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Abstract

Activation of STING DNA sensing pathway triggers the production of type I interferons
(IFNs) in keratinocytes. In lupus keratinocytes, this pathway becomes overactive, leading to
sustained, STING dependent type | IFN production through an autocrine loop, skewed towards
females. Thus, strategies to inhibit STING and its downstream events including type | IFN
signaling are an active research area to identify therapies for lupus. While a pathogenic role for
type I IFNs and STING signaling in autoimmune skin diseases is well established, the key
regulators of IFN signaling, the interplay between STING and type | IFN signaling pathways, and
the mechanisms underlying the female bias in IFN activity remain to be fully understood.

Here we show that HERC6, an IFN-induced E3 ubiquitin ligase is induced in human
keratinocytes through the epidermal type | IFN; IFN-k. Knockdown of HERC6 in human
keratinocytes led to increased activation of interferon-stimulated genes (ISGs) when treated with
a double-stranded (ds)DNA STING activator cGAMP, but not in response to the RNA-sensing
TLR3 agonist. In the absence of HERCS6, keratinocytes display sustained STING signaling
following cGAMP stimulation due to changes in the activity of LATS2, a key kinase involved in
Hippo signaling, resulting in more robust IFN responses, particularly in female keratinocytes. This
enhanced female-biased immune responses with loss of HERC6 is dependent on VGLL3, a sex-
biased autoimmune regulator. These findings highlight HERCG6 as a novel negative regulator of
ISG expression specific to dSDNA sensing and establish it as a regulator of female-biased immune

responses through modulation of Hippo signaling pathway.

Xiv



In contrast to an autoimmune response, IFNs and STING activity in keratinocytes provide
defense responses upon sensing exogenous DNA. This is evident by the fact that keratinocytes
have poor DNA transfection efficiency, hindering CRISPR-Cas9 mediated genetic knockouts
(KO) generation. The mechanism involving transfection resistance in keratinocytes is not well
characterized. We show that CRISPR plasmid transfection activates STING, resulting in
production of type I IFN through induction of IFN«k, ISG expression, and the cytidine deaminase,
APOBECS3G, to decrease the plasmid stability. KOs generated in keratinocytes show persistent
IFN«k suppression and DNMT3B-mediated hypermethylation in the IFNK gene promoter.
Inhibiting type | IFN signaling using baricitinib before transfection resulted in increased
transfection efficiency, normal IFNxk activity, and ISG expression without hypermethylation in the
IFNK promoter region. This data suggests that CRISPR-based gene editing modifies antiviral IFN
responses, which can be prevented by blocking the IFN signaling. This study has implications for
gene therapy in treating inherited skin disorders using CRISPR technology.

Together, these data identify the complex immune signaling regulation in keratinocytes
upon sensing exogenous DNA. Our investigation into the cross-regulation of STING-Hippo
signaling has broadened our understanding of the downstream IFN signaling, identified a novel

role for HERCS, and elucidated a way to generate genetic KOs in keratinocytes.
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Chapter 1 Introduction

1.1 Chapter Summary

Interferons (IFNs) are a group of pleiotropic cytokines secreted by host cells in response
to infections. Most cells in the body that are infected with bacteria or virus release IFNs to signal
the nearby cells to turn on their antiviral responses. IFNs comprise three family members: type I,
I1, and I11. Studies demonstrate a pathogenic role for type | IFNs in autoimmune skin diseases like
cutaneous lupus erythematosus (CLE) and Sjogren’s syndrome. Interestingly, IFN-kappa (IFN«)
is the only type | interferon secreted by human basal epidermal keratinocytes at baseline prior to
any stimulation. Through an autocrine signaling loop that is unique to keratinocytes, IFN«k
maintains basal IFN responses in keratinocytes that are heightened in autoimmune diseases.
Currently the key molecules or pathways involved in autocrine type | IFN signaling remain
unknown, which can be crucial to understanding their biology and finding novel drug targets for
autoimmune skin diseases. In this chapter, we review the IFN types, type | IFN signaling pathway
and their characteristics pertaining to keratinocytes among healthy and autoimmune skin diseases.
In this chapter we also review STING dependency of IFNk activity, sex bias in IFN activity, and

the complex crosstalk between STING-IFN-Hippo signaling pathways in keratinocytes.

1.2 Interferons

Interferons (IFNs) are the first discovered distinct class of pleiotropic cytokines that are

secreted by the host cells and play a significant role in triggering defense responses during



infections and cancer. Initially known for their antiviral properties, IFNs regulate the production
of proinflammatory cytokines, inhibiting viral replication in infected cells (1). IFNs are crucial in
defending the host during acute infections, and various viruses have developed mechanisms to
inhibit IFN signaling, highlighting the importance of the pathway (2, 3). Different factors regulate
IFN secretion in response to various microbial stimuli, an active area of ongoing research (4). IFNs
can function in autocrine or paracrine fashion to signal the same cell or a nearby cell (5). In addition
to their role in viral infections, IFNs have immunomodulatory properties and can affect cellular
differentiation of epithelial, immune, and stem cells (6-8), augmentation of cytotoxic activity (9)
and activation of the adaptive arm of the immune system leading to a memory response against

invading pathogens (10-12).

The human epidermis is the outermost skin layer that serves as a barrier between the host
and the external environment. It is predominantly composed of keratinocytes, which are the
primary cell population within the epidermis. Previous research has shown that only keratinocytes,
not endothelial cells, or fibroblasts, maintain a baseline expression of IFN« - a type | IFN, and IFN
stimulated gene (ISG) expression in human primary keratinocytes (Figure 1.1) (13, 14). This
unique characteristic of keratinocytes may be attributed to their role as a critical barrier against
infections, particularly viral. Recent research has uncovered a novel mechanistic model within
keratinocytes, whereby the initial induction of IFN« in reaction to Polyinosinic: polycytidylic acid
(Poly(I:C)) and Ultraviolet B (UVB) is reliant upon IFNB1. This suggests that robust I[FNk
production in response to Poly(I:C) or UVB is dependent on an initial upregulation of IFNS1 (15).
In autoimmune and inflammatory skin diseases, an increased IFN response occurs due to excessive
autocrine IFN«k signaling, leading to disease flares and pathogenesis (13, 16). However, the

specific mediators responsible for this heightened IFN signaling in disease development remain



largely unexplored. Identification of the molecules and pathways involved in autocrine IFN
signaling regulation would significantly contribute to our understanding of the role of IFNs in skin
biology and the field of autoimmune skin diseases. Furthermore, such identification could lead to
the discovery of novel drug targets for autoimmune skin diseases which are female-biased (17),
thereby improving the quality of life for affected individuals and the proportion of resources going

into the medical care.
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Figure 1.1: Baseline IFNK and ISG expression in keratinocytes.



A. RNA-sequencing analysis of type I IFN genes in normal human keratinocytes (NHK), dermal
fibroblasts (FB), and dermal endothelial cells (EC). B. ISG expression in unstimulated NHKSs, FBs,
and ECs. (n=3) for each experiment. Adapted from MK Sarkar et al., 2018 (13, 14).

1.3 Types of Interferons

The IFN family comprises three groups of cytokines - type I, 11, and I11. Type I IFN include
IFNa, IFNB, IFNe, IFNk and IFNw® (18). While plasmacytoid dendritic cells (pDCs) are
predominant producers, various cells in the human body produce type | IFNs upon pattern
recognition receptors (PRRS) sensing microbes or their components (19). The cells producing type
I IFNs in the skin are pDCs, monocytes, fibroblasts, and Langerhans cells (20). Keratinocytes
express several PRRs, including Stimulator of Interferon Genes (STING) and Toll-like receptors
(TLRs) that sense dsDNA (21, 22), retinoic acid-inducible gene-like receptors (RLRS) that sense
RNA (23), nucleotide oligomerization domain-like receptors (NLRS) that sense microbes and
cellular stress (24) and c-type lectin-like receptors (CLRs) that sense glycans on microbes (25).
These receptors trigger the production of type | IFNs in keratinocytes as an initial host response.

Hence, keratinocytes can act as immune sentinels.

IFNy is the only type II IFN family member primarily produced by natural killer cells and
T cells during infections (26, 27). IFNy is a proinflammatory cytokine and human keratinocytes
express its high-affinity receptor (IFNyR) abundantly (28). Stimulation of keratinocytes with
recombinant IFNy leads to the production of other cytokines, a characteristic observed in patients
with atopic dermatitis (AD), an inflammatory skin disease with patients being hyperresponsive to
IFNy (29). Furthermore, in cases of allergic contact dermatitis, keratinocytes respond to antigen
challenge by producing IFNy. This production of IFNy serves to activate antigen-specific T cells

(30).



Type III IFNs, consisting of IFNA1, IFNA2, IFNA3, and IFNA4 (a pseudogene) form a
newer group of cytokines (31). These IFNs are produced predominantly by epithelial cells,
endothelial cells, macrophages, neutrophils, and a subset of dendritic cells (32, 33). B cells have
been demonstrated to react to IFNL, although T cell responses remain uncertain (34). In the
epidermis, keratinocytes and melanocytes are the main cell types expressing the IFNA1 receptor
which shows strong responsiveness to recombinant IFNA stimulation. In addition to their
involvement in chronic viral infections, studies have shown the therapeutic potential of the type

Il IFNs in treating skin cancers (35).

1.4 Type I Interferon signaling

All members of the IFN family rely on their specific receptors to initiate downstream
signaling and activate the transcription of target genes. Type | IFNs utilize shared receptors -
IFNaR1 and IFNaR2, which form a dimer and activate Janus kinase (JAK1) and tyrosine kinase
(TYK2). This triggers a signaling cascade that involves phosphorylation, activating the signal
transducer and activator of transcription (STATs-1/2) (36). The activated STATSs recruit IFN
response factor (IRF9) and form a complex called IFN-Stimulated gene factor 3 (ISGF3) (37). The
ISGF complex translocate to the nucleus and binds to IFN-stimulated response elements (ISREs)
in the promoter regions, initiating the transcription of numerous IFN-responsive genes, including
MX1, which encode proteins with antiviral properties (Figure 1.2) (38). The induction of type |
IFN responses is tightly regulated by a family of transcription factors called IRFs, and previous
studies have demonstrated the positive feedback regulation of type | IFN induction during
infections.

Type II IFN, or IFNy, signals through its receptor, IFNyR, which engages and activates

JAK1 and JAK2 kinases (37). This activation leads to homodimerization and phosphorylation of



STAT1, which then binds to IFNy activated sites (GASs) in the nucleus, initiating the transcription
of effector genes (39). Type Ill IFNs, like type | IFNSs, utilize a similar signaling mechanism.
However, they employ a different set of receptors, IFNAR1 and IL10RB, to bind their ligands and

initiate downstream signaling (40).
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Figure 1.2: Type | IFN signaling pathway.

Interferon binding to its cognate receptors, IFNARL and IFNARZ2, results in the formation of
receptor dimers with JAK1 and TYK2 kinases. This complex activates the transcription factors,
STAT1 and STAT2, leading to their phosphorylation and subsequent translocation to the nucleus.
Together with IRF9, they form a complex that initiates the expression of a wide range of interferon-
stimulated genes (ISGs). These ISGs are crucial in antiviral and immune responses (Image created
in BioRender).

1.5 Type I Interferons in healthy skin
The skin acts as a natural barrier against microbial entry, playing a crucial role in host

defense against infections. [IFNxk is the sole type I IFN expressed in healthy epidermal keratinocytes

without external stimulation. Viruses like the human papillomavirus (HPV) and herpes simplex



virus-1 (HSV-1) specifically target and transcriptionally repress IFNk in keratinocytes as a strategy
to evade the antiviral effects of induced IFNs (41, 42). IFN« in keratinocytes plays a crucial role
in wound repair after an injury. However, in diabetic conditions, IFNk expression was reduced in
wound keratinocytes, leading to impaired wound healing (43). Additional studies have revealed
that type | IFNs exhibit anti-proliferative and anti-angiogenesis effects on cultured human
keratinocytes, indicating their anti-tumor functions in cutaneous squamous and basal cell
carcinoma (44, 45). Thus, research indicates the role of defense responses of type | IFNs in healthy
skin to various stimuli.
1.6 Autocrine type I Interferon signaling in autoimmune and inflammatory skin diseases
Cutaneous lupus erythematosus

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease that affects
multiple organ systems. One of the manifestations of SLE is sensitivity to UV light, leading to the
development of skin lesions known as cutaneous lupus erythematosus (CLE) (46). These lesions
in CLE exhibit increased cell death of keratinocytes, infiltration of immune cells, and elevated
levels of inflammatory cytokines (47-49). IFN-regulated genes are expressed at a significantly
higher rate in both lesional and non-lesional skin from adults with lupus. Genetic risk factors, such
as polymorphisms in loci encompassing genes like STAT4, IRF5, TREX1, TYK2, and IFNK,
contribute to amplified type I IFN responses in keratinocytes, playing a role in the pathogenesis of
CLE (50-53). Environmental factors, such as UV radiation, can trigger the apoptosis of
keratinocytes and the presentation of self-antigens, a characteristic feature of CLE. Standard
treatment options for CLE involve topical corticosteroids followed by immunosuppressants for

more Severe cases.



Photosensitivity can trigger robust type I IFN and inflammatory responses in CLE patients
(13). Human keratinocytes exposed to UVB radiation or TLR agonists produced higher levels of
IL-6, a proinflammatory cytokine involved in the pathogenesis of SLE and CLE and regulated by
autocrine IFNk (48). Moreover, inhibition of IFNk has been shown to prevent UVB-induced
apoptosis in keratinocytes. Thus, research is focused on targeting IFN«k as a potential therapy for
CLE.
Psoriasis

Psoriasis is a complex chronic inflammatory skin disease characterized by
hyperproliferation and aberrant differentiation of keratinocytes. As a result, the skin lesions are
dry, itchy, and scaly. Pathogenesis of psoriasis involves impaired immune responses in genetically
susceptible individuals resulting in robust activation of the T helper cells (Th17) (39). The
activated T cells trigger hyperproliferation of keratinocytes (54). Psoriasis is induced by applying
a topical cream called imiquimod, a TLR7 agonist used to treat warts and basal cell carcinoma
(55). Imiquimod is shown to initiate psoriasiform inflammation in transgenic mice that overexpress
IFNk in the epidermis with upregulated type I IFN responses(56). Although the mechanism of
action of IFNk is largely unknown in psoriasis, studies demonstrate correlated IFN responses with
psoriasis-associated genes and identify type | IFN signaling as a potential therapeutic target.
However, a phase I clinical trial using a monoclonal antibody against [FNa did not show clinical
benefits among patients with chronic plaque psoriasis (57).
Sjogren’s syndrome

Sjogren’s syndrome (SS) is a systemic autoimmune disease characterized by impaired
lacrimal and salivary gland function, leading to symptoms of dry eyes and dry mouth (58). While

the primary target organs are the glands, skin involvement is observed in 16% to 50% of SS



patients, often presenting as painful skin rashes (59). The pathogenesis of SS is not fully
understood. Still, studies have shown increased expression of both type I and type Il IFNs in
peripheral blood and lesional skin of SS patients and in animal models of the disease (60).
Hydroxychloroquine, which inhibits the activation of stimulator of IFN genes (STING), has been
described in some studies (61). Hydroxychloroguine has been shown to impact type | IFN
induction, resulting in the resolution of skin rashes and inhibition of lesion development in SS
patients (62). This suggests the role of type I IFNs in disease pathogenesis.
1.7 STING-dependent autocrine type | Interferon activity in basal keratinocytes

STING is a universal adaptor molecule that is activated upon sensing cytosolic dSDNA by
Cyclic GMP-AMP Synthase (cGAS) to mount innate immune responses Via induction of type |
IFN genes. cGAS binds cytosolic DNA leading to the production of 2’3’ cGAMP that serves as a
potent agonist for endoplasmic reticulum (ER) resident STING (63). STING induces
phosphorylation of TANK-binding kinase 1 (TBK1) and Interferon Regulatory Factor 3 (IRF3) to
produce type | IFNs, induce ISG expression, and transcription of pro-inflammatory genes (64).
Aberrant activation of STING and type | IFN signaling by keratinocytes has been implicated in
autoimmune diseases like lupus (65). Basal level expression of IFNK, a predominant type | IFN
expressed by keratinocytes, is STING-driven and drives a unique and sustained IFN activity that
can be alleviated by suppressing baseline IFNK (Figure 1.3) (63). Hence, regulation of STING
signaling that positively feeds into IFN signaling occurs at multiple levels, including post-
translational modifications such as ubiquitination, sumoylation, phosphorylation, methylation, and
acetylation of STING or other key molecules involved in the pathway (66-71). Several studies

suggest ISGs in keratinocytes have a role in regulating the IFN signaling. However, studies on



whether ISGs regulate IFN signaling by modulating STING pathway which are dysregulated in

skin autoimmune diseases are limited.

IFNAR1 &' IFNAR2
cGAMP TYK2 T JAK1

Figure 1.3: STING signaling pathway.

Cytosolic DNA sensing by cGAS catalyzes the production of cGAMP. cGAMP acts as a second
messenger and binds to STING on the endoplasmic reticulum membrane. The binding of cGAMP
to STING causes a conformational change, leading to the recruitment and activation of TBK1
kinase. Activated TBK1 phosphorylates IRF3 resulting in its dimerization and nuclear
translocation. IRF3 induces the expression of type | interferons and other pro-inflammatory
cytokines in the nucleus. Secreted IFNs signal through the JAK-STAT pathway (Figure 1.2)
(Image created in BioRender).

1.8 Sexual dimorphism in Interferon activity
Emerging evidence suggests a sex bias in IFN production and activity (72). Studies have
shown differences in IFN production between males and females in response to viral infections

and autoimmune diseases. Females mount a stronger immune response against viral pathogens as
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they produce higher levels of type | IFNs than males (73). Sex hormones may influence this
difference, as estrogen has been shown to enhance IFN production (74).

Autoimmune skin diseases, which often involve dysregulated IFN responses, also exhibit
sex bias in their prevalence (17). SLE and SS are more common in females and are characterized
by increased IFN activity. The most prominent risk factor contributing to the development of SLE
is being female, with a female to male ratio of 9:1 (75). Sjogren's disease demonstrates a higher
occurrence rate in women, with certain studies indicating a gender ratio as substantial as 16:1, for
females to male (76). Recent findings have shown variations in the female to male ratio for
Sjogren's disease, ranging from 6 females to 1 male in smaller US studies (77) to 14 females to 1
male in larger global studies involving adults (78). The prevalence of psoriasis shows no sex-
specific differences, but women tend to bear a greater disease burden and are more frequently
affected by polyarthritis (79).

The underlying mechanisms for this sex bias in IFN responses in autoimmune diseases are
not fully understood. Studies have shown that the X-linked TLR7 gene is preferentially active in
females escaping X chromosome inactivation. TLR7 is associated with enhanced type | IFN
production and significantly contributes to SLE pathogenesis (80). Recent investigations on
VGLL3, a transcriptional coactivator of the Hippo pathway, have identified its relevance to
psoriasis and SLE pathogenesis. Overexpression of VGLL3 in the epidermis of mice led to
inflammatory skin disease with features resembling CLE and a systemic autoimmune response
resembling SLE (81). VGLL3 overexpression in mouse models has been shown to promote
epidermal hyperplasia and inflammatory responses. Furthermore, the involvement of VGLL3 in

promoting the IFN response via the Hippo pathway in inflammatory autoimmune conditions like
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rheumatoid arthritis suggests a potential mechanism by which VGLL3 may contribute to
autoimmune pathogenesis (82).

The sex bias in IFN responses highlights the complex interplay between sex hormones,
genetics, and the immune system. Additional research is necessary to gain a better understanding
of the underlying mechanisms and implications of these sex differences in IFN responses, which
may have important implications for the development of personalized therapies for viral infections
and autoimmune diseases.

1.9 Hippo pathway

The highly conserved Hippo signaling pathway, very well known to regulate cell
proliferation and tissue homeostasis has recently gained attention in virus-induced diseases and
cancer. MST1/2 are serine/threonine kinases activated in response to various upstream signals,
such as cell-cell contact, mechanical cues, and extracellular signaling molecules (83). Activated
MST1/2 phosphorylate to activate LATS1/2 kinases (84). LATS1/2, in turn, phosphorylate
downstream targets. YAP and TAZ are transcriptional coactivators that are the main effectors of
the Hippo pathway (85). When the Hippo pathway is active, YAP/TAZ are phosphorylated by
LATS1/2, leading to their cytoplasmic retention and proteasomal degradation. Conversely, when
the Hippo pathway is suppressed, YAP/TAZ translocate to the nucleus and interact with
transcription factors to activate gene expression related to cell proliferation, survival, and organ
growth (83). YAP/TAZ interact with TEAD (1-4) transcription factors in the nucleus to promote
the expression of target genes. Although new evidence points to a role for VGLL3, a component
of the Hippo pathway, in promoting IFN activity, further research is needed to fully understand
the underlying mechanism by which VGLL3 regulates type | IFN signaling and the specific

conditions under which this regulation occurs (Figure 1.4) (82, 86).

12



Upstream of the IFN signaling, the Hippo pathway is further modulated through STING
signaling activation. TBK1, a critical component of the STING pathway, was shown to inhibit
YAP1 activity during infections (87). In the context of fibrosis, TBK1 has been shown to regulate
YAP1 by modulating its phosphorylation and promoting its nuclear translocation (88). These
findings suggest further investigations on TBK1-YAP1 regulation during STING activation and

the mechanism behind this regulation, particularly in the skin where the research is limited.

LATS1/2 LATS1/2

Degradation

Degradation

B0 oK b

Hippo Pathway Active Hippo Pathway Inactive

Figure 1.4: Hippo signaling pathway.

Hippo kinase, MST activates the downstream kinase Lats1/2. Active Lats1/2 then phosphorylates
and inhibits the transcriptional co-activators YAP and TAZ. When YAP/TAZ are phosphorylated,
they are sequestered in the cytoplasm, preventing their translocation in the nucleus, and
suppressing the transcriptional activity of YAP/TAZ target gene expression. VGLL3, a
transcription cofactor for TEADs, promoted Hippo signaling activation to drive sex differences in
downstream signaling, such as type | IFN signaling. Conversely, when the Hippo pathway is
inactive, such as when Lats1/2 is quickly degraded, YAP/TAZ become dephosphorylated.
Dephosphorylated YAP/TAZ translocate into the nucleus, where they bind to transcription factors
such as TEAD, activating target genes involved in cell proliferation (Image created in BioRender).
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1.10 Summary and conclusions

Type | IFNs are an immunomodulatory group of proteins that mediate antiviral and
antibacterial responses and activate immune responses upon stimulus or when needed in the skin.
Mutations in genes involved in the type | IFN signaling in humans and mice resulted in their
increased susceptibility to bacterial and viral infections. A balanced secretion of type I IFNs is
crucial for healthy skin; tipping off the balance can lead to autoimmune and inflammatory skin
diseases. The role of IFNK as the only type | IFN expressed in basal epidermal keratinocytes is
well established which can further induce activation of type | IFNs through an autocrine signaling
loop (Figure 1). Further research into identifying the key molecules and pathways involved in this
autocrine signaling in keratinocytes helps understand IFN biology in normal skin and identify
novel drug targets for autoimmune skin diseases.

The STING and the Hippo signaling pathways are two distinct cellular pathways that have
been studied extensively and independently. Emerging research suggests potential links and cross-
regulation between the STING, IFN, and Hippo signaling pathways, particularly in immune
responses and inflammation. YAP/Taz activity can influence the expression of immune-related
and inflammatory genes. The Hippo pathway may intersect with the STING to regulate IFN
production. STING activation can activate and modulate YAP/TAZ transcriptional activity. This
suggests that inflammatory cues may impact the Hippo pathway and its downstream regulation of
IFN signaling.

While the precise molecular mechanisms underlying the interplay between the STING,
IFN, and Hippo pathways remain to be fully elucidated, it is an intriguing area of ongoing research.

Further studies are needed to identify the potential crosstalk and reciprocal regulation between
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these pathways and to determine their implications for immune responses, inflammation, and
autoimmune disease processes.
1.11 Scope of the dissertation

This dissertation aimed to enhance our comprehension of the molecular mechanisms
underlying the regulation of the type I interferon (IFN) pathway in keratinocytes when exposed to
double-stranded DNA (dsDNA) agonists. The primary objective was to investigate the crucial
molecules and post-translational modifications associated with the regulation of IFN signaling,
with a specific emphasis on elucidating the alterations in their activities during autoimmune
conditions or in response to the detection of foreign DNA. The findings from this study will
contribute to a better understanding of IFN signaling regulation in keratinocytes and facilitate the

development of novel therapeutic approaches for autoimmune and infectious skin disorders.

Chapter 2 — The E3 ubiquitin ligase HERCG6 regulates STING-TBK1 activity in a sex-biased

manner through modulation of LATS2/VVGLL3 Hippo signaling.

This chapter is focused on the function of HERCS6 in keratinocytes. Our findings revealed
that HERCS is a negative regulator of type I IFN signaling in response to dsSDNA agonists. The
knockout of HERC6 enhanced IFN signaling, suggesting its inhibitory role in this context.
Additionally, we uncovered the mechanism by which HERC6 modulates IFN signaling,
implicating its involvement in upstream signaling events. These findings significantly contribute
to our understanding of the regulatory mechanisms governing type I IFN signaling in keratinocytes
and provide potential insights into the pathogenesis and treatment of autoimmune and infectious

skin disorders. Our approach, supporting data, and conclusions are outlined in chapter 2.
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Chapter 3 — STING-IFN-x-APOBEC3G axis mediates resistance to CRISPR DNA in

keratinocytes.

This chapter is focused on investigating the mechanisms underlying the poor transfection
efficacy of CRISPR DNA in keratinocytes. Post-translational modifications in keratinocytes
hinder DNA entry, attributed to the role of keratinocytes as immune sentinels. DNA
methyltransferases induce a type | interferon response triggered by exogenous CRISPR DNA.
Successful generation of CRISPR knockout keratinocytes was achieved by inhibiting type |
interferon signaling. Chapter 3 provides a detailed account of the approach, supporting data, and

conclusions.
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Chapter 2 — The E3 Ubiquitin Ligase HERC6 Regulates STING-TBK1 Activity in a Sex-
Biased Manner Through Modulation of LATS2/VGLL3 Hippo Signaling

Portions of this chapter have been submitted for publication:
Ranjitha Uppala, Mrinal K. Sarkar, Kelly Z. Young, Feiyang Ma, Pritika Vemulapalli, Rachael

Wasikowski, Olesya Plazyo, William R. Swindell, Emanual Maverakis, Mehrnaz Gharaee-
Kermani, Allison C. Billi, Lam C. Tsoi, Michelle J. Kahlenberg, Johann E. Gudjonsson.

2.1 Chapter Summary

Aberrant Interferon (IFN) signaling is a hallmark of systemic lupus erythematosus (SLE),
a female-biased disease. We show that HERCG6, an IFN-induced E3 ubiquitin ligase, is induced in
human keratinocytes through the epidermal type I IFN; IFN-x. HERC6 knockdown in human
keratinocytes results in enhanced induction of interferon-stimulated genes (ISGs) upon treatment
with a double-stranded (ds)DNA STING activator cGAMP, but not in response to the RNA-
sensing TLR3 agonist. Keratinocytes lacking HERC6 exhibit sustained STING-TBK1 signaling
following cGAMP stimulation through modulation of LATS2 and TBK1 activity, unmasking more
robust responses in female cells. This enhanced female-biased immune response with loss of
HERCSG is dependent on VGLL3, a sex-biased autoimmune regulator. In conclusion, we show that
HERCSG is a novel negative regulator of ISG expression specific to dsSDNA sensing and establish

it as a regulator of female-biased immune responses through modulation of STING signaling.
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2.2 Introduction

Systemic lupus erythematosus (SLE) is characterized by prominent activation of type |
interferon (IFN) responses, resulting in dysregulated innate and adaptive immune activation that
often precedes the clinical presentation of the disease (89). SLE predominantly affects women,
with female-to-male prevalence ratio of 9:1, yet the etiology of this sex disparity cannot be fully
explained by environmental factors or sex hormones. Despite the observed association between
heightened type | IFN activity and sex bias in various autoimmune diseases, the mechanistic
relationship between these factors remains elusive (17).

The significance of the skin in the pathogenesis of SLE has been well established. Skin
manifestations are frequently observed in SLE (90), and the skin exposure to UV irradiation is
known to trigger SLE flares (48). We have recently demonstrated a close association between
photosensitivity in SLE and interferon kappa (IFN-k), a type I IFN produced by keratinocytes (13).
The cyclic GMP-AMP synthase (cGAS) —STING pathway, which serves as a sensor of foreign
DNA (91) plays a critical role in regulating IFN-« expression in keratinocytes (63). It has been
shown that lupus keratinocytes can sense cytosolic DNA through STING (92). Activation of this
pathway leads to the phosphorylation of TANK-binding kinase 1 (TBK1) and Interferon
Regulatory Factor 3 (IRF3) (64), ultimately resulting in the induction of interferon-stimulated
genes (ISGs). This upregulation of ISGs is particularly prominent in lupus keratinocytes and
correlated with disease severity (93). Many of these ISGs encode proteins with antiviral properties
(1, 94), some of which can further enhance the responses of STING (66). The specific molecules
involved in this process vary depending on the mechanism but are believed to include positive
feedback regulation through STAT1 promoter binding (66), ubiquitination (67), sumoylation (68),

phosphorylation (69), methylation (71), or acetylation (70), of cGAS or STING itself.
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HERC represents an evolutionarily conserved family of E3 ubiquitin ligases that comprises
six family members, HERC1-6. The varied expression patterns of these HERC family members in
different tissues likely signify their diverse functional roles (95). Through strong and recurrent
adaptive evolution in mammals, HERC6 has been implicated in potential immune responses to
viral pathogens (95). This notion is supported by reports of HERC6 induction in tissues infected
with COVID-19 (96) and its identification as a biomarker for SLE (97). It is worth noting that
HERCG6 functions differ between humans and mice. Thus, mouse Herc6 exhibits functional
similarities to human HERCS5, and there is no identified homolog for human HERCG6 in mice,
limiting the scope of functional testing of HERC6 to human cells and tissues (98).

Several studies have provided evidence that women exhibit stronger Type I IFN responses
than men, which confer protective effects against viral infections. However, most of these studies
have primarily focused on plasmacytoid dendritic cells, which are a significant source of IFN alpha
(IFN-a) (99), and in the context of TLR7 (100, 101). The involvement of STING signaling in sex-
biased immune responses has not been previously reported.

This study investigated the interplay between STING, IFN signaling, and HERC6 in
epithelial keratinocytes, a major source of the type I IFN-«k. Our findings revealed that HERCS is
an 1SG and exerts its effects by ubiquitinating LATS2, a regulator of the Hippo signaling pathway.
This ubiquitination process modulates the activation of STING. Interestingly, we observed a sex
bias in this modulation of STING activation, which is dependent on VGLL3. These results
establish HERC6 as a suppressor of female-biased immune responses induced by STING

activation.
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2.3 Materials and Methods

2.3.1 Human Subjects

SLE patients and healthy controls were recruited from the Taubman Institute Innovative Research
Program Personalized Medicine through Integration of Immune Phenotypes in Autoimmune Skin
Disease (TIIP-PerMIPA cohort) as described in a previous study (102). Skin biopsies were
collected from volunteer patients in accordance with the University of Michigan institutional
review board-approved protocols and with the subjects’ informed consent. As per the principles of
the Declaration of Helsinki, all patients and healthy controls gave written, informed consent before
inclusion in the study.

2.3.2 Human primary cell culture

Human keratinocytes were obtained from SLE patients and healthy adults by following the
procedure described in a previous study (103). The cultures were maintained using serum-free
medium (Medium 154, Invitrogen/Cascade Biologics) and were used for experimentation at
passage 2 or 3 with a calcium concentration of 0.1 mM. Primary human dermal fibroblasts were
isolated from human skin described in a previous study (104).

2.3.3 Cell culture and stimulations

N/TERT human immortalized keratinocyte cell line was obtained from Dr. James G. Rheinwald
and was used for performing gene knockdowns or knockout (KO) experiments (105). These cells
have demonstrated typical differentiation traits in both monolayer and organotypic skin models.
N/TERTs or KOs were cultured in Keratinocyte Serum Free Medium (KSFM, ThermoFisher
#17005-042), which was enriched with 30 pg/ml bovine pituitary extract, 0.2 ng/ml epidermal
growth factor, and 0.3 mM calcium chloride (106). Cells were used for various experiments

following the attainment of the appropriate confluency. Cells were deprived of growth factors for
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24 hours before being exposed to recombinant human IFN-a (PBI assay, 11100-1). Complete
growth media was used for cGAMP (Invivogen, tlrl-nacga23) or TLR3 agonist (Invivogen, tlrl-
pic) stimulations. Total RNA or protein was isolated after indicated time points of stimulations or
transfections.

2.3.4 Accell siRNA-based knockdown

Keratinocytes were seeded into 48-well plates and incubated overnight at 37°C with 5% CO2. A
100uM siRNA stock (HERC6: E-005175, TMEM173: E-024333, and LATS2: E-003865) was
prepared using siRNA buffer (Dharmacon# B-002000-UB-100), diluted to 1uM SiRNA using
Accell siRNA delivery media, and added to each well (Dharmacon #B-005000). A non-targeting
control siRNA (Dharmacon # D-001910-01-05) was used for negative control. Total RNA was
isolated after 48 hours of siRNA incubation. cGAMP or TLR3 agonist stimulations were
performed after 48 hours of incubation with siRNA.

2.3.5 Knockout keratinocyte generation using CRISPR/Cas9

CRISPR KO keratinocytes were generated as previously described [5]. Briefly, the target single-
guide RNA (sgRNA) was designed using a web interface specifically developed for CRISPR
design by the BROAD institute (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design). The target sequences for synthetic SgRNA were integrated into a cloning backbone known
as pSpCas9 (BB) 2A-GFP (Addgene plasmid # 48138). Integrated sgRNA sequences into the
plasmids were transformed using the competent E. coli (ThermoFisher # C737303). Verified
plasmid DNA by Sanger sequencing was used to transfect the N/TERT cells using TransfeX
(ATCC# ACS4005). GFP-expressing cells were clonally expanded and sequenced to investigate
the INDELs. IFNK, TYK2, IFNB1, and STING KO keratinocytes were generated as previously

described [5, 6]. HERC6 KO keratinocytes were generated by annealing the following
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oligonucleotides: = HERCO6EI1SG2F1: 5’-CACCGATTGTTGATCTCGTGAGCTG-3* and
HERC6EISG2R1: 5’-AAACCAGCTCACGAGATCAACAATC-3’. Genotyping for HERC6
clones was performed wusing specific primers for HERC6: HERC6PCRFA4:
AAAGTGCTGTCTTAAACTTGTGT and HERC6PCRRA4:
TTGAATAAATGAAGGAGTGGGTTGA.

2.3.6 Stable MX1 reporter line generation

A 2nd generation promoterless lentiviral vector carrying a puromycin selection marker was
purchased from abm which contains a multiple cloning site (MCS) upstream of GFP (Cat# ABM-
LV059). The MX1 promoter region of 991bps upstream of the transcription start site was cloned
into MCS using the EcoRI and Xbal restriction sites. Agarose gels and sanger sequencing
confirmed MX1 cloning into the lentiviral backbone vector. HEK293T cells were used to package
and generate viral particles. Viral particles generated were collected after 48hrs of transfection and
immediately used to transduce the keratinocytes at a multiplicity of infection (MOI) of 1. The
transduced keratinocytes were expanded in a selection medium containing 10ug/ml puromycin for
5 days or until all the un-transduced cells were dead. Puromycin concentration of 10ug/ml was
determined after performing a drug kill curve in keratinocytes. CMV promoter-driven GFP (Cat#
ABM-LV011-a) or promoterless empty vectors were used as controls. Single cell sorted
transduced keratinocytes were expanded, and validation experiments were performed to choose an
optimum clone.

2.3.7 Western blot analysis

Total protein was extracted from the cells using Pierce RIPA buffer (89900, ThermoFisher)
supplemented with protease and phosphatase inhibitor cocktail (36978, Sigma). 20ug of total

protein samples were then subjected to electrophoresis on pre-cast TRIS-Glycine gels (456-1094S,
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Bio-Rad). After blocking with 5% BSA, the membrane was probed with primary antibodies,
including STAT1 (CST #9172S), P-STAT1 (CST #9167S), STAT2 (CST #72604S), P-STAT2
(CST #44415S), IRF3 (CST #4302S), P-IRF3 (CST #37829S), TBK1 (CST #38066S), P-TBK1
(CST #5483S), STING (Invitrogen #PA5-26751), P-STING (Invitrogen #PA5-105674), LATS1/2
(Invitrogen #BS-4081R), P-LATS1/2 (Invitrogen #PA5-64591), YAP1 (CST #8418S), P-YAP1
(CST #913008S), and ACTIN (CST #8457S) followed by secondary antibodies (CST #58802S &
93702S). Membranes were washed three times and were imaged on iBright using the ECL
substrate. All experiments were performed at least three times with similar results.

2.3.8 Gene expression analysis

Total RNA was harvested from cells using Qiagen RNeasy plus kit (Cat#74136). qRT-PCR was
performed on a 7900HT Fast Real-time PCR system (AppliedBiosystems) using TagMan
Universal PCR Master Mix (ThermoFisher Scientific) and RPLPO was used as endogenous
control.

2.3.9 Flow cytometry

Single cell suspension was prepared from untransduced, CMVGFP and MX1GFP transduced
keratinocytes. Live cells were first gated manually to exclude dead cells or debris, and GFP
expressing cells were gating based on CMVGFP transduced cells which constitutively expressed
stable GFP on a BD LSR Il (BD Biosciences). Data was analyzed using FlowJo software.

2.3.10 Bulk RNA sequencing

Bulk RNAseq for control or HERC6 KD primary human keratinocytes with or without GAMP
stimulation were performed (n=3 each group and 3 male and 3 female keratinocytes were included
per group). 50bp single-ended reads were generated. The reads were adapter trimmed and aligned

to the human genome hg19, with only the uniquely mapped reads being used for expression level
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quantification. DESeq2 was used to perform read normalization and differential expression
analyses. The data are available on GEO (Accession # pending)

2.3.11 Single-cell RNA-sequencing of human skin

We used single-cell data from SLE skin that we had previously generated. Samples were processed
as described [51] with >80% viability were run on the Single Cell Immune Profiling product from
10X Genomics. Single-cell libraries were generated using the 10X Genomics V2 protocols as
described by the manufacturer, and sequencing was done using the Illumina NovaSeq6000
platform. We used the Cell Ranger software, supported by 10X Genomics, to conduct alignment,
barcode, and unique molecular identifier read counting for analysis. We clustered cell sub-
populations and used SCDE, a statistical package for analyzing scRNA-sequencing data, for

differential expression analysis and ENRICHR tool for pathway analysis.

2.3.12 Transient transfections

Cells were transfected using Lipofectamine transfection reagent in Opti-MEM (GIBCO #31985-
070). Plasmid DNA (2 pg per 6-well dish or 1ug per 24-well dish) was diluted in Opti-MEM,
lipofectamine, and p3000 reagent was separately diluted in Opti-MEM. After 5 min, the DNA was
added to the p3000 mix and incubated at room temperature for 15 min. The mixed solution was
pipetted dropwise into the medium, covering the adherent cells. Cells were transfected for 48hr

before harvesting for downstream analysis.
2.3.13 HERCG6 over-expressing keratinocytes

HERCG6 over-expressing keratinocytes were generated by lentiviral transduction like previously
described [6]. Briefly, human HERC6 (RC218907, Origene) ORF-containing mammalian vector
were packaged using the packaging plasmids (TR30037, Origene) and turbofectin (TF8100,

Origene) in HEK293T cells. A day before transduction, keratinocytes were plated in serum-free
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media and transduced with the virus with 8ug/ml of polybrene (TR-1003-G, Sigma Aldrich). After
drug selection, surviving clones were obtained by limited dilution, and the OE clones were verified
by western blotting.

2.3.14 Immunoprecipitation assay

HEK 293 cells were grown in Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal
bovine serum. Cells were transfected using Lipofectamine 3000 (ThermoFisher) with the DYK-
HERCG6 (Genscript, SC1626) or Myc-LATS2 (Addgene, 66852) or both tagged cDNA constructs
and harvested after 48 hours. 500ug total protein was incubated overnight with mono or
polyubiquitin conjugates antibody on a shaker at 4°C. Pierce Protein Magnetic Protein A/G
(ThermoFisher #88803) beads were used to pull down immune complexes, which were then

analyzed by western blotting.

2.3.15 Immunohistochemistry and Immunofluorescence staining

For in vitro studies, immunofluorescence staining was performed on cells plated on 8-well
chamber slides. Cells were initially washed in ice-cold PBS, fixed in 4% PFA, blocked in BSA,
and incubated with primary antibodies (HERC6 (#PA5-57426), STING (#PA5-26751), LATS2
(#17H14L2) overnight at 4°C. The following day, cells were incubated for 1 hr in fluorochrome-
conjugated secondary antibodies (#A-11008 & #A8_2340767). Chamber slides were washed and
prepared in mounting media with DAPI. Images were acquired using an inverted Zeiss microscope.
Immunohistochemistry was performed on FFPE tissue slides from healthy or lupus individuals.
Slides were heated at 60°C for 30 minutes, rehydrated, and epitope retrieved with tris-EDTA (pH
6). Slides were blocked in secondary antibody source serum for 1 hr and incubated with primary
antibodies overnight at 4°C. Slides were incubated with biotinylated secondary antibodies

(biotinylated goat anti-rabbit IgG antibody, BA1000, Vector Laboratories; biotinylated horse anti-
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mouse IgG antibody, BA2000, Vector Laboratories) and then incubated with fluorochrome-
conjugated streptavidin. Slides were prepared in mounting medium with 4’,6-diamidino-2-
phenylindole (DAPI) (VECTASHIELD Antifade Mounting Medium with DAPI, H-1200,
VECTOR). Images were acquired using an inverted Zeiss microscope. Images presented are

representative of at least three biological replicates.

2.3.16 Statistical Analysis

Statistical testing was performed on data obtained from at least three independent experiments
using GraphPad Prism version 9. Statistical significance was determined using Student’s unpaired
t-test or analysis of variance (ANOVA) as indicated in the legend (*P < 0.05, **P < 0.01, ***P <
0.001, ****p <0.0001). After two-way ANOVA, Tukey’s multiple comparison posthoc test was
used with a 95% family-wise confidence level. Flow cytometry data were analyzed using FlowJo
v10. The number of sampled units, n, is indicated in the figure legends and as data points on the
bar plots. For microarray and bulk RNA-sequencing, a false discovery rate (FDR) of 0.05 was used

to adjust and control for multiple testing.
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2.4 Results
2.4.1 HERCS is rapidly induced by type I IFNs in keratinocytes

We analyzed RNA-sequencing data of IFNa-stimulated primary human keratinocytes. We
found that HERC6 expression was rapidly up-regulated (FDR <0.05) by IFNo and positively
correlated with type I ISGs in primary human keratinocytes, including MX1, IFNK, and 1SG15
(Fig 2.4.1A). Notably, HERC6 was one of the top 5 genes that correlated with MX1, a well-known
ISG (107), with a correlation coefficient of r=0.97 (Fig. 2.4.1B, C). HERC6 induction occurred
rapidly and within 6 hours of IFNa-stimulation (Fig. 2.4.1D). These data demonstrate that HERC6

is an ISG in keratinocytes.
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Figure 2.4.1: HERCS is an interferon stimulated gene.

A) Volcano plot showing 1582 up-regulated, and 585 down-regulated genes with IFN-a
stimulation in primary human keratinocytes (FDR<0.05). B) HERC6 expression correlation
analysis with MX1 from primary human keratinocytes. C) MX1 correlated genes in primary human
keratinocytes upon IFN-a stimulation. D) Gene expression analysis of IFN-o stimulated N/TERT
keratinocytes at indicated time points (Mean +/- SD, P<0.001 = *** P<0.01 = **, P<0.05 = *, ns
= not significant, Student’s t-test, n=3). Assume that NT = no treatment group.
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2.4.2 HERCS6 negatively regulates IFN response to dsDNA, but not to dsRNA, stimuli

To determine if HERCG6 plays a role in the activation of type I IFN responses, we stimulated
control or HERC6 knockdown (KD) primary keratinocytes with or without the STING agonist,
cyclic GMP-AMP (cGAMP), or the TLR3 agonist Polyinosinic: polycytidylic acid (Poly(l:C)).
Both STING and TLR3 activation resulted in the expression of 1SGs, including HERCG, in control
cells (Fig. 2.4.2A). However, siRNA targeting of HERC6 (>85% KD efficiency as shown in Fig.
2.4.2A), resulted in increased ISG responses to cGAMP but not to Poly(l:C) (Fig. 2.4.2A).
Notably, no significant changes were observed in ISG expression following cGAMP stimulation
with HERCS6 in primary human fibroblasts which do not express IFNK (Fig. 2.4.2B). This suggests
that HERC6 KD regulation is specific to keratinocytes sensing dsSDNA mimic. To confirm the
regulatory effects of HERC6 on I1SGs, we employed a stable MX1 reporter line in keratinocytes,
where MX1 transcriptional activity is reported by GFP expression with IFNa-stimulation (Fig.
2.4.2C). As expected, GFP expression in the MX1-GFP reporter was higher in HERC6 KD

compared to the control cells (Fig. 2.4.2D).

28



INT [ cGAMP 10ug/ml [TINT [CJcGAMP 10ug/ml CINT [ cGAMP 10ug/ml [CINT  [CJcGAMP 10ug/ml

05— [JPoly(IC) 10ug/ml 0010 [Poly(IC) 10ug/ml 157 [JPoly(IC) 10ug/ml ] Poly(IC) 10ug/ml
5 o 5 — 5 001
= 1 B @ c K
2 04 © 0.008-| =] 2 . §
3 5 £ - @ &
] 3 & 10 2
< 0.3+ < 0.0067] < 30.01
4 r4 r4 3
['4 ['4 o
£ £ £ %
g 0.2— ©0.0047 2 x
2 3 - £ 05 £ 0.00 o
g N 61200027 &‘ ‘%‘ ﬁ SE ﬁo ‘02:
g
en x% e, Qﬁ@‘ = ; % : . & 0.000.
Control KD
B Contiol KD+, HERC6 KD Control KD =y HERCE KD ContolKD o HERCBKD ontrol HERCgIERCE KD
10 [CINT  [JcGAMP 10ug/ml CINT  [CJcGAMP 10ug/mi CINT  [TJcGAMP 10ug/ml
c ] c —
1.5
2 . = £0.08 -
$£0.8 o o ° @
g 510 £
[ o @ U =%
p- 0.6 P c H 0.04
é 04 & 2
A x
E Eos E0.02
@ @ o
202 2 =
&8 B =
T 7]
200 : @ 00 L o o £ 000 | o
Control KD HEdcﬁ KD Control KD HERCE KD Control KD HERC6 KD
Mx1 ISG15 HERCE
C D
=« Untransduced 2] Single cells
871
FP+ W sinTc SIHERCE
0 1007
3
o 80
= .“
o
= 60 4
- 2 |
2 40
#IMX1/GFP transduced R Single cells g
83 5
=z 20 o F““
0 A
2 3
0 10 GEP 10

Figure 2.4.2: HERCG6 negatively regulates type I IFN activity in cGAMP-stimulated
keratinocytes.

A) Gene expression analysis of cGAMP or Poly(l:C) stimulated control or HERC6 knockdown
primary human keratinocytes (Mean +/- SD, P<0.001 = *** P<0.01 = **, P<0.05 = *, ns = not
significant, Student’s t-test, n=3). Assume that NT = no treatment group. B) Gene expression
analysis of cGAMP stimulated control or HERC6 knockdown primary human fibroblasts (Mean
+/- SD, P<0.001 = *** P<(0.01 = ** P<0.05 = *, ns = not significant, Student’s t-test, n=4).
Assume that NT = no treatment group. C) Gating strategy to sort GFP expressing single cells
(GFP+) after IFN-o stimulation for 24 hrs in untransduced or MX1/GFP transduced keratinocytes.
D) Histogram representing GFP expression in MX1/GFP reporter with control (SINTC) or HERC6
(SIHERCG6) knockdown.
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2.4.3 HERCS6 expression and activity is dependent on autocrine STING/IFNK expression
To determine whether HERCS6 is dependent on IFN or STING activity in keratinocytes, we
assessed HERCG6 levels and I1SG expression for TYK2, IFNK, TMEM173, and IFNB1 knockout
(KO) keratinocytes. HERC6 was absent in IFNB1, TYK2, STING, and IFNK KO keratinocytes
(Fig. 2.4.3A) and decreased at transcript level (Fig. 2.4.3B). Interestingly cGAMP responses were
suppressed in TYK2, IFNB1, and IFNK KO lines and absent in TMEM173 (STING protein) KO
keratinocytes (Fig. 2.4.3C), demonstrating the dependency of HERC6 on autocrine type | IFN
activity, which is absent in fibroblasts, and STING activation. Together, these findings indicate

that HERC6 requires STING-dependent IFN-k activity for its expression and function.
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Figure 2.4.3: HERCG6 expression in keratinocytes in STING/IFNK-dependent.
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A) Western blot analysis of HERC6 in indicated knockout keratinocytes. B) HERC6 gene
expression in indicated knockout keratinocytes (Mean +/- SD, P<0.001 = ***, P<0.01 = **, P<0.05
=*,ns = not significant, Two-way ANOVA, n=3). NT = no treatment group. C) Gene expression
analysis of cGAMP stimulated indicated knockout keratinocytes (Mean +/- SD, P<0.001 = ***,
P<0.01 = ** P<0.05 = *, ns = not significant, Student’s t-test, n=4). Assume that NT = no
treatment group.

2.4.4 HERC6 knockout amplifies IFN signaling in keratinocytes

To address the role of HERC6 in keratinocytes, we generated HERC6 KO using
CRISPR/Cas9 in N/TERT cells as previously described (13). A 23 bp deletion in HERC6 exonl
region was confirmed by Sanger sequencing, western blotting, and QRT-PCR analysis (Fig.
2.4.4A). Consistent with the findings from siHERC6 (Fig. 2.4.2A), HERC6 KO resulted in
amplified expression of IFNK and other ISGs upon cGAMP stimulation (Fig. 2.4.4B). In addition,
we observed a persistent elevation in type | IFN signaling in cGAMP-stimulated HERC6 KO
keratinocytes, as evidenced by the upregulation of STAT1, phosphor (p)-STAT1, STAT2, and p-

STAT2 (Fig. 2.4.4C).
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Figure 2.4.4: HERCG6 knockout keratinocytes have amplified type I IFN signaling.
A) Sanger sequencing of exonl and western blot analysis of HERC6 knockout keratinocytes
generated using CRISPR/Cas9 in N/TERT cells. B) Gene expression analysis for ISGs in cGAMP
stimulated control or HERC6 knockout keratinocytes at indicated time points (Mean +/- SD,
P<0.001 = *** P<0.01 = **, P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). Assume
that NT = no treatment group. C) Western blot analysis of type | interferon-related genes in
cGAMP stimulated control or HERC6 knockout keratinocytes at indicated time points in hours.
2.4.5 Amplification of IFN responses secondary to loss of HERCEG is due to increased
STING-TBK1 activity

Consistent with increased activity of STING/TBK1 activity in HERC6 KO keratinocytes,
we observed increased levels of p-STING, p-IRF3, and p-TBK1 with cGAMP stimulation in
HERC6 KO compared to control KO keratinocytes (Fig. 2.4.5A). The effect on STAT1/STAT2
signaling was seen as early as 2hrs following after cGAMP treatment as shown by increased P-

STAT1 and P-STAT2 in HERC6 KO keratinocytes and after 4 and 8 hrs cGAMP treatment on

STING-TBK1 signaling (Fig. 2.4.4C & Fig. 2.4.5A), suggesting that the increased ISG response
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is secondary to STING activation. In line with these findings, HERC6 KO keratinocytes
demonstrated increased expression of IFNB1 and IL6 by QRT-PCR (Fig. 2.4.5B). Thus, HERC6
KOs exhibited a difference in IFN and STING signaling compared to control, with higher levels
of p-STAT2 and p-TBK1, even without stimulation. Consistent with these responses being
primarily STING-driven, we examined the effects of STING knockdown by siRNA (TMEM173).
We observed that knockdown of STING attenuated the elevated expression of IFNB1 and IL6 in
HERC6 KO keratinocytes (Fig. 2.4.5C).

To determine the broader effect of HERC6 on STING activation, we performed bulkRNA-
sequencing of non-targeting control (SINTC) or HERC6 KD (siHERC6) primary human
keratinocytes with or without cGAMP stimulation. Using a threshold of false-discovery rate (FDR)
<0.05, we assessed the number of differentially expressed genes (DEGs). HERC6 KD in
keratinocytes had an increased number of DEGs compared to control with 80 DEGs in common
(Fig. 2.4.5D). Gene ontology (GO) terms for the 80 shared DEGs were enriched for targets of
transcription factors, including IRF3, STAT1, TEAD1, RELA, and molecular functions related to
innate immune response, including DNA and RNA binding, CXCR3 chemokine receptor binding
and ubiquitin-protein transferase activity (Fig. 2.4.5D). Several ISGs, including OAS1, STAT2,
XAF1, and IFIT3 were upregulated in cGAMP-stimulated HERC6 KD keratinocytes compared to
cGAMP-stimulated control (Fig. 2.4.5E), with HERC6 KD having an overall broader and stronger
impact compared to control KD keratinocytes (Fig. 2.4.5F). In summary, these data demonstrate
that HERC6 negatively regulates type | IFN activity through modulation of STING-TBK1

signaling.
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Figure 2.4.5: Amplified type | IFN signaling in HERC6 knockout keratinocytes is due to
sustained STING-TBK1 activity.

A) Western blot analysis of STING pathway-related genes in cGAMP stimulated control or
HERCS6 knockout keratinocytes at indicated time points in hours. B) Gene expression analysis for
STING-induced genes in control or HERC6 knockout keratinocytes (Mean +/- SD, P<0.001 = ***,
P<0.01 = **, P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). Assume that NT = no
treatment group. C) Gene expression analysis for STING-induced genes with or without STING
knockdown in control or HERC6 knockout keratinocytes (Mean +/- SD, P<0.001 = *** P<0.01 =
** P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). Assume that NT = no treatment
group. D) (Top) Venn diagram showing the total number of genes differentially regulated in non-
targeting control (SINTC) or HERC6 (SiHERC6) knockdown keratinocytes with cGAMP
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stimulation (FDR < 0.05, n=3 males and 3 females; (Bottom) GO terms of 80 DEGs that overlap
between control and HERC6 knockdown keratinocytes for transcription factors in blue and
molecular function in coral. E) Heatmap representing dysregulated genes in log2 fold change in
control or HERC6 knockdown primary human keratinocytes with cGAMP stimulation (n=6). F)
GO terms biological processes for control knockdown (SINTC) and HERC6 knockdown
(SIHERCG6) primary human keratinocytes showing significance with cGAMP stimulation (FDR-
adjusted p-value of 0.05, n=3 males & 3 females).

2.4.6 HERCG6 over expression attenuated the increased IFN activity to basal levels

We generated HERCG6 over-expressing keratinocytes using a lentiviral system to
investigate if this would alter ISG responses. Conversely, HERC6 over-expressing (OE)

keratinocytes attenuated ISG responses to cGAMP stimulation (Fig. 2.4.6 A & B).
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Figure 2.4.6: 1SG responses are attenuated in HERC6 over-expressing keratinocytes.

A) Western blot analysis of control (Con), HERC6 OE (OE), or HERC6 KO (KO) keratinocytes.
B) Gene expression analysis of 1ISGs in un-treated (NT) or CGAMP-treated control KO, HERC6
KO, and HERCG6 OE keratinocytes (Mean +/- SD, P<0.001 = *** P<0.01 = **, P<0.05=*,ns =
not significant, Student’s t-test, n=3).
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2.4.7 cGAMP stimulation resulted in enhanced LATS2 activity in HERC6 KO

keratinocytes

HERCG6 has been reported to bind to LATS2 (108), a serine/threonine protein kinase that
regulates the Hippo signaling pathway through phosphorylation of YAP1 for cytosolic
sequestration (109). Intriguingly, TEAD1, a transcription factor downstream of Hippo signaling
(110), is significantly affected by HERC6 KD (Fig. 2.4.5D). To assess the relationship between
HERC6 and LATS2 function, we first determined LATS2 mRNA expression by QRT-PCR in
control or HERC6 KO keratinocytes with or without cGAMP. We observed increased LATS2
MRNA expression in cGAMP-stimulated HERC6 KO keratinocytes compared to the control (Fig.
2.4.7A), which was also validated in our bulk RNA-seq data from HERC6 KD primary human
keratinocytes (Fig. 2.4.7C). These findings were validated on the protein level by western blotting.
In addition, increased and sustained total and p-LATS1/2 levels were observed in HERC6 KO with

CGAMP stimulation (Fig. 2.4.7B).
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Figure 2.4.7: Increased LATS2 expression in HERCG6 knockout keratinocytes.

A) LATS2 gene expression in control or HERC6 knockout keratinocytes after cGAMP stimulation
(Mean +/- SD, P<0.001 = *** P<(.01 = ** P<0.05 = *, ns = not significant, Student’s t-test, n=3).
Assume that NT = no treatment group. B) Western blot analysis of LATS2 and YAP1 in cGAMP
stimulated control or in HERC6 knockout keratinocytes at indicated time points in hours. Assume
that NT = no treatment group. C) Heat-map representing Log2 fold change of HERC6, LATS2,
CXCL10, and CXCL11 in non-treated versus cGAMP stimulated control or HERC6 knockdown
human primary keratinocytes through bulk RNA-sequencing.

2.4.8 The increased STING/TKBL1 activity with loss of HERC6 is LATS2 dependent

To determine the role of LATS2 in modulating the increased STING/TBK1 activity
observed with the loss of HERCG6, we used siRNA targeting LATS2 (KD efficiency >75%), which
attenuated ISG responses in HERC6 KOs (Fig. 2.4.8A). To assess the levels of YAP1, we

performed fractioned western blot analyses of the cytosolic and nuclear fractions of both control
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and HERC6 KO with or without cGAMP stimulation. This demonstrated reduced cytosolic and
nuclear YAPL levels in HERC6 KO keratinocytes (Fig. 2.4.8B). The observed reduction in
cytosolic YAP1 levels led us to hypothesize that YAP1 undergoes increased degradation. To
examine this, we inhibited total proteasomal degradation using the proteasomal inhibitor MG132
(111). MG132, alone or with cGAMP treatment, increased YAP1 levels in HERC6 KO, suggesting
that the decrease in YAPL1 levels is due to increased YAP1 proteasomal degradation (Fig. 2.4.8C).
To determine how this relates to LATS2, we used TRULI, a small molecule inhibitor of LATS2
kinase activity (112). Inhibition of LATS2 activity resulted in decreased expression of 1SGs,
consistent with what we observed in HERC6 KO keratinocytes (Figure 2.4.8E). Consistent with
the role of YAP1 acting as an inhibitor of TBK1/STING activation, increased TBK1 expression
was observed in HERC6 KO with cGAMP activation (Fig. 2.4.8D) and pTKBL1 (Fig. 2.4.8F),

which was suppressed with the LAST2 inhibitor in cGAMP-stimulated HERC6 KO (Fig. 2.4.8F).
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Figure 2.4.8: Increased LATS2 in HERC6 knockout keratinocytes promotes increased
YAP1 degradation and heightened TBK1 activity.

A) Gene expression analysis of ISGs in cGAMP stimulated control or HERC6 knockout
keratinocytes with or without LATS2 knockdown (Mean +/- SD, P<0.001 = *** P<0.01 = **,
P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). Assume that NT = no treatment group.
B) Western blot analysis of cytosolic and nuclear YAP1 in control or HERC6 knockout
keratinocytes. C) Western blot analysis of YAP1 (on the left) and relative quantification (on the
right) in cGAMP stimulated control or HERC6 knockout keratinocytes and with or without
proteasomal inhibitor, MG132. D) Western blot analysis of TBK1 in cGAMP stimulated control
or HERC6 knockout keratinocytes. E) LATS2 inhibition using TRULI in cGAMP stimulated
control or HERC6 KO keratinocytes (Mean +/- SD, P<0.001 = *** P<0.01 = **, P<0.05 = *, ns
= not significant, Two-way ANOVA, n=3). F) Western blot analysis of LATS2, YAP1, and TBK1
in cGAMP stimulated HERC6 knockouts with TRULI treatment.
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2.4.9 HERCS6 ubiquitinates LATS2 in cGAMP stimulated keratinocytes

HERCG6 belongs to a family of E3 ubiquitin ligases (103). We, therefore, examined whether
HERC6 regulated LATS2 through ubiquitination. We performed ubiquitin conjugates
immunoprecipitation followed by a pull-down of LATS2 in empty (PCMV6) or HERC6-
transfected HEK293 cells. LATS2 was ubiquitinated at a higher level in HERC6-transfected cells
than empty vector-transfected cells (Fig. 2.4.9A). Furthermore, HERC6 and LATS2 colocalized
in the cytoplasm upon cGAMP treatment (Fig. 2.4.9B). No evidence was found for HERC6-
mediated ubiquitination of STING. These results indicate that HERC6 regulates STING activation
through the ubiquitination of LATS2, which, in turn, inhibits TBK1 through increased YAP1,

thereby suppressing downstream responses from STING (Fig. 2.4.9C).
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Figure 2.4.9: HERCG6 functions by ubiquitinating LATS2 in cGAMP-stimulated keratinocytes.

A) Western blot analysis of ubiquitin conjugates immunoprecipitation pull-down of empty
(PCVM6) or HERCES transfected HEK293 cells. B) Confocal image analysis of control knockouts
with or without cGAMP (HERCS in green, LATS2 in red, and DAPI nuclear staining in blue). C)
Schematic illustrating ubiquitination of LATS2 by HERCSG, resulting in decreased YAP1 and
increased TBK1/ISG activity in keratinocytes. Created in BioRender.

2.4.10 HERCEG6 suppressed female-biased STING responses

While there was no difference in HERC6 mRNA expression between primary keratinocytes
from healthy males and females, we observed greater HERC6 mRNA induction upon cGAMP
stimulation in female SLE keratinocytes compared to healthy male or female keratinocytes (Fig.
2.4.10A, B). Notably, ISG responses upon cGAMP stimulation were robustly amplified in female

compared to male keratinocytes with HERC6 KD (Fig. 2.4.10C). To identify mechanisms involved
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in this sex bias, we used cGAMP stimulated female SLE keratinocytes along with sSiRNAs against
HERC6 and VGLL3, a transcriptional co-factor previously implicated in sex-biased immune
responses (71) and a regulator of Hippo signaling activity (105). We observed increased VGLL3
in HERC6 KD female keratinocytes compared to male keratinocytes (Fig. 2.4.10E). Furthermore,
there were increased DEGs in both unstimulated and cGAMP stimulated female compared to male

keratinocytes, consistent with more robust ISG responses with HERC6 KD (Fig. 2.4.10D).
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Figure 2.4.10: HERC6 knockout keratinocytes exhibit female biased IFN responses upon
CGAMP stimulation.

A) HERCG6 expression in primary male (M) or female (F) keratinocytes stimulated with or without
cGAMP. B) HERCS6 gene expression in normal male (M), normal female (F), or SLE female (SLE
F) keratinocytes with or without cGAMP stimulation (Mean +/- SD, P<0.001 = *** P<0.01 = **,
P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). C) Interferon-stimulated gene
expression in normal male (M) or normal female (F) keratinocytes with control (NTC) or HERC6
knockdown and with or without cGAMP stimulation (Mean +/- SD, P<0.001 = *** P<0.01 = **,
P<0.05 = *, ns = not significant, Two-way ANOVA, n=3). D) Total number of DEGs in female or
male control knockdown (siNTC) or HERC6 knockdown keratinocytes with cGAMP stimulation.
E) Immunofluorescence staining of VGLL3 in primary human keratinocytes with VGLL3 or
HERCG6 knockdown (VGLL3 in red & DAPI nuclear staining in blue).
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2.4.11 Sex-biased IFN responses in HERC6 deficient keratinocytes are VGLL3-dependent

To identify mechanisms involved in this sex bias, we used cGAMP-stimulated female SLE
keratinocytes along with siRNAs against HERC6 and VGLL3, a transcriptional co-factor
previously implicated in sex-biased immune responses (71) and a regulator of Hippo signaling
activity (105). The knockdown efficiency for HERC6 and VGLL3 in lupus keratinocytes was 80%
and 72.2% efficient, and KD of both VGLL3 and HERC6 together attenuated heightened ISG
activity (Fig. 2.4.11A). Consistent with these findings, analysis of bulk RNA-seq data from
cGAMP-stimulated primary human female and male keratinocytes demonstrated that HERC6 KD
was associated with greater enrichment for GO terms associated with IFN responses and cytosolic
sensing of foreign DNA in female keratinocytes (Fig. 2.4.11B). Overall, these findings show that
HERCG6 suppresses I1SG responses through modulation of VGLL3-dependent Hippo pathway
signaling and may be responsible for dampening female-biased immune responses, through

modulation of STING activity, during heightened interferon states (Fig. 2.4.11C).
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Figure 2.4.11: HERCS6 suppresses cGAMP-dependent sex-biased IFN responses in lupus
keratinocytes in a VGLL3-dependent manner.

A) Gene expression analysis representing fold change compared to knockdown of non-targeting
control (NTC) of HERC6, VGLL3, or both HERC6+VGLL3 in non-lesional female lupus
keratinocytes (Mean +/- SD, P<0.001 = *** P<0.01 = ** P<0.05 = *, ns = not significant,
Ordinary one-way ANOVA fold-change relative to control knockdown, n=3). B) GO terms for
HERC®6 knockdown (sSiHERC6) male or female keratinocytes showing significance with cGAMP
stimulation ((FDR-adjusted p-value of 0.05, n=3). C) Schematic illustrating the mechanism
involving sex biased IFN responses in HERC6 KO keratinocytes through modulation of VGLL3

Hippo pathway
2.5 Discussion

Our study showed that HERC6, an E3 ubiquitin ligase, is rapidly upregulated in epidermal
keratinocytes following stimulation with IFNa or nucleotide sensing mechanisms triggered by

dsDNA or dsRNA. This induction of HERCS6 is dependent on both STING and autocrine 1FN-«
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activity. Importantly, we observed that HERC6 specifically acts as a suppressor of cGAMP
signaling in epidermal keratinocytes and not in fibroblasts. This suppression occurs through
modulation of the LATS2/TBK1/VGLL3 Hippo-pathway, inhibiting female-biased immune

responses.

Our findings strongly support the notion that HERCG6 plays a significant role as a modulator
of the STING pathway, particularly in diseases such as systemic lupus erythematosus (SLE),
characterized by prominent type | IFN activity (89). The modulation of STING activation by
HERCS6 occurs through the ubiquitination of LATS2 kinase rather than directly affecting STING
itself. This ubiquitination of LATS2 leads to a decrease in LATS2 activity, potentially promoting
its proteasomal degradation. Consequently, there is an increase in YAP1 levels, which
subsequently inhibits TBK1, resulting in the suppression of downstream IRF3-dependent signaling

mediated by STING.

Conversely, reduced levels of HERCG6 led to enhanced degradation of YAPL, leading to
decreased cytoplasmic and nuclear levels of YAPL. This reduction in YAPL levels reduces
competition for binding to TEADs transcription factors with nuclear transcription co-factors, such
as VGLL3 (113). This shift in binding preference towards increased VGLL3:TEAD activity
amplifies VGLL3 responses. Importantly, as VGLL3 is primarily located in the nucleus of female
keratinocytes, this shift in binding preference likely occurs exclusively in women, amplifying IFN
responses. These findings align with our previous discoveries regarding VGLL3 as a key regulator
of sex-biased immune responses (114). Previous studies have described a cross-talk between the
Hippo-STING signaling pathways (115, 116), and the deletion of LATS1/2 has been shown to
enhance type | IFN response in melanoma cells (117). However, the sex-specific regulation of

immune responses through modulation of STING activation has not been previously reported.
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SLE is a disease that primarily affects women and is characterized by heightened type |
IFN responses [1, 2]. While there is a tendency for the peak of elevated type | IFN activity to occur
earlier in female patients, there are no significant quantitative differences in type | IFN activity
between male and female SLE patients once the disease state is fully established (118). Female-
biased type | IFN responses have been reported in plasmacytoid dendritic cells (pDCs) from
healthy individuals in response to TLR7 or TLR9 ligands (119). However, it is noteworthy that
pDCs are markedly diminished in inflamed SLE skin (120), and have also been described to have
lost their effector capacity (121). These findings suggest that while there may be sex-specific
differences at baseline in type | IFN responses between men and women, these differences become

balanced once the disease process is established.

In the absence of HERCS6, these underlying female-biased responses are unmasked and
amplified, indicating that HERC6 functions as a suppressor of female-specific immune responses
by modulating STING responses. Consistent with this, we have observed that when HERCG is
active, there is minimal STING activity, as evidenced by negligible induction of ISGs in vitro and
low levels of p-STING in the epidermis of SLE patients. This role of HERC6 may extend beyond
the skin, as differential expression of HERC6 has been reported in SLE PBMCs, and glomeruli of

lupus nephritis patients (122, 123).

While we did not find evidence for the involvement of HERC6 in TLR3 responses, which
is a sensor of intracellular double-stranded RNA (dsRNA) (124), we did not address the potential
role(s) of HERC6 on TLR7 or TLR9 pathways, both of which have been previously implicated in
sex-biased immune responses (125, 126). Notably, though, TLR3 stimulation through Poly(I:C)

was a stronger inducer of HERCG6 expression than stimulation with the STING agonist cGAMP,
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suggesting that HERC6 might have a role in cross-regulation between TLR3 and STING signaling,

but this will need to be addressed in future studies.

Our findings have major implications regarding our understanding of STING signaling and
sex-biased immune responses and emphasize the role of the Hippo pathway through modulation
of HERCG6-STING activity as a critical circuit in the modulation of autoimmune diseases such as

SLE.
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Chapter 3 STING-IFN-k-APOBEC3G Axis Mediates Resistance to CRISPR DNA in

Keratinocytes

This chapter has been published in the Journal of Clinical Investigation:

Mrinal K Sarkar, Ranjitha Uppala, Chang Zeng, Allison C Billi, Lam C Tsoi, Austin Kidder,
Xianying Xing, Bethany E Perez White, Shuai Shao, Olesya Plazyo, Sirisha Sirobhushanam,
Enze Xing, Yanyun Jiang, Katherine A Gallagher, John J Voorhees, J Michelle Kahlenberg,

Johann E Gudjonsson. Keratinocytes sense and eliminate CRISPR DNA through STING/IFN-k
activation and APOBEC3G induction.

3.1 Chapter Summary

Basal keratinocytes (KCs) have poor DNA transfection efficiency, an approach crucial to
generate CRISPR-Cas9-mediated genetic knockouts (KO). The mechanism that involves
transfection resistance in KCs is not well characterized. We show that transfection with CRISPR
plasmid activates the cytosolic DNA sensor, Stimulator of Interferon Genes (STING), resulting in
the production of type | interferons (IFN) through induction of IFNk, interferon-stimulated gene
(ISG) expression, and the cytidine deaminase, APOBEC3G to decrease the plasmid stability.
CRISPR-Cas9-based genetic KOs generated in KCs exhibit continued IFNk suppression and
hypermethylation mediated by the DNA methyltransferase, DNMT3B, in the promoter region of
IFNK. Inhibiting type I IFN signaling using JAK1/JAK2 inhibitor, baricitinib before transfection
resulted in increased transfection efficiency, normal IFN«k activity, and ISG expression without
hypermethylation in the promoter region of the IFNK. Our data indicate that gene editing using
CRISPR technology can alter the antiviral IFN responses, which can be prevented by blocking the

IFN signaling using a JAK1/JAK2 inhibitor. This study has implications in gene therapy for
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treating genetically inherited skin disorders using CRISPR technology. The contents of this chapter

have been peer-reviewed and published in the Journal of Clinical Investigation.

3.2 Introduction

Keratinocytes have long been recognized as a highly refractory cell type for transfection,
with the underlying mechanisms of this resistance remaining elusive (127, 128). Keratinocytes are
the principal cellular components of the epidermis, which serves as the primary interface between
the body and external pathogens such as bacteria and viruses. Beyond their crucial role as a
physical barrier, keratinocytes exhibit robust immunological activity through a repertoire of
pattern recognition receptors and the secretion of diverse cytokines (129).

The prokaryote-derived clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 technology has revolutionized our capacity to precisely manipulate specific DNA
and RNA sequences within living cells (130). This system relies on guide RNAs (gRNASs) to
achieve targeted specificity and operates by creating deliberate breaks in the DNA, which prompt
repair mechanisms within the cell. CRISPR technology enables the insertion or deletion of small
DNA segments through nonhomologous end-joining and single-base editing through homology-
directed repair (130).

CRISPR/Cas9 has witnessed increasing applications in gene therapy for various human
diseases, including retinitis pigmentosa (131), Duchennne muscular dystrophy (132), and
monogenic dominant conditions such as epidermolysis bullosa (133-136) — a severe and often fatal
disorder caused by mutations in structural genes essential for epidermal function. However, the
inherent resistance of keratinocytes to CRISPR/Cas9 transfection and the potential involvement of

keratinocytes’ intrinsic antiviral defense mechanisms in mediating this resistance has not yet been
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explored. Investigating these aspects in keratinocytes would significantly enhance future
endeavors to achieve efficient gene correction in inherited epidermal disorders.

3.3 Materials and Methods

3.3.1 Keratinocytes culture and treatment.

An immortalized keratinocytes cell line, N/TERT (N/TERT-2G) (105), was used with permission
from James G. Rheinwald (Brigham and Women’s Hospital, Boston, Massachusetts, USA) for the
generation of KO cell lines using nonhomologous end joining via CRISPR/Cas9. This cell line has
been shown to have normal differentiation characteristics in both monolayer and organotypic skin
models. N/TERTs were grown in Keratinocyte-SFM medium (Thermo Fisher Scientific, 17005-
042) supplemented with 30 pg/mL bovine pituitary extract, 0.2 ng/mL epidermal growth factor,
and 0.3 mM calcium chloride (106). Keratinocytes (WT and KO) were treated with a
demethylating agent, 5-dAza-C (10 uM; MilliporeSigma, A3656-5MG) for the restoration IFNK
expression following a previously described protocol.

3.3.2 Generation of CRISPR KO lines in N/TERT keratinocytes.

CRISPR KO keratinocytes were generated as previously described (26). In brief, the sgRNA target
sequences were developed (Supplemental Table 1) using a web interface for CRISPR design
(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design).  Synthetic ~ sgRNA
target sequences were inserted into a cloning backbone, pSpCas9 (BB)-2A-GFP (PX458)
(Addgene, 48138), and then cloned into competent E. coli (Thermo Fisher Scientific, C737303).
Proper insertion was validated by Sanger sequencing. The plasmid with proper insertion was then
transfected into an immortalized KERATINOCYTES line (N/TERTS) using the TransfeX

transfection kit (ATCC, ACS4005) in the presence or absence of the JAK1/JAK2 inhibitor
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baricitinib (10 ug/mL; Advanced Chemblocks, G-5743). GFP-positive single cells were plated and
then expanded. Cells were then genotyped and analyzed by Sanger sequencing.

3.3.3 Generation of DNMT overexpressing keratinocytes lines.

DNMT1-, DNMT3A-, and DNMT3B-overexpressing keratinocytes were generated by lentiviral
transduction of mammalian vectors containing Myc-DDK-tagged human DNMT1 (Origene,
NM_001130823), DNMT3A (Origene, NM_175629), and DNMT3B (Origene, NM_006892).
HEK293T cells were used for viral packaging. Briefly, 10 ug of expression vector was mixed with
an equal amount of packaging plasmid (Origene, TR30037) in 1 mL Opti-MEM medium
(Invitrogen, 31985062) and 30 pL Turbofectin (Origene, TF8100), and incubated at room
temperature for 5 minutes. The obtained mixture was added to the HEK293T cells without
dislodging the cells. Supernatants from infected HEK293T cells were harvested after 24 hours,
filtered using 0.45 um syringe filters, aliquoted, and stored at —80°C or used immediately. N/TERT
keratinocytes were plated 1 day before transduction in serum- and antibiotic-free medium. The
next day, the cells were transduced at a multiplicity of infection of 0.5 along with 8 pg/mL
polybrene (Sigma-Aldrich, TR-1003-G). Twenty-four hours after transfection, media were
replaced with complete growth media. Cells were passaged the following day, and the puromycin
medium was used. Puromycin concentration for keratinocytes was determined by performing a
drug-kill curve. An empty mammalian expression vector containing the Myc-DDK tag (Origene,
PS100001) was used as a negative control for transduction experiments. Nontransduced cells were
also treated with puromycin to observe complete cell death. Once all the cells in control wells were
killed, limited dilution was performed to obtain expanded single cells, and the clones were verified
for overexpression by Western blotting.

3.3.4 RNA extraction and gRT-PCR.

52



RNA extraction, gRT-PCR, and RNA-seq were performed following manufacturer’s protocol.
RNAs were isolated from cell cultures using a Qiagen RNeasy plus kit (catalog 74136). gRT-PCR
was performed on a 7900HT Fast Real-time PCR system (Applied Biosystems) with TagMan
Universal PCR Master Mix (Thermo Fisher Scientific) and TagMan probes (IFNK,
Hs00737883_m1; MX1, Hs00895608 ml1;, TMEM173, Hs00736955_gl; APOBECSA,
Hs02572821_s1; APOBEC3B, Hs00358981_m1; APOBEC3C, Hs00819353 m1; APOBEC3D,
Hs00537163_m1; APOBEC3F, Hs01665324 _m1; APOBEC3G, Hs00222415_m1; APOBECSH,
Hs00419665_m1; FLG, Hs00856927_g1: CCL5, Hs00982282_m1; CXCL10, Hs00171042_m1,
IFIT2, Hs01584837_s1; IFNL1, Hs00601677_gl;, IRF7, Hs01014809 gl; DNMT3B,
Hs00171876_m1; IFNB1, Hs01077958 s1; TREX1, Hs03989617_s1; DNASEI, hs00173736_m1;
DNASEII, Hs00172391_m1).

3.3.5 scRNA-seq from human skin.

Single-cell suspensions were generated for scRNA-seq as follows from the normal human
epidermis. Samples were incubated overnight in 0.4% Dispase (Life Technologies) in Hank’s
balanced saline solution (Gibco) at 4°C. Epidermis and dermis were separated. The epidermis was
digested in 0.25% Trypsin-EDTA (Gibco) with 10 U/mL DNase | (Thermo Fisher Scientific) for
1 hour at 37°C, quenched with FBS (Atlanta Biologicals), and strained through a 70 um mesh. The
dermis was minced, digested in 0.2% collagenase Il (Life Technologies) and 0.2% collagenase V
(Sigma-Aldrich) in plain medium for 1.5 hours at 37°C, and strained through a 70 um mesh.
Epidermal and dermal cells were recombined, and libraries were constructed by the University of
Michigan Advanced Genomics Core on the 10x Genomics Chromium system. Libraries were then
sequenced on the Illumina NovaSeq 6000 sequencer to generate 151-bp paired-end reads. Data

processing, including quality control, read alignment, and gene quantification, was conducted
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using the 10X Genomics Cell Ranger software. Seurat was used for normalization, data
integration, and clustering analysis. Clustered cells were mapped to corresponding cell types by
matching cell cluster gene signatures with putative cell-type-specific markers. The scRNA-seq
data can be found in the NCBI Gene Expression Omnibus (GEO GSE179162).

3.3.6 sSCATAC-seq from human skin.

Skin biopsies (4 mm) were obtained from the palm/hip of a healthy individual. Biopsies were then
incubated in 0.4% Dispase overnight to separate the epidermis and dermis. After the separation,
the epidermis was transferred to 0.25% Trypsin-EDTA with 10 U/mL DNase mixture and
incubated at 37°C for 1 hour. The epidermis mixture was then quenched with FBS and precipitated
by centrifugation. Cell pellets were then resuspended in PBS with 0.04% BSA. Cell numbers were
counted at this step for future dilution calculation. The nuclei isolation protocol was carried out as
described by 10x Genomics. Of note, cells obtained from the epidermis were incubated in lysis
buffer on ice for 7 minutes to achieve the optimal lysis efficiency. The cell lysis efficiency was
determined by Countess Il FL. Automated Cell Counter. The scCATAC-seq library was prepared by
the Advanced Genomics Core at the University of Michigan. Ten thousand nuclei per sample and
25,000 reads per nuclei were targeted, and the libraries were sequenced using a NovaSeq SP 100
cycle flow cell. The raw data were first processed by the Chromium Single Cell ATAC Software
Suite (10x Genomics), and then analyzed using the Signac package in R. Briefly, the SCATAC-seq
data underwent a serial of analyses, including quality control, dimension reduction, clustering, and
integration with previously annotated sSCRNA-seq data. The DNA accessibility profile was then
visualized in different cell types and samples. The scATAC-seq data can be found in the NCBI
Gene Expression Omnibus (GEO GSE226926).

3.3.7 Accell siRNA knockdown.

54



N/TERT keratinocytes were plated in 96-well plates (30,000 cells/well) and incubated at 37°C
with 5% CO2 overnight. Accell siRNA (100 uM; Dharmacon: APOBEC3A, E-017432-00-0005;
APOBECS3B, E-017322-01-0005; APOBEC3G, E-013072-00-0005; APOBEC3H, E-019144-00-
0005; DNASE1, E-016280-00-0005) was prepared in 1x siRNA buffer (Dharmacon, B-002000-
UB-100). One microliter of 100 uM siRNA was diluted with 100 uL. Accell delivery medium
(Dharmacon, B-005000) for each well of 96-well plates. The growth medium was removed from
the cells, and 100 uL of the appropriate delivery mix with siRNA was added to each well, and the
plate was incubated at 37°C with 5% CO2. Accell Non-targeting Control siRNA (Dharmacon, D-
001910-01-05) was used as a negative control. After 72 hours, cells were harvested for RNA
preparation. RNA isolation and gRT-PCR were as described above.

3.3.8 3D human epidermal tissue cultures.

Normal human epidermal keratinocytes were isolated from a pool of neonatal foreskins (n = 3)
and grown using J2-3T3 mouse fibroblasts as a feeder layer, as originally described by Rheinwald
and Green (137). 3D human epidermal raft cultures seeded in collagen hydrogels were prepared
using 3 distinct donor pools as described previously (45) and grown at an air-liquid interface for
12 days in E-Medium (DMEM/DMEM-F12 [1:1], 5% FBS, 180 uM adenine, 5 pg/mL bovine
pancreatic insulin, 5 pg/mL human apo-transferrin, 5 pg/mL triiodothyronine, 4 mM L-glutamine,
10 ng/mL cholera toxin, 10 pg/mL gentamicin, and 0.25 pg/mL amphotericin B). After 9 days at
an air-liquid-interface to allow for epidermal maturation, the reconstructed human epidermises
were treated with 0.1% BSA/PBS (Sigma-Aldrich) as vehicle control or 10 ng/mL TNF-a, IL-
17A, and IL-22 (R&D Systems) alone or in combination for 72 hours, harvested, and analyzed for

changes in gene expression as described previously (46). Epidermal tissues were separated from
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the collagen scaffold and lysed in QlAzol (Qiagen) for RNA isolation. RNA-seq and analyses were
performed according to the methods described above.

3.3.9 Measurement of CRISPR plasmid stability in keratinocytes.

CRISPR plasmid (PX458, Addgene, 48138) was transfected into keratinocytes using a Transfex
transfection kit (ATCC, ACS-4005). Cells were then harvested at different time points (0, 6, 12,
24, and 48 hours) and washed with PBS 3 times to remove extracellular plasmid from the cells.
The DNA was then purified using the QlAamp DNA Blood Mini kit (Qiagen, 51106). CRISPR
plasmid-specific primers (GFP-F1, GGAGAGGGCAGAGGAAGTCT and GFP-R1,
GAACTTCAGGGTCAGCTTGC) were used to perform gPCR with the DNAs isolated from the
transfected KERATINOCYTESs using SYBR Green PCR Master Mix (Thermo Fisher Scientific,
4309155) on the 7300 Real-Time PCR System (Applied Biosystems).

3.3.10 Transfection efficiency measurement.

Different cell types such as keratinocytes, fibroblasts, and HEK293T cells were grown in their
respective culture medium, and the cells were then transfected with either GFP-linked CRISPR
plasmid (PX458 from Addgene) or non-CRISPR plasmid (pCMV-GFP from Addgene) using a
Transfex kit (ATCC) or FuGene6 (Promega). Cells were then kept in a CO2 incubator for 24 hours.
Cells were then harvested using 0.25% Trypsin-EDTA and then resuspended in PBS. GFP-positive
cells were then analyzed at the University of Michigan Flow Cytometry core. We consider the
percentage of GFP-positive cells as the transfection efficiency of the respective cell types.

3.3.11 Bisulfite sequencing analysis of the IFNK promoter.

Based on the vendor’s recommendations, bisulfite treatment was performed on DNA isolated from
WT and CRISPR KO keratinocytes using the EZ DNA Methylation-Gold kit (Zymo Research,

D5005). Bisulfite-converted DNA was amplified with the following primers: IFNK-BS-F9
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(TGTTGGGATGGATTATTTAGGTATT) and IFNK-BS-R9
(TTCAACAAAAAAAATTTTCTCATTC). PCR products were cloned in pCR2.1-TOPO vector
(Thermo Fisher Scientific, K204040) and those clones were then subjected to Sanger sequencing
using M13Rev and T7 primers.

3.3.12 Western blotting.

Total protein was isolated from cells using Pierce RIPA buffer (Thermo Fisher Scientific, 89900)
with PMSF protease inhibitor (Sigma-Aldrich, 36978) and run in precast gels (Bio-Rad, 456-
1094S). The membrane was blocked with 3% BSA and then probed with primary antibodies
against the proteins p-IRF3 (Thermo Fisher Scientific, PA536775), IRF3 (Abcam, ab68481), p-
STING (Cell Signaling Technology, 19781S), p-STAT1 (Thermo Fisher Scientific, 33-3400),
DNMT3B (Cell Signaling Technology, 67259S), and B-actin (Sigma-Aldrich, A5441), followed
by secondary antibodies (anti-mouse or -rabbit 1gG, AP-linked, Cell Signaling Technology),
washed 3 times, and substrate added (Thermo Fisher Scientific, 45-000-947). They were then
developed with a chemiluminescence kit and imaged on an iBright imager (Thermo Fisher
Scientific).

3.3.13 Immunostaining.

Formalin-fixed, paraffin-embedded tissue slides obtained from healthy individuals were heated for
30 minutes at 60°C, rehydrated, and epitope retrieved with Tris-EDTA (pH 6). Slides were blocked
and incubated with primary antibodies against IFN-k (Abnova, H00056832-M01), APOBEC3G
(Abcam, Ab223704), and DNMT3B (Cell Signaling Technology, 67259S) overnight at 4°C. Slides
were incubated with biotinylated secondary antibodies (biotinylated goat anti-rabbit 1gG antibody,
Vector Laboratories, BA1000; biotinylated horse anti-mouse IgG antibody, Vector Laboratories,

BA2000) and then incubated with fluorochrome-conjugated streptavidin. Slides were prepared in
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mounting medium with 4',6-diamidino-2-phenylindole (DAPI) (VECTASHIELD Antifade
Mounting Medium with DAPI, H-1200, VECTOR). Images were acquired using an inverted Zeiss

microscope. Images presented are representative of at least 3 biologic replicates.

3.4 Results

3.4.1 Keratinocytes display a remarkable level of resistance to CRISPR/Cas9 transfection.

Keratinocytes exhibit a high level of resistance to CRISPR/Cas9 transfection. We
compared transfection efficiency among human embryonic kidney 239T (HEK293T) cells, dermal
fibroblasts, and keratinocytes to investigate this transfection resistance. Using a liposome-based
transfection system, we achieved an efficiency of over 60% in HEK293T cells, 7% in fibroblasts,
and merely 1% in keratinocytes (Figure 3.4.1A). To gain insights into the underlying factors
contributing to these differences in transfection efficiency, we observed that keratinocytes exhibit
constitutive expression of the IFN-stimulated gene (ISG) MX1. At the same time, fibroblasts and
HEK293T cells did not show this expression. Additionally, keratinocytes exclusively displayed
elevated type I IFN (IFN-k) expression, which was not detected in fibroblasts or HEK293T cells
(Figure 3.4.1B). Importantly, following CRISPR plasmid transfection, we observed a significant
increase in both IFN-k and MX1 mRNA expression in keratinocytes (Figure 3.4.1C), indicating
that the CRISPR plasmid is recognized by intracellular nucleic acid sensors in keratinocytes. While
IFNBL.1 also exhibited induction in keratinocytes after CRISPR transfection, the extent of induction

was comparatively lower (Data not shown here).
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Figure 3.4.1: Keratinocytes activate type I IFN responses to foreign DNA.

A) Comparison of transfection efficiency in keratinocytes (KCs), fibroblasts (FBs), and HEK293T
cells (n = 3). B) IFNK and MX1 mRNA expression in KCs, FBs, and HEK293T cells (n = 3).
RPLPO, large ribosomal protein mRNA (loading control). C) Induction of IFNK and IFN-
stimulated gene (ISG) MX1 by CRISPR plasmid transfection (n = 3).

3.4.2 Upon sensing CRISPR DNA, keratinocytes exhibit an inherent STING-dependent

IFN response

The stimulator of IFN genes (STING) is a known regulator of innate immune gene
induction in response to double-stranded DNA (dsDNA) recognition (138). To investigate the role
of STING in the response of keratinocytes to CRISPR transfection, we generated keratinocytes
with TMEM173 (STING protein) knockout (KO) (Figure 3.4.2A). In contrast to wild type (WT),
TMEM173 KO keratinocytes completely abolished the expression of both IFNK and MX1 and the
IFN response following CRISPR transfection (Figure 3.4.2B). STING activation leads to the
transcription factor IFN regulatory factor 3 (IRF3) recruitment and facilitates IRF3
phosphorylation (139), which activates type | IFNs and ISGs. We evaluated the phosphorylation
of IRF3 (p-IRF3) through western blotting in WT and KO keratinocytes, including TMEM173 and
IFNK KOs. While robust p-IRF3 was observed in WT, control KO, and IFNK KO keratinocytes,
p-IRF3 levels were significantly reduced in TMEM173 KO keratinocytes following CRISPR/Cas9

transfection (Figure 3.4.2C). These findings suggest that CRISPR/Cas9 transfection induces IFNK
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and 1SGs in keratinocytes by activating the STING pathway. Importantly, the activation of the
STING pathway was not reliant on the constitutive activity of IFNK, as evidenced by the robust

phosphorylation of IRF-3 in IFNK KO keratinocytes.

We then investigated whether the upregulation of IFNK varied depending on the
differentiation state of keratinocytes. IFNK plays a well-established role in host defense against
viral pathogens, such as human papillomaviruses (HPVs) (14, 42). Non-oncogenic HPV infections
typically do not involve the basal layer of the epidermis (140) but are localized in the upper spinous
layers (141). Consistent with a stronger IFNK response in basal keratinocytes, both TMEM173 and
IFNK mRNA expression were highest in undifferentiated KRT5+ basal epithelium, contrasting
with more differentiated keratinocytes (FLG+), and corresponded to open chromatin regions
around the IFNK promoter, as revealed by single-cell ATAC-seq (scATAC-seq) analysis (Figure
3.4.2D). Furthermore, scRNA-seq of epidermal cells demonstrated that both IFNK and most ISGs
were predominantly expressed in the basal layer of the epidermis (Figure 3.4.2E). These
observations suggest that keratinocytes in the basal layer of the epidermis are likely to exhibit

greater resistance to CRISPR/Cas9 transfection.
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Figure 3.4.2: Keratinocytes activate type I IFN responses, sense foreign DNA through the
STING pathway, and resist CRISPR/Cas9 transfection.

A) CRISPR-Cas9 generated TMEM173 (STING protein) KO in keratinocytes. Chromatogram
shows homozygous mutation with 7 nucleotides deletion. STING western blot in TMEM173 KO
KCs. E) IFNK and MX1 expression in WT and TMEM173-KO (STING-KO) KCs treated with
CRISPR plasmid (n = 3). Bars with blue dots indicate no treatment; red dots indicate CRISPR
plasmid treatment. B) p-IRF3 Western blot of plasmid-treated KO KCs. C) scATAC-seq from
healthy human epidermis shows the overlap between IFNK, MX1, and KRT5 open chromatin
regions (upper panels). Chromatin accessibility in the IFNK promoter region is greater in
undifferentiated KCs compared with differentiated KCs (indicated by the dotted red box, lower
panel). D) Heatmap of type | ISGs from scRNA-seq data of healthy human epidermis shows
localization of majority of ISGs in the basal epidermal compartment (n = 3). In the heatmap, red
indicates a higher expression, and blue denotes the lower expression of type | ISGs. Data in A-E
are represented as mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with
Tukey’s test (A and B) or 2-tailed Student’s t test (C and D).
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3.4.3 The induction of the cytidine deaminase APOBEC3G, which is dependent on STING,
limits the efficiency of CRISPR/Cas9 transfection in keratinocytes

To investigate the uptake and stability of CRISPR/Cas9 plasmids in keratinocytes, we assess the
presence of CRISPR/Cas9 GFP-tagged plasmids in keratinocytes at various time points after
transfection. Approximately 6-8% of keratinocytes initially exhibited CRISPR/Cas9 GFP+
expression, but this proportion rapidly declined to 1-2% within 48 hours (Figure 3.4.3A). This
rapid uptake, followed by a subsequent decrease, suggests an active degradation process of the
CRISPR plasmid by keratinocytes, occurring before the interaction of CRISPR/Cas9 with its DNA
target. Previous studies have indicated the involvement of DNase I, DNase 1l, and the APOBEC3
family of cytidine deaminases in the clearance of foreign DNA from human cells (142-144). To
examine the role of these factors in the clearance of CRISPR/Cas9 plasmids in keratinocytes, we
performed RNA-seq analysis comparing the expression profiles of type | IFN-treated keratinocytes
with IFNK KO keratinocytes. While most members of the APOBEC3 family showed increased
MRNA expression, minor shifts were observed for DNASE1, and no changes were detected in
DNASE2 mRNA expression. Additionally, IFNK KO keratinocytes exhibited decreased mRNA
expression of APOBEC3A, APOBEC3F, and APOBEC3G, with only APOBEC3H showing
increased expression (Figure 3.4.3B). To investigate the potential involvement of these APOBEC3
members and DNasel in CRISPR/Cass9 plasmid stability, we employed siRNA knockdown of
each of the four APOBEC3 genes and DNasel in keratinocytes. Only treatments with

SIAPOBEC3B and siAPOBEC3G resulted in increased plasmid stability (Figure 3.4.3C).

To explore the relationship between APOBEC3G, epidermal differentiation, and IFNK
MRNA expression, we analyzed RNA-seq data from monolayer keratinocytes and epidermal raft

systems. This analysis revealed an inverse correlation between the differentiation stage of
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keratinocytes and the expression levels of both IFNK and APOBEC3G (Figure 3.4.3D).
Immunostaining further supported this finding, as APOBEC3G expression was strongest in the
basal layer of the epidermis, coinciding with IFN-k (Figure 3.4.3E). Consistent with the role of
TMEML173 in regulating IFN responses to CRISPR/Cas9 transfection, significant suppression of
APOBEC3G mRNA expression was observed in TMEM173 KO keratinocytes (Figure 3.4.3F).
These findings suggest that STING/ IFN-x dependent induction of APOBEC3G cytidine

deaminase is responsible for the degradation of CRISPR plasmids in keratinocytes.
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Figure 3.4.3: STING-dependent cytidine deaminase APOBEC3G induction restricts
CRISPR/Cas9 transfection efficiency in keratinocytes.

A) Percentage of GFP-positive cells at different time points after CRISPR transfection (n = 3). B)
APOBEC3 mRNA expression in IFN-o—treated keratinocytes (KCs) and IFNK KO KCs (n = 3).
C) CRISPR plasmid stability in KCs treated with APOBEC3 siRNAs (n = 5). D) Expression of
IFNK, APOBEC3G, and FLG mRNA in subconfluent monolayer cultures and 3D epithelial raft
cultures at different stages of differentiation (day 3 [D3] through D12) (n = 3). E) APOBEC3G
(red) and IFN-k (green) immunostaining in healthy skin (n = 3). Scale bars: 50 um. F) APOBEC3G
MRNA expression in TMEM173-KO KCs (n = 3). Data in A-D and F are represented as mean +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with Tukey’s test (A, C, and D) or
2-tailed Student’s t-test (B and F).
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3.4.4 Downregulation of IFNK and ISG expression in KO keratinocytes generated through
CRISPR/Cas9

Subsequently, we investigated whether the successful transfection of keratinocytes relied
on the repression of IFNK expression. Our findings supported this hypothesis, as we observed a
consistent suppression of both IFNK and ISG transcripts in CRISPR/Cas9-generated KO
keratinocytes, regardless of the targeted gene (Figure 3.4.4A). Transcriptional regulation often
involves CpG methylation, an epigenetic modification (145), and it is known to play a role in
controlling IFNK expression (41). Thus, we examined whether CpG methylation could explain the
observed IFNK and ISG suppression in transfected cells. Treatment of KO keratinocytes with a
demethylating agent called 5'-aza-2'-deoxycytidine (5-dAza-C) resulted in a significant increase
in IFNK expression (Figure 3.4.4B) across all KO keratinocytes treated. Furthermore, bisulfite
sequencing of the IFNK promoter region showed a substantial rise in CpG methylation levels in
CRISPR KO keratinocytes compared to WT keratinocytes (Figure 3.4.4C). DNA
methyltransferases (DNMTSs) are enzymes involved in CpG methylation (146) and are expressed
in the skin (147). To elucidate the role of DNMTs in regulating IFN-«, we generated keratinocytes
overexpressing DNMT1, DNMT3A, or DNMT3B. Notably, only DNMT3B overexpression led to
significant suppression of IFNK mRNA expression (Figure 3.4.4D), accompanied by CpG

hypermethylation of the IFNK promoter region (Figure 3.4.4E).

65



A MX1 i IFNK
8015.. 00077
= o nas. o006 ©
& '.:to
g 0,104 ) o ey 222
PR
2 0.004 — *h®
9 R
ﬁ 0.003 = o
goos- 0.002 - m
<
z 0.001
€ 0.004 ettt 0,000 byl Ly cafa_afe..
N9 s N g 8 & 4 N9 & AN 9 o N &
CAT OGP K S I S P SR SO
R R I S S D RS S @ e
B o0 IFHK c -2400 10 -2000 {200 10 +100}
g . il H———
& CpG island | (CoG i iy
@ 0.03 » No treatment S : = <
5 it 00000 ©OOOOO ©00OO0O
2 OCO0O00Q0 L JAONON N L N NoN N |
S 0.02 tOOO.. | JONON N ONONON N |
@ e oNoNoN N | OooOee L N NoN N |
s ONONONON ’OO.. OO0Q0Cee
200, (N NoN N | | JNCNON N oNoNoN N |
z — i PO tOOO.‘ ONONON Ne (N NON N
% m m [OOO.. | NONoN N L N NoN N |
0.00 nall o —_ (ONONONON | L NONoN N / (N NoN N
WT KO no.1 KO no.2 KO no.3 WT KO no.1 KO no.2
D Over expression
& & & E - T
o & & & (TN Wil 1l 1 Ty
DNMT3B I 1L LA T LJ_"?I‘_E_‘I?"?Z!‘_.”“ T
p-Actn |
: DNMT38 IFNK  APOBEC3G 00000 00000
Q 0259 Ax_ 0207 a8 000157 ..
§aim] U Galp o 0o0OCee|l |(ecocee
aa 015 $ .
H Il . |0coccee |e00Cee
< O 05 0.05
2 6 good—s—l, ooo."?“ooooc.rl OGN0 X 0e000e
£ S o S oD >
0&\ ‘1(\'5 (‘\\ ‘xf‘lb o&@ éo Control Overexpressed KCs DNMT3B Overexpressed KCs
F ¢ ¢

Figure 3.4.4: CRISPR/Cas9-generated keratinocyte knockouts have suppressed type | IFN

responses and IFNK expression.

A) Decreased IFNK expression and type | IFN response (MX1 expression) in CRISPR/Cas9-
generated KO keratinocytes (KCs) (n = 3). B) Reversal of IFNK expression in CRISPR/Cas9-
generated KO KCs after treatment with the demethylating agent 5-dAza-c (n = 3). C) CpG
hypermethylation in the IFNK promoter region in KO KCs (KO 1 and KO 2) compared with
nontransfected WT control (n = 8). D) Western blot of the DNA methyltransferase DNMT3B in
transgenic DNMT1-, DNMT3A-, and DNMT3B-overexpressing KCs (each lane is representative
of n = 3 independently transfected KCs [upper panel]). Suppression of IFNK and APOBEC3G
MRNA expression in DNMT3B-transgenic KCs (lower panel). E) CpG hypermethylation in the
IFNK promoter region in the DNMT3B overexpressed compared to control overexpressed
keratinocytes (n=3).
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3.4.5 DNMT methyltransferase plays a crucial role in regulating IFNK expression

To validate the involvement of DNMT in regulating IFNK in vivo, we conducted further
experiments. Interestingly, we observed a positive correlation between DNMT3B expression and
epidermal differentiation, with the highest expression levels detected in fully differentiated
epidermal rafts (Figure 3.4.5A). DNMT3B expression was consistently elevated in CRISPR-
generated KO KCs compared to WT KCs (Figure 3.4.5B). Immunostaining analysis of healthy
epidermis confirmed the nuclear localization of DNMT3B protein in the upper layers of the
epidermis, while its expression was minimal in the lower layers (Figure 3.4.5C). Notably, IFN-k
and APOBEC3G were typically co-localized in the basal layer of the epidermis (Figure 3.4.3E),
where minimal DNMT3B staining was observed. These findings suggest that DNMT3B acts as a
negative regulator of IFN-k expression through hypermethylation of the IFNK promoter.
Consequently, our study provides valuable insights into the mechanisms underlying the regulation

of IFN-k activity during epidermal differentiation.
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Figure 3.4.5: CRISPR/Cas9-generated keratinocyte knockouts have suppressed IFNK
expression due to DNMT3B.

A) DNMT3B mRNA expression in 3D epithelial rafts at different stages of differentiation (n = 3).
B) DNMT3B expression in CRISPR KO keratinocytes. C) DNMT3B protein expression is low in
the basal layer (arrows) but increases progressively in the more differentiated layers of the
epidermis (n = 3). Scale bar: 50 um. Data are represented as mean + SEM. *P < 0.05; **P < 0.01;
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***p < 0.001 by 1-way ANOVA with Tukey’s test (A and E) or 2-tailed Student’s t-test (B and
D).

3.4.6. Pharmacologic JAK inhibition enhances transfection efficiency and prevents the
generation of low-IFNK-expressing KO keratinocytes by inhibiting type I IFN autocrine

responses

The expression of IFN-k, induced by CRISPR/Cas9 transfection, directly influences the
expression of APOBECS3 cytidine deaminases, which, in turn, facilitate the degradation of
intracellular CRISPR/Cas9 plasmids. To investigate the impact of inhibiting type I IFN signaling
on CRISPR/Cas9 transfection efficiency, we utilized IFNK- and TYK2-KO keratinocytes to disrupt
this IFN autocrine loop. Surprisingly, we observed a significant increase in transfection efficiency,
indicated by enhanced GFP positivity, in both IFNK and TYK2 KO keratinocytes. Moreover, the
control KO keratinocytes exhibited approximately three times higher transfection efficiency than
WT keratinocytes, likely due to suppressed IFN-k autocrine responses. These results were
consistent with our observations of improved stability of CRISPR plasmids over time in IFNK KO
keratinocytes.

To validate these findings and determine if pharmacological inhibition of Janus kinase
(JAK)/IFN signaling could reproduce the results, we employed the JAK1/JAK2 inhibitor
baricitinib. Baricitinib effectively reduced the mRNA expression of both IFNK and the ISG-MX1
in a dose-dependent manner while increasing transfection efficiency to the same level observed in
IFNK and TYK2 KO keratinocytes. To assess whether IFN-« influences and promotes the selection
of keratinocytes with low IFNK and ISG expression, we performed CRISPR/Cas9 transfection in
the presence or absence of baricitinib. Indeed, IFNK and MX1 expression remained unaffected in

KO keratinocytes generated in the presence of baricitinib.
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As anticipated, keratinocytes with KO generated in the presence of baricitinib exhibited a
notable difference compared to KO keratinocytes generated without baricitinib. Specifically, no
hypermethylation was observed in the promoter region of IFNK in the KO keratinocytes generated
in the presence of baricitinib. In contrast, hypermethylation was evident in the KO keratinocytes

generated without baricitinib.
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Figure 3.4.6: JAK1/JAK2 inhibition prevents suppression of type | IFN response in
CRISPR/Cas9-generated knockout keratinocytes.

A) Increased transfection efficiency in CRISPR/Cas9-generated KO keratinocytes (KCs) (control),
and KCs with KO of IFNK, TYK2, or TMEML173, all of which were KOs generated without
baricitinib pretreatment (n = 3). (B) CRISPR/Cas9-generated IFNK-KO KCs have increased
CRISPR/Cas9 plasmid stability (n = 3). (C) Suppression of IFNK and MX1 mRNA expression in
baricitinib-treated (JAK1/JAK2 inhibitor) KCs (n = 3). (D) CRISPR/Cas9 transfection efficiency
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in baricitinib-treated KCs (n = 3). (E) IFNK and MX1 mRNA expression in the CRISPR/Cas9-
generated KO KCs with (w/) or without (w/0) JAK1/JAK2 inhibitor (JAKi). KO KCs with JAK
inhibitor (right bar of each panel) were selected after JAK inhibitor treatment (n = 3). (F) CpG
methylation in the IFNK promoter region in JAK1/JAK2 inhibitor—treated CRISPR KO KCs. KO
KCs with JAK inhibitor (right panel) were selected after JAK inhibitor treatment (n = 8). Data in
A-—E are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA
with Tukey’s test (A—D) or 2-tailed Student’s t-test (E).

3.5 Discussion

Keratinocytes comprise approximately 90% of the cells in the epidermis and play a crucial
role in detecting and defending against external agents and pathogens such as bacteria and viruses
(148, 149). Keratinocytes express IFN-k, a type I interferon, predominantly in the basal layer of
the epidermis. In the context of human papillomavirus (HPV) infections, which primarily affect
the mid to upper layers of the epidermis, the cGAS/STING DNA-sensing pathway is antagonized
by HPVs to facilitate infection (150, 151). The study demonstrates that CRISPR plasmids trigger
a similar antiviral response through STING in keratinocytes and identifies cytidine deaminase
APOBECS3G as a key regulator in limiting CRISPR transfection in keratinocytes.

Interestingly, we observed that keratinocyte KOs lacked IFN-k due to CRISPR/Cas9 gene
editing and displayed permanent suppression of IFN-k mRNA expression and interferon-
stimulated gene (ISG) responses. This suppression was attributed to hypermethylation of the IFN-
K promoter. Normally, IFN-k expression is limited to the basal layer of the epidermis and decreases
as the cells differentiate, coinciding with increased expression of the DNA methyltransferase
DNMT3B. Our study demonstrates that DNMT3B is responsible for IFN-x promoter
hypermethylation in CRISPR-edited keratinocytes, subsequently suppressing IFNK mRNA

expression.
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These findings suggest that CRISPR transfection is more efficient in cells where IFN-x
expression has been turned off through promoter methylation. This is further supported by the
observation that baricitinib-treated keratinocytes with low IFNK expression can easily uptake the
CRISPR plasmid (Figure 3.5.1). This parallels the selective effect of HPV infection on
keratinocytes that do not express IFN-k and explains why HPV infections primarily involve the
mid to upper layers of the epidermis (152), where IFN-k is not expressed. Notably, the expression
of DNMT3B has been linked to HPV infection, and APOBEC3 proteins have been shown to
restrict HPV infection (153-155). HPV can suppress IFN-k expression through its oncogenic
proteins, enabling the virus to enter the lower layers of the epidermis where epidermal stem cells

reside (156, 157).
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Figure 3.4.7: Schematic illustrating the feasibility of generating CRISPR/Cas9 based
genetic knockout keratinocytes following baricitinib treatment.
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Previous studies investigating the immunological aspects of CRISPR transfection have
mainly focused on the immunogenicity of Cas proteins and the role of the tumor suppressor p53
(158, 159). The interaction between CRISPR/Cas9 and intracellular viral sensing pathways, as
revealed in this study, has not been addressed before. The identified IFN-k/APOBEC3G pathway
is likely to apply to other transfection systems that rely on DNA-based plasmids, although its
applicability to RNA-based transfections remains to be determined.

The potential use of CRISPR for correcting inherited skin disorders holds great promise.
The presented data offers insights into the molecular mechanisms underlying keratinocytes
transfection resistance, including the suppression of IFN responses in genetically corrected
keratinocytes. The study also suggests that JAK inhibition could be a simple way to overcome

these challenges.
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Chapter 4 — Conclusions and Future Directions

4.1 Chapter Summary

In my thesis work, I initially aimed to investigate the mechanistic role of the E3 ubiquitin
ligase, HERCS6, in regulating type | IFN signaling in keratinocytes. However, this seemingly
straightforward question became much more complex than anticipated. Throughout my
dissertation, | delved into the functions of HERCG6 in response to STING activation and established
a functional connection between HERC6 and the Hippo pathway. Additionally, | embarked on a
side project that focused on unraveling the mechanisms underlying keratinocyte resistance to
exogenous CRISPR DNA transfection.

In this concluding chapter, | will summarize the key findings from each of these studies
presented in my research chapters and emphasize their significance for the field of keratinocyte
biology and innate immune signaling. By shedding light on the intricate roles of HERC6 in down-
modulating ISG activity by regulating STING activation and cross-talking with the Hippo
pathway, my work contributes to a deeper understanding of the complex regulatory networks
governing these processes in a sex-biased fashion. Furthermore, my investigation into keratinocyte
resistance to DNA transfection provides insights into the mechanisms, which include type I IFN
signaling and post-translational modifications that impact the efficiency of exogenous DNA
delivery into these cells. This research opens new avenues for exploring the development of
innovative strategies for treating skin diseases and harnessing the immune response of

keratinocytes against pathogens.
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4.2 Major findings and implications from Chapter 2

Genes that are induced upon IFN activation are referred to as ISGs. An aspect of some of
the ISGs is that not all of them are IFN inducible but are also basally expressed. Such a
characteristic can be seen in resting keratinocytes which express basal level of IFNK, conferring
host defense responses to several pathogens the skin often encounters (Figure 1.1). This baseline
IFNK expression by keratinocytes is STING-dependent. Studies in human Kkeratinocytes
demonstrate STING as an upstream regulator of IFNK expression and down-modulation of STING
and IFNK is a mechanism that foreign DNA or viruses use to evade immune mechanisms (21).
Here, we report HERCG6 as another such ISG that keratinocytes express at basal level, and is
induced upon IFNa, dsDNA or dsRNA agonist treatment (Figure 2.4.2A). HERCG6 expression is
further dependent on STING and IFNK expression in keratinocytes, suggesting an evolutionarily
conserved role for HERCG6 in the IFN signaling pathway in keratinocytes (Figure 2.4.2E). We did
not find the same response in human fibroblasts, which do not express IFNK (Figures 1.1 &
2.4.2B).

HERCG6 expression highly correlates with MX1, a classic type | IFN inducible gene, and
several other ISGs in keratinocytes (Figures 2.4.1A, B & C). An interesting observation was that
HERC6 KO keratinocytes have increased ISG expression and sustained activation of STING/IFN
signaling only when treated with cGAMP, a STING agonist elucidating the regulatory role of
HERCG6 in STING/IFN signaling (Figure 2.4.2A). Our study reveals a novel molecular mechanism
of HERCG6 regulatory function at the interplay of Hippo-STING-IFN signaling. HERCG6 regulates
LATS2 activity through ubiquitination mechanism (Figure 2.4.8A). In line with this, HERC6 KO
keratinocytes have increased LATS2 that undergoes phosphorylation, resulting in YAP1

cytoplasmic retention and degradation (Figures 2.4.6A & B). Previous studies have elucidated
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YAP/TAZ to restrain, whereas the MST1/2 and LATS1/2 core kinases reciprocate innate immune
responses. Our study identifies HERC6 as an upstream regulator of the crosstalk of STING
activation-induced Hippo/IFN axis regulation in keratinocytes (Figure 4.1), where the role of

YAPL in TBK1 suppression in this context has not previously been reported.
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Figure 4.1: Graphical Abstract. HERCG6 negatively regulates type I IFN response in
keratinocytes through LAST2 ubiquitination to modulate STING-TBK?1 signaling and
suppress sex-biased IFN response.
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HERCSG6 functions are distinct in humans compared to mice. Mouse HERC6 was reported
to be functionally similar to human HERC5. Moreover, murine HERCG6 can undergo 1SGylation
whereas human HERCG6 cannot, and thus HERC6 knockout mice were reported to be a suitable
model to study human HERCS and its role in antiviral responses (98). Hence, all our experiments
were performed in human primary and immortalized keratinocytes.

More recently, some groups have reported differential expression of HERC6 from the
PBMCs of SLE patients and glomeruli of lupus nephritis patients. Other bioinformatic studies have
revealed HERC6 as a potential diagnostic biomarker for SLE. Moreover, through network
analysis, studies have demonstrated HERC6 to be closely associated with the IFN family of
proteins, although its role in promoting disease has not been addressed. We show upregulated
HERCG6 expression in lupus skin, particularly by the basal and suprabasal keratinocytes (Figures
2.4.9A & B). But the IFN signaling negative regulatory functions of HERCG6 is masked in lupus
KCs where we observe more IFN-rich inflammatory responses (Figure 2.4.10A). Thus, more
studies on strategies to increase HERCG6 activity in lupus skin might be beneficial to resolve IFN-
induced skin inflammation, as over-expressing HERC6 in keratinocytes was able to attenuate the
ISG activity to basal levels (Figure 2.4.5B). More studies are needed to better understand the
mechanisms behind the impaired inhibitory function of HERC6-expressing keratinocytes in lupus
skin, which would offer valuable insights into any potential inhibitory factors affecting HERC6
activity within the inflammatory environment.

Lupus is a female-biased disease with increased IFN responses in females compared to
males (17). The molecular mechanisms for this bias are largely unexplained. We show that HERC6
is involved in sex biased IFN responses upon STING signaling activation. HERC6 KD

keratinocytes exhibited significantly higher ISG responses in primary female Keratinocytes
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compared to males (Figure 2.4.10D). This response was even higher in SLE female keratinocytes.
We have previously reported a role for the transcription cofactor, VGLL3, in driving cutaneous
and systemic disease that is associated with increased IFNK. Interestingly, by inhibiting VGLL3
activity through the knockdown approach, we were able to suppress amplified ISGs in the HERC6-
deficient female SLE keratinocytes suggesting the involvement of VGLL3 in the female-biased
IFN responses in lupus keratinocytes (Fig. 2.4.11A). This bias in VGLL3 activity is further
supported by increased cytoplasmic VGLL3 in HERC6 deficient female keratinocytes but not
males (Fig. 2.4.10E). Finally, the involvement of VGLL3 in STING/IFN signaling is further
strengthened by the RNA-sequencing analysis of HERC6 knockdown keratinocytes. As shown by
the p-values, HERC6 KD female keratinocytes have higher number of DEGs and GO terms for
biological processes with than the HERC6 KD male keratinocytes (Fig. 2.4.11B).

In summary, this study identifies HERC6 as a negative regulator of STING activation
induced IFN responses in keratinocytes that are amplified in lupus skin and are female-biased.
Mechanistically, HERC6 acts on LATS2, increasing TBK1 activity due to suppressed YAPL.
These findings will affect targeting of HERCG6 as a potential therapeutic candidate for lupus and

boosting antiviral host immune response.

4.3 Major findings and implications from Chapter 3

This study shows that keratinocytes, the major cells in the epidermis, are highly resistant
to CRISPR/Cas9 transfection compared to other cell types, such as fibroblasts and HEK293T cells.
Keratinocytes confer this resistance to exogenous DNA by constitutive expression of the IFN-
stimulated gene MX1 and the type I interferon IFN-k, which is absent in fibroblasts or HEK293T
cells. Furthermore, keratinocytes activate the STING pathway, involved in the induction of innate

immune genes in response to the recognition of double-stranded DNA (dsDNA) CRISPR plasmid.
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Keratinocytes rapidly degrade the CRISPR/Cas9 plasmid shortly after transfection,
potentially limiting its effectiveness. DNases and the APOBEC3 family of cytidine deaminases
mediate this degradation. APOBEC3G, one of the cytidine deaminases, is specifically induced by
STING/IFN-k signaling and plays a role in the degradation of CRISPR/Cas9 plasmids in
keratinocytes.

Regardless of the targeted gene, we observed consistent suppression of IFNK and 1SG
transcripts in CRISPR/Cas9-geneated KO Kkeratinocytes suggesting that transfection of
keratinocytes depended on inhibiting IFNK expression. To investigate IFNK transcriptional
regulation in KO keratinocytes, we investigated CpG methylation, an epigenetic modification that
alters gene expression. On a CpG site, where a cytosine nucleotide is followed by a guanine
nucleotide, is methylated, a methyl group is added to the cytosine residue. This methylation can
lead to gene silencing or reduced gene expression by affecting the binding of transcription factors
to DNA or by recruiting proteins that inhibit gene transcription. Essentially, CpG methylation can
act as a regulatory mechanism to control gene expression by influencing the accessibility of DNA
to the transcriptional machinery. Methylation patterns can be heritable and can also be influenced
by various environmental factors. We observed that KOs generated through CRISPR/Cas9 has
increased CpG methylation sites due to increased expression of a DNA methyltransferase,
DNMT3B.

Suppression of IFNK in CRISPR/Cas9-generated keratinocyte knockouts is associated
with increased CpG methylation in the IFNK promoter region. Overexpression of the DNA
methyltransferase  DNMT3B leads to the suppression of IFNK expression and CpG

hypermethylation of the IFNK promoter region. Knockout of IFNK using CRISPR/Cas9 in
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keratinocytes results in suppressed IFN-k and ISG expression, sufficient to increase the KO
efficiency to a limited extent.

Overall, these findings suggest that intrinsic resistance of keratinocytes to CRISPR/Cas9
transfection is mediated by the activation of the STING pathway, induction of IFN-k, and
subsequent degradation of CRISPR/Cas9 plasmids by APOBEC3 cytidine deaminases.
Suppression of IFN-k expression and CpG methylation in the IFNK promoter region contribute to
the increased efficiency of CRISPR/Cas9-mediated gene knockout in keratinocytes (Figure 4.2).
These insights are crucial for developing strategies to enhance gene correction in inherited

epidermal diseases using CRISPR technology.
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Figure 4.2: Graphical Abstract. Schematics illustrating the mechanism of CRISPR
plasmid transfection resistance in keratinocytes.
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4.4 Future Directions

Does HERCS play a role in promoting viral replication?

Given the supporting evidence for the involvement of HERCG6 in the regulation of ISG
expression, further research is required to investigate its potential role in the context of viral
infections. For example, it would be interesting to investigate IFN activity in keratinocytes during
HPV infection or how viruses may manipulate or evade HERC6-dependent mechanisms. HPV
infections are responsible for a spectrum of diseases, ranging from harmless warts to invasive
cancers (160). These viruses target epithelial cells, and their replication cycle is intricately linked
to the differentiation process of the infected keratinocytes (161). Notably, robust viral gene
expression leading to the production of viral proteins and subsequent virus assembly occurs
exclusively in the upper layers of the stratum spinosum and granulosum of squamous epithelial
tissues (161). In these layers, where IFNK expression is limited, it can be inferred that HPV infects
the keratinocytes which have compromised IFN-mediated immune responses (13). Notably, these
are also the layers where HERC6 expression is elevated (Fig 4.3). This implies a connection
between heightened HERCG6 expression, suppressed IFN activity, and increased viral replication.

Given these observations, it becomes intriguing to propose a potential role for HERC6 in
enhancing viral replication through suppression of type | IFN activity. However, substantiating
this hypothesis would require further comprehensive investigation. This could be addressed by
examining cell viability, relative infectivity, and ISG activity in control or HERC6 KO
keratinocytes infected with luciferase-containing HPV (hpv16-LucF) or an empty lentivirus
expressing luciferase (162). Since HPV is a double-stranded DNA virus (163), it is expected that
the HERC6 KO keratinocytes will have reduced viral infectivity and cell death due to increased

ISG activity compared to control keratinocytes.

81



What is the mechanism behind increased VGLL3 activity in HERC6 deficient keratinocytes?

We show evidence that HERC6 mediates LATS2 ubiquitination to suppress STING
activation in response to cGAMP stimulation. But how does this relate to VGLL3 and what is
inducing VGLL3 expression in HERC6 deficient female keratinocytes?

VGLL3 is triggered by TGF-B in a manner reliant on the activity of SMAD2/3 and is
facilitated by epigenetic modifications (164). Considering the complex regulation of ISGs
involving Hippo signaling in HERC6 KO keratinocytes, we did not examine TGFf-Smad signaling
in our current system, renowned for its ability to activate NF-kB and subsequent pro-inflammatory
cytokines (165, 166). Postulating the involvement of TGF in VGLL3 induction aligns with our
observation of heightened IL-6 in HERC6 KO keratinocytes. This hypothesis could be addressed
in future investigations, involving the assessment of TGFf levels, NF-«B subunits, total and
phosphorylated Smad2/3 in control or HERC6 KO keratinocytes, both with and without VGLL3
knockdown, and under cGAMP stimulation across male and female keratinocytes.

We have observed an increase in both nuclear and cytoplasmic localization of VGLL3 in
HERCG6 knockdown female keratinocytes. Nuclear localization of VGLL3, coupled with TEAD
transcription factors holds significance in driving sex specific IFN responses (81, 167). The impact
of HERCS6 deficiency, whether it solely affects localization or is related to overall VGLL3 stability,
remains a question. This can be addressed by conducting Western blots to distinguish nuclear and
cytoplasmic VGLL3 and by employing pulse-chase assays to assess stability. Control or HERC6
KO keratinocytes can be pulsed with L-azidohomoalanine (AHA) and then subjected to a chase
with methionine for various time intervals. Subsequently, lysates will be collected and VGLL3
will be immunoprecipitated. The immunopurified AHA-labeled proteins will be reacted with

cyclooctyne modified with a biotin probe. SDS-PAGE gels will resolve AHA-cyclooctyne
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conjugates, which will then be detected using the HRP-Streptavidin system. AHA selectively
incorporates newly synthesized protein, it is non-toxic, doesn’t hinder protein synthesis, and does
not affect global protein ubiquitination or degradation (168, 169).

What constitutes the catalytically active component of HERCG6 that imparts ubiquitination
activity?

HERCG6 belongs to the HECT-family E3 ligases which play a pivotal role in ubiquitinating
protein substrates, exerting control over a wide range of cellular processes including
differentiation, signaling regulation and DNA damage response (170). Their dysregulation is
implicated in various diseases (96, 122). The distinguishing characteristic of HECT from other E3
ligases is their C-terminal HECT domain, which comprises two flexible N- and C- lobes. The N-
terminal domain plays a role in dynamic regulation by mediating autoinhibition and influencing
subcellular localization. Whereas the C-terminal lobe is the catalytic domain known to interact
with the acceptor ubiquitin to be transferred onto a target protein (171, 172). Notably, the structural
and functional characteristics of HECT E3 ligases are revealed through biochemical studies of a
best-characterized class of HECT E3s, the NEDD4-family (171, 173). Furthermore, HERC6
contains an RCC1-like domain (RLD), predicted to function as a guanine nucleotide exchange
factor for small G proteins.

However, there exists limited knowledge regarding the structural and functional
arrangement of these domains within HERC6. Further investigations that focus on elucidating the
catalytic domain responsible for its ubiquitination capabilities are poised to facilitate the
therapeutic manipulation of this domain to modify the functions of HERC6. While our current

grasp of the biochemical characteristics remains limited, we can approach identification of the
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catalytic subunit of HERC6 through truncation of the N-terminal, C-terminal, or the RLD domains
and investigate LATS2 ubiquitination in keratinocytes.
What roles does HERCS6 play in response to different stimulations?

Our research primarily focusses on the role of HERC6 upon STING activation, but we
know from our preliminary data that HERC®6 is rapidly induced in keratinocytes with TLR3
activation (Figure 2.4.2). More studies are needed to address the role of HERC6 upon activation
of diverse pattern recognition receptors including TLR7 and TLR9 which are implicated in sex
biased IFN responses (125, 126). Finally, we have not investigated the functions of HERC6 in
response to UV radiation, which triggers flares and keratinocyte apoptosis in CLE skin (48). A
better understanding of the role of HERC6 and its mechanism to regulating IFN responses in UV
treated keratinocytes and the precise mechanism by which HERCS fails to inhibit IFN responses
in lupus keratinocytes will further shed light on the opportunities in developing HERC6-based
interventions or modulators for clinical use.

What function does HERCG6 serve in immune cells?

Given the negative regulatory role of HERCG6 in keratinocytes this brings into question its
function in immune cells where there is room for more research. HERC6 has been demonstrated
to be a marker of pro-inflammatory neutrophils in the context of liver fibrosis. Inhibition of the
chemokine, CCR2, has resulted in a decrease in hepatic HERC6 positive (HERC6+) neutrophils
via inhibition of the STATI/NF«kB pathway (174). This indicates a possible interplay between
HERC6 and other G protein-coupled receptors such as CCR2 within neutrophils. This also
suggests a potential pro-inflammatory role for HERC6 that could become active during
inflammatory conditions. Supporting this notion, we have observed an elevated HERC6 expression

in basal as well as spinous keratinocytes of lupus patients compared to normal healthy patients
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(Figure 4.3). A distinctive elevation in STING and type | IFN activity is observed in lupus skin.
Our findings from Chapter 2 have revealed the ability of HERC6 to dampen STING-induced IFN
responses which prompts many questions: Why is HERC6 not mitigating IFN activity in lupus
skin? Could the heightened IFN activity be a result of the shifting immune landscape within lupus
skin? Alternatively, might the role of HERC6 be altered in IFN rich conditions? Could the
functions of HERCG6 vary between immune cells and keratinocytes due to their distinct roles and
contexts within the immune response and overall physiological processes? Does HERC6 play a
role in the cellular stress response pathway, assisting keratinocytes in adapting to various stressors
and maintaining homeostasis? Is it possible that other factors are activated which inhibit the
functions of HERCG6 within lupus skin? To elucidate these intricacies, further investigation is
needed to ascertain whether the suppressive role of HERC6 remains intact or becomes skewed in
lupus skin.

Should the negative regulatory function of HERC6 be somehow subdued in the context of
autoimmune skin diseases like lupus, a significant avenue for future research lies in identifying
therapeutic strategies aimed at restoring HERC6 levels. This would serve to mitigate the aberrant
IFN signaling that has gone awry. While this dissertation may not have completely unraveled the
function of HERC6 in lupus skin, it nevertheless succeeds in generating thought-provoking

hypotheses for other researchers to delve into comprehensively.
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Figure 4.3: Increased HERC6 expression in lupus skin.

A. UMAP plot on the left showing various keratinocyte cell states in different colors across the
epidermis, & on the right various cell states colored by sample type as Healthy (H) in coral, non-
lesional (N) in green or lesional (L) lupus keratinocytes in blue. B. UMAP plots representing
HERC6 MRNA expression across different keratinocyte cell states in healthy (H), non-lesional
(N), or lesional (L) lupus skin. C. Immunofluorescence staining of HERC6 in normal healthy or
CLE human skin (HERCS6 in green & DAPI nuclear staining in blue).
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Use of other delivery technologies to enhance transfection efficiency in keratinocytes

In chapter 3 of this thesis, we show that constitutive expression of IFNK in keratinocytes
is responsible for poor transfection efficiency. Hence, it would be valuable to explore approaches
to improve the delivery of CRISPR components into keratinocytes, including the use of viral
vectors, or utilizing new delivery technologies like nano particles (175, 176). We have exhibited
the ability of the epigenetic landscape to control the expression of IFNK. However, the use of
demethylating agents to manipulate these epigenetic modifications has yielded only partial
improvements in transfection efficiency. Consequently, alternative strategies are required to
effectively regulate the expression of IFNK. Further investigation is needed to understand the
molecular mechanisms responsible for the constitutive IFNK expression in keratinocytes.
Identifying the upstream regulators involved could provide insights into the unique immune
properties of keratinocytes and their role in maintaining skin homeostasis.
Upcoming genome editing technologies

While CRISPR/Cas9 is a widely used gene-editing tool, its limitations in keratinocytes
highlight the need to explore alternative gene editing technologies. Investigating other genome
editing systems, such as base editors, prime editors, or CRISPR-Cas variants, could offer potential
solutions to overcome the challenges encountered with CRISPR/Cas9 in keratinocytes (177, 178).
Exploring whether other genome editing systems involve the same mechanism of STING
activation, induction of APOBEC3G, and other epigenetic modifications would add an intriguing
dimension.
Off-target effects to be considered when utilizing CRISPR for gene editing

CRISPR technology holds promise for treating genetic disorders such as cystic fibrosis,

sickle cell anemia, Huntington’s disease, and Duchenne muscular dystrophy (179). CRISPR is
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being investigated as a potential cure for blood disorders like beta-thalassemia and retinitis
pigmentosa. However, it is important to note that while CRISPR shows promise, many of these
applications are still in the experimental stage or undergoing clinical trials (180). Investigating the
specificity and potential off-target effects of CRISPR/Cas9 editing is important. Conducting
comprehensive off-target analysis using high-throughput sequencing methods and assessing the
impact on the phenotype will help ensure the safety, accuracy, and long-term consequences of
CRISPR/Cas9-mediated gene editing in keratinocyte-based therapies.

Is it possible to increase transfection efficiency through HERC6 inhibition in keratinocytes?

We have observed attenuated 1SG responses in CGAMP stimulated HERC6 over
expressing keratinocytes (Figure 2.4.6). Given our findings from chapter 3 which indicate reduced
ISG activity in the successfully generated KOs, it becomes captivating to explore the potential for
enhanced transfection efficiency by modulating HERCG6 activity. This could be investigated by
transfecting control or HERC6 over expressing keratinocytes with GFP expressing CRISPR
plasmid and subsequently evaluating the percentage of GFP positive keratinocytes.

Only a few studies have investigated the exogenous DNA sensing mechanisms in human
keratinocytes. Upon activation of DNA sensors, keratinocytes exhibit a proficient capacity for
undergoing apoptosis, effectively eliminating cells harboring deleterious DNA alterations.
Moreover, keratinocytes can synthesize antimicrobial peptides and elicit innate immune responses
specifically targeted against foreign DNA elements. Future research endeavors must elucidate the
intricate mechanisms underlying apoptosis and antimicrobial peptide production, as they hold
substantial importance in comprehending skin diseases and unraveling the interplay between

environmental factors and skin health.
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This dissertation emphasizes significant mechanisms related to the regulation of type I IFN
upon DNA sensing in keratinocytes. Both chapters of the thesis underscore the activation of the
STING pathway as a critical factor in keratinocytes for controlling gene expression at both the
transcriptional and post-translational levels. Further exploration of the activation of alternative
nucleic acid sensing pathways and the regulation of IFN signaling will contribute to a better
understanding of the fundamental biology and the relevance of these processes to skin-related

diseases.
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