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ABSTRACT

This thesis is an exploration into the workings of the aryl hydrocarbon receptor (AHR) pathway.
Topics investigated include endogenous mechanisms of pathway induction and cessation, the
former being through tryptophan metabolism and the latter through the workings of the AHR
repressor (AHRR). Also explored was the creation and utility of gene-edited cell models. In the
first chapter, we review considerations for creating edited cell lines with various methods.
Additionally, commonly utilized cell lines specifically for AHR pathway research, along with
their feasibility for gene editing, are reviewed. The second chapter describes a fellowship
undertaken at the University of Wisconsin Biotechnology Center and its impact on marketable
skills for graduate students interested in non-academic careers. The third chapter characterizes
several endogenous pathways and their common production of indole-3-pyruvate as the AHR
pathway proligand of interest. Several putative AHR pathway genes are also identified in this
chapter. The establishment of an auxin-inducible degron (AID) system in HCT 116 cells
comprises the fourth chapter. Included there are also the method for cloning and its efficiency, as
well as pitfalls of the AID system within this cell line. The fifth chapter is an investigation into
the AHRR both as a repressor and a possible secondary transcription factor in the AHR pathway.
This chapter suggests AHRR may be able to repress the pathway in a DNA-independent manner;
additionally, the AHRR can bind DNA and affect gene transcription at loci beyond those with
which the AHR interacts. Taken together, the experiments in this thesis shed light on the
endogenous activation and repression of a pathway classically involved in toxicology and

xenobiotic metabolism.



Chapter 1: Considerations and Challenges in Creating Edited Cell Lines

for Aryl Hydrocarbon Receptor Pathway Research



ABSTRACT

The aryl hydrocarbon receptor (AHR) pathway plays important roles in human health and
development. It has been studied for decades using both whole organisms and cell lines. Whole
organisms are valuable for toxicity studies while cell lines more easily capture pathway signaling
events. Animal models are attractive because they produce more physiologically relevant results.
However, animal models are more difficult to edit, grow, and screen. Immortalized cell lines
have many advantages over whole organisms including speed, cost, and ease of use. Cells can be
edited easily using CRISPR, random integration, or homologous recombination, and many
methods exist to deliver DNA or RNA to cells. Protein knockdown methods and reporter assay
designs are also numerous. The multiplicity of options in these areas give a flexibility to cell
work that allows workarounds to problems within a specific cell line, and it also supports
creativity in experimental design. Many human and non-human cell lines have been used over
the years, but this review describes the most popular. This review is meant as a practical guide to

designing an edited immortalized cell line for AHR pathway research.



INTRODUCTION

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that makes up
part of the Per-Arnt-Sim (PAS) protein family. A large body of research suggests the AHR
mediates xenobiotic toxicity and metabolism, modulates physiological processes, and affects
cancer development. The aryl hydrocarbon receptor nuclear translocator (ARNT) is the
dimerization partner for AHR. The ARNT protein when globally knocked out is embryonic
lethal, suggesting it is a vital PAS signaling partner in early development!?. The ARNT
dimerization with AHR allows the complex to bind DNA, precipitating downstream effects.
Another important player in the AHR pathway is the aryl hydrocarbon receptor repressor
(AHRR). The AHRR was first discovered in a screen to identify more PAS family proteins®.
While the AHRR shares genetic similarity with AHR, their functions differ®. The AHRR
represses the AHR pathway via an undetermined mechanism®®. The AHRR’s physiological
relevance and impact on human health is still being investigated. However, the AHRR is useful
as a biomarker for smoking and lung cancer, and the transcription factor is a putative tumor

suppressor as well as potentially playing a role in immune function®3,

In an uninduced state, the AHR exists in the cytosol as a complex with chaperones p23, the
AHR-associated protein 3 (ARA3), the AHR interacting protein (AIP, aka ARA9), and heat-
shock protein 90 (Hsp90)*416. Upon exposure to ligand, the AHR pathway is thought to signal as
follows. First, ligand binds the AHR in the cytosol, causing a conformation shift in the protein
that reveals a nuclear localization sequence (NLS). Second, the liganded AHR complex
translocates to the nucleus, where the AHR chaperone proteins dissociate. Third, ARNT

dimerizes with AHR using the basic helix-loop-helix (bHLH) and PAS domains of each protein.



Fourth, the AHR-ARNT complex binds the dioxin responsive elements (DREs) upstream of the
following canonical genes: AHRR and the cytochromes P450 CYP1A1, CYP1A2, and CYP1B1.
Fifth, the AHRR represses AHR while the upregulated CYPs metabolize the inducing ligand(s).
Lastly, the pathway is attenuated due to metabolism and clearance of the ligand as well as

repression by AHRR (Figure 1).

The AHR was first characterized in the mid-20" century through toxicological studies on dioxin
and related chlorinated pollutants, contaminants in agricultural feeds and the defoliant Agent
Orange. Interestingly, the AHRR was not discovered until the 1990s when studies were designed
to expand the members of the PAS protein family. Many reviews exist for those seeking more
information on the history and evolution of the AHR pathway'*"~2L, The purpose of this review
is to characterize cell lines used for AHR research and identify each line’s utility in studying the
AHR pathway’s impacts on human health. This review is meant to consolidate information on
common, previously immortalized cell lines used to study AHR. This information can then be
used for the generation of new edited cell line models. It is the authors’ hope this review saves

the reader time and effort in designing cell line experiments and models.



BACKGROUND

The AHR pathway has been studied for decades using both whole-organism models (often mice)
and cell lines. Each approach has strengths and disadvantages. Together, results from in vitro and
in vivo experiments provide a holistic view of the AHR pathway. Cells have generally been used
to study the molecular signaling pathway, while whole organisms are often a better model in
which to study toxicity and physiological events in complex systems. In this regard, a survey of
nearly two dozen cell lines exposed to the most potent xenobiotic ligand of the AHR, 2,3,7,8-
tetrachlorordibenzo-p-dioxin (TCDD), failed to induce overt toxicity?2. Yeast cells have more
recently been used to study the AHR pathway to great benefit, but due to the unique nature of

yeast as a model, it is out of the scope of this review.

Advantages of cell line experiments are multifold (Table 1). First, experiments can be tailored to
an area of interest based on choice of cell line. For example, a group interested in breast cancer
may choose MCF7 cells, while another enamored with liver may opt for HepG2. The AHR is a
pathway with tissue-specific expression, so differences in the organ of origin of a cell line may
make a difference. Second, the simplicity of a monoculture allows conclusions to be drawn
without the confounding effects of multiple cell types interacting within a tissue. Third, cells
allow more chronic administration of chemicals with decreased compound clearance. In so
doing, cell lines often allow a researcher to tease out the workings of the pathway in its simplest
and clearest form. Fourth, cell lines in comparison to animal models are lower cost and often
provide more rapid results. Use of cells eliminates the need for animals to be bred, grown,

genotyped, fed, housed, et cetera. Cells grow quickly, are easy to edit, have low-cost inputs, and



are simple to work with. Depending on the type of experiments being run and the research

questions asked, cells may be preferable to the complexity of working with whole organisms.

Though cell lines are an advantageous system in which to model the AHR pathway, they also
have drawbacks (Table 1). First and foremost, cells are often not the best environment to
recapitulate the complex phenomena of the human body. Immortalized cell genomes are strange,
often containing chromosome duplications, rearrangements, losses, or fusions. Gene expression
can differ in these cells versus what might be seen in a human. The abnormal immortalized cell
genome can make editing difficult, since achieving a gene editing event can be difficult if there
are multiples of the target locus. For example, knocking in a construct at two copies of a gene is
much easier and more attainable than having to knock the construct in four times to a tetraploid
locus. Second, cells in culture are not always an accurate representation of the cell type or organ
they come from. Cells in culture tend to de-differentiate in comparison to their tissue of origin.
As such, cells in culture may respond uniquely from the original organ. Third, depending on the
desired application a cell line may be unsuitable for the physical manipulations that must happen
in lab. Cell lines with contact-dependent growth tend to have low cloning efficiency. Other cell
lines may not handle transfection or genetic manipulation well. Each cell line is different, and
often the realities and limitations of a line are not apparent until one works with them in lab.
Finally, cell lines are prone to contamination and are not always what a researcher thinks they
are?® %, That is, a lab uses “HepG2” that is actually contaminated with HeLa. Despite the
drawbacks existent with using cell lines for research, their use for in vitro experiments is an
important part of science due to the advantages above, and cells have been used extensively to

study the AHR pathway.



For the purposes of this review, a master list of cell lines was created through an extensive
literature and web search, pulling lines from papers, company catalogs, and resources like the
Cancer Cell Line Encyclopedia (CCLE) and NCI-602°-2¢, Once collected, each cell line was run
through PubMed searching for “((aryl hydrocarbon hydroxylases[MeSH Terms]) OR (aryl
hydrocarbon receptor[MeSH Terms])) AND (x)” where x is the cell line name in all lower-case
searched in the “All Fields” field (e.g. “hepg2” for HepG2 cells) (Table 2). The lines were then
ranked by number of items returned. Many other cell lines exist and may be suitable for AHR
pathway research. The following discussion contains those most-published and best-

characterized for the AHR pathway.



METHODS OVERVIEW

MOLECULAR BIOLOGY

BASICS OF CELL EDITING

Recent advances have allowed gene-editing through the use of clustered regularly interspaced
short palindromic repeats (CRISPR) along with CRISPR-associated (Cas) proteins to cut DNA at
a targeted sequence. Currently, there are many types of Cas proteins, but Cas9 is the best
characterized and most widely used?*%®. Many extensive reviews exist on CRISPR gene editing,
so an in-depth discussion will not be reiterated here31=3%, In brief, CRISPR is a novel gene-
editing technique derived from bacterial viral-defense mechanisms (Figure 2). For gene editing, a
guide RNA (gRNA) is designed to the desired portion of the genome with a protospacer adjacent
motif (PAM) sequence at its end. The PAM is where the bacterial Cas9 protein recognizes a
specific nucleotide sequence. At this sequence, Cas9 makes a double-strand break (DSB) in the
DNA three nucleotides upstream of the beginning of the PAM. Flanking this cut site are
homology arms which can be used to target the introduction of a new sequence between them.
This “knock-in” sequence is generally introduced via a plasmid. The plasmid also contains
homology arms complimentary to those of the locus of interest so that the insert between them
can be used as a template for homology directed repair (HDR). Minimizing off-target effects is
an important consideration when designing gRNAs to edit a cell line*”8, Other techniques,
which have been used for decades before the advent of CRISPR, include zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENS), and homologous

recombination®*3. Each system has strengths and weaknesses.

METHODS TO DELIVER EDITING SYSTEMS



Regardless of the gene-editing system used for a project, the editing materials (recombinases,
gRNAsS, plasmids, Cas9) must be delivered to the cell. Common ways to introduce these
materials into a cell are through transient and stable transfection. Transfection refers to the
introduction of DNA, RNA, or protein into a cell and can be done through many methods
including viral transduction (often with lentivirus), electroporation, or lipofection (Figure 3).
Transient versus stable refers to the time of expression of the inserted DNA, RNA, or protein.
Transient transfections are not stably integrated into the genome, so expression lasts for a short
period of time before the cells eliminate the transfected DNA. In a stable transfection, the DNA
has been integrated into the genome of the transfected cell line, and expression may continue
indefinitely and be passed from generation to generation. Whether material is introduced via a
transient or stable transfection, the goal is to produce an editing event that is stable and
integrated in the genome. Cells must be screened to determine whether a stable event has
transpired, and screening is often done with antibiotics or fluorescence. It is possible for
introduced DNA to integrate randomly. However, precise editing is possible with the use of
CRISPR/Cas, ZFNs, or TALENS, and one of these techniques is necessary for tagging an

endogenous gene locus.

ACHIEVING MONOCLONAL POPULATIONS

Once cells have been edited, ideally they should be reduced to a single cell state and grown in
isolation to achieve a monoclonal population. This ensures all cells have the same genome, so
resulting data is more attributable to the introduced edit. Fluorescence-activated Cell Sorting
(FACS) is one common way to obtain clonal populations after editing. FACS is especially useful

when screening for fluorescently tagged cell lines, such as ones with a reporter gene. If FACS is
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inaccessible or undesirable, a classic, simple, inexpensive technique to achieve monoclonality is
limiting dilution. This method dilutes a population of cells to a concentration where a single cell
may be deposited to each well of a 96-well plate. If the dilution is kept in a larger container such
as a 10cm dish, single cells will grow into clusters at many areas of the dish and can be isolated
with cloning cylinders. In the case of a stable transfection, cells are also commonly cultured with
a selection antibiotic (i.e. puromycin, neomycin, geneticin). Monoclonality is an important
requirement for generating dependable edited cell lines, and the use of different clones as

biological replicates strengthens conclusions drawn from cell line data.

APPLICATIONS

PROTEIN KNOCKDOWN/KNOCKOUT

Editing-based systems: Protein “knockdown” or “knockout” can be achieved through various
methods to study the effects a certain protein has on a pathway in question (Table 3). One of the
most common methods, using CRISPR, is to introduce a DSB using a gRNA targeted to the
beginning of a gene. Non-homologous end-joining (NHEJ) then repairs the DSB. Since NHEJ is
an error-prone process, it can often introduce a frameshift mutation. Frameshifts may cause early
termination of translation (nonsense mutation) or a drastic change in the amino acid sequence
(missense mutation). Both of these outcomes would affect protein function and, likely, half-life.
This in turn can allow observations on pathway function without the wild-type protein of
interest. Each step in the editing workflow—transfection, gRNA cut, screening, outgrowth—has
an inherent efficiency that depends on the approaches and cell line used. However, to obtain one

successfully edited and viable clone can take two hundred cells that are negative for the desired
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edit. Since the overall editing efficiency is around 0.5% to 1%, starting with large inputs of cells

can be beneficial.

A newer technique to control protein levels, known as the auxin-inducible degron (AID) system,
allows for reversible protein destruction through ubiquitination®*. In this system, a plant-derived
F-box protein is inserted into the genome. This F-box protein, commonly Oryza sativa TIR1
(OsTIR1), forms a Skp1-Cull-F-box (SCF) ubiquitinating complex**. A second edit introduces
another plant-derived motif, termed “degron”, which can be attached as a tag on the protein of
interest. The SCF complex is inactive until exposure to auxin, a plant hormone. The auxin-
activated ubiquitinating complex then targets the degron-tagged protein and destroys it. When
the auxin is removed, the protein expression returns in a few hours. Because this system requires
two separate gene-editing events (knock-ins), generating an AID cell line takes time and
resources. Additionally, the AID system has issues with basal degradation and can require large
doses of auxin to work in some cell lines*. However, recently several systems have been

developed to solve these problems*+4°,

Non-editing-based systems: Another common technique for protein knockdown is RNA
interference (RNAI). In this technique, a synthetic small interfering RNA (siRNA) is designed to
a gene of interest. This approach takes advantage of the RNA-induced silencing complex (RISC)
for post-transcriptional gene silencing®’. The RNAI technique is target-specific but often does
not result in a complete knockdown. Consequently, often multiple sSiRNAs need to be designed
to the same gene and used in parallel. Also, as with any nucleic acid-mediated technology, off-

target effects are always a concern. Despite these challenges, RNA. is being pursued as a
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promising biomedical therapeutic avenue®®4°. Lastly, the Tet system can be used to turn a gene
of interest on or off based on administration of tetracycline or a derivative like doxycycline®.
The Tet system has been noted to have leaky expression, so characterization of the system is
important to define the control of the gene of interest®®. Additionally, this method is not suitable
for all mammalian cell lines®2. Many popular methods exist for protein knockdown or knockout.
The method chosen depends upon the cell line and system of interest, but each technique will

always have challenges to overcome.

REPORTER ASSAYS

Reporter assays are used in many areas of research, including toxicology. They are especially
useful for the AHR pathway since so many structurally disparate ligands activate this receptor. In
this regard, reporter genes can be used to assay whether a particular compound activates a target
gene such as CYP1AL. Upregulation of CYP1AL is a hallmark of AHR activation, so it often is
used as a proxy for AHR signaling®3. The reporter molecule that is used as a pathway readout can
differ. There are many reporters available depending on the pathway of interest and technology
available to a lab. Luciferase commonly is used because it is easy and lower cost. A disadvantage
is that luciferase is most commonly an endpoint assay; cells must be killed to measure the
relative light units (RLUS) of luciferase activity. Fluorescence is another common reporter
approach that is easy and low-cost, and it has the added advantage of cell survival past the time
of measurement. Additionally, many fluorophores exist, so multiple reporters within the same
cell could be assayed if desired. A disadvantage of fluorescence is that its effectiveness can
depend upon the available, often expensive, microscope and hardware such as filter cubes and

light sources. Historically, enzymes such as chloramphenicol acetyl transferase (CAT) have been
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used as reporters, but they have fallen out of favor with the increased ease and simplicity of
luciferase and fluorescence®*. Luciferase dominates as the reporter system for the AHR pathway,

but fluorescence is increasing in popularity®-52,

CELL CULTURE

Though few cell lines accurately model AHR pathway toxicity, immortalized cancer cell lines
have a major utility in elucidating molecular signaling mechanisms?2. Cell lines have been
isolated from human cancers as well as many other species. Human cell lines more accurately
model AHR signaling in human biology, and cell lines have been isolated from many different
organ systems. However, many immortalized cancer cell lines are genomically aberrant and
don’t reflect a realistic portrait of the human genome (Table 4). These abnormal genomes can
present challenges when editing cell lines at specific loci. Fortunately, the AHR pathway has
long been studied using transient transfection, which eliminates most concerns over the ploidy
and any mutations at a locus of interest. Non-human cell lines can be used in the subdiscipline of
ecotoxicology to assay the effects environmental contaminants may have on wildlife and
ecosystems. Additionally, the AHR pathway has long been studied in model organisms like mice
and rats, and some of the earliest cell lines were derived from mouse and rat liver cells®®*%8, Non-
human cell lines can produce prodigious amounts of protein, and many come from systems that
are suitable models for human biology as well. Specifically to the AHR pathway, many strains of
mice harbor the high-responding AHR-b allele, which makes them more sensitive to ligand and
the effects of AHR induction®®". The following discussion focuses on the top five cell lines

from Table 2.
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CELL LINES

HepG2: HepG2 cells were derived from a human hepatoblastoma from a 15-year-old Caucasian
male, and they are an exceedingly popular cell line for AHR biology, as well as other sytems.
Their genome is well-studied and characterized due to this popularity’*"2. HepG2 cells grow in a
contact-dependent manner. Therefore, isolating clones from a single cell can be difficult, but
culturing cells on a matrix like gelatin or matrigel improves outcomes. Their gene expression
profile for AHR biology is ideal (i.e. CYP1Al, CYP1A2, CYP1B1, and AHRR are all

inducible)”. Additionally, at most loci HepG2 cells are diploid?’.

MCF7: The MCF7 cell line was derived from the breast cancer of a 69-year-old Caucasian
female, and this cell line is commonly used for AHR research. Since they are estrogen-sensitive,
MCF7 cells can also be used to study the estrogen receptor pathway’ ™. In regards to the AHR
pathway, MCF7 cells are tetraploid at the locus for AHRR, though the AHR pathway is still
inducible in these cells?’:"3. They do not have the same issues with contact-dependent growth as

HepG2.

H411E: The H4IIE cell line was derived from a rat hepatocellular carcinoma and is one of the
most-used non-human cell lines for AHR biology (Table 2). The H4IIE cell line has been used to
study the AHR pathway since the early 1980s. A popular version of this cell line contains a
luciferase reporter downstream of a DRE; it has been used to assay the AHR-activating
capabilities of many compounds as a surrogate for toxicity>®’%’". As such, these reporter cells

have been used to study ligand potency and strength of activation. The H4IIE cell line has also
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been used to elucidate AHR pathway characteristics and is often used as a comparator of HepG2

cells®®77,

Hepalclc7: Hepalclc7 (Hepal) cells were derived from a mouse hepatocellular carcinoma and
have also been a popular system to study AHR (Table 2). Hepal cells have been edited to form
various reporter systems as well®787° These cells are similar to H4I1E cells in that they have
been used since the early 1980s for similar purposes, namely studies into compound toxicity and
AHR pathway mechanisms. They can be used in comparison with HepG2 and H411E cells®, and

they are optimal for AHR studies since they contain the more-sensitive AHR-b allele’.

HelLa: HelLa cells were derived from a cervical tumor from Henrietta Lacks, a 30-year-old
African American woman, in the early 1950s. They are notable as the first immortalized human
cell line, and they have been used as a scientific workhorse since then. Due to their popularity
and early availability, the HeLa line genome is well-studied®!. HeL a cells are easy to work with,
grow prodigiously, and accept edits readily; unfortunately, they also contaminate many other cell
lines?*2°, They have a naturally high amount of AHRR produced due to having six copies of
chromosome five; additionally, the AHR pathway genes CYP1Al, CYP1A2, and CYP1BL1 are
relatively uninducible”. Despite this genetic profile, HeLa cells have been used for AHR
research for many years and may act as an interesting comparator to other, more-inducible cell

lines.



16

SUMMARY

Immortalized cell lines provide a quick, low-cost way to study the details of AHR pathway
signaling mechanisms in a monoculture. This allows researchers to interpret experimental results
without the added complexity of a whole organism. Cell lines are generally not ideal for studying
AHR pathway toxicity, but cell lines constitute a valuable tool for elucidating AHR molecular
biology. Knowledge gained in cell culture can then be applied to whole-organism models to

collect relevant physiological data.

Creating edited cell lines is a much faster process than establishing an edited whole-organism
model, and many techniques exist to manipulate cell line genomes. Cells may be edited with
CRISPR, transient transfection, or stable transfection, and FACS and limiting dilution are two
ways to achieve a monoclonal cell population. Creating a cell line model takes on the scale of
weeks, and running experiments once the tools have been created usually takes only days to get

data.

The AHR pathway has many cell lines derived from different tissues that may be edited to study
signaling. Though the most popular are discussed in this review, many other ligand-inducible

cell lines exist and may be used to interrogate the AHR signaling pathway.



TABLES

Table 1. Advantages and disadvantages of in vitro and in vivo model systems.

17

organism

Method Overall Benefit Advantages Disadvantages
Cell i Exploration of basic Doesn't itulat
11 1IN 1 signaling mechanisms and | Models pathway mechanics Oesrl‘ ri(faf" ufate
(in vitro) | hathway characterization complex biology
Each cell line
Fast, easy, low-cost behaves in a unique
manner
Simplifies biology to a
monolayer
Can tailor to tissue type
Whole Models th'e mterp]ay '
; between tissues/biological . .
organism . Models toxicity Expensive
I systems in a whole
(in vivo)

Results are physiologically
relevant

Models take a long
time to generate
and/or breed

Captures biological
complexity




Table 2A. All human cell lines identified for this review ranked most to least publications.

. Species Tissue of
Cell Line of . Search term Total
origin origin
1 | HepG2 human | liver hepg?2 725
2 MCF7 human breast mcf7 487
3 HelLa human cervix hela 174
4 | HEK-293 human | kidney hek293 156
5 | Caco2 human | colon caco2 143
6 | general human | blood hematopoeitic stem cells 125
7 | general human | skin keratinocytes AND cell lines 113
8 %?A'MB' human | breast mda-mb-231 104
9 | A549 human | lung ab49 102
10 | HaCaT human | skin hacat 78
11 | Huh7 human liver huh7 67
12 | HL 60 human blood hl 60 60
13 | general human epithelium Isi(?]lg;mous cell carcinoma AND cell 59
14 | LNCaP human | prostate Incap 39
15 | THP-1 human | blood thp-1 36
16 | LS-180 human colon Is180 34
17 | HCT 116 human colon hct116 33
18 | Hep3B human | liver hep3b 30
19 | Jurkat human | blood jurkat 22
20 | K562 human | 2One K562 15
marrow

21 | u87 human brain ug7 11
22 | ARPE-19 human | retina arpe-19 7
23 | SW-480 human colon sw480 7
24 | ACHN human | kidney achn 6
25 | DLD-1 human colon didl 6
26 | OVCAR-3 human | ovary ovcar3 5
27 | RT4 human bladder rt4 4
28 | T24 human bladder t24 4
29 | general human | skin sk-mel 4
30 | OMC-3 human | ovary omc-3 3
31 | HT-1197 human bladder ht-1197 2
32 | NEC14 human testes necl4 2
33 | hFOB human bone hfob 1
34 | HME1 human breast hmel 0

18



Table 2B. All animal cell lines identified for this review ranked most to least publications.

(I_:?rllle Species of origin I;IS;:J: of Search term Total
1 | H4IIE rat liver hdiie 221
2 | Hepal mouse liver hepal 161
3 |3T3 mouse fibroblast 3t3 80
4 ] COS7 african green monkey | kidney cos7 63
5 | COS1 african green monkey | kidney cosl 54
6 |CHO hamster ovary chinese hamster 42
ovary
7 | GH3 rat pituitary gland | gh3 23
8 |CV1 african green monkey | kidney cvl 20
9 | MDCK | dog Kidney mdck 12
10 | LMH chicken liver Imh 10
11 | EE& pig kidney llc-pk1 8
PK1

12 | Vero african green monkey | kidney Vero 7
13 | YAMC | mouse colon yamc 6
14 | BHK21 | hamster Kidney bhk21 3
15 | AML12 | mouse liver aml12 1
16 | DT40 chicken b cell dt40 1
17 | ND-E mouse/rat hybrid brain nd-e 0
18 | ZF4 zebra fish unknown zf4 0
19 | AB9 mouse hybridoma ab9 0

19
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Table 3. Advantages and disadvantages of protein knockdown methods.

Protein
Knockdown Advantages Disadvantages
Method
Easy-to-make edit that results in reliable .
CRISPR KO protein knockout Non-reversible
Another independently derived
Cells require no treatment to get rid of clone should be used for drawing
protein conclusions compared to WT
cells
Getting the cells edited and a line
Reversible, removal of auxin rescues established can be tricky due to
AID . . ..
protein expression the number of editing events
required
Protein degradation is fast and near Expression may be leaky
complete depending on AID proteins used
SiRNA Fast, easy, cheap, can be used for any gene Likely (rj\ee_d more than 1 siRNA
esigned per gene
No additional treatment to knock down Incomplete gene silencing means
protein protein may still be made
Tet ON/OFE Reversible: removal of tetracycline rescues Leaky expression results in

cells to beginning phenotype

incomplete silencing/activation

Only one piece to edit in

Must treat cells with antibiotics
to get desired effect
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Table 4. Genomic information and special considerations for most popular human cell lines used

in AHR pathway research. Numbers denote ploidy at specified gene.

Cell Tissue
. Cellosaurus CYP | CYP | CYP .
Line of D AHR | 7a1 | 1a2 | 1B1 | AHRR | Advantage/Disadvantage
Name [ origin
Contact-dependent
HepG2 | Liver | CVCL_0027 2 2 2 3 2 growth, recommended to
grow on a matrix
HuH7 Liver | CVCL 0336 2 3 3 5 5 Alternative liver cell line
- for HepG2
Genetically abnormal at
MCF7 | Breast [CvCL 0031| 2 | 3 | 3 | 3 4 | most AHR pathway loci;
- estrogen-responsive breast
cancer line
MDA- Estrogen, progesterone,
MB- Breast | CVCL_0062 3 2 2 3 4 and androgen receptor
231 negative breast cancer line
Naturally high AHRR
HeLa | Cervix | CVCL_0030| 2 2 2 2 6 levels; AHR pathway is
barely inducible
HCT Less inducible than
116 Colon | CVCL_0291| 2 2 2 2 2 HepG2: grow robustly
Naturally low AHRR
A549 Lung [ CVCL_0023 3 2 2 4 3 levels; AHR pathway is
barely inducible
Mutated androgen
LNCaP | Prostate [ CVCL_0395 2 2 2 2 2 receptor, responsive to
broad hormones
Models dioxin toxicity;
HaCaT | Skin |cvcL 0038| 4 | 4 | 3 | 3 4 | . spontaneously
- immortalized, not from a
cancer
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FIGURES

Figure 1. Canonical AHR pathway signaling cascade. (1) Lipophilic ligand diffuses through cell
membrane. (2) Ligand binds AHR PAS B domain and shifts AHR conformation to reveal
nuclear localization signal (NLS). (3) AHR-ligand complex translocates to nucleus due to NLS.
(4) Chaperone proteins fall off AHR once in nucleus. (5) AHR dimerizes with partner ARNT. (6)
AHR-ARNT dimer binds DNA at dioxin-responsive element (DRE). (7) Canonical AHR
pathway genes CYP1A1, 1A2, 1B1, and AHRR are upregulated. (8) A. AHRR, localized in
nucleus, dimerizes with ARNT. B. CYPs, anchored in endoplasmic reticulum, bind available
ligand. (9) A. AHRR-ARNT complex represses pathway signaling via unknown mechanism. B.

CYPs, especially CYP1A1, metabolize ligand, thereby removing impetus for signaling.
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Figure 2. General mechanism of CRISPR/Cas gene editing. (1) gRNA and Cas9 form complex.
(2) gRNA-Cas9 and knock-in (K1) plasmid are delivered to cell nucleus. (3) gRNA targets Cas9
to locus of interest. (4) Cas9 cuts 3 bp upstream of beginning of PAM. (5) Plasmid homology
arms target the KI sequence to location of cut. (6) DNA polymerase uses plasmid sequence as

template. (7) KI sequence is edited into genome.
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Figure 3. Methods of editing material introduction to a cell. A. (1) Editing materials are
packaged in lentiviral shell. (2) Cells are infected with lentivirus. (3) Lentivirus delivers
materials into cell. B. (1) Cells are zapped with electric current, making the cell membrane
porous. (2) Editing materials enter cell through membrane gaps. C. (1) Editing materials and
lipid particles are mixed. (2) Lipid particles form liposomes and coat editing materials. (3)

Materials enter cell through endocytosis.
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ABSTRACT

The University of Wisconsin Biotechnology Center (UWBC) Genome Editing and Animal
Models (GEAM) core provides cell and animal model generation services to campus
investigators. The GEAM core utilizes cutting-edge technology to carry out their mission.
Importantly, their available resources are focused on generating revenue as a fee-for-service
facility. This focus leaves little time or capital for innovation. Core facilities like GEAM must
find ways to use constrained resources to continue innovating and providing advanced services

to their clients.

Graduate student fellows provide a source of untapped potential that would allow GEAM and
other cores to innovate while meeting client demands. Graduate students are primed to explore
new avenues of research, and they bring experience and expertise in learning new techniques or

systems quickly and optimizing them for most efficient use.

Implementation of graduate student fellows would be a mutually beneficial arrangement for the
student and the core in which they work. The core gains an extra worker who can take on
projects permanent personnel might not have time for. The fellow, once trained, can contribute to
customer projects as well. The fellow learns the workings of a non-academic lab, and she gains
marketable skills that contribute to her thesis work. Additionally, these abilities and experiences

increase student desirability to future employers.
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This white paper details the author’s contributions to GEAM as a pilot graduate student fellow. It
details the benefits both to the core facility and the student, and it establishes the viability and

usefulness of a fellow program.



41

INTRODUCTION

The University of Wisconsin Biotechnology Center (UWBC) Genome Editing and Animal
Models (GEAM) core provides cell and animal editing services to the UW campus. They provide
years of expertise in their area of specialization, and they are a cutting-edge resource for
researchers on campus. However, as a fee-for-service entity, grants and revenue from services
are not always reliable sources of income. The GEAM core must find creative ways to test new

technologies while maintaining a steady flow of customer projects.

Graduate students present an untapped resource on campus for facilities like GEAM.
Establishing a graduate student fellow program would provide skilled, intelligent workers
focused on implementation and optimization of new techniques. Graduate students have an
appetite for exploration, knowing their efforts may result in an exciting discovery at best or
elimination of a research project path at worst. They also have an ability to learn new and
complex information quickly and utilize it practically. Graduate students are ideal candidates to
handle the non-standard tasks required for establishing a new technology or workflow while
normal core projects proceed to meet required deadlines. Once the graduate student has
optimized a new procedure, she can then translate the new technology to the required personnel.
This model would allow for easier development and implementation of new technologies into the

core without personnel wasting precious time and resources on projects that may go nowhere.

Areas in which the student would strengthen the core can be broken down into three categories:
Standard Projects, Maintenance, and Special Projects (Figure 1). “Standard Projects” refers to

the work customers request from the core, all of which flows into a set pipeline and is expected



42

to be completed in a timely manner. “Maintenance” refers to the day-to-day lab maintenance
work vital to a smooth operation. “Special Projects” refers to the exploration and optimization of
new techniques that clients never see but which benefits the projects they submit; this is the area

where graduate student fellows can especially benefit core facilities.

The purpose of this white paper is to summarize the author’s work in GEAM and to establish the
usefulness and value of integrating a graduate student fellow into the project-focused, industry-
like setting of a core facility. Additionally, the white paper will detail the benefits to the

participating fellow.
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METHODS
The Methods section details the fellow’s work in the GEAM core under Standard Projects,
Maintenance, and Special Projects. The fellow spent a year at GEAM developing her skills and

contributing to the core’s function.

STANDARD PROJECTS

Cell Lines: Cell line editing projects form the bulk of GEAM’s project load. Moving projects
forward in a timely fashion both increases customer satisfaction and allows the core to take on
more projects, thereby generating optimal revenue flows to fund core improvements and
innovation. A graduate student fellow can be a great help in this area. Fellows provide a skilled,
intelligent laborer that, once trained, can advance standard cell line editing projects. This
additional specialist creates a mutually beneficial working relationship; the GEAM core
increases its project output while the graduate student learns the foundations of cell culture
technique and begins to build her expertise. As the graduate student gains facility with cell

culture, she can become a trusted resource to autonomously advance customer projects.

In her time at the UWBC GEAM core, this graduate student fellow contributed to many standard
cell line projects. This work included cell maintenance to keep deliverable lines healthy or
prepare unedited lines for CRISPR; clone expansion to grow large quantities of deliverable lines;
and the hands-on work of editing cells with CRISPR and sorting for single cells via
fluorescence-activated cell sorting (FACS). She participated in every area of the GEAM cell
editing pipeline, including cell intake, editing, sorting, expansion, and product delivery. This

work advanced core projects to completion, and it gave this fellow a comfort and familiarity with
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genome editing and cell culture. She then used these skills to derive her thesis cell lines reported

later in this document.

Miscellaneous Projects: As a core facility, GEAM must keep projects passing through at a
steady rate to produce consistent income. The daily work, though not glamorous, provides
important materials and, eventually, products that are delivered to the customer and further that
lab’s research. This is another area in which a graduate student fellow can and should contribute

to the core’s workflow.

The graduate student fellow participating in this pilot project contributed to the core by taking up
backlogged or difficult projects languishing because the permanent staff were needed elsewhere.
In many cases, this fellow successfully moved these projects to completion and learned
techniques such as Sanger sequencing and PCR screening. She also gained valuable experience
with troubleshooting said techniques. The fellow gained insight into the standard, day-to-day
workings of a core facility and learned to think in terms of project delivery, timelines, and
customer satisfaction, all aims not overtly necessary in an academic lab setting. This exposure
allowed the fellow to get a feel for the mindset outside her usual setting and helped her prepare

for a career in industry.

MAINTENANCE
In addition to hands-on project work, the fellow took care of maintenance duties essential in any
lab setting. These duties included autoclaving biohazardous waste, ensuring incubator humidity

and sterility, and assisting staff with lab upkeep. Additionally, in the fellow’s time at GEAM she



45

aided the core in moving to and setting up a larger lab space. These endeavors helped the core
run smoothly and freed up time for the permanent staff to focus on required work. The fellow
learned to appreciate the work necessary to keep the core running, and she gained a foundation in

lab maintenance critical for any level of scientist.

SPECIAL PROJECTS

Cell Lines: The GEAM core is responsible for cell editing projects brought to them by
researchers on campus. GEAM relies on a familiar set of cell lines that are easily edited, grow
quickly, and which the core has experience with. These cell lines include HEK293 cells and
HeLa cells. Additions to this list of standard cell lines are valuable because they increase the
core’s offerings to potential customers. If a customer’s desired cell line does not meet growth,
expansion, or survival thresholds, one of these standard cell lines will be chosen. HepG2 cells are

an example of a non-ideal editing candidate.

HepG2 cells are widely used for research in many areas but are particularly popular for
toxicology studies. Unfortunately, HepG2 cells grow in a contact-dependent manner (Figure 2B)
and do not easily survive dilution to a single-cell state, something required for establishing a
monoclonal, CRISPR-edited population. The author tried several iterations of CRISPR editing
and FACS sorting. Conditions to improve clonal outgrowth included conditioned media,
treatment with EDTA to improve single cell suspension pre-FACS, and increased FBS
percentage in the growth media to 20% up from 10% (volume). The above conditions did
nothing to allow clonal outgrowth post-FACS (Figure 2C). The GEAM core prefers not to work

with HepG2 knowing the above challenges.
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Additionally, since HepG2 cells proved difficult in gene editing protocols, the author switched to
HCT 116 cells for her thesis. HCT 116 cells were easy to edit and work with, and most
importantly they exhibited high clonal outgrowth rates (~50%) and grew to confluence quickly
from a single-cell state (approximately 10 days for the fastest growers). Based on the author’s

results, GEAM has now incorporated HCT 116 cells on their list of cell lines to offer clients.

A graduate student fellow working in the GEAM core benefits greatly from learning cell culture
techniques and working with multiple cell lines. The fellow also may make progress on her
thesis projects while contributing to the core; the author has been able to make three edited cell

lines during her time at GEAM while handling other projects.

Automation: Automation is quickly becoming a staple in laboratory settings. Automation reduces
hands-on time for personnel, allowing them to advance other tasks while running something in
the background. Additionally, automation can reduce the time and resources spent on a repetitive
workflow. Liquid handlers are one way of automating protocols that are run consistently and
require many simple and repetitive pipetting steps. The GEAM core during this fellowship
bought an Opentrons liquid handling robot, which uses Python scripting to automate workflows
from nucleic acid bead cleanups to clone picking. Many scripts are pre-made and available on
the Opentrons website, making the technology accessible to biologists with very little coding
experience. On-boarding the Opentrons robot was one project of the author in her time at
GEAM. The standard script from Opentrons was edited to reduce reagent and tip waste. The

machine was optimized for the core’s standard nucleic acid bead cleanup and library preparation
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for Next-Gen Sequencing (NGS). Onboarding the Opentrons freed GEAM personnel from the
physically wearing process of repetitive pipetting and allowed them to handle more complex

tasks.

The GEAM core during this fellowship also added a CloneSelect Imager (CSI) from Molecular
Devices to increase their throughput for cell cloning projects. The CSI machine allows clonal
monitoring of 96-well plates from the single-cell state to an expanded clone without a scientist
having to physically check growth in a microscope. Additionally, the CSI can image in
fluorescent channels, making fluorescent screening faster and easier. The machine also keeps a
photographic record that can be compiled over days. This allows one to track growth over time.
Another automation project of the author was on-boarding the CSI machine, its robot arm, and a
Liconic incubator. These three machines were developed to form a fully automated unit which is
remote-controllable. The author set up this system for daily use in the core, troubleshooting

various software and user issues, which took several months.

Due to her presence, the GEAM core had four separate machines in two systems on-boarded and
optimized for use, and the fellow could then teach core personnel how to use each machine. This
saved the core time and effort in onboarding, and the automation systems will save resources
moving forward. The fellow gained a familiarity with automation and the various problems
associated with it. This awareness will be a valuable and marketable skill for her future career.
She also improved her teaching abilities by transmitting what she had learned to the core

personnel who will use it after she finishes her fellowship.
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Fluorescence Microscopy: Fluorescence microscopy is a widely used technique which uses
fluorophores to image cellular events and structures. Within the GEAM core, fluorescence
microscopy is used as a screening technique to ensure gene edits have been successful. A
working and efficient microscopy system has hardware (filter cubes, light source) that is
optimized for the excitation and emission spectra of the fluorophore(s) of choice. A mismatch in
the wavelength ranges of these components results in decreased or absent fluor visibility, since
the fluorescent protein (e.g. EGFP, mCherry) isn’t excited properly or the filter cube is not
allowing the excitation light to be transmitted. Several factors, including cell media, can affect
background noise and, therefore, image clarity. An optimized fluorescence microscopy system
allows an easy check for edited cell line success and guides subsequent clone picking and

outgrowth,

One of the projects of this author was to troubleshoot the current core fluorescence microscope
and set up a standard operating procedure (SOP) for core employees. The microscope in-use at
the GEAM core had issues with imaging in the green channel with mNeonGreen as the fluor, and

there were also issues with high background noise especially in the red channel.

To reduce background, several different types of media were assayed. This fellow learned Gibco
FluoroBrite DMEM (cat. no. A1896701) is ideal for faint fluorophore expression (one to two
copies knocked into a gene) because it has very little background. For cells that expressed a lot
of the fluorophore (e.g. transient transfection of EGFP under the CMV promoter), regular
DMEM containing phenol red was sufficient to achieve a clear image. Optimized imaging media

allowed the core greater clarity and confidence when screening cells.
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This fellow discovered the issues with mNeonGreen were due to a mismatch between the filter
cube and the excitation and emission spectra of the fluorophore. A comparison between
mNeonGreen and EGFP clearly demonstrated the mismatch, as EGFP shone bright and clear
while mNeonGreen barely emitted over the background fluorescence. The GEAM core made a
pivot to using EGFP over mNeonGreen where possible in cell editing projects. For existing
projects the scope was optimized for maximum emission. Though these measures helped,
mNeonGreen is still a suboptimal fluor for use with the hardware setup of GEAM’s fluorescence

scope.

The author’s efforts optimized the fluorescence microscope for daily use in the core. Knowing
the limitations of the system also allowed for a fluorophore pivot, and these limitations explained
the issues with mNeonGreen. The fellow undertaking these projects gained a familiarity with
fluorescence microscopy and considerations necessary before setting up a new system or
choosing fluorophores for projects. Knowing fluorescence microscopy basics also gives
flexibility in her thesis projects since the fellow may choose this as a form of imaging or gene

expression quantification (if a reporter system is made).
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CONCLUSION

Core facilities are an integral part of a vibrant and cutting-edge research community.
Specifically, the GEAM core at UW-Madison provides state-of-the-art cell line editing services
to campus, furthering research for many groups in many areas. Graduate student fellows not only
help the core deliver standard projects to the labs they work with; they also are a source of
experimentation and onboarding of new techniques and instrumentation to keep the core current

and efficient (Table 1).

In the year she spent learning and contributing to GEAM, the graduate student fellow was able to
add a cell line to GEAM’s preferred list, onboard two separate automation systems, optimize
GEAM’s fluorescence microscopy system, and advance difficult miscellaneous projects to
completion. This fellow gained priceless insight into the workings of a non-academic facility in
addition to the technical skills she built working on standard and special projects. She can now
add cell culture, fluorescence microscopy, Opentrons scripting and troubleshooting, CSI
automation, NGS and Sanger sequencing, and technical communication to her list of skills. Her
contributions strengthened the core but also advanced her thesis, and her graduate work is

stronger because of it.

A post-internship evaluation reveals certain areas of strength and weakness that could improve
the experience of future graduate students and cores entering into this relationship. A key to
success for this internship was the substantial separation of the student from her thesis advisor’s
lab. It was understood that she would devote 100% of her time and effort to the core facility, and

she was not forced to split herself between locations and supervisors. Without this understanding
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in place, it is doubtful the internship would have been as successful as described, and it may have
negatively impacted the student’s experience through undue stress. An additional strength that
contributed to the core’s and student’s success was the flexibility exhibited by both parties. The
student was allowed to pursue projects that furthered her expertise and added value to her career
prospects and graduate work; she also was willing to complete work that had no bearing on her
graduate thesis but was important for the core. A balance between benefit to the core and benefit
to the student must be found, but striking the right equilibrium can result in mutually beneficial

relationships that further both parties’ abilities beyond what they could accomplish separately.

An area for improvement exists within the realm of formalizing how the internship will be
structured. A formalized understanding of what is expected of the student at what times would
help reduce stress and provide a starting point for any communication about the nature of the
relationship between core and student. As a pilot program, necessarily the experience described
in this paper did not have a set format. No blueprint existed for how a core could integrate a
graduate student fellow into its operation. After completing her fellowship at the UWBC GEAM
core, this graduate student proposes the following model: the first four to six months of the
fellowship will be devoted to training and onboarding the student to the core (Phase One). The
graduate student will in effect be a new employee and will be taught every lab skill to the core’s
specifications. She will complete necessary, routine tasks like autoclaving biohazardous waste
and miscellaneous upkeep integral to the efficient function of any lab. While not exciting, this
first portion teaches the student important and marketable skills for her future career, and it
provides familiarization with laboratory protocols and a solid foundation from which to build. In

the next six to eight months of the fellowship, the student will use her expertise from Phase One
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to complete special projects. She will pursue one or two projects outside the normal function of
the core but that will add value to its future workings. For this graduate student, those projects
included onboarding the CSI and Opentrons systems. In the future, these projects should be
mutually agreed upon between student and supervisor. Additionally, in this second phase of the
internship, the student will pursue work that directly relates to her thesis project. This is
essential; the student must have a direct benefit to her thesis work in order to gain value from the
internship. This work also provides a value to the core in that, while she is using their resources
and space, no permanent core staff is responsible for the work done, so they may pursue their
own support objectives for the campus. Her thesis project may also benefit the core in

unexpected ways.
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Table 1. Benefits of fellow work to the core and the student by area of specialization. Impact of

fellowship on thesis/career.

Specialization Thesis/Career
P Core Benefits Student Benefits
Area Progress
New cell lines ID and Facility with cell culture Generated several cell
. screening; new cell techniques for different lines used for thesis
Cell Lines . . .
lines for GE standard cell lines; progress on experiments; learned
list thesis cell line worl how to work with cells
Reduction of time and e . Marketable skill for
Familiarization with
resources used to on- . . future career
. automation use, issues, -
board automation: . endeavors; facility
. . troubleshooting; exposure . L
Automation automation frees . with scripting and
to high-throughput .
personnel from . . high-throughput
. thinking; experience
repetitive tasks, reduces . technology bonus to
. teaching others . : .
time and reagents spent biological skills
Hardware, . . Opened a new avenue
' Facility with fluorescence P .
fluorophores, workflow . y ) for experiments to
. microscopy, hardware and .
Fluorescence for easy screening of take, increased
. y fluorophore .
Microscopy fluorescently labeled . . experiment
. considerations, and it ye.n
cells established and : possibilities
L troubleshooting
optimized
Introduction to standard Exposure to non-
Advancement of . . L
. . core workflows, project academic lab; ability
Miscellaneous backlogged or time- . . .
- . delivery, non-academic to do basic lab
consuming projects . . .
lab considerations maintenance
Addition and on-
boarding of new Progress in thesis work,
technologies; especially related to cell
optimization of existing | lines; improve skills with Accelerated thesis
workflows; marketable techniques like | progress; experience
Ovwerall . . .
advancement of automation and cell with many in-demand
difficult projects; all editing; familiarity with skills
without disrupting non-academic lab
existing personnel workings and goals
rhythms
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FIGURES

Figure 1) Fellow program hierarchy. Arrow size indicates allocation of resources; larger
arrows equate to more time spent or greater output. Core Director oversees all staff, including
fellow, and projects/lab operation. Principal Investigator is independent of core; fellow still
reports to Pl and is responsible for thesis progress. Core Staff advances daily work, focusing on
standard projects, then maintenance, then special projects. Fellow divides time between
maintenance, standard, or special projects. Thesis advances as a result of special project work.
Customers only see work from standard core projects, but maintenance and special projects
improve standard project quality and efficiency. Special projects strengthen the core while also

feeding back into student thesis work.
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Figure 2) Comparison of HCT 116 and HepG2 cell morphology. A) Wild-type HCT cells;
cells grow as individuals and are easily separated. B) Wild-type HepG2 cells; cells grow as
compact nodes which are difficult to separate. C) Representative picture of HepG2 cells after

cell sorting and mentioned interventions; cells quickly turn into apoptotic debris.
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ABSTRACT

The aryl hydrocarbon receptor (AHR) pathway is responsible for regulating the metabolism of
certain xenobiotics, sensing external chemical stimuli with planar aromatic structures, and
additional unknown endogenous physiological roles. Tryptophan (TRP) and its metabolites have
been proposed as a major endogenous source of AHR ligands. Here, we compare multiple TRP
metabolizing paths that induce AHR signaling; i.e., alanine transaminase (ALT), aspartate
aminotransferase (AST), D-amino acid oxidase (DAO), and ultraviolet (UV) light. In this
chapter, we develop and optimize a cell culture model system for the study of this putative
endogenous pathway. Our results support TRP metabolism as a major source of endogenous
AHR ligands and support indole-3-pyruvate (13P) as the common proligand each metabolic
pathway produces. RNA-seq comparisons between DAO, I3P, and UV stimulation was used to
identify a list of core AHR pathway genes upregulated between all pathways. This list was
compared to published literature to further develop AHR pathway candidates, which may shed

light on AHR biology.
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INTRODUCTION

The aryl hydrocarbon receptor (AHR) has been known since the mid-1900s as the mediator of
the toxicity of “Dioxin-Like-Compounds” (DLCs) and as a regulator of the metabolic activation
and deactivation of certain polycyclic aromatic hydrocarbons (PAHSs). The AHR is a ligand-
activated transcription factor in the Per-ARNT-Sim (PAS) protein family?=. The genes it
upregulates include the AHR repressor (AHRR), and the cytochromes P450 (CYP) 1A1, 1A2,
and 1B1*°. In aggregate, these inducible gene products are thought to act in a feedback
inhibition mode to attenuate or block the AHR signaling pathway by eliminating ligands and
repressing signaling. More recent evidence supports the idea that the AHR is an integral part of
normal development and immunity’”*%. This idea is also consistent with the possibility that the
AHR is activated in abnormal physiological processes via the binding of unknown endogenously

generated ligands.

We have argued that tryptophan (TRP) metabolites and related aromatic amino acids (AAAS) are
a major source of endogenous ligands of the AHR pathway%!3, Most important of these is L-
tryptophan (L-TRP), known to be essential for eukaryotic protein synthesis and organism
survival. Not only is L-TRP an essential component of cellular protein, this AAA is a precursor
to many compounds such important signaling molecules such as serotonin and kynurenine4. The
D enantiomer of tryptophan (D-TRP) is less utilized in eukaryotic systems but can be produced
in the gut microbiome as a component of the bacterial cell wall. Moreover, D-TRP is also a
contaminant formed in processed foods when L-TRP spontaneously racemizes due to high heat

or pH*,
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An emerging idea is that AAAs like TRP, phenylalanine and tyrosine serve as metabolic
precursors to AHR proligands in vivo. This TRP-proligand concept arose from the study of the
plant metabolite indole-3-carbinol (13C), a 3-substituted indole (like TRP) which was shown to
be converted to ICZ and a number of related but uncharacterized AHR ligands in the low-pH
environment of the stomach®>!® (Figure 1A). This observation led to the model where certain
biologically ubiquitous indoles, by virtue of a reactive leaving groups at the 3-position, might
generally serve as AHR “proligands.” We coined the term AHR proligand from the chemical
carcinogenesis literature (procarcinogen) and is meant to denote the chemical’s structural
proximity to the ultimate AHR ligands generated by chemical condensation into multiple ring

systems such as carbazoles (either spontaneous, pH induced, or UV induced).

We propose that the TRP metabolite indole-3pyruvate (I13P) is a biologically central AHR
proligand in humans that can be derived enzymatically or through UV irradiation of TRP. For
example, the aspartate aminotransferase (AST) enzyme, also known as the glutamic oxaloacetic
transaminase (GOT1, ENSG00000120053, or GOT2, ENSG00000125166, for cytoplasmic or
mitochondrial version, respectively), was the first enzyme known to produce AHR activation
(via 13P) and was shown to be dependent upon L-TRP as a substrate (Figure 1B)*?. This was
followed by the later report that D-amino acid oxidase (DAO, ENGS00000110887) served as
another enzyme that metabolizes D-TRP to the proligand I3P and activates the AHR pathway
(Figure 1C)Y". Other groups have demonstrated that ultraviolet radiation (UV) in the B spectrum
(UVB) can activate the AHR pathway through an 13P intermediate step (Figure 1D). All of the

pathways depicted in Figure 1 generate reactive 3-substituted indoles that condense to form



62

higher order structures, like carbazoles such as 6-formylindolo[3,2-b]carbazole (FICZ), that are

potent AHR agonists!®-2.,

Our model of TRP in AHR barrier physiology is as follows: Barriers tissues such as the skin,
intestine and liver are under constant assault from pathogens, chemicals, and UV stress. Barrier
maintenance requires physiological responses by local epithelia as well as immunological
surveillance from resident and infiltrating lymphocytes and macrophages in times of stress. A
large body of evidence leads to the suggestion that TRP metabolites regulate this physiology
through AHR. This may occur through cellular release of these enzymes upon cell death or
through their secretion which can generate local increases in 13P, leading to its condensation into
carbazoles. In turn, these carbazoles serve as signals that influence local barrier gene expression
as well as gene expression in and recruitment of infiltrating immune cells. What is not yet clear
is if these carbazoles modulate barrier physiology through an unknown AHR-mediated
transcriptional output or through stimulation of a unique set of genes that is AHR independent. A
final point to state explicitly is that the most robustly upregulated AHR targets CYP1Al,
CYP1A2, CYP1B1, and AHRR, broadly known to attenuate responses to environmental PAHS,
also may serve to reduce endogenous ligand concentrations locally and repress AHR signaling
by a similar manner. This observation is consistent with the idea that signaling requires rapid

downregulation to avoid deleterious cellular consequences (e.g., inflammation).

In an effort to generate support for the above model, we set out to build a cell culture model
system of this biology and initially use it to test three hypotheses. First, is that if AST, DAO, and

UV all work through I3P as a proligand, then each of these activators should induce the same
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AHR mediated pleiotropic response. To address this idea, we employ gene expression studies in
a relevant human biological target, intestinal epithelial cells (here we use HCT 116). Second, if
I3P products activate cellular physiology through some secondary set of AHR regulated genes or
through a separate signaling pathway, then this pathway should be regulated similarly upon
activation of 13P by multiple mechanisms. The purpose of this paper was to compare the various
TRP-metabolizing pathways and verify I13P as a proligand is contributing to AHR signaling via
all of these pathways. Third, we hypothesized that signaling from AHR ligands is a paracrine

event that occurs outside of the cell, perhaps after secretion or cell lysis.
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MATERIALS AND METHODS

Biochemicals: Cytosolic aspartate aminotransferase (ASTcyt, cat. no. G2751), D-amino acid
oxidase (DAO, cat. no. A5222), alanine aminotransferase (ALT, cat. no. G8255), D-tryptophan
(cat. no. T9753), L-tryptophan (cat. no. T8941), L-tyrosine (cat. no. T8566), L-phenylalanine
(cat. no. P5482), and indole-3-pyruvic acid (3P, cat. no. 17017) were purchased from Sigma
Aldrich (St. Louis, MO). Lipofectamine 3000 (cat. no. L3000015) and 4°,6-diamidino-2-
phenylindole (DAPI, cat. no. D1306) were purchased from ThermoFisher (Waltham, MA).
Dulbecco’s Modified Eagle Medium (DMEM) cell culture media (cat. no. 11960044) was
purchased from Gibco (Waltham, MA), along with fetal bovine serum (FBS), L-glutamine (cat.
no. 25030081), and 0.25% trypsin-EDTA (cat. no. 25200056). Aromatic amino acid dropout
media was purchased from Boca Scientific (Dedham, MA) as a custom order. The media was
formulated without L-TRP, L-tyrosine, L-phenylalanine, L-glutamine, and phenol red, then the

custom media was formulated to match the Gibco DMEM above.

Ultraviolet Radiation: UV bulbs were obtained from various companies. The Germicidal
Puritec HNS 15W G13 bulb (cat. no. 4008321398826) came from Osram (Premstatten, Austria).
The wideband UVB bulb (cat. no. 3000318) was the Ushio G8T5E (Tokyo, Japan). The
narrowband UVB bulb (cat. no. 871150086891680) was the Philips PL-S 9W/01/2P
(Amsterdam, Netherlands). Power was measured with a General Tools (Secaucus, NJ) Digital
UVA/UVB Meter (cat. no. UV513AB). Calculations were then made using the power in uW/cm?

multiplied by time of exposure.
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Cell culture and induction conditions: The HCT 116 (cat. no. CCL-247) and HepG2 (cat. no.
HB-8065) cells were obtained from the American Type Culture Collection (ATCC, Manassas,
VA) (Table 1 and 2). Both cell lines were cultured in DMEM with 10% FBS and 2mM L-
glutamine (complete DMEM). Cells were kept at 5% CO: and 37°C in a humidified incubator.
For proligand treatments, cells were plated at an initial density of 25,000 cells per well in a 96-
well plate or 500,000 cells per well in a 6-well plate and given 24 hours to adhere. Stock
solutions of I3P, AST, ALT, DAO, and D-TRP were diluted to proper working concentrations
using complete DMEM (Table 3). To expose cells, culture media was removed from cells after
24 hours, and the induction mixture/media was pipetted onto cells for the specified periods of
time (see figure legends). For induction with UV, media solutions were plated in either a 96-well
plate at a volume of 100 uL or in a 6-well plate at a volume of 2 mL. The media was then placed
under an appropriate UV bulb and exposed for the specified time. After exposure, the media was
pipetted onto cells as described above. For all conditions, cells were exposed to UV treated

media for 24 hours unless otherwise indicated.

UV exposure time and calculations: The power of UV output in the A and B spectrum was
measured with the previously described light meter. To obtain energy of exposure, measurements
in power (in uW/cm?) was multiplied by time of exposure (in seconds) to find energy of
exposure in uJ/cm?. Assuming 1 standard erythema dose (SED) is equivalent to 100 J/m?,
exposures were then converted to SEDs (Table 4). For comparisons to “natural” sun exposure, it
was assumed the sun emits UVA and B at 250 m\W/m?, which translates to summer sun

emissions in northern climes?.



66

Plasmids: Plasmids for expression of human DAO, ASTcyt, and ASTmt were synthesized by
VectorBuilder (Chicago, IL). All plasmids were constructed with the gene of interest under the
cytomegalovirus (CMV) promoter with mCherry in the same plasmid under a separate CMV
promoter. All genes were codon optimized for human expression, and the Ensembl accession
numbers are as follows: DAO, CCDS_9122.1; AST cyt, CCDS_7479.1 (aka GOT1); ASTmt,

CCDS_10801.1 (aka GOT2). Plasmid maps are included in appendix.

Lipofection and cell sorting: Cells were plated in a 96-well plate at 25,000 cells per well or in a
6-well plate at 500,000 cells per well if destined for cell sorting. After 24 hours, lipofection
reagents were mixed according to Lipofectamine 3000 protocol and added to wells. Lipofected
cells were treated for 48 hours. If cells were used in assays unsorted, RNA or protein was
obtained and used for RT-qPCR or enzyme activity assay, respectively (methods in following
sections). For cell sorting, cells at 48 hours post-lipofection were collected from plates via
trypsinization and washed with wash buffer (WB, 2% FBS in PBS). Then, cells were
resuspended in WB with 1ug/uL DAPI and filtered to select for single cells. Filtered cells were
subjected to flow cytometry using a BD FACSAria Cell Sorter. Cells were collected in bulk
populations. Cells positive for fluorescent markers by sorting subjected to immediately RNA

preparation for use in downstream protocols.

Enzyme activity assays: Enzyme activity assay kits for DAO (cat. no. ab273325) and AST (cat.
no. ab105135) were purchased from Abcam (Boston, MA). Plasmids containing the ORF of
DAO, ASTcyt, and ASTmt were lipofected into HCT 116 cells, plated 24 hours previously at a

density of 500,000 cells per well in a 6-well plate. Lipofected cells were given 48 hours to grow
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and express plasmid. Then, cells were collected, washed, resuspended in endpoint assay buffer,
and lysed using two freeze-thaw cycles on dry ice. Cell lysate then was assayed per kit
instructions by the manufacturer (DAO and AST enzyme activity Kits). Results were read on a

ClarioStar plate reader (BMG LabTech, Ortenberg, Germany).

RNA prep, RT-gPCR, and RNA-seq: The Promega (Madison, WI) “ReliaPrep RNA Miniprep
System” (cat. no. Z6012) was used for all RNA preparations. The RT-gPCR analyses were
performed with the Promega GoTaqg Probe 1-Step RT-gPCR System (cat. no. A6121).
Predesigned primer and probe assays were purchased from Integrated DNA Technologies (IDT,
Coralville, 1A). The probe dye for CYP1A1 (Hs.PT.58.219047), CYP1A2 (Hs.PT.58.45671878),
CYP1B1 (Hs.PT.58.25328727.9) and AHRR (Hs.PT.58.23243692) was FAM. The probe dye for
HPRT1 (Hs.PT.58v.45621572) was HEX. The RT-gPCR reactions were analyzed on an Applied

Biosystems (Bedford, MA) QuantStudio Flex 7 instrument.

Samples for RNA-seq were prepared as above and submitted to the University of Wisconsin
Biotechnology Center (UWBC) Gene Expression Core (GEC) for quality control and library
preparation. Prepared libraries were then submitted to the UWBC Next-Gen Sequencing Core
and sequenced on the Illumina (San Diego, CA) NovaSeq6000 at a depth of 30 million reads per
sample. Differential gene expression (DGE) analysis was done by the UWBC Bioinformatics

Resource Core (BRC), as well as with Qlucore (New York, NY) Omics Explorer.

Statistical analysis and calculations: Results of RT-qPCR were analyzed using the ddCt

method?3. In situations where genes had high initial Cts (~35 or above), the percent increase over
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the minimum response was used to adjust for the low baseline of these genes. The calculation
used was as follows: 100 — ((dCt/dCtmax)*100) where dCt is the difference between the gene of
interest (GOI) and the housekeeping gene (HK) and dCtmax is the maximum dCt for a given
experimental control group. Statistical analyses and graphs were made using GraphPad Prism
(San Diego, CA). Data was analyzed using 2-way ANOVA and multiple unpaired t-tests or 1-

way ANOVA and student’s t-test.
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RESULTS

Choice of a cell culture model: In our effort to develop an easily studied human cell culture
model that would be amenable to genetic manipulation through gene editing and recombination,
we initially focused on the potential of two cell culture model systems. The hepatocellular
system was chosen to reflect the role of the AHR in the biology of liver as a barrier to the
external environment, and the intestinal epithelial system to reflect the receptor’s influence on
that barrier and it role in inflammatory bowel (IBD) disease?*?. An initial survey of the
literature revealed two immortalized cell lines of potential utility, the HepG2 hepatocellular
carcinoma line and the HCT 116 colorectal carcinoma line. An initial focus on these lines arose
from an analysis of their known genomic integrity that indicated diploidy at important AHR
target genes, thus simplifying gene editing success in future experiments (Table 1). Both lines
were diploid at AHRR, CYP1Al and CYP1A2, but CYP1B1, was found to harbor three loci in
HepG2 (triploid). This was an initial indication that HCT 116 may be preferable in future

experiments.

In our second level of analysis, we asked which cell line was more sensitive in its transcriptional
response to our set of test stimuli related to TRP metabolism (Figure 1). To answer this question,
we performed gPCR analysis of the response of CYP1A1 as in indicator. Cell lines were treated
with UV exposed media (unexposed media as control); I13P (0.7% ethanol as control); or one of
AST, DAO, D-tryptophan, or DAO and D-tryptophan (phosphate buffered saline, PBS, was also
included as a control). Both HepG2 and HCT 116 cells responded to all induction conditions to

varying degrees (Figure 2). HepG2 cells responded 5- to 10-times higher fold induction than
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HCT 116 cells in most conditions, with 500 uM I3P showing the largest difference between cell

types.

The final criteria for choice of a cell culture model were characteristics that would affect gene
editing: i.e. transfection efficiency and clonal outgrowth success. Given our interest in generating
null and edited alleles at target loci in future experiments, efficiency of editing and cloning was
of importance for future success (Table 2). Results from multiple transfection and cloning
experiments reveal that HCT 116 was the preferred cell line based on these properties. While
sensitivity of response (Figure 2) was an important criterion, the difficulty of cloning HepG2
cells, along with its triploidy at the CYP1B1 locus, led us to the choice of HCT 116 cells for
further study. This decision was supported by additional experiments to both demonstrate the
sensitivity of the HCT 116 cell line to our proagonist stimuli as well as optimize this response for

further studies.

HCT 116 cells are a suitable model for multiple pathways of AHR activation. To document
HCT 116 cell sensitivity and to determine their suitability to respond to an intestinal enzyme’s
(i.e., DAO’s) production of the proligand I3P, we performed an induction experiment measuring
all four classical AHR mediated responses (i.e., AHRR, CYP1A1, CYP1A2, and CYP1B1). To
this end, HCT 116 cells were dosed with media containing DAO (2U/mL) and D-tryptophan
(21uM) to make the AHR ligand I3P (Figure 1). Cells were incubated in the mixture for 24
hours, at which time, cells were harvested, and RNA was prepared. The RT-gPCR assays was
performed using primers and probes for CYP1A1, CYP1A2, CYP1B1, and AHRR, revealing

induction of all targets except CYP1A2 (Figure 3). The lack of a CYP1AZ2 response was not
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surprising given that this is commonly known as a hepatocyte-restricted gene product. Given the
highly sensitive nature of the CYP1Al, CYP1B1, and AHRR response, these conditions were
chosen as the common workflow for induction throughout (i.e., plate 25,000 cells per well in a

96-well plate, wait 24 hours, induce, wait 24 hours, make RNA, perform RT-gPCR).

To further establish this HCT 116 cell culture model, we examined our standard condition’s
influence on the 13P response, the UV response, and the influence of additional pro-oxidants to
modify production of agonists from I3P (Figure 4). We observed a sensitive response in HCT
116 cells to I3P, AST, DAO, and UV when using CYP1A1 as a standard endpoint. The HCT 116
cells were also induced with AST and FeCls, and RNA was collected at various timepoints post-
induction. While we did observe some increase in response when media was pretreated with
FeClz using AST as an enzyme, this response increase was not as robust when using DAO. Thus
FeClz was not used in the remaining experiments. HCT 116 cells responded maximally at 24

hours (Figure 4E).

Transient transfection of DAO and AST plasmids fail to induce the AHR pathway despite
production of active enzyme. To determine whether the enzymes DAO or AST were producing
I3P intracellularly, we increased expression of intracellular levels of these enzymes using
transient transfection. The HCT 116 cells were lipofected with DAO or AST expression plasmids
and were prepared for the matching Abcam enzyme activity assay. All plasmids produced active
enzyme as determined using commercial assays for each activity (Figure 5A and B). For AST,
the cytosolic version produced roughly three times as much active enzyme as the mitochondrial

version, while the DAO plasmid produced over 300 mU/mL of active enzyme. All results were
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significantly increased over the mCherry control. Interestingly, in a parallel experiment, cells
that that were transfected with either DAO or AST expression plasmids did not demonstrate
increases in the AHR response, CYP1A1 (Figure 5C). Included in this experiment was addition

of D-TRP which is not typically found in standard cell culture media.

UV exposure of AAA-deficient cell culture media induces the AHR pathway via
tryptophan, tyrosine, and phenylalanine photodegradation. Custom cell culture media
lacking all three AAAs, was prepared commercially and FBS, phenol red, L-TRP, L-tyrosine,
and L-phenylalanine were added back as indicated in methods and Figure Legends (Figure 6).
The experimental groups were plated in a 96-well plate at a volume of 100uL for UV exposure
from the narrowband source. The exposed media then replaced regular growth DMEM on cells
plated 24 hours earlier at 25,000 cells per well in a 96-well plate. Cells were incubated 24 hours
in the UV exposed media then extracted for RNA to be used in RT-qPCR. We observed that
while response displayed highly variable results correlated with well location, the overall
response suggested L-TRP, L-tyrosine, and FBS may play a role in ligand production from UV

exposure (Figure 6).

Subsequent experiments using the same workflow detailed above except media were exposed in
6-well plates at a volume of 2mL. This adjustment provided tighter results presumably by
removing the well-by-well variability. Using this improved protocol, the cultures were also
exposed to different UV light sources as well as the addition of AAAs. The bulbs we employed
included: in the germicidal/UVC range, in the wideband UVB range, and in the narrowband

UVB range (for exact spectra, see Figure 7). Again, we observed that L-TRP and FBS were the
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main sources of proligand. When exposed to UVC, both L-TRP and FBS caused a roughly four-
fold increase in CYP1AL expression (Figure 8A). The wide- and narrowband UVB sources
showed results similar to each other. Both UVB sources were matched for power output in
uw/cm? (UVB wide = 1,800 uW/cm?; UVB narrow = 2,000 uW/cm?), and media was exposed in
both for 1 hour with matched controls covered by aluminum foil. For the wideband UVB source,
L-TRP caused a roughly 17-fold increase in CYP1AL expression, L-tyrosine and L-
phenylalanine each caused a 3-fold increase, FBS caused a 40-fold increase, and all four
compounds together induced CYP1A1 by approximately 250-fold (Figure 8B). Finally, the
narrowband UVB source caused a 4-fold increase in the custom media alone, which was unique
to this light source. Additionally, L-TRP caused an 11-fold increase, L-tyrosine and L-
phenylalanine again each caused a 3-fold increase, FBS caused an approximately 14-fold

increase, and all compounds together upregulated CYP1AL by about 40-fold (Figure 8C).

The DAO enzyme, 13P, and UV upregulate a similar battery of AHR genes. RNA samples
were prepared from cells treated with 2U/mL DAO and 21uM D-TRP, 500uM 13P, 1% PBS, UV
exposed media, or unexposed UV control media. The RNA was then sent to the UWBC for
RNA-seq analysis. Resulting data was analyzed in Qlucore Omics Software. Differential gene
expression (DGE) analysis was performed using a g-value of 0.1; the PBS and UV controls were
pooled to provide a sample size of six (Figure 9A). The DAO, 13P, and UV exposed samples
were then compared to the pooled controls. The intersecting differentially expressed genes
(DEGs) of each condition were then taken to provide a master list of overlapping DEGs in all
conditions (i.e. the genes DAO, I3P, and UV all shared). Genes were visualized in Qlucore via a

heatmap, which revealed 15 of 16 genes were similarly upregulated across induction methods;
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MAGI1 was the only gene upregulated in one condition (UV) and downregulated in the others
(13P and DAO) (Figure 9B). RT-gPCR was done to verify the RNA-seq results for CYP1Al
(Figure 9C). All induction mechanisms upregulated CYP1A1, and other pathways hypothesized
to make I3P as a proligand, namely ALT and AST, also increased CYP1AL expression. The list
of DEGs shared between DAO, 13P, and UV induction were compared to published lists of
AHR-regulated genes (Figure 10)?%27. The list elucidated in this experiment had major overlap
with the AHR genes identified in Yang et al., with 10 out of 16 genes shared between lists?®. Of
those genes, three were also shared with a list of AHR-regulated genes from ChlPBase?’. These
three genes were CYP1A1, GDF15, and NQO1. Notably, the ChIPBase list of AHR-driven
genes did not contain known AHR-regulated genes such as AHRR or TIPARP. Genes uniquely
identified in the current study were AC015712.2, ADGRF1, FTH1, GDA, MAGI1, and

SLC16A6.
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DISCUSSION

HCT 116 cells are a suitable model for AHR pathway study and have several advantages
over HepG2 cells. Historically, HepG2 cells are a common model for the human AHR pathway.
This use is primarily driven by their physiology being related to hepatocyte function, and their
sensitivity to a broad spectrum of agonists including AHR proligands (Figure 1)8. However, this
cell line seemed more physiologically distant from intestinal biology and disease states such as
IBD. Therefore, we investigated the use of an alternative model, such as HCT 116 (Figure 2).
Interestingly, the HCT 116 cells have been infrequently used to study the AHR pathway. Our
results suggests that this may change as we have shown that HCT 116 cells are inducible at
CYP1A1, CYP1B1, and AHRR loci (Figure 3) and respond to a diverse assortment of proligand
producing pathways. These pathways include, 13P, DAO plus D-TRP, AST, and UV (Figure 1).
Additionally, we performed preliminary assays with ALT and also observed a modest response
in the presence of FBS and L-TRP (Figure 9C and data not shown). Both HepG2 and HCT 116
exhibit a diploid genome at many AHR target genes of interest, making them promising
candidates for CRISPR editing, CYP1B1 is triploid in HepG2 making targeting of that locus
more problematic compared to HCT 116 (Table 1). While HCT 116 cells may be less responsive
than HepG2 cells, HCT 116 cells had higher transfection, editing, and single-cell sorting survival
rates than HepG2 cells (Table 2). Additionally, we observed some doses of AST (for example,
15 U/mL) that killed HepG2 cells but did not adversely affect HCT 116 cells (data not shown).
In addition, HCT 116 cells also are physiologically related to the AHR pathway that is related to
IBD. In this regard, D-TRP is produced by microbes populating the gut, and HCT 116 is a colon-
derived epithelial cell line. Therefore, this may be a more suitable model for AHR-related enteric

diseases like 1BD.
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Several 13P-producing pathways activate the AHR pathway. The methods used to activate
the AHR pathway in this paper are all derived from endogenous, physiologically relevant
biochemical pathways. All are thought to work through TRP degradation, specifically through
I3P as a common proligand for each pathway (Figure 1). In this report, each of the employed
pathways (DAO, AST, and UV) produced obvious, measurable responses at doses reflecting
abnormal physiological states (Figure 4 and Table 3). When plasmids were expressed that made
endogenous-like levels of AST and DAO intracellularly, no induction of CYP1A1 was seen
(Figure 5). For example, the inducing dose of AST was 10,000 mU/mL, and the normal
endogenous level of AST is 40 mU/mL,; 10,000 mU/mL would be indicative of injury from
acetaminophen toxicity or cardiac arrest?®, The doses used for UVB exposure would be roughly
equivalent to multiple days of unprotected summer sun exposure in northern climes; at these
doses, a person would have burns and skin damage which might also release AST locally (Table
4). Since the standard physiological levels of DAO, in gut and elsewhere, were not readily
apparent in our literature search, the relationship of DAO amounts used in this paper to regular
endogenous amounts was based on speculation and similar to a dose used previously by our
lab!”. The results from these experiments support AHR’s role in maintaining homeostasis at

barrier organs when the body faces pathogen invasion, extreme perturbation, or organ injury.

Cell culture media with AAA dropouts exposed to UV activates the AHR pathway through
various AAAs. The previous hypothesis for AHR pathway activation via UVB exposure singled
out TRP and its metabolites as the primary ligands responsible for induction®°, This work

supports the concept of TRP photodegradation as a key contributor to AHR pathway induction at
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skin since tryptophan and tryptophan-containing solutions like FBS had the highest levels of
CYP1A1 expression (Figure 6). However, groups containing tyrosine and phenylalanine also
induced the pathway, albeit at a lower level. Tyrosine and phenylalanine each induced CYP1Al
three-fold over a control containing no AAAs or FBS. This suggests UV as a mechanism for
AHR pathway induction is more complicated than previously thought, with tyrosine and

phenylalanine contributing to the milieu of ligands created from photodegradation products.

UV source spectra can be broader than initially thought. In the literature, the term UVB has
traditionally been identified as the spectrum necessary for AHR activation due to its ability to
produce TRP photodegradation products. These results support the idea that a UV light source
with a narrow band at 310nm is convenient and reproducible for AHR UV research. Our results
indicate the wavelengths of light able to produce AHR agonists can arise from a broader
spectrum than previously reported (Figure 7). This observation may have experimental
implications when such wavelengths are used for sterilization of reagents and instruments. In our
experiments, UV light in the germicidal UVC range induced CYP1ALl at a level equivalent to
much of the published literature (Figure 8A). Additionally, wideband and narrowband UVB
sources both induced CYP1AL1 at high levels through all AAAs (Figure 8B and C). The increase
in induction from UVC to UVB can likely be contributed to an increase in source power rather
than an innate quality of UVB which UVC lacks. Interestingly, the wideband UVB source was
able to induce to a greater magnitude than the narrowband source even though its output energy
was slightly less (wideband = 64.8 kJ/m? and narrowband = 72 kJ/m?). This result suggests UV
sources can be of a broader spectrum of UVB or even UVC may be even more appropriate for

AHR pathway research.
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Disparate induction mechanisms activate a core battery of target AHR genes. A core list of
AHR-regulated genes was generated by taking the intersection of DEGs between DAO, 13P, and
UV treatment each compared to pooled controls (Figure 9). Visualization via a heatmap reveals
15 of the 16 identified genes share the same pattern of upregulation across all three induction
mechanisms (Figure 9B). Only MAGI1 was upregulated when inducing with UV but
downregulated compared to the pooled controls when inducing with DAO and I3P. The
conservation in pattern across all induction mechanisms for the majority of genes provides strong
evidence these genes comprise a core battery in the AHR response to ligand. Further, it suggests
I3P is the common proligand produced by DAO and UV. The proligand 13P is known to
spontaneously degrade into a milieu of compounds that induce AHR2, To confirm these results
for a well-known AHR pathway gene included in the identified list (CYP1A1l), RT-gPCR was
done on RNA samples induced with multiple pathways (Figure 9C). All pathways are known to

make I3P, and all induced CYP1A1 expression, supporting the RNA-seq results.

RNA-seq identifies novel AHR pathway genes suitable for further study. The list of AHR
pathway genes identified in this chapter was compared to published AHR pathway gene lists
(Figure 10). The published lists were derived from ChlP-seq experiments rather than RNA-seq as
in this chapter?2’. Of the 16 identified genes, 10 were also shared in Yang et al., and 3 of those
10 overlapped with the ChlPBase list. However, the ChlPBase list of AHR genes omitted known
AHR targets such as AHRR and TIPARP. This suggests an incomplete sampling likely due to
experimental or biological constraints, and it presents the possibility that more AHR genes are

shared between all compared lists than reported. Concurrence with published AHR pathway
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genes suggests the list identified in this experiment accurately reflects AHR biology.
Additionally, six genes identified in the current experiment did not overlap with published lists.
Due to their conserved response across multiple induction mechanisms, these novel genes are
core-AHR-battery candidates. Further investigation into their ligand responsiveness and

biological role may shed further light on AHR signaling in vivo.



TABLES

Table 1. Ploidy at AHR genes of interest in HepG2 and HCT 116 cell lines.

Cell Line | Cellosaurus ID AHR CYP1A1 CYP1A2 CYP1B1 AHRR
HepG2 CVCL_0027 2 2 2 3 2
HCT 116 | CVCL_0291 2 2 2 2 2
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Table 2. Comparison of cloning and transfection efficiency between HepG2 and HCT 116.
Observations from at least four independent experiments reveal the following estimates for
transfection efficiency (visible expression of an mCherry plasmid under fluorescence). Clonal

outgrowth as number of proliferating wells as visualized.

Cell Line HepG2 HCT 116

Transfection Efficiency 15-20% 50-75%

Clonal Outgrowth Efficiency 0% 50%
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Table 3. Working concentrations of inducing compounds and amino acids. * is in patients

with acute coronary symptoms.

Compound Working concentration Solvent Normal

(unless otherwise specified) endogenous
level
Indole-3-pyruvate (13P) 500 uM 70% Unknown
Ethanol

Aspartate aminotransferase 10 U/mL Ammonium | 0.040 U/mL?

(AST) sulfate

Alanine aminotransferase 25 U/mL PBS 0.020 U/mL?®

(ALT)

D-Amino acid oxidase (DAO) | 2 U/mL PBS Unknown

D-Tryptophan 21 uM PBS Unknown

L-Tryptophan 23 uM PBS 63.7 UM

L-Tyrosine 23 uM PBS 35.5 um3t *

L-Phenylalanine 23 uM PBS 31.2 um3t *




Table 4. UV source power, exposure, output energy, SEDs.

83

UV Source UVA/UVB Exposure Time Energy (kJ/m?) | SEDs
Power (mW/m?) | (seconds)

Sun (northern summer)? | 250 3,600 0.9 9

Germicidal (UVC) 0 3,600 0 0

Wideband UVB 18,000 3,600 64.8 648

Narrowband UVB 20,000 3,600 72 720
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FIGURES

Figure 1) Biological pathways that produce 3-substituted indole proligands in vivo. A)
Production of Indole 3-carbinol from enzymatic hydrolysis of glucobrassicin in plant
homogenates to the generation of ICZ from indole 3-carbinol in the low pH environment of the
stomach. B) Classically, AST functions as a glutamic oxaloacetic transaminase, converting
between aspartic acid and glutamic acid in cells, when TRP is the substrate AST converts L-TRP
to I13P. C) The enzyme DAO catalyzes the oxidation of D-TRP to I3P. D) Wavelengths of UVB
light lead to conversion of TRP to I3P. Condensation of I13P creates AHR-activating compounds

like FICZ, a compound with high affinity for the AHR.
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Figure 2) The cell lines HCT 116 and HepG2 cells respond at different magnitudes to AHR
ligands. HepG2 cells are roughly five to ten times more inducible than HCT 116 cells when
exposed to UV, I13P, DAO+D-tryptophan, or AST for 24 hours. Corrected p-values are as

indicated. See text for details.
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Figure 3) DAO induces four canonical AHR pathway genes. Treatment of HCT 116 cells
with 2U/mL DAO and 21uM D-tryptophan for 24 hours upregulates CYP1A1, CYP1B1, and
AHRR approximately 50% over baseline. Upregulation for all genes is statistically significant at
p < 0.01, including for CYP1A2 (p = 0.009). CYP1ALl is used as a reporter gene in further

experiments.
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Figure 4) Optimization of the HCT 116 cell system: A) Time course of I3P response: The
AHR dose-response for CYP1AL is measured and found to be maximal between 20-500 uM 13P.
Asterisks indicate statistical significance according to a one-sample t-test with the theoretical
mean set to 1. B) Treatment with UV upregulates the AHR pathway in HCT 116 cells. The
HCT 116 cells were exposed to media treated with UV (DMEM only group), cells were exposed
through PBS, or cells were exposed through media. Complete media exposed to UV caused AHR
upregulation when cells were and were not exposed to UV directly. Numbers indicate adjusted p-
values according to multiple unpaired t-tests for each group, +UV vs -UV. C) DAO upregulates
CYP1ALl in HCT 116 cells upon addition of D-TRP. Cells were treated with indicated
compounds for 24 hours before RT-gPCR. Excess D-tryptophan does not increase cell induction
magnitude. Asterisks indicate statistical significance according to a one-sample t-test with the
theoretical mean set to 1. D) AST upregulates the AHR pathway using no additional TRP
addition. The HCT 116 cells were treated as indicated for 24 hours before RT-qPCR. The
addition of 10U/mL AST exhibited greatest upregulation with least toxic effects on cells.
Asterisks indicate statistical significance according to a one-sample t-test with the theoretical
mean set to 1. E) HCT 116 induction time course with AST and FeCls induction. HCT 116
cells were induced with 10U/mL AST and 50mM FeClz for 24 hours before RT-qPCR. The AHR
pathway begins to upregulate at 8 hours, but appreciable upregulation did not occur before that.

Only the 24-hour timepoint is statistically significant (p = 0.045).
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Figure 5) The overexpression of DAO and AST via plasmid transfection does not lead to
activation of the AHR pathway. A) AST plasmid overexpression produces active enzyme. The
lesser activity from the ASTmt plasmid may be from lack of purifying mitochondrial fraction
rather than a true biological difference. Asterisks indicate statistical significance according to
one-sample t-test with theoretical mean set to the mCherry control sample mean (147.97). B)
DAO plasmid overexpression produces active enzyme. Asterisks indicate statistical significance
according to two-tailed unpaired t-test. C) Transient transfection of DAO and AST does not
result in pronounced CYP1ALl induction. The ASTmt plasmid group was the only to show
statistical significance when analyzed with a one-sample t-test with theoretical mean set to 1.
The ASTmt plasmid caused a 1.2-fold increase in CYP1AL expression which was significant by

a t-test.
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Figure 5B)
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Figure 5C)
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Figure 6) Initial amino acid dropout with narrowband UV exposure experiment suggests
tryptophan photodegradation is the main pathway of AHR ligand production, but tyrosine
and phenylalanine make minor contributions to AHR pathway activation. Number indicates
corrected p-value from multiple unpaired t-tests. Variation in UV-exposed dropout groups may
be due to inconsistency in UV exposure (the bulb used was the narrowband UVB). This was

corrected in later experiments.
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Figure 7) Representative UV spectra of three different light sources. The germicidal source
has its main peak at approximately 250nm with negligible peaks at higher wavelengths. The
wideband UVB source has a broad peak from approximately 250nm to 400nm with its maxima
at approximately 320nm. Other peaks occur at 405nm, 440nm, 550nm, and 580nm. The
narrowband UVB source has a minor peak at 300nm and its maximal peak at 310nm. Tryptophan

maximally absorbs UV at 280nm.
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Figure 7)
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Figure 8) Comparison of three different UV light sources indicates many light sources
commonly employed in the laboratory setting can activate AHR through irradiation of
AAAs. Numbers indicate corrected p-values from multiple unpaired t-tests. A) Germicidal
UVC light source. Groups with L-TRP (L-TRP, FBS, and complete media) had the highest
CYP1AZ1 induction. Special-order DMEM alone had statistically significant induction ability
when exposed to UV, indicating integral components of cell culture media may degrade to AHR
ligands; alternatively, components of the cell culture plates media was exposed in may release
AHR ligands when exposed to UVC. Aromatic amino acids besides tryptophan did not induce
CYP1A1 when UV exposed. B) Wideband UVB light source. All groups besides the special-
order DMEM only were significantly upregulated. The highest upregulation occurred in the
complete media group with all AAAs plus FBS; this response appears to be synergistic in nature.
L-tyrosine and L-phenylalanine also increased CYP1AL expression roughly 2.5-fold. C)
Narrowband UVB light source. All groups had significant CYP1A1 upregulation when
exposed to UVB. See A. above for hypotheses as to why special-order DMEM alone may
upregulate CYP1AL. Results for this light source agreed with those for a wideband UVB source
(B. above). However, the magnitude of CYP1AL expression was reduced for this light source

even though the UV exposure was matched with the wideband source.
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Figure 8A) Germicidal Light Source
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Figure 8B) Wideband UVB light source
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Figure 8C) Narrowband Light Source
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Figure 9) Different induction mechanisms upregulate a shared set of genes through the
proligand I3P. A) Pooled RNA-seq controls cluster together. PCA plot analysis reveals the
PBS control for 13P and DAO clusters with the unexposed UV control. Pooling controls is
therefore appropriate for subsequent RNA-seq analysis. B) DAO, 13P, and UV upregulate a
shared set of genes by RNA-seq. Heatmap of 16 genes identified with g < 0.1 that are
differentially expressed by DAO, I3P, and UV treatment when compared to uninduced controls.
Red indicates upregulation while blue indicates downregulation; color darkness reflects
magnitude of change. All genes besides MAGI1 share a similar expression pattern across all
three induction mechanisms. 13P shows the greatest upregulation in the differentially expressed
genes. C) RT-gPCR confirms different induction mechanisms that make I3P as a proligand
upregulate CYP1AL. Induction mechanisms were not controlled for potency, so dosages may
not be directly comparable to each other. Asterisks indicate statistical significance according to

one-sample t-tests with theoretical mean set to 1.
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Figure 10) Overlap of current chapter’s list of AHR genes with published lists. CYP1AL,
NQO1, and GDF15 overlap between all three lists, while other historical core AHR genes like
AHRR and TIPARP are shared between this paper and Yang et al.’s list. Novel genes identified
in this paper are in box C and are candidates for further research. The ChlPBase list of DRE-

regulated genes omits all genes of box B despite some of them having known DREs.
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APPENDIX

Appendix 1. Human DAO coding sequence plasmid map.
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Appendix 2. Human ASTcyt plasmid map.
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Appendix 3. Human ASTmt plasmid map.
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Chapter 4: Studies to Establish an Auxin-Inducible

Method of Protein Knockdown in HCT 116 Cells
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ABSTRACT

The auxin-inducible degron (AID) system showed early promise in the reversible degradation of
protein products. Because it relies on a plant ubiquitinating protein (OsTIR1), the AID system is
proposed to degrade proteins in mammalian systems upon exposure with the plant hormone or
auxin known as indole-3-acetic acid (IAA). Published literature suggests the AID system is
highly responsive, reversible, and auxin-dependent without basal degradation in a wide variety of
mammalian systems!. The experiments in provide a stark contrast to this premise, indicating
limited influence on protein expression, although reversibility of the AID system could not be
tested as no significant degradation was seen in multiple scenarios. Transiently transfected
OsTIR1 was able to degrade a tagged reporter in the absence of auxin, and the maximal decrease
in reporter expression was less than 10%. While the AID system shows promise in published
literature, the results of these experiments suggest the spectrum of its utility may be highly
selective and cannot be relied upon to control pathways in many commonly used cell systems

commonly used to study Ah receptor signaling.
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INTRODUCTION

Regulation of protein expression through “knockdown” or “knockout” techniques have long
been used to study diverse biological systems. Many genetic methods exist to totally remove
protein products, including the popular clustered regularly interspaced short palindromic repeats
(CRISPR) editing®*. These approaches generally delete or mutate a gene into a non-functional
form. Additional approaches to control the expression of an mRNA such as RNA interference
(RNAI) and the Tet on/off system are also popular®. Currently, CRISPR and RNAI are perhaps
the simplest methods to study the effect a particular gene product has on a specific biological
pathway in cell culture models. Of note, neither of these methods are regulatable and typically
rely on the comparison of multiple clones or transfected populations. Moreover, neither of these
methods control expression of the gene product at the protein level, thus, they are temporally

more distant from the pathway under study.

A more recently proposed alternative to the above methods is the auxin inducible degron (AID)
system first published in 2011 and improved in subsequent years*®-1°, The AID system uses a
plant ubiquitinating protein (OsTIR1, part of a Skp1-Cull-F-box protein complex) to target a
protein of interest for degradation. In this novel regulatory method, the protein of interest is
tagged with a plant-derived epitope, termed a “degron”, that serves as a ubiquitination site for the
OsTIR1, leading to its rapid degradation by the cellular proteosome. Crucially, after generation
of a cell line expressing OsTIR1, ubiquitination of the protein of interest happens only when the
plant auxin hormone, indole-3-acetic acid (IAA) is added to the system. Of equal importance to
this system, removal of the auxin inactivates OsTIR1 and reverses the protein degradation,

leading to normal target protein stability and expression in the system. Early problems with the
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system, such as auxin-independent basal degradation and large required doses of auxin, have
been rectified in more recent years''°. Briefly, OsTIR1 was mutated at the 74" amino acid from
phenylalanine to glycine (termed OsTIR1-F74G). This formed a “bump” in the auxin-binding
domain where the phenyl group of an alternative auxin, 5-phenyl-indole-3-acetic acid (5-Ph-
IAA), fits with high specificity. This mutation resolved the basal degradation and high auxin
dosage issues'. The ligand-inducibility and reversibility of the AID system make it a potentially
powerful tool to study molecular biology. In particular, systems such as Ah receptor (AHR)
signaling where repressors such as the Ah receptor repressor (AHRR) are rapidly upregulated

and are difficult to study through the control of mMRNA levels.

The goal of the authors for this paper was to investigate the power of the AID system to produce
a tool useful for the study of the AHR pathway in cell lines such as HCT116. For system
evaluation, a successful level of oblation was considered anything at or above 80%. Knockdown
of 95% or greater would have been ideal. In our initial attempt, we stably expressed the
improved OsTIR1-F74G in HCT 116 cells. Once the universal stable lines were generated,
proteins of interest could be tagged with a degron, thereby making the complete AID system. In
these initial studies, we planned to make two separate models. One would have the AHRR with
the degron tag. The other would have cytochrome P450 1A1 (CYP1A1) tagged with the degron.
These two models would allow further investigation of the roles of feedback inhibition on the
AHR pathway, which could produce insights into cancer, development, and role of xenobiotic

metabolism in normal physiology.
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MATERIALS AND METHODS

Chemicals, solutions, and antibodies: Five-phenyl-indole-3-acetic acid (5-Ph-IAA, cat. no.
HY-134653) was purchased from MedChemExpress (Monmouth Junction, NJ). Lipofectamine
3000 (cat. no. L3000015) and 4°,6-diamidino-2-phenylindole (DAPI, cat. no. D1306), along with
the Pierce bicinchoninic acid (BCA) protein assay kit (cat. no. 23227), were purchased from
ThermoFisher (Waltham, MA). Dulbecco’s Modified Eagle Medium (DMEM) cell culture media
(cat. no. 11960044) was purchased from Gibco (Waltham, MA), along with fetal bovine serum
(FBS), penicillin/streptomycin (cat. no. 15140122), L-glutamine (cat. no. 25030081), puromycin
dihydrochloride (cat. no. A1113803), and 0.05% trypsin-EDTA (cat. no. 25200056). CelLytic M
(cat. no. C2978) for cell lysis was purchased from Sigma-Aldrich (St. Louis, MO). Western blot
reagents were as follows: P\VDF membrane sandwiches (cat. no. 1620219), extra thick blot paper
(cat. no. 1703966), Precision Plus Protein All Blue Prestained Protein Standards (cat. no.
1610373), AP Conjugate Substrate Kit (cat. no. 1706432), and 10X PBS (cat. no. 1610780) from
Bio-Rad (Hercules, CA); Bolt 8% Bis-Tris Plus gels (cat. no. NW00082BOX), Bolt LDS Sample
Buffer (cat. no. B0007), and Bolt Sample Reducing Agent (cat. no. BO009) from Invitrogen
(Carlsbad, CA); Bolt MOPS SDS Running Buffer (cat. no. B0001) and Bolt Transfer Buffer (cat.
no. BT00061) from Novex (Carlsbad, CA); blotting power source (cat. no. FB 600) from Fisher
Scientific (Pittsburgh, PA); SEMI-PHOR semi-dry transfer apparatus (cat. no. TE77) from
Hoefer Scientific Instruments (San Francisco, CA); anti-OsTIR1 polyclonal antibody (cat. no.
PD048) from MBL International (Woburn, MA); Goat anti-Rabbit 1gG (H+L) Secondary
Antibody [Alkaline Phosphatase] (Pre-adsorbed) (cat. no. NB120-6024) from Novus Biologicals
(Centennial, CO); methanol (cat. no. A452-4) from Fisher Chemical (Pittsburgh, PA); Flavorite

non-fat dry milk (NFDM) from Preferred Products, Inc. (Eden Prairie, MN). Tris HCI (cat. no.
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T3253), Tris Base (cat. no. T1503), NaCl (cat. no. S9888), and Tween20 (cat. no. P1379) were
from Sigma-Aldrich. The TTBS+ buffer concentrations of the above chemicals are as follows:

Tris HCI 40.5mM, Tris Base 9.5mM, NaCl 300mM, 0.5% Tween.

Cell culture and puromycin Kill curve: HCT 116 (cat. no. CCL-247) cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA). HCT 116 cells were cultured in
DMEM with 10% FBS, 100 U/mL penicillin/streptomycin, and 2mM L-glutamine. Cells were
kept at 5% COz and 37°C in a humidified incubator. For puromycin (PURO) kill curve, cells
were seeded at 5,000 cells per well in a 96-well plate and given 24 hours to adhere. Then, cells
were treated with 0, 0.1, 0.3, 0.5, 0.7, 1, or 2ug/mL PURO in cell culture media. Samples were
run in triplicate. Cells were incubated with PURO and viability was measured at days 4, 5, and 6
with the Promega (Madison, WI) CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(cat. no. G3582). Graphed results suggested 1ug/mL PURO was the optimal concentration for

HCT 116 cells.

PCR primers, guide RNAs (gRNAs), and plasmids: Primers for PCR screening and gRNAs
were all ordered from Integrated DNA Technologies (IDT, Coralville, |A) (Table 1). The
OsTIR1-F74G (pMK381, cat. no. 140536) and mAID-EGFP (pAYS5, cat. no. 140532) plasmids
were obtained from AddGene (Watertown, MA). Both were deposited by the Kanemaki lab®.
The mAID-mCherry plasmid was synthesized through Twist Bioscience (South San Francisco,
CA). The CMV control plasmid has no ORF in front of a CMV promoter; it was a construct from

the Bradfield lab (pL1966).
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Nucleofection and recovery for stable cell line generation: HCT116 cells were edited using
plasmid “nucleofection” via the Lonza (Basel, Switzerland) 4D Nucleofector system. The
nucleofection mixture was as follows: gRNA, plasmid harboring an OsTIR1-F74G open reading
frame (ORF), Cas9 enzyme, and commercial “electroporation enhancer” mixed to 20uM, 10uM,
19.5uM, and 20uM, respectively. The HCT 116 cells of a low passage number (below 10
passages) were counted, washed, resuspended in Lonza SE nucleofection buffer (cat. no. V4XC-
1032). The mixture was added to an electroporation cassette, and the cells were then
nucleofected in the Lonza 4D system using the EN-113 pulse code. Nucleofected cells were then
plated in a 96-well plate for recovery and growth. After approximately two days, the cells were
expanded to a 6-well plate when they reached confluency. The progression from 96-well to 6-
well plates was used for optimal cell growth conditions, since cell survival directly after

nucleofection was most successful when cells were kept relatively confluent.

PURO selection and cloning for stable cell line generation: Three days post-nucleofection,
regular cell culture media was replaced with cell culture media plus 1ug/mL PURO. Media
containing PURO was replenished at day 7 and day 10 post-nucleofection. This selected for cells
likely containing the desired edit, but it did not create single-cell clones. At day 10 after
nucleofection, cells were collected from plates via trypsinization, pooled per group (e.g. all no-
guide-control (NGC) groups together, all gRNA 1 groups together, all gRNA 2 groups together,
etc.), washed with wash buffer (WB, 2% v/v FBS in PBS), and resuspended in WB with lug/uL
DAPI. Resuspended cells were taken to the UW Carbone Cancer Center Flow Cytometry
Laboratory for live/dead sorting on the Becton Dickinson (BD, Franklin Lakes, NJ) FACSAria

Cell Sorter to achieve monoclonal populations. Single cells were deposited in each well of a 96-
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well plate. Clones were allowed to outgrow for a week before the media was changed to 1ug/uL
PURO media for confirmatory selection. Approximately three weeks after single cell sorting,
cells surviving PURO selection were expanded for freezing in multiple aliquots of one million
cells per Corning (Corning, NY) 1.2mL Internal Threaded Polypropylene Cryogenic Vial (cat.

no. 430487).

PCR selection scheme: An aliquot of the expanded clones (approximately 100,000 cells) was
examined by PCR amplification as follows. Samples for PCR were boiled at 95°C for 15 minutes
to generate a crude cell lysate which was then used as template for the internal (primers
OL2399/0L.2400), 5’ spanning (primers OL2398/0L2399), and 3’ spanning (primers
0OL2408/0L1741) PCRs (Figure 1). Takara (San Jose, CA) PrimeSTAR GXL DNA Polymerase
(cat. no. R050B) kit was used for all PCRs. Clones positive by PCR were grown in 10cm dishes

for Western blotting. All primers are described in Table 1.

Western blot analysis of the OsTIR1 protein: Protein extracts for western blot were made by
collecting cells via trypsinization, washing, and resuspending in 25 to 50 uL of CelLytic M per 1
million cells. Suspensions were then incubated with rotation at 4°C for 15 minutes followed by a
subsequent 15-minute spin at 4°C and 12,700 rpm to remove pelleted cell debris. The cleared
supernatant was then quantified using the BCA assay per manufacturer’s instructions®!. Protein
samples were denatured in Bolt LDS sample buffer and reducing agent (both diluted to 1X) with
the following protocol: 10 minutes at 70°C, 2 minutes at 85°C, with storage at 4°C. One hundred
micrograms of denatured protein per sample was loaded on the 8% Bis-Tris gel and run at 97 V

for approximately 30 minutes for stacking then 204V until the dye front ran out of the bottom of



132

the gel (approximately 30 minutes). The gel was then equilibrated in Bolt transfer buffer for 30
minutes, along with the methanol-activated PVDF membrane and blotting paper. Separated
proteins were transferred to the PVDF membrane via semi-dry transfer at 1mA/cm? for 1 hour.
The membrane was blocked in 10% NFDM in PBS (Blotto) overnight. Primary anti-OsTIR1
antibody was diluted 1:500 in 5% Blotto, and the membrane was incubated for 1 hour at room
temperature (RT) with the antibody mixture. Three washes were done with TTBS+ buffer.
Secondary antibody was diluted 1:10,000 in 5% Blotto and incubated with the washed membrane
1 hour at room temperature. Another set of three washes was done with TTBS+ before starting
color development with the AP Conjugate Substrate Kit. Briefly, reagents A and B of the kit
were diluted to 1X using distilled water and poured over the washed blot. Color development ran
approximately 8 minutes before the reaction was stopped with distilled water. The blot was dried

before photographing for clearest bands.

Lipofection, auxin treatment, and flow cytometry: Cells were plated at a density of 500,000
cells per well in a 6-well plate and given 24 hours to adhere under standard cell culture
conditions. Then, cells were “lipofected” with specified plasmids and noted concentrations using
the manufacturer’s Lipofectamine3000 protocol*?. If treatment with auxin was required, cells
were given 24 hours post-lipofection and treated with 1uM 5-Ph-1AA in their unchanged cell
culture media. Forty-eight hours post-lipofection, cells were collected via trypsinization, washed
with wash buffer (WB, 2% FBS in PBS), resuspended in WB with 1 ug/uL DAPI, and taken to
the UW Carbone Cancer Center Flow Cytometry Laboratory. Data was recorded on the
ThermoFisher (Waltham, MA) Attune NXT machine. For Figure 3 only, cells were treated with

5-Ph-1AA 1 hour before sorting.
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Data analysis and gating strategy: Flow cytometry data was analyzed using FCSExpress from
De Novo Software (Pasadena, CA). Histogram gate percentages reflect the percent of single, live
cells that had EGFP or mCherry expression. Gating was as follows (Y vs X axis): SSC-A vs
FSC-A (cells); FSC-H vs FSC-A (single cells); DAPI vs FSC-A (live cells); EGFP-A vs FSC-A
(EGFP-positive cells) or mCherry-A vs FSC-A (mCherry-positive cells); Count vs EGFP-A or
mCherry-A (histogram of EGFP- or mCherry-positive cells). Percent changes were calculated by
dividing the difference between groups by the control level of fluorescence. For example, the
difference between an mCherry-1AA group with 30% mCherry positive cells versus an

mCherry+lAA group with 25% mCherry positive cells would be 5/ 30 * 100 = 16.67%.
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RESULTS

A mismatch in gRNA cut site and plasmid homology arms still results in a functional edited
cell line. The first round of clone generation unintentionally used a gRNA which cut 48 base-
pairs upstream of where the plasmid homology arms aligned with the genome (Figure 1). The
gRNA used was 296D.target. AAVS.4 (Table 1). Identification of the error was made after clones
had already been generated, so screening was undertaken. A PCR designed within the OsTIR1
knock-in sequence revealed two of three collected clones had the insert (Figure 1 and 2A).
Clones Os.1.A10 and 0s.1.B10 were then screened using two additional PCRs. One was
designed to span the genomic DNA and plasmid insert on the five-prime end, while the second
spanned the genomic DNA and plasmid insert on the three-prime end (Figure 1). These spanning
PCRs revealed bands for Os.1.A10 on the five-prime and three-prime ends (Figure 2B). Clone
0s.1.B10 had a successful band on the three-prime end only (Figure 2B). However, the three-
prime end PCR also generated a band in the NGC lane, suggesting these results were non-
specific to the knock-in (Figure 2B). Due to Os.1.A10 and Os.1.B10 generating bands in the
internal PCR and spanning PCR(s), both clones were screened using a Western blot (Figure 2C).

The Western blot revealed OsTIR1-F74G protein production only in clone 0s.1.A10.

Properly designed gRNA cut site and plasmid homology arms generates an additional
functional OsTIR1 clone. A secondary round of clone generation was undertaken using a
gRNA designed with perfect alignment to the plasmid homology arms (Figure 1). The gRNA
was 388B.target. AAVS1.Kanemaki (Table 1). Clones were screened in exactly the same way as
described above. Internal and spanning PCRs are not shown due to the volume of clones

screened, but results looked similar to those from round one (Figure 2A and B). Clones positive
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by PCR were also screened using a Western blot; of the five Os clones from round two, only
0s.5.D2 was confirmed to make OsTIR1 protein (Figure 2C). The no-guide-control (NGC)
clone, NGC.1.B2, is an unedited wild-type cell line exposed to the same nucleofection mix as the

Os clones but lacking a gRNA.

Stable OsTIR1-expressing HCT 116 clones show no significant decrease in degron-reporter
expression. Clones positive for OsTIR1-F74G were examined for the capacity to regulate the
expression of an mAID-mCherry reporter which had been introduced via lipofection (Appendix
1). Cells were cultured with 5-Ph-1AA in their growth media one hour before flow cytometry
(Figure 3). Complete degradation of the reporter in the presence of the auxin was not observed in
either clone Os.1.A10 or clone Os.5.D2. This experiment was repeated three times; data not

shown.

Transient OsTIR1 expression in HCT 116 cells fails to reduce expression of a previously
published EGFP-based degron-reporter, even in the presence of auxin. Wild-type HCT 116
cells were lipofected with the OsTIR1-F74G plasmid and pAY5, an mAID-EGFP reporter
plasmid acquired from the Kanemaki lab via AddGene, or pAY5 alone (Figure 4)®. For each
plasmid, 250ng were lipofected 48 hours before flow cytometry. Cells were treated with 1uM 5-
Ph-1AA 24 hours before flow cytometry for maximum exposure. Again, flow cytometry shows

limited (if any) decrease in EGFP expression in the OsTIR1 plus 5-Ph-1AA group.

Transiently transfected OsTIR1 plasmid shows strong constitutive degradation activity at

high amounts. All groups were transfected with 500ng of EGFP reporter. The OsTIR1-F74G or
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CMV-empty control plasmids were transfected at 100ng, 500ng, and 1,000ng. Flow cytometry
was done 48 hours post-nucleofection when fluorescence was maximal. The OsTIR1-F74G
plasmid showed strong basal degradation at 500ng and up (Figure 5). No groups were treated
with auxin in this experiment. The 100ng condition was used in following experiments to

mitigate basal degradation.

Addition of auxin to transiently transfected OsTIR1 plus degron-reporter does not cause
an increase in degradation over those seen with addition of OsTIR1 alone. Cells were
transiently transfected with 500ng reporter-degron constructs and 100ng of either the empty
CMV control or OsTIR1 plasmid. Cells transfected with CMV control and reporter-degron
showed no significant difference between groups treated with and without 1uM 5-Ph-1AA

(Figure 6). In all groups, measurable fluorescent expression was seen.
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DISCUSSION

Positive CRISPR events do not always correspond to regulatable protein expression. Two
rounds of clone generation and single-cell sorting yielded 99 unscreened monoclonal cell
populations that potentially had integrated the OsTIR1-F74G minigene into the HCT 116
genome. Subsequent PCR analysis was used to verify the proper integration of the minigene at
its five-prime and three-prime ends (Figure 1). Twenty clones out of the 99 screened were
positive by PCR for the edit (Figure 2A and B). Seven PCR-positive clones were chosen for
protein extraction based on speed of growth and consistent morphology. These were further
examined by Western blot. Only two of these seven clones displayed positive bands for OsTIR1
(Figure 2C). Assuming this proportion of clones positive by Western (28.57%) holds true for the
population, then approximately 6 of the 20 PCR-positive clones should have been confirmed via
Western, if screened. Therefore, 6 out of the 99 initial clones (6.06%) would be positive for
OsTIR1 protein despite more having the knock-in by PCR. Only 20.2% of the initial 99 clones
were sufficient for further study based on PCR screening. These results illustrate the low rate of
appropriate gene editing, reflecting both inefficiencies in proper insertion of the construct at the
target site and of the insert protein being expressed at a measurable level. Additionally, these
results portray the volume of material and reagents required to generate a successful knock-in
clone. Interestingly, the “best” clone based on PCR and Western results, Os.1.A10, had a
successful knock-in despite the misalignment of the gRNA and plasmid homology arms detailed

in the Results section (Figure 1).

The OsTIR1 protein is fortunate to have a specific, high-quality antibody for use in Western blot

analysis. However, many proteins lack any antibody of quality. As such, these data suggest that
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confirmation of successful editing at the DNA level cannot always be reliable when
immunological reagents do not exist for a high-fidelity protein production assay. The editing
rates and results of screenings in this OsTIR1 clone generation suggest “positive” clones
confirmed only with PCR should be treated with skepticism until confirmation by protein

analysis is completed with confidence.

Stable OsTIR1 clones are not responsive to auxin even through protein is present via
Western blot. When OsTIR1-positive clones (0s.1.A10 and Os.5.D2) were transfected with an
mAID-mCherry reporter and dosed with 5-Ph-IAA, mCherry expression didn’t significantly
decrease (Figure 3). Clone Os.5.D2 didn’t respond at all, despite making measurable protein
(Figure 2C). The maximum reduction in mCherry occurred in clone Os.1.A10 and was roughly
11%. Accepting the statistical significance of this figure, which is doubtful, it begs the question
whether an 11% decrease would allow any useful interrogation into a biological pathway; the
published system upon which these experiments are based shows a complete or nearly complete
oblation of signal®. In this experiment, presence of OsTIR1 and 5-Ph-IAA did not decrease

protein expression to a level suitable for study of a “knockout” phenotype.

Failure to respond to auxin is not a feature unique to stably generated OsTIRL1 lines. Wild-
type HCT 116 cells transfected with OsTIR1-F74G and mAID-EGFP reporter plasmids were
treated with and without 5-Ph-1AA. This experiment recapitulated the results seen with the stably
generated clones (Figure 4). Cells with OsTIR1-F74G plasmid treated with 5-Ph-1AA saw a

19.1% decrease in EGFP expression, but overall EGFP expression was still around 40%. The
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oblation of target protein achieved with transient transfection in HCT 116 cells was still

insufficient to model a knockout phenotype.

OsTIR1 degrades degron-reporter without the presence of auxin in a dose-responsive
manner. Transient transfection into wild-type HCT 116 cells with increasing amounts of
OsTIR1 or CMV control plasmid, but constant levels of mAID-EGFP reporter, provide evidence
that OSTIRL1 is constitutively active at high levels of expression in HCT 116 cells (Figure 5). In
cells never treated with auxin, increasing the OsTIR1 plasmid concentration from 100ng to
500ng resulted in a 93.8% decrease in EGFP expression. This represents the largest decrease in
any experiment conducted in our hands with OsTIR1-F74G. The CMV control plasmid at the
same level of increase only had a 3.51% decrease in EGFP expression. This result suggests auxin
addition is unnecessary for OsTIR1 to destroy a degron-tagged protein in HCT 116 cells when
OsTIR1 is expressed at high levels. Additionally, this experiment reinforces the importance of
the details and controls of a transient transfection experiment; the dose of OsTIR1 must be

tailored to prevent basal degradation, but the dose cannot be so low as to not function.

Addition of auxin does not increase the level of degradation in cells transiently transfected
with OsTIR1 and degron-reporter. Cells were transfected with 100 ng of OsTIR1 or CMV
control and the degron-reporter. These groups were then treated with and without 5-Ph-1AA.
Addition of auxin caused a 24.1% (EGFP) and 39.3% (mCherry) decrease in reporter expression
(Figure 6). However, reporter expression was still detectable at near-baseline levels. Even with
an optimized amount of OsTIRL1 transfected, degradation of mMAID-EGFP and mAID-mCherry is

modest. This keeps with the previous experiments done to characterize this system.



140

Utility of the OsTIR1 degradation system in the HCT 116 cell line. The experiments in this
paper sought to establish an auxin-inducible degron system in HCT 116 cells by inserting the
OsTIR1 protein at the AAVSL1 safe-harbor locus (Figure 1). The authors defined sufficient
knockdown as a percent decrease at or above 80%, but a decrease of 95% or above would have
been ideal. Two stably expressing clones, Os.1.A10 and 0s.5.D2, were generated and confirmed
for genomic integration and protein expression. Despite being positive for protein via Western
blot (Figure 2), both clones failed to markedly reduce reporter-degron proteins to a level
consistent with published literature (Figure 3). Transient transfection experiments with this
system recapitulated the observation that this is a system with a poor ability to degrade tagged
proteins (Figures 4-6). The maximum amount of degradation seen was 93.8% in cells untreated
with auxin and having OsTIR1 expressed at a much higher level than the reporter construct
(Figure 5). Additionally, this high level of degradation was abnormal when considered in the
context of the other experiments; all other levels of protein oblation were below 50%, with most

being at 25% or less.

Published literature suggests the AID system is highly responsive, reversible, and auxin-
dependent without basal degradation. When employed in the HCT 116 cell line, our experiments
argue against the utility of this system in many cell culture lines. Our data are not in agreement
with the auxin inducibility of this system and suggest that in some cases the activity of OsTIR1
may be constitutive. One aspect we could not examine was reversibility of the AID system. No
significant, auxin-dependent degradation was observed, so we could not test reversibility. The

AID system may be suitable for the study of reversible protein degradation; however,
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establishing a stable edit in the HCT 116 cell line may require significant optimization in
addition to the experiments conducted in this chapter. Alternatively, a reevaluation of knock-in
strategy, type of AID system introduced, and a new iteration of clone generation may result in a

more functional system.
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Table 1. Sequences of PCR primers and gRNAs.
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Name Sequence Direction
0OL2398 CCTCTCCATCCTCTTGCTTTC 5>3
0OL2399 TGCACACAGAGGGTAGATAAAG 3’>5
0OL2400 CAGGAGAATGAAGTGGAGGATAG 5>3
0OL2408 ATTAAGGGCCAGCTCATTCC 5>3
OL1741 AGAGTGAGTTTGCCAAGCAGTCACC 3>5
296D.target. AAVS.4 ATTCCCAGGGCCGGTTAATGTGG 5>3
388B.target. AAVS1.Kanemaki | CACCCCACAGTGGGGCCACTAGG 5>3
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FIGURES

Figure 1) Knock in scheme for stable OsTIR1 clone generation. Black text is intron 1
sequence at site of interest. Blue text is gRNA designed to locus. Letters in bold are PAM
sequence. The ~ denotes cut site. Vertical lines in insert mark beginning/end of homology arms
(HA), denoted left (L) and right (R). Boxes denote indicated feature sequence, in order: CMV
promoter, OSTIR1-F74G insert, poly A site, LoxP site, PGK promoter, puromycin resistance
gene, LoxP site. Homology arm sequences match sequences flanking the left and right of the
AAVSL1 cut site. Primers are denoted by horizontal portion of L-shapes labeled by primer name.
Forward primers are depicted above the insert with stem on the left; reverse primers are below
the insert with stem on the right. PCR schemes were as follows: 5 prime-spanning pair =
0OL2398/0L.2399; internal pair = OL2400/0L2399; 3 prime-spanning pair = OL2408/0L1741.
The black star denotes the cut site of the 296D.target. AAVS.4 gRNA. The knock-in was targeted

to the AAVS1 safe harbor locus in the PPP1R12C gene.



144

ARVS]1 Safe Harbor Locus
(PPPIR12C Gene)
Intron 1

TAT CTG TCC CCT CCA CCC CAC AGT GGG GCC ACT AGG GAC
CA CCC CAC AGT GGG GCC ACT AGG>

0L2398

HA-L I—

S EEIA EREIES T ——

—| LoxP LoxP -I

0OL2399 OL1741
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Figure 2) Characterization of selected positive clones. A) Example of internal PCR screen
done to over 100 clones. A small portion of the insert was amplified to identify putative knock-
ins. B) Example of an “in/out” PCR screen done to over 100 clones. Primers sit in the genomic
DNA around the insert and within the insert itself. Presence of bands on both the 5 prime and 3
prime ends indicates strong likelihood the insert was integrated in the DNA. C) Western
confirmation of OSTIR1 protein presence in clones identified by PCR as positive. Of the seven
clones identified via PCR as positive, only two showed a protein band at the proper size. NGC

cell lines were mock-transfected and serve as negative controls.
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Figure 3) Stable knock-in clones fail to oblate degron-reporter expression in the presence of
auxin. Clones were transfected with the mAID-mCherry reporter plasmid, given 48 hours to
produce protein, and treated with 5-Ph-IAA 1 hour before flow cytometry. Maximal
downregulation of reporter occurred in clone Os.1.A10 at a roughly 11% decrease; this would be

insufficient to study the effect of complete protein oblation.
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Figure 4) Transient plasmid expression at maximal amounts fail to completely oblate
reporter expression in the presence of auxin. Experiments were done in wild-type HCT 116
cells. Reporter plasmid was cotransfected with a CMV-empty control or the OsTIR1-F74G
plasmid. The OsTIR1-F74G group + 5-Ph-1AA treatment caused a 19.1% decrease in reporter
expression compared to the 5-Ph-1AA untreated group. However, the OsTIR1-F74G + 5-Ph-1IAA
condition still had roughly 43% of cells still expressing the fluorescent reporter, which would not

allow study of a “knockout” condition.
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Figure 5) Titration of OsTIR1-F74G plasmid reveals strong reporter basal degradation at
higher concentrations. Wild-type HCT 116 cells were cotransfected with 500ng pAY5 and the
CMV-empty control plasmid or the OsTIR1-F74G plasmid. No groups were treated with auxin.
The maximum dose of OsTIR1-F74G plasmid (1,000ng) decreased the reporter fluorescence
92.5% compared to the lowest dose (100ng). Future experiments used 100ng of OsTIR1-F74G

plasmid to minimize basal degradation effects.
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Figure 6) Addition of auxin does not completely oblate protein expression. Wild-type HCT
116 cells were cotransfected with a fluorescent reporter (PAY5 or mAID-mCherry) and either a
CMV-empty control or the OSTIR1-F74G plasmid. Groups were then treated with 5-Ph-1AA or a
DMSO control for 24 hours before flow cytometry. OsTIR1-F74G-treated groups experienced a
24.1% (EGFP) or 39.3% (mCherry) decrease in reporter fluorescence. However, complete
protein oblation was not achieved. Additionally, even a 39.3% decrease in protein amount would

not provide a “knockout” situation.
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APPENDIX
Appendix 1. Plasmid map of mAID-mCherry. The plasmid was synthesized by Twist Bioscience

and uses the pTwist CMV vector. Sequences are mammalian codon optimized.
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Appendix 2. OsTIR1-F74G (pMK381) plasmid map. The plasmid was received from AddGene.

It was deposited by the Kanemaki lab?.
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Appendix 3. Plasmid map of mAID-EGFP (pAYS5). The plasmid was received from AddGene. It

was deposited by the Kanemaki lab®.
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Chapter 5: An Investigation into the Aryl Hydrocarbon Receptor

Repressor as a Repressor and Transcription Factor
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ABSTRACT

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor involved in a
myriad of biological processes including innate immunity, development, xenobiotic metabolism,
and responses to external stimuli*™. When activated by one of its many ligands, the AHR up-
regulates a variety of genes known for their capacity to metabolize xenobiotics, such as the
cytochromes P450 (CYP) 1A1, 1A2, and 1B1. The AHR also upregulates the AHR repressor
(AHRR). The AHRR is commonly thought to be a main mechanism of AHR signaling regulation
and cessation. However, some evidence suggests the AHRR plays an additional role in
downstream AHR signaling or in signaling by an independent pathway®~’. In this chapter, we
investigate AHRR’s ability to act as a repressor and explore its role as an essential component of
an additional wave of gene regulation. To these ends, we performed induction experiments with
a novel AHRR null cell line and observed only a modest degree of modulation of the induced
CYP1AL1 transcriptional response. Similarly, in complementary AHRR overexpression
experiments, we only observed a ~50% decrease in the CYP1AL response compared to wild-type
cells. These experiments suggest the AHRR functions as an inefficient repressor of the system.
Some RNA-seq experiments using transient overexpression of AHRR and AHR/AHRR chimeric
proteins also suggest the AHRR regulates genes without AHR pathway activation. Taken
together, this evidence suggests a biologically important function of the AHRR may be as a
secondary transcription factor in the AHR pathway. The authors additionally report a

constitutively active form of AHR that rivals or surpasses the abilities of published systems®*2,
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INTRODUCTION

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor of the Per-ARNT-
Sim (PAS) protein family (Figure 1)**. It plays a role in biological functions as diverse as
environmental sensing, regulation of xenobiotic metabolism, vascular development, immune
signaling, and cancer development?*-%°, In a well-accepted model of AHR signal transduction,
the soluble receptor binds ligand that has diffused into the cytosol, the protein-ligand complex
then translocates to the nucleus where AHR-chaperones dissociate (e.g., Hsp90 and AIP). The
AHR is then free to dimerize with its partner, another PAS protein known as the AHR nuclear
translocator (ARNT) positioning alpha helices to bind DNA. The PAS protein heterodimer then
binds at “dioxin responsive enhancers” (DREs) and causes upregulation of batteries of genes
which include the cytochromes P450 (CYP) 1A1, 1A2, 1B1, and the AHR repressor (AHRR)

(Figure 2).

The AHRR was discovered in the 1990s and shares many sequence and structural similarities
with the AHR (Figure 3). Both members of the PAS protein family, the AHR and AHRR share
nearly identical amino acid sequences within their PASA domains, and both have additional
regions of similarity within their amino terminal (N-term) nuclear localization signals (NLS) and
their basic-helix-loop-helix (bHLH) DNA binding domains. Major differences exist primarily at
their carboxy terminal (C-term) halves, where the AHR is known to have a functional
transactivation domain (TAD) while the AHRR harbors what has been predicted to function as a
transrepression domain (TRD). Another major between these two proteins in this half is that
while the AHR has a PASB domain responsible for chaperone and ligand binding, the AHRR has

only a small alpha-helix remnant of this region which does not appear to bind chaperones or
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ligands. Importantly, both the AHR and AHRR are highly conserved across hundreds of species

in the phylum Chordata.

One view of AHR signaling is that it serves primarily as a xenobiotic sensor and that its
regulated transcriptional targets serve to clear ligands. Cytochrome P450s are widely recognized
as a class of enzyme that plays important roles in the metabolism of many hydrophobic
compounds, both endogenous (endobiotics) and exogenous (xenobiotics)?®2L, The observation
that the CYPs upregulated by AHR, i.e., CYP1Al, CYP1B1 and CYP1AZ2, have been shown to
metabolize many of the ligands responsible for AHR pathway activation??? has led to the idea
that these enzymes also result in the pathway’s returns to its basal state (Figure 2). The more
recently discovered AHRR is commonly thought to be a mechanism of feedback repression for
this pathway?*. Once AHRR is upregulated in response to AHR activation, the AHRR competes
for dimerization with ARNT and also binds dioxin response elements (DRES) upstream of AHR-

regulated genes where it is thought to act as a repressor.

In our view, the evidence that the AHRR acts primarily as a repressor of the AHR pathway is
weak. In part, our skepticism is related to a confusing array of data documenting repressor
activity and describing its mechanism of action. It has been suggested that the AHRR’s
competition for ARNT and DRE binding is one mechanism by which the AHRR feedback
represses AHR signaling. Additionally, the replacement of the AHR-ARNT activation complex
on DREs with an AHRR-ARNT repression complex is thought to transrepress target gene
expression, further inhibiting the pathway. While the action of the AHRR-ARNT-DRE

interaction is a widely held model?*, some laboratories have reported that the AHRR does not
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require its DNA binding properties to function as a repressor?>?%, Thus a second model of
repression has arisen, termed transrepression, and postulates that the AHRR downregulates DRE
driven genes as part of a protein complex made up of AHR-ARNT dimers on DREs, with the

AHRR interacting with this dimer in a DNA independent manner to repress (Figure 2)%.

Interestingly, much of the published work describing AHRR mediated repression, suggests that
such repression is weak. For example, mice with massive overexpression of AHRR through a
transgene, reduced target gene expression is only reduced ~ 25-40% in most tissues?’. Similarly,
examination of the repression of CYPs in skin fibroblasts indicated that the major contribution to
downregulated response was independent of AHRR?8, Finally, the majority of cell culture
experiments to characterize AHRR were done with transient plasmid expression where
overexpression of AHRR can be orders of magnitude beyond physiological levels?*?°, This
observation leads to the possibility that the ectopic expression of repressor may have

overrepresented its abilities due to abnormally high amounts of protein in the system.

Due to the uncertainty regarding AHRR’s mechanism of repression, and questions related to this
protein’s potency as a repressor our aims in this chapter were two-fold. The first aim was to
characterize the AHRR’s capacity to downregulate AHR pathway signaling in a manner closer to
endogenous signals like those outlined in Chapter 3. In part, this idea was driven by the idea that
signaling may be repressed more efficiently by the AHRR than are responses to xenobiotics
which might often act as superagonists. Our focus here was not to elucidate the mechanism of
repression, rather to provide a satisfying answer to the question; “Can the AHRR repress AHR

signaling to a state near basal levels when endogenous signaling pathways are initiated?”” The
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second aim was to explore the hypothesis that the AHRR functions as an auxiliary transcription
factor that regulates a secondary battery of genes that are uniquely AHRR responsive. Our
rationale was that if the AHRR were only a repressor for the pathway in question, then AHRR
overexpression should only function at genes that AHR regulates. While this work was in
progress, another laboratory provided some support for this idea, using ChiP assays to suggest
the AHR and AHRR function at non-overlapping sets of genes®. Additionally, in some
experiments high AHRR expression levels did not appear to inhibit CYP1A1 expression?3L, To
state our hypothesis clearly, we predict that AHRR functions as a transcription factor at sites

distinct from AHR-regulated genes, but it relies on the receptor for its initial expression.

A growing body of evidence supports AHRR as a tumor suppressor, immune system modulator,
and biomarker for smoking, atherosclerosis, and cancer survival outcomes®>7*2-%°_ Several papers
and reviews exist for more information on the general characteristics and known function of the
AHRR340-43_ Answers to the two goals of this chapter will further inform thinking about a

protein whose function has long remained uncertain within biological contexts.
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MATERIALS AND METHODS

Biochemicals: D-amino acid oxidase (DAO, cat. no. A5222) and D-tryptophan (cat. no. T9753)
were purchased from Sigma Aldrich (St. Louis, MO). Lipofectamine 3000 (cat. no. L3000015)
and 4°,6-diamidino-2-phenylindole (DAPI, cat. no. D1306) were purchased from ThermoFisher
(Waltham, MA). Dulbecco’s Modified Eagle Medium (DMEM) cell culture media (cat. no.
11960044) was purchased from Gibco (Waltham, MA), along with fetal bovine serum (FBS), L-

glutamine (cat. no. 25030081), and 0.25% trypsin-EDTA (cat. no. 25200056).

Cell culture and induction: The HCT 116 (cat. no. CCL-247) cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). Cells were cultured in DMEM with
10% FBS and 2mM L-glutamine (complete DMEM). Cells were kept at 5% CO2 and 37°C in a
humidified incubator. For induction of the AHR pathway, cells were plated at an initial density
of 25,000 cells per well in a 96-well plate or 500,000 cells per well in a 6-well plate and given 24
hours to adhere. Stock solutions of DAO and D-TRP were diluted to 2U/mL and 21uM,
respectively, using complete DMEM. Then, cell culture media was removed from cells plated 24
hours previously, and the induction mixture was pipetted onto cells. Cells were given an

additional 24 hours under treatment before sorting or RNA collection.

PCR primers, gRNAs, and plasmids: Primers for PCR screening and gRNAs were all from
Integrated DNA Technologies (IDT, Coralville, IA) (Tablel). Plasmids were designed in
SnapGene software from Dotmatics (Boston, MA). The AHRR-mCherry WT, AHRR-
mCherry_AA, AHRR_WT, and AHRR_AA were synthesized by GenScript (Piscataway, NJ).

GenScript also cloned the following into a P2A-EGFP vector from a previously synthesized
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order: pJCP_AHR_H-A_AHRR_B-TAD_P2A_EGFP (Chimera-1-EGFP), pJCP_AHR_H-
B_AHRR_TAD_P2A_EGFP (Chimera-2-EGFP), pJCP_AHRR_H-A_AHR_B-
TAD_P2A_EGFP (Chimera-3-EGFP), pJCP_AHRR_H-B_AHR_TAD_P2A_EGFP (Chimera-4-
EGFP). The P2A site is a viral ribosomal skip site that causes a self-cleaving peptide, allowing
cleavage between the chimera constructs and the EGFP marker. The mCherry and AHRR-
mCherry plasmids were synthesized through Twist Bioscience (South San Francisco, CA). The
CMV control plasmid has no ORF in front of a CMV promoter; it was a construct from the

Bradfield lab (pL1966). See appendix for plasmid maps.

Cell line generation, fluorescence assisted cell sorting (FACS), and NGS screening: Cells
were edited using nucleofection via the Lonza (Basel, Switzerland) 4D Nucleofector system. To
make the nucleofection mixture, gRNA, Cas9 enzyme, and electroporation enhancer were mixed
to 20uM, 19.5uM, and 20uM, respectively. HCT 116 cells of a low passage number (less than 10
passages) were counted, washed, resuspended in Lonza SE nucleofection buffer (cat. no. V4XC-
1032), and the nucleofection mixture was added. Cells were then nucleofected in the 4D system
using the EN-113 pulse code. Nucleofected cells were then plated a 96-well plate for recovery
and growth. Two days post-nucleofection, cells were collected from plates via trypsinization,
washed with wash buffer (WB, 2% FBS in PBS), and resuspended in WB with 1ug/uL DAPI.
Resuspended cells were taken to the UW Carbone Cancer Center Flow Cytometry Laboratory for
live/dead sorting on the BDFACSAria Cell Sorter. Single cells were deposited in each well of a
96-well plate. Approximately three weeks after single cell sorting, cells were split between
another 96-well plate and a PCR plate for lysis. The aliquots for PCR were boiled at 95°C for 15

minutes to lyse cells. Crude cell lysate was then used as template for a PCR reaction over the
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region containing the gRNA cut sites. Primers OL2240 and OL2241 were used with the Takara
(San Jose, CA) PrimeSTAR GXL DNA Polymerase (cat. no. RO50B) kit for PCR reactions
(Table 1). The subsequent amplified samples were sent to the UWBC Next Gen Sequencing
Core for NGS sequencing on the lllumina MiSeq 2x250 Nano flow cell. The software
CRISPRess02 was used to analyze the NGS data*. Clones with two distinct edits, i.e. those with
one mutation in one allele and a separate mutation in the other, were chosen for expansion.

Expanded clones were used for subsequent experiments and also banked in liquid nitrogen.

Lipofection and cell sorting: Cells were plated in a 96-well plate at 25,000 cells per well or in a
6-well plate at 500,000 cells per well if destined for cell sorting. After 24 hours, lipofection
reagents were mixed according to the Lipofectamine3000 protocol and added to wells.
Lipofected cells were given 24 hours and induced, if applicable, then given another 24 hours
before endpoint assay. If unsorted, RNA was obtained using the Promega ReliaPrep kit (see
below) and used for RT-gPCR. For cell sorting, cells at 48 hours post-lipofection were collected
from plates via trypsinization and washed with wash buffer (WB, 2% v/v FBS in PBS). Then,
cells were resuspended in WB with 1ug/uL DAPI and filtered. Cells were taken to the UW
Carbone Cancer Center Flow Cytometry Laboratory. The flow operator ran the cells through the
BD FACSAria Cell Sorter and collected fluor-positive cells in a bulk population. Then, cells
positive for fluorescent markers by sorting were made immediately into RNA for downstream

protocols.

RNA preparation, RT-gPCR, and RNA-seq: The Promega (Madison, WI) ReliaPrep RNA

Miniprep System for cells (cat. no. Z6012) was used for all RNA preparations. The RT-gPCR
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was performed with the Promega GoTaq Probe 1-Step RT-gPCR System (cat. no. A6121).
Predesigned primer and probe assays were purchased from Integrated DNA Technologies (IDT,
Coralville, 1A). The probe dye for CYP1A1 (Hs.PT.58.219047) and AHRR
(Hs.PT.58.23243692) was FAM. The probe dye for HPRT1 (Hs.PT.58v.45621572) was HEX.
The RT-gPCR reactions were analyzed on an Applied Biosystems (Bedford, MA) QuantStudio
Flex 7 machine. Samples for RNA-seq were prepared as above and submitted to the University
of Wisconsin Biotechnology Center (UWBC) Gene Expression Core (GEC) for quality control
and library preparation. Prepared libraries were then submitted to the UWBC Next-Gen
Sequencing Core and sequenced on the Illumina (San Diego, CA) NovaSeq6000 at a depth of 30
million reads per sample. Differential gene expression (DGE) analysis was done by the UWBC
Bioinformatics Resource Core (BRC), as well as with Qlucore (New York, NY) Omics Explorer.

Samples were normalized using the trimmed mean of M-values (TMM) method*>4¢,

Data analysis: Results of RT-gPCR were analyzed using the ddCt method*’. In situations where
genes had high initial Cts (~35 or above), the percent increase over the minimum response was
used to adjust for the low baseline of these genes. The calculation used was as follows: 100 —
((dCt/dCtmax)*100) where dCt is the difference between the gene of interest (GOI) and the
housekeeping gene (HK) and dCtmax is the maximum dCt for a given experimental control group.
Statistical analyses and graphs were made using GraphPad Prism (San Diego, CA). Data was
commonly analyzed using 2-way ANOVA and multiple unpaired t-tests or 1-way ANOVA and
one-sample t-test with hypothetical mean set to the stated value. Sequence alignments were done

in the SnapGene software described previously with transcript sequences from the Ensembl
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database. Protein alignments were done in PyMol (Schrodinger, Mannheim, Germany) using the

Protein Data Bank (PDB)*¢4°.
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RESULTS

Generation of a functional AHRR knockout cell line reveals low-efficiency repressive
action of the protein in response to endogenous ligands. The AHRR is a PAS family protein
(Figure 1) thought to function as a repressor for the AHR pathway (Figure 2). The idea that
AHRR was a repressor arose from the observation of its striking similarities with the AHR in
protein sequence and structure (Figure 3). To study the AHRR’s repressive action on AHR
signaling induced by an endogenous ligand, gRNAs were designed to cut within its exon 2, near
the initiating methionine (Figure 4A). Two different guides were used and these produced clones
T3.7.H8 and T2.3.G12. Mutations at the target site were confirmed via NGS (Figure 4B). Effects
on the protein sequence were predicted using SnapGene software (Figure 4C). No downstream
methionines were found C-terminal to the edited sequence reducing the possibility for a later

initiation event and expression of a truncated protein.

The two “knockout clones” and a no-guide control (NGC) clone were treated with 2U/mL DAO
and 21uM D-TRP to induce AHR pathway genes (Chapter 3). Twenty-four hours after initial
treatment cells were collected and made into RNA using the Promega ReliaPrep Miniprep Kit.
The RNA was then used in an RT-gPCR reaction, and fold-change between untreated and treated
was calculated for each cell line. A common AHR pathway gene, CYP1AL, was used as a
readout of the AHR pathway’s activation. The housekeeping gene was HPRT1. Clone responses
for CYP1A1 were significantly increased compared to the wild-type response (Figure 5). P-

values were in the 107 to 107 range.
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Transient overexpression of an AHRR-mCherry construct supports marginal repressive
capabilities of AHRR. HCT 116 cells were lipofected with mCherry or cotransfected with
AHRR and mCherry plasmid constructs 24 hours after cells were plated at 500,000 cells per well
in a 6-well plate. Cells were induced 24 hours after lipofection with DAO plus D-TRP. Then, 24
hours after induction (and 48 hours post-lipofection) cells were collected for FACS, and
mCherry-positive cells were sorted to be immediately made into RNA with the Promega
ReliaPrep RNA mini-prep kit. The RNA was used for RT-gPCR with CYP1A1 as the gene of
interest and HPRT1 as the housekeeper. The mCherry-only group was induced to roughly 25-
fold. The AHRR plus mCherry cotransfection was induced 15-fold (Figure 6). This drop in

induction due to addition of AHRR was statistically significant (p = 0.007 with Welch’s t-test).

A DNA-binding domain (DBD) mutant of AHR provides the logic for an AHRR DBD
mutant. All data is unpublished from Bernice Lin (thesis, UW-Madison 2005). To generate an
AHR DNA DBD mutant, site directed mutagenesis was employed to insert alanine residues on
the C-term of the DNA contacting “basic” alpha helix of the protein (Figure 7A). Nuclear
localization studies were then undertaken to analyze the cellular localization of the mutant AHR
and to demonstrate translocation to the nucleus. These experiments clearly show that insertion of
two alanine residues (similar to the AHRR mutant described below) results in an AHR protein
that localizes to the nucleus, and it does so regardless of ligand (Figure 7B). In fact, addition of a
single alanine was able to cause this constitutive nuclear localization. Gel shift assays confirmed
the absence of DNA binding in these mutants (Figure 7C). Given the similarity of the protein
sequence between AHR and AHRR in this region, these data were used to support the generation

of a similar DBD mutation in AHRR (below).
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A DBD mutation in AHRR (unable to bind DNA) functions similarly to the wild-type
AHRR as a repressor. Using the AHR strategy described above, an AHRR DBD mutant was
created by inserting two alanine residues after R37 in the protein sequence (Figure 8A). This
“AA mutant” was fused with mCherry and also created as a wild-type (“fluor-less”) version. The
AA-mutants were transiently overexpressed along with the non-mutated control versions.
Plasmids without a fluor were cotransfected with the mCherry plasmid to allow sorting of
transfected cells. Then, cells were induced and 24 hours later sorted for live, mCherry-positive
cells. Immediately after sorting, RNA was made for RT-gPCR. Statistical significance was

determined using a one-sample t-test with the hypothetical mean set to 1.

Both AHRR-mCherry fusions (i.e., the AA mutant and its AHRR wildtype) yield similar
repression of CYP1AL1 expression of about 60% of that observed with an mCherry alone control.
No difference was observed when comparing the AA vs wild-type AHRR as fusions. For those
constructs that were not fused to mCherry, we observed less repression (40-60%) but we did
observe a trend towards the wild-type AHRR being slightly more potent as a repressor compared
to the AA-mutant. This was not statistically significant (Figure 8B). Follow up experiments with
these same samples in RNA-seq (see below) did not display a difference between the WT and

AA constructs. In general, these data are consistent with the published literature®.

The RNA from the mCherry control, AHRR-mCherry_ WT, and AHRR-mCherry_AA from these
experiments was also used for an RNA-seq experiment. Data from the UWBC BRC was

analyzed using Qlucore software. The samples were normalized using the TMM method, and the
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resulting values were used as x in 2* to remove the log transformation. Then, these values for
several AHR pathway genes were visualized in GraphPad Prizm (Figure 8C). Sixteen targets
were identified by virtue of their repression by AHRR and AHRR_AA. Four housekeeping
controls were also monitored, interestingly, two of these (AHR and ARNT) were significantly

upregulated by the repressor (Figure 8D).

Chimeras of AHR and AHRR provide a tool to demonstrate DNA interactions in vivo.
Alignments of the AHR and AHRR amino acid sequences and resultant structures were
generated in Figure 3. The Ensembl transcripts for AHR and AHRR (ENST00000242057.9 and
ENST00000684583.1, respectively) were translated in SnapGene to generate protein sequences
which were then locally aligned using the Smith-Waterman algorithm (Figure 3A). Protein
domains are indicated by boxes above and below the protein sequence. The AHR and AHRR
bHLH and PASA domains from recent crystallographic analysis were aligned in PyMol (Figure
3B). These models were used to create AHR-AHRR chimeras to study repressor function.
Chimeric junction sites were identified as residues conserved in both proteins, located between
the PASA and PASB or PASB and TAD/TRD, and located in or close to regions of similarity
between AHR and AHRR. The first junction site was a glutamate residue conserved in both
proteins and located at the junction between the defined PASA and B domains (AHR aa279 and
AHRR aa280). The second junction site was also a glutamate conserved in both proteins. This
glutamate was after the AHR’s defined PASB domain (AHR aa390 and AHRR aa374) and was
chosen for its position at the terminal end of a region of similarity. Four chimeras were made
using these sites (Figure 9). Chimera-1 is the bHLH and PASA of AHR with the PASB and TRD

of AHRR; Chimera-2 is AHR from bHLH to PASB with the AHRR’s TRD; Chimera-3 is
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AHRR’s bHLH and PASA with the AHR’s PASB and TAD; Chimera-4 is AHRR from bHLH to

PASB with the AHR’s TAD (Figure 9A).

Rationale for chimera fusions: Chimera-1 was predicted to repress constitutively based upon
the concept that it harbors the dimerization and DRE binding domains of the AHR, is missing the
ligand/chaperone binding domains of the AHR and now harbors the TRD of AHRR. Chimera-2
was predicted to repress in a ligand-dependent manner as it harbors the AHRR TRD with the
entire signaling domains of the AHR. Chimera-3 was predicted to be a ligand-dependent
activator that would identify transcriptional AHR targets in addition to targets that were unique
to the AHRR-ARNT complex. Chimera-4 was predicted to constitutively activate the AHR
targets as well as targets unique to the AHRR-ARNT dimer (Figure 9B). See appendix 5 to 8 for

plasmid maps.

A chimera of AHR and AHRR is constitutively active. Each chimera was constructed with a
P2A cleavage site immediately N-terminal to an in-frame EGFP cassette so that EGFP could be
used to monitor expression and be used as a fluor in cell sorting (Appendix 5 to 8). This cleavage
also allowed the removal of the EGFP from the chimera so additional steric influences had
minimal effect on chimera function. Cells were transiently transfected with each of the four
Chimera-P2A-EGFP plasmids and allowed 48 hours for maximal plasmid expression. At day
two after lipofection, cells were sorted for live, EGFP-positive cells. The collected cells were
immediately subjected to RNA isolation which was later used for RT-gPCR measurements of
CYP1A1 mRNA expression. In our initial expression study where we monitored expression in

the absence of endogenous ligand activation, we observed that Chimera-1, Chimera-3-EGFP, and
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Chimera-4-EGFP all had constitutive activity (Figure 10). Chimera-4-EGFP had the highest
CYP1A1 expression, approximately 35-fold over the control cells, while Chimera-3 was the next
most active followed by Chimera-1 (~25- and 8-fold, respectively). While difficult to visualize in
a dot plot, Chimera-2-EGFP had statistically significant repressive capabilities as compared to

the control. All statistics are from a one-sample t-test with hypothetical mean set to 1.

Chimera-4 upregulates multiple AHR pathway genes in an RNA-seq experiment. In an
effort to identify the most comprehensive number of AHR and AHRR target genes, we next
performed an RNA-seq experiment that compared cells transfected with Chimera-2 to those
expressing Chimera-4. Chimera-4-P2A-EGFP and Chimera-2-P2A-EGFP were overexpressed in
HCT 116 cells, and 48 hours post-lipofection EGFP-positive cells were sorted and immediately
used to generate RNA. The RNA was sent to the UWBC for RNA-seq library preparation and
sequencing. In our initial analysis, we performed differential gene expression between Chimera-
2 and Chimera-4 using Qlucore software. Differentially expressed genes were visualized in a
heatmap with the following statistical cutoffs: q = 0.007 and fold-change = 2.9 (Figure 11).
Genes were ordered using hierarchical clustering. Four of the seven TRP Response Set (TRS)
genes identified in Figure 8C were upregulated in this experiment, CYP1Al, ALDH1A3,
TIPARP, and AHRR. In addition, AC015712.2 from the putative genes set was also upregulated.
These genes clustered close together. Additionally, TLR9 clustered next to these AHR pathway

genes and is of interest because of its potential role in IBD.



177

DISCUSSION

The AHRR functions as a repressor of the AHR pathway. The AHRR is a PAS family
protein that is transcriptionally upregulated by the AHR-ARNT dimer’s interaction at DRES
(Figure 2). The AHRR is thought to act as a feedback inhibitor of the AHR pathway, with a
leading hypothesis being that this repression is related to the high degree of structural similarity
between the proteins. This structural similarity is thought to allow the AHRR to 1) reduce
signaling through competition for ARNT and DRE interactions and 2) reduce signaling through
active repression through the AHRR’s TRD (Figure 3)?#?:2%, A more recent idea suggests that
the AHRR functions in a DRE-independent fashion where the AHRR acts more as a
“corepressor” interacting with the AHR-ARNT dimer in a unique way, perhaps forming a trimer

with the AHR-ARNT complex (Figure 1)%°.

The literature related to AHRR’s molecular role is incomplete and leaves many important
questions to be answered. Among these are whether the AHRR’s repressor activity is of
significant magnitude to be of biological importance, or even whether it is a repressor at all. In
this regard, most reports of AHRR’s repressor activity describe rather modest influences on AHR
signal transduction. Moreover, most demonstrations of repression require transfection of AHRR
in cell culture, or transgenesis in mouse models, where levels of the protein may reach super-
physiological levels?#2°?’. One final observation we make regarding prior research is that most
studies employed the upregulation of signaling using potent xenobiotic ligands with little
relevance to endogenous AHR signaling. For example, most studies employ chlorinated
superagonists such as 2,3,7,9-tetrachlorodibenzo-p-dioxin (TCDD) that display a remarkably

high affinity for the AHR and biological half-lives that are measured in months not minutes.
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To examine AHRR’s mechanism of action under conditions that are more reflective of
endogenous signaling, we employed the 13P dependent activation mechanism explored in
Chapter 3 and use gene editing as a novel method to eliminate expression of genomic AHRR.
Two AHRR-knockout clones made using CRISPR/Cas9 were verified with PCR and NGS
sequencing (Figure 4). Both clones increase CYP1AL upregulation by DAO-DTRP to a greater
degree than their wild-type counterpart (Figure 5). While the corresponding repression was
modest (at most 3.5 times greater than the NGC controls) it was reproducible across both
independent clones. In a parallel set of experiments, AHRR overexpression generated via a
CMV-controlled system showed a roughly 50% decrease in induction compared to a “no-
AHRR?” control (Figure 6). While statistically significant, the pathway was never downregulated
to a basal level or approached an uninduced state. These experiments lead us to suggest the
AHRR is a weak repressor at classic AHR targets, such as CYP1ALl, and suggest this protein

may have a more biologically relevant function as a co-modulatory factor in the AHR pathway.

Alternate mechanisms of AHRR action: The weakness of AHRR’s repressor is in keeping
with our idea that the AHR may be regulating genes that may lie outside that set directly driven
by AHR-ARNT dimers binding at DREs. Two possible mechanisms may explain such a path.
First, the AHRR’s “basic region” (within its bHLH) might recognize slightly different genomic
sequences than the corresponding basic region of the AHR. This could lead to a unique set of
DREs being influenced by AHRR-ARNT as opposed to AHR-ARNT. We do note that our
structural analysis argues against such a model, but crystallographic structures can be
oversimplifications due to the high levels of expression required (Figure 3). Second, the AHRR

might interact with the AHR-ARNT complex as a “co-modulator,” akin to the way many
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coactivators interact with cognate DNA binding transcription factors. Such a model has some
support from experiments indicating that AHRR may interact directly with the AHR in the AHR-
ARNT complex*'. While such a model is in conflict with many published models of PAS
dimerization, we were driven to formally test the idea that AHRR may influence gene expression

through mechanisms that do not require its binding to DNAZ,

To examine the importance of AHRR direct interactions with DNA (the second model above),
we designed AHRR alanine mutants to block DRE contacts (Figure 7). Our approach was guided
by experiments with the AHR, where insertion of alanines upstream of the DNA binding domain
prevents DRE interactions (Figure 7A). These DRE binding domain mutants (“DBD”’) of AHR
translocate to the nucleus but do not bind the DRE because the contacts within the alpha helix
are pushed beyond the major groove (Figure 7B and C). The structural similarity between AHR
and AHRR in this region gave us confidence to employ the mutations to create an AHRR-DBD
mutant (Figure 8A). To this end, double alanine insertion mutants (AHRR_AA) and its wild-type
counterparts (AHRR_WT) were constructed. An additional set of mutants were also fused to an
in-frame mCherry cassette to allow monitoring of expression and simplify cell sorting protocols.
When transfected into HTC-116 cells, both classes of mutants were able to repress CYP1A1l
induction. While the mCherry fusions were most repressive and indicate that the AA insertions
have little impact on repression, we did observe a small contribution of DNA binding to the
repressor’s activity for constructs without mCherry. Taken in sum, these results suggest the
AHRR does not require DRE-binding for repression, but the ability to interact with DNA may

contribute partially to repression. This supports some published literature and also suggests that
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the AHRR may repress AHR signaling by multiple mechanisms, one of which does not require

DRE binding?°.

The AHR and AHRR protein structure and domain conservation enables creation of
informative chimeras. The AHR and AHRR share a protein domain structure conserved across
the PAS protein family. These family members use common modes of heterodimerization
between PAS partners to accomplish circadian, hypoxia and AHR signaling (Rojas et al., In
Preparation). The PASA domains are characterized by a secondary protein structure of an o’
helix, two f sheets, four a helices, and three additional B sheets that form a “cornucopia’-like
tertiary structure (Figure 1). This domain typically supports PASA-PASA and PASB-PASB
interactions and allows independence of unstructured C-terminal regions to “float” for
interactions with the transcriptional machinery of the cell. The a-helix unique to the PASA
domain, known as o’, is of primary importance for dimerization between the PASA partners
(Rojas in preparation). The PASB domains share the same potential for dimeric interactions,
although we now know the mechanisms of these interactions are unique from those driving

PASA-PASA (Figure 1).

The AHRR is a somewhat unique PAS family member in that this protein lacks a full PASB
domain (Figure 1B and C). When the PASB of the AHRR is referred to in this document, it is
used when discussing a single alpha helix in the same region of AHR and AHRR. Only the
receptor has a true PASB domain of two beta sheets, four alpha helices and three beta sheets as
described above for A domains. Our interpretation of this structural feature is that lack of a

PASB domain which encodes chaperone and ligand binding domain (PASB) leads to the
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AHRR’s constitutive activity. We used this structural insight to swap portions of AHR with parts
of AHRR to produce chimeras with predicted activities. We then expressed these chimeras via
transient transfection to determine their function in the absence of biochemical induction. This
initial experiment identified Chimera-4 as a constitutive CYP1AL activator (Figure 10). This
chimera’s function, at or above the levels of other published constitutive systems, makes it a

promising model for further constitutive AHR research®*,

Chimeras aid in identifying novel AHR/AHRR responsive genes. To more formally define
the gene sets that arose from this and prior experiments, we employed the list comparison
strategies outlined in Chapter 3 Figure 10. First, we developed a list of “AHR responsive genes
for endogenous ligands derived from TRP” (TRP Response Set, or TRS) by comparing the
overlap of targets identified in all three of our prior RNA-seq experiments that measured the
transcriptome of 13P, DAO+D-TRP and also UV treated HCT-116 cells (Chapter 3 Figure 10).
To add support for membership in the TRS list, we assumed that those genes should also be
repressed by AHRR as well as the AHRR_AA mutant. In support of this, the first seven genes in
Figure 8C (CYP1Al, AHRR, ALDH1A3, NQO1, TIPARP, PPARG and CDKG®6) define our
initial set, and all indicate significant inhibition when AHRR-mCherry_AA is expressed. While
the repression by the AHRR-mCherry construct was not significant at p < 0.05, its modest
repression was reproduced at all targets. This RNA-seq set also revealed a second putative set of
AHR/AHRR target genes that were significantly upregulated by DAO+D-TRP and repressed by
the AHRR with the exact same structure activity as the TRS (i.e. repressed by AHRR with
greater repression by AHRR_AA). We refer to this set of genes as the Putative Response Set

(PRS). See Appendix 11 for formalized TRS and PRS lists. Interestingly, of all fourteen targets
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identified in this experiment, GDF is the one that is upregulated in response to AHRR. This
suggests that the AHR system may actually be activating a repressor of GDF15. Finally, a set of
housekeeping genes was also analyzed, and this set was not significantly downregulated by the

expression of AHRR or DAO-D-TRP (Figure 8D).

Chimera comparisons provide additional insight into AHR signaling. As predicted, in the
absence of induction by endogenous ligand, Chimera-4 provided a potent constitutively active
protein at the DRE regulated target CYP1A1, while Chimera-2 provided a constitutive repressor
at this locus. Chimeras 1 and 3 were intermediate in activity and although interesting were not
considered further in the current study. Based on the potencies and unique characteristics of
Chimera-2 and Chimera-4, we performed differential gene expression on the global gene
expression profiles induced by these chimeras in an effort to confirm the AHR-responsive genes
described above and add to the list of DRE regulated genes in our HCT 116 model system. Our
rationale was that a comparison of activated versus repressed genes would be an optimally
sensitive approach to identify novel genes that are driven by DREs, as well as AHR/AHRR, in
this system. This experiment also holds potential to identify targets that are AHRR responsive

through some co-modifier mechanism.

The results from this RNA-seq experiment comparing gene expression between Chimera-4 and
Chimera-2 are visualized in a heatmap (Figure 11). As a positive control, we note that four of the
previously described TRS genes are observed in this list: CYP1AL1, ALDH1A3, TIPARP, and
AHRR. Using this as a criterion to identify additional novel AHR/AHRR regulated targets, we

propose that genes TLR9, NXF3, TPT1P6, RN7SL589P, AC008065.1, and AC015712.2 form
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PRS2 and represent previously unidentified physiological targets of this pathway (Appendix 12).
Interestingly, AC015712.2 (ENSG00000259583) was also identified as a potential target in our
initial PRS list from Figure 8C. A second interpretation of this experiment is that the AHRR’s
DRE binding domain can be confirmed to interact with the known genomic DREs in vivo, as
Chimera-4 upregulates many of the known targets from the TRS list with a magnitude of

response similar to that observed when AHR is activated by endogenous ligand.

Two genes from our PRS2 set deserve note. The first, AC015712.2, is predicted to be an anti-
sense RNA for ALDH1A3 (ENSG00000259583). This may represent additional feedback
inhibition on this pathway and adds further support for the importance of this dehydrogenase in
AHR signaling. The second gene of interest that caught our attention is toll-like receptor 9
(TLR9). The TLR9 gene clustered closely to the TRS genes in the chimera response heatmap,
suggesting it is of biological significance. There is some evidence that toll-like receptors can
upregulate the expression of AHR, providing an enhanced pathway response due to more
receptor flooding the system®®. Also, TLRs are involved in the innate immune system, which is
of particular relevance to our intestinal cell culture model and IBD?°1-%3, The regulation of
TLR9 by the AHRR may be one way the repressor modulates AHR inflammatory signaling. For
these reasons, further investigation into TLR9 and AC015712.2 and its connection to the AHR

pathway is warranted.

The AHRR has a complex function in the AHR pathway. Our experiments suggest the AHRR
can repress the AHR pathway in a DNA-independent fashion, and possibly a DNA-dependent

fashion. This evidence suggests a dualistic model of AHRR repression. One mechanism of
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repression follows “canonical” thinking and holds that the AHRR represses AHR pathway genes
via binding DNA. The other mechanism of repression has been termed “transrepression” by
Evans et al.; this hypothesis states that AHRR repression is mediated by DNA-independent,
protein-protein interactions?. Which mechanism predominates may be dependent upon the gene
being regulated and whether the AHR-ARNT heterodimer is already occupying a certain DRE.
However, in all the experiments we conducted, the AHRR modestly repressed AHR pathway
induction, and a return to basal levels was never seen. Subsequent experiments done to test
whether AHRR may function as a transcription factor confirms AHRR binds AHR-controlled
genes as well as putative AHRR-only genes. An important result of these experiments was the
generation of a constitutively active chimera that performs at or above published levels of similar
constructs® 10, Taken together, our experiments suggest AHRR may have a larger role in AHR
pathway signaling as a later wave of transcriptional control. Additionally, TLR9 and
AC015712.2 were identified as genes involved in AHR physiology with possible ties to the
regulation of AHR levels and subsequent downstream effects on the pathway. This would fit into
the role of the AHR pathway in the innate immune system, particularly within intestinal cells

were AHR is involved in IBD.
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Table 1. Sequences of PCR primers and gRNAs.
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Name Sequence Direction

0L2240 acactctttccctacacgacgctcttccgatct NNNNNN 5>3
ACGAGGAGGAGCAGGAGGTG

0OL2241 gtgactggagttcagacgtgtgctcttccgatct 3>5
GGGTGCAACAACCCACACAAG

AHRR.ex2.target.3 (T3) | CGAGGACGATGATCCCGCCGGGG 5°>3

AHRR.ex2.target.2 (T2) | CCGGGGGAGTGCACGTACGCGGG 5>3




186

FIGURES

Figure 1) Insights into PAS domain structures and interactions from crystal structures
shed light on AHR pathway biology. A) The actual protein secondary structure of a PASA
domain can be portrayed in a simplified but accurate manner. The N-term of the PASA
domain is an alpha helix, termed o’, which interacts with the o’ of another protein’s PASA to
form a dimer. Downstream of this helix is the highly conserved PAS domain structure. This
consists of two [ sheets, three o helices, and three B sheets; all these secondary structures
together form a cornucopia-shaped domain that is hollow on the inside. The organization of
sheets and helices form a distinct sidedness to the domain since helices form one portion and
sheets the other. PASB domains are identical in structure but lack the o’ dimerization helix. B)
PASA and PASB domains interact in distinct but different manners. The two PAS domains
interacting, whether A or B, are termed the a partner (e.g. AHR, AHRR) and the  partner (e.g.
ARNT). This is not to be confused with the o or  of a protein structure, which is a separately
defined nomenclature. On the left, two PASA domains dimerize utilizing their o’ helices. On the
right, two PASB domains interact. The a partner is tucked beneath the 3 partner with its a helix
backbone against the B partner’s f sheet side. C) A cartoon model of AHR-ARNT and AHRR-
ARNT dimerization influences thinking on protein function. Unpictured for both AHR and
AHRR are their TAD and TRD, respectively. On the left, AHR and ARNT dimerize to form a
heterodimer capable of binding DNA. The PASB of ARNT keeps the PASB of AHR occupying
a small space between the dimerized PASA domains beneath them. On the right, AHRR and
ARNT also dimerize into a complex able to bind DNA. The AHRR lacks a true PASB domain,

so the PASB of ARNT is left without a partner.
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Figure 1C)
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Figure 2) The AHR signaling pathway with an update to PAS protein modeling. The basic
helix-loop-helix (bHLH), PASA, and PASB protein domains have been modeled to reflect
crystal structure insights. The AHRR lacks a PASB domain. 1) A hydrophobic, planar aromatic
ligand diffuses across the cell membrane into the cytoplasm. 2) Ligand binds in the AHR PASB
domain, causing a slight conformational shift and revealing a nuclear localization sequence
(NLS). 3) The AHR-chaperone-ligand complex translocates to the nucleus. 4) Chaperone
proteins (Hsp90, ARA9, and p23) release the AHR and free up dimerization domains. 5) The
AHR dimerizes with its partner, ARNT. 6) The AHR-ARNT heterodimer binds DNA at a dioxin
response element (DRE). 7) Transcription of downstream genes is affected; classically, the
cytochromes P450 (CYPs) CYP1A1l, CYP1A2, and CYP1B1, as well as the AHR repressor
(AHRR), are all induced. 8A) The AHRR translocates to the nucleus in a ligand-independent
manner and dimerizes with ARNT, the same partner as AHR. 8B) The CYPs bind the AHR
ligand. 9A) The AHRR-ARNT heterodimer represses AHR signaling at DRE-driven genes. 9B)
The CYPs metabolize the ligand, thereby removing the signal inducing AHR pathway

expression.
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Figure 3) The AHR and AHRR are similar in protein primary sequence and structure. A)
Primary protein sequence alignment. Top line of text is AHR protein sequence. Bottom line of
text is AHRR protein sequence. Middle line of text is shared residues between proteins; a +
denotes similarity but not an exact match. Corresponding protein domain is as-indicated above or
below AHR or AHRR protein sequence, respectively. B) PyMol structures and alignment. The
AHR-ARNT heterodimer (PDB 5VO0L) bHLH and PASA interacting with DNA is modeled in
the first panel; the basic DNA-binding domain (DBD) is highlighted in burgundy*®. The AHRR-
ARNT heterodimer (PDB 5Y7Y) is modeled in the second panel; the DBD is highlighted in
scarlet*®. The third panel depicts an alignment of the bHLH and PASA domains of AHR and

AHRR when each is dimerized with ARNT.
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Figure 4) Design of AHRR CRISPR knockout cell lines and AHRR alanine mutants. A)
Map of the AHRR gene and its corresponding protein product. The protein sequence is
above, with untranslated regions (UTRs) denoted as horizontal lines; exons corresponding to
protein section are denoted by numbers. The bHLH and PASA are as indicated. The DNA
sequence is below; exons are boxes while introns are horizontal lines. The5’ and 3 UTRs are
denoted in red. Dashed lines denote which exon sections map to the protein regions. Stars mark
DREs. Box marks exons of interest. B) Mutations to AHRR exons 2 and 3 with their effects
on DNA sequence. The protein sequence of exons 2 and 3 is the first row in black; basic regions
that are important in DNA binding are denoted in cyan italics. Below the protein sequence is the
DNA sequence of the exons. In bold are the PAM sequences while sequences of the basic
regions are in italics. The two gRNAs used to create AHRR knockout clones are in navy and
orange; cut site is marked by ~ and direction of gRNA is denoted by >. Below each gRNA is the
clone it created with the NGS sequence of both alleles; an insertion is marked by a red letter
while a deletion is a -. Downstream of the gRNAs is the double alanine insertion to make a
mutant unable to bind DNA. C) Effects of mutations on protein structure. Protein domains are
indicated above wild-type sequence (WT); basic domains are in cyan. Two and three above the
sequence marks the place where exon 2 turns into exon 3. Sequences in red are different from

WT. Asterisk denotes stop codon while > indicates further protein sequence.
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Figure 4)

A. RHRR gene and protein map.

bHLH PAS A hAHRR Chr5 126,572bp)|
iy S BN R N -  — 7
— —_
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B. Inset of AHRR exon 2 and 3 translated with map of gene edits.
ldaa
M I P B G E o T Y A G R K R R R P ... P S K R H R D
CCG AGG ACG ATG ATC CCG CCG GGG GAG TGC ACG TAC GCG GGC CGG AAG CGG AGG AGG CCC CCC TCC AAG CGA CAC CGG.GAC
CG AGG ACG ATG ATC CCG"CCG GGG> (T3) ////A\\\\
(T3.7.H8) G ATC CC-~CCG GGG GCC GCC
G ATC CCG"GCCGGGG A A
CCG GGG GAG TGC ACG TA"C GCGGG> (T2)
(T2.3.G12) GC ACG TA"ACGCGGG
GC ACG --"- -——-G

C. RHRR gene editing effects on protein structure.

basie, 2 3 basie,
NLS \Y4 DBD Helix Loop Helix
Wild-type: MIFPGECTYAGRKRERPLOKQRPAVGAEKSNPSKRHRDRLNAELDHLASLLPFPPDIISKLDKLSVLRLSVSYLRVKSFFQ>
T2.3.G12 allele 1: MIPPGECT*
T2.3.G12 allele 2: MIPPGECTAGSGGGECRNRGPEWGQRSPTEESDIGTASTESWTTWPACCRSRLTSSPSWTSFLSCASVSVTSG*
T3.7.H8 allele 1: MIPRGSARTRAGSGGGPCRNRGPPWGQRSPTPPSDTGTASTESWITWPACCRSRLTSSPSWTISFLSCASVSVTSG*
T3.7.H8 allele 2: MIBAGGVHVRGPEAREEAPAETEARRGGREVQPLOATEGFPQRRVGEPGQEARVER*

Alanine insert: MIPPGECTYAGRKRRRPLOKQRPAVGAEKSNPSKRHRAADRLNAELDHLASLLFFPPDIISKLDKLSVLRLSVSYLRVKSFFQ>
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Figure 5) AHRR knockout clones are hyper-inducible compared to wild-type HCT 116
cells. The wild-type (WT) and knockout (KO) clones were induced with DAO+D-TRP treatment
for 24 hours before being made into RNA and used for RT-gPCR. Both KO clones had CYP1A1l
induction increased compared to the WT induced group. A one-sample t-test was used to
compare DAO+D-TRP treated groups of the clones. Hypothetical mean was set to the mean of

NGC.1.F2 (17.78). Numbers indicate corrected p-values.
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Figure 6) Overexpression of AHRR via transient transfection causes modest repression in
induced cells. Plasmids were transfected into cells 48 hours before cell sorting for mCherry-
positive cells. At 24 hours before sorting, cells were induced with DAO+D-TRP. Stars indicate
statistical significance (p-value = 0.007) with Welch’s t-test comparing AHRR to mCherry

overexpression.
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Figure 7) Design and function of an AHR DNA binding domain (DBD) mutant informs a
strategy to create an AHRR DBD mutant. Unpublished data from Bernice Lin. A) Design of
an AHR DBD mutant. Binding and protein domains are as indicated. Boxes indicate exons;
nuclear localization signal (NLS) and nuclear export signal (NES) are underlined in expanded
sequence. Alanines were inserted directly after the second basic region with a sequence of
KRHR. B) Nuclear localization imaging of AHR WT versus DBD mutant. Wild-type AHR
remains cytosolic until BNF treatment causes translocation to the nucleus. The AHR mutant with
two alanines inserted is constitutively nuclear. C) Results of AHR WT versus DBD mutant gel
shift assay. Insertion of a single alanine is sufficient to prevent DNA binding, and insertion of a

second alanine has the same result.
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Figure 7B)

DMSO 1uM BNF




204

Figure 7C)
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Figure 8) A mutated AHRR-mCherry construct without capability to bind DNA functions
similarly to the wild-type fusion. A) Design of the AHRR alanine mutant. For broader
genomic context see Figure 4. Two alanine residues were inserted after the second basic region
(KRHR), which is conserved between AHR and AHRR. B) RT-gPCR data of wild-type and
mutant overexpressions. Plasmids were transfected into HCT 116 cells 48 hours before cell
sorting, and cells were treated with DAO+D-TRP 24 hours before sorting. RNA was
immediately made from sorted mCherry-positive cells. The lanes are as follows: 1 is the non-
AHRR control; 2 is AHRR-mCherry_WT; 3 is AHRR-mCherry_AA; 4 is AHRR_WT, and 5 is
AHRR_AA. Overexpression of any AHRR construct caused modest repression. Wild-type
constructs repressed slightly better than the alanine mutants, which is consistent with published
literature?®. Stars indicate statistical significance according to a one-sample t-test with
hypothetical mean set to 1. C) Comparison of TMM-normalized RNA-seq values for WT
versus AA mutants across multiple AHR pathway genes. Cells were induced with DAO+D-
Trp and transiently transfected with one of mCherry, AHRR-mCherry WT, or AHRR-
mCherry_AA plasmids. After sorting for mCherry-positive cells 48 hours after initial
transfection and 24 hours after DAO treatment, RNA was prepared and sent for RNA-seq.
TMM-normalized values were generated using Qlucore. These values were then used as x in 2*
to remove the log scaling. The first seven genes are known to be in the AHR pathway. Multiple
unpaired Welch’s t-tests between the WT and AA groups reveals there are no statistically
significant differences. D) No significant downregulation occurs in housekeeping genes when
TMM-normalized RNA-seq values are compared. The same analysis as in C was run on four
housekeeping genes. No significant downregulation occurred in any of the four genes. Values for

GAPDH were divided by ten for scaling convenience. The values for AHR and ARNT were



206

significantly upregulated. Statistical significance is from multiple unpaired Welch’s t-tests

between the Ctrl and AA groups; no difference was found between the WT and AA groups.
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Figure 9) AHR and AHRR chimeras as a way to study AHRR function. A) Design of AHR
and AHRR chimera constructs. Domains of AHR are blue while AHRR domains are orange.
The PASB of AHRR is not a true PASB domain and comprises only the sequence of a single
alpha helix; PASB is used as a convenient naming convention to refer to the same portion of
protein between AHR and AHRR. Wild-type AHR and AHRR sequences are uppermost.
Chimeras are as follows: Chimera-1 — AHR bHLH and PASA, AHRR PASB and TRD;
Chimera-2 — AHR bHLH to PASB, AHRR TRD; Chimera-3 — AHRR bHLH and PASA, AHR
PASB and TAD; Chimera-4 — AHRR bHLH to PASB, AHR TAD. B) Predictions of chimera
function. The above description of whether a chimera domain is from AHR or AHRR is
summarized here. Additionally, predictions of chimera function are in the last column.
Predictions are based on the ligand-binding, activating function of the AHR PASB domain and

its absence in AHRR.
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bHLH PAS A PAS B TAD/TRD

AHRWT (- - —
AHRRWT e — e

Chimera 1 (I

Chimera 2 - S
Chimera 3 [T S
Chimera 4 [




213

Figure 9B)
Chimera | bHLH | PASA | PASB | TAD/TRD Function Prediction
1 AHR AHR | AHRR AHRR Constitutive repression
2 AHR AHR AHR AHRR Ligand-dependent repression
3 AHRR | AHRR | AHR AHR Ligand-dependent activation
4 AHRR | AHRR | AHRR AHR Constitutive activation
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Figure 10) Chimera overexpressions identify a constitutively active form of AHR and
AHRR. Chimera-P2A-EGFP constructs were overexpressed via transient transfection and given
two days before single-cell sorting. EGFP-positive cells were immediately made into RNA post-
sorting. Then, RNA was used for RT-gPCR for CYP1A1 expression. Chimera-4 had the highest
induction at 35-fold. Chimera-3 also had some constitutive activity, but this was to a lesser
degree than Chimera-4. Chimera-2 significantly repressed in this experiment. Cells were never
induced. Asterisks denote statistical significance according to a one-sample t-test with

hypothetical mean set to 1.
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Figure 11) RNA-seq reveals Chimera-4 constitutively activates many AHR pathway genes
when compared to Chimera-2. RNA from sorted, EGFP-positive, uninduced cells transfected
with Chimera-2- or Chimera-4-P2A-EGFP was sent to the UWBC for RNA-seq library prep,
sequencing, and analysis. Heatmap was generated in Qlucore; a g-value of 0.007 and fold-change
value of 2.9 were used to pare the list of DEGs to a manageable final number of 27. Upregulated
genes are colored red while downregulated genes are in blue. Darkness of color denotes the
magnitude of up- or downregulation. The gene symbol is indicated on the right, and genes were
organized with hierarchical clustering. Common AHR pathway genes (CYP1A1, ALDH1AS3,
AHRR, and TIPARP) cluster together, as expected. TLR9 is a novel gene identified in this
experiment with possible implications on AHR biology. Downregulated genes include many

heat-shock proteins that possibly interact with the p53 pathway.
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APPENDIX
Appendix 1. AHRR-mCherry_WT plasmid map. Synthesized by GenScript using the
pcDNAS3.1(+) vector. The AHRR-mCherry insert sequences are identical to the sequences of

AHRR, mAID, and mCherry in plasmids synthesized by Twist Bioscience.
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Appendix 2. AHRR-mCherry_AA plasmid map. Synthesized by GenScript using the

pcDNA3.1(+) vector.
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Appendix 3. AHRR_WT plasmid map. Synthesized by GenScript using the pcDNA3.1(+)

vector.
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Appendix 4. AHRR_AA plasmid map. Synthesized by GenScript using the pcDNA3.1(+) vector.
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Appendix 5. Plasmid map of pJCP_AHR_H-A_AHRR_B-TAD_P2A_EGFP (Chimera-1-EGFP).

(8216) SgrDI  BgIII (12)
(8099) SspI \ _Mfel (161)

(7775) Scal /" _Nrul (208)
(7665) Pvul ©_~Milul (228)
\ ~__—Spel (249)
_——Ndel (484)

__————SnaBI (590)

_—— Eco53kI (816)
~ Sacl (818)

(7295) AhdI

//.’./,---"/——_ngl;ﬁomote —
S N1 lr

T~ ™,

- CMy o S
[ < han, M
L &QQ- '7(‘@, PD

Y

~|T7 promoter

~Nhel (895)
BmtI (899)

T BStEIT (1290)

Ay

/

- BsIXI (1737)
(6402) Pcil —

CAP binding site|

lac promoter|._

Chimeral-EGFP_AhR_H-A_AhRR_B-

_ - TAD_pCDNABi.llé{t;;}'P2A'EGFP

(6023) BStZ171 _

Wi
< (kod 0bAS

(5971) BsmlI 8
N\ [ 32
(5733) BstBI 2. Sy
\\\
(5567) RsrII N

(5448) BssHIT

"oy, , s
(5169) PFIFI - Tth111I—— =" bGH poly(A) & SHL (2851)
o Ny . XbaI (2995)
((gf;;) I?I.E:agBII* — S fAor ] BsmBI - Esp3I (3035)

(4864) Smal
(4862) TspMI - Xmal |
(4841) Avrll
(4840) Stul
Pmel (3793)



229

Appendix 6. Plasmid map of pJCP_AHR_H-B_AHRR_TAD_P2A_ EGFP (Chimera-2-EGFP).
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Appendix 7. Plasmid map of pJCP_AHRR_H-A_AHR_B-TAD_P2A_EGFP (Chimera-3-EGFP).
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Appendix 8. Plasmid map of pJCP_AHRR_H-B_AHR_TAD_P2A_EGFP (Chimera-4-EGFP).
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Appendix 9. Plasmid map of mCherry. Synthesized by Twist Bioscience using the pTwist CMV

vector.
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Appendix 10. Plasmid map of AHRR-mCherry. Synthesized by Twist Bioscience using the

pTwist CMV vector.
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Appendix 11. Gene lists: TRP Response Set (TRS), Putative Response Set (PRS), PRS2. The
TRS and PRS genes are from a set defined and created in Chapter 3. Genes from the TRS
(CYP1A1, AHRR, ALDH1A3, and TIPARP) and the PRS (AC015712.2) overlap with the
PRS2, giving them greater weight as true AHR pathway genes. Genes in the PRS2 that overlap

with the TRS or PRS are in italics.

TRS PRS PRS2
CYP1AL GDF15 NXF3
AHRR AC015712.2 TPT1P6
ALDH1A3 ADGRF1 RN7SL589P
NQO1 FTH1 AC008065.1
TIPARP GDA TLR9
PPARG MAGI1 CYPIAL
CDK6 SLC16A6 AHRR
MEGF6 ALDH1A3
TIPARP
AC015712.2
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Future Directions and Impact
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FUTURE DIRECTIONS
The work contained in this thesis, as well as unfinished work in the lab which did not meet the
level of completion required for the thesis, suggest several opportunities for ensuing graduate

students.

The first future direction lies within the chimera experiments of Chapter 5. The chimeras in that
chapter were created using the wild-type AHR and AHRR gene sequences. Codon optimization
for human expression systems would potentially increase the potency of these chimeras,
providing a system potentially better than current options. Additionally, the creation of a fifth
chimera presents an interesting opportunity to study the DNA binding preferences between AHR
and AHRR. The proposed design of Chimera 5 would be to take the wild-type AHR sequence
but substitute AHRR’s PAS B domain for that of the receptor using the junction points defined in
this thesis. Chimera 5 would be predicted to be another constitutively active method of inducing
the AHR pathway. However, since the DNA-interacting elements belong to AHR, affected loci
would be AHR-specific. Differential gene expression analysis between Chimera 4 and Chimera 5
may reveal loci specific to AHRR, those specific to AHR, and ones that overlap between the
proteins. This would shed more light on AHRR’s function as a transcription factor, as well as
provide the potential for the identification of novel AHR pathway genes independent of ligand

effects.

A second future direction would interrogate the importance of nuclear localization in AHRR
function. A plasmid was created that inserted a methionine into the AHRR sequence after the

basic region with the amino acid sequence of KRHR (where the AA mutants had alanine
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residues inserted). All sequence before the added methionine was deleted, resulting in an AHRR
with a truncated N-term (noNLS mutant). The plasmid insert had mCherry fused to the AHRR
mutant with a P2A-EGFP at its C-term, allowing fluorescent microscopy to be used to study the
construct’s localization (Appendix 1). A transient transfection with this plasmid confirmed the
noNLS-AHRR-mCherry mutant does not localize to the nucleus, even though the EGFP marker
suffuses the entire cell (Figure 1). Subsequent experiments with this construct could answer
fundamental questions about AHRR’s function, such as whether nuclear localization is necessary

for repression.

A third future direction would expand on the experiments with Chimera 4 and create both a
noNLS version of Chimera 4 and an AA mutant Chimera 4. These variations on our
constitutively active chimera would answer questions about the role of DNA binding in AHR
pathway activation, how cellular localization affects function, and would investigate the AHRR’s

non-canonical, protein-protein interaction capabilities.

The fourth and final future direction of this work stems from the tryptophan metabolism work of
Chapter 3. Our RNA-seq analysis of the multiple induction mechanisms suggested that the core
battery of AHR pathway genes includes CYP1A1, NQO1, and ALDH1A3 but omits CYP1A2
and CYP1B1. As NQO1 and ALDH1A3 are also involved in metabolism and oxidative stress,
these genes may be functionally important in the AHR pathway and are worthy of further study.
Creation of knockout cell lines with deletions of CYP1A1, NQO1, and ALDH1AS3, individually

and in combination, may provide additional insight into the metabolic arm of AHR signaling.
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Additionally, creation of a triple knockout mouse with these genes may provide evidence for

their biological necessity.
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IMPACT

This thesis adds value to the space of AHR biology in several ways. One contribution to the
literature is the suggestion that AHRR can repress the AHR pathway in a DNA-independent
manner, which supports a small body of largely ignored literature on the mechanism of AHRR
function. Our data also suggests AHRR is a modest repressor, and an overlooked function of this

protein may be as an important secondary wave of transcriptional control in the AHR pathway.

Another contribution of this thesis is the creation of a new technique to screen for novel AHR
pathway genes. By doing differential gene expression analysis on Chimera 2 versus Chimera 4,
thereby finding the maximal difference in expression, we have created the reagents and
bioinformatic workflow to identify ligand-independent AHR pathway genes in any cell line of
interest that can be transfected. This would allow identification of novel AHR pathway genes in
multiple tissue types, an important step in examining the tissue-specific biology of this enigmatic

pathway.

Lastly, this thesis contributes Chimera 4, a constitutive AHR pathway activator. This chimera, in
an unoptimized form, induces the AHR pathway that appears to be at or above the magnitude of
published systems. This construct could be used in AHR overexpression experiments or for the
creation of AHR knock-in cells and organisms, allowing study of this pathway without the need
for ligand treatment and ligand-specific effects. Optimization of Chimera 4 would possibly give
this construct an even greater ability to induce the pathway, providing a powerful, ligand-

independent tool to study AHR biology.
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FIGURES

Figure 1) Lack of nuclear localization in a noNLS AHRR mutant. Cells were transfected
with noNLS-AHRR-mCherry-P2A-EGFP construct under a CMV promoter and imaged two
days post-nucleofection. A) Bright field image of transfected cells. B) Transfected cells
viewed in the EGFP channel. Free EGFP suffuses the entire cell, fluorescing in the nuclear and
cytosolic compartments. C) Transfected cells viewed in the mCherry channel. The mCherry is
fused to the AHRR protein in this construct. The mCherry fluoresces in the cytosolic

compartment but does not appear to be nuclear. D) Overlay of all three previous images.
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Figure 1A)
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Figure 1B)
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Figure 1C)




244

Figure 1D)
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APPENDIX

Appendix 1. Plasmid map of noNLS_AHRR-mCherry-P2A-EGFP
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