of stem cell marker ALDH1A3_mCherry and epithelial differentiation marker 

CD24_EGFP. These four interconvertible cell states include stem-like states (ALDH+/CD24-, 

red), progenitor-like states (ALDH+/CD24+, yellow), epithelial-like states (CD24+, green), and 

mesenchymal like states (CD24-, no color). Those two fluorescent proteins allowed for imaging 

the internal hierarchy in the chosen cell line. In this thesis, we intend to answer fundamental 

questions in TNBC heterogeneity, namely: (1) what are the epigenetic proteins that regulate 

subpopulations in TNBC? (2) What are the complexes and protein-protein interactions that may 

play a role? (3) Can this heterogeneity be targeted by protein disruption? (4) Do any of these 



 xii 

protein targets highlight any future translational opportunities? To address these questions, we 

used this SUM149 reporter cell line to conduct a high-throughput siRNA screen focused on 505 

epigenetic gene targets in TNBC. Each population was quantified by flow cytometry. Of the four 

effects studied, namely changes to epithelial progenitor-like, differentiated mesenchymal-like, 

differentiated epithelial-like cells, and total viability, 120 top targets were selected for single 

siRNA high-throughput screening. Of those that had the same consistent effect across the 

campaign, forty were confirmed by this secondary screening: Five in the epithelial progenitor-like, 

twenty-three in mesenchymal-like, and twelve in differentiated epithelial-like cell populations. 

While most of these targets were confirmed by traditional CD44 and CD24 antibody staining and 

aldehyde dehydrogenase activity, we focused on two proteins: TRIM24 and EPC2 for further 

validation. TRIM24 had a consistent effect reducing undifferented cells across four TNBC cell 

lines, while EPC2 successfully increased epithelial-like cells in two. TRIM24’s effect is critical 

since undifferentiated cells are responsible for the aggressive nature of metastatic TNBC. 

Accordingly, we investigated if a TRIM24 degrader, dTRIM24, could decrease the chemotherapy-

induced expansion in undifferented cells, which it successfully attenuated. In summary, this high-

throughput campaign successfully identified two proteins that affect undifferented cells in opposite 

directions. While EPC2 will be useful to study why this population expands, TRIM24 will serve 

as the main focus as its effect has clear and necessary clinical impact. This point is furthered by 

dTRIM24, which significantly blocks the expansion of undifferentiated cells. Further work will 

push towards translational application that can address an unmet need in triple-negative breast 

cancer therapy. Overall, this work highlights that protein populations can be investigated for their 

role in establishing or altering intratumoral heterogeneity.  
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Background 

 

 

 

Abstract 

 

Breast cancer causes the second most cancer deaths in US women. However, for tumors that 

remain localized, prognosis is good for most types of breast cancer, nearing 100%. Metastatic 

breast cancer, however, has a far worse five-year relative survival rate. Even worse is triple-

negative breast cancer (TNBC). Treatment of TNBC is difficult owing to there being no 

established targets as well as the high levels of intratumoral heterogeneity. This heterogeneity, as 

described by the cancer stem cell model, can be separated according to CD44, CD24, and aldehyde 

dehydrogenase presence and activity. Previous research used different methods, such as RNAseq, 

scRNAseq, gene sequencing, and lineage tracing to decipher the origins of this intratumoral 

heterogeneity; however, we and others believe that the answer will be found in the epigenetics of 

TNBCs. Epigenetics is the study of the processes that genetic material can be stored yet remain 

useable for cells. This storage is undertaken by enzymes and complexes that alter chromatin 

structure, histone insertion, removal, or modification, and DNA methylation. However, no other 

group has yet investigated on a broad scale this field, primarily due to the difficulty of conducting 

high-throughput screening using traditional antibody and Aldefluor™ staining. Importantly, we 
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have developed a reporter cell system from SUM149 that allows direct visualization and 

quantification of different cell subpopulations based on knowledge generated by CD44, CD24, 

and Aldefluor™ staining. In conjunction with the Center of Chemical Genomics at The University 

of Michigan, we conducted a live-cell high-throughput screen using siRNA in the reporter cell 

system. After conducting high-throughput primary and secondary FACS screening, we discovered 

two proteins: EPC2 and TRIM24. EPC2 is a member of the NuA4 histone acetylase complex. 

When knocked down by siRNA interference, the percentage of undifferentiated cells increased in 

the reporter cell line (p < 0.01). TRIM24 is multifunctional as a ubiquitin ligase, a transcriptional 

activator by its associations with BRD4, and a regulator of nuclear receptors and retinoic acid 

signaling. When TRIM24 is knocked down by siRNA interference, undifferentiated cells 

(ALDHHI) significantly decreased (p < 0.05) in multiple cell lines (SUM149, BT-20, and MDA-

MB-468). Furthermore, dTRIM24, a TRIM24 degrader, attenuates docetaxel-induced expansion 

of undifferentiated cells. These undifferentiated cells are a major problem with TNBC 

therapeutics. This expansion is likely a major contributing factor in metastasis of TNBC. These 

experiments highlight the translation importance of future work concerning TRIM24, including its 

protein and gene targets.  

 

Introduction 

Targeted therapies are very successful for early-stage breast cancers and allow for the high median 

relative five-year survival of 98.7% (1, 2).  Specifically, these therapies disable certain survival 

and growth pathways specific for different breast cancer subtypes. For instance, anti-estrogen 

therapies have been very effective at treating both Luminal A and B cancers (3). In HER2 enriched 

cancers, anti-HER2 antibodies have produced high levels of remission in those patients (4). While 
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these therapies are incredibly effective in early stage cancers, metastatic patients suffer a far worse 

prognosis, and an overall five-year relative survival rate drops to 23% (2). Current therapies fail 

to treat effectively these late-stage patients where numerous metastases have set in (5). Even in 

patients that show initial response to chemotherapy inevitably relapse (6). For these late-stage, 

metastatic patients, single target therapies fail to produce treatment or prolong the survival time or 

time until relapse occurs. Particularly worse off are patients diagnosed with triple-negative breast 

cancer.  

Triple negative breast cancer (TNBC) is unique among breast cancer subtypes in that the tumors 

lack expression of estrogen, progesterone, and HER2 receptors, rendering any other targeted 

therapies irrelevant (7). While early stage TNBCs can be treated effectively by either adjuvant or 

neo-adjuvant therapies, metastatic triple-negative breast cancer remains largely untreatable (8). 

Median relative five-year survival for these patients is far lower at 11.5% (2). This poor survival 

rate can be explained by cancer recurrence, developed drug resistance, or further metastasis by the 

cancer (9). Current therapies are ineffective at treating the whole cancer, both primary and the 

numerous metastatic sites. We hypothesize that intratumoral heterogeneity present in triple-

negative breast cancers lead to these clinical outcomes.  

Triple negative breast cancers are highly heterogeneous diseases with significantly worse 

progression and survival compared to their non-TNBC counterparts (10-12).  Literature has also 

shown that in TNBC different cancer cell subpopulations are present in any given tumor, each with 

its own unique chemo-response and resistance (1). Furthermore, the extent of intratumoral 

heterogeneity is likely to increase over disease progression as cancer cells spread to distant and 

diverse microenvironments (13). Targeted therapies that inhibit several subpopulations of cancer 

cells without eliminating all sub-populations are bound to relapse after therapy although they may 
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show early clinical remission (6). It is therefore necessary to treat each TNBC with rationally 

designed and selected combination therapies in order to effectively treat patients; however, 

although there has been increased effort in recent years to understand the origin and cause of this 

heterogeneity in clinical samples, the true causes remain unclear.  

In the last few years, more effort has been undertaken to understand this heterogeneity in TNBC 

and provide future directions of how it may be treated. A recent work sought to clarify the poor 

prognosis of TNBC by grouping them by gene expression clusters (14). Another work sought to 

find ways to target the drug-persister population by targeting untransformed cells with the BET 

inhibitor JQ1; this treatment produced cell-death (15). Another group sought to understand why 

TNBC is so aggressive by single cell sequencing, whereby they concluded genomic expression, 

particularly of the glycosphingolipid metabolism pathway, led to an aggressive phenotype in some 

patient populations (16). Each of these efforts point towards the likely true cause of TNBC 

prognosis: lineage heterogeneity. However, these works do not examine the mechanisms by which 

intratumoral heterogeneity arises.  

 

The Cancer Stem Cell Model Best Describes TNBC’s Lineage Heterogeneity 

 

Intratumoral heterogeneity can be described as the variation of cellular identity, and thus variation 

in gene expression, within a given tumor. This variation can be different even among primary and 

secondary tumor sites (13). While genetic mutation will be the ultimate answer in the long term, 

many of these metastatic sites arise before extensive genetic mutations can occur, and in fact, are 

populated with pre-existing tumor identities (13). Furthermore, a heterogeneous tumor can adapt 

to treatment and adopt survival mechanisms to escape the effect of taxanes (17). In this case, clear 
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gene expression patterns can be observed before and after treatment (17). These facts may explain 

why existing treatments fail to treat the full suite of tumors within a patient: they are not all the 

same tumor, and even then, the tumor may shift into a chemo-resistant state to avoid cell arrest, 

apoptosis, or necrosis. Recently, this shift in tumor identity was discovered to occur after treatment 

had elapsed, and gene signatures indicating an increase of epithelial-mesenchymal transition, 

extracellular matrix breakdown, and de-differentiation (17). 

 Any drug alters a given tumor’s microenvironment, and certain subtypes within a cancer can 

survive this “microenvironment + drug” change better than other cell types (18-21). Furthermore, 

intratumoral heterogeneity implies reasons why targeted therapies will likely fail despite their own 

merits. For any given target, there will be variation in its expression level within the tumor. Some 

cells will highly expressive, while others may show no expression whatsoever, such as with 

HER2+ breast cancer (22). While some other works hint at therapeutic pathways in resistant cells, 

more work must be done to understand how this intratumoral heterogeneity arises. 

There are two competing explanations for intratumoral heterogeneity for any cancer: the stochastic 

model and the cancer stem cell model. The stochastic model predicts heterogeneity arises at the 

genetic level by random mutations that produce distinct yet related cell populations. This process 

can produce cells that may or may not be susceptible to current standards of care. Genomic and 

screening such as RNAseq attempt to discover to what the tumor or cancer may be susceptible (23-

25). While these techniques may not change the first treatment option, they may highlight other 

future treatment options should first line therapies fail to cause full remission. However, these 

approaches are more relevant in cancers known to be limited in heterogeneity as the samples are 

taken from the bulk tumor; thus, these approaches are less relevant in more heterogeneous cancers 

such as TNBC. In these cancers, particular data is lost in favor of bulk data for the whole tumor. 
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Other techniques, such as single-cell RNAseq can map sub-populations far better than RNAseq, 

but scRNAseq and other single-cell technologies are still primarily used in academic settings (26).  

The other main and competing theory is the cancer stem cell theory. Briefly, this hypothesis 

proposes that a small population of stem-like cells that are responsible for tumor initiation, for 

renewing the tumor following treatment, and that these cells are capable of infinite self-renewal 

and asymmetrical division into more differentiated cells (27). Within breast cancer research, the 

Wicha lab and others have conducted studies to characterize breast cancer stem cells (BCSCs) 

using cell surface markers such as CD44 and CD24 as well as the Aldefluor™ enzymatic assay 

(ALDH+) (28-31). These BCSCs are CD44+CD24- and ALDH+ with the Aldefluor™ assay (31, 

32). Furthermore, these cells are capable of recapitulating the whole population of cancer cells, 

including progenitor and differentiated cells of both epithelial and mesenchymal lineages (11). 

Furthermore, not only are these cells resistant to most forms of chemotherapy, chemotherapy 

increases the percentage of ALDH+ cells (17). Aside from contributing to recurrence, these BCSCs 

are also likely responsible for the metastasis typical of TNBC (29). Importantly, these cells are 

claimed to underlie the heterogeneity of TNBC and the capability of the tumor to metastasize, 

resist treatment, and recur due to their ability to divide asymmetrically (11, 33-35).   

However, targeting the cancer stem cell population has not produced any first line treatments in 

solid tumors and especially not in TNBC (11, 35). In the earlier days of BCSC research, it was 

believed that targeting stem-associated pathways would be enough to reduce their ability to divide 

and recapitulate the tumor (36, 37). However, since these cells are such a small percentage of the 

overall population, a drug targeting WNT, NOTCH, Hedgehog, or any such stem cell associated 

pathway would be ineffective against differentiated cells. Thus, the thinking developed that a 

combination therapy involving an anti-stem drug combined with an anti-differentiated cell 
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treatment could decrease overall tumor mass and potentially establish a complete response (38). 

In this situation, rather than try again and find new compounds or combination, more basic biology 

ought to be performed to discover which proteins control a given lineage cell identity.  

When lineage changes occur, that is most likely due to alterations in the transcriptional profile of 

a given population of cells. Long term, this is most likely due to additional genetic mutations that 

permanently alters these cells. However, in the short term these “lineage switches” are most likely 

due to changes in epigenetic regulation within the cells. One such example is the transcription 

factor ZEB1 that induces EMT in breast cancer cells (39, 40). Importantly, these switches involve 

recruitment of histone deacetylase enzymes (HDACs) to specific locations to suppresses E-

Cadherin, which is an epigenetic process (40). Additionally, SOX4 directs EZH2, the catalytic 

member of the H3K27 trimethylase PRC2, is a master regulator for that same process (41). If 

epigenetic processes can produce cancer cells that are more invasive and resistant to 

chemotherapy, that field bears further investigation in lineage heterogeneity.  

 

Epigenetic Regulation Encompasses the Whole Structure of the Genome 

Epigenetics is the study of genetic arrangements in space and time. These arrangements are 

controlled by proteins that determine the shape of cell’s individual genome through processes such 

as chromatin organization, histone insertion, histone tail modifications, and DNA methylation 

(42). They control raveling or unraveling the chromosomes, X-chromosomes specific deactivation 

in females, the insertion or removal of histones, the third-dimensional organization of DNA, the 

silencing of vast untranslated regions within the chromosome, and they control the extent of 

expression of specific gene based on how accessible those regions are to DNA transcriptional 
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machinery (42-45). Each level of regulation, chromatin organization, nucleosome, and DNA itself, 

has its own member proteins that effect or remove alterations. 

Chromatin organizers 

Chromatin is the highest level of organization for genetic material, and it is composed of both 

DNA and protein (46). The DNA itself is wrapped around proteins called histones, and this DNA-

protein complex is called a nucleosome. Where these nucleosomes are placed is critical for gene 

expression or repression as the DNA wrapped around the nucleosomes will be unable to be 

transcribed without additional actions taken (47, 48). This is one method of gene repression. In 

order to allow for gene expression, the nucleosome must either have its histones ejected, altered to 

have pro-transcription histones, or the nucleosome must be shifted to allow DNA access to 

transcription factors and other regulatory agents (47, 49-51).  

For each of these functions, there are three main families of chromatin remodelers: 

Chromodomain-helicase DNA binding (CHD), SWItch/Sucrose Non-Fermentable (SWI/SNF), 

INOsitol requiring (INO) 80 family. Each of these families of remodelers may have different 

functions based on the individual members of the groups. In general, the CHD family spaces 

nucleosomes, allows access to promoters, and allows for editing of which histone variants are 

included in the nucleosome; the SWI/SNF family slide or eject nucleosomes and alter chromatid 

access, whether for repression or expression; the INO family primarily edits histone composition 

of nucleosomes (52). Each of these families play a role in the regulation of gene expression in all 

cells. Important in that process is how each of these chromatin modifiers associate with locations 

of interest.  

Histone Modifiers 

However, there are finer methods for gene control than histone insertion, sliding, or removal.  
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The H3 and H4 histones proteins possess “tails” that may be post-translationally modified, such 

as at lysine, arginine, and serine locations, though the locations vary between proteins. These 

locations can be marked with methyl-, acetyl-, or phospho- groups. For instance, COMPASS-like 

chromatin modifiers can simultaneously recognize H3K27me3, demethylating that generally 

repressive mark, while simultaneously trimethylating H3K4, which is a well-studied activating 

mark (53). The member protein Menin is responsible for this type of association (54). Additionally, 

H2A and H2B histones can be ubiquitinated, which can be activating or repressive, respectively 

(55). An example of a ubiquinating complex is PRC1, which then recruits the H3K27me3 

trimethylase complex PRC2 through cofactors AEBP2 and JARID2 for further epigenetic 

repression (56).  

Different marks in different locations affects the gene structure around these regions. The 

combination of all marks on each histone octamer forms an “epigenetic code” that augment 

chromatin association by nuclear proteins (57). This code is critical for recognition by readers, a 

class of epigenetic proteins, that may draw in erasers or writers for a given location (58-60). 

Additionally, chromatin modifiers are also drawn in by specific histone marks (61). Importantly, 

epigenetic changes are the main process by which stem cells produce additional differentiated cells 

in distinct lineages, likely by a primed H3k27me3/H3k4 potentiation at critical gene locations (41, 

62, 63). A similar process may occur within a tumor—cells may use epigenetic mechanisms to 

escape cancer treatments, either directly altering pathways to escape cell death or by selective 

pressure that ultimately leads to changes in cell morphology, such as widespread hypomethylation 

and CpG sites or increased histone modification at given regions (64, 65). These epigenetic 

alterations may be a critical mechanism by which this heterogeneity is maintained and through 

which the cancer escapes treatment and become a separate, drug resistant population as has been 
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recently demonstrated in breast cancer (17). In the case BRCA1, which itself leads to 

hypermethylation, may have its promoter hypermethylated, ensuring the epigenetic silencing of 

that critical tumor suppressor (66, 67). 

Many different histones can compose nucleosomes, predominantly H2A, H2B, H3, and H4 (68). 

These histones are inserted in doubles, and are inserted such that the resulting nucleosomes are 

octamers, composed of eight total histones of differing identities (69). Octamers containing H2A 

and H2B variants can be especially repressive to transcription, while in regions of transcription 

H3 and H4 histones can be modified to contain specific sequences that signal different operations 

(70-72). Each of these histones have N-terminal peptide tails that may be altered by different 

modifications (73, 74). However, many different modifications will be present on a given tail, and 

these effects may be varied based on the combinations present (75-80). The most well known 

modifications are H3k4me (meaning “on histone three, lysine 4, there is a monomethylation) 

indicate an actively transcribed region (81, 82). Several different enzymes catalyze this reaction, 

such as the complex SET1 or the protein MLL2 among other trithorax proteins (83-85). 

Conversely, H3K27me3 (histone 3, lysine 27, there is trimethylation) is considered a repressive 

mark and is catalyzed by the PRC2 complex (86, 87). The overall suite of modifications determines 

which proteins can associate with these histones due to the specific binding mode of the proteins. 

For instance, the histone chaperone RbBBP4 is unable to bind H3 when H3k4me3 is present (88).  

DNA Modifiers 

Epigenetic modifications can even occur at the level of DNA. DNA modifying enzymes such as 

DNA methyl transferases utilize S-adenosyl-L-methionine (SAM) to modify Deoxycytodine to 5-

methyl-cytidine (89). The addition of a methyl group at the 5’ position increases the 

hydrophobicity of that individual nucleotide, and if enough methylations occur in a given period, 
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that DNA region loses its hydrophilicity and will “coil” together to avoid a largely aqueous 

environment (90).  

Localizing these epigenetic complexes, regardless of their given function, is critical for 

establishing an epigenetic identity at one given point in time. While all complexes possess readers 

that have recognition motifs, whether DNA itself or specific histone codes, other complexes must 

rely upon transcription factors (TFs) to direct them to regions of interest. Such transcription factors 

vary by recognition sequences, such as DNA itself, dimers with other transcription factors, TF-

cofactor interactions, binding to DNA modifications, the shape of the DNA, and the overall 

genomic context of the binding sites (91). With all of these varied binding motifs, transcription 

factors can have a profound impact on gene expression or repression based on epigenetic modes.  

Thus, a complex feedback loop develops between 1) extent of epigenetic protein expression 2) 

expression of guide proteins 3) overall 3D structure of the genome 4) availability of substrates for 

epigenetic modification, erasure, or silencers 5) rate of decay of specific proteins 6) presence of 

native inhibiting compounds within the cell 7) extent of ubiquitination of epigenetic proteins and 

8) cell-cycle involved proteins that activate and deactivate certain epigenetic functions to enable 

proper mitosis.  

Only a proper understanding of epigenetics allows for a better view of the Central Dogma, which 

is typically stated as DNA, when transcribed, produces a RNA code, that when translated, begets 

specific proteins. Epigenetics determines if and to what extent the DNA is transcribed.  

Known Epigenetic Dysregulation in Cancer and Disease 

Epigenetic regulation, and dysregulation, has long been examined for its ability to lead to or 

exacerbate human diseases and cancer (92-95). One such famous dysregulation is that of BRCA1/2 

in triple negative breast cancer (67, 96, 97). Both isoforms are considered tumor suppressors by 
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hypermethylating oncogenes; however, if there is a mutation of either gene, that leads to higher 

expectancy of developing breast cancer (98). Additionally, the promoters to these genes may be 

hypermethylated themselves, leading to lower expression of those genes (99, 100). Genetic 

mutation and hypermethylation of both alleles can also occur (101). Fortunately, hypermethylation 

of all copies of BRCA1 may indicate susceptibility to PARP inhibitors (102). 

However, there have been no systematic epigenetic studies performed to discover complexes that 

control differentiation or dedifferentiation patterns within the context of triple negative breast 

cancer, and specifically, which epigenetic proteins control or influence a given sub-population 

identity. This is largely due to the technical difficulty of visualizing distinct subpopulations of cells 

in real time. In TNBC, different subpopulations can be measured by several different methods: 

antibody staining and ALDEFLUOR assay activity, mammosphere formation, and cell tracing.  

 

CD44, CD24, and the ALDEFLUOR Assay are Used to Distinguish Sub-populations 

As a first line measure, antibody staining for the surface markers CD44 and CD24 are used to 

differentiate between epithelial and mesenchymal cell lines (103). A widely used cell line is 

SUM149, which is used due to the percentage of cells matching those observed in the clinic (28). 

In SUM149, CD44+ and CD24+ cells (80-90%) denote epithelial cells, while CD44+ and CD24- 

cells denote mesenchymal cells (10-20%) (28). However, this antibody staining only detects 

differentiated cell populations; with the addition of the ALDEFLUOR™ assay, less differentiated 

cells may be detected. In SUM149, the ALDH+ cells are measured at around 6-8% of the overall 

cell population (104, 105). When this assay is combined with antibody staining, the cell 

proportions are: CD44+ CD24+ ALDH+ 6%, CD44+ CD24+ ALDH- 75%, CD44+ CD24- ALDH- 

5-15%, and CD44+ CD24- ALDH + 0.3% of the population (106). The CD24+ and ALDH+ denote 



 13 

epithelial progenitor cells and the CD24- ALDH+ cells denote the apex stem cells. The progenitor 

cells only produced cells in that specific lineage, the differentiated cells only produced more 

differentiated cells, yet the stem cells produced both sets of lineages, both epithelial and 

mesenchymal. While very useful for in vitro and some in vivo applications, its applications are 

limited due to the technical skill and expense required for successful execution of staining 

methods. Furthermore, this method can only capture cell-states at a specific time, albeit both with 

accuracy and precision in skilled hands.  

The mammosphere production method often used in conjunction with CD44 and CD24 antibody 

staining with the ALDEFLUOR™ assay (107). Mammospheres, called tumorspheres in other 

cancers, are spheroid structures that develop in an attachment free environment. In this 

environment, differentiated cells are unable to survive for long, and it is only less differentiated 

cells, the progenitor and stem cells, that can survive in this environment (108, 109). The number 

of spheroids that survive after a given treatment or procedure directly relate to the number of less 

differentiated cells in the overall population. This spheroid population is produced by primary 

mammosphere production. However, a second experiment, secondary mammosphere production, 

can confirm that the mammospheres are true mammospheres rather than clumps of differentiated 

cells. If a given treatment can truly reduce the less differentiated cell population, then that change 

will be reflected in the secondary mammosphere production assay. These sets of procedures are 

considered more accurate than antibody and the ALDEFLUOR assays, but are considerably more 

time consuming and technically challenging, both in assay execution, mammosphere counting, and 

establishing the secondary mammosphere assay.  

A third method that can be used to trace cell lineages, plot cellular dynamics, and measure cell 

populations is through lineage tracing, whether by intercalating dyes or cellular barcoding. A 
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simplistic approach would be to use a DNA intercalating dye, such as 5-bromo-2′-deoxy-uridine, 

that can remain in stem cell populations for weeks (110). The rate of division and cellular location 

can be derived from the dilution of this dye, whether in vitro or in vivo, though there are better 

tools for in vivo research. While retroviral introduction of coded sequences can be used as well, 

more modern methods involve cellular barcoding. This can be accomplished by different methods, 

each with their advantages and disadvantages, such as Brainbow, Flpbow, Polylox, Gestalt, 

Scartrace, Linnaeus, mScribe, and MEMOIR (111). While each of these tools and methods are 

incredibly useful for lineage tracing, cell fate analysis, determining heterogenous cell division 

rates, mapping lineage trees, outputs of certain treatments, such as drug or gene knock-out, and 

other application, their execution and time inputs necessary are both at a high-skill level and take 

up a considerable amount of time to execute, valuable as the results may be. While theoretically 

very valuable avenues of investigation, use of cellular tracing is limited to a very select applications 

and select labs capable of performing such experiments, both in terms of price and time inputs.  

It is clear that more high-throughput methods are needed to discover how lineage heterogeneity is 

established in triple-negative breast cancer. Each of these methods is too time consuming, too 

technically challenging, or too expensive to screen numerous candidates for their effect on overall 

populations. This necessary tool must allow for accurate determinations of 1) the proportions of 

cell subpopulations within a bulk cell line 2) those populations at a given time 3) the ability to 

trace changes of cell subpopulations over time 4) those details in a quick and convenient method. 

Thus, a fluorescent reporter cell line using already established markers was modified from the 

TNBC cell line SUM149.  CRISPR was used to insert two genes encoding for fluorescent proteins, 

mCherry and EGFP, after the two main markers for antibody and ALDH+ studies: ALDH1A3 and 

CD24 respectively. This was performed in such a way that when ALDH1A3 was expressed, 
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mCherry would also be expressed; likewise, when CD24 was expressed, it would also express 

EGFP. When induced at the same time, it allowed for exact measuring of each population with far 

more ease and far quicker results than combined antibody and ALDEFLUOR™ assays. In 

addition, these fluorescent proteins correlate very well with the other assay from which they were 

derived, meaning no accuracy or precision was lost with this increased ease and speed. 

Additionally, these cells may be used to model cellular dynamics in response to drugs, compounds, 

siRNA or other insults by using live-cell microscopy. The proportion of cell changes can be 

counted using other programs, and a more in-depth look at subpopulation changes can be 

postulated based on available evidence. Additionally, and finally, this two-color fluorescent 

protein reporter cell line can be used to measure changes to cell subpopulations in a high-

throughput manner, whether with drugs, compounds, compound fragments, siRNA, or shRNA.  

Using this cell line, I conducted a high-throughput siRNA screen targeting 505 epigenetic protein 

genes to determine which epigenetic proteins direct transitions between different sub-populations 

within a seventy-two hour time period. This cell line is a powerful tool that allows for fundamental 

questions to be asked and and answered in a swift manner. This was a first of its kind approach to 

discerning which proteins lead to the intractability of TNBC’s critically poor prognosis in 

numerous patients.   

Thus, in connection with the screening core at The University of Michigan’s Center for Chemical 

Genomics, undertook a screen of 505 gene targets known to encode for epigenetic proteins, 

whether they be support proteins, localizing proteins, transcription factors, or the enzymes 

themselves. In conducting this screen, the main outputs would be decreases in set fluorescent 

signal relative to a negative siRNA control but also viability measured by DAPI signal present 

within the cells. This multifaceted and novel approach allowed the Sun lab to collect data by FACS 
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analysis. However, unlike drug high-throughput screening that only requires DMSO be kept below 

a certain level, siRNA screening is far more complex and requires far more optimization prior to 

campaign initiation. There are more critical components to a successful siRNA screen compared 

to compound screening, namely 1) transfection reagent chosen 2) transfection dose 3) selection of 

positive and negative siRNA controls 4) cell seeding number as well as 5) procedure for 

maximizing numbers of events in FACS analysis with 6) viability determination. However, it 

should be noted that viability is recorded not as a critical output but to add context to any alterations 

in cell populations. For instance, if a given target subpopulation is successfully reduced but overall 

cell numbers increase, which means that the gene target would be of little to no interest to develop 

and investigate further.  

While epigenetic targets are the most likely to produce the short-term changes necessary for cancer 

survival and recurrence, there are currently no tools to screen for alterations in population 

heterogeneity, especially in a high-throughput fashion. This fluorescent reporter cell line overcame 

that obstacle. By using CRISPR-CAS9 in SUM149, ALDH1A3 is co-expressed mCherry and 

CD24 is co-expressed with EGFP, illuminating the distinct sub-populations within the overall 

population in real time. This cell line, combined with the 505 epigenetic-protein-targeting siRNA 

available from the CCG, it became possible to screen these targets in a high-throughput fashion 

using FACS analysis. We hypothesize that this two-color reporter cell model will allow us to 

screen for critical epigenetic regulators of specific subpopulations, and that we can confirm these 

results in genetically similar TNBC cell lines, both by knockdown and overexpression.  

We will test this hypothesis in these two specific aims: 

Specific Aims 
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Aim 1: Optimize and conduct primary and secondary high-throughput siRNA screening  

Objectives: A) use fluorescent TNBC reporter cell line to plan and optimize for HTS screening B) 

use cell line to conduct siRNA screening against 505 epigenetic gene targets B) confirm selected 

hits with single-siRNA secondary screening C) confirm protein knockdown and effects by western 

blot, MTS assay, and antibody-based methods  

Aim 2: Confirmation of hit gene targets proteins and preliminary translational investigation 

Objectives: A) use reporter cell line to repeat selected hits from siRNA screen B) Investigate those 

hits using new siRNA screening analysis C) Investigate the translation application of dTRIM24 to 

reduce the negative effects of Docetaxel 
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Optimization and Execution of High-Throughput siRNA Screen Identifies 582 Gene 

Targets That Control Sub-Population Identity 

 

 

Abstract 

 

Despite the fact that a majority of triple-negative breast cancer patients have a high five-year 

relative survival rate (98%), patients with late-stage metastatic tumors face a grimmer prognosis: 

ten percent of patients survive five years relative to healthy populations. While this is due in part 

to a more advanced disease and metastasis at different sites, advanced disease alone cannot explain 

this dismal outlook. Instead, intratumoral heterogeneity should be the focus of future work in 

triple-negative breast cancer. Intratumoral heterogeneity is defined as the cell variation present 

within a tumor or within a metastatic site. Cell surface markers CD44 and CD24 assist in 

identifying cells, as does the commercially available ALDEFLUOR™ assay kit that measures the 

enzymatic activity of aldehyde dehydrogenases, which is indicative of stem-like cells. Within the 

past decade, more studies have been conducted to understand this issue, whether they be at the 

DNA, RNA, or single-cell RNAseq level. These efforts have focused on either direct patient 

samples or patient-derived xenographs—cancers that have already taken their course and killed 

their hosts. However, none of these studies have examined the origins of intratumoral 

heterogeneity. While there are many protein classes that could be investigated, I chose to 

investigate epigenetic proteins. This is due to the effect of many chemotherapies used in the clinic: 

not all of the cells die with treatment, but instead they shift to other cell states so that they might 

survive therapy. While further genetic mutation is a certainty, in the near time these are not due to 

genetic alterations but rather short-term epigenetic shifts that prolong a cell’s life in this new 
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environment. There must be a population of epigenetic proteins that control this survival shift. 

Therefore, I designed, optimized, and executed a high-throughput siRNA screen focused on 505 

epigenetic gene targets. 

 

Introduction 

 

Intratumoral heterogeneity remains the scourge of Triple-Negative Breast Cancer (1-4). Each 

individual cancer has its own set of populations, both mesenchymal and epithelial, differentiated 

and undifferentiated (3, 5-8). Each of these cell types respond differently to the primary treatment 

options, such as radiation and/or taxanes (2, 9). With docetaxel, the differentiated cells mostly die 

but the undifferentiated cells, both cancer stem cells and progenitors, are largely unaffected by this 

treatment, and according to our unpublished data, they de-differentiate to a more stem-like state 

(9, 10). These stem-like cells among the most deadly of cell types and can lead to cancer survival, 

recurrence, and metastasis (10). The intractability of these populations lead to an overall 5-year 

survival rate of 11% in TNBC, as there is currently no way clinically to separate out the distinct 

populations within a given cancer (11). For heterogenous cancers such as TNBC, the poor 

prognosis will never be addressed until this intratumoral heterogeneity is understood.  

While previously there have been efforts to understand how TNBC cells can switch lineages, 

epithelial to mesenchymal and vice versa, these efforts focused only on switching lineages and an 

effort to understand how cancer stem-like cells might arise (12-14). Various stem-related pathways 

have been proposed as potential therapeutic pathways, such as NOTCH, WNT, Hh, but no 

therapeutic breakthroughs have occurred (15-17). This reality may indicate that two broad 

classifications, stem and differentiated cells, are insufficient in describing the populations present 

in any given cancer. Furthermore, such imprecise descriptions have not improved the grim 

prognosis in late-stage triple-negative breast cancer patients. A newer system, one that can 

recapitulate a broader heterogeneity, is necessary to reflect relevant breast cancer populations.  

However, there were many directions we could take when dissecting this intratumoral 

heterogeneity, specifically which proteins should be investigated. While a whole exome siRNA 

screen would examine everything within the cell, such a broad search would be unnecessary. 

Instead, we focused on epigenetic proteins. When working with TNBC cell lines, cell state changes 
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are observed within 72 hours. Undoubtedly, this is not due to further genetic mutations but instead 

transcription changes effected by epigenetic disturbance. Therefore, I screened epigenetic proteins 

to increase the number of productive hits that the assay screen would identify. However, a means 

to detect heterogeneity needed to be developed.  

Thus, we developed a two-color reporter cell using already established population markers: CD24 

and ALDH1A3. CD24 is coexpressed with EGFP, and ALDH1A3 is co-expressed with mCherry. 

This tool allows researchers to avoid lengthy, expensive, and technically challenging antibody 

additions and Aldefluor assay kits. Furthermore, this tool allows researchers to determine effects 

of drugs, siRNA, or any such perturbation has on cellular heterogeneity with far less post-

experiment preparation for fluorescence activated cell sorting (FACS) analysis, enhancing lab 

efficiency without sacrificing quality of data. This is the very tool necessary to push TNBC 

research to the next level. 

Importantly, this two-color reporter cell system allows for siRNA and drug screening in a high 

throughput fashion. The time required to examine the individual cell populations using traditional 

approaches would render such an experiment extremely burdensome to researchers and would 

vastly limit the size and scope of the campaign (18). Additionally, this system permits researchers 

not only to measure the extent of cell death or arrest but also see if one or more populations is 

primarily affected. With further experiments, we can even see how a given population increases 

or decreases in response to an insult. However, this data-rich approach also demands great care in 

data analysis as there are multiple outputs that must be measured and compared to control wells; 

additionally, analysis is necessarily more complex as the three populations measured are more 

complex than typical assays focusing on extent of cell death, which is more “yes-no” rather than 

measuring an extent of change. While there is increased pressure put on data analysis, that pressure 

may be relieved in part by careful high-throughput screen design.  

High-throughput screening (HTS) is a general method by which assays are miniaturized such that 

a given output can be measured on a smaller scale, such as 96, 384, 3456, or even 6144 well plates 

(19). HTS has been used successfully over the past thirty years to screen compounds and 

repurposed drugs against targets (19). Despite initial screens using natural products, this method 

has largely replaced hunting and hoping for natural compounds due to the expensive nature of the 

process and the time involved in discovering and replicating natural biological processes that 

develop natural product’s often complex structure (20). Although enzyme-based synthesis of these 
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natural products may have a positive impact in the future, HTS will remain the predominant 

method of finding hits against a well-validated drug target (20).  

While most HTS campaigns focus on discovering and validating confirmed compound interaction 

with the protein of interest, TNBC research is not yet at that level of specificity. Instead, the targets 

must be discovered for future research and validation. To that end, I optimized and conducted a 

high-throughput siRNA screen against 505 epigenetic gene targets using a SUM149-derived two-

color reporter cell line.  

 

Results 

The project goal for this high-throughput screening campaign is to develop a list of gene targets 

that control cell identity across multiple triple-negative breast cancer cell lines. While this present 

project is focused on basic biology, the future goal anticipates translational development of 

compounds, chemical probes, and ultimate therapeutics focused on a well-validated protein target. 

To that end, additional optimization is required for a high-throughput, live cell, and siRNA screen. 

These include 1) transfection agent and dose 2) transfection mode 3) selected class of gene targets 

4) positive and negative control selection 5) cell-handling techniques 6) integrating live cell 

methods with FACS analysis 7) high-throughput methods of data analysis 8) statistical threshold 

for hit selection.  

 

High-Throughput Optimization 

 

For SUM149, RNAimax is the most efficient reagent for siRNA knockdown; however, the dose 

chosen contributed to unwanted cell death irrespective of the siRNA dosed in a given experiment. 

As decreased viability is unwanted in a high throughput screen, the right dose chosen must ensure 

1) as little decrease in viability as possible as well as 2) effective transcriptional disruption. To 

determine effect on decreased cell viability, an RNAimax titration experiment was performed, and 

it was discovered that 0.3 uL/well decreased cell viability the least. (Figure 2.1). However, 

additional experiments would be required to determine if this level of transfection reagent is 

sufficient for siRNA delivery.  
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Every high-throughput screen must possess a positive control that reflects the demands of assay 

structure and output (21). In the case of siRNA screening, the positive control should demonstrate 

that transfection was successful in that given well rather than giving some maximum or minimum 

assay output as in other assay designs. Often times, non-targeted siRNA will be tethered to a 

fluorescent probe, and the level of fluorescence can be used to determine transfection efficiency 

for that well. However, since both mCherry, EGFP, and DAPI will be used, a fluorescent probe 

would largely be impractical. Instead, siRNA targeting ALDH1A3 and CD24 were used to 

decrease the signal of the co-expressed fluorescent proteins. As demonstrated in Figure 2.2, 25 nM 

of siRNA was sufficient to reduce mCherry and EGFP signal, respectively.  

For negative controls, the focus was finding siRNA strand or strands that altered the cell 

populations the least at the chosen dose. After several experiments, Cell Signaling’s non-targeting 

siRNA strands produced the least off-target induced cell death (Figure 2.3). Thus, ALDH1A3, 

CD24, and non-targeting siRNA would be suitable for future siRNA screening campaigns.  

Indeed, the ultimate goal is to have as many events as possible while altering sub-populations. In 

terms of cell plating, the most practical approach to maximizing events would be to ensure close 

to 100% coverage after 72 hours of treatment (22). However, this approach requires that cells do 

not change morphology, gene expression, or epigenetic regulation as plate coverage increases. 

Unfortunately, SUM149 and its derivative cell lines undergo subpopulation changes once coverage 

exceeds 80%. These cells become more mesenchymal and less epithelial, which would introduce 

artifacts into the final data. Thus, the right cell seeding density must be selected to both maximize 

events without changing sub-population percentages as an artifact of the experiment. 3300 

cells/well is that cell number for a 96 hour experiment (Figure 2.4).  

Additionally, proper cell culture seeding and cultivation of the cells was necessary to develop as 

well. Seeding 500k of reporter cells in a T-75 flask would produce a suitable number of cells after 

four days (Figure 2.5, Panel A). It was also discovered that harvesting cells too soon after seeding 

would lead to an inaccurate measuring of EGFP signal, likely due to the cells insufficient 

expression of CD24 and thus insufficient amounts of co-expressed EGFP (Figure 2.5, Panel B). 

Both of these considerations were necessary for future experiments with reporter cells.  

There was also the concern of siRNA transfection design, and whether that should be forward or 

reverse siRNA transfection. Forward transfection entails that both the cells and the siRNA are 

delivered into the well on the same day; however, reverse transfection requires the cells to have 
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24 hours to settle before media is changed to antibiotic-antimycotic free media and siRNA is 

delivered. However, due to procedural reasons for siRNA doses being delivered to the 96 well 

plates, forward transfection was selected for screening purposes. Mainly, it would be too difficult 

to seed the wells, deliver the seeded wells to the CCG prior to siRNA dosing, and return those 

seeded wells to Sun lab facilities. Instead, the siRNA could be plated and collected with far less 

timing coordination between the CCG and Sun lab members. Additionally, forward infection has 

the added benefit of increasing transfection efficiency, albeit at the cost of additional, unknown 

levels of cell death, but this is inescapable due to assay demands (23).   

For any high throughput assay, a Z’ score must be determined for the assay readout, namely to 

determine the ability to distinguish between positive and negative hits for the assay (24). This 

analysis ensures both positive and negative controls are suitable for their roles from a statistical 

perspective by analyzing the difference in averages from the positive and negative controls (19). 

The Z’ score for the EGFP channel was 0.4 and the score for the mCherry channel was -0.1 (Figure 

2.6, Panels A and B). For any high throughput assay, a suitable Z’ score is between 0.5 and 1, but 

this goal is difficult to achieve in both live-cell assays as well as siRNA screening campaigns and 

are generally not expected for assay approval. However, these Z’ scores demonstrate that the assay 

can determine positive hits for both EGFP+ and EGFP- shifts, but discovering hits for mCherry+ 

EGFP+ shifts will be far more difficult and will require more additional testing. 

 

Execution of high-throughput siRNA screen 

Thus, after these assay optimization efforts, the general process for setting up and analyzing these 

plates are as followed: 96 well plates provided by the Sun lab would be dosed with sufficient 

pooled Dharmacon siGENOME siRNA to ensure 20 nM of siRNA per well. To each well was 

added 3300 cells. They were shaken then placed in the cell incubator at 35 C and 5% CO2 for 96 

hours. After that time had elapsed, cells analyzed by FACS. This process allowed for efficient 

measurements of numerous plates in a single day without a decline in cell numbers or cell viability. 

In executing this high-throughput screen, thousands of FCS files were produced, far more than 

could be analyzed by traditional well-by-well analysis. The data volume necessitated an automated 

method for developing data sets for hit determination. Thus, I used FCS Express to automate plate 

analysis. To minimize day-to-day and plate-to-plate variations, mCherry was used to set the gate 



 32 

for that channel (set to 3% of mCherry+ cells) while the gate for EGFP was set so that the double-

positive population (mCherry+ EGFP+) was 6-8% of the overall number of live cell events. While 

the mCherry gating remained the same plate-to-plate, the double positive population was adjusted 

each data analysis to limit decreases in precision and ensure better quality data. FCS Express 

(Version 7) was used to generate Excel files that contained the well designation, the number of 

live cell events, and the percentage population for each subpopulation (mCherry+ EGFP-, 

mCherry+ EGFP+, mCherry- EGFP-, mCherry- EGFP+, or more colloquially, “red, yellow, grey, 

and green” due to fluorophore combination.  

Analysis of primary screen data 

Data analysis was conducted using an in-house R script. The script required files that identified 

the plate, the siRNA that the wells contained, and the data itself for each fluorescent channel.  

The script imported each plate’s replicate data, averaged each replicate, designated the control 

wells, and assigned the siRNA designation to each well. From this point, the data could be listed 

or graphed depending on additional inputs. Box-plots were generated to check the spread of each 

replicates and to ensure they remained concordant. For simple data analysis, bar charts were 

generated that contained average percentages by sub-population. These could further be modified 

by incorporating the viability data to display if the siRNA increased overall cell growth despite 

decreasing a certain sub-population. While viability was used to guide some siRNA selections in 

subsequent screening, this valuable contextualizing was integrated into all future data analysis.  

Hit selection for each group (“yellow”, “green”, “grey”, and viability) were chosen if the data 

deviated from the negative siRNA control by a p-value < 0.05 as generated by a two-tailed 

student’s t-test. In this primary screen, any deviation was initially considered a hit. Of the 505 gene 

targets screened, 582 were considered hits by one of four outputs. Of those 582, 101 were viability 

hits (Figure 2.7, Panels A-F), 218 were mCherry+ EGFP+ hits (Figure 2.8, Panels A-R), 238 were 

mCherry- EGFP- hits (Figure 2.9, Panels A-V), and 25 were mCherry- EGFP+ hits (Figure 2.10, 

Panel A and B), 

However, this approach selected too many hits, and many of these hits proved redundant due to 

double-counting. For example, CHD2, ostensibly a mCherry- EGFP+ hit by virtue of it decreasing 

that sub-population, would also be considered a hit due to it increasing the opposite population 

(mCherry- EGFP-) (Figure 2.9, Panels E-F; Figure 2.10, Panels A-B). Furthermore, siRNA could 
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decrease a sub-population but increase the overall cell numbers, which lead to that sub-population 

technically increasing. This exclusion considered the total cell count for a treated well, which 

represents the first panel of Figures 2.7 through 2.10. This additional analysis would inform 

selections made for conformational secondary siRNA screening.  

Of the remaining siRNA, the top 120 siRNA were chosen to be tested in secondary screening. 

Thirty from each FACS analysis output were selected, each from viability, “yellow”, “grey”, and 

“green”.  

Sub-population hit analysis 

Each sub-population hits had distinct members based on prior research. While not all proteins 

aligned with these classifications, certain sub-populations were enriched for some protein classes. 

Protein knockdown that affected viability seemed to target proteins that are necessary for mitosis, 

cell-growth, and cell cycle progression. ACTL6B (actin-like 6B), similar in structure to actin, has 

roles in nuclear migration and chromatin remodeling due to its role as a sub-unit of the BAF 

complex (25). ATF2 (activating transcription factor 2) has been implicated in anti-apoptotic 

signaling, cell growth, DNA damage response, but also in context-dependent oncogenesis (26). 

Depending on cell-stress level, ATF2 may translocate to the cytosol and encourage apoptosis (27). 

However, its role in breast cancer is unclear, but these results indicate ATF2 encourages cell 

survival. This is in contrast to previous reports that ATF2 may sensitize cells to tamoxifen 

treatment (28). CDK1 and CDK2 are well-known kinases involved in cell-cycle progression, the 

former controlling G1/S and G2/M phase transitions and the latter presumed critical for G1/S 

transitions (29, 30). Disrupting either of these kinases likely leads to disrupted cell cycles and 

apoptosis.  

Double positive cell hits (EGFP+ mCherry+, or “yellow” cells) included a large proportion of E3 

ubiquitin conjugating enzymes (HUWE1, G2E3, JADE2, RNF8) as well as demethylases 

(KDM3A, KDM3B, KDM5C, KDM8) (31-38). Interestingly, RNF8 is involved in mammary 

development by controlling NOTCH1 signaling (35). KDM8 is critical for regulating human 

embryonic stem cells (38). KDM3A is critical for early embryogenesis and maintenance of early-

stem cells (39, 40). These previously performed studies may indicate the validity of these first-

round hits. This information combined with the increased presence of chromatin modifying 
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proteins (HDGFL1, KANSL3, BRWD3), ability to maintain a stem-like state seems to be a matter 

of balancing protein composition and chromatin stability (41-43).  

Different complexes affected the mCherry- EGFP+ cells in both positive and negative fashion. 

Many ubiquitin ligases were found among the hits (RNF20, TRIM24, TRIM28, UBE2U, UBR2) 

(44-49). RNF20 also has roles in double-strand break repair, lineage restriction, and chromatin 

stabilization (50-53).  TRIM24 possesses diverse roles in eukaryotes, including transcriptional co-

regulation, heterochromatin organization, metabolism, and even playing a role as an oncoprotein 

by negatively regulating p53 (54-58). Importantly, TRIM24 overexpression indicates poor 

prognosis in breast cancer (57). UBE2U is an E2 ubiqutin conjugating enzyme that remains largely 

uncharacterized (47). UBR2, among other UBR-class ubiquitinases, are primarily involved in 

degrading mRNA transcripts (59).  

TRIM28 is an E3 ubiquitinase and well-researched in many cancers and implicated in numerous 

pathways, namely p53 degradation, transcriptional co-repression, DNA damage response, EMT, 

and pluripotency maintenance (45). TRIM28 is implicated in being a key regulator of EMT in 

fibroblasts (60). Further, it also stabilizes TWIST1, a key regulator in EMT, in breast cancer (61). 

Since it has already been shown that EMT produces cells with cancer-initiating ability, it is 

unsurprising that TRIM28 also interacts with EZH2 and the chromatin remodeling complex 

SWI/SNF to promote mammosphere formation (62, 63). Loss of TRIM28 disrupts cancer stem 

cell maintenance and reduces the tumor population’s ability to grow (64). To effect these changes, 

TRIM28 works with SETDB1, a H3K9 methyltransferase, to suppress differentiation-related 

genes (65). With these facts in mind, it is little surprise that TRIM28 had an overall increase of the 

CD24+ population.  

In constrast to the other subpopulation, double-negative cells (mCherry-EGFP-) showed little 

concordance among most hit identities. The most populous class of proteins was the polycomb 

group (L3MBTL1, PHC3, EZH2, RbBP7, EPC2).  

L3MTBL1 is both a polycomb protein as well as a member of the malignant brain tumor (MBT) 

family of proteins (66, 67). It is involved in protein quality control by directing p53 activity (68). 

It also can lead to chromatin compaction by binding to H3K20 mono- and dimethylation  (69, 70). 

In this way it can bind two nucleosomes simultaneously (71). Beyond that, there seems to be little 

investigation into the impacts this heterochromatin has on disease or cancer beyond the knowledge 

that it is targeted towards E2F regulated genes, implying there may be some role in regulating cell 
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cycle (72, 73). One study by Hoya-Arias and colleagues discovered differentiation dysfunction 

and restriction in embryonic stem cells that lacked L3MTBL1 (74). 

PHC3 (PCGF) is a polycomb protein that helps define specific members of the polycomb 

complexes (75, 76). It can form repressive monomeric polymers that are open-ended, and can 

interact with E2F6, the loss of which can disrupt a cancerous cell from remaining in G0 (77, 78). 

While this protein is largely uncharacterized in its function, its main role is to define PRC1 

activities (79).  

EZH2 is a well-researched histone methyltransferase that has roles in gene expression, cell 

survival, EMT, metastasis, and drug resistance (80). It is the catalytic component of the PRC2 

complex; alongside, EED and SUZ12, it is a critical component for its function (81). The PRC2’s 

role is also critical in cell fate transitions, especially with bivalent H3K4me3 and H3K27me3 sites 

for lineage decisions (82, 83). In addition to its canonical role in the PRC2 complex, it can also 

function as a transcriptional activator (84). Overall, due to its numerous roles in critical cancer 

gene programs, it is of high interest for drug discovery (85).  

RbBP7 (RbAp46), along with its homologue RbBP4 (RbAp48), is a ubiquitous WD-40 repeat 

histone chaperones (86). Its main role is in associating with histones and transcription factors to 

localize the PRC2 complex to set locations, though it can be found in many chromatin-associated 

proteins, such as NuRD, PRC1, and SIN3A  (87-89). It possesses an H3-binding site towards the 

top and an electrostatic H4 binding site along the side (90). Thus, knockdown of RbBP7 would be 

expected to disrupt a variety of processes, though that would be limited by its homologue’s 

replacement in many of the complexes (91, 92).  

Little is known about EPC2-specific function beyond being a member of the complex NuA4/TIP60 

complex, which functions as an acetyltransferase that promote cell-cycle progression (93, 94). 

EPC2 interacts with MYC in tumor-promoting gene programs (95). Additionally, EPC2 and its 

paralogue EPC1 have been found to sustain the oncogenicity of AML with MLL-AF9 fusion 

proteins (96).  

These findings will inform the siRNA to be ordered for secondary screening.  

 

Discussion 
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Due to a lack of targeted therapies, triple-negative breast cancer (TNBC) remains an intractable 

disease (2, 6, 9, 10, 97). While recent advances have led to therapies for BRCA1/2 mutants, such 

as PARP therapies, there is no single target available for TNBC (98-100). There have been various 

methods undertaken to find such a target, such as genetic, RNA, and scRNA sequencing, but no 

target has been discovered, most certainly because there is no such target (101-111). This relates 

to how TNBC is diagnosed.  

After a breast lump has been discovered, a biopsy sample is sent to histology where it is tested for 

the presence of estrogen, progesterone, androgen, and HER2 receptors (1). Once it has been tested, 

a treatment regimen is assigned based on the size, location, and spread of the cancer. However, if 

the tumor is negative for all those markers, it is assigned the designation of “triple negative breast 

cancer”. While this is not an intrinsic subtype, triple-negative aligns nearly 80% with the basal 

subtype as determined by gene expression sequencing (97). Instead of considering it one 

monolithic disease, one should consider it a cluster of diseases, each with certain patterns of 

expression and behavior.  

This fact is reflected in the past work performed in the past decade as many researchers attempted 

to ameliorate the ignorance that surrounds late-stage TNBC’s natural intratumoral heterogeneity 

and potentially, finding a common protein with which to target. Most of these studies used siRNA 

or shRNA interference to identify new gene targets deserving of future investigation. Granit and 

colleagues conducted a study that involved knocking down 177 candidate genes with shRNA, 

followed by staining with CD14 and CD18, which are markers for luminal progenitors (18). They 

discovered that FOXA1 decreased symmetrical division decreased these progenitor population 

from symmetrically dividing, while NOTCH performed the opposite function (18). Another group 

performed siRNA screening in multiple TNBC cell lines and found that polo-like kinase 1 (PLK1) 

decreased the CD44+/CD24- population in SUM149 in contrast to first line therapies like 

doxorubicin (112). Petrocca and colleagues discovered through siRNA screening that the tested 

TNBC cell lines were dependent on proteasome activation, and that this addiction was directed by 

NOXA and MCL-1 (113). Singel and colleagues found that KIF14 and TLN1 sensitized multiple 

TNBC cell lines to docetaxel treatment (114).  

Altogether, these efforts point to two main conclusions: 1) each identified weakness is likely true 

in some cases, but 2) these weaknesses are not uniform, owing to the well-established inter-tumoral 

heterogeneity present among the whole population of TNBC patients (115, 116). In all likelihood, 
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each of these studies will likely fit into TNBC research and treatment like a mosaic, each having 

their own role in different groups of triple-negative breast cancers. In that sense, there will never 

be one single treatment for all TNBCs, but instead a suite of approaches for a given patient’s 

individual disease determined by RNAseq, and in the future scRNAseq.  

While most early stage and localized cancers can be treated effectively with some combination of 

surgery, radiation, and chemotherapy, late stage TNBC is a death sentence with an 11% median 

relative survival rate (11). This metastatic stage of the disease can only be slowed and cannot be 

stopped (2, 111). This reality is likely due to the intratumoral heterogeneity presence within this 

triple-negative breast cancer (116, 117). This fact has led to recent efforts to discern the true nature 

of this intratumoral heterogeneity, but no effort has attempted to discern the origin of this 

heterogeneity.  

To discover this origin, I conducted a high-throughput screen. Traditional HTS targets are most 

often proteins of some nature, whether GPCRs, kinases, phosphatases, or other enzymes (118-

124). Most assay outputs are activity based with some manner of radioactive, fluorescent, or 

bioluminescent, among others (20). Fluorescence polarization, BRET, and FRET are examples 

(125). The goal of any assay is to disrupt (or increase) some signal based on binding to a specific 

location on the target of interest. For instance, Fluorescence polarization (FP) assays involve 

several components: protein or protein fragment of interest, a probe or peptide that binds to a 

specific region, that same probe with a fluorescent linker, and a library of compounds or other such 

entities. (125)  

While there are other assay designs that are advantageous in different ways and for different goals, 

this cell-based fluorescent reporter system will be similar to other fluorescent-based assay designs, 

except there are four fluorescent outputs that must be measured and compared to the effect of a 

negative control siRNA. Additionally, this means that extensive optimization must be conducted, 

more so than other live-cell HTS campaigns.  

In most HTS campaigns, there are several factors that must be optimized to ensure successful 

miniaturization: 1) homogenized and high quality materials 2) Sufficient signal 3) selection of 

positive and negative controls 4) buffer system (19). 

For any HTS campaign, variation plate to plate must be minimized (126). That means for whatever 

component, protein, probe, buffer, etc., that component should be from the same batch and be 

sufficient in quantity for primary, secondary, and follow-up tests. For instance, if protein is 
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expressed and collected from an in-house bacterial, insect, or mammalian system, that protein 

should be expressed, extracted, and purified from the same batch. Otherwise, unexplained and 

non-systematic variations will be introduced into the testing system and reducing statistical power 

and likelihood of correctly identifying a potential hit.  

In addition to concerns of the test components, the assay must be optimized such that sufficient 

signal can be produced on a per-well basis. That means that sufficient amount of protein, signal 

output, and tested compounds must be provided into each well without requiring too much 

material. Otherwise, the cost can increase exponentially, especially for larger campaigns (126). 

This step requires extensive optimization and is a critical factor in determining overall cost and 

data quality. It can be thought of as an early make-or-break point for an HTS campaign. Either the 

assay design must be altered or the campaign canceled.  

Additionally, the positive and negative controls must be thoughtfully selected (21). Both controls 

define the assay window and are critical in determining hits from non-hits. The positive control 

defines a maximal effect, which can either be met or exceeded depending on assay type and design. 

The negative control often defines a non-effect and serves as a base level of non-activity for 

inactive hits. These tests ultimately determine once more if an assay is suitable for an HTS 

campaign.  

Buffer selection and any additives that are necessary to ensure optimal assay function (21). Such 

buffers could be PBS, TRIS, or HEPES, and an alteration of pH or salinity may be necessary to 

increase assay signal. These buffers, besides optimizing protein structure, must also be able to 

tolerate relatively hydrophobic compounds that will be tested. Additionally, since many HTS assay 

designs rely on some form of light or emission, precipitation can be an ongoing concern.  

Ultimately, each of these optimization steps must be performed in parallel and different results 

may necessitate changes in another area. The final test for any HTS assay is whether it can 

successfully produce a Z’ score between 0.5 and 0.9. The Z’ calculation compares the positive 

controls with the negative control results, determining if there is a sufficiently large assay window 

(24). Any lower than 0.5 indicates an assay without a sufficiently large assay window, and any 

larger than 0.9 to 1 indicates some other issue may be producing erroneous data.  

Once each of these features have been optimized sufficiently, the campaign is ready to begin. 

Ongoing analysis can be routinely developed by measuring the signal-to-noise on a plate by plate 
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timing. Z’ scores as well can be calculated for each plate, ensuring that the quality of data does not 

decrease relative to previous optimization studies.  

However, these specific features are mostly meaningful for compound screening versus a given 

protein target; HTS campaigns using live cells and using siRNA, shRNA, and CRISPR 

technologies require significantly more optimization than compound screenings yet produce less 

powerful statistical significance, not to mention the additional expenses and inputs required to 

conduct live-cell campaigns. This present campaign uses a SUM149-derived cell line required far 

more optimization than a regular campaign. 

While models of high-throughput screening have been proposed for this heterogeneity in the past, 

to my knowledge this was the first effort to understand how this heterogeneity arises and which 

proteins may be critical to maintaining those populations (127). Specifically, I chose to investigate 

epigenetic proteins. While further genetic alterations will ultimately occur, in the short term it is 

speculated that epigenetic adaptations allow for the cancer to endure chemotherapy, to alter gene 

expression to survive, and to ultimately metastasize to other regions in the body (116, 128-130). 

While the specific and initial genetic mutations may differ, there may be common epigenetic 

features that can be discovered and exploited in a future therapeutic.  

To that end, a high-throughput screen using live cells and siRNA was successfully optimized to 

screen 505 gene targets. Due to the added complexity of these types of experiments, great care 

needed to be taken with each experimental variable. I optimized the type of transfection agent, the 

concentration of that agent, the mode of transfection, the number of cells seeded, the process by 

which they can be prepared for FACS analysis, and the final analysis (Figures 2.1-2.6). The final 

analysis required additional effort, as four outputs were considered: viability, “yellow”, “grey”, 

and “green” (Figures 2.7-2.10). While such optimization efforts may seem trivial compared to the 

final dataset, they are necessary for any successful screening to occur.   

Various trends emerged after hit determination concluded. In the final data set, any hit must 

significantly decrease a selected sub-population at the p < 0.05 level. The majority of hits were 

classified as mesenchymal (“grey”) hits, where there was some alteration in the grey population 

(Figure 2.9). In most cases, that was due to the epithelial (“green”) cells decreasing in overall 

proportion. This makes sense as the epithelial cells comprise greater than 70% of the overall 

population, and thus the overall assay window was large enough to accommodate a great number 

of hits. Conversely, the number of “green” hits was not great in number due to the low levels of 
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mesenchymal cells in well-grown SUM149-derived cells (Figure 2.10). Even if there is a reduction 

in cell number, the effect is small, perhaps decreasing from 20% to 12%, which may not register 

at the p > 0.05 level. This same effect however did not occur in the epithelial progenitor population 

(“yellow”), which only comprise approximately 6% of the overall population (Figure 2.8). This 

population nearly had as many hits as the “grey” subpopulation. Proteins such as TRIM24, 

managed to reliably reduce this population, but a greater number of proteins increased this 

population such as KMT2D and EPC2. It remains to be seen whether these proteins can reliably 

decrease or increase these populations in other TNBC cell lines.  

EGFP and mCherry assay window size was initially hypothesized to be the controlling factor for 

hit occurence, but that did not bear out in the primary screen’s final dataset despite the Z’ score of 

both ALDH1A3 and CD24 positive control siRNA (Figure 2.6). Another possibility is the 

difficulty in reducing an already small sub-population even further. There is some combination 

genes expressed that lead to the sub-population proportions that emerge, epithelial cells being the 

most predominant. However, that same geneset ensures that a smaller proportion of mesenchymal 

and stem-like cells are produced as well, and shifting these cells into non-existence is difficult for 

a single epigenetic protein. There may be some upper limit of siRNA effect on a given population 

in this cell line. Perhaps only a well-characterized and validated chemical probe or drug can surpass 

that limit.  

Compared to mCherry- EGFP- hits, there were relatively fewer viability hits. This is likely due to 

epigenetic targets having limited impact on the fundamental functions of living cells. While 

knockdown of a certain target will have an impact on a certain function, be that DNA methylation 

or histone acetylation at a given lysine position, the cell itself must be dependent on that mark or 

series of marks for population-wide death to occur. This perhaps could be why few epigenetic 

drugs have been used in solid cancers. However, non-solid cancers like leukemia have had better 

success with research (131). This was the first cancer type that the cancer stem cell hierarchy was 

demonstrated, and it perhaps may be no surprise that epigenetic therapies are more likely to 

succeed than solid tumors (132). In AML leukemia, most patients experience some initial response 

to either chemotherapy or hemopoetic cell transplantation, relapse is still frequent, and second and 

third line therapies are in demand (131). While genetic mutations in AML are relatively rare, 

mutation rates are much higher in epigenetic processes that regulate DNA methylation. This fact 

drew industry and academic attention, and as a consequence the FDA has approved therapies for 
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two processes: DNA methylation (Azacitidine and Decitabine) and IDH1/2 mutant proteins, which 

regulate DNA methylation (Ivosidenib and Enasidenib) (131). Many other drug programs against 

other targets are in development, such as against TET, MLL, and SETD2, all of which have been 

demonstrated to play some role in AML development (131).   

If knockdown of epigenetic proteins had any effect on viability, it is highly likely that this effect 

is due to disrupted non-epigenetic processes. For instance, EZH2 is the active catalytic member of 

the H3K27 trimethylase complex PRC2. When EZH2 is directly inhibited by GSK-353, viability 

is greatly reduced; however, if one inactivates the PRC2 complex allosterically by targeting EED’s 

EZH2-activation (A-395), H3K27me3 is ablated but no significant change in viability occurs. This 

implies that PRC2 activity is unrelated to the EZH2-related drop in viability. This effect is possibly 

due to EZH2’s role in transcriptional co-activation in conjunction with the JAK-STAT pathway 

rather than its canonical enzymatic activity (133). Ultimately, this work’s present concern is not 

with the elimination of all cancer sub-populations but the regulations of those groups.  

Overall, this primary screen demonstrated the viability of using fluorescent markers co-expressed 

with previously discovered identifiers for different sub-populations. By taking the necessary time 

to optimize each condition and the data analysis pipeline, significant changes could be easily 

distinguished from non-significant changes. This approach could be applied to any cancer type 

that is marked as containing multitudes of cell types, regardless of the means by which those cell 

types arise.  

At this stage in the campaign, it is tempting to imagine the effects of certain hits, especially those 

detailed here, but such fantasies are premature, especially considering only the primary screen has 

been conducted. Secondary screening, featuring single siRNA strands per well, followed by testing 

in other TNBC cell lines, will be needed to further validate each of these gene target hits.  

 

Materials and Methods 

 

Cell Line Maintenance 

SUM149 and its derivative reporter cell lines were cultured in a 37 C, 95% humidity, and 5% CO2 

environment. They were cultured in Ham’s F-12 medium, (Invitrogen, Carlsbad, CA) 

supplemented with 5% fetal bovine serum (Fisher Scientific, Pittsburgh, PA), 1% antibiotic-



 42 

antimycotic (Invitrogen, Carlsbad, CA), 5 μg/ml insulin (Sigma-Aldrich, St Louis, MO), 1 μg/ml 

hydrocortisone (Sigma-Aldrich, St Louis, MO), and 4 μg/ml gentamicin (Invitrogen, Carlsbad, 

CA). Antibiotic/antimycotic free-media was produced by excluding both the standard antibiotic-

antimycotic and gentamicin. FACS-specific media for high-throughput screening used the same 

but lowered supplement of fetal bovine serum to 2%.  

 

RNAimax Titration Experiment 

SUM149 cells were seeded in a 96 well plate at 2000 cells/well. After 24 hours, the media was 

replaced with antibiotic free Ham F-12 media (Invitrogen, Carlsbad, CA) containing a range of 

Lipofectamine RNAimax Transfection Reagent (ThermoFischer Scientific, Carlsbad, CA) of 1.0 

to 0.1 uL in 0.1 uL incriments. After 72 hours, the MTS assay (Promega, Madison, WI) was 

conducted according to manufacturer’s instructions. Fluorescent data was collected with a 

Cytation 5 plate reader (BioTek, Winooski, VT). Data represents the mean +/- standard deviation 

of the three samples following data normalization. 

 

Positive Control Selection 

500k SUM149 cells were seeded in triplicate 10 cm dishes and allowed to settle. 24 hours later, 

the media was changed to antibiotic free Ham F-12 media (Invitrogen, Carlsbad, CA). Each dish 

received Vehicle, non-targeting siRNA (Dharmacon, Lafayette, CO), ALDH1A3 siRNA 

(Dharmacon, Lafayette, CO), or CD24 siRNA (Dharmacon, Lafayette, CO) diluted in Opti-

Mem™ (Fisher Scientific, Waltham, MA) and Lipofectamine RNAimax Transfection Reagent 

(ThermoFischer Scientific, Carlsbad, CA). Final concentration for each siRNA was 25 nM. After 

72 hours elapsed, the cells were analyzed on a Zeti 5 flow cytometer (Bio-Rad, Hercules, CA). 

Data represent mean signal for either EGFP or mCherry +/- standard deviation.  

 

Negative Control Selection 

500k SUM149 cells were seeded in triplicate 10 cm dishes and allowed to settle. 24 hours later, 

the media was changed to antibiotic free Ham F-12 media (Invitrogen, Carlsbad, CA). Each dish 

received Vehicle, ON-TARGETplus Non-targeting Control Pool (Dharmacon, Lafayette, CO), or 
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SignalSilence® Control siRNA Unconjugated (Cell Signalling, Danvers, MA) diluted in Opti-

Mem™ (Fisher Scientific, Waltham, MA) and Lipofectamine RNAimax Transfection Reagent 

(ThermoFischer Scientific, Carlsbad, CA). Final concentration for each siRNA was 80 nM. After 

72 hours elapsed, the cells were analyzed on a Zeti 5 flow cytometer (Bio-Rad, Hercules, CA). 

Data represent mean signal for number of DAPI-negative cells +/- standard deviation.  

 

Cell Density Titration and Cell Handling Optimization 

In a clear-bottomed 96-well plate (Corning, Corning, NY), a range of SUM149 cells were added, 

ranging from 4500 cells to 1975 in increments of 225 cells/well. Each triplicate well was dosed 

with 0.6 uL of Lipofectamine RNAimax Transfection Reagent (ThermoFischer Scientific, 

Carlsbad, CA) in Opti-Mem™ (Fisher Scientific, Waltham, MA) and antibiotic-free Ham F12 

media (Invitrogen, Carlsbad, CA). Cells were incubated for 96 total hours. After that elapsed time, 

the media was aspirated and 50 uL of Trypsin-EDTA (0.25%) (ThermoFisher Scientific, Carlsbad, 

CA). Cells were returned to incubator for 10 minutes, after which each well was mixed by a 

multichannel pippetteman fifty total times to further displace the cells. The cells were allowed to 

incubate for several more minutes. Trypsin was neutralized with FluoroBrite DMEM Media 

(ThermoFisher Scientific, Carlsbad, CA) containing 2% fetal bovine serum (Fisher Scientific, 

Pittsburgh, PA), 5 μg/ml insulin (Sigma-Aldrich, St. Louis, MO), 1 μg/ml hydrocortisone (Sigma-

Aldrich, St Louis, MO), and 1 ug/mL DAPI (Sigma-Aldrich, St. Louis, MO). Cells were pipetted 

again to ensure a single cell suspension. Plate was analyzed on a Zeti 5 flow cytometer (Bio-Rad, 

Hercules, CA). Data are the mean DAPI-negative cells gathered in 50 uL of solution +/- standard 

deviation.  

 

Sub-Population Analysis Over a 72 hour Time Course 

500k SUM149 reporter cells were seeded in duplicate in 10 cm2 plates (Corning, Corning, NY) 

over a three day period, where 48, 72, and 96 hours would pass before FACS analysis. Cells seeded 

came from the same passage of reporter cells. After a total of 96 hours had passed, cells were 

detached using Trypsin-EDTA (0.25%) (ThermoFisher Scientific, Carlsbad, CA) and neutralized 

with complete Ham’s F12 media. Cells were counted and resuspended in HBSS (Invitrogen, 

Carlsbad, CA) with 2% fetal bovine serum (Fisher Scientific, Pittsburgh, PA) with 1 ug/mL DAPI 
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(Sigma-Aldrich, St. Louis, MO). Cells were analyzed on a Zeti 5 flow cytometer (Bio-Rad, 

Hercules, CA). Data are means of each of the four sub-populations, arranged by percentage of total 

cell population.  

 

Z-prime Score Determination 

Five different passages of reporter cells were seeded at 3300 cells/well in a clear-bottomed 96-

well plate (Corning, Corning, NY), each with four wells per group for a total of twenty sets of 

four. Six wells were seeded as negative controls. Cells were dosed with ALDH1A3 siRNA 

(Dharmacon, Lafayette, CO), CD24 siRNA (Dharmacon, Lafayette, CO) or SignalSilence® 

Control siRNA Unconjugated (Cell Signalling, Danvers, MA) diluted in Opti-Mem™ (Fisher 

Scientific, Waltham, MA) and Lipofectamine RNAimax Transfection Reagent (ThermoFischer 

Scientific, Carlsbad, CA). Final dose of all siRNA was 20 nM.  

After 96 hours, the media was aspirated and 50 uL of Trypsin-EDTA (0.25%) (ThermoFisher 

Scientific, Carlsbad, CA). Cells were returned to incubator for 10 minutes, after which each well 

was mixed by a multichannel pippetteman fifty total times to further displace the cells. The cells 

were allowed to incubate for several more minutes. Trypsin was neutralized with FluoroBrite 

DMEM Media (ThermoFisher Scientific, Carlsbad, CA) containing 2% fetal bovine serum (Fisher 

Scientific, Pittsburgh, PA), 5 μg/ml insulin (Sigma-Aldrich, St. Louis, MO), 1 μg/ml 

hydrocortisone (Sigma-Aldrich, St Louis, MO), and 1 ug/mL DAPI (Sigma-Aldrich, St. Louis, 

MO). Cells were pipetted again to ensure a single cell suspension. Plate was analyzed on a Zeti 5 

flow cytometer (Bio-Rad, Hercules, CA). EGFP and mCherry signal were analyzed using the Z’ 

equation: 1 – (3SD+ + 3SD-)/(|Ave+ - Ave-|) 

 

High-Throughput siRNA Screening 

3300 cells/well were seeded in clear-bottomed 96 well plates (Corning, Corning, NY) prepared by 

the Center for Chemical Genomics with sufficient siRNA (siGENOME by Dharmacon, Lafayette, 

CO) for 20 nM final. Contained within the matrix was antibiotic free Ham’s F-12 medium, 

(Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (Fisher Scientific, 

Pittsburgh, PA), 5 μg/ml insulin (Sigma-Aldrich, St Louis, MO), and 1 μg/ml hydrocortisone 

(Sigma-Aldrich, St Louis, MO), 0.6 uL of Lipofectamine RNAimax Transfection Reagent 
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(ThermoFischer Scientific, Carlsbad, CA), and Opti-Mem™ (Fisher Scientific, Waltham, MA). 

Cells were incubated for 96 hours. After that elapsed time, the media was aspirated and 50 uL of 

Trypsin-EDTA (0.25%) (ThermoFisher Scientific, Carlsbad, CA). Cells were returned to incubator 

for 10 minutes, after which each well was mixed by a multichannel pippetteman fifty total times 

to further displace the cells. The cells were incubated for several more minutes. Trypsin was 

neutralized with FluoroBrite DMEM Media (ThermoFisher Scientific, Carlsbad, CA) containing 

2% fetal bovine serum (Fisher Scientific, Pittsburgh, PA), 5 μg/ml insulin (Sigma-Aldrich, St. 

Louis, MO), 1 μg/ml hydrocortisone (Sigma-Aldrich, St Louis, MO), and 1 ug/mL DAPI (Sigma-

Aldrich, St. Louis, MO). Cells were pipetted again to ensure a single cell suspension. Plate was 

analyzed on a Zeti 5 flow cytometer (Bio-Rad, Hercules, CA). Data are the mean of each gene 

target +/- standard deviation.  
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Figure 2.1 Optimization of RNAimax dose in SUM149 by cell proliferation (MTS).  

Cells (n=3) were seeded in a 96 well plate, allowed to settle for 24 hours, and were dosed with 

RNAImax in levels ranging from 1 uL/well to 0.1 uL per well in 0.1 uL incriments. Cells were 

allowed to grow for 72 additional hours, and the cells were counted by cell proliferation according 

to Promega’s instructions. Cells counts were divided by “No RNAImax” wells. Final values are 

mean +/- standard deviation.  
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Figure 2.2 Positive and negative siRNA control selection by FACS analysis. 

Cells were seeded in 6 well plates at 50k cells per well (n=3). After settling for 24 hours, the cells 

were dosed with either 25 nM Dharmacon Non-Targeting siRNA, 25 nM ALDH1A3 siRNA, or 

25 nM CD24 siRNA with RNAimax. Wells were allowed to grow for an additional 72 hours, where 

they were analyzed by FACS analysis. Cells in green represent the EGFP+ population, and cells 

in red represent the mCherry+ population. 
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Figure 2.3 Selection of Negative siRNA Control. 

Cells were seeded in 6 well plates at 50k cells per well, three wells per group. After settling for 24 

hours, the cells were dosed with either RNAimax alone, 25 nM Dharmacon Non-Targeting siRNA, 

or 25 nM Cell Signalling’s Non-Targeting Control siRNA with RNAimax. Wells were allowed to 

grow for an additional 72 hours, where they were analyzed by FACS analysis. DAPI was used as 

a viability stain. 
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Figure 2.4 Cell density Titration and Testing of Cell Detachment Methods.  

In a 96 well plate cells were seeded in a range from 4500 to 1975 cells, each in 225 cell increments 

(n=3). They were each dosed with RNAimax and allowed to grow for 96 hours following seeding. 

Cells were detached after aspirating media and by 50 uL of trypsin, and once detached, that was 

neutralized by 50 uL of DMEM Fluorobrite. Cells were counted by FACS analysis of DAPI-

positive cells. Final values are means +/- standard deviation.  
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Figure 2.5 Analysis of Sub-Population Changes Over Time. 

Fluorescent reporter cells were seeded at 500k cells in two 10cm plates per group. Cells were 

seeded 48, 72, and 96 hours before they were to be analyzed by FACS analysis. Cells were from 

the same passage source of cells. Cell percentages were in the correct proportion only after 96 

hours total though there is a trend towards correct proportion as time continued. Panel A) depicts 

the final analyzed data. Panel B) depicts the trend of increasing epithelial-like cells (top left 

quadrant) with each day. Gray cells depict mCherry-EGFP-, yellow cells are mCherry+EGFP+, 

and Green cells are mCherry-EGFP+. 
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Figure 2.6 Determination of Z-prime Score by Fluorescent Output.  

A 96 Well plate was seeded with ALDH1A3 and CD24 siRNA at 25 nM, and the results were 

calculated based on the effect had. These results are over several different days using fluorescent 

reporter cells at differing levels of density, and thus, likely different levels of A) EGFP and B) 

mCherry levels. Cells in green depict the EGFP+ cells and cells in red depict the mCherry+ cells. 

Scores were produced using the equation 1 – (3SD+ + 3SD-)/(|Ave+ - Ave-|) 
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Figure 2.7 Viability Hits as Determined by Selection Criteria. 

Panels A-F depict the hits selected according to selection protocols (Student’s t-test, double-tailed, 

p < 0.05). Each hit is below the threshold compared with “NEG” groups. “NEG”, “ALDH”, and 

“CD24” are plate controls included in each screen. The first graph depicts total cell count, modified 

by those well’s viability scores, and the second depicts percentage. Gray cells depict mCherry-

EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Figure 2.8 mCherry+EGFP+ Hits as Determined by Selection Criteria. 

Panels A-R depict the hits selected according to selection protocols (Student’s t-test, double tailed, 

p < 0.05). Each hit is below the threshold compared with “NEG” groups. “NEG”, “ALDH”, and 

“CD24” are plate controls included in each screen. The first graph depicts total cell count, modified 

by those well’s viability scores, and the second depicts percentage. Gray cells depict mCherry-

EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Figure 2.9 mCherry-EGFP- Hits as Determined by Selection Criteria.  

Panels A-V depict the hits selected according to selection protocols (Student’s t-test, double tailed, 

p < 0.05). Each hit is below the threshold compared with “NEG” groups. “NEG”, “ALDH”, and 

“CD24” are plate controls included in each screen. The first graph depicts total cell count, modified 

by those well’s viability scores, and the second depicts percentage. Gray cells depict mCherry-

EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Figure 2.10 mCherry-EGFP+ Hits as Determined by Selection Criteria. 

Panels A-B depict the hits selected according to selection protocols (Student’s t-test, double-tailed, 

p < 0.05). Each hit is below the threshold compared with “NEG” groups. “NEG”, “ALDH”, and 

“CD24” are plate controls included in each screen. The first graph depicts total cell count, modified 

by those well’s viability scores, and the second depicts percentage. Gray cells depict mCherry-

EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Assaying Top 120 Hits by Single siRNA Screening and Selection of TRIM24 and EPC2 for 

Further Testing 

 

 

Abstract 

 

Any high-throughput primary screen, regardless of method and targets, requires additional 

confirmation. Any data generated ought to be examined with suspicion and the knowledge that 

these most likely are false positives or have interfered with the assay output. Typically, a dose-

response screening is conducted to eliminate these false-positives; however, siRNA screening 

requires a different approach. As seed-sequences can lead to consistent off-target effects in pooled 

siRNA, any siRNA must be separated and tested individually. Furthermore, if there are any 

additional safety features, those should be selected to ensure the highest quality data. From a 

primary screen conducted with siGenome pooled siRNA, 120 initial gene target hits were selected 

for additional follow-up. These gene targets had several connections to one another, whether that 

be chromatin modification, polycomb identity, or convergent histone modification. These 120 hits 

were tested in the same manner as the primary screen, and this data was used to confirm consistent. 

This analysis generated eighteen confirmed gene targets across selected outputs from the reporter 

cell line (EGFP+ mCherry+, EGFP+ mCherry-, EGFP- mCherry-). After additional screening in the 

reporter cell line and other non-inflammatory triple-negative breast cancer cell lines (SUM149, 

MDA-MB-468, and BT-20), two proteins were confirmed for future investigation: E3 ubiquitin 

ligase TRIM24 and the NuA4 acetyltransferase protein EPC2. Both of these proteins were selected 

for their ability to affect EGFP+ mCherry+ (or ALDH+ CD44+ CD24+) cells in distinct ways: 

TRIM24 decreased while EPC2 increased the proportion of these cells. In this way, these proteins 

can be further investigated as potential antagonists in subpopulation establishment and 
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maintenance. Additionally, dTRIM24, a TRIM24 degrader, was partially able to offset Docetaxel-

induced expansion of undifferentiated cells. This result is critical since chemotherapies used in 

TNBC treatment increase this undifferentiated population of cells, potentially leading to the grim 

prognosis of this most-deadly of breast cancer subtypes. These results highlights a key translational 

avenue for patients in need.  

 

Introduction 

 

Although the primary goal of high throughput screens is to identify relevant hits for a given target 

or phenotype, these initial hits must be confirmed in subsequent assays (1). Thus, screening 

campaigns follow a general pattern: a primary screen, a secondary screen, and an orthogonal screen 

(2). The primary screen sifts through a small or large library of potential hits, whether compounds 

or interfering constructs, and determines which structures or targets are most likely worth 

investigating further. The secondary screen further sorts through these potential hits and removes 

potentials that might interfere in some way. In assays dependent upon some form of light, 

precipitation, quenching, autofluorescence, or general compound degradation can interfere with 

the assay itself; for these reasons, suspected hits are further tested in a dose-dependent manner, 

which can highlight which compounds are likely true hits and which are due to assay interference 

(3-5).  

How hits are verified depends on the nature of the assay and the interfering or activating substances 

screened. In siRNA screening, there are six general stages to confirmation: 1) secondary screening 

consisting of multiple separate individual siRNA of higher quality than the primary screen 2) 

Confirm top rated hits by western blotting and by checking mRNA levels of targeted protein by 

qPCR 3) Rescue experiments using siRNA-resistant DNA delivered by lentiviral transduction 4) 

assay confirmation by orthogonal methods 5) and in other relevant cell lines (3, 4, 6).  

Secondary Screening Protocols 

With siRNA screening assays, there is little point to dose-dependence as it is assumed the initial 

siRNA levels are sufficient to affect a target. Thus, secondary assays involve using single siRNA 

strands rather than pooled siRNA that is often used in primary screens (4, 7). Rather than 

determining dose-dependency, the goal in these secondary screens is to determine a consistent 
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outcome with these different siRNA strands. For instance, 2/4 siRNA that repeat the initial primary 

screen result would be sufficient for labeling that a hit; any more siRNA that repeat further increase 

confidence in gene target relevance. Lastly, screening campaigns often involve further assays that 

require a different output. For instance, a primary assay using fluorescent polarization would be 

further confirmed by an assay that uses no light-based signals of activity, such as calorimetry, 

Octet Red, or crystal structures for especially promising candidates (8-11). For siRNA screening, 

however, confirmation follows a different path.  

Secondary screening for siRNA HTS campaigns are more about determining consistency rather 

visualizing any issues with interfering compounds (4). siRNA strands, even those that have the 

same gene target, possess distinct features and shapes (12). These double-stranded siRNA are split 

by Dicer then are integrated within the RNA-induced silencing complex (RISC), where the target 

mRNA is degraded by nuclease activity (13, 14). However, these different strands have the 

potential for off-target effects, and these off-target effects may be the reason for phenotypic 

changes observed within the assay (3). Therefore, single strands of siRNA are used in 

conformational secondary screening when most of the candidates are excluded (5). Using these 

unique strands in individual wells allows researchers to observe which strands produce the same 

effect versus those that have no effect or a completely different effect compared to the primary 

screening. In this present assay, the same output was used in secondary screening as in primary.  

Secondary Screening Verification 

While secondary screening is critical for confirming initial hits, additional screening is necessary 

to confirm the results discovered, particularly due to the limited cell numbers that can be tested in 

a 96-well plate. To that end, top confirmed hits should be tested in larger cell numbers with the 

same individual siRNA strands used in the secondary screen to exclude any hits that were 

mistakenly identified due to sampling error or unforeseen assay interference (3, 5). After this 

subsequent confirmation, pooled siRNA can be used since the final effect will be produced by the 

most effective individual siRNA in the mixture (15, 16). However, individual siRNA will lead to 

no loss in quality; both approaches are acceptable.  

At this stage in confirmation, siRNA is assumed to have decreased protein levels. However, protein 

level confirmation must be verified by western blotting techniques (17, 18). This verification can 

also assist in selecting a higher or lower siRNA dose depending on the knockdown efficacy at the 



 98 

given dose and the mode of transfection, whether forward or reverse. Additionally, mRNA levels 

may need to be verified by PCR. Not all proteins decrease over this time scale and may be long 

lived, but the mRNA may be depleted by the siRNA (19, 20). In these rarer cases, western blot 

analysis may not accurately represent a successful knockdown (17).  

Still Further Verification 

However, even if multiple siRNA strands against a given gene target each have the same effect, 

that does not necessarily mean the phenotypic response is due to that protein target’s reduced 

levels. Therefore, it is necessary to confirm that the phenotype correlates with decreased protein 

levels with western blotting as well as confirming reduced mRNA levels with qPCR. These 

confirmation experiments should be performed with any future experiments as an added 

confirmation of the protein’s effect.  

Confirmational cell line selection also requires consideration. Selected TNBC cell lines should be 

close in transcriptional expression without being too dissimilar. The critical CD44 and CD24 

populations must be considered in addition to transcriptional identity. CD44+CD24+ and 

CD44+CD24- cells should correspond to epithelial and mesenchymal cells, respectively. As was 

done in SUM149, expression of E-cadherin and other markers of the epithelial lineage should be 

high in CD44+CD24+ cells, and the expression of mesenchymal markers such as vimentin should 

be high in CD44+CD24- cells.  

However, endpoint verification is only one critical aspect of a campaign. There must be 

investigation into how these endpoints arise. There are several possibilities, 1) such as cell-state 

transitions, 2) cell-state arrest or increased replication, 3) selective sub-population death, and 4) 

sub-population death and increased replication of other sub-populations. Different methods can be 

used to decipher the processes involved that produce the end-result, such as apoptotic assays to 

determine cell-death at a fixed timepoint, MTS to determine the same over time, and cell-cycle 

analysis using DNA-staining reagents. So often are these experiments performed that assay kits 

are commercially available. However, the two-color reporter cells can be used in a way that allow 

us to generate all this data in one experiment through live-cell imaging.  

To conduct these experiments, the cells can undergo siRNA interference and images are captured 

by a live-cell microscope every thirty minutes over seventy-two hours. This permits direct 

visualization of processes that lead to the endpoints observed via FACS analysis, whether that be 
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cell-transitions, cell-stasis, or cell death, or a combination of all three processes. This is due to 

expression (or lack) of mCherry and EGFP, individually or in combination, that permit the 

reconstruction and quantification of the stem cell hierarchy (21). Additionally, these results can be 

quantified using programs such as FIJI to gain a better idea of what processes are occurring rather 

than qualitative speculation on the processes involved.  

Towards Translation 

Docetaxel (trade name Taxotere®) is a derivative of taxol, which is derived from the Pacific yew 

tree and has been used for decades to treat numerous cancers, such as lung, ovarian, prostate, and 

importantly, late stage, metastatic breast cancer (22-26). It is one of the many taxol-related drugs 

given to late stage breast cancer patients. However, like many other chemotherapies in late stage 

breast cancer patients, it fails to completely eliminate the tumor (27). Additional research has 

found that docetaxel does kill most differentiated cells but increases the proportion of stem-like 

and progenitor-like cell populations (28-31). This process ensures that the cancer will not be 

completely eliminated and instead may recur in another metastatic site (31). However, efforts have 

continued to attempt to block or reverse this docetaxel-induced de-differentiation (30, 32-36). 

According to unpublished data, this increase in de-differentiated cells can occur in fewer than 

seventy-two hours, implying an epigenetic mechanism for cell alterations. Since some of the 

epigenetic hits have the ability to decrease progenitor cell populations, it may be of some interest 

to investigate whether any of those proteins may be able to prevent a de-differentiation event. 

While siRNA can be used, degraders can accomplish the same function over the same time span 

(37, 38).  

Overall, I successfully conducted the necessary secondary screen with individual siRNA available 

from Dharmacon. Due to the flexibility of the R-program, it was possible to compare and contrast 

all data generated, from the primary screen to the secondary screen, and determine which gene 

targets merit future follow-up studies. For those experiments, I selected two proteins, TRIM24 and 

EPC2. At first, only repeated knockdown studies are required in the reporter-cells, but antibody 

and the Aldefluor™ assay must be conducted to confirm the selected effects in SUM149 but also 

BT20 and MDA-MB-468. I additionally tested for a TRIM24 degrader, dTRIM24, to attenuate 

docetaxel-induced expansion of stem-like cells.  
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Results 

 

Well-optimized primary screens are very effective at identifying hits, but those hits, regardless of 

identity, must be confirmed by additional screening (39). The next stage in a high-throughput 

screening campaigns are known as secondary screening. This screening often involves dosing 

compounds in a range of concentrations to ascertain if the effect corresponds with the level of 

potential hit added. This process is irrelevant for confirming hits with siRNA dosed at lower levels 

(30 nM and below) as long as the siRNA concentration can produce an effect (18).  

Single siRNA Further Refines List of Hits 

The next stage of the screening campaign required both new siRNA, improved strand quality from 

the siGENOME line of siRNA, as well as testing each individual strand separately rather than 

pooled. From the overall hit pool, 120 gene targets were selected for secondary screening using 

480 unique siRNA strands (Data tables 3.1-3.4). The siRNA selected was Dharmacon’s ON 

TARGETplus single siRNA stock plates. From these stock plates the siRNA would be delivered 

to the test wells. Each stock plate was tested twice to ascertain if this effect is repeatable at the 

small scale and afforded increased opportunity to exclude false-positive hits. A successful hit for 

the secondary screening was defined as 1) Effecting significant decrease in the selected sub-

population (P < 0.05) 2) 2/4 individual siRNA must produce this effect 3) This effect must be 

repeatable in multiple experiments. These standards follow standard practice for siRNA secondary 

screening. 

Of the 480 siRNA strands (against 120 gene targets) 108 of those were hits via secondary screening 

(22.5%) (Figures 3.1-3.4). However, the hit criteria extend beyond being hits in the secondary 

screen. Any hit defined by this screening campaign must 1) Have 2/4 secondary screening siRNA 

be hits 2) These hits must be for the same category 3) these hits must reduce the population in 

question in both primary and secondary screens (p < 0.05). Another R script was produced that 

applied these criteria to the whole of the screening data, which produced 58 gene target hits (12.1% 

hit rate; 22 hits for viability, 5 for mCherry+EGFP+ cells, 25 for mCherry-EGFP-, and 6 for 

mCherry-EGFP+) (Figures 3.5-3.7, Panels A and B; Data Table 3.5, Panels A-D). These figures 

represent the top hits of each category by fold change. Following the trend established in primary 

screening, mCherry-EGFP- cells have the highest number of hits compared to the other sub-
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populations. Thus may imply it is difficult to decrease epithelial-like cells in a majority epithelial 

cell line. Additionally, there was a noticeable overlap between viability and mCherry-EGFP- sub-

population hits with 15 shared between those two outputs (Data Table 3.5, Panel E). It may be in 

these instances that those gene targets decrease all cells to some degree but impact the double-

negative cells most significantly, but further mechanism-based studies are needed to identify a 

specific process.  

Integrated Data Analysis Identifies Top Hits in Each Sub-Population 

The exception to this integrated data process were mCherry+EGFP+ hits. While both mCherry-

EGFP- and mCherry-EGFP+ sub-populations both produced an appreciable number of initial and 

consistent secondary hits, the exception was mCherry+EGFP+. The same procedures that worked 

for the two differentiated populations returned zero hits that were consistent through two phases 

of the screening campaign. However, there were high quality hits that appeared in the secondary 

screen, and while they did not meet pre-established conditions, they would be further investigated 

to see if they confirm. One hit, TRIM24, stood out for its effect in primary screening.  

Overall, 40 siRNA gene targets were found to have consistency across both primary and secondary 

screening, but not all these 40 targets had several siRNA equally effective against reducing the 

given subpopulation. As in the primary screen, the mCherry-EGFP- subpopulation had the highest 

potential hits at 23. Of these 23, 10 confirmed according to the previously detailed hit requirements 

(CTBP1, SMYD2, GTF2B, SIRT6, HUWE1, NSD2, HR, BRMS1, DCAF1, and EPC2) (Figure 

3.6, Panels A and B). Next highest was mCherry-EGFP+ at 12 potential hits, but only 5 were high-

confidence (MEN1, EPC1, ATF2, ASH2L, ACTL6B) (Figure 3.7, Panels A and B). 

Unsurprisingly the lowest, the double positive population, mCherry+EGFP+, had the fewest 

potential hits at 5 and only one was high confidence (TRIM24) (Figure 3.5, Panels A and B).  

While these results are encouraging, additional studies are required in cells beyond the reporter 

cell line. First, these gene targets should be followed up with the reporter cells but at a larger scale. 

Second, these targets should be tested in SUM149 using traditional methods (CD44 and CD24 

antibody staining with FACS analysis plus the ALDEFLUOR™ assay). Several experiments were 

undertaken to test these targets for their ability to function in larger cell numbers (Figure 3.8, 

Panels A-C). While several targets recapitulate their effects in larger numbers of both reporter cells 

and in parental SUM149, TRIM24 and EPC2 stood out for their ability to affect the same 
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population of cells but in opposite ways: TRIM24 knockdown increased mCherry-EGFP- cells and 

decreased mCherry+EGFP+ while EPC2 knockdown decreased mCherry-EGFP- cells and 

increased mCherry+EGFP+ cells (Figures 3.9 Panel A).  

Further Investigations with TRIM24 and EPC2 

TRIM24 is implicated in both pro-cancerous roles by negatively regulating p53 and in its role in 

transcriptional activation, but it also behaves as a tumor suppressor by negatively regulating 

retinoic acid signaling (40-43). Thus, its activity is context-dependent and has different roles in 

different systems, and the heterogeneity of genetic and epigenetic dysregulation determines which 

role it takes on; however, the abundance of data indicates TRIM24 often takes on a pro-cancerous 

role, especially in breast cancer (44, 45). Owing to its ability to both decrease Progenitor-like cells 

(mCherry+EGFP+) yet increase mesenchymal cells (mCherry-EGFP-), I selected this protein for 

further analysis.  

Conversely, the lysine-histone acetyltransferase associated EPC2 was selected for its ability to 

increase epithelial-like cells (mCherry-EGFP+), and epithelial-like progenitor cells 

(mCherry+EGFP+), making it the “anti-TRIM24” (46, 47).  

In studies featuring SUM149, TRIM24 knockdown recapitulated its effect in SUM149 cells by the 

ALDEFLUOR™ assay but did not increase the CD44+/CD24- population as in the reporter cells 

(Figure 3.9, Panel D and E). Additionally, it had similar effects in BT-20 and MDA-MB-468 but 

not in MDA-MB-231 (Figure 3.9 Panel F and G). Overall, TRIM24 knockdown appears to have 

similar effects in multiple cell lines, but not within the context of CD44+/24+ cells. This may be 

due to a specific clonal effect between SUM149 and its derived reporter cell line. 

Conversely, EPC2 failed to increase ALDEFLUOR™ positive cells but did increase the 

CD44+/CD24+ percentage of cells in SUM149, an event that occurred in the reporter cell line as 

well (Figure 3.9, Panels A and B). Additionally, I attempted to select only CD44+/CD24+ cells and 

test for any difference in aldehyde dehydrogenase activity, but that showed no difference between 

control groups and EPC2 knockdown due to increased standard deviation from fewer cells in each 

group. Future studies will be required for further corroboration among other TNBC cell lines such 

as BT-20 and MDA-MB-468.  
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TRIM24 Degrader, dTRIM24, Attenuates Docetaxel-Induced Expansion of 

Undifferentiated Cells 

The primary treatment for triple-negative breast cancer patients is chemotherapy, especially 

taxanes such as taxol, paclitaxel, docetaxel, and other variations with different formulations (22, 

23, 48, 49). The goal with these drugs is to slow or stop cell expansion of the tumor by disabling 

mitotic spindle assembly (50). Despite initial positive responses to such therapy, ultimately most 

patients develop resistance, relapse, and subsequently die. Additionally, resistant populations arise 

or can predominate as treatment continues (51). Due to this continuing issue, researchers have 

investigated the reasons underlying this poor prognosis. They’ve discovered that docetaxel and 

other such taxanes expand stem-like and undifferentiated cell populations despite killing most 

differentiated cells (29, 52, 53). Various efforts have been undertaken to counteract this effect, but 

none have made a clinical impact (27, 30, 33, 34, 54).  

One of the selected protein targets in my studies, TRIM24, significantly and consistently decreased 

de-differented cells in TNBC cell lines. To investigate if this effect may be relevant to TNBC 

treatment, I transfected reporter cells with Cell Signalling non-targeting negative siRNA (40 nM), 

TRIM24 siRNA (20 nM), KMT2D siRNA (20 nM), and TRIM24 plus KMT2D siRNA (40 nM 

total) and analyzed the cells after 72 hours had elapsed. While both TRIM24 and KMT2D had 

their expected effects (Figure 3.10, Panel A and B) (TRIM24 decreased epithelial progenitor-like 

cells, KMT2D dramatically increased that same population), the combination siRNA managed to 

keep that population relatively the same as negative siRNA while also maintaining the cytotoxicity 

previously observed with KMT2D knockdown (Figure 3.10 Panel C). These results gave further 

indication that TRIM24 may be a relevant target for further translational research.  

Due to TRIM24 knockdown decreasing this very population, I investigated whether there were 

any chemical probes that might offset docetaxel’s increase in these populations. One such 

compound is a degrader (dTRIM24) that conjugates TRIM24’s non-functional bromodomain to 

the ubiquitin ligase VHL (38). The developing group further characterized dTRIM24 to have a 

maximal effect at 5 µM that wanes after 72 hours and requires redosing (38). It additionally 

disturbs TRIM24’s ability to function as a transcriptional coactivator or repressor (38). Therefore, 

I conducted preliminary studies to investigate how this degrader might disrupt docetaxel’s 

unfortunate consequences.  
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After treating the reporter cells for 72 hours with DMSO, dTRIM24 (5 µM), Docetaxel (5 nM), or 

dTRIM24 (5 µM) and Docetaxel (5 nM), I discovered that dTRIM24 significantly attenuates de-

differentiation induced by Docetaxel (Figure 3.11, Panels A and B). This effect occurred in both 

stem-like and epithelial progenitor-like cells. Additionally, while there was no significant 

cytotoxic effect with dTRIM24 alone, dTRIM24 and Docetaxel in combination maintained 

Docetaxel’s cytoxicity while significantly decreasing the expansion of progenitor and stem-like 

cells (Figure 3.11 Panel C). While encouraging, these very preliminary results deserve more 

experiments to verify the results as well as investigate optimal use of this relative new degrader. 

 

Discussion 

 

High-throughput screening campaigns are primarily focused on discovering hits against a given 

target, but equally as important is confirming those initial hits. Therefore, secondary screens are 

critical in differentiating between false and true positive hits. These secondary screens should be 

similar to the primary screen, save for a few details. In most compound screening campaigns, the 

secondary screen will feature varying levels of the compound tested against the protein target in 

an attempt to verify if the effect occurs in a dose-dependent manner. However, siRNA screening 

is instead focused on how repeatable the effect is with variations on the core siRNA strands. Thus, 

multiple siRNA are used independently of one another. Furthermore, usually higher quality siRNA 

are used for these experiments, which will further exclude false positives from the list of hits. 

For present purposes, six Dharmacon’s OnTarget Plus single siRNA plates were ordered that 

contained the top 120 gene targets. These were selected from the top hits by viability, 

EGFP+mCherry+ (“yellow”), EGFP+mCherry- (“green”), and EGFP-mCherry- (“grey”). Each of 

these groupings correspond to CD24+ALDH+, CD24+ALDH-, and CD24-ALDH-, respectively in 

SUM149, MDA-MB-468, and BT20. The secondary screen was conducted much in the same 

manner as the primary screen, save for an increase in the numbers of cells seeded due to the 

decreased cell growth of epithelial-majority cell lines. The raw FCS files were analyzed on FCS 

Express (version 7), and that data was further processed and prepared for use in R-programs, first 

to analyze the top hits and secondly to determine which hits demonstrated the same effect across 

all campaign screenings conducted. This is a critical step as this determines whether gene targets 
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have the same effect merely in the secondary screen or across multiple steps. Varying levels of 

success were found across the screening efforts.  

Excepting a few cases, it was very difficult for any protein knockdown to consistently decrease 

less-differentiated cells. Only TRIM24, ACT6B, and ATF2 were found to consistently perform 

that function in the reporter cell line (Figure 3.8 Panel A-C; Figure 3.9 Panel A). Examples of 

EGFP+ cells decreased were scarce with only six targets found to decrease this population (Data 

Table 3.5, Panel D). This may imply there was an unforeseen difficulty of decreasing the presence 

of epithelial-like cells in a majority epithelial cell line, which contradicts the assay-window 

hypothesis, that is, the higher the number of cells, the more likelihood of decreasing that 

population. Furthermore, there were far more examples of EGFP- hits despite that mesenchymal-

like cells being one of the smaller populations (10-20% in SUM149). It may be that these cell 

populations are epigenetically poised to be epithelial cells, and thus examples of epigenetic gene 

proteins are far more likely to tip the balance further into primarily epithelial cells and reduce the 

EGFP- cell percentage. Overall, this trend matches what was observed in the primary screen.   

Despite difficulty for some populations to undergo some effect, no protein managed to ablate any 

one population. Only reduction or cell shifting was found when knocking-down these epigenetic 

proteins. This incomplete effect is not unexpected for epigenetic proteins. While there may not be 

a single master regulator across multiple TNBC cell lines, it is likely that certain proteins will have 

a similar effect. The final hit selection will depend on how relevant the protein target is across 

several TNBC cell lines, and thus, a higher likelihood of future translational experiments. Two 

such proteins were found to be largely consistent: TRIM24 and EPC2.  

TRIM24 

As a member of the tripartite motif family, TRIM24 (TIF1-α) is a ubiquitin ligase and acts as a 

transcriptional coactivator dependent primarily on histone H3 modifications, namely H3K23ac 

(44, 55-63). It possesses three binding domains: one non-functional PHD-bromodomain, two B-

box domains, and one RING-type zinc finger (44, 64-66). TRIM24 is correlated with negative 

prognosis in cancers such as breast, non-small cell lung, gliomas, head and neck squamous 

carcinoma, hepatocellular carcinoma, gastric prostate, ovarian, and cervical (44, 45, 63, 67-79). 

These negative correlations likely are due to TRIM24’s key functions: p53 negative regulation, 
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nuclear receptor interaction, expression of pro-cancer immune signals, and role in Wnt/GSK3β/β-

catenin (40, 43, 69, 76, 77, 80, 81).  

TRIM24 behaves as an oncogenic factor by targeting p53 for degradation in human breast cancer 

cells and in general is a negative regulator of p53 function (40). Deactivation, degradation, or 

mutation of p53 leads to a higher likelihood of further cancer genetic mutation. Accordingly, 

TRIM24 is subject to autodegradation during the DNA damage response; however, TRIM28, 

another member of the tripartite motif family, can prevent TRIM24 degradation (82, 83). 

TRIM24 can interact with several nuclear receptors. It interacts with ER and AR and is involved 

in detrimental hormone signaling in both prostate and breast cancer (43, 84-89). It can also interact 

with the retinoic acid receptor, which has been shown to influence cancer stem cells (41, 42, 90-

92). Furthermore, TRIM24 increases the effect of STAT3 signaling, which is implicated in worse 

prognosis of some cancers (69). This is especially of interest owing to SUM149 being an 

inflammatory breast cancer (93).   

From the data available, there is a clear association with de-differentiated cells, especially evident 

with its negative role in many cancer types. Pathways such as retinoic acid signaling, STAT, WNT, 

and its role negatively regulating p53 all likely play a role in the phenotype measured by screening 

and by follow-up studies in multiple cell lines.  

Indeed, TRIM24 did appear to have a similar role in other cell-lines, such as MDA-MB-468 and 

BT-20, specifically with ALDH+ cells (Figure 3.9 Panel F and G). These follow-up results build a 

strong case that TRIM24 has consistent effect in some triple-negative breast cancers. Testing other 

in other TNBC cell lines is critical since the origin cell line for the reporter cell is SUM149, which 

is an inflammatory breast cancer cell line (94). Inflammatory breast cancers are especially invasive 

and deadly, having a worse 5-year relative survival than TNBC (95). Thus, the effect should be 

tested in other TNBC cell lines that aren’t as aggressive, such as BT-20 and MDA-MB-468. 

Positive results in this cell line indicate a common effect in TNBC.  

However, it did not have an effect in MDA-MB-126 (Figure 3.9 Panel F and G). This likely 

indicates another issue with triple-negative breast cancers: not intratumoral heterogeneity but 

intertumoral heterogeneity. Since TNBC is diagnosed by process of elimination, there are likely 

highly dissimilar triple-negative breast cancers lumped together. It is therefore unlikely that a 

single target (or multiple targets) will be applicable across all breast cancers. While there is a 
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method to intrinsically diagnosis breast cancers as basal, that method does align with 76% of 

cancers diagnosed by ER, AR, and HER2 staining methods (96-99).  

dTRIM24 and Docetaxel 

In the era of targeted therapies ushered in by Gleevec and Tamoxifen, researchers must always 

have an eye towards translational aspects of their work. While there may never be one single target 

across the heterogenous landscape of triple-negative breast cancers, there will be many individual 

targets that are relevant to select populations of patients. TRIM24 knockdown and degradation 

result in the same effect, a decrease of undifferentiated cells, TRIM24 may be one of those targets.  

While undifferentiated cells are only a portion of the intratumoral heterogeneity, they are a critical 

factor in why current chemotherapies fail (29, 52, 53). Docetaxel, among others, increases this 

proportion of cells both in vitro and in the clinic (100, 101). Our unpublished data indicate that 

this effect is less selective cell killing and more due to those undifferentiated cells symmetrically 

dividing more quickly than their differentiated counterparts. At least partially, that process may be 

disrupted by dTRIM24 (Figure 3.11, Panels A-C). While dTRIM24 did offset Docetaxel-induced 

expansion of undifferentiated cells significantly, the effect was not as dramatic as previous efforts 

(30).   

The key issue with this preliminary data is that both compounds were dosed in a single 

concentration. While Docetaxel use is far better reported, the TRIM24 degrader, dTRIM24, has 

only been used by the original authors and only within the context of leukemia to improve their 

chemical probe. This lack of use leads to open questions about dosing, frequency, and applicability 

in other indications, such as TNBC. As of yet, these experiments have not been performed by any 

individual or lab and will need to be conducted if dTRIM24 is to be of any experimental use in 

TNBC.  

Additionally, TRIM24 itself may not be the best target for targeting these de-differentiated cells. 

As TRIM24 is a transcriptional coactivator/repressor and even has ubiqutinase activity, all those 

functions are context dependent (40, 43, 44, 56, 57, 82, 90). However, the net result of that activity 

did lead to the most dangerous of cell sub-populations both in the cell line in question and those 

in late-stage, metastatic TNBC. While these preliminary results are encouraging, there may be a 

regulated gene or genes that may be more easily targeted or may have a larger impact on this 
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population than TRIM24 alone. Thus, additional RNA sequencing studies may be useful to 

determine a downstream target that may have a more likely chance of therapeutic success.  

EPC2 

EPC2 is a largely uncharacterized polycomb group protein, known to primarily interact with the 

lysine acetyltransferase complex NuA4/TIP60 (known as KAT5 in humans) (46). Besides a study 

discovering that EPC2 and its paralogue EPC1 maintain the oncogeneticity of MLL-dependent 

leukemia cells, it is largely unstudied in mammalian contexts (102). However, this work in mice 

and drosophila has been mainly focused on EPC1 rather than EPC2 (103). Only in higher order 

mammals is EPC2 found (103). 

EPC2 was identified as a paralogue of the more researched EPC1, which is a non-catalytic but 

necessary member of the NuA4/TIP60 nuclear acetylase complex (47, 104, 105). EPC1 is known 

to interact with other proteins, such as RFP (Ring finger protein/TRIM27), cell-cycle transcription 

factor E2F1 (106-108). In drosophila and yeast, E(Pc) was found to have roles in stem cell fate, 

DNA integrity, and differentiation (109, 110).  

In mammals, EPC was found to repress hematological tumor initiation by negatively regulating 

the JAK/STAT pathway, in contrast to other research indicating the opposite in mammalian cells 

(102, 111). In general, EPC have been found to regulate germline differentiation and stability (46, 

110, 112). Aside from these few hints in hematological cancers, there is little research on either 

EPC1 or EPC2 in their role in cancer development, differentiation, or regulation.  

While Enhancer of Polycomb is conserved in drosophila, yeast, and mammals, but each with 

different interacting partners (113). The only known binding partner of EPC2 is EZH2, which both 

interacts and represses EPC2 gene expression (114).  

Based upon available information, much of it focused on the paralogue EPC1, it is difficult to 

speculate on what role EPC2 may have within the cell, specifically triple-negative breast cancer 

cells. It was selected for its role in increasing EGFP+ cells, yet there seems to be no reason why 

this increase should occur. While the majority of research occurred in Drosophila melanogaster 

on the homologue E(Pc), the applicability to EPC2 is unclear. Additionally, future work was 

primarily conducted on the paralogue EPC1, which has a number of interacting partners and roles 

in DNA stability, differentiation, and germline stability in undifferentiated cells. While EPC1 and 
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EPC2 are similar (EPC1 with 836 bp and EPC2 with 807), it is unclear if EPC2 plays any role in 

these functions (103). 

However, EPC1, EPC2, and KAT5 (known as Tip60 in mice) were all top hits in the primary 

screen. EPC1 was classified as a mCherry-EGFP+ hit and KAT5 as a mCherry+EGFP+ hit. While 

both EPC1 and EPC2 increased EGFP+ cells, KAT5 had the added effect of decreasing the 

mCherry+EGFP+ positive cells. Thus, it may be possible EPC1 and EPC2 may perform similar 

roles in human cells, but that requires further biochemical investigation.  

EPC2 siRNA replicated its activity in SUM149 by increasing CD44+CD24+ cells relative to 

control but demonstrated no increase in ALDEFLUOR™ activity (Figure 3.9, Panels B and C). 

Selecting for only for CD44+/24+/ALDH+ cells, cells that mirror the identity of mCherry+EGFP+ 

cells, does not show a significant increase with EPC2 knockdown compared to negative control. 

Therefore, there seems to be a consistent effect in CD44+/24+ positive cells, irrespective of 

differentiation level. There must be some biochemical reason why this occurs, obscured by the 

lack of knowledge concerning EPC2.  

While there is significantly more literature available for its paralogue EPC1, it remains difficult to 

discern how relevant this EPC1 data is. The most likely connection would be to KAT5, a lysine 

acetyltransferase. However, that connection has not been verified. However, it has been 

demonstrated that EPC2 and the lysine methyltransferase EZH2 associate with one another (114). 

EZH2 has primarily been investigated for his participation in the repressive PRC2 complex, but it 

also possesses non-canonical roles as a transcriptional activator (115-118). In the primary screen, 

both EZH2 and EPC2 were both selected for secondary screening for their effect on mCherry-

EGFP- cells, so it may be more likely that EZH2 may have a role in producing this observed 

phenotype following EPC2 knockdown.    

 

Mechanistic Analysis of how TRIM24 and EPC2 Effect their Sub-Population Changes 

 

In the reporter cell line, TRIM24 and EPC2 knockdown had opposite effects: TRIM24 decreased 

undifferentiated cells (both stem-like and progenitor) and EPC2 increased the population of 

progenitor-like cells. This is curious since both TRIM24 and EPC2 have roles related to histone 

acetylation status. In TRIM24’s case, it associates with H3Kme0 and H3K23Ac via its c-terminal 
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bromodomain (119). EPC2 is a member of the NuA4, which is a histone acetyltransferase that 

hyperacetylates H4 and H2A while they are in the nucleosome (46, 120). EPC2’s role is to 

recognize any peptide chain during H2A acetylation, which is H4’s (121). This acetylation 

increases likelihood of transcription (122). More effort will be needed to form a hypothesis of what 

may be occurring with these opposing roles. 

TRIM24 (TIFα) is a protein that has diverse roles, namely as a transcriptional activator, negative 

regulator of both retinoic acid signaling and p53, an E3 ubiquitin ligase, a positive regulator of 

WNT/β-catenin signaling, of STAT3 signaling, and promotes nuclear receptor amplification of 

transcription (41, 44, 56, 58, 60, 65, 69, 73, 82, 85, 86). TRIM24 can associate with other nuclear 

receptors by associations with fellow coactivators CARM1 and GRIP1, indicating that the 

numerous binding domains TRIM24 possesses (RING, two B-boxes, Coiled-coil, PHD, and 

Bromodomain) may be function in binding other cofactors for increased gene expression by 

additional epigenetic modulation (123).  

Therefore, nuclear receptors should be likely binding partners for TRIM24. Although estrogen, 

progesterone, and androgen receptors are some of the most well known of nuclear receptors, 

TNBCs are by definition negative for each of those receptors. Of potential interest is NR1D1 

(Nuclear receptor subfamily 1 Group D Member 1), which is significantly correlated with positive 

response to chemotherapy in TNBC patients (124). However, this protein is understudied, 

especially in TNBC.  

Two questions arise from TRIM24’s association with nuclear receptors: 1) TRIM24 can bind a 

non-canonical histone signature to increase gene expression 2) This binding is enhanced by other 

transcriptional cofactors and nuclear receptors. The question is what cofactors and what nuclear 

receptors does TRIM24 bind and how does TRIM24 siRNA deplete undifferentiated cell types? 

One validated culprit appears: RXRA, also known as Retanoid X Receptor-alpha. However, 

TRIM24 has been previously shown to repress retinoic acid signaling (41, 90). This signaling is 

critical for cancer stem cell maintenance (42). It is then of some surprise that decreased levels of 

TRIM24 lead to decreased levels of undifferentiated cells in multiple cell lines. It may be that 

TRIM24 maintains this population by other mechanisms.  

TRIM24 and TRIM33 (TIF-γ) form a heterodimer through their coiled-coiled regions (57). 

Together, this heterodimer has been demonstrated to have tumor-suppressive effects (57). 

Additionally, TRIM33 expression has been shown to be tumor suppressive, and low expression 



 111 

levels are associated with poor outcome in operable TNBC patients (125, 126). Does TRIM24 

knockdown release TRIM33 to perform other functions beyond those it conducts with TRIM24? 

Does a “freed” TRIM33 regulate other genes that decrease these undifferentiated sub-populations? 

Since TRIM33 has ubiquitin ligase activity, what proteins are then degraded by TRIM33? Does 

TRIM24 knockdown decrease WNT/B-Catenin/SOX2/SOX4 levels, thus disrupting CSC 

maintenance? These are all possibilities, and will require future work.  

It may not be that the mechanical cause of undifferentiated cell decreases occur directly through 

lack of some process that TRIM24 performs but the release of other proteins, such as TRIM33, to 

have amplified, tumor suppressive effects that leads to the phenotype we see following TRIM24 

siRNA use.  

 

EPC2 role in NuA4 Histone Acetylase Complex 

 

Unfortunately, there is a dearth of information on EPC2 specifically in the literature. Ostensibly,  

it has been identified as a member of the Tip60/NuA4 acetyltransferase complex but goes 

unnoticed in many papers, which list only the more studied EPC1. EPC2 lacks 29 amino acids that 

EPC1 possesses, but it is unknown what role those amino acids could play and is also unknown 

whether EPC1 can replace EPC2 or if EPC2 is even necessary for NuA4 histone acetylase activity 

(103). Additionally, EPC1/2’s recognition of H4 is largely non-specific, and replacement of the 

H4 tail with H3 leads to the same acetylation of the H3-tail (121). Thus, NuA4 may be a non-

specific, non-target acetylase complex.  

One possibility is that reduction of EPC2 leads to further reduction of the NuA4 complex, but that 

assumes EPC1 cannot replace EPC2 within the complex. Considering that EPC1/2 is a recognition 

protein for H4, there may be less NuA4 associated with nucleosomes, and thus, less acetylation.  

TRIM24 and EPC2 likely have different regions of regulations, even if TRIM24 and NuA4 

regulate some of the same processes (127). In all likelihood, the inability for TRIM24 to bind 

H3K4 with any methylation likely excludes this protein from any actively transcribed regions. 

NuA4 likely is involved in maintaining actively transcribed regions rather than turning on rarer 

genes. Thus, TRIM24 activity may be more focused by its c-terminal binding region and by other 

associations with other proteins and receptors, and may be an alternate method to transcribe genes 



 112 

that lack H3Kme3 while EPC2 (and NuA4) may be more closely associated with traditional 

transcription methods.   

 

Broader Implications for Cancer Research 

 

At the end of this screening campaign, there was only one group that had developed a reporter cell 

system in triple negative breast cancer. Their system relied upon coexpression of stem cell 

transcription factor NANOG with green fluorescence protein (128). However, no such siRNA 

screening campaign has been conducted with that single-marked reporter cell. Thus, this present 

work marks the first time a fluorescent reporter cell system has been used for any siRNA screening, 

let alone for epigenetic targets.  

However, this approach should not be limited only to TNBC but can be applied to other types of 

aggressive and highly heterogeneous cancers, such as glioblastoma multiforme (GBM), which has 

a five-year relative survival rate of 5% (129). While TNBC is characterized by treatment-induced 

selection of resistant clones, GBM is characterized by being primary, developing de novo, or as 

secondary, where GBM develops from lower grade gliomas (51, 130). The transition from lower-

grade to GBM occurs mainly due to MGMT methylation and mutations in the isocitrade 

dehydrogenase 1/2 genes (131, 132). The focus has been on the genetic heterogeneity of GBM 

types rather than examining the origins of that heterogeneity, which may also be epigenetics. While 

focusing on one protein subtype, different cancer types have different gene expression programs 

that can change with cancer induction. Any siRNA search ought to be rationally designed to focus 

on the most likely causes of heterogeneity, such as DNA repair mechanisms, metabolism, kinases, 

phosphatases, or other protein classes. Epigenetics would likely be of less interest since that is far 

more validated in TNBC than in GBM.  

Such screening, not necessarily siRNA, can also be used to identify potential targets for therapeutic 

impact. For example, if a GBM fluorescent reporter protein is developed, it could be used to 

perform FDA-approved drugs to determine which compound affected which population and to 

what extent. These could guide future drug discovery and clinical trial efforts. 

These highly-heterogeneous cancers retain their high mortality rates and their poor prognosis, 

mainly due to the current drug discovery and development model not favoring the approach that 
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would lead to improved outcomes for patients. Rather than focusing on synergy of combination 

therapies of the whole population, the focus should be on additive effects on all sub-populations. 

Such an approach may not lead to a cure, but any improvement in outcome is needed.  

 

 

 

 

 

 

 

 

 

 

 

 

Materials and Methods 

 

Cell line maintenance 

SUM149 and its derivative cell lines were cultured in a 37° C, 95% humidity, 5% CO2 environment 

in Ham’s F-12 medium, (Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum 

(Fisher Scientific, Pittsburgh, PA), 1% antibiotic-antimycotic (Invitrogen, Carlsbad, CA), 5 μg/ml 

insulin (Sigma-Aldrich, St Louis, MO), 1 μg/ml hydrocortisone (Sigma-Aldrich, St Louis, MO), 

and 4 μg/ml gentamicin (Invitrogen, Carlsbad, CA). 

The MDA-MB-468 cell line was cultured in a 37° C, 95% humidity, 5% CO2 environment in 

DMEM media (Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (Fisher 

Scientific, Pittsburgh, PA), 1% antibiotic/antimycotic (Invitrogen, Carlsbad, CA), 1% Glutamax 

(Invitrogen, Carlsbad, CA), 1% Sodium Pyruvate (Invitrogen, Carlsbad, CA). 

The BT-20 cell line was cultured in a 37° C, 95% humidity, 5% CO2 environment in 1640 RPMI  

(Corning, Dublin, OH) supplemented with 10% fetal bovine serum (Fisher Scientific, Pittsburgh, 

PA) and 1% antibiotic-antimycotic (Invitrogen, Carlsbad, CA). 
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Single siRNA Plate sets for Secondary Screening 

Six siRNA plates were ordered that contained sets of four 0.1 nmol siRNA in a 96 well format 

(Horizon Discovery and Dharmacon, Lafayette, CO). These plates were centrifuged to ensure all 

siRNA were at the bottom of the wells before the siRNA was suspended in 1x siRNA buffer 

(Horizon Discovery and Dharmacon, Lafayette, CO) produced from 5x buffer and ultrapure water 

(Invitrogen, Carlsbad, CA). These stock plates served as the siRNA source for secondary screening 

efforts. 

 

High-throughput siRNA Secondary Screening 

4000 cells/well were seeded in clear-bottomed 96 well plates (Corning, Corning, NY) seeded with 

siRNA from stock plates (Human ON-TARGETplus by Horizon Discovery and Dharmacon, 

Lafayette, CO) for 20 nM final. To each well was added antibiotic free Ham’s F-12 medium, 

(Invitrogen, Carlsbad, CA) supplemented with 5% fetal bovine serum (Fisher Scientific, 

Pittsburgh, PA), 5 μg/ml insulin (Sigma-Aldrich, St Louis, MO), and 1 μg/ml hydrocortisone 

(Sigma-Aldrich, St Louis, MO), 0.6 uL of Lipofectamine RNAimax Transfection Reagent 

(ThermoFischer Scientific, Carlsbad, CA), and Opti-Mem™ (Fisher Scientific, Waltham, MA). 

Cells were incubated for 96 hours. After that elapsed time, the media was aspirated and 50 uL of 

Trypsin-EDTA (0.25%) (ThermoFisher Scientific, Carlsbad, CA). Cells were returned to incubator 

for 10 minutes, after which each well was mixed by a multichannel pippetteman fifty total times 

to further displace the cells. The cells were allowed to incubate for several more minutes. Trypsin 

was neutralized with 50 uL of FluoroBrite™ DMEM Media (ThermoFisher Scientific, Carlsbad, 

CA) containing 2% fetal bovine serum (Fisher Scientific, Pittsburgh, PA), 5 μg/ml insulin (Sigma-

Aldrich, St. Louis, MO), 1 μg/ml hydrocortisone (Sigma-Aldrich, St Louis, MO), and 1 ug/mL 

DAPI (Sigma-Aldrich, St. Louis, MO). Cells were pipetted again to ensure a single cell suspension. 

Plate was analyzed on a Zeti 5 flow cytometer (Bio-Rad, Hercules, CA).  
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Flow Cytometry  

Flow cytometry was performed using anti-CD44-PE, anti-CD24-APC, and corresponding isotype 

antibodies (Biolegend, San Diego, CA) on a ZETI5 flow cytometer (Bio-Rad, Hercules, CA). The 

ALDEfluor™ Assay Kit was performed according to manufacturer’s (StemCell Technologies, 

Vancouver, Canada) instructions with a single modification: the 37° incubation was performed in 

a water bath. Each sample was normalized to a matched N,N-diethylaminobenzaldehyde (DEAB) 

control for sample-by-sample gating. Analysis was performed using FCS Express (Version 7; De 

Novo Software, Pasadena, CA). 

 

Confirmational Sub-population Analysis 

500k SUM149, MDA-MB-468, or BT-20 were seeded in triplicate in 10 cm plates (Corning, 

Corning, NY) and dosed with 20 nM siRNA using Opti-Mem™ (Fisher Scientific, Waltham, MA) 

and Lipofectamine RNAimax Transfection Reagent (ThermoFischer Scientific, Carlsbad, CA) in 

antibiotic-antimycotic-free Ham’s F12 media (Invitrogen, Carlsbad, CA). After a total of 96 hours 

had passed, cells were detached using Trypsin-EDTA (0.25%) (ThermoFisher Scientific, Carlsbad, 

CA) and neutralized with complete Ham’s F12 media. Cells were counted, stained with anti-CD44-

PE, anti-CD24-APC, and corresponding isotype antibodies (Biolegend, San Diego, CA) and the 

ALDEfluor™ assay (StemCell Technologies, Vancouver, Canada) was performed as previously 

described. Cells were reseeded in ALDEfluor™ buffer (StemCell Technologies, Vancouver, 

Canada) with 1 ug/mL DAPI (Sigma-Aldrich, St. Louis, MO). Each sample was normalized to a 

matched N,N-diethylaminobenzaldehyde (DEAB) control for sample-by-sample gating. Analysis 

was performed using FCS Express (Version 7; De Novo Software, Pasadena, CA). Data are means 

of each of the three samples by CD44+/CD24+ and percentage of ALDHhi signal. Error bars are the 

standard deviation of the DEAB-free samples.  

 

 

MTS assay 

SUM149 cells were seeded in a 96 well plate at 2000 cells/well with 20 nM of TRIM24 siRNA 

(Horizon Discovery and Dharmacon, Lafayette, CO), Opti-Mem™ (Fisher Scientific, Waltham, 
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MA), and 0.6 uL of Lipofectamine RNAimax Transfection Reagent (ThermoFischer Scientific, 

Carlsbad, CA) in antibiotic-antimycotic-free Ham’s F12 media (Invitrogen, Carlsbad, CA). Every 

24 hours, the MTS assay (Promega, Madison, WI) was conducted according to manufacturer’s 

instructions. Fluorescent data was collected with a Cytation 5 plate reader (BioTek, Winooski, 

VT). Data represents the mean +/- standard deviation of the three samples following data 

normalization. 

 

Combination treatment with dTRIM24 and Docetaxel 

Reporter cells were seeded at 1x106 cells per 10 cm dish in triplicate in 10 mL complete F12 media. 

These cells were treated with DMSO (5 µL), dTRIM24 (5 µM) (Tocris Biosciences, Bristol, UK), 

Docetaxel (5 nM) (LKT Laboratories, St. Paul, MN), or dTRIM24 (5 µM) and Docetaxel (5 nM). 

Cells were treated for 72 hours before being analyzed on a ZETI5 flow cytometer (Bio-Rad, 

Hercules, CA). Data was processed in FCS Express (Version 7; De Novo Software, Pasadena, 

CA). 

 

Statistical analysis 

Statistical comparisons used a single-tailed Student’s t-test unless otherwise noted.  
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Gene Gene ID Function

ACTL6B 51412 Chromatin remodeling

ARID4B 51742 Subunit of SIN3A

ATF2 1386 anti-apoptosis, cell growth, and DNA damage response

CARM1 10498 Methylates arginine in proteins

CHAF1A 10036 Core component of the CAF-1 complex-- chromatin assembly in DNA replication and DNA repair. 

CHD2 1106 DNA-binding helicase that specifically binds to the promoter of target genes

CTBP1 1487 Corepressor 

VPRBP 9730 Substrate recognition component of E3 ubiquitin-protein ligase complexes

FBXO17 115290 Substrate-recognition component of the SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin ligase complex

GTF2H1 2965 Component of the transcription and DNA repair factor IIH (TFIIH) core complex

CDK1 983 Kinase essential for G1/S and G2/M phase transitions

BAZ1B 9031 Chromatin remodeling, acts as a transcription regulator, and DNA damage response

FBXO44 93611 Involved in chromatin-dependent regulation of transcription

JADE3 9767 Member of a family of large proteins containing PHD-type zinc fingers.

KDM4D 55693 Histone demethylase (H3k9)

KDM7A 80853 Demethylase (H3K9me2, H3K27me2, H4K20Me1)

CUL4B 8450 E3 ubiquitin ligase and catalyzes the polyubiquitination of specific protein substrates in the cell. 

PHF2 5253 Lysine demethylase (histones and non-histone proteins)

USP49 25862 Deubiquitase (H2BK120Ub, a marker of transcriptional activiation). 

PHF19 26147 Polycomb group (PcG)protein, binds (H3K36me3) and recruits the PRC2 complex. 

CDK2 1017 Serine/threonine kinase. Critical during the G1 to S phase transition

CBX3 11335 Transcriptional silencing. Recognizes and binds H3K9me1/2/3

BRMS1 25855 Transcriptional repressor. Down-regulates transcription activation by NF-kappa-B 

PRKAA2 5563 Catalytic subunit of AMP-activated protein kinase (AMPK), an energy sensor protein kinase

TDRD7 23424 Contains conserved Tudor domains and LOTUS domains. RNA processing.

NCOA3 8202 nuclear receptor coactivator that enhances with nuclear hormone receptors 

CHD5 26038 Chromodomain helicase DNA-binding protein family member.

SIRT6 51548
Sirtuin family of NAD-dependent enzymes that are implicated in cellular stress resistance, genomic stability, 

aging and energy homeostasis.

WDR92 116143 WD40 domain protein. 

KDM6B 23135 Lysine demethylase (H3K27me2 or H3K27me3).
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Table 3.1 Viability Hits Selected for Secondary Screening. 

Primary hits ordered for secondary screening. Please note that hits in this section were selected by 

ability to increase or decrease the population to a significant value by a Student’s two-tailed T-Test 

(P < 0.05). This table represents viability hits, which decreased all populations. All information 

concerning protein function was summarized from Pubmed gene sites for each protein and does 

not reflect the full scope of activities and protein-protein interactions (Accessed October 10th, 

2020) 
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Gene Gene ID Function

HDGFL1 154150 Cellular proliferation and differentiation.

HR 55806 Transcriptional corepressor of nuclear receptors. Connected with deacetylases

HUWE1 10075 E3 ubiquitin ligase. Degrades for Mcl1 degradation and p53

JADE2 23338 E3 ubiquitin-protein ligase. Chromatin organization.

JMJD8 339123 Positive regulator of TNF-induced NF-kappa-B signaling

KANSL3 55683 Chromatin organization. Histone acetyltransferase activity (H4k5 and H4k16).

KAT5 10524 Histone acetyltransferase. Chromatin remodeling and transcription.

KDM3B 51780 Lysine Demethylase 3B. Chromatin organization. Related to ATP and metabolic pathways

KDM5C 8242 Histone demethylase (H3k4me). Transcription and chromatin remodeling

KDM8 79831 Histone lysine demethylase. Tumor suppressor

G2E3 55632 G2/M-Phase Specific E3 Ubiquitin Protein Ligase). Essential in early embryonic development to prevent apoptotic death

ING5 84289 Tumor suppressor protein that inhibits cell growth and induces apoptosis. It interacts with tumor suppressor p53.

SMYD4 114826 Might be a methyltransferase

JADE2 23338 E3 ubiquitin-protein ligase. Chromatin organization. 

SFMBT2 57713 DNA binding and histone binding

BOP1 23246 rRNA processing in the nucleus and cytosol and Gene Expression

ATF2 1386 (HAT) that specifically acetylates histones H2B and H4. May be involved in DNA damage response

KMT2D 8085 Histone Methyltransferase (H3k4). Transcriptional regulation via association with ASCOM

BRWD3 254065 WD40 repeat protein.  Believed to be involved in chromatin modification

RNF8 9025
Ring-finger protein. Shown to interact with several class II ubiquitin-conjugating enzymes (E2), including UBE2E1/UBCH6, 

UBE2E2, and UBE2E3.Depletion of this protein causes cell growth inhibition and cell cycle arrest

MECOM 2122
Transcriptional regulator and oncoprotein that may be involved in hematopoiesis, apoptosis, development, and cell 

differentiation and proliferation. Interacts with CTBP1, SMAD3, CREBBP, KAT2B, MAPK8, and MAPK9

KDM3A 55818 Zinc-finger protein. transcriptional activation. Histone demethylase (H3k9)

PRMT2 3275 Arginine Methyltransferase.  Associated with Breast Cancer. Coactivator of nuclear hormone receptors

HDAC10 83933 Histone deacetylase. Uncharacterized.

JMJD4 65094Catalyzes the 2-oxoglutarate and iron-dependent C4-lysyl hydroxylation of ETF1 at 'Lys-63' thereby promoting the translational termination efficiency of ETF1

PHF20L1 51105 Methyllysine-binding protein, component of the MOF histone acetyltransferase protein complex. 

GTF2B 2959
This gene encodes the general transcription factor IIB, one of the ubiquitous factors required for transcription initiation 

by RNA polymerase II. 

NAP1L2 4674 NAP1L2 (Nucleosome Assembly Protein 1 Like 2)  chromatin binding and histone binding. 

NSD2 7468 Expressed ubiquitously in early development. Histone methyltransferase (H3k27me3)

SMNDC1 10285 Necessary for spliceosome assembly. Overexpression causes apoptosis
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Table 3.2 mCherry+EGFP+ Hits Selected for Secondary Screening 

Primary hits ordered for secondary screening. Please note that hits in this section were selected by 

ability to increase or decrease the population to a significant value by a Student’s two-tailed T-

Test (P < 0.05). This table represents double-positive hits, which increased or decreased the 

double-positive sub-population. All information concerning protein function was summarized 

from Pubmed gene sites for each protein and does not reflect the full scope of activities and protein-

protein interactions (Accessed October 10th, 2020) 
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Gene Gene ID Function

KMT2D 8085 Histone methyltransferase (H3k4) Lys-4 position of histone H3. Part of a large protein complex called ASCOM

L3MBTL1 26013
Polycomb group (PcG) protein that reads mono- and dimethyllysine residues (PTMs). Transcriptional repressor via heterochromatin 

maintenance. Required for normal mitosis.

METTL21C 196541 Protein-lysine methyltransferase

PADI2 11240 Peptidyl arginine deiminase family of enzymes, which catalyze the post-translational deimination of targets, including vimentin

PCMT1 5110 Type II of protein carboxyl methyltransferase enzymes. The encoded enzyme plays a role in protein repair

PHC3 80012 Component of a Polycomb group (PcG) multiprotein PRC1-like complex, a complex class required to maintain heterochromatin. 

PHF3 23469 Contains a PHD finger. May function as a transcription factor

PHIP 55023
Stimulates cell proliferation through regulation of cyclin transcription and has an anti-apoptotic activity through AKT1 phosphorylation and 

activation. 

PRDM10 56980 Transcription factor. It contains a positive regulatory domain

PRDM7 11105 May function as a histone methyltransferase; Among its related pathways are Lysine degradation and Metabolism.

CBX1 10951
The protein may play an important role in the epigenetic control of chromatin structure and gene expression by interacting with both 

heterochromatin and centromeres

SMARCA4 6597 SWI/SNF member. Helicase and ATPase activities. Regulate transcription by chromatin alteration.  Regulates CD44 expression

KDM1B 221656 Histone demethylase (H3Kme1/2). Required for de novo DNA methylation of a subset of imprinted genes during oogenesis. 

H2AFZ 3015 This gene encodes a replication-independent member of the histone H2A family that is distinct from other members of the family.

EZH2 2146 Polycomb-group (PcG) family. Catalytic component of PRC2 complex (H3K27me3). Transcriptional coactivator.

PHRF1 57661 PHD And Ring Finger Domains 1

RBBP7 5931 Ubiquitous WD-40 repeat protein. Member of many epigenetic complexes (PRC2, SIN3A, DREAM, NuRD, NURF, CAF-1) . 

KAT6A 7994 Histone acetyltransferases (H3kAc) and co-activator for several transcription factors. 

ING1 3621
This gene encodes a tumor suppressor protein that can induce cell growth arrest and apoptosis. Direct binder of p53 and critical component in 

p53-signalling

PRDM11 56981 PR/SET Domain 11; Gene Ontology (GO) annotations related to this gene include nucleic acid binding and methyltransferase activity

DPY30 84661 Integral subunit of the SET1/MLL family (H3K4 methyltransferases). Directly controls cell-cycle regulators

KMT5C 84787
H4 'Lys-20' trimethylation represents a specific tag for epigenetic transcriptional repression. Mainly functions in pericentric heterochromatin 

regions, thereby playing a central role in the establishment of constitutive heterochromatin in these regions.

CHD1 1105

The CHD family of proteins is characterized by the presence of chromo (chromatin organization modifier) domains and SNF2-related 

helicase/ATPase domains. CHD genes alter gene expression possibly by modification of chromatin structure thus altering access of the 

transcriptional apparatus to its chromosomal DNA template

BRCA2 675 Mutations in this protein confer increased lifetime risk of developing breast or ovarian cancer. Maintenance of genetic stability and DNA repair

EP400 57634 Component of the NuA4 histone acetyltransferase complex-- transcriptional activation by acetylation of nucleosomal histones H4 and H2A. 

CHD6 84181 DNA-dependent ATPase that increases accessibility of chromatin in a non-sliding manner.  

USP51 158880 Among its related pathways are Ubiquitin-Proteasome Dependent Proteolysis. 

PRDM8 56978
Histone methyltransferases that predominantly act as negative regulators of transcription. The encoded protein contains an N-terminal 

Su(var)3-9, Enhancer-of-zeste, and Trithorax (SET) domain and a double zinc-finger domain. 

EPC2 26122
Polycomb group (PcG) family. The encoded protein is a component of the NuA4 histone acetyltransferase complex and can act as both a 

transcriptional activator and repressor. The encoded protein has been linked to apoptosis, DNA repair, differentiation, and gene silencing

ELP4 26610
Component of the six subunit elongator complex, a histone acetyltransferase complex that associates directly with RNA polymerase II during 

transcriptional elongation
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Table 3.3 mCherry-EGFP- Hits Selected for Secondary Screening. 

Primary hits ordered for secondary screening. Please note that hits in this section were selected by 

ability to increase or decrease the population to a significant value by a Student’s two-tailed T-Test 

(P < 0.05). This table represents negative hits, which increased or decreased the negative sub-

population. All information concerning protein function was summarized from Pubmed gene sites 

for each protein and does not reflect the full scope of activities and protein-protein interactions 

(Accessed October 10th, 2020) 
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Gene Gene ID Function

PRMT5 10419 Arginine methyltransferase.  Targets histones, TEFs, and p53. Attentuates MAPK1 signalling

RAG2 5897 Required for RAG complex activity. It probably acts as a sensor of chromatin state that recruits the RAG complex to H3K4me3

RNF20 56254 E3 ubiquitin ligase. monoubiquitinating histone H2B. Likely tumor suppressor. Positively regulates the p53. Suppresses protooncogenes and 

growth-related genes related to EGF signalling.  Component of the RNF20/40 E3 ubiquitin-protein ligase complex (H2BK120ub1--activation 

SCML4 256380

SCMH1 (Scm Polycomb Group Protein Homolog 1) is a Protein Coding gene. Among its related pathways are Metabolism of 

proteins and SUMOylation. Gene Ontology (GO) annotations related to this gene include DNA-binding transcription factor 

activity and sequence-specific DNA binding

SFMBT1 51460 Histone-binding protein. Recruits corepressor complexes--chromatin compaction. 

TDRKH 11022 Involved in primary piRNA biogenesis pathway. Represses transposable elements and prevents their mobilization.

TRIM24 8805

E3 Ubiquitin LigaseTranscriptional coactivator. Interacts with nuclear receptors, coactivators, and modifies gene transcription. Has higest 

affinity for H3k4me0 and H3kAC.  Promotes ubiquitination and proteasomal degradation of p53/TP53, thus plays a role in apoptosis. Up-

regulates . Modulates transcription activation by retinoic acid (RA) receptors.

TRIM28 10155
Nuclear corepressor for KRAB zinc finger proteins. Recruits deacetylation (NuRD) complex, and SETDB1 (H3K9me) to KRAB-target genes. 

Inhibits E2F1 activity. 

UBE2U 148581 Ubiquitin Ligase.

UBR2 23304
E3 ubiquitin-protein ligase which is a component of the N-end rule pathway, which leads to protein degradation. Chromatin inactivation. 

Controls cell growth by negatively regulating mTOR pathway.

KDM4C 23081 Jumonji domain 2 (JMJD2) family. Demethylase (H3kme2-->H3Kme2).

ASH2L 9070
Transcriptional regulator. Involved in Set1/ASH2 histone methyltransferase complex (H3kme1). Involved in Mll1 complex (H3Kme2). 

Stimulates activity of HMT activities of  KMT2A, KMT2B, KMT2C, KMT2D, SETD1A and SETD1B (PubMed:21220120, PubMed:22266653)

RNF20 56254

E3 ubiquitin ligase. monoubiquitinating histone H2B. Likely tumor suppressor. Positively regulates the p53. Suppresses protooncogenes and 

growth-related genes related to EGF signalling.  Component of the RNF20/40 E3 ubiquitin-protein ligase complex (H2BK120ub1--activation 

mark). H2BK120ub1 is a prerequisite ffor H3K4me and H3K79me

TDRD3 81550
Scaffolding protein. Binds dimethylarginine-containing proteins. Coactivator: recognizes and binds asymmetric dimethylation (H3R17me2a 

and H4R3me2a) and recruits proteins. 

SETDB1 9869
Trimethylase (H3k9me3) s-9' of histone H3.  Mainly functions in euchromatin regions, thereby playing a central role in the silencing of 

euchromatic genes. However, can be repressive by TRIM28/TIF1B, a factor recruited by KRAB zinc-finger proteins.

KANSL3 55683 KANSL3 (KAT8 Regulatory NSL Complex Subunit 3). Chromatin organizer. Likely involved with HATs. 

BRMS1L 84312 Involved in HDAC1-stranscritional repression. This protein is a component of the SIN3a family of histone deacetylase complexes

SRCAP 10847
Core catalytic component of the multiprotein chromatin-remodeling SRCAP complex. Necessary for  H2A.Z incorporation. Can function as a 

transcriptional activator in Notch-mediated, CREB-mediated and steroid receptor-mediated transcription

DNMT3L 29947
Catalytically inactive regulatory factor of DNA methyltransferases that can either promote or inhibit DNA methylation depending on the 

context. Prevents additional H3K27me3 marks by binding to PRC2 complex.  

ACTL6B 51412 Chromatin Remodeler. Component of SWI/SNF chromatin remodeling complexes

SMYD2 56950 Protein-lysine N-methyltransferase that methylates both histones and non-histone proteins, including p53/TP53 and RB1. Trimethylates 

H3K4me3. Decreases p53 and RB1 affinity for DNA.  PHF8 23133 Histone lysine demethylase. (H3K9me1/2, H3k20me1, H3k27me2). Thus, transcriptional activator. Controls cell cycle progression

MCRS1 10445
Modulates the transcription repressor activity of DAXX by recruiting it to the nucleolus (PubMed:11948183). As part of the NSL complex it 

may be involved in acetylation of nucleosomal histone H4 on several lysine residues.

KAT2A 2648
Protein lysine acyltransferase that can act as a acetyltransferase, glutaryltransferase or succinyltransferase, depending on the context 

(PubMed:29211711). Catalyzes activating succinyltransferation (H3k79succ) with high frequency around transcription start sites.

EPC1 80314
Polycomb group (PcG) family. The encoded protein is a component of the NuA4 histone acetyltransferase complex and can act as both a 

transcriptional activator and repressor. The encoded protein has been linked to apoptosis, DNA repair, differentiation, and gene silencing.

MEN1 4221

Scaffold protein that functions in histone modification and epigenetic gene regulation. Essential component of a MLL/SET1 histone 

methyltransferase (HMT) complex (H3Kme3), a complex that specifically methylates 'Lys-4' of histone H3 (H3K4). Binds to the TERT promoter 

and represses telomerase expression

KMT2D 8085

The protein encoded by this gene is a histone methyltransferase that methylates the Lys-4 position of histone H3. The encoded protein is 

part of a large protein complex called ASCOM, which has been shown to be a transcriptional regulator of the beta-globin and estrogen 

receptor genes

TRIM24 8805

E3 Ubiquitin LigaseTranscriptional coactivator. Interacts with nuclear receptors, coactivators, and modifies gene transcription. Has higest 

affinity for H3k4me0 and H3kAC.  Promotes ubiquitination and proteasomal degradation of p53/TP53, thus plays a role in apoptosis. Up-

regulates . Modulates transcription activation by retinoic acid (RA) receptors.

DCAF1 9730
Substrate recognition for E3-ubiq-prot-ligases. Ubiquitination activity recruited by RAG1. Ubuiquitates TERT. Represses transcription by 

phosphorylation of (H2AT120P). Involved in cell cycle

UBE2U 148581
Ubiquitin Ligase.
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Table 3.4 mCherry-EGFP+ Hits Selected for Secondary Screening. 

Primary hits ordered for secondary screening. Please note that hits in this section were selected by 

ability to increase or decrease the population to a significant value by a Student’s two-tailed T-Test 

(P < 0.05). This table represents epithelial hits, which increased or decreased the epithelial sub-

population. All information concerning protein function was summarized from Pubmed gene sites 

for each protein and does not reflect the full scope of activities and protein-protein interactions 

(Accessed October 10th, 2020) 
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Figure 3.1 Viability Hits Identified from Secondary Screening Alone. 

These are the hits that would be selected by secondary screening alone. Each meets the criteria of 

a decrease in population (p < 0.05) by a single tailed Student’s t-test and at least two single siRNA 

possessing the same effect. Three replicates per data group. No consideration was given to 

previous effect in the primary screen. Y-axis measures the total number of cells measured by the 

mean of the gene target. 
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Figure 3.2 Double Positive Hits Identified from Secondary Screening Alone.  

These are the hits that would be selected by secondary screening alone. Each meets the criteria of 

a decrease in population (p < 0.05) by a single tailed Student’s t-test and at least two single siRNA 

possessing the same effect. Three biological replicates per group. No consideration was given to 

previous effect in the primary screen.  

The y-axis represents the average sub-population percentage of each of the three wells for each 

siRNA (shown on the x-axis) 
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Figure 3.3 Negative Hits Identified from Secondary Screening Alone.  

These are the hits that would be selected by secondary screening alone. Each meets the criteria of 

a decrease in population (p < 0.05) by a single tailed Student’s t-test and at least two single siRNA 

possessing the same effect. Three biological replicates per gene target. No consideration was given 

to previous effect in the primary screen.  

The y-axis represents the average sub-population percentage of each of the three wells for each 

siRNA (shown on the x-axis) 
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Figure 3.4 Epithelial-like Hits Identified from Secondary Screening Alone. 

These are the hits that would be selected by secondary screening alone. Each meets the criteria of 

a decrease in population (p < 0.05) by a single tailed Student’s t-test and at least two single siRNA 

possessing the same effect. Three biological replicates per gene target. No consideration was given 

to previous effect in the primary screen.  

The y-axis represents the average sub-population percentage of each of the three wells for each 

siRNA (shown on the x-axis) 
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Figure 3.5 Highest Quality Hits of mCherry+EGFP+ Hits in Secondary Screening.  

This double-positive data set is the exclusion to other analysis used for negative and epithelilal-

like. Only secondary screening data are used for these graphs.  Sub-numerals following the gene 

name denote which specific siRNA hit. These selected figures represent high confidence hits, 

which represent the top performing hits. None of the above gene targets met the p < 0.05 target by 

a single-tailed student t-test. Panel A represents the cell percentages when total cell count (as 

measured by DAPI-negative cells) is considered. Panel B considers only the percentages of each 

cell sub-population. Gray cells depict mCherry-EGFP-, yellow cells are mCherry+EGFP+, and 

Green cells are mCherry-EGFP+. 
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Figure 3.6 Integrated mCherry-EGFP- Hits Across Screening Campaign.  

Each data set (Primary, Primary Repeat, and Secondary Screening) was combined into one R 

program and analyzed for continuity in effect. The order of each siRNA are Primary, Primary 

Repeat, and Secondary Screening hits in that order. Sub-numerals denote which specific siRNA 

hit. These selected figures represent high confidence hits, which represent the top performing hits 

by a one-tailed Student’s t-test (p < 0.05). Panel A represents the cell percentages when total cell 

count (as measured by DAPI-negative cells) is considered. Panel B considers only the percentages 

of each cell sub-population. Gray cells depict mCherry-EGFP-, yellow cells are mCherry+EGFP+, 

and Green cells are mCherry-EGFP+. 
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Figure 3.7 Integrated mCherry-EGFP+ Hits Across Screening Campaign.  

Each data set (Primary, Primary Repeat, and Secondary Screening) was combined into one R 

program and analyzed for continuity in effect. The order of each siRNA are Primary, Primary 

Repeat, and Secondary Screening hits in that order. Sub-numerals denote which specific siRNA 

hit. These selected figures represent high confidence hits, which represent the top performing hits 

by a one-tailed Student’s t-test (p < 0.05). Panel A represents the cell percentages when total cell 

count (as measured by DAPI-negative cells) is considered. Panel B considers only the percentages 

of each cell sub-population. Gray cells depict mCherry-EGFP-, yellow cells are mCherry+EGFP+, 

and Green cells are mCherry-EGFP+. 
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Table 3.5 Final Integrated Hit List Arranged by Most Impacted Sub-Population.  

Panel A represents the Viability hits, Panel B represents the double positive hits, Panel C the 

negative hits, Panel D the Green hits. Each of these tables includes the number of positive siRNA 

in the secondary screening. Panel E represents the same data but also includes the multiple 

categories that each siRNA gene target affects. Blue cells depict viability hits, gray cells depict 

mCherry-EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Figure 3.8 Retesting of Select Hits from Integrated Hit List.  

Panel A represents all chosen siRNA selected for retesting by fold change of effect. Those that 

were selected for future studies (SIRT6, ACTL6B, and ATF2) were further tested by traditional 

CD44, CD24, and Aldefluor assay along with TRIM24, shown in Panels B and C, respectively. 

Statistical significance is marked by asterisk(s) by a one-tailed student t-test (p < 0.05). Gray cells 

depict mCherry-EGFP-, yellow cells are mCherry+EGFP+, and Green cells are mCherry-EGFP+. 
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Figure 3.9 Retesting of TRIM24 and EPC2 in Expanded Cell Numbers and Multiple Cell 

Lines.  

Panel A depicts EPC2 and TRIM24 knockdown using multiple siRNA as compared to no treatment 

and to negative siRNA. Panels B and C depict the effect EPC2 knockdown had in SUM149 using 

CD44 and CD24 antibody staining and using the Aldefluor™ assay kit. EPC2 did not recapitulate 

the expansion of undifferentiated cells. Panels D and E depict the effect TRIM24 knockdown had 

in SUM149 using CD44, CD24, and Aldefluor assay kit. It significantly reduced undifferentiated 

cells, but had little effect on differentiated epithelial cells. TRIM24 also had impact on cell viability 

and Aldefluor+ cells in both BT-20 and MDA-MB-468 TNBC cells but not MDA-MB-231 (Panels 

F and G). Panel H is a western blot showing TRIM24 knockdown in SUM149.  
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Figure 3.10 Exploring Ability of TRIM24 siRNA to Decrease Induced Progenitor Cells.  

Panel A depicts four representative treatments. The first plot is treated with Cell Signalling Non-

Targeting siRNA (40 nM), the second has been treated with TRIM24 siRNA (20 nM), the third 

with KMT2D siRNA (20 nM), and the fourth has been treated with both TRIM24 and KMT2D 

(both 20 nM). Panel B depicts the average results of all relevant groups. Panel C depicts that 

although TRIM24 decreases progenitor cell expansion, it does not decrease the cytotoxic effect of 

KMT2D knockdown in the reporter cell line.  
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Figure 3.11 Preliminary Studies into whether dTRIM24 can Attenuate Docetaxel-Induced 

Expansion of both Progenitor and Stem-like Cells.  

Panel A depicts four representative treatments. The first plot is treated with DMSO, the second has 

been treated with dTRIM24 (5 µM), the third with Docetaxel (5 nM), and the fourth has been 

treated with both dTRIM24 and Docetaxel (5 µM and 5 nM respectively). Cells were treated for 

72 hours. Panel B depicts the average results of all relevant groups. Panel C depicts that although 

dTRIM24 attenuates stem and progenitor-like cell expansion, it does not diminsh the cytotoxic 

effect of Docetaxel treatment in the reporter cell line.  
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Summary of Findings and Future Directions 

 

 

 

Heterogeneity remains a critical issue in many late-stage cancers, namely Glioblastoma 

multiforme (GBM) and triple negative breast cancer (TNBC). Glioblastoma multiforme features 

high levels of different cell types that arise by before detection (1, 2). So too is there variance based 

upon the original cell type or types from which the cancer developed, and these genetic differences 

influence the heterogeneity that arises (3-5). With GBM, there is no discussion among caregivers 

of cures, only a treatment course and certainty: resection if possible, then radiation and 

chemotherapy, followed by chemotherapy alone (6, 7). The unfortunate fate of those with late-

stage GBM is death, and those diagnosed with metastatic triple-negative breast cancer (TNBC) 

meet that same fate. Due to their being no single target, chemotherapies are used (8-10). A portion 

of these patients are cured, a portion experience a decline in the tumor size, but ultimately the 

cancer will return and it will return stronger and more resistant (11, 12).  

In TNBC and other late-stage cancers, cellular heterogeneity is deadly for several reasons. One, 

not all cells may respond to treatment the same (13-15). Two, variations in gene expression may 

permit different metastatic sites, such as bone, brain, lung, or liver (16, 17). Three, fully resistant 

cells may be present within the morass and serve as the vanguard of a renewed tumor (18-20). 

While there is of course heterogeneity between patients (intertumoral heterogeneity), there is also 

heterogeneity within the tumor (intratumoral heterogeneity) (21-25). Underlying intratumoral 

heterogeneity are three sources: genetic, epigenetic, and the microenvironment.  

Genetic heterogeneity can determine any future hierarchy and mutational programs within the 

final, and evolving, tumor (26). Already due to transcriptional changes and chromosomal 
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abnormalities, additional genetic mutations are all but certain (18). However, initial gene 

expression programs are not the total of heterogeneity. Epigenetic mechanisms determine which 

genes are expressed within a given timeframe. These mechanisms can silence, overexpress, and 

otherwise alter these gene expression programs (27). These epigenetic proteins also have 

capabilities beyond canonical functions and can behave as transcriptional activators or repressors 

by protein-protein interactions (28, 29). Both genetic and epigenetic programs ultimately 

determine the transcriptional and translational profiles of all cells within the tumor, further 

enhancing the ability of these cells to evade and overcome treatment attempts (30, 31). Lastly, 

there is heterogeneity due to the microenvironment, which may be further classified by tumor-

associated immune cells, by supporting non-cancerous fibroblasts that send growth and survival 

signals, or by other tumor cells themselves (32, 33).  

Because intratumoral heterogeneity has been an ongoing problem, many groups have sought to 

investigate the sources or patterns of these sources, whether genetic or by the microenvironment 

(18, 24, 31, 34-37). However, there have been no efforts to discover the epigenetic origin of this 

heterogeneity. Such efforts would be critical since epigenetic processes likely lead to cancer cell 

adaptation and survival in the short term. In the literature and unpublished data, cancer cells not 

only can survive first line chemotherapies but also actually de-differentiate into stem-like and 

progenitor-like cells that have increased replication in this environment (13, 19). While ultimately 

genetic mutations will continue to arise and establish a resistant breed of tumor, in the short term 

these cells survive due to short term translational alterations due to epigenetics (14). While this 

de-differentiation is the method seen in lab, other transitions to more resistant strains may occur 

in patients, whether that be vertically with de-differentiation or horizontally between differentiated 

states.  

Therefore, I optimized and executed a high-throughput siRNA screen against 505 epigenetic gene 

targets. Because it is difficult to screen for heterogeneity changes using traditional antibody 

methods, I used a fluorescent reporter cell line that modeled this same heterogeneity in real time. 

This cell line coexpresses mCherry with ALDH1A3 and EGFP with CD24, the former being a 

marker of de-differentiated cells and the latter an epithelial marker (38, 39). I optimized each facet 

of the screen as with any high-throughput project (positive and negative controls, cell seeding, 

transfection reagent, time in well, mode of transfection, mode of data analysis, and mode of 

selecting hits). Both primary and secondary screenings were conducted, the former using pooled 
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siRNA and the latter using single siRNA for the top-120 targets from the primary screen. 

Throughout the screen, thirty-five siRNA had a consistent and significant effect in at least one of 

the sub-populations studied, whether differentiated epithelial or mesenchymal, epithelial 

progenitors, or viability. Of these, nineteen had at least two effects, and of these three had three 

effects. These results exemplify why it is difficult to target a given sub-population by targeting a 

key epigenetic protein—the results will affect all cells within the population and affect them 

differently. The preponderance of viability effects (22/35) illustrates that fact, where there was a 

great deal of overlap with each of the other populations. Only four gene targets had a significant 

effect on viability without also decreasing another sub-population. It may be that the process of 

transfection always carries a cost beyond which negative siRNA can control.  It may also be 

disrupted epigenetic processes, whether acetylation or deacetylation, ubiquitination, or the 

addition or removal of methylation, cell viability will be compromised to some degree. However, 

the current effort isn’t focused on decreasing cell numbers but rather affecting what those cells 

currently are.  

Of the seven gene targets that managed to repeat in follow-up studies, two were selected for future 

investigation: TRIM24 and EPC2. TRIM24, an E3 ubiquitin ligase, both increased EGFP- cells 

and decreased mCherry+EGFP+ cells in the reporter cell line; however, the former effect did not 

repeat in any other genetic context (40). It also had an appreciable effect on cellular proliferation. 

EPC2 was selected due to its effect in increasing EGFP+ cells, which repeated in SUM149 as 

CD44+/CD24+ cells.  

With an eye towards translational impact, I focused on what combination of siRNA could replicate 

what occurs with docetaxel and other chemotherapies in TNBC. They increase the number of stem-

like cells while killing most other cells, and this increase is due to increased symmetrical division 

of those cells. For this effect, I used KMT2D, a lysine methyltransferase, which increases 

mCherry+EGFP+ cells and affects viability dramatically. To counter that, I used TRIM24, which 

decreases mCherry+EGFP+ cells. In combination, these siRNA decreased viability without a 

massive increase in the progenitor-like populations.  

I then investigated if the same process could be true for docetaxel. Docetaxel and other TNBC-

specific chemotherapies enrich for stem-like cells following treatment, the same effect seen after 

KMT2D siRNA (13). For TRIM24 disruption, I instead used a previously developed TRIM24 

degrader, dTRIM24 (41). In the reporter cell line, I found that dTRIM24 attenuated the docetaxel-
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induced increase in less differentiated cells, both stem-like and epithelial-progenitor like. In this 

preliminary study, not only was there increased cytotoxicity, the less-differentiated cells did not 

expand to the extent that docetaxel alone cells did. While targeting TRIM24’s non-functional 

bromodomain provides valuable information, there may be better targets that TRIM24 to prevent 

this rise in stem-like cells due to chemotherapy in TNBC, targets that TRIM24 may regulate. 

Future RNAseq or ssRNAseq may provide further information on what target or targets might 

specifically disrupt the expansion of less-differentiated cells. TRIM24’s oncogenicity has been 

broadly documented against cancer types, and similar roles should be investigated within the 

context of TNBC (40, 42-55).  Of the available data, TRIM24’s role in consistently regulating 

TNBC stem-like and epithelial progenitor-like cells likely encompasses all its functions, including 

retinoic acid signaling, transcriptional coactivation and corepression, WNT/β-catenin signaling, 

and E3-ubiquitinase activity have a role to play in the revealed phenotype seen in three TNBC cell 

lines (43, 45, 51, 52, 54, 56, 57). Since TRIM24 knockdown consistently reduces the most 

dangerous cell sub-type in TNBC, further research is critical for what may be a solution to the 

ongoing problem posed by chemotherapy treatment in TNBC. 

 

Future Studies 

 

Lentiviral Construction to Confirm Protein Function 

 

Validating protein knockdown requires less extensive effort than fully characterizing a novel and 

important protein. Typically in high-throughput screening, assay design grants some measure of 

certainty that a given siRNA will have a given effect consistently (58). For instance, this 

campaign’s secondary screening used four high-quality siRNA strands against each of the 120 

gene targets and necessary for each hit was that at least two strands must have the same effect, and 

furthermore, that effect must be consistent with the effect observed in the primary screen. 

Additionally, the primary screen used pooled siRNA but of a different class, siGenome from 

Dharmacon. That means by the time final integration of all screening data is conducted, there is 

reasonable confidence that protein knockdown can be successfully performed repeatedly using the 
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tools and assay protocols. However, consistent results with different tools only provides so much 

confidence.  

Thus, western blots should be produced using monoclonal antibodies against the target. The 

procedure has been common and well-known practice for decades to visualize a given proteins 

levels in cellular lysate (59).  

For both TRIM24 and EPC2, western blots will be produced to verify siRNA effect after 72 hours. 

In both cases, the siRNA is expected to significantly reduce protein levels within the chosen 

samples compared to controls. Additionally, this result adds further confidence to the correlation 

between protein levels and sub-population effects demonstrated by flow cytometry analysis. This 

experiment suggests that TRIM24’s presence and activity is necessary to maintain stem-like cells 

in the reporter cells, SUM149, BT-20, and MDA-MB-468. Thus, removing TRIM24 from the 

cellular milieu has the opposite effect: that cell sub-population significantly decreases, comparable 

to ALDH1A3 siRNA in SUM149. Likewise, EPC2 appears to discourage the development of 

epithelial populations in SUM149 and the reporter cell line, and thus removing EPC2 increases 

the epithelial sub-population.  

 

TRIM24 and EPC2 Lentivirus Production 

 

However, visual display of protein levels can only confirm so much. Rather than a simple claim 

that TRIM24 siRNA decreases de-differented cell populations, the claim should be far stronger: 

TRIM24 is critical in stem-cell regulation and maintenance. In order for that much stronger claim 

to be made, additional experiments must be conducted using yet-to-be-made tools. Previously, a 

lack of protein produced a population-specific effect, such as a decrease in de-differentiated cells. 

The use of dTRIM24 assisted in making this conclusion in that it had the same effect as TRIM24 

siRNA in decreasing undifferentiated cells. However, the stronger claim requires protein 

overexpression that should produce an effect opposite to protein knockdown (i.e. TRIM24 

overexpression should increase the levels of de-differentiated cells). To accomplish that goal, the 

University of Michigan’s Vector Core will produce two third generation lentiviruses to assay the 

effect of TRIM24 and EPC2 in TNBC cell lines and verify their effects in specific sub-populations.  
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Both lentiviruses share the same basic structure. Both are third generation lentiviruses derived 

from HIV-1 but have decreased ability to self-replicate. Additionally, three vectors are used, one 

containing the transgene, another the envelope (which also contains trophism marker VSVG), and 

another the packaging vectors. Each of these vectors were added to 293T cells in order to produce 

lentivirus into the supernatant. However, both lentiviruses possess different selection markers: L-

TRIM24 with a near-IR protein, and L-EPC2 with a puromycin resistance gene. For TRIM24, the 

positive cells will be sorted by FACS by expression of the protein irFP713. Those cells positive 

for this selection marker will be used to establish a cell line augmented with TRIM24 

overexpression. For EPC2, the construct contains a puromycin-resistance gene, and thus the cells 

will be subjected to several rounds of puromycin to kill off the non-transduced cells. Empty-vector 

controls, having no transgene but containing the selection vector, will be used in conjunction with 

both transgene-containing lentiviral constructs.  

Regardless of selection method, the primary goal will be to verify protein function at the 

phenotypic level. Since the cell line to be transduced is SUM149, sub-population determination 

will be performed with antibodies against CD44 and CD24 plus the ALDEFLUOR™ assay kit as 

was previously done in confirmation experiments. If there is a sufficient amount of lentivirus 

remaining, the SUM149 reporter cell line will be transduced, and potentially BT-20 and or MDA-

MB-468. The more cell lines that can be transduced with these transgenes, the more certain any 

positive or negative results will be.  

L-TRIM24 is expected to perform the reverse function that TRIM24 siRNA performed. De-

differentiated cells are expected to increase with increasing levels of TRIM24, and overall cell 

growth is expected to increase relative to non-targeting control. This protein level increase will 

need to be verified by affinity western blotting experiments.  

For L-EPC2, mesenchymal-like cells are expected to increase in response to EPC2 overexpression. 

As preliminary data indicates that EPC2 knockdown decreased cell viability slightly, 

overexpression could result in no change or a slight increase in cell proliferation. This latter result 

can investigated by the MTS assay. As with TRIM24, overexpression will need to be verified by 

western blotting. Examination of stem cell pathways (such as WNT/NOTCH/β-catenin) can also 

be investigated by western blot as well, which should clarify how TRIM24 effects its alterations, 

either with increased or decreased protein levels. 
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These lentiviral-augmented cell lines will serve a purpose beyond verifying protein function. These 

modified cell lines will serve as a valuable elements for future experiments exploring the “why” 

underlying these sub-population alterations, such as single-cell RNAseq. This experiment is 

especially critical for TRIM24 as it is a known modifier of gene expression. While targeting 

TRIM24 for therapeutic intervention is unlikely using currently available tools, there may be a 

target regulated by TRIM24 that may be more amenable for further investigation.  

Future Experiments with TRIM24 

TRIM24 has varied roles as an E3 ubiquitin ligase, a transcriptional activator/repressor, and a 

regulator of key stem cell pathways . Accordingly, knockdown of TRIM24 decreases the levels of 

undifferentiated cells in multiple cell lines . While it is tempting to speculate on why this is due to 

previously published research, further investigation should be performed to determine how 

TRIM24 knockdown (or lentiviral-induced overexpression) alters gene expression patterns. 

Indeed, there has been no effort to discover which gene pathways TRIM24 regulates on a broad 

scale. Therefore, I propose to discover what mRNA are expressed by individual cells by using 

single cell RNA sequencing (ssRNAseq) following TRIM24 knockdown. Previously, ssRNAseq 

was performed on both the reporter cell line and parental SUM149 (unpublished data). Using this 

previous gene expression data, alterations can be attached to different sub-populations. 

Alternatively, flow cytometry can be used to sort out distinct populations and regular RNAseq can 

be performed on these groups to grant a deeper view of gene expression changes in all sub-

populations following TRIM24 knockdown. These experiments can be expanded by the inclusion 

of groups that feature fellow TIF/TRIM member TRIM33 and TRIM24+TRIM33 protein 

knockdown. These proteins have been demonstrated to form heterodimers that regulate distinct 

gene targets (60). It is important to investigate whether this heterodimer regulates a different set 

of genes than either TRIM24 or TRIM33 alone. Regardless of sequencing experimental approach, 

any of these experiments can highlight both known stem cell regulating pathways (WNT/β-

catenin/STAT3/retinoic acid signaling) that TRIM24 has previously been implicated in regulating 

in various cancer backgrounds (40, 52, 56, 57, 61).  

Additionally, TRIM24 has been shown to negatively regulate p53 by its E3 ubiquitin ligase activity 

(62). However, there have been no other studies to determine what other proteins are negatively 

regulated by this ligase activity, and it is doubtful that p53 is the only target of TRIM24. Therefore, 
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I propose to discover protein targets of TRIM24’s E3 ubiquitin ligase activity by protein MS/MS 

with or without protein knockdown. The absence of ubiquitin will be the marker for TRIM24’s 

activity, but will need further verification to determine if it is ubiquitinated by TRIM24. 

Alternatively, point mutations may be introduced to the zinc-conjugating B-boxes on TRIM24, 

which has been shown to abrogate ubiquitin ligase activity in other TRIM family members, 

including TRIM33 (63, 64). Since there have been mutation studies regarding TRIM24 

specifically, homology can be used to identify which cysteine residues should be converted to 

alanines.  

Future Experiments with EPC2 

EPC2 is an understudied polycomb protein and a likely member of the human NuA4 histone 

acetyl-ligase complex . Its main role is establishing hyperacetylated regions by targeting 

nucleosomes, specifically H4 and H2A . However, most research into NuA4 has focused on the 

paralogue EPC1, of which EPC2 lacks 29 amino acids on the C-terminus. Beyond that, however, 

EPC1 and EPC2 share a conserved N-terminus that interacted with NuA4 and other member 

proteins .  

Considering EPC2 and TRIM24 have diverging phenotypes, yet both have some interaction with 

acetylated regions, more effort should be done in further characterizing the function of EPC2 

within the context of NuA4. The lack of certain amino acids may impinge on some associations 

that EPC1 possesses, such as with a large part of the NuA4 complex and can only associate with a 

portion of the sub-units in the piccolo-NuA4 complex, which contains Esa1, the acetyl-ligase, and 

other member proteins Yng2 and Eaf6 . This indicates there may be target specificity involved 

between EPC1 and EPC2 within the context of NuA4 and piccolo-NuA4 activity. Both EPC1 and 

EPC2 are critical for target recognition . Therefore, there is likely some targeting difference based 

on differing amino acid composition. Therefore, I propose to discover the specific targeting regions 

of EPC2 that are acetylated by piccolo-NuA4 and not by EPC1. This will require sequencing using 

ATAC-seq following EPC1, EPC2, or EPC1 and EPC2 knockdown. Briefly, ATAC-seq is a 

process that detects open regions of chromatin by integration of the Tn5 transposase into open 

regions (65). This data can be correlated with sub-population data following EPC1, EPC2, and 

EPC1 plus EPC2 knockdown to identify what genes lead to the changes previously discovered.  
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Additionally, some epigenetic complexes have been known to degrade if a key member is degraded 

or reduced in number, such as EED when SUZ12 and EZH2 are knocked down (66). Do piccolo-

NuA4 members degrade with reduced levels of EPC2 or can EPC1 compensate and stabilize? 

Therefore, I propose to measure protein levels of YnG2 and Eaf6 following EPC2, EPC1, or 

EPC1/2 knockdown using western blotting methods. This data can contextualize how necessary 

EPC2 is for piccolo-NuA4 function or if EPC1 can effectively replace EPC2 in stabilizing piccolo-

NuA4 members. 

 

Materials and Methods 

 

Lentivirus Preparation 

Both EPC2 and TRIM24 lentiviruses were produced at the University of Michigan Vector Core 

(Ann Arbor, MI). Briefly, cDNA (Horizon Discovery) for TRIM24 and EPC2 were ligated into a 

plasmid, each flanked by long terminal repeats. The transgene plasmid (TRIM24 or EPC2), 

envelope plasmid (EF1a-VSVG), and packaging plasmids (GAG, POL, TAT) were added to pre-

seeded 293T cells. After 48 hours, the supernatant was collected and concentrated by 

centrifugation. At that time, the assembled plasmids were sequenced to ensure proper integration 

of transgene and promoters.  

 

Lentivirus Transduction 

SUM149 cells were seeded at 0.50x106 cells/well in a six well plate and allowed to settle over 24 

hours. The media was removed and replaced with antibiotic/antimycotic free media. 150 uL of 

viral supernatant (UM Vector Core, Ann Arbor, MI) was added to each well (control or lentivirus). 

Polybrene (Santa Cruz Biotechnology, Dallas, TX) was added for a final concentration of 8 ug/mL.  

Plates were gently mixed to ensure equal distribution of additives. Cells were incubated for 24 

hours at 37 C. After that time, media was aspirated and replaced with fresh media.  
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Antibiotic selection 

3 ug/mL of Puromycin (Sigma Aldrich, St. Louis, MO) was added to each well, previously added 

to media. Media containing puromycin was added and removed every two days. Cells were further 

grown to establish a lentiviral-augmented cell line.  

 

irFP713 selection 

Transduced cells were allowed to grow for several more days before being transferred from a 6-

well plate to 10 cm plates. The cells were then selected for near-IR fluorescence by sorting on a 

MoFlo Astrios EQ Sorter (Beckman Coulter) and seeded once more in F-12 media. The cells were 

once more allowed to expand before being sorted and collected once more.  

 

Live Cell Image Capture and Analysis 

Live-cell image data were acquired on an Olympus IX83 P2ZF microscope, with a motorized IX3-

CBH stage, and IX3 halogen lamp using the cellSens Dimensions software (Olympus). Time-lapse 

fluorescent microscopy images were acquired every 30 minutes for 72 hours in a 96-well plate 

using a 10X objective. FIJI was used for image processing. Background fluorescence was 

subtracted by a rolling ball radius of 50px, the cell of interest were selected by construction regions 

of interest (ROIs). Variability in cell size was compensated by multiplying the background mean 

fluorescence by ROI area, which was subtracted from each cell’s total intensity. Every cell at t=0 

and t=72 were created as ROIs and the compensated mean mCherry and EGFP fluorescence was 

measured and compared between timepoints. Representative samples were selected from these 

timepoints.  

 

Cell-Cycle analysis  

Cells were trypsinized, washed, and pelleted. While vortexing, ice-cold 70% ethanol was added 

dropwise to the sample. Samples were stored at 4C for 1 hour. Ethanol was removed by 

centrifugation at 1000G for 10 minutes and cells were washed 2x times in PBS. Ribonuclease was 

added (5 ug) (ThermoFIsher Scientific, Waltham, MA) and the cells were incubated for fifteen 
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minutes. After that time elapsed, 200 uL of 50 ug/mL Propidium Iodide (ThermoFIsher Scientific, 

Waltham, MA) was added to each cell sample. Cells were analyzed for PI levels, and a histogram 

was constructed for each sample. Plots were integrated to analyze what stage of cell cycle the 

populations were predominantly within.  

 

Western Blot 

Cells were lysed with 100 uL 1x RIPA buffer containing 1x Protease Inhibitor (Sigma Aldrich, St. 

Louis, MO) and 1x Phosphatase Inhibitors I and II (Sigma Aldrich, St. Louis, MO). Additionally, 

they were briefly sonicated ten times. Cellular debris was removed by centrifugation, and the total 

protein content was determined by using the BCA assay according to manufacturer’s instructions 

(ThermoFisher, Waltham, MA). Protein content was normalized, and the samples were denatured 

with a combination of 5x SDS and boiling for 10 minutes.  

Denatured protein samples were loaded into 8-15% precast SDS-Page gels, running buffer 

(ingredients) was added, and proteins were separated using 120 V (constant voltage) for one hour. 

Gel was then wet transferred onto nitrocellulose membranes at 0.22 AMP for 1 hour (constant 

amps). After transferring, the nitrocellulose was washed and stained with PONCEAU (Sigma 

Aldrich, St. Louis, MO) to verify protein transfer. A scan was taken for future records. 

Nitrocellulose (ThermoFisher,  Waltham, MA) was then cut according to protein size and blocked 

with 5% milk in PBS. Nitrocellulose was then treated with antibodies overnight in 1% milk in 

PBST at 4C. The next morning, the blots were washed 3x in PBST then exposed to anti-rabbit goat 

secondary antibody linked with HRP (AbCam, Cambridge, United Kingdom) in 1% milk in PBST. 

Samples were incubated for two hours then washed with PBST. Samples were treated with Pierce 

ECL Substrate (ThermoFisher, Waltham, MA). The chamber, film (Thermo Scientific CL 

XPosure Film), and exposed nitrocellulose was taken to a dark room. The film was developed 

using a Konica Film Processor (Tokyo, Japan). 
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