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ABSTRACT

Adverse pregnancy outcomes (APO) and infertility are a global issue with unknown causes that
lead to long-term health issues. We aimed to investigate whether a genetic mutation in the ion
channel Kir7.1, which is crucial for uterine quiescence, contributes to APOs and infertility.
Additionally, female patients with KCNJ13 mutations, the gene encoding Kir7.1, are identified and suffer
from vision issues. Therefore, we also aimed to determine therapeutic targets to KCNJ13 in the eye,
that could be modified to treat the uterus. We utilized genomic editing techniques to create and correct
the R166X mutation to KCNJ13 but were unable to insert the mutation successfully and only observed
10% correction once with a base editor (BE). Although the R166X mutation was challenging to correct
using genomic editing technigues, anticodon-engineered tRNA (ACE-tRNA) was able to suppress the
mutation, leading to the expression of full-length Kir7.1 protein on the membrane and partial recovery of
channel function. We observed that both wild-type (WT) and mutant, R166X, protein express on the
membrane; implicating that these subunits may be co-assembling to create a WT/R166X heterotetrameric
channel and preventing full recovery. Further, we demonstrated the ability of a preclinical gene
augmentation therapy, HUB-101, to deliver the WT KCNJ13 gene to mouse retinal pigmented epithelial
(RPE) cells in a dose-dependent manner. To further identify Kir7.1s role in the uterine myometrium, we
used a novel camera system to monitor pregnancy and demonstrated a trend of longer labor times in
heterozygous (HET) mice compared to WT; suggesting possible changes in myometrium function are due
to a partial loss of Kir7.1. When investigating Kir7.1 expression throughout pregnancy, we confirmed that
Kir7.1 is expressed in the mice myometrium only during mid-gestation. However, no Kir7.1 expression
was observed in the non-human primate (NHP) myometrium during mid-gestation. Additionally, Kir7.1
was expressed in a non-pregnant (NP) state and throughout pregnancy in the luminal epithelium (LE),
glandular epithelium (GEp), and vasculature of mice and NHP. Implicating that loss of Kir7.1 due to
genetic mutations could play a role in various APOs. In summary, we further characterized Kir7.1
expression in the uterus and its potential role in APOs and infertility, observed trends in altered labor
physiology following a partial loss of Kir7.1 using a novel camera system, and identified potential

treatment options for KCNJ13 mutations to restore the expression and function of Kir7.1.
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Chapter 1: Background and Introduction

The problematic cases of unknown pregnancy related issues

Adverse pregnhancy outcomes (APO) are a global issue that leads to lifelong health issues for
mothers and offspring [1-3]. APOs affect 1 in 5 births in the United States, and include preterm labor,
hypertensive disorders of pregnancy (HDP), gestational diabetes mellitus (GDM), high birth weight, and
low birth weight [4, 5]. The causes of some of these issues are still unknown and, thus, require further

investigation.

Preterm labor

Spontaneous preterm labor is defined as spontaneous labor before 37 weeks gestation [6, 7].
Globally, approximately 13.4 million births were premature in 2020 and health complications led to
900,000 deaths in children in 2019 [8]. In the United States, 10.41% of births were considered premature
in 2023 [9]. Infants born prematurely, even those considered late preterm infants, are at a higher risk for
developing long-term health issues compared to infants born at term [10-13]. The long-term risks that
have been associated with premature birth include retinopathy of prematurity, cerebral palsy, and
intellectual disabilities [13]. Progesterone (P4) withdrawal, activation of labor via oxytocin (OXT), and
premature activation of the decidua are physiological causes of premature labor that have been theorized
[13]. Premature activation of the decidua is thought to be caused by different pathogenic-associated
causes that lead to spontaneous premature labor [6, 13]. However, the link between many of these
causes is poorly understood and some causes of preterm labor remain unknown. Treatment options for
preterm labor include bed rest and/or hydration for prevention, pharmacological agents aimed at delaying
the onset of early contractions, and delivery in a hospital where the infant can be under constant medical
care and observation [13]. There is no substantial evidence that bed rest or hydration prevents preterm
labor. Administration of pharmacological agents poses health risks to both the infant and the mother.

Additionally, treatments often only stop contractions and further delay labor by 24-48 hours with many not



preventing the risks to infants associated with preterm birth. Therefore, the identification of new
treatments is necessary for preventing and treating preterm labor. Additionally, a retrospective study
demonstrated that 78% of women with spontaneous preterm birth had no clinical risk factors, supporting
the need for further investigation into the physiological causes of this diagnosis [14]. The further
identification of unknown causes of preterm labor can lead to more successful treatment options for

patients and improved health outcomes for both the mother and the infant.

Hypertensive disorder of pregnancy (HDP)

High blood pressure during pregnancy, HDP, can be differentiated into several categories,
including chronic hypertension and preeclampsia [15, 16]. Chronic hypertension occurs when diagnosed
with hypertension pre-pregnancy or before 20 weeks gestation. Preeclampsia is the most severe form of
HDP, occurring in 2-8% of pregnancies and leading to about 46,000 maternal deaths and 500,000 fetal
deaths every year [16, 17]. In the United States, the prevalence of HDP, including preeclampsia,
increased from 13.3% in 2017 to 15.9% in 2019 [18]. There are many short-term health risks associated
with hypertension in pregnancy, but mothers and infants also suffer from long-term health risks. For the
mother, one highly investigated long-term health effect is increased rates of cardiovascular conditions [15,
16, 19]. Additionally, mothers who develop HDP are at a higher risk for developing end-stage renal
disease [20]. For the infant, long-term health effects are often risks associated with preterm labor, fetal
growth restriction, and low-birth weight [16, 21]. This is because the successful treatment of preeclampsia
is limited and often results in medical induction of premature birth to prevent further adverse health
outcomes and death. Recently, drug treatments such as statins, metformin, or oxidative stress targeting
agents have emerged [22-25]. However, the most common treatment option is still medically induced
labor. The lack of efficient treatments may be due to gaps in the physiological causes of hypertension
during pregnancy. The progression of preeclampsia occurs when there is abnormal placentation in the
first trimester and maternal vascular dysfunction in the second or third trimester [26]. However, the

causes of abnormal placentation and maternal vascular dysfunction are not well understood, and several



theories have been proposed. Additionally, no pathophysiological factor has been identified in all
investigated cases of preeclampsia, alluding to the possibility of several factors leading to disease onset
and progression [16, 26]. Since preeclampsia is a leading global cause for maternal and neonatal
mortality, and the most common treatment option is early induction of labor, further understanding of the

physiological causes and, thus, effective treatment options are necessary.

Gestational diabetes mellitus (GDM)

GDM is recognized when a patient with no prior diagnosis of diabetes presents with glucose
intolerance during pregnancy [16]. Between 2005 and 2015, range of GDM prevalence worldwide, in
World Health Organization (WHO) defined regions, ranged from 5.8% of pregnancies in Europe to 12.9%
in the Middle East and North Africa [27]. Studies ranging from 2005 to 2018 demonstrate that the
prevalence increased to 6.1% in Europe and 15.2% in the Middle East and North Africa [28]. In the United
States, the rate of GDM was 6.0% in 2016 and increased to 8.3% of births in 2021 [29]. This global
increase in GDM diagnosis further supports the need for improved disease pathophysiology and
treatment investigation. The long-term health risks in mothers who develop GDM include future
development of type-2-diabetes (T2D), greater risk of GDM in subsequent pregnancies, and an increased
risk of total mortality, including due to the development of cardiovascular disease (CVD) [30, 31]. For
offspring, the long-term health effects associated with GDM include an increased risk of developing
obesity and diabetes [31, 32]. While obesity and a family history of diabetes can increase the chance of
GDM development in pregnancy, the physiological causes of GDM are still poorly understood [33, 34]. In
most cases of GDM there is dysfunction in the beta-cells, leading to a reduction in insulin production [34,
35]. Therefore, glucose levels in the blood remain high and can lead to insulin resistance. However, in
some cases of GDM beta-cell dysfunction is not the culprit and requires further investigation. The
treatment options for GDM are scarce, relying on changes to lifestyle and drug treatments such as insulin,
metformin, and glibenclamide (glyburide) [34, 36, 37]. Further investigation into the physiological causes

of GDM can help guide the development of new and more effective treatment and prevention options.



High birth weight

Fetal macrosomia, or high birth weight, is classified by birth weights of 4000g (8Ib, 130z) or more,
regardless of the gestational age; although no official and universal classification has been determined
[38]. In 2017, the prevalence of infants born weighing >4000g was 7.8% in the United States and 9%
globally. High weight infants are at an increased risk for childhood obesity, which can lead to other
disorders, including diabetes, heart disease, and stroke [39-43]. There are no directly linked long-term
risks to a mother who has a high weight infant. However, the mother is more likely to suffer from obesity
and, therefore, is at the same risk for disease development as those listed for childhood obesity [38, 44].
While obesity in the mother is a significant risk factor associated with high birth weight, the
pathophysiological cause appears to be more closely related to maternal hyperglycemia, which is high
blood glucose [38, 44]. Since maternal glucose diffuses through the placenta and into the fetal blood flow,
these infants are exposed to high glucose during pregnancy, leading to higher birth weights [38].
However, not all cases of high birth weight are caused by hyperglycemia; therefore, further investigation
into the physiological causes of this disease is necessary for further treatment development. Currently,
the only treatment, when the mother is not presenting with a second APO, is diet and weight
interventions. Additionally, medical induction of labor is not often suggested, even with an increased risk
of interventions and injuries, such as cesarean-section and shoulder dystocia [38, 45-47]. This is due to
difficulty in assessing the true fetal weight with current ultrasound techniques. Improved identification of
fetal macrosomia during gestation is necessary to enhance successful treatments and interventions.
Additionally, an expanded understanding of the pathophysiological causes of high birth weight could lead

to improvements in the prevention and outcomes for offspring.

Low birth weight

Low birth weight also leads to poor outcomes for infants. It is classified as an infant being born at

<2500g (5lb 80z) regardless of gestational age [48]. This can also include infants with fetal growth



restriction (FGR) or small for gestational age (SGA), which requires the infant to be born at <10t
percentile based on gestational age. The incidence of low birth weight was 8.58% of births in the US for
2023 and 14.7% globally in 2000 [9, 49]. Long-term risks for infants include renal dysfunction leading to
chronic kidney disease (CKD), hypertension, airway diseases, and neurodevelopmental outcomes [48,
50-52]. While not all cases of low birth weight are associated with maternal risk factors, many are linked
to maternal body mass index and preeclampsia [53]. The physiological causes of low birth weight are not
well understood. Current theories include abnormal fetal programming, abnormal placentation, placental
dysfunction, and nutrient deficiency [48, 54]. Preventative treatments for low birth weight include
nutritional interventions and preterm labor interventions discussed above; although these treatments are
not always successful [55, 56]. Additionally, early developmental and nutritional interventions in infants
born with low birth weight could help alleviate the long-term effects observed in these infants [57-59].
Further investigation into the pathophysiological causes of low birth weight can improve future pre-birth

preventive measures and post-birth interventions, leading to better infant outcomes.

Infertility and impaired fecundity

In addition to APOs, another problem related to pregnancy is infertility and impaired fecundity.
Infertility is defined as not becoming pregnant for at least a year [60]. Impaired fecundity is characterized
as a woman having difficulty conceiving or carrying a pregnancy to term. Miscarriages is one way that a
pregnancy does not make it to term, and as the number of prior miscarriages in a woman increases,
fecundability decreases [61]. For women between the ages of 15-49, in the United States from 2015-
2019, the incidence of infertility was 8.5% and the incidence of impaired fecundity was 13.4% [60].
Globally, infertility in women, aged 15-49, in 2021 was 3.7% and for men, aged 15-49, was 1.8% [62].
The rates of infertility increased in men and women aged 15-49 between 1990 to 2021, 0.49% and
0.68%, respectively. Although infertility and impaired fecundity do not directly put the physical health of
the mother or offspring at risk, it increases the mental health risks of both men and women struggling to

conceive [63]. Couples struggling with infertility had higher incidences of depression and anxiety,



compared to fertile couples. Therefore, demonstrating the impact infertility can have on a person’s overall
health. There are many known causes of infertility in men and women, including reproductive conditions
and infection [64]. Generally, causes for women include irregular ovulation, obstructions to the fallopian
tubes, uterine anomalies, genetic causes, and hormonal conditions [65, 66]. In men, functional issues
with the testis or the ability to ejaculate, hormone conditions, and genetic causes are the general causes
of infertility. Treatments and options for infertility often include alternative conception methods or adoption
[64]. Despite the large number of factors leading to infertility, many cases of infertility are not known [67].

Therefore, it is necessary to continue understanding the physiological causes of infertility.

Overall, APOs and infertility affect a large population globally and have long-term health effects
on mothers and offspring. There are still unknown causes of APOs and infertility, and a need for improved
treatment to prolong pregnancy and improve health outcomes. Therefore, the pathophysiological causes

of APOs and infertility require further investigation.

Genetic causes for pregnancy related issues

One potential physiological cause of APOs is genetic mutations and predispositions. The timing
of birth has been correlated to both the maternal and fetal genetics [68]. Additionally, genetic sequencing
on patients with preterm premature rupture of membranes (PPROM) has identified genetic mutations
linked to inflammatory disorders such as inflammatory bowel disease and periodontal disease [69].
Suggesting that premature labor is, at least in part, caused by genetic factors related to immunology in
the mother. Genetic mutations leading to HDP disorders, including preeclampsia, have been linked to
genes necessary for the immune response [70, 71]. Mutations to genes involved in endothelial function
and placental development have also been linked to HDP. Additionally, patients with a family history of
hypertension have an increased risk of developing preeclampsia [72, 73]. Further emphasizing that HDPs
can be caused by genetic predispositions. A family history of type 2 diabetes has been implicated in

increasing the maternal risk of developing GDM [74]. Studies either investigated the link between GDM



and diabetes, with no separation between type 2 and type 1, or focused explicitly on the connection with
type 2 diabetes. This is likely because those with pre-existing diabetes before pregnancy are not
considered to have GDM, and those with a family history of type 1 diabetes are at a greater risk for being
diagnosed with type 1 diabetes in adolescence [75]. Since the risk for type 1 diabetes is genetically
linked, mothers with a genetic predisposition would likely have pre-existing diabetes before pregnancy.
Still, the potential correlation between GDM and family histories of type 1 diabetes remains to be elicited.
Additionally, several genetic mutations have been implicated in causing GDM, including those encoding
proteins necessary for immunology, insulin regulation, glucose transport, and an ion channel gene [76,
77]. When considering high and low birth weight, infant weight is affected by both fetal and maternal
genes [78, 79]. Genetic mutations to a glucokinase gene and a type 2 diabetes susceptibility gene have
both been identified as increasing the birth weight of infants [80]. In contrast, genetic variants have also
been implicated in the infant’s low birth weight [81]. Additionally, infants born with low and high birth
weights are at a higher risk of developing GDM, implicating a genetic predisposition and potential
connection to gene mutations involved in birth weight and GDM [82, 83]. Interestingly, many genetic
mutations associated with APOs appear to be involved in the immune processes or the ineffective
breakdown of glucose. Therefore, providing insight into the types of genes that could be leading to
unknown cases of APOs. When considering infertility, genetic disorders have been linked to male and
female infertility. A few disorders that cause infertility in males are Klinefelter's syndrome, Y-chromosome
microdeletion, and myotonic dystrophy, all of which lead to low or no sperm count [84-86]. Other genetic
mutations in males have also been linked to infertility [87]. Polycystic ovarian syndrome (PCOS) is a
disorder in females that is implicated in leading to infertility [88]. Although no monogenetic causes of
PCOS have been identified, many genetic abnormalities have been linked to PCOS [88, 89]. Additionally,
many genetic mutations have been implicated in causing infertility in females [90]. For both males and
females, mutations to the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which
causes cystic fibrosis (CF), have been linked to infertility [91, 92]. In summary, many genetic mutations

and genetic predispositions have been linked to APOs and infertility. The further identification of genetic



mutations that lead to APOs and infertility can improve patient outcomes by promoting the development

of more specific treatment options.

Uterine structure and function:

The uterus consists of three main tissue layers. From the outermost layer to the innermost layer,
they are the perimetrium, myometrium, and endometrium (Fig. 1) [93-96]. Additionally, the endometrium
contains the luminal epithelium (LE), glandular epithelium (GEp) or uterine glands, and the stroma (Fig.
1) [95, 97]. The role of the perimetrium is unknown, although it is thought to provide structure to the
uterus throughout pregnancy [94]. The myometrium is responsible for contraction during labor [98]. The
endometrium layer is responsible for the implantation of the embryo [99]. Within the endometrium layer,
the LE is necessary for successful implantation [100]. The GEp plays a role in implantation, placental
development, placental growth, and support of the fetus during the first trimester [101-106]. Additionally,
the stromal cells differentiate into secretory decidua, following embryo attachment to the LE [107]. The
secretory decidua is vital for the healthy maintenance of pregnancy, including playing roles in immunology
and nutrient supply [108]. The remainder of this thesis will focus on the myometrial layer and LE, GE, and

vascular structures of the uterus.

lon channel function and dysfunction in the uterus

Function

lon channels are essential for the successful physiology of pregnancy and labor. Therefore, ion

channel dysfunction could be a cause of unidentified APOs.

Uterine quiescence and contractility in the myometrium are controlled by calcium (Ca?*), sodium
(Na®), potassium (K*), and chloride (CI) channels. During labor, the uterine myocyte cells become

depolarized and open voltage-gated L-type Ca?* (Cav1.2) channels [109, 110] (Fig. 2). This leads to Ca?*



flooding into the cell, which initiates a contraction. Na* leak channel, nonselective (NALCN) channels
have also been demonstrated as contributing to uterine excitability [110]. Ca?*-activated CI channels
(CaCCs) have been implicated in regulating uterine contractility. Studies have demonstrated that
contractility increases when these channels are open and decreases when these channels are inhibited
[111]. Additionally, these channels are expressed in 1/3 of the myocytes, thus demonstrating a possible
role in acting as a pacemaker for uterine contractility. Connexin43 (Cx43) is responsible for forming gap
junctions between neighboring myocytes and allowing synchronization of uterine contraction [112]. In
contrast, many K* channels have been suggested in maintaining uterine quiescence, including Katp (Kir6),
voltage-dependent Kv7 and Kv11.1 channels, inward rectifying Kir channels (Kir), large-conductance
Ca?*-activated K* (BK or Kcal.1) channels, small-conductance Ca?*-activated K* (SK) channels, and Na*-
activated K* (KNa) Slo2 channels [110, 113]. These channels maintain resting membrane potential in
myocytes, therefore, preventing the cells from depolarizing. Additionally, many of these K* channels have
been shown to be highly expressed during early and mid-gestation, and their expression decreases near
labor. Further supporting their role in maintaining uterine quiescence, and, therefore, a need to suppress

them during labor.

Th expression of Na*, Ca?*, K*, and CI- channels on the LE and GEp demonstrate their role in the
normal physiology of these uterine structures. Epithelial Na* (ENaC) channels and CFTR, a cAMP-
activated CI channel, are expressed in epithelial cells of the LE [114]. These channels are suggested to
be important for the maintenance of optimal levels of luminal secretions necessary for successful embryo
implantation in the LE [114, 115]. Additionally, ENaC channels regulate the stromal decidualization
process and gene expression in the LE and GEp [116]. Na+-dependent glucose transporters have also
been identified on the LE and GEp and are necessary for effective glucose transport from the maternal
side to the fetus [117]. Voltage-dependent Ca?* (VDCC) channels and transient receptor potential (TRP)
channels, other Ca?* channels, are expressed in the epithelial cells of the endometrium. VDCC channels

are also crucial for regulating decidualization and gene expression regulation. The function of the TRP



10

channel in decidualization is not fully elicited. Additionally, K+ channels are expressed in epithelial cells of

the uterus, but their exact roles in implantation remain unclear.

For uterine vasculature, Ca®*-activated K* channels, including the big K* or maxi-K (BK) channel,
have been identified [118]. These channels have been implicated in regulating vascular tone and
adaptation during pregnancy. Voltage-gated K* channels have also been identified in the uterine
vasculature [119]. Depolarization of vascular smooth muscle cells opens these channels and allows K* to
restrict contraction of the cells, thus limiting vasoconstriction. Additionally, ATP-sensitive K* channels
(Katp), comprised of inwardly rectifying K* (Kir6.1 and Kir6.2) channel subunits, are expressed on uterine
vasculature smooth muscle cells and play a role in vasodilation. L-type voltage-dependent Ca?* (Cav1.2)
channels are also expressed in the uterine vasculature and are responsible for vasoconstriction. Na* and
CI channels have not been studied explicitly in the uterine vasculature. However, the expression of
channels such as CaCC and ENaC channels identified in the vasculature, outside of the uterus, suggests

that these channels may be playing a role in uterine vasculature function [120, 121].

Dysfunction and their implications in APOs

Studies on ion channels have suggested roles of ion channel dysfunction in APOs. The role of K*
channels in uterine quiescence indicates that dysfunctional K* channels could lead to contractility of the
uterus during mid-gestation and cause preterm labor [110, 113]. One K* channel of particular interest is
Kir7.1. McCloskey et al. (2014) demonstrated that this channel had increased expression in mouse uterus
through day 15 (D15) of gestation, where expression peaked and decreased by D18 [113] (Fig. 2).
Additionally, Kir7.1 had lower expression in human uterus at term and in labor, compared to at term and
not in labor. The reduced expression in this channel as the uterus moves into labor supports its role in
preventing contractions during mid-pregnancy. This hypothesis was further supported by contractility
studies demonstrating that over-expression of Kir7.1 in mouse uterus led to a decrease in contractions,

and inhibition of Kir7.1 caused an increase in contractility. Another study confirmed these findings in the
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mouse uterus and demonstrated that P4, a hormone that has been shown to activate Kir7.1 in the choroid
plexus of the brain, further suppressed contractility through its activation of Kir7.1 [122, 123]. Other K*
channels also show a reduction in K* channel expression during labor and increased contractility of
uterine myometrium when chemically blocked [110]. While K* channel dysfunction has not been directly
linked to preterm labor, expression and functional studies suggest that it could be an unknown cause of

preterm labor.

lon channel dysfunction has also been linked to GDM. Mutations in the KCNJ11 gene, which
encodes for the inwardly rectifying K* channel Kir6.2 subunits that form the Karp channel, have been
shown to lead to GDM [124-126]. Mutations to transient receptor potential melastatin 6 (TRPM6), a
magnesium channel, demonstrated an inability to respond to insulin [127]. Additionally, total glycosylated
hemoglobin (TGH) was elevated in pregnant women with these mutations, thus demonstrating an
increased risk of developing GDM. In two separate studies, human umbilical cords from GDM and non-
GDM patients were assessed for changes in activation to BK or Kare channels [128, 129]. Kate current
was reduced in the GDM group due to a decrease in Kate subunit expression in human umbilical arterial
smooth muscle cells [129]. Additionally, reduced activity of BK channels in blood vessels from GDM
patients was demonstrated, and it was suggested that this was due to a decrease in BK channel
expression [128]. GDM has also been shown to cause other APOs, such as HDP, prematurity, and high
birth weight in the offspring [128, 130, 131]. Therefore, improper expression and dysfunction of ion
channels that led to GDM can increase the risk of developing other APOs, emphasizing the importance of
identifying unknown causes of GDM. Studies demonstrating the role of ion channels in GDM suggest that

there may be other cases of GDM caused by ion channel dysfunction that have not yet been identified.

Expression of an ion channel, Kv1.3, in the human umbilical vein from HDP patients, also called
pregnancy induced hypertension (PIH), was decreased compared to GDM and normal pregnancies [132].
Demonstrating that reduced expression of Kv1.3 may cause HDP. Additionally, a specific blocker of Kv1.3
had a decreased effect in tissues from GDM and HDP patients. A decrease in sulphonylurea receptor

(SUR)2B unit of Katp channels have been demonstrated in human umbilical arterial smooth muscle cells
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from patients with varying severity of HDP [133]. The more severe the HDP, the more substantial the
decrease in SUR2B was observed. In the case of preeclampsia, the most severe form of HDP, A wide
range of K+, Na+, Ca2+, and CI- channels have changes in expression in the placenta, compared to non-
preeclampsia patients [134]. In most cases, a decrease in the expression of the channels was observed,
suggesting that reduced expression and subsequent activity of ion channels may contribute to the

development of preeclampsia.

As previously noted, mutations to the CFTR channel, which transports ClI-, led to infertility in
males and females [91, 92, 135]. An activator of ENaC channels, serum- and glucocorticoid-inducible
kinase (SGK1), showed decreased expression in human endometrial stromal cells isolated from patients
with recurring pregnancy loss [136]. Therefore, it is possible that decreased activation of ENaC channels
by SGK1 could lead to increased infertility. Additionally, one study demonstrated that a patient presenting
with infertility had reduced ENaC expression, further supporting that decreased ENaC channel activity is
implicated in infertility [137]. Mutations to CatSper, a Ca2+ channel that allows for Ca2+ entry into sperm,
have been demonstrated as leading to male infertility [138-141]. Knock-out models demonstrate that
CatSper dysfunction causes the sperm to not develop hyperactivated motility [142, 143]. These cases of
ion channel dysfunction causing infertility, suggest that unknown instances of infertility could be caused

by unidentified ion channel dysfunction.

There are strong connections between ion channel dysfunction and dysregulated expression, and
the development of APOs and infertility. Additionally, many channels have been shown to be essential for
maintaining a normal, healthy pregnancy. Therefore, supporting a role for unidentified ion channel
dysfunction and dysregulated expression of ion channels in causing other cases of currently unknown

APOs and infertility.
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Kir7.1: A potassium ion channel function and dysfunction

One ion channel that has been demonstrated in the maintenance of a normal pregnancy is Kir7.1.
This channel prevents contractions during mid-gestation in mice and is suggested to play a similar role in

humans, due to its reduction in expression in the human uterus as it moves into labor [113, 122].

Kir7.1, encoded by the KCNJ13 gene, is an inwardly rectifying potassium channel [144-147].
Inwardly rectifying potassium channels are involved in cellular signaling in many different cell types [113,
148, 149]. They regulate membrane potential by allowing potassium ions to flow into cells. Specifically,
Kir7.1 is expressed in the intestine, thyroid, proximal and distal tubules of the kidney, choroid plexus of
the brain, paraventricular nucleus (PVN) of the hypothalamus, myometrium of the uterus, and retinal

pigmented epithelial (RPE) cells of the retina [113, 122, 144-146, 148-151].

Mutations to KCNJ13 have been linked to disease processes. In humans, KCNJ13 mutations
cause Leber’s congenital amaurosis (LCA16; OMIM #614186) and Snowflake Vitreoretinal Degeneration
(SVD; OMIM #193230) [147, 152-154]. These conditions lead to early-onset vision loss and blindness.
The loss of vision is due to RPE cell dysfunction and subsequent degeneration [155]. Kir7.1 is necessary
for maintaining ionic homeostasis within the subretinal space between the RPE cells and photoreceptors
in the retina [156]. Disruption of this homeostasis, due to mutations in KCNJ13, leads to the dysregulation
and degeneration of RPE cells. RPE cells are necessary for maintaining the health of the retina by
transporting nutrients and removing waste through phagocytosis [155, 157]. Therefore, when the RPE
cells are dysregulated and degraded, they lead to degradation of the rest of the retina. Loss of Kir7.1
function has also been implicated in obesity. In mice, deletion of Kcnj13 on neurons expressing
melanocortin-4 receptor (MC4R) led to late-onset obesity [151]. Previous studies observed that late-onset
diabetes was induced in mice by deleting MC4R [158]. However, this new finding indicates that MC4R
action depends on its ability to inhibit Kir7.1. MC4R inhibition of Kir7.1 allows for depolarization of PVN
neurons in the hypothalamus [159]. The PVN regulates satiety and body weight [160, 161]. Therefore,
these findings suggest that Kir7.1 dysfunction may play a role in obesity; however, studies in humans are

needed to confirm that this finding is translatable to human physiology. In the mouse uterus, knocking



14

down and inhibiting Kir7.1 led to increased contractility [113]. Over-expressing Kir7.1 or activation with P4
resulted in decreased contractility [113, 122]. Additionally, blocking Kir7.1 in human uterine samples led
to increased contractility. This study also noted a similar decrease in Kir7.1 expression in mice and
humans as the uterus moves into labor. This suggests that Kir7.1 plays similar roles in mouse and human
uterus, and, therefore, should be transferable between the two models. These changes in uterine
contractility, resulting from altered Kir7.1 physiology and changes in the expression level of Kir7.1
throughout pregnancy, suggest that a loss of Kir7.1 physiology could play a role in unidentified cases of
preterm labor. Investigation into the effects of altered Kir7.1 physiology can further elucidate if loss of

Kir7.1 function is leading to unknown causes of APOs.

Kir7.1 has also been shown to interact with hormones that are essential for normal uterine
physiology during pregnancy. The OXT hormone rises during parturition and stimulates contraction of the
uterine myometrium to progress labor [162, 163]. In the RPE, the activation of oxytocin receptor (OXTR)
inhibits Kir7.1 [164]. OXTR is a G-protein-coupled receptor that causes the hydrolysis of PIP2 and a
subsequent increase in Ca?* concentration within the RPE cells. Suggesting a similar physiological
response of OXT on Kir7.1 function in the uterine myometrium during labor. P4’s role in pregnancy
includes assisting in the implantation and maintenance of a healthy pregnancy [165]. Levels of P4 are
high at the start of pregnancy and fluctuate until the end of pregnancy, where they cease [166]. Studies
have demonstrated that P4 activates Kir7.1 channels in the epithelium of the choroid plexus and the
mouse myometrium [122, 123]. P4's ability to activate Kir7.1’s expression suggests a similar influence on
the uterine expression of Kir7.1. Therefore, P4 may be playing a key role in triggering this channel in the

uterus and ensuring its ability to prevent contractions during mid-gestation [113].

The role of Kir7.1 in uterine contractility, along with its interaction with pregnancy hormones,
highlights the importance of studying this channel’s involvement in normal and diseased uterine function
(Fig. 2). Additionally, female patients with KCNJ13 mutations have been identified, but have not reached
reproductive age, thus further emphasizing the necessity of understanding how loss of Kir7.1 function

affects preghancy outcomes [167-170]. Female patients who are heterozygous (HET) for the mutation,
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and therefore do not suffer from vision loss, have also been identified and have had successful
pregnancies [152-154, 167, 168, 170]. Incidents of APOs, infertility, and impaired fecundity have not been
investigated in HET females, so it is unknown how the loss of Kir7.1 in one allele affects pregnancy.
Therefore, the role that Kir7.1 plays in a normal pregnancy, as well as the changes that total or partial

loss of function in Kir7.1 has on pregnancy, requires further evaluation.

KCNJ13 as atarget for gene therapy:

Most mutations in KCNJ13 leading to LCA16 and SVD are point mutations, also called single-
nucleotide variants (SNV) [171]. Therefore, they are characterized by the change of one nucleotide in the
genetic sequence. As discussed, the phenotypes associated with these mutations in humans is
dysfunction in the retina and subsequent vision loss [147, 152-156]. Additionally, the eye contains a
blood-retina barrier and is immune privileged [172]. This has made the eye a target for drug delivery, as
the blood-retina barrier inhibits most drugs from crossing into the circulatory system or having immune
effects outside the eye. Therefore, KCNJ13 mutations are a target for therapeutic development to prevent
ocular disease development in patients presenting with LCA16 and SVD. Additionally, Kir7.1's role in
uterine contractility could be a future target for therapies if patients harboring KCNJ13 mutations display
APOs due to loss of Kir7.1 function [113]. The target therapies discussed in this thesis will be gene
augmentation therapy, genomic editing, readthrough therapy, and anticodon-engineered (ACE) tRNA

(ACE-tRNA) therapy.

Gene therapies for genetic mutations: gene augmentation therapy

During gene augmentation therapy, a healthy copy of a gene is delivered to a cell containing the
mutant gene [173] (Fig. 3). Augmented, or increased, production of proteins from the exogenous healthy

gene then leads to functional recovery in the cell.
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Use of a viral vector is the most common delivery method for gene augmentation, although non-
viral based deliveries are being explored [174]. In the viral delivery method, the viral capsid binds to
receptors on the target cell membrane and is endocytosed into the cell (Fig. 3) [175]. Therefore,
transduction efficiency can be improved by engineering viral capsids to target a particular cell type
through adherence to specific cell membrane proteins [176]. The target gene is delivered to the nucleus,
converted to double-stranded DNA (dsDNA), and held in an episome [177]. It then uses the cell's
machinery to transcribe and translate the target gene into the target protein [178]. This transcription can
then be specialized for specific cell types by choosing cell-specific promoter sequences, preventing non-

target cell types from transcribing the healthy gene.

One limitation of gene augmentation is the necessity of mutations to be monogenic; therefore,
caused by mutations to a single gene [179]. One reason for this is that the space inside the virus is limited
[174]. To overcome this limitation, non-viral delivery methods are being explored. However, stringent
government regulations on approved delivery methods, including types of viral vectors used in clinical
trials, limit the current options. These regulations are due to concerns about safety, particularly in the
case of viruses that can elicit an immune response [180]. Another potential limitation is that the target
genes must be recessive. In a dominant mutation, the delivery of a healthy gene usually cannot overcome
the dominant gene [181]. However, one study demonstrated that some dominant mutations can be

targeted using gene augmentation, while other mutations in the same gene cannot [182].

Despite its limitations, gene augmentation has been a successful therapeutic for recessive,
monogenic diseases [62]. A list of government-approved gene therapies, including gene augmentation
therapy, can be found in a review by Shchaslyvyi et al. (2023) [183]. Of note, Luxturna (Voretigene
Neparvovec) was the first gene augmentation approved by the US Food and Drug Administration (FDA)
[183, 184]. Luxturna overcomes mutations to RPE65, which lead to LCA2 [185]. It demonstrated long-
term treatment effects of at least 5 years, without any immune effects reported [186]. While there are
currently no approved gene augmentation therapies targeting ion channels, studies have shown success

in cell and animal models [187-191]. Our lab has previously demonstrated that a Lentivirus carrying a
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wild-type (WT) KCNJ13 gene (Lenti-Kir7.1) was able to restore function in human induced pluripotent
stem cells (hiPSC) isolated from affected patients [187]. Additionally, a pre-clinical grade gene therapy
targeting KCNJ13 has been developed and is currently being tested for its safety and efficacy, showing

preliminary success [192].

Gene therapies for genetic mutations: genomic editing

CRISPR genomic editing techniques, such as gene editing (GE), base editing (BE), and prime
editing (PE), have demonstrated success in overcoming mutations and are discussed below. Special

attention will be focused on the editing of ocular, uterine, and ion channel diseases.

Gene editing (GE)

In CRISPR-Cas9 GE, a double-stranded break is created near the mutation site and endogenous
processes are recruited to the cut site (Fig. 4A) [193]. These processes are hon-homologous end-joining
(NHEJ) or homology-directed repair (HDR). They repair the DNA break by referencing a supplied donor

template that contains the WT sequence; effectively changing the genomic DNA to the WT sequence.

GE successful editing requires the precise development of specific single guide RNA (SgRNA)
and delivery methods, due to the specificity of the gene and the mutation site [194-196]. Therefore, the
specificity of GE can be considered a limitation. Another limitation is off-target effects, such as undesired
base changes [197]. Activation of the immune system is another limitation. Viruses are a standard
delivery method, but they pose a risk of infection to the host and can reduce efficiency [193, 197].
Additionally, editing that utilizes HDR is limited to targeting dividing cells because the HDR process is

dependent on homologous recombination [193].

Many studies have overcome these limitations to demonstrate successful editing [198-200].

Several clinical trials using GE approaches are ongoing [199]. While no clinical trials on ocular or uterine
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disease have been investigated, preclinical studies using GE have successfully edited mutations that lead
to vision conditions. GE to patient- hiPSCs harboring a RPGR mutation that leads to X-linked retinitis
pigmentosa (XLRP), resulted in up to 13% editing [201]. LCA10, a disease characterized by vision loss
due to mutations in the CEP290 gene, demonstrated up to 60.8% editing in mouse models and up to
27.9% in non-human primates (NHP) [202]. GE approaches to BEST1 mutations have demonstrated up
to 24.9% of editing and functional recovery in patient-derived mutant hiPSC-RPE [182]. Additionally, one
study evaluated the correction of a mutation to the RPE65 gene in a mouse model and saw a notable but
low editing efficiency of 1.6% [203]. Despite the low editing efficiency, improved function was observed.

No studies have reported gene correction using GE for mutations in uterine cells.

Base editing (BE)

In contrast to GE, BE utilizes a CRISPR-Cas9 that is fused to a deaminase enzyme and creates a
nick, or single-stranded break, in the target DNA (Fig. 4B) [193]. This enzyme can either target cytosine
or adenosine and converts all cytosines within a five-base sequence to uracils or adenosines to inosines,
respectively. Inosines are read by DNA repair machinery as guanine, allowing for targeting of all four
bases. The introduction of a nick in the DNA strand recruits repair processes that use the altered base
changes as the new template. Therefore, incorporating a WT base at the mutation site on the opposite
strand of DNA. This leads to a more precise editing approach over GE and reduces the off-target edits

that limit the GE technique.

Although BE has shown reduced off-target effects compared to GE, undesired edits can still
occur [204]. For example, for a cytosine base editor (CBE), if there is more than one cytosine in the five-
base window, all cytosines will be converted to uracils, leading to non-target edits to the DNA. The same
limitation exists for adenosine base editors (ABE). Similarly to GE, BE requires a specific sSgRNA and
delivery design for each unique gene and mutation site [194-196]. Additionally, viral delivery is a common

delivery method for both GE and BE; thus, activation of the immune system is a concern [193, 197]. The
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BE will only edit a precise five-base sequence and requires a specific protospacer adjacent motif (PAM)

site by the Cas9; therefore, limiting the mutations that can be targeted [204].

Several BE approaches have reached the clinical trial phase, although none of these are specific
to ocular, uterine, or ion channel disease correction [205, 206]. Preclinical evaluation of BE to treat ocular
and ion channel diseases has been investigated. Specifically, our lab investigated the use of a BE to
overcome a mutation, W53X, to KCNJ13 [169]. We demonstrated up to 53% of editing in stable-
expressing mutant HEKFRT cells, 52.2% editing efficiency in fibroblasts derived from an LCA16-affected
individual, 27.4% editing in hiPSC-RPE cells derived from an affected patient, and up to a 16.8% editing
efficiency in mutant mice. Functional recovery was assessed for HEKFRT cells, hiPSC-RPE cells, and
mutant mouse models, and all demonstrated functional recovery of Kir7.1. Additionally, we have reported
up to 60% of editing when using a BE to correct an L144P mutation in KCNJ13 [207]. Base editing in a
mouse model presenting with an RPE65 mutation resulted in up to 29% editing with functional recovery

[208]. However, no base-editing has been reported in uterine conditions.

Prime editing (PE)

Prime editing (PE) is the most recent advancement in genomic editing. A prime editor is made up
of four parts: a CRISPR-Cas9 nickase (Cas9n) that is fused to an engineered reverse transcriptase (RT),
forming Cas9n-RT, a prime editing guide RNA (pegRNA), and a nicking guide RNA (ngRNA) (Fig. 4C)
[193]. The pegRNA directs Cas9n-RT to the target gene location and uses the ngRNA to create a nick in
the opposite strand. The pegRNA then hybridizes the non-target strand, and the DNA undergoes reverse
transcription (RT), using the pegRNA as a template to correct the mutation. The template DNA sequence

in the pegRNA contains the WT sequence, therefore, correcting the mutation.

PE is still limited by specific designs for each gene and mutation, as well as potential immune
effects [193, 209]. Additionally, the specificity required when designing two guide RNAs (gRNA) for the

PE approach requires additional precision compared to traditional GE and BE techniques [193]. PE has
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shown minimal (<1%) off-target effects, overcoming this limitation, as demonstrated in GE and BE
methods [210]. The reduction in limitations demonstrated in PE, compared to GE and BE, is promising.

However, due to the novelty of PE, potential limitations of the technology are still being understood.

Several attempts to use PE as a genomic editor have demonstrated successful gene correction
[210]. This includes one study on a mutation affecting the retina. A PE approach to editing an RPE65
mutation in mice resulted in up to 7.4% editing, with an average of 6.4% [211]. Additionally, it was noted
that the transfection efficiency was a limiting factor; therefore, increasing the average editing efficiencies
up to 28% when only considering successfully transfected cells. Functional recovery was observed in
mice. No attempts at PE have been reported for the correction of mutations affecting the uterus or ion

channels.

Translational therapies for genetic mutations: Readthrough therapies

Translational therapies, also known as readthrough therapies, target the correction of premature
termination codon (PTC) mutations, also referred to as nonsense mutations, at the translational level. In
the presence of these readthrough agents, a near-cognate aminoacyl-tRNA (NCT) is read through at the
site of the PTC, rather than initiating the termination of translation (Fig. 5A) [212]. Due to their mode of
action, readthrough therapies do not have to be gene or mutation-specific; therefore, overcoming the

specificity limitation of genome editing techniques.

One limitation of readthrough agents is that the incorporation of the NCT is randomized [212].
This could result in off-target amino acid insertions, missense phenotypes, and no functional recovery of
the protein [213-215]. Readthrough agents are also limited to SNV PTCs because they target a single
codon site without a way to target the specific mutation site directly [212]. These agents are termed
“readthrough” because of their ability to insert a near-cognate amino acid to “read through” the PTC
mutation and allow translation to continue. Additionally, aminoglycosides, a type of readthrough agent,

have been demonstrated as being toxic to cells, due to binding to anionic phospholipids and accumulating
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in lysosomes [216, 217]. Strategies to overcome this toxicity are being explored [212]. A concern with
readthrough therapies is the potential for read through of native termination codons (NTC). However,
studies have demonstrated that this does not occur [218]. This may be due to peptide sequences on the
3’ tail of genes that could destabilize the translated protein, effectively forcing the end of translation.
Studies identifying the mechanisms that allow NTCs to be unaffected by readthrough therapies require
further investigation. Additionally, the immune effects of readthrough therapies have not been reported,
unlike those of viral-based genomic editing approaches. This is likely due to using non-viral based

delivery methods for readthrough therapies.

Approximately 100 studies on 40 diseases have been investigated for readthrough therapy
suppression of PTCs [212, 219]. Readthrough therapies have demonstrated success in treating ocular
and ion channel diseases caused by PTCs. Our lab studied the effect of several aminoglycosides
including, gentamicin, RTC-14, NB-84, and G418, to overcome the W53X mutation of KCNJ13 in patient-
derived LCA16 hiPSC-RPE [220, 221]. While gentamicin, the most common aminoglycoside, was unable
to suppress the mutation, RTC-14, NB-84, and G418 successfully read through the mutation and restored
function. Gentamicin was also unable to overcome retinal degeneration or regain function in a rat model
containing a recessive PTC to the rd12 gene [222]. In contrast, gentamicin successfully inhibited retinal
degeneration and restored function in a rat model with a dominant PTC in S334ter. These studies
demonstrate that readthrough therapy efficiency is gene-specific. Aminoglycosides and PTC124 both
demonstrated readthrough and functional recovery of the p.R31X PTC in the USH1C gene in mouse
models [223, 224]. If untreated, mutations to USH1C lead to blindness. Therefore, the success of a
readthrough therapy providing functional recovery could prevent blindness in patients harboring these

mutations. The use of readthrough therapies has not been investigated in uterine PTCs.
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Translational therapies for genetic mutations: ACE-tRNA

ACE-tRNA therapies are also a form of readthrough therapy; however, factors such as their mode
of action and target specificity make them distinct from other readthrough therapies. In this approach, a
tRNA with the target amino acid is engineered at the anticodon site to contain a PTC capable of
recognizing the stop codon (Fig. 5B) [225]. When translation of the PTC occurs, the ACE-tRNA
recognizes the mutation, due to the engineered anticodon site, and inserts the correct amino acid.

Therefore, translation continues, and the full-length WT protein is produced.

Similar to other readthrough drugs, ACE-tRNA therapy overcomes the specificity limitations and
immune activation of viral-based genome editing, but is limited by treating SNV PTC mutations [225].
Additionally, ACE-tRNA overcomes limitations to readthrough therapies, including randomness and
toxicity. The mechanism of ACE-tRNA therapy does not randomly incorporate a NCT, like readthrough
therapies. Instead, it explicitly recognizes the mutant sequence and inserts a specific target amino acid.
No toxicity has been reported in ACE-tRNA studies, as well as no evidence of suppressing NTCs [226].
Therefore, no limitations, aside from the types of mutations that can be targeted with ACE-tRNA, have
been reported. However, since this is a novel therapeutic. Therefore, limitations and off-target effects

require further investigation.

Due to its novelty, ACE-tRNA studies are limited. Successful suppression of PTCs in mutations
causing CF, long-QT syndrome arrhythmia, and in the W53X mutant causing LCA16 by ACE-tRNA has
been reported [221, 226-229]. In all cases, functional recovery was observed, and no off-target effects
were reported. Therefore, ACE-tRNA could be a competitive alternative therapy to genomic editing
techniques and other readthrough drugs. ACE-tRNA studies on PTCs causing uterine disease have not

been investigated.

These studies strongly support the use of ACE-tRNA as a therapeutic approach to overcome
PTC mutations with a minimal risk of off-target or immune effects. However, further investigation into the

success and limitations of the novel therapy is required.
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Thesis overview

The cases of unknown causes of APOs and infertility are concerning, due to the high incidence
globally and the long-term health effects to the mother and fetus. Several genetic links to APOs or
infertility have been identified, suggesting that other unknown cases could be due to genetic mutations.
Additionally, ion channels have been implicated in some cases of APOs and infertility, requiring further
investigation. One of these ion channels is Kir7.1, which is encoded by KCNJ13; a gene in which patients
with disease-causing mutations have been identified and suffer vision loss. However, these patients have
not yet reached reproductive maturity, and there is only one study on the role of Kir7.1 in the uterus.
Therefore, the potential for KCNJ13 mutations, and subsequent loss of Kir7.1 function in the uterus, to
cause APOs and infertility in patients remains to be elicited. If loss of function in Kir7.1 is demonstrated to
lead to APOs or infertility, it may suggest that other unknown cases are caused by genetic mutations.
Additionally, it can support ion channel dysfunction as another possibility for unidentified causes, given

the crucial role ion channels play in maintaining pregnancy.

The use of therapies to treat these mutations has been investigated to target restoration of retinal
function. The current investigations have included the correction of W53X using gene augmentation, BE,
readthrough agents, and ACE-tRNA therapy, and the correction of L144P using BE techniques. However,
a study comparing the efficacy of genomic editing versus readthrough therapies on a KCNJ13 mutation
has not been reported. As Kir7.1 dysfunction in the uterus is further characterized, identifying therapies to
treat patients harboring KCNJ13 mutations is necessary to allow for modified therapies to target these

mutations in the uterus.

The goals of this thesis are to: A) compare therapeutic approaches to overcome a KCNJ13
mutation, R166X, B) to investigate the effect of a partial loss of Kir7.1 function in pregnancy and labor,
and C) to further characterize Kir7.1’s expression in the uterus throughout pregnancy to understand its
role in pregnancy and potential role in APOs and infertility. To achieve objective A, | created R166X
mutant stably expressing HEKFRT cells to investigate several genomic editing techniques (GE, BE, and

PE). To compare these outcomes of genomic editing with a readthrough therapy, HEK293 cells
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expressing the R166X mutant protein were used. Several ACE-tRNA readthrough agents were
investigated for their ability to suppress the R166X mutation. Additionally, the efficacy of a clinical-grade
gene augmentation therapy containing WT KCNJ13 to target RPE cells was investigated. For aim B,
C57BL/6J mice were used. WT mice were compared with previously engineered mice containing a HET
W53X mutation. Video recordings of labor for each genotype were compared. To achieve goal C, uteri
from non-pregnant (NP) and pregnant WT and HET mice were used to investigate Kir7.1 expression
changes in the uterus. Collections from pregnant mice were taken at several time points to identify
changes in Kir7.1 expression throughout mouse pregnancy. Additionally, the uterus from NP and mid-
gestation non-human primates (NHP) was collected to determine if the expression of Kir7.1 in mice is

translatable to humans.
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Figure 1: Uterine Structure. The three main layers of the uterus are the perimetrium (outermost),

myometrium, and endometrium (innermost). The endometrium contains the LE and GEp.
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Figure 2: Current theorized mechanism of Kir7.1 expression and function in the uterine
myometrium during pregnancy. (A) During mid-gestation, Kir7.1 (purple ion channel) expression is
high, and it moves K+ (purple circle) out of the myocytes to maintain the cell's hyperpolarization (-). This
hyperpolarization prevents voltage-gated Ca?* channels (blue ion channel) from opening. Therefore, Ca?*
(blue circle) is prevented from entering the cell, thereby maintaining the myometrium in a state of
relaxation (quiescence). (B) During labor, the expression of Kir7.1 is very low; therefore, K+ cannot move
out of the cell fast enough to maintain the cell in a hyperpolarized state. The cell becomes depolarized (+)
and voltage-gated Ca?* channels open. Ca?* floods into the cell and causes contraction of the

myometrium.
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Figure 3: Viral delivery of gene augmentation therapy. (1) In gene augmentation therapy, a virus is
commonly used for the delivery of a target gene. The virus is endocytosed by the cell. (2) The virus then
delivers the target gene into the nucleus, where it is held in an episome. (3) The target gene is
transcribed and translated into the WT functional protein. Additionally, two modifications can enhance
delivery and expression in the correct cell type. These are A: Selection of different viral serotypes will
have different chances of being endocytosed into a target cell type. B: Specific promotors can be selected

that will only be transcribed in select cell types.
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Figure 4: Genomic editing techniques. (A) GE. (1) CRISPR-Cas9 is directed by a custom sgRNA
(green) to the target site containing the mutation. Cas9 creates a cut (double-stranded break) in the DNA
sequence, prompting the cellular machinery to fix the break. (2) A custom donor sequence (purple)
containing the WT target sequence hybridizes to the target sequence. (3) The cellular machinery fixes the
break by using the donor sequence as a template. Therefore, the correct nucleotide is inserted. (4) The
opposite strand is corrected. (B) BE. (1) A custom sgRNA (green) directs CRISPR Cas9 to the target site
containing the mutation and prompts the Cas9 to create a nick (single-stranded break) in the DNA
sequence. (2) For base editing, the Cas9 is fused to a CBE or ABE. For the ABE, all adenosines on the
target strand, within a 5-base window, will be converted to inosine. (3) Transcription machinery will read
the inosine as guanine and convert the base on the opposite strand to cytosine. (4) Cellular machinery
will then convert the inosine to guanine. (C) PE. (1) A Cas9n is fused to an RT (Cas9n-RT). A custom
pegRNA (green) directs the Cas9n-RT to the target site, which contains the mutation. A gRNA (purple) is
used by Cas9n-RT to create a nick (single-stranded break) in the opposite strand. (2) The pegRNA
hybridizes to the opposite strand and the DNA undergoes RT by the Cas9n-RT. The pegRNA, which
contains the WT sequence, is used as the template. This causes the mutant base to be converted to the

WT base. (3) The mutant base on the target strand is then converted to the WT base.
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Figure 5: Readthrough therapeutic techniques for PTCs. (A) Readthrough drugs. (1) The
readthrough drug binds to the ribosome during translation. (2) The drug causes the ribosome to skip over
the PTC and instead insert a near-cognate amino acid. (3) A near-cognate amino acid is added to the
protein sequence, and translation continues. (B) ACE-tRNA therapy. (1) A native tRNA containing the
target amino acid is engineered to alter the anticodon sequence and recognize the PTC sequence at the
anticodon site. (2) During translation, the ACE-tRNA recognizes the PTC. (3) The correct amino acid is

added to the protein sequence and translation continues.
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SUMMARY
The KCNJ13 gene encodes the Kir7.1 protein, and mutations in this gene cause LCA and SVD,
leading to early-onset vision loss. One such nonsense mutation, R166X, results in nystagmus, poor night
vision, and visual impairment. We examined therapeutic options for the R166X nonsense point mutation.
Unlike missense genetic mutations, which can be rectified by gene augmentation and genome editing,
nonsense mutations provide an opportunity to test additional readthrough therapies. Attempts to produce
hiPSCs with the R166X mutation (CGA to TGA) were unsuccessful. This may be due to challenges in
chromatin structure and folding that hinder access to the targeted loci. Therefore, we constructed an open
reading frame (ORF) stably integrated HEK293T line by inserting the WT or R166X-KCNJ13 gene using
the FLP-FRT recombinase technique. While genome editing strategies did not repair the R166X mutation
efficiently in this cell line, an arginine ACE-tRNA (ACE-tRNAA9VYGA) restored K* channel expression and

function. This study provides an example in precision medicine where translational readthrough strategies

can rescue channel function at a mutation that is difficult to correct via genome editing.
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INTRODUCTION

Genetic mutations cause human disease, with approximately 5,000 genes containing phenotypic
mutations and over 510,000 reported mutation variants identified to date [1, 2]. Point mutations are
classified into three categories: missense, frameshift, and nonsense mutations [3]. Missense mutations
involve a single nucleotide change, with the possibility that it will lead to a change in the corresponding
amino acid; though not all missense mutations result in protein dysfunction, for example, in cases where
the amino acid properties do not change or are not intrinsically essential for function. In contrast,
nonsense mutations introduce a PTC within a transcribed mRNA sequence, resulting in a truncated,
nonfunctional protein and, consequently, disease phenotypes [3, 4]. Nonsense mutations account for
approximately 11.5% of all inherited human diseases [5]. Cells use nonsense-mediated decay (NMD) as
a cellular defense mechanism to combat issues with mutant mRNA; however, this cellular process does
not overcome the dysfunction and disease resulting from PTCs [6, 7]. Instead, it reduces the amount of
PTC mRNA available for translation. Among SNVSs, arginine is the most commonly substituted amino
acid, accounting for 20% of pathogenic and 13.9% of benign variants [8]. In terms of stop codons, a
biochemical vulnerability in the CGA (encoding arginine) codon, where the deamination of cytosine to
thymidine makes the CGA-to-TGA (designated Arg“®") is the most common de novo PTC [9]. Therefore,
there is a greater need to study therapies that treat SNVs with arginine substitutions than other amino
acid variants. We reasoned that using a PTC model caused by arginine substitution would allow for the

unigue ability to test therapies that treat missense and nonsense mutations (Fig. 1) [10, 11].

Several therapeutic approaches, including genome editing techniques and readthrough therapies,
have been explored to treat PTCs and missense mutations. CRISPR-based genome-editing techniques,
like conventional GE, BE, and PE, have shown promise in correcting mutations [12-14]. However, this
approach requires reducing off-target effects and ensuring the effective delivery of CRISPR components
to ensure the accuracy of genomic editing outcomes [20-23].

Compared to the translational readthrough drugs, such as aminoglycosides [24-28], that bind to

anionic phospholipids and accumulate in lysosomes, leading to toxicity [29, 30], ACE-tRNA therapy is a
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novel approach that can overcome the limitations of existing treatments due to PTCs [31]. During
ribosomal translation of protein-encoding mRNA, tRNA anticodon pairing ensures the reliable production
of functional proteins; however, no biological tRNA anticodons match nonsense codons, resulting in the
premature termination of protein synthesis [32, 33]. To circumvent this problem in PTC mutations, ACE-
tRNA can be designed by introducing a PTC anticodon into a WT amino acid-containing tRNA. ACE-
tRNA base pairs are translated to incorporate a WT amino acid; thus, translation continues, resulting in a
full-length WT protein product [34]. ACE-tRNAs do not affect the genome, avoiding the off-target
concerns associated with genome editing techniques. Additionally, off-target effects, such as the
suppression of NTCs, have not been observed with ACE-tRNA treatment [35]. Previous ACE-tRNA
therapy studies have successfully suppressed PTCs in diseases such as CF and long-QT syndrome
arrhythmia [35-37]. However, a comparison between ACE-tRNA and genomic therapy techniques for the
same PTC has not yet been conducted.

Kir channels enable potassium ions to flow out of cells, playing a pivotal role in regulating the
membrane potential, which is essential for cellular signaling across diverse cell types, from epithelial cells
to neurons [38-40]. Apart from Kir5.1 and some Kir2.x, Kir3.x, and Kir4.x channels, Kir channels are
homotetramers; meaning they have four separately translated identical subunits assembled to create a
functional channel pore [41-43]. Each subunit comprises two transmembrane domains: an intracellular
amino-terminal (N-terminal) domain and a carboxyl-terminal (C-terminal) domain [38]. Kir7.1, encoded by
the KCNJ13 gene, is expressed in many different tissues, including the intestine, thyroid, proximal and
distal tubules of the kidney, choroid plexus of the brain, myometrium of the uterus, and RPE cells [38-41,
44, 45]. Mutations in the KCNJ13 gene cause LCA16 and SVD, which lead to early-onset vision loss [46-
49]. The ¢.496C>T (p.Argl66Ter or R166X) mutation in the KCNJ13 gene introduces a PTC that results
in a truncated protein, leading to visual impairments, including nystagmus and poor night vision in
homozygous patients [47].

Our overall goal was to investigate the biological effects of the R166X mutation in the KCNJ13
gene and assess its therapeutic implications. We hypothesized that creating and correcting the R166X

mutation would be possible using several genomic editing techniques with varying efficiencies and that
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treatment with ACE-tRNAA9-YCA would suppress the R166X mutation, restoring membrane expression
and function. Despite utilizing multiple genomic strategies, we were unable to insert or correct the R166X
mutation. Our finding demonstrates the challenges of using CRISPR-Cas9 genome editing to create the
R166X disease mutation in hiPSC cells. Due to the difficulty in accessing specific genomic structures,
heterologous expression of the ORF in HEK293T cells was implemented to correct the R166X mutation.
However, fixing the mutation also proved challenging when using various genome editing techniques.
This study conclusively demonstrated that ACE-tRNA readthrough successfully overcomes the R166X
mutation, resulting in the expression of WT-Kir7.1 protein on the membrane and the restoration of
functional recovery in the channel, suggesting this approach as a viable therapeutic strategy for mutations

resistant to traditional genome editing techniques.

RESULTS
Generating a R166X in vitro human disease model

We initially aimed to establish a stable cell line harboring the R166X mutation in KCNJ13 for
further disease characterization and therapeutic evaluation. hiPSCs are a valuable source of RPE cells
for disease modeling and drug validation studies [53-56]. Without access to a patient-derived cell line, we
attempted to employ CRISPR-Cas9 genome editing to introduce the R166X mutation into hiPSCs
(Supplementary Fig. S1A). The cells maintained their viability after treatment, indicating no toxic effects
(Supplementary Fig. S1B). The designs of the sgRNAs and single-stranded oligodeoxynucleotides
(ssODNSs) are shown in Supplementary Fig. S1C. Despite multiple efforts, we were unable to
successfully introduce the R166X mutation using either sgRNA alone (Supplementary Fig. S1D).
Similarly, no editing was observed when the R166X mutation was introduced in WT fibroblasts
(Supplementary Fig. S2). The indel frequency, measured by the Inference of CRISPR Edits (ICE) online
tool from Synthego [57], evaluates Cas9’s DNA cleavage efficacy. Analysis of our results using ICE
revealed 0% indels and 100% WT sequence readouts when using either sgRNA, thus demonstrating no
insertion of the R166X mutation (Supplementary Fig. S1E). Therefore, we concluded that generation of

the R166X mutation in a hiPSC cell line was not achievable under our experimental conditions and
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capabilities. Creating R166X mutation in hiPSCs may have been unsuccessful due to constraints in
delivery, the limited biological activity of the editor, or the inaccessibility of the genomic structure at the
mutation site.

To develop an alternative human preclinical system for the R166X disease mutation, we
generated the mutation in a simplified ORF that stably expressed the R166X mutation in HEK293T cells
(HEK FRT R166X) (Fig. 2A and Supplementary Fig. S1A). We confirmed that our stable cell line
contained the correct inserted nucleotide sequence (TGA) of the mutant R166X gene at codon 166 (Fig.
2B). Additionally, WT Kir7.1-expressing cells (HEK FRT WT) were successfully generated for

comparison, as indicated by their CGA sequence (Supplementary Fig. S3).

Inefficient correction of the R166X mutation using genome editing

With the HEK FRT R166X cells, we investigated three different genome editing techniques: GE,
BE, and PE (Supplementary Fig. S1A). CRISPR-Cas9 GE works by creating a double-stranded break
near the target site of the mutation and utilizing endogenous NHEJ or HDR to incorporate the correct
sequence by referencing a donor or ssODN template containing the WT sequence [20]. Our ssODN
sequence comprised a 33 nt 5’ arm and a 32 nt 3’ arm, consistent with previous studies demonstrating
that arms =30 nt are ideal, and longer arm lengths lead to increased toxicity in the cells [58]
(Supplementary Fig. S1F). The sgRNA is shown in Supplementary Fig. S1F. GE approach yielded no

detectable editing in this study (Fig. 2C, blue diamonds).

In contrast to GE, BE utilizes a modified CRISPR-Cas9 fused to a deaminase enzyme that
converts cytosine to uracil or adenosine to inosine on one strand at the target site containing the
mutation, thereby creating a single-stranded break on the complementary strand of DNA [20]. The cell
then repairs the break using the converted bases as a template, incorporating the WT base in the
mutation site. To correct the R166X mutation, we targeted the reverse strand of the mutant sequence

(ACT) to convert the mutant TGA sequence to the WT CGA sequence using an ABE. Identical gRNA
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sequences were utilized for GE and BE approaches (Supplementary Fig. S1F). We observed only 10%
editing efficiency in a single sample using nucleofection of ribonucleoprotein (RNP)-delivered ABE8e BE
(Fig. 2C, green diamond) [59]. However, this was not repeatable and had too low of an efficiency to

perform functional testing.

PE incorporates Cas9n fused to an engineered RT (Cas9n-RT), a ngRNA, and a pegRNA
containing the WT sequence [15]. The Cas9n-RT is guided by pegRNA and directed to create a nick in
the opposite strand by the ngRNA. The pegRNA hybridizes to the non-target strand and serves as a
template for RT to correct the mutant sequence to the WT sequence. Guide RNAs were designed using
pegFinder [60], as described in the Methods section (Supplementary Fig. S1G). Like other editing

approaches, PE failed to produce detectable editing. (Fig. 2C, orange diamonds).

Successful suppression of a PTC using ACE-tRNAA9YGA minicircles

Given the low efficiency of correcting the DNA via genome editing, we investigated the feasibility
of PTCs readthrough at the translational level based on existing PTC-containing mRNA. We chose to test
the ability of ACE-tRNA readthrough to avoid the undesirable outcomes associated with other
readthrough drugs, such as aminoglycosides [26-30, 35]. We chose minicircles instead of plasmid-based
delivery owing to their long-term expression [61-63]. As the length of ACE-tRNA is approximately 70
nucleotides, this combination makes it an attractive delivery system [61, 64, 65]. We evaluated six
variations of ACE-tRNA (ACE-tRNA”'9YGA) minicircles based on (1) isocodon sequence, (2) structural
differences, and (3) the number of repeated tRNA sequences within the minicircle (Fig. 3A and 3C).
Arginine ACE-tRNAs were selected based on validation in a previous study [35]. To test whether our
minicircles could be delivered and had a biological readthrough, we used a previously validated green
fluorescent protein (GFP) mutant that contained a TGA stop codon, sfGFP-N150TGA (GFPT¢4) [37]. Cells
that contained successful delivery of both ACE-tRNAA9UGA and GFPTCA, and where there was a biological
readthrough of the TGA codon of the GFP protein by ACE-tRNAA9VYCA expressed detectible GFP

fluorescence (Fig. 3B). All six minicircles had different levels of GFPT¢A suppression (Fig. 3C).
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Additionally, 3XCCT ACE-tRNA~9YCA minicircles had the highest percentage of cells showing GFP
fluorescence, as determined by flow cytometry (42.5%) and confirmed by fluorescence microscopy (38%)
(Fig. 3C and Supplementary Fig. S4). Therefore, we continued to test the ability of 3XCCT ACE-

tRNAA9YCA minicircles to suppress the R166X mutation.

3XCCT ACE-tRNAATGUGA syppression of R166X leads to full-length Kir7.1 protein expression

Next, we determined if 3XCCT ACE-tRNAA9-UCGA syppression of the R166X mutation led to full-
length membrane-bound Kir7.1 [44, 66, 67]. The cells were treated with GFP-tagged R166X mutant
plasmid and 3XCCT ACE-tRNA~'9UGA minicircles in a 1:3 ratio, and immunocytochemistry was performed
using a C-terminal Kir7.1-tagged antibody (Fig. 4A). 3XCCT ACE-tRNAA9YGA syccessfully suppressed
the R166X mutation and created a full-length Kir7.1 protein that appeared to, at least in part, be trafficked
to the cell membrane (Fig. 4B). This demonstrated that 3XCCT ACE-tRNAA9VCGA syccessfully suppressed
the R166X mutation, leading to the membrane trafficking of the full-length Kir7.1. When correlating the C-
terminal Kir7.1 tagged antibody (red) with GFP-tagged R166X (green) or GFP-tagged WT Kir7.1 proteins
(green), 3XCCT ACE-tRNA~9UCAtreated cells showed colocalization as represented by Pearson’s
correlation (Fig. 4C). Since Kir7.1 is a homotetrameric ion channel, this suggests that WT domains
expressed following ACE-tRNA treatment could be assembled with R166X domains, resulting in a

WT/R166X heterotetrameric channel that is trafficked to the membrane.

Functional rescue of the R166X mutation using 3XCCT ACE-tRNAAT9-UGA

Next, we tested whether the full-length Kir7.1 protein translated after 3XCCT ACE-tRNAA9-UGA
suppression of R166X restored the functional activity of Kir7.1. As demonstrated above, Kir7.1 channels
have a tetrameric structure following treatment with ACE-tRNA, which might contain both WT and mutant
R166X subunits. Nevertheless, we reasoned that functional rescue was achievable following 3XCCT
ACE-tRNAA9UGA syppression of R166X. Cells were co-transfected with the R166X plasmid and 3XCCT

ACE-tRNAAYUCA minicircles (Fig. 5A). R166X plasmid alone or WT Kir7.1 plasmid alone were used as
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controls. Whole-cell currents for Kir7.1 showed increased currents in 3XCCT ACE-tRNAA9UCA-treated
cells compared to the cells expressing R166X alone, measured using +50mV to -150mV in 50mV steps,
with a holding potential of OmV over 600 ms (Fig. 5B). Cells were then exposed to extracellular rubidium
(Rb+), a charge carrier known to enhance the Kir7.1 channel current specifically, thus, allowing for further
comparison between WT, mutant, and treated channels if the expression is low [68]. Rb+ treatment
increased whole-cell currents of R166X + 3XCCT ACE-tRNAA9YGA-and WT Kir7.1-expressing cells but
not R166X alone (Fig. 5B). The whole-cell current measured at -150 mV increased median -58.14 (IQR (-
70.27)-(-36.85)) pA in R166X-expressing cells (Fig. 5C, orange circles) (n=6) to median -108.34 (IQR (-
135.50)-(-65.00)) in SXCCT ACE-tRNAA9YCAtreated cells (Fig. 5C, purple triangles) (n=9) compared to
median -375.37 (IQR (-517.88)-(-303.50)) pA in WT channel-expressing cells (Fig. 5C, grey squares)
(n=7). The K+ current (I«) at -150 mV (Fig. 5C) showed an increase (p=0.085) in the current from median
-58.14 (IQR (-70.27)-(-36.85)) pA for R166X alone to median -108.34 (IQR (-135.50)-(-65.00)) pA for
3XCCT ACE-tRNAA9UCA treated treatment, compared to median -375.37 (IQR (-517.88)-(-303.50)) pA for
WT (Fig. 5D). Resting membrane potentials from whole-cell recordings demonstrated significantly
increased hyperpolarization (p=0.0009) from -median -5.75 (IQR (-11.05)-(-4.05)) mV in R166X alone to
median -40.89 (IQR (-57.47)-(-28.88)) mV in 3XCCT ACE-tRNAA9UCAtreated cells, compared to median -
60.60 (IQR (-61.75-(-59.40)) mV in WT-expressing cells (Fig. 5E). Rb* currents increased from -median
68.51 (IQR (-84.76)-(-47.00)) pA in cells expressing R166X mutant protein (Fig. 5F, orange circles) to
median -1200.26 (IQR (-1394.65)-(-799.87)) pA for 3XCCT ACE-tRNAA9YCA treated cells (Fig. 5F,
purple triangles), compared to median -3708.80 (IQR (-3943.48)-(-2492.52)) pA observed in WT

channel expressing cells (Fig. 5F, grey squares). Rb+ fold change:

Irb/Ik

at -150mV demonstrated an inward current fold change of 1.29+0.04, median 1.28 (IQR 1.20-1.40) in
R166X alone cells, which was significantly improved (p=0.0001) to 12.38 + 1.57, median 11.48 (IQR 9.78-

11.96) in 3XCCT ACE-tRNAA9UCAtreated cells and were comparable to a median of 6.56 (IQR 5.45-
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11.30) in WT cells (Fig. 5G). We demonstrated that 3XCCT ACE-tRNAA9UCA gignificantly suppressed the

R166X mutation and successfully rescued the function of the Kir7.1 channel.

DISCUSSION

This study aimed to create an in vitro hiPSC model containing the single-nucleotide R166X
mutation in KCNJ13, which would then be used to evaluate the molecular mechanism of RPE dysfunction
associated with this mutation. Additionally, the study sought to investigate therapeutics that could
overcome the mutation. We and others have successfully incorporated single-nucleotide mutations using
CRISPR genome editing to develop diseased cell models from hiPSCs and fibroblasts [13, 54, 69-71].
We found that similar genome editing approaches to create R166X in hiPSCs or fibroblasts were
challenging (Supplementary Fig. S1 and Supplementary Fig. S2). Based on previous BEST1 gene
insertion in hiPSC cells, we excluded delivery as a limitation [69]. We posited that the complexities
associated with targeting the KCNJ13 gene chromatin structure accessibility within nucleosomes could be

the prime reason for the difficulty in creating the R166X mutation [72, 73].

The ORFs of genes designated for recombinant protein expression studies in plasmids are
characterized by the absence of higher-order chromatin folding structures [74]. Consequently, we
proceeded with genome editing of our recombinant gene, expressing the stable R166X mutant cell line
HEK FRT R166X (Fig. 2B and Supplementary Fig. S3). This strategy, which was applied to another
PTC mutation in the KCNJ13 (W53X) ORF located at an upstream position, resulted in the successful
genome-edited rescue of channel function [13]. Neither GE nor PE-mediated editing of the R166X
mutation was fruitful (Fig. 2C). Although one instance of 10% editing was noted following nucleofection of
an RNP base editor (A8NG), this outcome could not be replicated in subsequent trials (Fig. 2C).
Furthermore, the editing efficiency was suboptimal for conducting functional analysis. CRISPR-Cas9 GE
techniques have demonstrated the capacity for gene correction and functional recovery of nonsense
mutations both in vitro and in vivo [75-77]. Previous investigations employing ABE to rectify nonsense

mutations have resulted in the correction of genes with therapeutic implications both in vitro and in vivo
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[78, 79]. PE, a novel gene-editing technology, has also successfully corrected nonsense mutations and
restored function both in vivo and in vitro [22, 80-82]. Since we employed analogous GE, ABE-BE, and
PE techniques for the in vitro rectification of nonsense mutations, the biological activity of the genomic
editors in our study is unlikely to be the cause of the challenges we encountered. We conclude that the
R166X genomic loci present difficulties for targeted approaches, emphasizing that the efficacy of
available genome editing approaches is site-dependent. Additionally, as we were not able to insert the
R166X mutation into a primary cell line, our creation of a R166X stable cell line provides an alternative
method for studying rare mutations in vitro. The reporting of rare mutations is increasing, and primary cell
lines will not always be available to study the disease phenotypes and drug discovery [83, 84]. Therefore,
employing a stable cell line, such as the one described in this study, can be used as an alternative

method for therapeutic development.

The success of genome editing techniques depends on careful consideration of the design and
delivery of sgRNAs [15-19]. The R166X loci exhibit substantial thymine (T) and adenine (A) base repeats,
which may compromise the efficacy of sgRNA design (Supplementary Fig. S4A). sgRNAs are single-
stranded nucleic acids that are recognized for their ability to form hairpin structures [85]. Consequently,
the options for sgRNA design are limited to guides that incorporate repeating bases capable of
establishing a hairpin structure; thus, they are deemed unsuitable for effectively editing loci
(Supplementary Fig. S4B, S4C, and S4D) [86]. With ongoing advancements in CRISPR editing
methodologies, which allow for the use of elongated gRNAs or those located at a significant distance from

the mutation site, the potential for editing such mutation sites may become feasible.

We refocused our efforts towards a translation correction methodology to overcome the
limitations imposed by genomic editing techniques. Translational readthrough approaches provide an
alternative strategy for targeting monogenic mutations at the translational level, thereby eliminating the
need for individualized treatment for each mutation type. Several agents for readthrough therapies have
been tested, including aminoglycosides [24]. These readthrough drugs function by incorporating a NCT at

the PTC site, instead of terminating translation [25]. Despite their promise for treating PTC-causing
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diseases, they can lead to inconsistent off-target amino acid insertions with a missense phenotype [26-
28]. Additionally, aminoglycosides can lead to toxicity through binding to anionic phospholipids and
accumulating in lysosomes [29, 30]. Therefore, we chose to move forward with investigating the ability of

ACE-tRNA to overcome the R166X PTC mutation.

During protein translation, mMRNA codons engage in base pairing with tRNA anticodons, thereby
facilitating the incorporation of a specific amino acids [87]. Pharmacological agents, such as
aminoglycosides, have demonstrated a variable degree of translation readthrough in clinical trials [28, 88-
92]. These pharmaceutical substances exert stress on the translation machinery and promote the
incorporation of a near-cognate amino acid, frequently tryptophan, for UGA stop codons or glutamine for
UAG and UAA [93-95]. Although small-molecule readthrough drugs are prospective candidates for
addressing the R166X mutation, they may also lead to unintended amino acid substitutions and toxicity
[26-30]. We evaluated the efficiency of six distinct ACE-tRNAASYUCA variants (2XACG, 3XACG, 2XTCT,
3XTCT, 2XCCT, and 3XCCT), which were incorporated into minicircles to counteract PTCs using a GFP
plasmid (GFPT®4) (Fig. 3C). All six ACE-tRNAA9UGA constructs effectively suppressed PTC and
stimulated GFP expression. For therapeutic tRNA, it is crucial to account for the influence of varying
isoacceptors and isodecoders on suppression efficiency. Isoacceptors are tRNAs that carry the identical
amino acid yet differ in their anticodon sequences [96]. Additionally, tRNA isodecoders possess the same
amino acid and anticodon, although their nucleotide sequences differ structurally. Previous studies have
indicated that variations in tRNA isodecoders yield different suppression efficiencies for UAG stop codons
[97]. This could be due to differences in the affinity of each isodecoder with the ribosome, as well as
changes in the ribosomal conformation [98, 99]. In this study, arginine tRNAs with diverse isoacceptors
were selected and engineered to maintain the same UGA anticodon. Furthermore, the structural
sequence of tRNA varied, as illustrated in Fig. 3C. Consequently, our engineered tRNAs bore a closer
resemblance to isodecoders, which feature the same anticodon with distinct structural components. This
study demonstrated that isodecoders exhibited varying suppression efficiencies for the UGA stop codon,

with the most pronounced therapeutic outcome observed with 3XCCT ACE-tRNA”9YGA (Fig. 3C and
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Supplementary Fig. S5). Therefore, we selected the 3XCCT ACE-tRNAA9UCA to test suppression of the
R166X mutation. We observed translational readthrough, resulting in the expression of the full-length

Kir7.1 protein, at least partially, on the cell membrane (Fig. 4B).

Similarly, the translation readthrough of R166X by 3XCCT ACE-tRNAA9-UCA resulted in functional
channel rescue compared to the untreated (UT) mutant (Fig. 5). This rescue further demonstrated that
R166X suppression by 3XCCT ACE-tRNAAYUCA resulted in at least partial expression of protein on the
membrane observed in Fig. 4B. Since the functional rescue was shy of the WT channel current, we
reason that this variation is likely attributable to channels containing different ratios of WT and truncated
mutant domains. Suppression of the R166X gene by ACE-tRNAA9YCA treatment likely results in two
distinct protein molecules; one is a full-length protein andhe other is the truncated protein, both of which
can be localized to the membrane (Fig. 4B). Each of the four subunits of Kir7.1 is produced separately
following ACE-tRNA treatment, which permits the potential assembly of WT and mutant domains in
varying ratios within the same channel protein complex [41]. Heterogeneity among the channels likely
hinders their function, culminating in our observed partial recovery (Fig. 5). Live-cell imaging co-
transfection experiments further demonstrate that WT and R166X proteins are co-localized and can be
trafficked to the membrane, further supporting this hypothesis (Supplementary Fig. S6). This
phenomenon is evident in a missense mutation in the KCNJ2 gene, which encodes Kir2.1 [100].
Furthermore, an increase in the WT-to-mutant protein ratio was correlated with an enhancement in
channel function. We conclude that co-assembly of WT and mutant proteins within tetrameric channels, in
various possible ratios, may precipitate a reduction in channel function. Additionally, some of these
heterotetrameric WT/R166X channels could get caught in the ER or Golgi, potentially further contributing
to partial recovery due to a decrease in membrane channel expression (Fig. 4B and Fig. 5). To our
knowledge, this constitutes the first report of a nonsense mutation that is translocated to the membrane,
disrupting channel function. Despite observing partial rescue of Kir7.1 channel function using ACE-
tRNAAIUCA the level of recovery of membrane potential and current remains promising, suggesting that

future refinement of the treatment protocols for tetrameric channels may yield enhanced functional
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rescue. Our findings, along with prior studies, suggest that ACE-tRNA represents a promising biological
therapeutic molecule for treating diseases associated with PTCs, reaffirming previous observations of
PTC suppression by ACE-tRNA in various diseases, including CF and long-QT syndrome [35-37].

In addition to their efficacy in suppressing PTCs, previous research has demonstrated that NTCs
remain unaffected by ACE-tRNAs, suggesting minimal off-target effects during the translation process
[35]. Although this phenomenon is not yet understood, some possible reasons include genes containing
multiple NTCs that would not allow for the interference of the ACE-tRNA, biases for specific nucleotide
sequences in NTCs compared to those typically observed in PTCs, or differences in ribosomal complex
confirmation at PTC codons compared to NTC codons that would not allow for proper binding of an ACE-
tRNA to the ribosome at the NTC site [101-103]. Consequently, ACE-tRNA therapies have the potential to
mitigate off-target impacts commonly associated with genomic editing techniques and other readthrough
agents. Furthermore, for monogenic disorders such as LCA16, wherein various mutations can influence
disease phenotypes, ACE-tRNA therapies present a promising gene-agnostic strategy that can address
multiple mutations, thereby benefiting a broader patient population affected by these PTCs, without

necessitating individualized approaches typically required by genomic editing techniques.

CONCLUSION

In conclusion, our study showed that ACE-tRNAAY-UCA minicircles exemplify a promising
therapeutic approach for addressing PTC mutations in proteins that are challenging to target using
genomic methodologies, including CRISPR-Cas9. Furthermore, our study demonstrated the need for
further enhancement of therapeutic tRNA screening to improve its effectiveness and for employing

creative delivery mechanisms, such as minicircles.
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MATERIALS AND METHODS

Cell Culture

HEK293 cells (ATCC, CRL-3216), HEK Flp-In 293 (HEK293T) host cells (Thermo Fisher Scientific,
R75007), and fibroblasts were cultured in complete Dulbecco’s modified Eagle’s high-glucose medium
containing I-glutamine (DMEM, GIBCO, 11965-092) with 10% fetal bovine serum (FBS, HyClone™
Characterized Fetal Bovine Serum, Heat-inactivated, SH30396.03HI), 1% penicillin-streptomycin (Pen-
Strep, GeminiBio, 400-109), and 1% antibiotic-antimycotic (Anti-Anti, Gibco, 15240062) at passages #5-
25. The cells were maintained in an incubator at 37°C and 5% CO.. The medium was changed every 2-3
days. Cells were split once they reached 80% confluence by washing with Dulbecco’s Phosphate-

buffered Saline (DPBS, GIBCO, 14190144) and gently dissociated using Accutase (Corning, 25-058-Cl).

hiPSC cells were maintained in mTeSR Plus Medium (StemCell, 100-0276, kit). The medium was
changed every other day, and the cells were maintained in an incubator at 37°C and 5% COZ2. Once cells

reached 60-80% confluency, they were detached using 0.5 mM EDTA in DPBS.

CRISPR-Cas9 Approach to creating R166X mutation in hiPSC

A previously published WT line [104] was used to edit the KCNJ13 locus to introduce an R166X encoding
mutation. The sgRNA sequences tested were identified using the CRISPOR design tool (Version 4.99)
[105]. They were purchased from Synthego as a 1.5 nmol synthetic sgRNA with 2’-O-methyl 3’
phosphorothioate modification at the first and last three nucleotides, as recommended. The ssODN
sequence was ordered from Integrated DNA Technologies (IDT). The two sgRNAs and ssODNSs tested for
editing are described in Supplementary Fig. S1C. Before use, the stocks were reconstituted to 150

pmol/uL.

For editing, hiPSCs were cultured on Matrigel-coated plates in mTeSR Plus media (STEMCELL

Technologies) until they reached ~80% confluence using standard hiPSC culture protocols. 24 h before
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electroporation, the cells were treated with CloneR (STEMCELL Technologies), following the
manufacturer’s protocol. On the day of electroporation, 1 pL of reconstituted sgRNA was pooled with 4
pg Cas9 Nuclease protein (TrueCut Cas9 Protein V2, Thermo Fisher Scientific) and 5 uL of Neon Buffer
R (Invitrogen) to promote Cas9-RNP complex formation. After 15 min, 1.0 puL of sSODN (reconstituted to
50 pmol/pL concentration, designed with homology overhangs of at least 35 bp) was added to the Cas9-

RNP mix.

For the singularization of hiPSCs, the cells were incubated with a 1:1 mixture of 0.5 mM EDTA: Accutase
for 3-4 min, lifted off the culture surface, resuspended in 1 mL PBS, counted, and ~400,000 cells were
pelleted at 200xg for 3 min. Pelleted cells were resuspended in 35 uL Neon Buffer R and mixed with 8 L
of the pre-prepared Cas9-RNP complex with the repair sSSODN. Cells were electroporated using a 10 pL
NEON electroporation format with 1200V, 30 msec, and 1x pulse settings. Cells were pooled following
four rounds of electroporation and plated in mTeSR Plus media with CloneR supplement at the
manufacturer-recommended concentrations following a serial dilution to promote single-cell clonal growth.

Following expansion for 10-14 days, clones were identified and selected using standard techniques.

Bulk gDNA was collected from dissociated cells using QuickExtract DNA Extraction Solution 1.0
(Epicenter) to confirm editing efficiency before clonal selection. Single-cell clones were manually
selected and mechanically disaggregated into single cells. Genomic DNA was isolated from some cells
using QuickExtract DNA Extraction Solution 1.0 (Epicenter). Genotyping primers were designed to flank
the mutation site, allowing amplification of this region using Q5 polymerase-based PCR (NEB), and were
ordered through IDT (Supplementary Table S1C). The Forward primer, combined with one of the
reverse primers, was used for amplification. PCR products were identified using agarose gel
electrophoresis and purified using a Zymoclean Gel DNA Recovery Kit (Zymo Research). The clones
were submitted to Quintara Biosciences for Sanger sequencing using the forward primer as the
sequencing primer to identify clones with the appropriate genetic modification. ICE analysis was

performed using the Synthego ICE analysis online tool [57].
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CRISPR-Cas9 Approach to creating R166X mutation in WT fibroblast cells

Base editor mMRNAs (BE4 and eVDCN) were a gift from Dr. David R. Liu. sgRNAs were designed using
Benchling (https://www.benchling.com) to target the R166X location of the human KCNJ13 (hKCNJ13)
gene and ordered from Synthego. Fibroblasts were subcultured to 70% confluency for 24 h before
treatment. The cells were then nucleofected using the Lonza 4D Nucleofector CM-130 program with GE
mRNA (3ug), sgRNA 1 (50 pmol), and sgRNA 2 (50 pmol). Following electroporation, the cells were
maintained in 6-well plates in cell medium, which was changed 24-48 h after treatment. Cells were

collected for deep sequencing 5-7 days after treatment.

Creation of HEK FRT R166X and HEK FRT WT cell lines

GFP-tagged Kir7.1 (WT and R166X) was expressed in HEK Flp-In 293 (HEK293T) host cells (Thermo
Fisher Scientific, R75007) using a pFRT/lacZeo target site vector, as described by Kabra et al. (2023)
(Fig. 2A) [13]. Cells were maintained in DMEM containing 10% FBS, 1% penicillin-streptomycin, and 2
mM I-glutamine with 100 pg/mL zeocin before co-transfection with the GFP-tagged hKCNJ13 sequence
(WT or R166X) containing the Flp-In expression vector (ocDNA5/FRT) and pOG44 recombinase
expression plasmid. Cells were passaged to 25% confluency 48 h after co-transfection and maintained at
200 pg/mL hygromycin B for selection purposes. Clones resistant to hygromycin B were selected and
maintained at 100 pg/mL hygromycin B. Following the expansion of each clone, the clones were analyzed
using Sanger sequencing and immunocytochemistry. A list of the in-fusion cloning and Sanger

sequencing primers used is provided in Supplementary Table S2.

CRISPR Cas9 GE

Cas9 mRNA was obtained from TriLink Biotechnology. sgRNAs were designed using Benchling

(https:/imvww.benchling.com) to target the R166X locus in hKCNJ13. sgRNA designs were validated using



66

CRISPR-RGEN [106] and PnB Designer [80] online tools. The sgRNAs and ssODNs tested are described
in Supplementary Fig. S1F. Following validation, sgRNAs were ordered from Synthego Inc. (Menlo, CA).
An ssODN sequence was designed to have a 33 nt 5’ and 32 nt 3’ arm complementary to the target
strand. R166X stably expressing HEK293T cells were subcultured at 70% confluence for 24 h before
treatment. Cells were then nucleofected using the Lonza 4D Nucleofector CM-130 program with GE
mRNA (3 pg), sgRNA (100 pmol), and donor sequence (ssODN) (100 pmol). Nucleofection was
performed using an RNP complex formed by incubating GE protein (3 pg) and sgRNA (100 pmol) for 10
min at room temperature. Following nucleofection, cells were maintained in 6-well plates and the medium
(DMEM, 10% FBS, 1% Pen-strep, 1% Anti-anti, 100 ug/mL hygromycin B) was changed 24-48 h after

treatment. Cells were collected for deep sequencing 5-7 days after treatment.

CRISPR Cas9 BE

For base editing, sgRNAs from gene editing (above) were used, as described in Supplementary Fig.

S1F. ABES8e base editor mRNAs were obtained from TriLink BioTechnologies.

HEK293T R166X stable expressing cells, subcultured at 70% confluence 24 h before treatment, were
collected for nucleofection using the Lonza 4D Nucleofector CM-130 program with ABE8e mRNA
(spCas9-NG, 3 pg) [107] and sgRNA (100 pmol). Nucleofection was performed using the RNP complex
formed after incubation with ABE8e protein (3 pug) and sgRNA (100 pmol) for 10 min at room temperature.
Nucleofected cells were maintained as described above. Additionally, the cells were transfected with
ABE8e mRNA (spCas9-NG, 3 ug) [49] and sgRNA (100 pmol) using Lipofectamine 2000 (Thermo Fisher
Scientific, 11668—030). The medium was changed after 24-48 h and the cells were collected for deep

sequencing 5-7 days post-treatment.
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CRISPR Cas9 PE

Prime editing mRNA was synthesized as described by Doman et al. [81]. The custom design of the
SgRNA was performed using (pegFinder) [60] and ordered using Synthego. SgRNA designs were
validated using CRISPR-RGEN [106] and PnB Designer [80] online software. The sgRNA, ngRNA, and
pegRNA are illustrated in Supplementary Fig. S1G. Following validation, sgRNAs were ordered from
Synthego. R166X stably expressing HEK293T cells were subcultured at 70% confluence 24 h before
treatment. Nucleofection was performed as described above, with the following treatment groups: PE
MRNA Nucleofection1: PE2 mRNA (1 pg), R166X pegRNA (100 pmol), and R166X nicking sgRNA (60
pmol), or PE mRNA Nucelofection2: PE2ZmRNA (3 ug), R166X pegRNA (200 pmol), and R166X nicking
sgRNA (100 pmol). Additionally, the cells were transfected with Lipofectamine 3000 (Thermo Fisher
Scientific, L3000-001) with PE2 mRNA (3 pg), R166X pegRNA (200 pmol), and R166X nicking sgRNA
(150 pmol). The cells were maintained and subjected to deep sequencing 5-7 days after post-treatment,

as described below.

ACE-tRNAA9UGA Design

ACE-tRNAA9UCA minjcircles were selected and validated according to the methods described by Lueck et
al. [35]. Minicircles were custom-ordered from System Biosciences [(MN100B-2XArg and 3XArg ACG2-1,

109641) (MN100B-2XArg and 3XArg TCT3-2, 109094) (MN100B-2XArg and 3XArg CCT2-1, 109641)].

Suppression of PTC in GFPT®A Plasmid Treated Cells by ACE-tRNAA™:Y6A minicircles

A GFPT®A plasmid construct was created and validated according to the method described by Blomquist
et al. [37]. HEK293 cells were co-transfected with the GFPT¢A plasmid (1 pg) and one variation of ACE-
tRNAAYUCA minicircle (2XACG, 3XACG, 2XTCT, 3XTCT, 2XCCT, or 3XCCT) (1 pg) or dummy plasmid (1
Mg) in a 1:1 ratio using PolyJet™ (Signa Gen). Additionally, cells were treated with either the GFPWT

plasmid (1 ug) or minicircle DNA carrying GFP (MN601MC-1; System Biosciences) (1 ug), with a dummy
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plasmid (1 pg) in a 1:1 ratio, as positive controls. Cells were maintained in cell culture medium [DMEM,

10% FBS, 1% Penstrep, 1% Anti-anti] for 48 h, and the medium was changed 24 h after transfection.

Suppression of R166X mutation by 3XCCT ACE-tRNAA'9-YGA minicircle

HEK?293 cells were co-transfected with a GFP-tagged R166X plasmid (0.5 ug) and 3XCCT ACE-
tRNAAS-UCA minicircle (1.5 ug), or dummy plasmid (1.5 yg) at a 1:3 ratio using PolyJet™ (SignaGen) in 6-
well plates. Additionally, the cells were treated with a GFP-tagged WT-KCNJ13 plasmid (0.5 pug) and a
dummy plasmid (1.5 ug) in a 1:3 ratio as a positive control. Cells were maintained in cell culture medium
[DMEM, 10% FBS, 1% Penstrep, 1% Anti-anti] for 48 h, changing the medium 24 h after transfection.

Whole-cell patch-clamp and immunocytochemistry were performed 48 h after transfection.

Flow cytometry

48 h after transfection with GFPT¢* and ACE-tRNAA"9-UCA minicircle variant, cells were collected for flow
cytometry. Cells were washed with PBS, incubated in Accutase for 3—5 min in a cell incubator to
dissociate from the plate, and collected with flow medium [PBS, 0.1% BSA, 2 mM EDTA, and 10 mM
HEPES]. Cells were spun at 100 RCF for 3 min and resuspended in flow media twice for washing
purposes. The cells were filtered, and DAPI (0.8 ug/ml) was added. Flow cytometry was performed using

a BD FACSAria™ 11l Cell Sorter.

Immunocytochemistry

48 h after transfection with R166X plasmid and 3XCCT ACE-tRNAASUCA minicircle, R166X plasmid, and
dummy plasmid, or WT-Kir7.1 plasmid and dummy plasmid. The cells were plated on glass coverslips. 24

h after plating on glass coverslips, cells were fixed in 4% paraformaldehyde for 15 min at 4°C. The
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coverslips were washed three times with PBS for 5 minutes each at 4°C. Cells were permeabilized in
0.5% Triton X-100 at 4°C for 5 min and blocked using 4% horse serum and 0.25% Triton X-100 for 1 h at
4°C. Overnight incubation in primary antibody solution was performed at 4°C to probe for full-length Kir7.1
using a Kir7.1 C-12 mouse monoclonal antibody (1:200) (sc-398810, Santa Cruz Biotechnology, Santa
Cruz, CA). Cells were washed twice with PBS, for 5 min each at 4°C, before incubation with the
secondary antibody, donkey anti-mouse AlexaFluor-594 (1:500) (AB_#, Invitrogen) at room temperature
for 1 h. The coverslips were washed twice with PBS containing 0.05% Tween-20 at room temperature,
followed by incubation with DAPI (1:500) at room temperature for 20 min. HEK293 UT cells were used as
negative controls. The coverslips were mounted on microscope slides and imaged using a Nikon-C2
confocal microscope. Detection was performed using wavelengths of 488 nm for GFP, 568 nm for primary
antibody-tagged Kir7.1, and 405 nm for DAPI. NIS Elements (Nikon, Melville, NY, USA) software was

used for image analysis.

Co-transfection of WT and mutant Kir7.1

HEK?293 cells were transfected using PolyJetTM (Signa Gen, SL100688) for co-transfection in a 1:1 ratio
of the following plasmids: WT (1 pg) + R166X (1 pg), or WT (1 pg) + W53X (1 pg), or WT (1 pg) + dummy
plasmid (1 pg), or R166X (1 pg) + dummy plasmid, or W53X (1 pg) + dummy plasmid. The R166X and
W53X plasmids were each GFP tagged, and the WT plasmid was RFP tagged for fluorescent
visualization. For 24 hours, cells were maintained in medium (DMEM, 10% FBS, 1% Penstrep, 1% Anti-
anti). Cells were then split using DPBS and Accutase and plated on poly-d-lysine-coated 35mm imaging
dishes (MATTEK, P35GC-1.0-14-C) with a diameter of 14 mm. Twenty-four hours after plating, the cells

were used for imaging.
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Live-cell Imaging

Z-stacks of co-transfected cell fluorescence were imaged using Andor iQ 3.6.5 software on a Nikon
Eclipse Ti microscope, an iXon x3 897 EM-CCD camera, and the Andor Revolution XD spinning disk
confocal microscopy system (Andor, Belfast, Northern Ireland) under a 60X objective. Cells were
maintained in extracellular HEPES-buffered Ringer’s solution (HR) (135 mM NacCl, 1 mM MgCl,, 10 mM
HEPES, 1.8 mM CacCl,, 10 mM glucose, and 5 mM KCI; pH: 7.4; osmolarity: 300 mOsm) during imaging
studies. Images were analyzed using ImageJ (Fiji, 1.54p) software, and Pearson’s coefficient was

calculated by comparing red and green fluorescence using the BIOP JaCoP Plugin in ImageJ.

Next-generation Sequencing

Off-target analysis using deep sequencing with next-generation sequencing (NGS) was performed on all
genome-edited samples. The cells were washed with PBS and collected using Accutase. Genomic DNA
(gDNA) (Zymo Research, D4069) was isolated, samples were quantified using Nanodrop 200 (Thermo
Fisher Scientific), and RT was performed to generate complementary DNA (cDNA) (Thermo Fisher
Scientific, 4368814). Sample off-target analysis was performed using KCNJ13 Illumina-specific primers
(Supplementary Table S3). Sequencing of the indexed libraries was performed using an lllumina
MiniSeq instrument. The results were analyzed using an R-GEN Cas-Analyzer [108]. NGS was performed

using NovaSeq 6000 (lllumina).

Single-Cell Patch Clamp

Functional impact of 3XCCT ACE-tRNAA'9UCA of the R166X mutation was investigated at the single-cell
level using whole-cell patch-clamp recordings. Co-transfection with R166X and a dummy plasmid or a WT
plasmid and a dummy plasmid was used as negative and positive controls, respectively. Extracellular
HEPES-buffered Ringer’s solution (HR) consisted of (in mM) 135 NaCl, 1 MgCl,, 10 HEPES, 1.8 CacCl,,

10 glucose, and 5 KCI. The pH was adjusted to 7.4 using NaOH, and the osmolality was confirmed to be
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300 mOsm. The pipette solution (H1L) contained (in mM): 30 KCI, 83 K-gluconate, 5.5 EGTA-KOH, 0.5
CacCl,, 4 MgCl,, 10 HEPES, and 4 ATP. The pH was adjusted to 7.2 using KOH, and the osmolality was
confirmed to be 280 mOsm. The Rb+ solution contained the same components as the HR solution,
except that Na+ was replaced with 135 mM Rb+. The pH was adjusted to 7.4 using RbOH, and the
osmolality was confirmed to be 300 mOsm. A ramp protocol, ranging from +50 to -150 mV, was used for
the voltage-clamp recordings from a holding potential of 0 mV. Similarly, channel currents were recorded
using a protocol that ranged from +50 to -150 mV in 50 mV increments from a 0 mV holding potential for
over 300 milliseconds. The pipette resistances ranged from 3 to 5 MQ, and the seals were maintained
under GQ conditions. Data acquisition was conducted using an Axopatch 200 B, Digidata 1550, and

Clampex 11. Data were analyzed using Clampfit 11.2 (Molecular Devices, CA).

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean £SEM.

Acknowledgements:

David R. Liu gifted our lab base editor mRNAs (BE4 and eVDCN).

Schematic images were created with Biorender.com.

UW Biotechnology Center Core Acknowledgement:

The author(s) utilized the University of Wisconsin—Madison Biotechnology Center's DNA Sequencing

Facility (Research Resource Identifier — RRID:SCR_017759) for Sanger and next-generation sequencing.



72

UW Flow Cytometry Core Acknowledgements:

The authors utilized the University of Wisconsin Carbone Cancer Center (Support Grant P30 CA014520)

for flow cytometry results.
Grant Acknowledgement

This study was supported by a grant (R24EY032434) from the National Institute of Health. Additionally, it
was partially funded by a core grant from the National Institute of Child Health and Human Development
(P50HD105353) to the Waisman Center, USA. The research was also supported by the University of
Wisconsin— Partnership Education and Research Committee funds and the Harrington Discovery
Institute’s Gund-Harrington Scholar award (to KS) and unrestricted funding from Research to Prevent
Blindness. We acknowledge the Retina Research Foundation's Kathryn and Latimer Murfee Chair (to
KS), the M.D. Matthews Research Professorship and Daniel Albert Chair (to BRP), the Retina Research
Foundation Emmett A. Humble Distinguished Directorship (to DMG), and the McPherson ERI Sandra

Lemke Trout Chair in Eye Research (DMG).



73

FIGURES AND TABLES

Gene Protein Therapy Outcome
Create Diseased Model

Missense GE
ks N
B GRNA " SS6DN AAAAATCGAGCTTTT
A fe hiPSC
T AAAAATCGAGCTTTT
Gene Augmentatio - Correct Diseased Model
< 5 N Before Editing
Wid-typo gRNA SSGDN After Editing, No
m = F{JZ or \ ez
sk’ Y | =e== (E¥=2S) AAAAATTGAGCTTTT
- / BE
% or »>  HEKFRT
Genomic Editing — PE R166X AAAAATTGAGCTTTT
Nonsense i ——r

0"\.
m ‘ ,!, . ACF:u-:tRNA HEK seesoecsce eecssssese
| & /

00000006000 0000000800
I -
y > p

Read-through X Uncorrected Corrected

Summary Figure: Therapeutic options for nonsense mutations, which lead to a premature stop codon
and non-functional, truncated protein product, include gene augmentation, genomic editing, and
readthrough therapies. Options for missense mutations that can lead to a full-length product containing an
incorrect amino acid at the mutation site, only include gene augmentation and genomic editing. Therefore,
nonsense mutations as a model provide a broader opportunity to compare the success of therapeutics. In
our study we were not able to successfully create a nonsense mutation, R166X, expressing a hiPSC cell
line through genomic editing, GE techniques, thus there was no insertion of a nonsense mutation in our
WT sequence. R166X expressing cells were also difficult to edit using genomic editing techniques,
including GE, BE, and PE, leading to no correction of the mutant sequence. In contrast, treatment using
an ACE-tRNAA9UGA gn HEK cells containing an R166X ORF was able to suppress the mutation and lead

to a functional WT protein product expressed on the membrane. The cell population after treatment



resulted in a mixed cell population with some cells containing corrected channels and others not.
Therefore, we demonstrated that ACE-tRNA can be a therapeutic option for mutations that are

challenging to target using genomic editing techniques.
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Figure 2: Genome editing of the KCNJ13 R166X locus. (A) lllustration of the construct design used to
generate HEK293 FRT cells with stable expression of the R166X mutation. (B) Sanger sequencing
results of the HEK FRT R166X stable cell line, showing the mutant TGA codon (highlighted in red). (C)
Percentage of editing outcomes across different genomic editing methods. GE - genome editing; BE -

base editing; PE - prime editing; NF - nucleofection; TR - transfection; UT - untreated.
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Figure 3: Strongest suppression of UGA premature codon by 3XCCT ACE-tRNAA™9UGA,
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(A)

Minicircles contained either 2X or 3X copies of the ACE-tRNA. A single copy of the tRNA sequence is

illustrated as a purple arrow. (B) Representation of UGA PTC suppression of GFP GFPT¢* plasmid co-

transfected with an ACE-tRNAA9YGA minicircle in HEK293 cells. (C) Modified nucleotide sequence

between CCT-2-1, TCT-3-1, and ACG-2-1 tRNA-Arg isodecoders. The base alterations are highlighted in

orange. The insertion site of the mutant TGA change within the anticodon region is indicated in green.

Flow cytometry plots of HEK293 cells co-transfected with a GFPT®A plasmid and one of six ACE-

tRNAA9VCA jsodecoders, GFPT* alone, a WT GFP plasmid (GFPYT P) alone, a WT GFP minicircle

(GFPWYT MC), or untreated (UT). The proportion of GFP-positive cells indicates that 3XCCT ACE-

tRNAA9-UGA \was the most effective.
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Figure 4: KCNJ13 nonsense mutation R166X suppression leads to Kir7.1 protein expression. (A)
Schematic of methods. The R166X mutation site is within exon 3 (Ex3) of the KCNJ13 gene, as
illustrated. Ex2: exon 2. (B) Immunocytochemistry (ICC) images of co-transfected HEK293 cells illustrate
the expression of full-length C-terminal Kir7.1 protein (red) on the cell membrane in cells treated with
R166X plasmid combined with 3XCCT ACE-tRNAA9-UCA minicircle, or with KCNJ13-WT (WT) plasmid
plus a control plasmid, in contrast to the absence of full-length Kir7.1 protein (red) expression in cells
treated solely with R166X plasmid or UT. N-terminal GFP-tagged expression of WT or R166X protein is
visualized in green. Scale bars measure 50 um. (C) Pearson’s correlation coefficients of ICC images. The
entire set of images from the n = 5 technical repeats was analyzed using NIS-Elements AR software to
determine the Pearson’s correlation between the red and green channels. Statistical significance was

assessed using a two-tailed Student’s t-test, with ***P<0.001.
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Figure 5: Rescue of Kir7.1 function following 3XCCT ACE-tRNAA9YGA minicircle treatment. (A)

Schematic experimental design. (B) Current response to voltage steps +50 to -150 mV (inset) from a

holding potential of 0 mV showing whole-cell or Rb+ ionic current steps in HEK293 cells expressing WT,

R166X, or R166X+3XCCT ACE-tRNAASUCGA Scale bars are shown for the whole cell, measuring 250 pA

vertically and 100 ms horizontally. Scale bars for Rb+ are 1000 pA vertically and 100 ms horizontally. (C)

Current-voltage plot for K+ in HEK293 cells demonstrating rescued current in R166X+3XCCT ACE-

tRNAAIUCA tRNA treated cells (purple triangles) compared to R166X alone (orange circles). Inset

highlights WT (grey squares) compared to R166X+3XCCT ACE-tRNAArg.UGA tRNA (purple triangles)

with expanded y-axis to demonstrate partial recovery following ACE-tRNA treatment. (D) Average K+

currents at -150 mV and (E) average resting membrane potentials shown for WT (grey quadrangles),
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R166X (orange quadrangles), and R166X+3XCCT ACE-tRNA~9UCA (purple quadrangles) expressing
cells. Data show average values + SEM. Statistical significance measured by two-tailed Student’s t-test
and denoted as *P<0.05, **P<0.01, and ***P<0.001. n=9 for R166X+3XCCT ACE-tRNAASUCA n=7 for
WT, and n=6 for R166X. (F) Rb+ current in HEK293 cells demonstrating rescued current in
R166X+3XCCT ACE-tRNAAGUCGA tRNA treated (purple triangles). WT-treated cells are shown in grey
squares, and R166X-treated cells are shown in orange circles. (G) Current (1) fold increase when treating
cells with Rb+ is shown for WT (grey quadrangles), R166X (orange quadrangles), and R166X+3XCCT

ACE-tRNAA9VUGA (purple quadrangles) treated cells.
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Supplementary Figure S1: Strategies for R166X locus genome editing. (A) Experimental design of
genome editing techniques in HEK FRT R166X and hiPSC cells. (B) hiPSC cells appear healthy post-
genome editing. (C) Schematic representation of CRISPR GE design. PAM sites are depicted in purple. A
black arrow indicates guide RNA 87 (sg87). A green arrow indicates guide RNA 92 (sg92). A black box

and green lettering emphasize the target site within the sequence. The ssODN sequence is depicted with
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a blue arrow. (D) Sanger sequencing results of hiPSC-treated cells, using either guide RNA sg87 or sg92,
demonstrating no editing following treatment, as evidenced by the presence of the WT CGA codon
(highlighted in a green box). (E) Synthego ICE Analysis (https://ice.editco.bio/#/) results displaying the
relative contribution of each sequence following editing with sg87 (top) and sg92 (bottom), indicating 0%
insertions or deletions (indels) and 100% contribution of the WT sequence for either guide RNA. (F)
Schematic representation of gene editing (GE) and base editing (BE) design. It should be noted that the
ssODN was utilized solely for GE. The PAM site is shown in purple. A black arrow indicates the guide
RNA. A black box and red lettering highlight the mutant site within the sequence. The ssODN sequence is
shown with a blue arrow, with wobble bases denoted by green arrowheads and letter modifications. The
ssODN sequence contains the WT (CGA) sequence, indicated by a grey arrowhead with a letter change
from TGA to CGA. (G) Schematic illustration of prime editing (PE) design. The PAM site is depicted in
purple. A black arrow represents the guide RNA. A black box and red letters indicate the mutant site in

the sequence. A green arrow shows the prime editing nicking guide.
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TAACGGGCCGGTTTTTTAGCTLGAAAAAGTTAAGCGAAATGACTGTGTCGTCATCATCGAGTGTACCTACCGTTT
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Supplementary Figure S2: Outcome of CRISPR editing on KCNJ13 WT (WT) expressing patient-
derived fibroblasts to create a R166X mutation. (A) Schematic representation of the BE design, with
PAM sites indicated in purple. a black arrow marks sgRNAL, while a blue arrow denotes sgRNA2. The
mutant site is emphasized with a black box and red letters within the sequence. (B) lllustrates the
percentage of editing efficiencies for each treatment type, indicating the absence of editing activity with
either base editor. Green and grey diamonds represent the BE4 base editor, whereas the eVDCN base

editor is depicted with blue and grey diamonds. UT indicates untreated samples.
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Supplementary Figure S3: Creation of stably expressing KCNJ13 WT (WT) and R166X mutant cell

lines. (A) A comparison was made between the established stable cell lines, HEK FRT R166X and HEK
FRT WT, and HEK293 UT cells, utilizing immunocytochemistry (ICC). The Kir7.1 protein is tagged with
GFP in the stable cell lines. Na+K+ATPase serves as a membrane marker. GFP expression is localized
on the membrane in HEK FRT WT stable cells, on both the membrane and within the cytoplasm in HEK
FRT R166X stable cells, and is absent in HEK293 UT cells. Scale bars represent 50 um. (B) Sanger
sequencing results confirm that the stable cell lines contain either WT (CGA) or R166X mutant (TGA)

genomic DNA sequences. UT = untreated.
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Supplementary Figure S4: Computational models of hairpin structures from gRNAs for genomic
editing techniques. (A) The mutation site of R166X, with the mutant nucleotide base change highlighted
in red, is detailed. Green circles indicate the number of bases from the mutated site. Base repeats of
three or more are enclosed within purple boxes. These repeats are located at specific positions in the 3’
to 5’ target strand relative to the mutation site: thymine (T) repeats at positions +5 to +9, +18 to +20, and -
28 to -31; adenosine (A) repeats at positions -2 to -7; and cytosine (C) repeats at positions -12 to -14. (B)
Depicts a hairpin structure hypothesized to form in the sgRNAs employed in the CRISPR technique for

introducing the R166X mutation into hiPSC cells. (C) lllustrates the potential hairpin structure formed by
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the sgRNAs used for CRISPR editing to generate the R166X mutation in patient-derived WT fibroblast
cells. (D) Shows the expected hairpin structure that may form in the sgRNAs utilized in CRISPR genomic
editing techniques aimed at correcting the R166X mutation in cells with stable expression. All
computational models of hairpin structures were generated using the Forna visualization tool

(http://rna.tbi.univie.ac.at/forna/).
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Supplementary Figure S5: Strongest suppression of UGA PTC using 3XCCT ACE-tRNA
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minicircle formulation. (A) The graphical representation of the mean values derived from two flow

cytometry experiments illustrates that the highest number of cells exhibiting fluorescence (Percent GFP)

are those treated with the 2XCCT and 3XCCT formulations. We proceeded with the 3XCCT ACE-

tRNAArg.UGA, as it contains an additional copy of the tRNA sequence, thereby increasing the availability

of tRNA for suppression. (B) Fluorescent microscopy images display GFP fluorescence in HEK293 cells

48 hours post-co-transfection with a GFPTGA plasmid and one of six different formulations of ACE-

tRNAArg.UGA, GFPTGA alone, or untreated. Scale bars = 300 ym. P = plasmid; MC = minicircle; UT =

untreated.
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Supplementary Figure S6: Co-localization of R166X and WT protein in HEK293 cells. (A) Schematic
of experimental design and expected results. HEK293 cells were transfected in a 1:1 ratio with either
RFP-WT:GFP-Mutant or RFP-WT:dummy plasmid or GFP-Mutant:dummy plasmid. Expected results are
that WT, R166X, and WT+R166X will be expressed on the membrane. Additionally, W53X will remain in
the cytoplasm. Therefore, we expected that co-localization of WT (red) and mutant (green) would be high
in WT+R166X and low in all other treatments. (B) Confocal Images of WT (red), mutant (green), and WT
+ mutant (yellow) cells. Pearson’s correlation was performed using the BIOP JACOP plugin in Fiji analysis
software by comparing the correlation between the red and green channels. Heat map from Pearson’s
correlation analysis is shown on the right. (C) Box and whisker plot of Pearson’s correlation values using
the BIOP JACOoP plugin for cells treated with W53X alone (orange; n=2), R166X alone (green; n=3), WT

alone (red; n=3), WT+W53X (teal; n=3), or WT+R166X (purple; n=7). Average values for each are as
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follows: 0.012 for W53X, 0.016 for R166X, 0.308 for WT, 0.242 for WT+W53X, and 0.846 for WT+R166X.
SEM values are: 0.001 for W53X, 0.004 for R166X, 0.149 for WT, 0.146 for WT+W53X, and 0.041 for
WT+R166X. Statistical significance measured by two-tailed Student’s t-test and denoted as *P<0.05,
**P<0.01, and **P<0.001. P-values for each sample compared to WT+R166X are: 8.533x10E-7 for
W53X, 7.565x10E-7 for R166X, 0.0595 for WT, and 0.045 for WT+W53X. All other P-values between

compared values were not significant.
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Primer Name 5°-3’ Sequence GC%
FWD Primer TCTGGCTGTAGCCAAGTTGC 50
RVS Primer 1 TGGAGCAGAGTAGCCAGAGG 60
RVS Primer 2 ATTCACCTTTGGAACCTCGG 50

Supplementary Table S1: Sanger sequencing primers for insertion of the R166X mutation in

hiPSC. Primers used for detecting the insertion of the R166X mutation in hiPSC cells were custom-

designed and obtained from Synthego (https://www.synthego.com). FWD: forward primer; RVS: reverse

primer.
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Primer Name 5°-3’ Sequence GC %
In-fusion FWD TCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTA 50
In-fusion REV AGTCGAGGCTGATCAGCGGGTTTAAACGGGCCCTCTAGAC |50
GFP FWD CAAGTCCGGACTCAGATCTCGAGCTC 57
Kir7.1 RVS TTATTCTGTCAGTCCTGTTT 72

Supplementary Table S2: In-fusion KCNJ13 cloning in FLP-In expression vector and Sanger

sequencing primers. The Gibson assembly primer design tool (https://tools.sgidna.com/gibson-

assembly-primers.html) was employed for primer design. Primers were procured from IDT

(https://www.idtdna.com). The annealing sequences for in-fusion primers are as follows: FWD: 5'-

ATGGTGAGCAAGGGCGAGGA-3’; RVS: 5-TTATTCTGTCAGTCCTGTTT-3’. The NCBI Primer-BLAST

tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design Sanger sequencing primers,

specifically GFP FWD and Kir7.1 RVS. FWD denotes the forward primer; RVS signifies the reverse

primer.



Primer Name 5°-3’ Sequence GC %
R166X NGS FWD GTGCAATCGCCTTACTTGCC 55
R166X NGS RVS TGCCATCCATGTGAGCTACT 50

Supplementary Table S3: Primers for amplifying hKCNJ13 at the R166X location for off-target
analysis. The NCBI Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used for

primer design. The primers were procured from IDT (https://www.idtdna.com) and included adaptor

sequences suitable for the lllumina NGS platform. The adaptor sequence for the forward primer (FP) is:

5-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3'. The adaptor sequence for the reverse primer
(RP) is: 5-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3'. The abbreviations NGS, FWD, and

RVS denote next-generation sequencing, forward primer, and reverse primer, respectively.
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SUMMARY

Mutations in the KCN13 gene, which encodes the inwardly rectifying potassium channel Kir7.1,
lead to loss of vision in human patients. Therefore, the optimization of therapies, such as ACE-tRNA, to
treat mutations is necessary for the future development of clinical treatments. One mutation in KCNJ13,
identified in patients, is R166X. In Chapter 2, we evaluated the efficacy of genomic editing and ACE-
tRNA techniques in treating the R166X mutation. 3XCCT ACE-tRNAAS UCA treatment to R166X
demonstrated successful expression of WT Kir7.1 on cell membranes and partial recovery of channel
function. Interestingly, the mutant R166X protein was also expressed on the membranes of treated cells.
Kir7.1 is a tetrameric channel; therefore, leading us to hypothesize that mutant and WT subunits could be
co-assembling and hindering full functional recovery following 3XCCT ACE-tRNAA™S- UCA treatment. To
further confirm this, we performed live-cell imaging on cells treated with GFP-tagged R166X and red
fluorescent protein (RFP)-tagged WT plasmids. The W53X mutation to KCNJ13 does not get trafficked to
the membrane; therefore, GFP-tagged W53X and RFP-tagged WT-treated cells were used for
comparison. Live-cell imaging results demonstrated co-expression of mutant R166X and WT protein on
the cell membrane, which was not observed in W53X+WT-treated cells. Additionally, R166X+WT cells
resulted in a high Pearson’s coefficient value. In contrast, W53X+WT treatment resulted in a low
Pearson’s coefficient. These results suggest that the partial recovery observed following 3XCCT ACE-
tRNAA9 UCA treatment to R166X is due to the co-assembly of WT and R166X subunits to form a

WT/R166X heterotetrameric Kir7.1 channel.
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INTRODUCTION

Kir7.1 is an inwardly rectifying potassium channel encoded by the KCNJ13 gene [1]. Mutations in
the KCNJ13 gene lead to LCA16 and SVD and are characterized by vision loss [2-5]. Eventual blindness
occurs from the loss of RPE cell function due to Kir7.1 dysfunction [6]. The RPE cells are responsible for
maintaining the health of the eye [7, 8]. Therefore, dysfunction and subsequent degradation of RPE cells,
results in loss of the other retinal cells. The progression of this disease warrants the development of
therapies that can overcome mutations, restore RPE function, and prevent further degradation of the

retina.

One of these mutations is ¢.496C>T (p.Argl66Ter or R166X) [3]. This recessive mutation is
characterized by a PTC, resulting in a truncated non-functional protein product. Several therapeutic
options have been investigated for the treatment and suppression of PTCs. Genomic editing techniques
such as GE, BE, and PE have demonstrated successful efficiency in correcting PTCs at the genomic
level [9-11]. However, off-target editing effects and barriers to efficient delivery have prevented many
genomic editing techniques from progressing to clinical trials [12-15]. Readthrough therapies target
suppression of the mutation at the translational level and have demonstrated successful suppression of
PTC mutations [16, 17]. However, translational readthrough therapy drugs result in inconsistent insertion
of off-target amino acids, and some drugs have demonstrated toxicity [18-22]. Recently, another form of
readthrough therapy, ACE-tRNA, was tested and found to be successful at suppressing PTCs [23-25].
The native tRNA, which contains the target amino acid, is engineered to recognize the PTC codon of the
mutation and incorporate the correct amino acid [26]. Therefore, translation continues and results in the
production of the correct full-length protein. This therapy targets PTC suppression at the translational
level, and no off-target effects have been observed [23]. Demonstrating that future ACE-tRNA therapies

should also suppress PTCs in different disease models, without resulting in off-target effects.

In Chapter 2, we wanted to compare the ability of genomic editing and ACE-tRNA to overcome
the R166X mutation. We demonstrated that while genomic editing was not successful in overcoming the

mutation, likely due to the presence of repeated base sequences at the mutation site, 3XCCT ACE-
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tRNAAY UGA was able to suppress the mutation. 3XCCT ACE-tRNAA9 UCA therapy resulted in the
expression of WT protein on the membrane and partial recovery of channel function. Interestingly, we
also observed that the R166X mutant protein is expressed on the membrane. This led us to hypothesize
that the R166X and WT subunits may co-assemble on the membrane following treatment, thereby

decreasing the effectiveness of the functional rescue.

Kir7.1 is a homotetrameric channel that does not co-assemble with other Kir channel subunits
[27]. Therefore, the partial recovery demonstrated in Chapter 2 may be due to co-assembling subunits of
R166X and WT protein to create a mixed WT/R166X heterotetrameric protein. Variability in functional
recovery could be due to varying levels of treatment to the cells or due to tetrameric channels consisting

of various ratios of R166X to WT subunits.

We wanted to understand if R166X and WT subunits were co-assembling on the cell membrane.
To test this, we performed live-cell imaging on cells treated with GFP-tagged R166X and RFP-tagged WT
plasmids. Additionally, a study on the W53X mutation to KCNJ13 demonstrated that the mutant protein
gets stuck in the cytoplasm [28]. Therefore, cells were treated with GFP-tagged W53X and RFP-tagged
WT plasmids for comparison. We hypothesized that we would observe R166X and WT subunits on the
membrane and that analysis using Pearson’s coefficient would demonstrate a high correlation between
the two subunits. In contrast, a low Pearson’s coefficient would be observed in W53X and WT channels

due to W53X cytoplasmic and WT membrane expression.

RESULTS

R166X and WT-Kir7.1 protein display correlated membrane expression on HEK293 cells.

We wanted to elicit further if R166X and WT protein were co-expressing on the membrane and
leading to partial recovery of Kir7.1 expression, following 3XCCT ACE-tRNAAY UCA treatment, as
displayed in Chapter 2. HEK293 cells were co-transfected with a WT-Kir7.1 plasmid and a plasmid with a

mutant form of Kir7.1 (W53X or R166X), at a 1:1 ratio (Fig. 1A). KCNJ13 mutations were GFP-tagged,
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and WT-Kir7.1 was RFP tagged to allow for visualization. Expected results were that WT, R166X, and
WT+R166X would be expressed on the membrane, as observed in Fig. 4B of Chapter 2. Therefore, a
high correlation is expected between R166X and WT in WT+R166X samples. Additionally, previous
studies have demonstrated that the W53X mutation to KCNJ13 does not get trafficked to the membrane
[28]. Therefore, W53X is expected to be expressed in the cytoplasm and show no correlation with WT in
WT+W53X-treated cells. Live-cell images taken 48 hours after plasmid transduction resulted in R166X
(green) and WT (red) expression on cell membranes (Fig. 1B). Therefore, co-transfection with
WT+R166X showed high correlation and yellow (red + green) fluorescence. In contrast, W53X (green)
was expressed in the cytoplasm, and WT+W53X co-transfected cells showed low correlation and very
little yellow fluorescence. Pearson’s coefficient values confirm this observation when correlating red
(RFP) and green (GFP) fluorescence in confocal images (Fig. 1C). A statistically significant difference
between WT+R166X and the following samples was observed: W53X (p=8.533XE-7), R166X
(7.565x10E-7), WT (0.0595), and WT+W53X (0.045), further supporting the correlation between R166X

protein and WT-Kir7.1 protein expressing on the membrane.

DISCUSSION

In Chapter 2, we observed both WT and mutant R166X expression on the membranes, following
treatment with SXCCT ACE-tRNAAY9 UGA Additionally, only a partial recovery of channel function was
demonstrated. Therefore, we wanted to investigate further if WT and R166X subunits can co-assemble

on cell membranes, to explain the partial recovery.

Live-cell imaging of R166X and WT-treated cells demonstrated co-localization of mutant and WT
channels on the membrane (Fig. 1B). This was confirmed using analysis of Pearson’s coefficient (Fig.
1C). A similar phenomenon has been reported in missense and deletion mutations that result in a loss of
function. A missense mutation, F508del-CFTR, in the CFTR gene demonstrated channel trafficking to the

membrane [29]. A Val302del missense mutation to the KCNJ2 gene demonstrated mutant Kir2.1
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expression on cell membranes [30]. Additionally, a mutation that results in the deletion of three bases,
AF275 in the KCNJQ1 gene, did not disrupt the trafficking of the mutant Kv7.1 protein to the membrane
[31]. The phenomenon of mutant protein being trafficked to the membrane has been reported. However,
to our knowledge, this is the first report of a nonsense mutation demonstrated to be trafficked to the

membrane.

In contrast, W53X and WT treatment resulted in low membrane co-localization and a low
Pearson’s coefficient value (Fig. 1B and C). Therefore, confirming our strong correlation results observed
in the R166X+WT treatment. A previous study observed that the W53X mutation resulted in the protein

getting stuck in the cytoplasm [28]. Our results confirm this characteristic of the W53X mutation.

These results support the expression results demonstrated in Chapter 2. Since Kir7.1 is a
homotetrameric channel, these results further suggest that partial recovery of 3XCCT ACE-tRNAA: UGA
treatment is a result of R166X and WT subunits co-assembling and creating a mixed WT/R166X
heterotetrameric channel [27]. In a similar study, mutant missense Val302del-KCNJ2 was co-transfected
with WT protein and demonstrated reduced function, compared to WT, but not a total loss of function
unless cells were treated with Val302-del-KCNJ2 alone [30]. Additionally, this study demonstrated that an
increase in ratios of WT to mutant protein resulted in a dose-dependent improvement to channel function.
Therefore, demonstrating that in the case of a therapy such as 3XCCT ACE-tRNAA9-UGA tg the R166X
mutation, optimization of treatment dose could improve functional recovery. By delivering a higher dose of
the treatment, the cell should produce a higher ratio of WT protein. This optimization of drug dosage
could improve the chances of homotetrameric WT channels assembling without mutant subunits.
Additionally, studies have demonstrated that only a small percentage of cells containing native functional
CFTR CI channels is required to allow for normal function [32-34]. The necessary levels of functional
Kir7.1 channels required for cellular function remain to be investigated but would aid in further

optimization of ACE-tRNA dosage.

ACE-tRNA therapies have been investigated in nonsense mutations to the CFTR gene. Full

function has been restored to these channels following treatment [23, 25]. The differences in ACE-tRNA
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success in CFTR PTC mutations, compared to the R166X PTC mutation in KCNJ13, are likely due to the
monomeric nature of the CFTR protein and the membrane trafficking of the WT/R166X heterotetrameric

proteins that we have demonstrated in this study [35].

In summary, tetrameric proteins that contain membrane trafficking mutants, such as R166X, are
likely more complex to target with ACE-tRNA therapy than monomeric proteins. Additionally, these
mutants require more precise optimization of therapy dosage to restore full-channel function than

monomeric protein mutations.

MATERIALS AND METHODS

Cell Culture

HEK293 cells (ATCC, CRL-3216) were maintained in complete medium containing: Dulbecco’s modified
Eagle’s high-glucose medium with |-glutamine (DMEM, GIBCO, 11965-092), 10% fetal bovine serum
(FBS, HyClone™ Characterized Fetal Bovine Serum, Heat-inactivated, SH30396.03HI), 1% penicillin-
streptomycin (Pen-Strep, GeminiBio, 400-109), and 1% antibiotic-antimycotic (Anti-Anti, Gibco,
15240062). Cells were cultured at passages #5-25 in an incubator at 37°C and 5% CO.. Cells were split
at around 80% confluency using Dulbecco’s Phosphate-buffered Saline (DPBS, GIBCO, 14190144) for

washing and Accutase (Corning, 25-058-Cl) for dissociation. Media was changed every 2-3 days.

Co-transfection of WT and mutant Kir7.1

HEK293 cells were transfected using PolyJet™ (Signa Gen, SL100688) for co-transfection in a 1:1 ratio of
the following plasmids: WT (1ug) + R166X (1ug), or WT (1ug) + W53X (1ug), or WT (1ug) + dummy
plasmid (1ug), or R166X (1ug) + dummy plasmid, or W53X (1ug) + dummy plasmid. The R166X and
W53X plasmids were each GFP tagged, and the WT plasmid was RFP tagged for fluorescent

visualization. For 24 hours, cells were maintained in medium (DMEM, 10% FBS, 1% Penstrep, 1% Anti-
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anti). Cells were then split using DPBS and Accutase and plated on 14mm glass diameter, poly-d-lysine-
coated 35mm imaging dishes (MATTEK, P35GC-1.0-14-C). 24 hours after plating, cells were used for

imaging.

Live-cell Imaging

Z-stacks of co-transfected cell fluorescence were imaged using Andor iQ 3.6.5 software on a Nikon
Eclipse Ti microscope, an iXon x3 897 EM-CCD camera, and the Andor Revolution XD spinning disk
confocal microscopy system (Andor, Belfast, Northern Ireland) under a 60X objective. Cells were
maintained in extracellular HEPES-buffered Ringer’s solution (HR) (135mM NaCl, 1mM MgCl,, 10mM
HEPES, 1.8mM CacCl,, 10mM glucose, and 5mM KCI; pH: 7.4; osmolarity: 300mOsm) during imaging
studies. Images were analyzed using ImageJ (Fiji, 1.54p) software and Pearson’s coefficient was

calculated by comparing red and green fluorescence using the BIOP JaCoP Plugin in ImageJ.

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean +SEM.
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Figure 1: Correlation of R166X and WT protein on the membrane of HEK293 cells. (A) Schematic of
experimental design and expected results. HEK293 cells were transfected in a 1:1 ratio with either RFP-
WT:GFP-Mutant or RFP-WT:dummy plasmid or GFP-Mutant:dummy plasmid. Expected results are that
WT, R166X, and WT+R166X will be expressed on the membrane. Additionally, W53X will remain in the
cytoplasm. Therefore, we expected that co-localization of WT (red) and mutant (green) would be high in
WT+R166X and low in all other treatments. (B) Confocal Images of WT (red), mutant (green), and WT +
mutant (yellow) cells. Pearson’s correlation was performed using the BIOP JACoP plugin in Fiji analysis
software by comparing the correlation between the red and green channels. The heat map from
Pearson’s correlation analysis is shown on the right. (C) Box and whisker plot of Pearson’s correlation
values using the BIOP JACoP plugin for cells treated with W53X alone (orange; n=2), R166X alone
(green; n=3), WT alone (red; n=3), WT+W53X (teal; n=3), or WT+R166X (purple; n=7). Average values
for each are as follows: 0.012 for W53X, 0.016 for R166X, 0.308 for WT, 0.242 for WT+W53X, and 0.846
for WT+R166X. SEM values are: 0.001 for W53X, 0.004 for R166X, 0.149 for WT, 0.146 for WT+W53X,
and 0.041 for WT+R166X. Statistical significance measured by two-tailed Student’s t-test and denoted as
*P<0.05, **P<0.01, and **P<0.001. P-values for each sample compared to WT+R166X are: 8.533x10E-7
for W53X, 7.565x10E-7 for R166X, 0.0595 for WT, and 0.045 for WT+W53X. All other P-values between

compared values were not significant.
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SUMMARY

Patients with KCNJ13 mutations suffer from progressive vision loss. Therefore, therapies must
reach the clinic and stop further disease progression. Gene augmentation therapy is a candidate that has
demonstrated success in treating many disease-causing disorders. This includes an ocular clinical-grade
gene augmentation therapy, Luxturna, that has demonstrated vision improvements for patients harboring
RPE65 mutations. These improvements have been observed even 5 years post-treatment. We have
previously demonstrated success in delivering a gene augmentation therapy to patient-derived hiPSC-
RPE. However, the therapy relied on a Lentivirus for delivery, which has not been approved by the US
FDA for ocular gene augmentation therapy. Therefore, Hubble Therapeutics produced a clinical-grade
gene therapy, HUB-101, that used an AAV viral capsid to deliver the human version of KCNJ13
(hKCNJ13). We tested the ability of HUB-101 to transduce mouse RPE (mRPE) cells. A dose-dependent
increase in hKCNJ13 from HUB-101 treatment was observed. Additionally, no effect on endogenous
mouse Kcnjl3 (mKcnj13) expression was observed. Our results demonstrate that HUB-101 can efficiently
deliver hLKCNJ13 to RPE cells. These results inform future pre-clinical in vivo studies aimed at confirming

the efficacy and testing the safety of HUB-101 for eventual clinical approval.
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INTRODUCTION

Mutations to KCNJ13, a gene encoding the inwardly rectifying potassium channel Kir7.1, lead to
LCA16 and SVD [1-5]. These diseases are characterized by vision loss and eventual blindness due to
loss of the RPE cells that maintain retinal health [6-8]. Therefore, the development of clinical-grade

therapies to overcome these mutations and rescue vision in these patients is vital.

Gene augmentation is a therapy that has demonstrated successful treatment of genetic diseases.
This is accomplished by delivering a healthy copy of the target gene to mutant cells, therefore, allowing
for the transcription of the WT protein and functional recovery [9]. The most common method of delivery is
using viral vectors [10]. The use of a viral capsid for gene delivery allows for the virus to be endocytosed
by the cell and delivers the target gene to the nucleus, where it is held in an episome for translation [11-
13]. Delivery and transcription of the target gene can be designed to target specific cell types through the
selection of different viral serotypes and special promoters that can only be utilized by the transcription

machinery of particular cell types [12, 14].

In Chapter 2 we demonstrate that a KCNJ13 PTC mutation that was challenging to correct using
genomic editing techniques was patrtially rescued by using ACE-tRNA therapy. However, our lab has
demonstrated that genomic editing of another PTC in the KCNJ13 gene successfully edited the mutation
and restored Kir7.1 channel function [15]. Therefore, for gene-specific therapies, such as genomic editing,
efficacy is mutation-specific. One advantage to gene augmentation therapy is that it can overcome any
mutation to a single gene, as demonstrated in human clinical trials [16]. Therefore, overcoming the need
to specifically target each mutation with a new therapy, which is required in other types of genomic
therapies [17-19]. Gene augmentation has been so successful in overcoming disease phenotypes that
several therapies have been approved for clinical trials globally [20]. One of the most successful gene
therapies has been Luxturna [20, 21]. This therapy was the first to be approved by the United States FDA
and demonstrated improvement of vision in LCA2 patients harboring RPE65 mutations [16, 21, 22].

Therapeutic effects were sustained even 5 years after treatment, and no immune effects were reported
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[23]. Therefore, gene augmentation therapy holds promise in overcoming KCNJ13 mutations and

restoring vision in patients with these mutations.

Our lab previously demonstrated the success of a research-grade gene augmentation therapy to
deliver WT KCNJ13 to mutant patient-derived hiPSC-RPE cells [24]. A Lentivirus was utilized for delivery
of the WT gene, and functional studies demonstrated rescue of Kir7.1 channel function. However,
Lentiviral delivery for ocular diseases is not approved by the US FDA. Therefore, the production and
testing of a clinical-grade associated adeno virus (AAV) gene therapy was necessary to move towards

clinical trial approval.

We wanted to test the ability of a clinical-grade gene therapy manufactured by Hubble
Therapeutics (Boston, Massachusetts), HUB-101, to deliver WT human KCNJ13 (hKCNJ13) to RPE cells.
We chose to deliver HUB-101 to mouse RPE (mMRPE) cells so that we could design primers that were
able to differentiate between endogenous mouse Kcnjl3 (mKcnjl13) and the exogenous hKCNJ13

transcript from our therapy. Therefore, allowing us to visualize dose effects of HUB-101.

One advantage of HUB-101 is that it uses an AAVS5 viral capsid with a VMD2 promoter, thereby
explicitly targeting RPE cells and reducing the possibility of delivery and expression of hKCNJ13 to other
retinal cells. AAV5 primarily targets RPE cells, with some transduction in photoreceptors [25].
Additionally, the VMD2 promoter is RPE specific, allowing for transcription of the target gene to only take
place in the RPE cells of HUB-101 treated retinas [26, 27]. Another advantage to HUB-101 therapy to
target mutations in the RPE cells is that the eye contains a blood-brain barrier and is immune privileged
[28]. We are targeting a mutation that affects the RPE cells of the eye, which requires the therapy to be
directly delivered to the eye. Therefore, this eliminates the chances of HUB-101 to reach other organs

and have immune effects outside of the eye, in future animal studies and clinical trials.
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RESULTS
Isolated mouse RPE cells mature in culture.

We wanted to determine if a clinical-grade gene therapy, HUB-101 (Hubble Therapeutics, Boston,
MA), could transduce mRPE cells. The cells were isolated from C57BL6/J mice and placed into transwells
to mature, according to a protocol outlined in Fernandez-Godino et al. (2016) (Fig. 1A) [29]. Cells were
transduced with HUB-101 14+ days after plating in transwells and following visual identification of maturity
markers. Quantitative PCR (QPCR) was performed 7 days post-transduction, using primers to differentiate
the endogenous mKcnj13 and HUB-101-mediated exogenous hKCNJ13 gene expression. Visual
characteristics of maturity were observed in mRPE cells 7 days post-treatment and 14-days post-
treatment (Fig. 1B). These characteristics include the honeycomb shape and pigmentation outlined in

Fernandez-Godino et al. (2016) [29].

HUB-101 successfully transduced mRPE cells in a dose-dependent manner.

The treatment of mature mRPE cells with HUB-101, demonstrated successful transduction of
hKCNJ13 transcript (Fig. 1C). Additionally, transduction efficiency was dose-dependent with a titer of
1x108 demonstrating the lowest hKCNJ13 expression (5.968+2.107) and a titer of 1x10%° resulting in the
highest hKCNJ13 expression (308.625+94.544). Other averages and SEMs values were, as follows:
1.222+0.335 for hLKCNJ13 UT (hUT), 68.262+22.859 for hKCNJ13 1x10° (h10°), 0.722+0.138 for mKcnj13
UT (mUT), 1.510+0.677 for mKcnj13 1x108 (m108), 0.9556+0.347 for mKcnj13 1x109 (m109), and
0.467+0.224 for mKcnj13 1x10%° (m10%). Statistically significant differences in hKCNJ13 expression were
observed as the dose increased as follows: p=0.018 between UT and 1x108, and p=0.047 between 1x108
to 1x10°. Additionally, a p-value of 0.067 was observed for hLKCNJ13 between 1x10° and 1x10%°. The
expression of endogenous mKcnj13 transcript was investigated to demonstrate the specificity of the
hKCNJ13 primers and determine if HUB-101 treatment would lead to any changes in the endogenous

transcript. No difference in mKcnj13 transcript was observed following treatment, demonstrating that
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HUB-101 does not influence the endogenous transcript. A statistically significant difference of p=0.029
was observed at dose 1x10%° between mKcnj13 and hKCNJ13. Additionally, a difference of p=0.076 was

observed at a dose of 1x10° between mKcnj13 and hKCNJ13.

DISCUSSION

The progressive nature of the vision disorders caused by KCNJ13 mutations requires the
development of efficient therapies to rescue patients’ vision [1-5]. We wanted to test the ability of a
clinical-grade gene therapy, HUB-101, to deliver hLKCNJ13 to mRPE cells in a dose-dependent manner.
We isolated mRPE cells from C57BL/6J mice and treated mature cells with various titers (1x108, 1X10°,
and 1X10%) of HUB-101 carrying hKCNJ13 (Fig. 1A). Our cells were confirmed with visual maturity
markers observed by day 7, and cells-maintained health and maturity by day 14 (Fig. 1B). Although cells
were visually mature by day 7, cells were treated 14+ days after plating, due to suggestions made in the
protocol outlined by Fernandez-Godino et al. (2016) [29]. We did not observe a change in endogenous
mKcnj13 expression following HUB-101 treatment (Fig. 1C). This demonstrated the specificity of our
primers and revealed that there were no off-target effects on the endogenous gene following treatment. A
dose-dependent increase in hKCNJ13 was demonstrated (Fig. 1C). Statistically significant differences
were observed in hKCNJ13 expression between UT versus 1x108 (p=0.018) and between 1x108 versus
1x10° (p=0.047). Additionally, a slight difference (p=0.067) was observed when comparing 1x10° to
1x10%°, This difference was not statistically significant due to variability in treated cells. Therefore, we

demonstrated that our HUB-101 gene therapy efficiently delivered hKCNJ13 to RPE cells.

The efficiency of our clinical-grade gene augmentation therapy to transduce mRPE cells,
suggests that clinical trials in humans should result in hKCNJ13 delivery to RPE cells. For clinical trials, in
vivo studies must be performed to verify the efficacy of HUB-101 and validate that there is minimal
immune response due to the treatment. We have demonstrated the successful delivery of hKCNJ13 and

subsequent vision improvement in mutant mice, following HUB-101 administration [30] (paper in
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preparation). NHP studies will also be conducted to further demonstrate the efficacy and safety of HUB-

101 before moving to the clinic.

One ocular gene therapy, Luxturna, has already demonstrated successful therapeutic effects,
even 5 years post-treatment, with no reported immune effects [16, 22, 23]. This therapy utilized an AAV2
serotype with a chicken beta-actin promotor [16]. We decided to use an AAV5 serotype due to its higher
specificity with RPE cells compared to photoreceptors [25]. Additionally, we selected a VMD2 promoter
because studies have demonstrated its specificity to RPE cells [26, 27]. These modifications to enhance
the ability of HUB-101 to explicitly target the RPE cells and our results demonstrating successful
transduction of mRPE cells with HUB-101, coupled with the previous clinical success of an ocular AAV
gene augmentation therapy, suggest that the ability of HUB-101 to deliver hKCNJ13 to RPE cells in the

clinic is promising.

Our results demonstrate that the clinical-grade gene augmentation therapy HUB-101 is efficient in
delivering hKCNJ13 to RPE cells in a dose-dependent manner. Validation of HUB-101 transduction of
RPE cells can inform future studies into the in vivo investigation of this drug's safety and efficacy. HUB-
101 is a promising therapy for overcoming mutations to KCNJ13 that lead to progressive vision loss in

mutation-harboring patients.

MATERIALS AND METHODS

Animal care

Animal protocols were approved by the University of Wisconsin School of Medicine and Public Health
Institutional Animal Care and Use Committee (IACUC) (protocol #: M005434). C57BL/6J mice were
housed in an animal facility at the University of Wisconsin-Madison in a temperature (25+5°C) and

humidity (40-50%) controlled environment. Mice were kept under a 12-hour light/12-hour dark light cycle.
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Mouse RPE cell collection and maturation

MRPE were collected according to a protocol from Fernandez-Godino et al. (2016) [29]. Cells were plated
and maintained in transwells with cell medium containing Alpha-MEM (Lonza, BE02-002F) with 10% fetal
bovine serum (FBS, HyCloneTM Characterized Fetal Bovine Serum, Heat-inactivated, SH30396.03H]I),
1% penicillin-streptomycin (Pen-Strep, GeminiBio, 400-109), N1 medium supplement (Sigma, N6530), L-
glutamine (GeminiBio, 400-106), Non-Essential amino acids (Irvine Scientific, 9304). Cells were held in a
cell incubator at 37°C and 5% CO2. Medium was changed every 2-3 days. Cells were allowed to mature
for 14 days or longer before transduction. Cells were imaged on a Nikon Eclipse Ts2 microscope using

NIS-Elements software to look for visual cell maturity markers.

HUB-101 transduction of mRPE

HUB-101 was synthesized and provided by Hubble Therapeutics (Massachusetts, USA). Mature mRPE
cells were transduced with various titers (1x108, 1x10°, or 1x10%°) of HUB-101. The cell medium was
changed 3 days after transduction and every 2-3 days for 7 days. After 7 days post-transduction, cells
were collected for RNA isolation (QIAGEN, 74134) and cDNA conversion (Applied Biosystems, 4368814).

The cDNA was then used for gPCR.

Quantitative PCR

Specifically designed primers to differentiate between mKcnj13 and hKCNJ13 for gPCR analysis were
custom-ordered from IDT using mouse and human RNA transcripts from NCBI

(https:/imww.ncbi.nlm.nih.gov/gene/) (Table 1). Fold change was calculated as follows:

Fold Change = 2*(AACT)
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gPCR of cDNA was performed using PowerUP SYBR Green Master Mix (ThermoFisher, A25741) on a
QuantStudio 3 (Applied Biosystems) machine. Experiment setup and analysis was performed using

QuantStudio (Applied Biosystems).

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean +SEM.

Acknowledgements:

Schematic images were created using Biorender.com.
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Figure 1: Dose-dependent increase of hKCNJ13 transcript in mature mouse RPE cells treated with
HUB-101. (A) Schematic of methodology. mRPE were collected and placed in transwell inserts to mature
for 14 days or longer. Cells were then treated with HUB-101 via transduction and collected for gPCR
analysis 7 days after treatment. Specifically designed primers were used for gPCR to detect endogenous
mKcnj13 and exogenous hKCNJ13 transcripts from HUB-101 transduction. Additionally, a mouse Gapdh
(mGadph) primer was designed for the detection of a housekeeping gene for analysis. (B) Images of
MRPE cells 7 and 14 days after isolation, demonstrating mature RPE characteristics. (C) Box plot of
gPCR fold change results. All samples were compared to the mGadph housekeeping gene to determine
fold change. mKcnj13 (m) fold change is depicted in blue and hKCNJ13 (h) fold change is depicted in
orange. Average values for fold changes from mRPE treated and UT samples are as follows: 0.722 for
mKcnj13 UT (mUT, n=9), 1.222 for hUT, (n=9), 1.510 for m108 (n=4), 5.968 for h108 (n=4), 0.9556 for
m10° (n=3), 68.262 for h10° (n=3), 0.467 for m10*° (n=3), and 308.625 for h10'° (n=3). SEM values are:
0.138 for mUT, 0.335 for hUT, 0.677 for m108, 2.107 for h108, 0.347 for m10°, 22.859 for h10°, 0.224 for
m10%°, and 94.544 for h10%. Statistical significance measured by two-tailed Student’s t-test and denoted
as *P<0.05, **P<0.01, and **P<0.001. P-values were compared for all mKcnj13 transcripts between
increasing treatment titers, with no significant p-values. P-values were compared for all hKCNJ13
transcripts between increasing treatment titers, and the significant p-values were as follows: 0.018 for
hUT versus h108, and 0.047 for h108 versus h10°. A slightly insignificant p-value of 0.067 was observed
for h10° versus h10°. Additionally, p-values were compared between mKcnj13 and hKCNJ13 transcripts
for each sample, and a significant p-value of 0.029 was found between m10%° and h10%*. A p-value of

0.076 was observed between m10° and h10°.



Primer Name

5’-3’ Sequence

Mouse Gapdh FWD

CATTGCTCTCAATGACAACTTT

Mouse Gapdh RVS GTGGTCCAGGGTTTCTTACT
Mouse Kcnj13 FWD GGGCCTTGTGTATCTCCGA
Mouse Kcnj13 RVS TGGGACGTCGTGGTCTATT
Human KCNJ13 FWD TAACCAGTGTCCGGGTCT

Human KCNJ13 RVS

ACTTGATGGTGTAATGGAGTGATAG

Table 1: Primers for gPCR of HUB-101 treated mRPE cells. The NCBI Primer-BLAST tool

124

(https://www.ncbi.nim.nih.gov/tools/primer-blast/) was used for primer design. Primers were ordered from

IDT (https://www.idtdna.com).
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SUMMARY

Mice are a standard animal model used in reproductive research. The traditional monitoring of
pregnancy and labor in mice relies on in-person visualization. These methods require more time and
labor for researchers and the use of more invasive techniques. Additionally, since mice typically give birth
at night and cannibalize sick or dead mouse pups, pregnancy factors such as time of labor, number of
pups, and pup survival cannot be accurately identified using traditional methods. Several studies have
demonstrated that the use of a camera system can more accurately determine the onset of labor in mice.
However, these camera systems were not specifically designed for animal research or were not available
for use in other labs. The investigation of several pregnancy and labor factors has not been reported in a
single study using video recordings. Additionally, the use of a camera system to compare pregnancy and
labor differences in genetically mutant mice, compared to WT mice, has not been reported. We
demonstrated that the SwiftSCIENCE camera system, specifically designed for continuous monitoring of
research animals, was successful in identifying multiple pregnancy factors. The number of pups born, pup
survival, length of days between pregnancy, and labor times between mice harboring a HET mutation to
Kcnj13 were compared to WT mice. The integration of this camera system in rodent reproductive studies
can provide a more accurate and specific understanding of pregnancy and labor, while decreasing the

amount of animal handling and labor required of traditional monitoring.
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INTRODUCTION

Rodents, including mice, are a standard animal model for the investigation of reproduction and
are relatively translatable to human reproduction [1]. Additionally, a short gestational period makes mice a
suitable model for pregnancy studies. Traditional identification of mouse labor and birth has relied on in-
person visualization of mouse cages. The use of devices, such as transcervical intrauterine pressure
catheters, has improved the ability to monitor labor in vivo [2]. Additionally, a few studies have utilized
camera systems to determine the timing of labor. One study used a camera system to monitor the time of
mouse delivery [3]. However, the details about the monitoring system used, including whether it is
commercially available or for research use only (RUO), were not stated. Additionally, continuous
pregnancy monitoring and assessment of other pregnancy and labor factors, such as pup number, were
not described. Another study utilized a commercially available camera to monitor the length of gestation
and to identify incidences of preterm labor in mice [4]. The analysis of other pregnancy or labor factors
was not reported. A continuously monitoring camera system created explicitly for animal research use has

not been used to compare several aspects of pregnancy and labor in mice.

Camera systems have progressed research in other areas of mouse model research. Several
studies have used a video tracking and machine learning system for the analysis of mouse behavior [5-7].
Not only did these studies advance the understanding of mouse behavior, but they also reduced the
amount of handling necessary for classic behavioral tests, thereby decreasing potential changes in
mouse behavior caused by human handling. Video systems also reduced the amount of human labor
required for traditional, non-video monitored methods. Infrared thermography (IRT) cameras have also
been used to monitor the temperature of mice [8]. These camera studies have demonstrated the benefits
of using a high-throughput, non-invasive method of monitoring mouse models. Therefore, we believe that
using a camera system to monitor mouse pregnancy and labor can improve reproductive research

studies.

Our lab was interested in studying how the loss of an ion channel, due to a PTC mutation,

affected mouse pregnancy and labor. Mutations in KCNJ13 lead to loss of function in Kir7.1, resulting in
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blindness in human patients [9]. Additionally, chemical alteration of Kir7.1 activity and knock-out of Kir7.1
in the mouse uterus resulted in changes to uterine contractility [10]. Indicating that Kir7.1 is necessary for
the prevention of contractions during mid-gestation. No other studies have investigated Kir7.1’s role in
pregnancy, demonstrating the necessity to further understand Kir7.1’s function and dysfunction in

pregnancy and labor.

Ideally, a homozygous Kcnj13 mutant mouse model would be used to investigate Kir7.1
dysfunction in the uterus. However, previous attempts to create homozygous (HOMO) mouse models
have observed that a HOMO phenotype is lethal in mice [11-13]. These studies reveal that functional
Kir7.1 expression is necessary for lung development in mice, therefore leading to lethality shortly after
birth when there is loss-of-function to this channel. A study investigating the effect of a HET mutation in
Kcnjl3 in a mouse model, revealed that the HET mutation led to altered physiology in the kidney [13].
The effect of partial loss of Kir7.1 was not enough to cause hypertension, but was enough to cause
alterations in the ability of the kidney to maintain electrolyte homeostasis. Therefore, we hypothesized
that partial loss of Kir7.1, resulting from a HET mutation in a mouse model, would lead to physiological
changes in the uterus that could be observed through changes in pregnancy and labor. Our lab has
previously created a mouse model with a W53X HET mutation to Kcnj13 [14]. Due to the success of
camera monitoring in behavioral mouse studies, we aimed to use a novel camera system from
SwiftSCIENCE that was created for animal research use to monitor pregnancy and labor differences

between WT and HET mice.

PROTOCOL

Animal studies were approved and conducted in accordance with the University of Wisconsin-
Madison Institutional Animal Care and Use Committee (IACUC) guidelines (protocol #: M005434).

C57BL/6J WT and mice that were previously generated to be HET for the W53X mutation to Kcnj13, were
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compared to WT mice [15]. Animals were housed in a temperature-controlled (25+5°C) animal facility at

the University of Wisconsin-Madison. Additionally, mice were kept in a 12-hour light/12-hour dark cycle.

SwiftSCIENCE supplied all equipment used for the camera set-up.

Set-up of the camera system

1)

2)

3)

4.)

5.)

6.)

Two cameras from SwiftSCIENCE (USBFHDO5MT-KL156IR) were attached to adjustable camera
clamp mount ball heads (UTEBIT Mini Ball Head, Tripod Head with 4" Hot Shoe, 360° Rotatable
Ball Heads Camera Mount Adapter, Aluminum 20mm Ball head) (Figure 1A). One camera was
used to capture a view from the front side of the cage, and the other was positioned to capture a
view from the rear side of the cage (Figure 1B).

Camera clamp mount ball heads were then attached to a desk clamp (UTEBIT Small C Clamps 2
inch with 4" and 3/8” thread hole for desktop mount tables with aluminum support) (Figure 1C).
An extender camera desk mount was utilized in case the UTEBIT camera mount could not reach
far enough to allow for cage visualization (JINSUI Camera desk mount webcam stand with 360°
ball head, adjustable table light stand 14” to 33", tabletop C-clamp) (Figure 1D).

The clamps were then attached to the mouse rack system (Figure 1E).

Cameras were plugged into a data relay box supplied by SwiftSCIENCE that captured and
transferred video footage over to the SwiftSCIENCE cloud server (Figure 1F).

The box has to be on the network either through Wi-Fi or a wired Ethernet port to allow for data
transfer. Ethernet port connectivity is preferred for faster and more secure transfer without signal
loss.

An infrared (IR) light was fabricated using an 850nm LED light strip by SwiftSCIENCE. It was
attached with zip-ties to the top of the mouse cage housing to allow for IR camera nighttime
visualization (Figure 1G). This was necessary for assessing the labor of mice due to labor

typically taking place during the 12-hour dark cycle [9].
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A cage containing a breeding pair was housed within a rack that contained a camera for
continuous monitoring (Figure 1H). For our studies, the male and female mice were never
separated; however, traditional separation of mice after 24-48 hours could be easily

accomplished.

Downloading data from SwiftSCIENCE

Videos are recorded and stored continually on the SwiftSCIENCE cloud server and accessed through

their website. This allowed for continuous monitoring of pregnancy. The website is secure with limited

access to lab members with permission.

1)

2)

3)

4.)

5.)

“Video Viewer” within the SwiftSCIENCE website was selected and used to review collected data
which have a date and time stamp. (Figure 2A). The videos were analyzed for date and time of
contractions and birth of the pups. The date and time of labor were noted for video downloads.
“Download Videos By Date Range” was selected to search by date and time for data visualization
and interpretation. (Figure 2B).

“Download” was selected, and videos were downloaded to the computer (Figure 2C).

Videos were visible in 30-second increments. The videos were opened, viewed, and analyzed
using VLC Media Player (Version 3.0.20 Vetinari).

Additionally, videos could be analyzed directly on the SwiftSCIENCE server. However, videos
were typically stored on the server for a maximum of 3 months, so downloading necessary videos

was suggested.

Data analysis for pregnancy and labor outcomes

Due to the continuous recording and storage of videos, several pregnhancy and labor factors can

be more accurately monitored. This includes the number of pups born, pup survival rates, interval
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between pregnancies, and duration of labor. Pups are visible using the monitoring system, allowing for

the accurate and straightforward identification of the number of pups born as well as their survival.

Additionally, the length of labor can be assessed (described below). In our case, where breeding pairs

were never separated, assessing the start and end of labor times provides for precise identification of the

interval between pregnancies.

Length of labor was analyzed as follows:

1)

2))

3)

4.)

5.)

The first visible sign of the initiation of labor was contractions. During a contraction, the mouse
arched her back down towards the floor of the cage and pushed her feet backwards, as
visualized in Figure 3A and B.

During the initiation of birth, the mouse would perform a pushing move. This was visualized by a
large arching of the back up towards the top of the cage, followed by a downward motion to return
to the pre-pushing positioning of the back (Figure 3C and 3D).

Following 1+ push, the pup exiting the birth canal is visible (Figure 3C and 3D). Visualization of
the pup exiting the birth canal is dependent on the position of the mouse.

Once the pup is born, the mother will clean the pup and eat the placenta. This could be used as a
secondary method of identification for pup birth, if visualization of the pup exiting the birth canal
was not possible due to the mother's positioning during pushing.

This process of contraction, pushing, birth of the new pup, cleaning of the pup, and eating the

placenta is repeated until all pups have been born.

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean +SEM.
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REPRESENTATIVE RESULTS

Litter size, pup survival, and length between pregnancies monitored by a camera system

Differences between pregnancies were compared between WT and HET mice using the camera
system. Comparison between litter sizes of WT (6.125 £+ 0.701) and HET (6.600 + 0.545) mice
demonstrated no difference (p=0.601) (Fig. 4A). Additionally, the length of time between pregnancy was
investigated. No statistically significant differences (p=0.268) in length between pregnancies were
observed in HET (30.050 + 2.634) and WT (35.563 + 4.182) mice (Fig. 4B). There was a statistically
significant difference (p=0.006) in pup survival between WT (29.618 + 7.903) and HET (62.800 + 7.380),

with high variance (Fig. 4C).

Length of labor monitored by the camera system

The length of labor was compared between WT and HET mice. A time-lapse of the birth of each
pup through the labor of 4 WT (blue) and 4 HET (purple) mice are depicted in Fig. 5A. A comparison
between the total time of labor, measured by first to last pup birth, demonstrated a trend towards longer
length of labor in HETs (150.000 + 26.481), compared to WT (86.000 + 30.174) (Fig. 5B). However, this
trend was not statistically significant (p=0.217). Because labor time could be dependent on the number of
pups birthed, time between each pup birth was compared between WT and HET mice (Fig. 5C). A slight
trend for longer times between HET pup births (20.690 £ 3.770), compared to WT pup births (18.105 *

6.661), was observed. However, this difference was not statistically significant (p=0.724).
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DISCUSSION

Previous studies using camera monitoring systems to assess pregnancy and labor differences
have been used [3, 4]. However, the evaluation of multiple pregnancy and labor factors within one study
was not assessed. Camera studies were also not used to compare genetically different mouse models,
such as a HET and a WT model. Additionally, previous camera systems used in mouse pregnancy
studies were not specifically designed for animal research use or made available for other research labs
to use. We demonstrated that a continuously monitoring camera system from SwiftSCIENCE, specifically
designed for animal research, was able to assess pregnancy and labor in mice. We used the camera
system to continuously monitor HET and WT mice and determine the pregnancy and labor effects of
partial loss of Kir7.1 function. Images of the camera setup and the process of downloading videos were
illustrated in Fig. 1 and 2. Labor of mice was characterized by contractions (Fig. 3A and B), pushing
(Fig. 3C and D), visualization of the pup exiting the birth canal (Fig. 3C and D), cleaning of the pup, and

consumption of the placenta.

We did not observe any differences between WT and HET mice in the number of pups born or
the length of time between pregnancies (Fig. 4A and B). A statistically significant (p=0.006) difference in
pup survival was observed (Fig. 4C). However, the reasons for this observation are unknown, and high

variability warrants further investigation.

Total labor time and time between pup births demonstrated a non-statistically significant
(p=0.217) trend towards longer labor times in HET mice, compared to WT mice (Fig. 5B). This trend
suggests that a partial loss of WT Kir7.1 in HET mice could be leading to altered myometrium physiology
during labor. However, additional evaluation comparing partial loss of Kir7.1 mice to WT mice is
necessary to further elucidate if these potential differences are present and to identify the

pathophysiological differences leading to changes in labor.

One advantage of using this camera system is the ability to remotely and continuously monitor

cages. This enables less invasive monitoring of pregnancy and labor, as well as more accurate
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identification of the labor and birth stages. Additionally, this camera system allows for better accuracy in
identifying the litter size and pup survival. Traditional monitoring methods of the number of pups born and
pup survival rates are determined by in-person visualization of the cage. However, mice cannibalize pups
that are stillborn or die shortly after birth [17]. Therefore, in-person visualization can be inaccurate if
cages are not assessed soon after birth is complete. The versatility of this camera system also allows for
modification of rack attachment equipment. Therefore, allowing for the versatility of different rack styles to

use this camera system.

One limitation of the camera system used in this study was Wi-Fi disconnection issues. There
was no available Ethernet port in our animal facility room; therefore, we relied on a Wi-Fi connection for
the box to transfer videos to the SwiftSCIENCE website for analysis. When the Wi-Fi connection was lost,
recordings were not saved, resulting in some lost data. Therefore, we suggest the use of a direct Ethernet
connection to avoid this limitation. Another current limitation to this camera system is that pup
identification is reliant on human assessment; therefore, it increases the time it takes to identify the time
of labor and the number of pups. The use of artificial intelligence (Al) or machine learning can decrease
the labor and time necessary to analyze videos. Previous studies have demonstrated a decrease in
human labor times to assess videos by using machine learning with camera monitoring [5]. The future
development of machine learning or Al, in conjunction with continuous camera monitoring, can help
mitigate this limitation. Another limitation is that pups are difficult to identify under IR light due to their
coloration (Fig. 3C). However, movement of the pup was sufficient to detect its presence under IR light,
and future improvements to this system can further aid in accurate identification. Mouse labor typically
occurred during the 12-hour dark cycle; therefore, integrating IRT technology into this camera system
could assist in identifying pups under IR light. IRT cameras have been successful in previous studies
using cameras to monitor mouse behavior [8]. The IRT cameras used in the study were placed inside the
animal cage. In the case of our camera system, the cameras are positioned outside of the cage.

Therefore, thermal cameras would need to identify temperatures through the animal cages accurately.
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CONCLUSION

In conclusion, we demonstrated that a novel camera system from SwiftSCIENCE, designed for
animal monitoring in a research setting, was successfully able to monitor mouse pregnancy and labor
continuously. The use of this system in future rodent reproductive studies could substantially improve the

accuracy and understanding of pregnancy and labor within these animal models.
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FIGURES AND TABLES

Figure 1: Camera setup illustrating rear and front camera, IR light, camera clamp for securing the
camera to the cage rack, and box for collection of data and transfer to SwiftSCIENCE website for
analysis. (A) The camera (indicated by the purple arrowhead) was attached to the ball head camera
mount (blue arrowhead). (B) Each cage had a front camera (purple arrowhead) and a rear camera (blue
arrowhead). (C) Ball head camera mount (purple arrowhead) was attached to desk clamp (blue
arrowhead). (D) For cages that required extended reach, ball head camera mounts (purple arrowhead)

were attached to extender camera desk mounts (blue arrowhead). (E) Desk clamps and desk mounts
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(purple arrowhead) were attached to the mouse rack system (blue arrowhead). (F) Cameras (purple
arrowheads) were plugged into the SwiftSCIENCE-supplied box (blue arrowhead). The box sent the
videos over to the SwiftSCIENCE website for video analysis. (G) IR light (purple arrowhead) was attached
to the mouse cage rack using a zip tie (blue arrowhead). (H) The breeding cage was positioned under the

camera setup for video recording.
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Figure 2: Schematic illustrating how to download videos from SwiftSCIENCE website for analysis.
(A) On the SwiftSCIENCE website, “Video Viewer” (purple arrowhead) was selected to monitor videos
captured by the cameras and uploaded by the SwiftSCIENCE box. (B) To download videos, “Download
Videos By Date Range” (purple arrowhead) was selected. (C) The target date (orange box) and time
ranges (green boxes) during labor were determined, and the “Download” (purple arrowhead) option was
selected to download videos to the computer for analysis. Time ranges are in hour: minute: second

(h:m:s).
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After Contraction

aning New Pup

Before Push After Push — Cleaning New Pup

Figure 3: Methodology of video analysis for mouse labor and birth. (A) Contractions under the IR
camera demonstrated that the back is arched down (white arrow) and the feet pushed backwards (green
arrow). Time before contraction, starting at 00:00 (m:s) illustrated the length of the contraction. (B)
Images under room light demonstrated a contraction. The red line denoted the separation of the female
body (bottom) from the male body (top) in the image. (C) Pushing a pup out under IR light. The back
arched up (blue arrow), then back down (purple arrow) during one push. Once the pup was wholly or
partially pushed out, the female cleaned the new pups (orange circle and box). Time in m:s, beginning at

00:00, depicts the length of one push. (D) Images demonstrated pushing under the room light.
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Figure 4: Comparison of pregnancy-related differences between WT and HET mice as analyzed on
the camera system. (A) Litter size across pregnancies for WT (blue, n=23) vs HET (purple, n=20).
Average litter size for each was: 6.125 for WT and 6.6 for HET. SEM was 0.701 for WT and 0.545 for
HET. (B) Comparison of WT (blue, n=23) vs HET (purple, n=20) for length between pregnancies. Average
values were as follows: 35.563 for WT and 30.050 for HET. SEM values for WT was 4.182 and for HET
was 2.634. No statistically significant difference between WT and HET was observed. (C) Percentage of
pups that survived for WT (blue, n=23) compared to HET (purple, n=20). The average pup survival rate
for WT was 29.618%, and for HET, it was 62.800%. The SEM for WT was 7.903, and for HET was 7.380.
A two-tailed Student’s t-test demonstrated that the difference between WT and HET was significant

(p=0.006).
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Figure 5: Labor differences between WT and HET mice as analyzed on the camera system. (A)
Time-lapse indicating time of each pup birth for WT (blue, n=4) vs HET (purple, n=4). Time on the x-axis
is shown as hours:minutes:seconds (h:m:s). (B) Total time of labor between WT and HET. A trend of HET
having a longer total labor length was observed, but this difference was not statistically significant. The
average time was 86 for WT and 150 for HET. SEM values were 30.174 for WT and 26.481 for HET. (C)
Box plot representing the time between the birth of each pup across 4 pregnancies for each genotype,
described in the time-lapse: WT (blue, n=19) vs HET (purple, n=29). The average for WT was 18.105,
and for HET, it was 20.690. SEM values were as follows: 6.661 for WT and 3.770 for HET. The difference

between WT and HET was not statistically significant.
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Chapter 6: Novel expression of Kir7.1 in uterine structures in mice
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SUMMARY

APOs and infertility are a global issue that leads to long-term health problems in the mother and
offspring. Therefore, cases of unknown causes of APOs are alarming and require further investigation
into possible pathophysiological causes. lon channel dysfunction and genetic mutations could be causes
of unknown cases. One ion channel that has been implicated in the prevention of contractions during mid-
gestation is Kir7.1. Additionally, patients harboring mutations to KCNJ13, which encodes Kir7.1, have
been identified but have not reached reproductive age. If this channel is vital for preventing contractions,
the loss of Kir7.1 could lead to preterm labor. We wanted to further investigate the expression of Kir7.1 in
the uterus during pregnancy, using a mouse model. Additionally, uterine samples from NHP were used to
ensure results in mice were translatable to human patients. Kir7.1 was expressed in the mouse uterus on
D15, but not on D13, D18, or in a NP state; supporting previous literature. However, mid-gestation uterus
from NHP on GD90 revealed no Kir7.1 expression. Only one NHP GD90 sample was obtained; therefore,
this observation requires further investigation. Kir7.1 was also expressed in the LE of mice and NHP.
Additionally, a novel finding of Kir7.1 expression across animal models in the GEp glands and vasculature
was observed. This expression was present throughout pregnancy and in the NP state. Quantification of
whole uterine samples revealed similar trends to those previously reported in mouse myometrium. The
presence of Kir7.1 throughout the myometrium and endometrium tissues suggests that Kir7.1 plays a role
in various pregnancy processes. Therefore, loss of Kir7.1, such as through a genetic mutation, could

result in many different APOs or infertility. Further research into the role of Kir7.1 in the function and
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dysfunction of these tissues is essential to determine if the loss of Kir7.1 could be a cause of unknown

cases of APOs or infertility.

INTRODUCTION

APOs are a global issue and have been demonstrated as affecting 1 in every 5 births in the
United States [1-5]. APOs lead to adverse outcomes for the mother and offspring, including long-term
health issues. These outcomes include preterm labor, HDP, GDM, high birth weight, and low birth weight.
Additionally, infertility and impaired fecundity prove to be another global pregnancy-related issue [6, 7].
Although long-term physical health issues are not associated with infertility and impaired fecundity, it
increases mental health risks for the men and women facing these challenges [8]. The prevalence of
each of these APOs and infertility-related problems is outlined in Chapter 1. Although some causes are
known, many cases of unknown origin remain. Therefore, it is vital that further understanding into the
pathophysiological causes of these APOs and infertility is investigated to improve short- and long-term

health outcomes of mothers and their offspring.

One potential cause of these unknown cases is genetic mutations and predispositions. Genetic
links between preterm birth [9], HDP [10, 11], gestational diabetes [12-17], high birth weight [18], low birth
weight [16, 17], and infertility [19-26] have been identified. These findings demonstrate that other genetic

mutations and predispositions could explain some of the unknown cases of APOs and infertility.

lon channels are necessary for the initiation and maintenance of pregnancy, as well as for labor
and birth. Uterine quiescence and contractility are controlled by Ca?*, Na*, K*, and CI- channels [27-30].
Therefore, dysfunction of the uterine myometrium due to loss of ion channel function could lead to
preterm labor. The LE and GEp, or uterine glands, within the uterine epithelial layer express Ca?*, Na*,
K*, and CI channels [31-34]. The LE and GEp are critical for implantation, placental development,
placental growth, and support of the fetus for the first trimester [35-41]. Therefore, ion channel

dysfunction in these tissues could lead to issues with infertility or impaired fecundity. Additionally, low
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birth weight or high birth weight could result if proper placental development and support of the fetus are
not achieved. For the uterine vasculature, Ca®* and K* channels have demonstrated essential roles in
blood supply physiology [42-45]. The necessary role that ion channels play in pregnancy could explain

some of the unknown causes of APOs and infertility and warrant further investigation.

One K* channel that has been identified in the uterus, which we were particularly interested in,
was Kir7.1. One study has reported that Kir7.1 is expressed in mouse and human myometrium,
demonstrating a decrease in expression as the uterus moves into labor [30]. Additionally, blocking the
channel led to an increase in the contractility of mouse myometrium tissue, and overexpression of Kir7.1
demonstrated a decrease in contractility. This suggests a vital role of Kir7.1 in maintaining uterine
guiescence in mid-gestation, and, therefore, in preventing preterm labor. Another study confirmed these
results in mice and demonstrated that treatment with P4 led to an increase in Kir7.1 activity and a
subsequent decrease in contractility [46]. P4 is circulated during early and mid-gestation and has been
demonstrated to activate Kir7.1 in the choroid plexus of the brain [47, 48]. Therefore, Kir7.1 activity and
P4 activation of Kir7.1 in mid-gestation help to maintain a state of uterine quiescence. However, follow-up

studies are necessary to confirm if loss of Kir7.1 function is enough to cause preterm labor.

Female patients with mutations to KCNJ13, the gene encoding Kir7.1, have been identified [49-
52]. However, these patients have not reached reproductive age. Due to the lack of investigation into the
role of Kir7.1 in the uterus and the identification of human patients with loss-of-function Kir7.1 mutations,
we wanted to further investigate the expression of Kir7.1 in the uterus. Mice are a standard model for
investigating reproduction and pregnancy, and studies have demonstrated that these findings are
predominantly translatable to human physiology [53]. Additionally, the gestational cycles in mice are fast,
typically ranging from 18 to 21 days, thus allowing for an efficient model of pregnancy [54]. In comparison,
on average, human gestation is 268 days and NHP is 165 to 168 days [55-57]. Therefore, we chose to
use a mouse model to compare differences in Kir7.1 expression throughout pregnancy, between WT and
mice that were HET for a mutation to the Kcnj13 gene [51]. We aimed to use a HOMO mutant mouse

model; however, complete loss of Kir7.1 leads to lung development issues and subsequent death in
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mouse pups [58-60]. Therefore, we utilized HET mutant mice to identify changes to the partial loss of
Kir7.1. NHP uterine tissue was used as a control to demonstrate if our mouse study would be translatable

to humans.

RESULTS

HET mice weigh more than WT mice.

We wanted to collect the mouse uterus to identify changes in Kir7.1 expression throughout
pregnancy and to investigate any differences in expression between WT and HET mice. Female mice
were bred with males for 48 hours, before separation (Fig. 1A). Female weights were measured between
D7-D11 to determine gestational age. Previous studies have demonstrated that a weight gain of 1.4g

occurs between D7.5 and D10.5:

D10.5-D7.5

Therefore, allowing for the identification of gestational age [61]. Pregnant mouse uteri were collected on
D13, D15, and D18; as these time points have been identified as having varying levels of Kir7.1 in the
uterus myometrium [30]. The NP mouse uterus was also collected to examine Kir7.1 expression prior to
pregnancy. Additionally, NP and pregnant NHP uterus was collected to compare with the mouse uterus
and understand if mouse studies would be translatable to human pregnancy. WT mice that did not
become pregnant maintained a steady weight throughout the measured time periods of weight
measurements (Figure 1B, left graph). Averages and SEMs are, as follows: 21.400 + 3.337 for DO,
22.200 + 3.464 for D7, 22.300 + 3.477 for D8, 22.200 + 3.473 for D9, 22.300 + 3.473 for D10, and 22.400
+ 3.507 for D11. For WT mice that became pregnant, a trend of increasing weight gain was observed with
a significant difference between DO and D11 of p=0.015 (Fig. 1B, right graph). Average and SEM values
for WT pregnant mice were: 21.9 + 33.900 for DO, 23.100 + 3.579 for D7, 23.700 + 3.658 for D8, 23.700 +
3.667 for D9, 24.300 + 3.728 for D10, and 25.600 + 3.958 for D11. For HET mice that were NP, steady

weights were observed throughout the measurement days (Fig. 1C, left graph). The average and SEM
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values were: 25.100 + 4.053 for DO, 24.908 + 4.017 for D7, 25.000 + 4.038 for D8, 25.100 + 4.049 for D9,
25.100 + 4.039 for D10, and 25.100 + 4.062 for D11. HET mice that were pregnant demonstrated a slight
increase in weight throughout the measured days of gestation (Fig. 1C, right graph). Average and SEM
values were as follows: 27.500 + 3.826 for DO, 28.800 + 3.991 for D7, 29.300 + 4.054 for D8, 29.500 +
4.079 for D9, 30.300 = 4.180 for D10, and 31.600 * 4.364 for D11. Although a trend towards increasing
weight was observed, no statistically significant differences in weight were found between days.
Comparisons between WT and HET mice's average weights over gestational days were compared (Fig.
1D). When comparing the weight of WT versus HET for NP mice between each gestational day, a
statistically significant increase in weight for HET mice was observed for all days except for D11. For D11,
there was a slightly insignificant increase of p=0.052 (Fig. 1D, top graph). Additionally, a statistically
significant increase in HET mouse weight compared to WT at each time point in pregnant mice was
observed (Fig. 1D, bottom graph). Demonstrating that HET mice maintained a consistently heavier
weight than WT mice. To determine the gestational age of mice, weight differences between D7 to D10,

calculated as:

D10-D7

or D8 to D11, calculated as:

D11-D8

were compared; similar to a previously published study [61]. Two days were compared because mice
were bred for a total of 48 hours. Trends between WT and HET mice suggested that HET mice gained
slightly more weight during gestation than WT (Fig. 1E). Averages and SEMS were: 1.028 + 0.176 for WT
D10-D7, 1.470 + 0.353 for HET D10-7, 1.919 + 0.372 for WT D11-D8, and 2.333 + 0.735 for HET D11-

D8.
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Kir7.1is expressed in the D15 mouse myometrium but is not expressed in NHP during mid-

gestation.

Uteri collected pre-pregnancy and throughout pregnancy were collected from mice and NHP and
analyzed for myometrial structure and Kir7.1 function. Only one HET mouse uterus on D18 was obtained
due to breeding issues and pregnancy loss. Additionally, this mouse had experienced a miscarriage;
therefore, the uterus was likely regressing towards a NP state. Myometrial structures appear visually
similar between WT and HET mice. (Fig. 2A). The general trends observed for both WT and HET mice
were an increase in spacing between muscle fibers in the myometrium from NP and D13, and from D13
and D15. This appears to be slightly more distinct in HET mice as the myometrium appears to have more
spacing between muscle fibers on D13 and D15, compared to WT. However, further confirmation of these
potential differences between genotypes is necessary to draw strong conclusions. Additionally, the
myometrium visually appears to have a decrease in spacing between muscle fibers from D15 to D18. This
was more pronounced in HET mice, compared to WT, likely due to the miscarriage that led to regression
towards a NP state. NHP uteri for NP and GD90, which is mid-gestation for NHP, were compared for
myometrium structure (Fig. 2A). Uterine myometrium appeared to have some increase in spacing
between muscle fibers; however, this was not as pronounced as in the mice. Additionally, myometrium
tissue had a reduction in the number of nuclei, signifying that cells may be larger in size during mid-
gestation, due to the mononucleated nature of smooth muscle cells [62]. Kir7.1 expression was not
observed in mouse or NHP myometrium for NP animals (Fig. 2B). Additionally, no expression is observed
on D13 or D18 for both WT and HET mice. Kir7.1 was expressed on D15 for both WT and HET mice.
Expression in WT mice appeared to be more pronounced than was observed in HET mice. When
comparing WT and HET mice at all other gestational time-points, no visual differences were identified.

Surprisingly, no expression of Kir7.1 was observed in NHP myometrium during mid-gestation.

Kir7.1is expressed in the LE of the mouse and NHP uterus throughout pregnancy.
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Throughout the pregnancy of both mouse and NHP, an increase in size, surface area, and
number of luminal projections in the LE was observed during pregnancy (Fig. 3A). These changes were
identified as early as D13 in the mouse uterus and GD90 in the NHP uterus; however, early time points of
pregnancy were not investigated in each animal model. No observable differences in LE structure were
observed in WT versus HET mice apart from D18; and on D18, HET LE had a reduction in size, surface
area, and number of luminal projections, which was not observed in WT. This difference in the HET LE
was likely attributed to the miscarriage. Kir7.1 expression in the LE of both mouse and NHP uterus was
identified (Fig. 3B). Kir7.1 expression can be observed on the apical side of the luminal epithelial cells in
pre-pregnancy and throughout pregnancy. There are no visible differences between WT and HET mice

for LE expression.

GEp contains Kir7.1 expression throughout pregnancy in the mouse and NHP.

Staining of GEp during pregnancy in NHP and mouse uterus demonstrated a reduction in the
number of GEp glands between a NP and pregnant state, respectively, in WT mice (Fig. 4A). However,
this reduction in GEp gland number between NP and D13 was less prominent in HET mice, compared to
WT. Additionally, an increase in the number of GEp glands between D15 and D18 was observed in HET
mice, but not in WT mice. This observation was most likely due to a regression of the uterus towards a
NP state due to the miscarriage in the HET mouse. When comparing the size of GEp glands, no
differences were observed in NP state or on D13 between WT and HET mice. However, GEp glands
appear larger in HET, compared to WT, on D15. Additionally, a decrease in GEp gland size was observed
between a NP state and D13 in WT and HET mice, with no change throughout pregnancy in WT mice.
However, in HET mice, an increase in GEp size was observed between D13 and D15, with a reduction in
the size between D15 and D18. Comparison between WT mouse and NHP GEp demonstrated that
glands were larger in NHP. Additionally, there was a reduction in the size and number of GEp from a NP
state to GD90 in NHP. Analysis of Kir7.1 expression in the uterus throughout pregnancy demonstrates

that Kir7.1 is expressed in the apical side of GEp cells throughout pregnancy and pre-pregnancy in
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mouse and NHP (Fig. 4B). There are no visible differences in Kir7.1 expression between WT and HET

mice or NHP and mouse GEp throughout pregnancy.

Kir7.1is expressed in vasculature of uterus of mouse and NHP throughout pregnancy and pre-

pregnancy.

Throughout pregnancy, the vasculature of both mice and NHP contains arteries, veins, and spinal
arteries (Fig. 5A). Spinal arteries are larger in NHP, compared to mice. Therefore, it is more difficult to
differentiate between arteries and spinal arteries in mice. Additionally, the size and number of veins and
arteries appeared to increase between NP and pregnant samples in all animal models. A novel finding of
Kir7.1 expression in vasculature muscle cells of the uterus of mouse and NHP was observed (Fig. 5B).
This expression was observed throughout pregnancy, and no differences were observed between WT
and HET mice or NHP versus mouse uterine vasculature. However, Kir7.1 expression in a NP state
appeared to have very little expression compared to the pregnant uterus. This was observed in both

mouse and NHP samples.

Differences in whole uterine Kir7.1 expression are observed in mouse and NHP throughout

pregnancy.

For mouse and NHP uteri used in IHC analysis, half of the uterus was processed for gPCR
analysis, and whole-uterus expression differences in Kir7.1 (mKcnj13) were observed. Differences in
mKcnj13 expression were observed in WT mice throughout pregnancy (Fig. 6A). The average and SEM
values are as follows: 2.694 + 0.699 for NP, 7.884 + 2.166 for D13, 8.276 + 4.576 for D15, and 1.212 +
0.069 for D18. A slight increase in expression from NP to D13 (p=0.238), and from D13 to D15 (p=0.938)
was identified. A non-significant (p=0.058) decrease in expression was observed between D15 and D18.
Additionally, a statistically significant difference in NP versus D18 (p=0.004) and D13 versus D18

(p=0.003) was noted. For HET mice, the same trends were observed but were less pronounced, and no
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significant differences between any time-points were identified (Fig. 6B). Average and SEM for HET mice
were: 5.241 + 1.359 for NP, 5.437 + 1.508 for D13, 5.408 + 2.217 for D15, and 2.500 * 0.227 for D18. A
comparison of the mKcnj13 expression fold change was made between WT and HET mice for each
gestational day (Fig. 6C). Although not statistically significant, a trend of higher expression in WT during
D13 (p=0.450) and D15 (p=0.715), compared to HET, was observed. Additionally, HET mice
demonstrated a non-significant (p=0.353) higher pre-pregnancy expression level compared to WT. A
statistically significant increase (p=0.00003) in expression was observed in HET on D18, compared to
WT. Kir7.1 expression changes in NHP (pKCNJ13) NP (1.035 + 0.178), and GD90 (3.329 £ 0.740) were
compared using human KCNJ13 (hKCNJ13) primers (Fig. 6D). A statistically significant increase

(p=0.003) in Kir7.1 expression in the whole uterus was observed in GD90, compared to the NP uterus.

DISCUSSION

The previous identification of Kir7.1 in uterine myometrium quiescence was a novel finding and
suggested that Kir7.1 dysfunction may play a role in preterm labor [30]. Human patients with mutations to
KCNJ13, the gene encoding Kir7.1, have been identified and have not reached reproductive age [49-52].
Therefore, the expression, function, and dysfunction of Kir7.1 throughout pregnancy must be further
investigated. We aimed to study changes in Kir7.1 expression between a WT mouse and a mouse that
was HET for a Kcnj13 mutation [51]. Additionally, the NHP uterus was used to determine if mouse uterine

findings were translatable to humans.

The gestational dates of mouse tissue collection (D13, D15, and D18) were modeled after time
points of high and low Kir7.1 expression in mice, as demonstrated in McCloskey et al. (2014) [30]. WT
female mice were bred with WT males, and HET females were bred with WT or HET males, for 48 hours
before separation (Fig. 1A). Gestational weights were determined by weighing the mouse on days D7-
D11 and identifying a 1.4g+ increase in weight between D7-D10 [61]. A trend for increasing weights

between D0-D11 was observed in both WT and HET (Fig. 1B, right and 1C, right). In contrast, weights
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for both WT and HET remained stable between DO-D11 in NP mice (Fig. 1B, left, and 1C, left). When
average weights of pregnant and NP mice were compared between WT and HET mice, we observed that
HET mice had a significantly higher weight than WT mice (Fig. 1D). Previous research has implicated
Kir7.1 dysfunction leading to obesity [59]. These results further suggest that even the partial loss of Kir7.1
could lead to an increase in weight. Additionally, weights for D10-D7 or D11-D8 for pregnant mice were
compared to understand weight gain trends (Fig. 1E). We compared two time points, as our mice are
bred for 48 hours, so the time of conception could have occurred at any point within that period. HET
mice had slightly higher levels of weight gain for both time periods, compared to WT. Although this finding
was not statistically significant due to variability, it further supports the notion that partial loss of Kir7.1

function may be implicated in higher levels of weight gain.

NP and pregnant mouse uteri were stained to assess structural differences throughout
pregnancy. Additionally, NHP NP and mid-gestation uterine samples were compared. Notable changes in
the uterine myometrium of the mouse and the NHP uterus were observed. For mice, the muscle fibers
had progressively more space between fibers from the NP state to D13 and from D13 to D15 (Fig. 2A).
The myometrial tissue appeared to have decreased spacing between muscle fibers between D15 and
D18, with a more pronounced effect observed in HET vs. WT mice. This was likely due to the HET mouse
experiencing a miscarriage before tissue collection on D18. Since HET breeding became difficult and
several pregnancy losses occurred in HET mice, no other D18 HET samples were collected for
comparison. For NHP, there was also an increase in the spacing between muscle fibers of the
myometrium between the NP state and mid-gestation (GD90), however, it was not as pronounced as in
the mouse myometrium. To our knowledge, this is the first histological demonstration of this change in
spacing between muscle fibers of the muscle cells throughout pregnancy. An increase in muscle fiber
spacing within the myometrium during mid-gestation may be beneficial to prevent the synthesis of muscle
contraction, and therefore, keep the myometrium in a quiescent state. A previous study illustrated that cell
adhesion molecules were reduced in a non-laboring human uterus, compared to a laboring uterus [63]. A

decrease in cell adhesion molecules between myometrial cells could allow for an increase in spacing
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between muscle fibers. Additionally, a reduction in the number of nuclei observed in the mononucleated
smooth muscle cells decreased in NHP between the NP state and GD90 [62]. This is due to hypertrophy,
an increase in the size of the myocytes, during pregnancy [64]. This hypertrophy allows for support of the
growing fetus, and the reduction of hypertrophy in late gestation is involved in triggering a stretch

response to initiate labor [64, 65].

When assessing Kir7.1 expression in the myometrium, no expression was observed in mice for
NP, D13, or D18 samples (Fig. 2B). However, Kir7.1 expression was observed in the mouse uterus on
D15. These results confirm previous findings and further suggest the role of Kir7.1 in preventing
contractions during mid-gestation in mice [30, 46]. Further confirmation of this role could imply that total
loss of Kir7.1 function could lead to preterm labor if the channel is necessary for preventing contractions
during mid-gestation. No visual differences in uterine myometrial Kir7.1 expression were observed
between WT and HET mice, suggesting that there may be no changes to myometrial physiology with a
partial loss of Kir7.1. In NHP samples, no Kir7.1 expression was observed in NP samples. Surprisingly,
no Kir7.1 expression was observed in NHP samples on GD90. A typical NHP pregnancy lasts for 134-184
days; therefore, GD9O0 falls right in the middle of gestation [66]. This suggests that Kir7.1 expression may
be delayed later in gestation, even though its role in the uterus is throughout to be necessary to prevent
contractions during mid-gestation. Additionally, NHP studies are often translatable to humans, suggesting
that the same lack of mid-gestational Kir7.1 expression may also be present in humans. This study was
limited to one NHP GD90 sample. Therefore, follow-up studies are required before drawing conclusions

about Kir7.1 expression in the uterine myometrium during mid-gestation in NHP.

An increase in size, surface area, and number of luminal projections in the LE was observed in
mice and NHP between NP and pregnant animals (Fig. 3A). In the literature, an initial proliferation of the
LE in the pre-implantation phase with a reduction by D4 in mice has been demonstrated [67]. To our
knowledge, no studies have characterized changes in mouse LE past D4, and no studies have reported
structural changes in the NHP LE. In humans, other structural changes to the LE during early pregnancy

(D18) have been investigated; but changes in mid-gestation, late-gestation, or concerning the surface
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area have not been reported [68]. Additionally, changes in the number of luminal projections within the LE
have not been explicitly addressed in the literature. Therefore, the physiological benefits of an increase in
the size, surface area, and number of projections in mid- and late-gestation are not known. There were no
notable differences in LE structure between gestational days in WT and HET mice, or between mice and
NHP samples. However, in D18 HET mice, a decrease was observed in the size, surface area, and
number of luminal projections within the LE compared to D15. As noted, this uterus was collected from a

miscarried uterus that was likely regressing towards a NP state.

Identification of Kir7.1 on the apical membrane of LE cells was observed in all samples (Fig. 3B).
A previous study demonstrated Kir7.1 expression in the LE of mice on D15.5 [46]. We illustrated that this
expression is present throughout pregnancy and in a NP state in both mice and NHP. One of the ways in
which the LE assists in implantation is by controlling fluid excretion and uptake within the lumen [69]. Kir
channels have been identified as playing a role in maintaining fluid homeostasis within epithelial cells in
the kidney [70]. In our study, the identification of Kir7.1 in the LE of the uterus suggests that it may be
playing a role in fluid maintenance. The LE’s vital role in implantation suggests that Kir7.1 dysfunction
could lead to infertility or impaired fecundity [35]. The similarity in Kir7.1 expression between mice and
NHP suggests that these findings could be translatable to humans. Additionally, no visible difference in
Kir7.1 expression was observed between WT and HET mice. Suggesting that a HET mutation may have
no effect on changes in fertility that may be observed in the case of a total loss of Kir7.1. Further studies
on the role of Kir7.1 in LE function and dysfunction are required to understand if Kir7.1 plays a role in the

unknown causes of infertility.

A reduction in the presence and size of GEp glands during pregnancy, compared to NP animals,
was observed in WT mice and NHP (Fig. 4A). However, in HET mice, a less pronounced decrease in the
number of GEp glands was observed between the NP and D13 uteri. Additionally, an increase in the size
of the GEp glands between D13 and D15 was observed in HET mice, but not in WT mice. The GEp are
essential for implantation, placental development and growth, and support of the fetus for the first

trimester of pregnancy [36-41]. Therefore, a reduction in the number and size of these glands closer to
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mid- and late-gestation is not surprising. Studies have demonstrated that hyperplasia and hypertrophy of
the GEp occurs in early gestation in ruminants [71]. Additionally, the formation of new GEp and
proliferation of the GEp occurs postnatally in ruminants [72]. Proliferation of GEp is observed in early
pregnancy of human uterine samples [68, 72]. In pigs, the GEp also undergoes genesis in the postnatal
stage [72]. Additionally, GEp identification and secretion still occurs after mid-pregnancy in pigs. The
comparison between changes of the uterine glands in mice and NHP has not previously been compared
throughout mid- and late gestation, as we have done in this study. Therefore, the physiological roles that

the GEp plays in mid- and late gestation are yet to be elucidated.

A novel finding in this study was the identification of Kir7.1 expression on the apical process of
uterine glands in the GEp (Fig. 4B). The GEp is vital for fluid exchange for implantation, placental growth
and development, and support of the fetus throughout early pregnancy [36-41]. Additionally, the
demonstration of the important roles that Kir channels play in maintaining fluid homeostasis in the kidneys
suggests that Kir7.1 could play a role in this maintenance in the GEp of the uterus [70]. This finding
suggests that Kir7.1 may play a role in the unknown causes of infertility, low birth weight, or high birth
weight, due to its functional role in the GEp. However, further investigation is necessary to confirm this.
No differences in Kir7.1 expression in the GEp were observed between any animal models, suggesting
that these results could be translatable to humans. This also suggests that the partial loss of Kir7.1 may
have no effect on the GEp. However, changes in HET size and number of GEp glands, compared to WT,
implies that partial loss of Kir7.1 could play a role in these differences. Further studies identifying the job
that Kir7.1 plays in GEp function would help elicit this structural difference observed in mice with a partial

loss of Kir7.1.

The vasculature of the uterus throughout pregnancy was also assessed. No visual differences
between animal models were observed in the vasculature, aside from larger spinal arteries in NHP (Fig.
5A). Additionally, the only visible differences noted in vasculature throughout pregnancy were that the
size and number of veins and arteries appeared to increase. This could have occurred due to the growth

of the uterus and the increase in blood flow to the uterus during pregnancy [73].
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Kir7.1 expression was identified on the smooth muscle cells of the veins, arteries, and spinal
arteries of mice and NHP; a novel finding (Fig. 5B). This expression increased between a NP state and a
pregnant state. No differences were observed between WT or HET mice, or between mice and NHP
samples. The vasculature is involved in blood pressure maintenance, therefore, implying that Kir7.1 could
play a role in HDP [74]. Kir2.1 channels play vital roles in the vasodilation of vascular smooth muscle cells
[75, 76]. Therefore, Kir7.1 channels on the uterine vasculature are likely involved in vasodilation of these
smooth muscle cells. Additionally, Kir7.1’s role in preventing contractility of the myometrium smooth
muscle cells suggests that it may be playing a similar role by preventing contractility of vasculature
smooth muscle cells. If loss of Kir7.1 disrupts proper vasodilation, this could lead to pregnancy

complications and warrants further investigation.

The identification of Kir7.1 in several tissues of the uterus suggests that the channel may be
necessary for various functions of pregnancy and, thus, implicated in many APOs (Fig. 7). Additionally,
medications that affect Kir7.1 expression and function could lead to the development of APOs. Anti-
depressants block Kir4.1 channels, suggesting these drugs could have similar effects on Kir7.1 and lead
to changes in normal uterine function and subsequent development of APOs [77, 78]. The broad
expression of Kir7.1 throughout the uterus throughout pregnancy, and the necessary function of these
tissues to maintain normal uterine function, demonstrate the need for further studies on the role of Kir7.1

in pregnancy.

The expression differences of whole mouse and NHP uteri was quantified. A trend of increasing
expression from NP to D13 and from D13 to D15 was observed in WT and HET mice (Fig. 6A and B). A
trend in decreasing expression between D15 and D18 was also observed in both. Although this trend was
observed, there were no significant differences observed, except in WT mice between NP to D18 and
D13 to D18 (Fig. 6A). When comparing WT to HET mice for each gestational day, a trend of higher
expression of Kir7.1 in HET samples in NP and on D18 was observed (Fig. 6C). In contrast, WT
appeared to have higher expression on D13 and D15. Additionally, a significant difference was observed

between D18 in WT and HET mice. The changes in HET between gestational days were less pronounced
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than in WT, suggesting that Kir7.1 expression in WT mice may be more controlled than in mutant HET
mice. Additionally, expression differences in the NHP whole uterus between NP and GD90 demonstrated
a statistically significant increase in Kir7.1 expression during mid-gestation (Fig. 6D). Thus, demonstrating
that Kir7.1 expression is increased during mid-gestation throughout the whole uterus. Amounts of cDNA
used for gPCR studies were equal across all samples, demonstrating that these results are not due to
differences in experimental sample sizes analyzed. Future studies separating the myometrium,
perimetrium, and endometrium could give a more holistic view of tissue-specific Kir7.1 expression

changes.

One limitation of this study was that only one pregnant NHP sample could be obtained.
Therefore, firm conclusions about NHP GD90 data cannot be made. Another limitation was that HET mice
struggled with breeding. No significant differences in breeding were observed in early generations.
However, in later generations of HET breeding, very few mice became pregnant or successfully raised
litters. Therefore, only 1 uterine sample from HET was collected for D15 and 1 for D18. Additionally, the
sample from D18 came from a uterus that had suffered a miscarriage; so the histology and Kir7.1
expression appeared to be regressing towards a NP state. While the reasons for these observations are
not known, it is possible that a partial loss of Kir7.1 contributed to this decrease in breeding, successful
pregnancies, or the ability to keep pups alive. Due to our identification of Kir7.1 in the LE and GEp, itis
possible that a partial loss of Kir7.1 could lead to increases in infertility or support of the fetus as the
female mouse ages (Fig. 3B and 4B). Additionally, we identified Kir7.1 in the vasculature, suggesting that
changes in blood perfusion or blood pressure could have an effect on fertility and support of the

pregnancy (Fig. 5B).

Despite these limitations, we were able to report that Kir7.1 is expressed on the LE, GEp, and
vasculature in an NP state and throughout pregnancy. These changes were like those in NHP, supporting
the notion that mouse findings could be translatable to humans. Additionally, we observed Kir7.1
expression in the uterine myometrium on D15, but not on D13, D18, or in the NP mouse uterus,

supporting previous findings. Surprisingly, no expression of Kir7.1 was observed in NHP in mid-
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pregnancy, warranting further investigation. These results demonstrate that, aside from Kir7.1’s role in the
myometrium, Kir7.1 is also playing a role in the function of the LE, GE, and vasculature of the uterus.
Therefore, total loss of Kir7.1 could be a cause of unknown APOs or infertility, if its role is necessary for
proper function in these tissues. If Kir7.1 dysfunction is identified as a cause of APOs, this would indicate
a genetic cause. Therefore, emphasizing the need for further investigation into ion channel dysfunction

and genetic mutations that could be leading to the unknown cases of APOs and infertility.

MATERIALS AND METHODS

Animal care

Animal protocols using C57BL/6J mice were approved by the University of Wisconsin School of Medicine
and Public Health Institutional Animal Care and Use Committee (IACUC) (protocol #: M005434). Mice
were kept in a temperature (25+£5°C) and humidity (40-50%) controlled environment in an animal facility at

the University of Wisconsin-Madison. Animals were kept under a 12-hour light/12-hour dark light cycle.

Collection of mouse uterine tissue

4-16-month-old mice were bred for 48 hours before separation. Female mice were weighed at the onset
of breeding and on days D7-D11 following breeding for observation of a 1.4g increase in weight between
D7-D10, which signifies the timing of gestational age; as described in Domingues et al. (2022) [61]. Mice
were euthanized using isoflurane (Isospire™, Dechra) and cervical dislocation on D13, D15, or D18, and
the uterus was collected. Additionally, the uterus of NP mice was collected. The uterus was cut in half for
use in RNA isolation (QIAGEN, 74134) and histology. RNA samples were converted to cDNA using the

Applied Biosystems kit (4368814) and then used for gPCR analysis.
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Non-human primate uterine tissue collection

All NHP uterine tissue was obtained from the Wisconsin National Primate Research Center (WNPRC,
Wisconsin, USA). A section of uterine tissue was sent for histology, and another section was used for
RNA isolation (QIAGEN, 74134). gPCR was performed on RNA isolated samples (QIAGEN, 74134)

following cDNA conversion (Applied Biosystems, 4368814).

Histology and immunohistochemistry

Slides containing the histology of uterine tissue samples were prepared by the Translational Research
Initiatives in Pathology (TRIP) core at the University of Wisconsin-Madison. Hematoxylin and eosin (H&E)
stains were prepared by the TRIP lab and imaged using a Nikon Eclipse TE300 confocal microscope at a
20X objective with a Nikon Digital Sight DS-U3 camera. Images were captured and analyzed on NIS-

Elements D 5.42.02 software. Unstained slides were prepared for immunohistochemical (IHC) analysis.

For IHC, slides were soaked twice in CitriSolv (Decon Laboratories, 1601) for 5 minutes. The slides were
dipped in the following solutions 10 times each: 100% EtOH, 95% EtOH, 70% EtOH. They then soaked in
water for 5 minutes. Slides were microwaved for 20 minutes in Citrate Buffer (0.01M Citric Acid
Anhydrous (Fisher Scientific, A940-500), and 0.1% Tween-20 (Acros, AC233362500); pH 6.5) and
allowed to cool for 20 minutes. Then, the slides were soaked and washed in deionized water for 5
minutes. A PAP pen (Biotum, 23024) was used to outline tissue sections, and blocking was performed
with 0.25% diluted normal horse serum (Vector, S-2000) containing 0.1% Triton X-100 (Sigma, T-9284)
for 20 minutes. Slides were incubated overnight with a Kir7.1 C-12 mouse monoclonal antibody (1:200)
(sc-398810, Santa Cruz Biotechnology, Santa Cruz, CA) and ACTAZ rabbit polyclonal (SMA) (1:200)
(Proteintech, 14395-I-A) or alpha-ENaC polyclonal (1:200) (Invitrogen, PA1-920A) primary antibody. All
primary antibodies were diluted in Dulbecco’s Phosphate-buffered Saline (DPBS, GIBCO, 14190144)
containing 0.3% Triton X-100 (PBS + 0.3% TritonX-100). Slides were washed three times with PBS +

0.3% TritonX-100 for 5 minutes each wash. Secondary antibodies Alexa Fluor™ 488 donkey anti-mouse
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IgG (Invitrogen, A21202) (1:200) and Alexa Fluor™ donkey anti-rabbit IgG (A21207) (1:200), diluted in
PBS + 0.3% TritonX-100, were applied to slides and incubated for 2 hours. Washing with PBS and 0.3%
Triton X-100 was performed twice for 5 minutes each. DAPI (Biolegend, 422801) (1:200) diluted in PBS +
0.3% TritonX-100 was added to the slide and incubated for 10 minutes. Slides were washed once with
PBS with 0.3% Triton X-100. Premium microscope slides (Fisher Scientific, 125441) were fixed onto
slides using mounting medium (ibidi, 50001). IHC slides were then imaged for fluorescence on a confocal
microscope (Nikon Eclipse Ti) and Nikon C2 camera at a 20X objective. Images were captured and

analyzed using NIS-Elements AR 5.30.05.

Quantitative PCR

Primers were designed to specifically differentiate between mKcnj13 and hKCNJ13 for gPCR analysis,
and were custom ordered from IDT using mouse and human RNA transcripts from NCBI

(https:/imww.ncbi.nim.nih.gov/gene/) (Table 1). Fold change was calculated as follows:

Fold change = 2"(AACT)

cDNA was used for gPCR using PowerUP SYBR green master mix (ThermoFisher, A25741) on a
QuantStudio (Applied Biosystems) machine. The setup and analysis of the experiment were performed

using QuantStudio (Applied Biosystems).

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean +SEM.
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Figure 1: HET mice weigh more than WT mice (A) Schematic of experimental methods. Breeding pairs
began breeding on DO and were separated 48 hours later (D2). Female mice were weighed daily, starting
on D7 and ending on D11, to determine gestational age. Uterus collected at time points D13, D15, or
D18. DO= 0 days from breeding/onset of breeding, D7=7 days from breeding, D8=8 days from breeding;
day 9 (D9)=8 days from breeding, day 10 (D10)=10 days from breeding, D11=11 days from breeding. (B)
Weight (g) of WT female mice since onset of breeding (DO, grey arrow). The left graph depicts mice that
did not become pregnant. Averages for WT not pregnant mice were: D0=21.4, D7=22.2., D8=22.3,
D9=22.2, D10=22.3, and D11=22.4. SEMs were as follows: D0=3.337, D7=3.464, D8=3.477, D9=3.473,
D10=3.473, and D11=3.507. There were no observed statistically significant differences in weights
between days. The right graph depicts mice that became pregnant. Average values for WT pregnant mice
were D0=21.9, D7=23.1, D8=23.7, D9=23.7, D10=24.2, and D11=25.6. And SEM for WT pregnant mice
was D0=3.390, D7=3.579, D8=3.658, D9=3.667, D10=3.728, and D11=3.958. A statistically significant
difference (p=0.015) was observed between DO and D11 in WT pregnant mice. (C) HET female mice
weight (g) since onset of breeding (DO, grey arrow). Mice that did not become pregnant depicted by left
graph. Average values for HET not pregnant were as follows: D0=25.1, D7=24.908, D8=25.0, D9=25.1,
D10=25.1, and D11=25.1, and SEM values were: D0=4.053, D7=4.017, D8=4.038, D9=4.049,
D10=4.039, and D11=4.062. No statistically significant differences in weights between gestational days
were observed. Mice that did become pregnant depicted by right graph. Averages for HET pregnant mice
were D0=27.5, D7=28.8, D8=29.3, D9=29.5, D10=30.3, and D11=31.6. SEM values were: D0=3.826,
D7=3.991, D8=4.054, D9=4.079, D10=4.180, and D11=4.364. There were no statistically significant
differences in weights observed between days. (D) Comparison of average WT (blue squares) vs HET
(purple circles) female weights (g), in Figure 1C and 1D, from the onset of breeding (DO0). Top graph
depicts mice that did not become pregnant. Bottom graph depicts mice that did become pregnant.
Statistical significance measured by two-tailed Student’s t-test and denoted as *P<0.05, **P<0.01, and
***P<(0.001. All values were significant between WT and HET at each time point, except for NP at D11.
For NP, p-values comparing WT and HET at each time-point were: 0.006 for DO, 0.040 for D7, 0.038 for

D8, 0.031 for D9, 0.028 for D10, 0.052 for D11. For pregnant, p-values comparing WT and HET for each
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time-point were: 0.014 for DO, 0.009 for D7, 0.007 for D8, 0.004 for D9, 0.002 for D10, and 0.004 for D11.
(E) Weight difference between D10 to D7 (D10-D7) and D11 to D18 (D11-D8) between WT and HET to
determine gestational age. Average values for D10-D7 were 1.028 for WT and 1.47 for HET, and SEM
values were 0.176 for WT and 0.353 for HET. Average values for D11-D8 were 1.919 for WT and 2.333
for HET; with SEM values of 0.372 for WT and 0.735 for HET. No statistical significance was measured
by a two-tailed Student’s t-test for WT versus HET between each time range. Sample size used for all

data analysis was WT not pregnhant=15, HET not pregnant=12, WT pregnant=9, and HET pregnant=6.
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Figure 2: Myometrial histological changes in mouse and NHP, and expression of Kir7.1 in mid-
gestation for WT and HET mice throughout pregnancy. (A) Hematoxylin and eosin (H&E) staining of
the myometrium comparing WT mouse, HET mouse, and NHP throughout pregnancy. (B) Visual changes
in Kir7.1 expression in the myometrium throughout pregnancy in WT mouse, HET mouse, and NHP.
Fluorescent images demonstrating DAPI (blue), SMA (red), and Kir7.1 (green). D13=mouse gestational
day 13, D15=mouse gestational day 15 and equivalent to mid-gestation, GD90=NHP gestational day 90

and equivalent to mid-gestation, D18=mouse gestational day 18.



170

Non-pregnant

D18
"‘ . .
D7 7K ; 5 i miscarried
B WT HET —
mouse mouse
I --

D13

DAPI/ENaC-a/Kir7.1

miscarried




171

Figure 3: Histology changes and expression of Kir7.1 in LE of mice and NHP throughout
pregnancy. (A) Histological changes to the LE of WT mouse, HET mouse, and NHP throughout
pregnancy. (B) IHC images demonstrating Kir7.1 expression changes in the LE throughout pregnancy in
WT mouse, HET mouse, and NHP. Fluorescent images demonstrating DAPI (blue), ENaC-a (red), and
Kir7.1 (green). D13=mouse gestational day 13, D15=mouse gestational day 15 and equivalent to mid-
gestation, GD90=NHP gestational day 90 and equivalent to mid-gestation, D18=mouse gestational day

18.
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Figure 4: Changes in GEp histology and presence of Kir7.1 of mice and NHP throughout
pregnancy. (A) H&E staining of the GEp comparing WT mouse, HET mouse, and NHP throughout
pregnancy. GEp denoted by white arrowhead. (B) Expression changes of Kir7.1 expression changes in
GEp throughout pregnancy of WT mouse, HET mouse, and NHP. Fluorescent images demonstrating
DAPI (blue), ENaC-a (red), and Kir7.1 (green). GEp denoted by white arrowhead. D13=mouse
gestational day 13, D15=mouse gestational day 15 and equivalent to mid-gestation, GD90=NHP

gestational day 90 and equivalent to mid-gestation, D18=mouse gestational day 18.
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Figure 5: Changes in vasculature histology and Kir7.1 expression throughout pregnancy. (A)
Changes in vasculature histology throughout pregnancy between WT mouse, HET mouse, and NHP
throughout pregnancy. Vasculature denoted by: artery=white arrow, vein=green arrow, spinal
artery=purple arrow. (B) IHC images demonstrating Kir7.1 expression changes in the myometrium
throughout pregnancy in WT mouse, HET mouse, and NHP. Fluorescent images demonstrating DAPI
(blue), SMA (red), and Kir7.1 (green). Vasculature denoted by: artery=white arrow, vein=green arrow,
spinal artery=purple arrow. D13=mouse gestational day 13, D15=mouse gestational day 15 and
equivalent to mid-gestation, GD90=NHP gestational day 90 and equivalent to mid-gestation, D18=mouse

gestational day 18.
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Figure 6: Kir7.1 expression throughout pregnancy in WT mice, HET mice, and NHP. (A) mKcnj13
expression fold change throughout pregnancy in WT mice. Average values are 2.694 for NP, 7.884 for
D13, 8.276 for D15, and 1.212 for D18. SEM values are as follows: 0.699 for NP, 2.166 for D13, 4.576 for
D15, and 0.069 for D18. Statistically significant differences in expression were observed between NP
versus D18 (p=0.004) and D13 versus D18 (p=0.003). (B) HET mouse fold change in expression of
mKcnj13 transcript throughout pregnancy. Averages are as follows: 5.241 for NP, 5.437 for D13, 5.408 for
D15, and 2.500 for D18. For SEM, values are 1.359 for NP, 1.508 for D13, 2.217 for D15, and 0.227 for
D18. No statistical significance is observed between days. (C) Comparison of mKcnj13 fold changes
between WT (blue) and HET (purple) throughout pregnancy. Statistical significance was calculated

between WT and HET for each time point. A statistically significant value was observed between WT and
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HET for D18 (p=0.00003). (D) Box plot depicting a statistically significant difference (p=0.003) in fold
change expression differences in pKCNJ13 between NP and GD90, in NHP. Averages were 1.035 for NP
and 3.329 for GD90. SEM values were as follows: 0.178 for NP and 0.740 for GD90. NP=non-pregnant,
D13=mouse gestational day 13, D15=mouse gestational day 15, GD90=gestational day 90. A two-tailed
Student’s t-test calculated statistical analysis, and p-values were denoted as *P<0.05, **P<0.01, and

***P<0.001.
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Figure 7: Potential role of Kir7.1 in normal uterine function and APOs. (A) We confirmed that Kir7.1
(green) was expressed in mouse uterine myometrium on D15, but not on D13, D18, or in a NP state.
Additionally, no expression of Kir7.1 was observed in NHP myometrial tissue in a NP state or on GD90.
Previous studies demonstrated the same results in mice, as well as expression of Kir7.1 in human uterine
myometrium. The role of the myometrium is to control uterine contractility and progress labor at the end of
gestation (as shown in the orange box). Previous studies have demonstrated that Kir7.1 prevents
contractility, suggesting that dysfunctional Kir7.1 may lead to preterm labor (red box). (B) Kir7.1 (green)
was expressed continuously in the vasculature of mice and NHP. This expression was more pronounced
in a pregnant state compared to a NP state. During pregnancy, the vasculature maintains blood pressure
and blood flow to control nutrient and waste exchange between the mother and fetus (orange box). If

Kir7.1 is vital for the normal function of this tissue, dysfunction of Kir7.1 could lead to HDP, high birth
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weight, or low birth weight (red box). (C) The continuous expression of Kir7.1 (green) throughout
pregnancy was demonstrated in mice and NHP, as illustrated by the continual expression of Kir7.1
(green) in the LE. The LE is necessary for implantation (orange box), thus, implicating dysfunctional
Kir7.1 in playing a role in infertility or impaired fecundity (red box). (D) Kir7.1 (green) was also observed
throughout pregnancy and in a NP state in the GEp of the uterus from mice and NHP. The role of the
GEp in pregnancy is to support the fetus during the 15 trimester, as well as support and assist in the
development of the placenta, which supports the fetus during the 2" and 3™ trimester (orange box). If
Kir7.1 is necessary for these roles, dysfunction in this channel may lead to improper nutrient transfer to
the fetus and cause high birth weight or low birth weight (red box). Additionally, the placenta may not

develop properly, which can further lead to high or low birth weight (red box).



Primer Name

5’-3’ Sequence

Mouse Gapdh FWD

CATTGCTCTCAATGACAACTTT

Mouse Gapdh RVS GTGGTCCAGGGTTTCTTACT
Mouse Kcnj13 FWD GGGCCTTGTGTATCTCCGA
Mouse Kcnj13 RVS TGGGACGTCGTGGTCTATT
Human KCNJ13 FWD TAACCAGTGTCCGGGTCT

Human KCNJ13 RVS

ACTTGATGGTGTAATGGAGTGATAG

Table 1: Primers for gPCR. The NCBI Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) was used for primer design. Primers were ordered from IDT (https://www.idtdna.com).
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Chapter 7: Concluding remarks

Unknown causes of APOs are alarming due to the incidence of long-term health effects on
mothers and offspring. Additionally, there is a need for better preventative and treatment options. Since
the pathophysiology of APOs is poorly understood, ion channel dysfunction and genetic mutations could
be causes of unknown cases. We are particularly interested in understanding the physiological
connections between APOs and genetic mutations to KNCJ13. This gene encodes the ion channel,
Kir7.1, which has been previously reported in the myometrium of the uterus. Additionally, we wanted to

identify potential therapies that could target KCNJ13 mutations.

This thesis work aimed to: A) compare the efficacy of gene therapy approaches in overcoming a
PTC mutation to KCNJ13 (Chapter 2: genomic editing and ACE-tRNA therapy; Chapter 3; Chapter 4:
HUB-101 gene augmentation), B) identify changes in pregnancy and labor due to the partial loss of
Kir7.1 in a mouse model (Chapter 5), and C) further characterize expression changes of Kir7.1 in the

mouse and NHP uterus throughout pregnancy (Chapter 6).

Since patients harboring KCNJ13 mutations experience degenerative vision loss, we initially
aimed to focus on developing therapies to overcome these mutations. Therapies that were cell-type
specific were designed to target the RPE cells. However, successful therapies can be modified in the
future to target cells in the uterus with Kir7.1 dysfunction. We first tested a gene correction approach. We
attempted to create a R166X mutation harboring hiPSC-RPE cell line using genomic editing techniques
(Chapter 2). The successful creation of this line would allow for RPE-specific testing of genomic editing
therapies to overcome the mutation. However, we were not able to create the mutation in these lines. We
then made a cell line that stably expressed the R166X mutation to KCNJ13 and tested three different
genomic editing techniques (GE, BE, and PE). We observed one instance of BE that resulted in 10%
editing; however, this result was not reproducible. GE and PE techniques did not edit the R166X
mutation. Therefore, we determined that this mutant was challenging to edit, likely due to the presence of

repeated bases near the mutation site. Previous research observed successful editing of another PTC to



189

KCNJ13 [1]. Therefore, this study demonstrates that the success of genomic editing techniques is
mutation-specific. We then attempted to target the correction of the mutation at the transcriptional level
using an ACE-tRNA therapy (Chapter 3). This therapy demonstrated success by leading to Kir7.1
expression on the channel and partial recovery of channel function. We also observed that the R166X
mutant protein was expressed on the membrane, leading us to hypothesize that R166X subunits could be
co-assembling with WT subunits to create the tetrameric ion channel. Therefore, we wanted to further
investigate if these subunits demonstrate co-localization on the membrane. We treated cells with GFP-
tagged R166X and RFP-tagged WT plasmids in a 1:1 ratio and performed live-cell imaging. Cells were
also treated with a GFP-tagged W53X and RFP-tagged WT plasmids as a negative control. Imaging and
Pearson’s coefficient revealed that R166X and WT membrane expression were highly correlated,
compared to a low Pearson’s coefficient for W53X and WT expression. Therefore, this study
demonstrated that for ion channels with more than one subunit, mutations that are trafficked to the
membrane can co-assemble with the WT protein translated following treatment. This was likely the
reason that full recovery was not observed in ACE-tRNA-treated R166X cells. A study looking at a
missense mutation to a potassium channel observed similar findings [2]. Future studies investigating

increased doses of ACE-tRNA can further elicit this effect in membrane-trafficked mutants, like R166X.

Gene augmentation therapy delivers a healthy copy of the target gene to cells, thus
demonstrating the ability to overcome multiple mutations to a single gene. This type of therapy could
provide an alternative treatment option for patients with challenging mutations, like R166X. Our lab
previously demonstrated that KCNJ13 was successfully delivered to mutant patient-derived hiPSC-RPE
cells using a Lentivirus [3]. However, Lentiviral vectors are not currently approved for ocular delivery of
gene augmentation therapies. Therefore, we aimed to test a clinical-grade gene therapy, HUB-101, which
utilized an AAV viral vector for hKCNJ13 delivery to mRPE cells (Chapter 4). Transducing mRPE cells
allowed us to design primers that specifically differentiated between the endogenous mKcnj13 transcript
and the exogenous hKCNJ13 transcript delivered by HUB-101. We observed a dose-dependent increase

in hKCNJ13 transcript with no change in the endogenous mKcnj13 transcript. Therefore, HUB-101
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successfully transduced RPE cells and delivered hKCNJ13. This study demonstrates that HUB-101
should be capable of transducing human RPE when it reaches the clinical trial stage. Pre-clinical animal

studies are currently ongoing.

In conclusion, we demonstrated the promise of using ACE-tRNA and gene augmentation
therapies to overcome mutations that are challenging to target with genomic editing techniques. Previous
research in our lab demonstrated that genomic editing may be a therapeutic approach for some
mutations, but not for all mutations. In the future, these therapies can be modified to treat KCNJ13

mutations in the uterus.

To better understand the role of Kir7.1, we used a novel camera system to investigate the effects
of partial loss of Kir7.1 on pregnancy and labor (Chapter 5). Since HOMO mutations in Kcnj13 lead to
lethality in mice, WT C57BL/6J mice were compared to HET mutant mice. Previous research has
demonstrated that HET mutations to Kcnj13 lead to changes in renal physiology, but do not lead to
disease phenotypes such as hypertension [4]. Therefore, we expected to see a similar effect on
pregnancy and labor. The camera system was a successful approach to accurately monitor mouse
pregnancy and labor. A detailed approach to camera setup and analysis was outlined in Chapter 5. We
did not observe differences in the number of pups born or the length of time between pregnancy for WT
versus HET mice. Pup survival demonstrated a significant difference in WT and HET mice. However, high
variability in samples requires further investigation. When comparing labor times, HET had a trend
towards longer labor times. This difference was not statistically significant, but it suggests that a partial
loss of Kir7.1 may be leading to physiological changes in uterine myometrial function during labor. This
finding further indicates that complete loss of Kir7.1 could lead to more significant changes in uterine
myometrium physiology and emphasizes the importance of further investigation of this channel’s role in
labor. Additionally, the success of this camera system in our study demonstrates an improved model to

study reproduction and should be utilized in future studies.

The trend towards altered labor physiology in HET mice prompted us to investigate changes in

Kir7.1 expression throughout pregnancy and compare them with those in WT mice. A previous study on
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Kir7.1 in the myometrium demonstrated that Kir7.1 expression in mouse myometrium was low at the start
of pregnancy through day 13, increased from day 13 to day 15, and then decreased again from day 15 to
day 18. [5]. We wanted to confirm this result in WT and compare it to our HET mice containing a partial
loss of Kir7.1 due to a genetic mutation (Chapter 6). We also investigated the expression of Kir7.1 in the
other tissues in the uterus throughout pregnancy. Mouse findings were compared with NHP uterus
samples to understand if our results were translatable to humans. We observed that Kir7.1 is not present
in the myometrium in NP, D13, or D18 mouse and NHP uterus. Kir7.1 expression was observed in the
mouse uterus on D15; however, no expression was observed in the NHP uterus during mid-pregnancy
(GD90). Our mouse myometrial results confirm previous findings; however, our mid-gestation NHP results
do not align with the current hypothesis that Kir7.1 is responsible for preventing contractions during mid-
gestation. Demonstrating that there may be differences in Kir7.1 physiology between mice and humans.
We obtained only one NHP GD90 sample to work with, so further investigation into the expression of
Kir7.1 in mid-pregnancy is crucial to understanding the role of Kir7.1 in NHPs. No visual differences in
Kir7.1 expression in the myometrium between WT and HET mice were observed. We also noted changes
in myometrial histology throughout pregnancy. A novel finding was that Kir7.1 was expressed in the LE,
GEp, and vasculature of NP samples, as well as throughout pregnancy. This result was observed in both
mice and NHP, and no visual differences in expression were noted between WT and HET. Therefore,
suggesting that the role of Kir7.1 in these tissues could be translatable between mouse and human
physiology. Additionally, the presence of Kir7.1 in these tissues demonstrates that Kir7.1 could play a vital
role in the maintenance of pregnancy in the uterus. This could implicate Kir7.1 dysfunction in causing
unknown cases of APOs and infertility. Further investigation into the role of Kir7.1 in these tissues is
necessary to understand if it plays a role in APOs. Total uterine expression changes in Kir7.1 were
guantified between the WT and HET mouse uterus and the NHP uterus. In WT mice, there was a trend
for Kir7.1 to increase from the NP uterus through D15, followed by a decrease between D15 and D18. For
HET, this same trend was observed, but the changes were less pronounced. This difference between WT
and HET Kir7.1 expression suggests that expression may not be as efficiently controlled in HET. For

NHP, a significant increase in Kir7.1 expression was observed between NP and GD90 uterine samples.
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This trend, where Kir7.1 increases from the NP state to mid-gestation, at D15 in mice and GD90 in NHP,
suggests that mouse studies of Kir7.1 in the uterus may be translatable to humans. These findings
support trends in Kir7.1 expression in the mouse uterine myometrium [5]. The previous study of Kir7.1 in
the myometrium showed no increase in Kir7.1 within the myometrium until after D13. Our study revealed
a slight increase in the NP and D13 whole uterus, which can be attributed to the presence of Kir7.1 in
other tissues of the uterus. Additionally, the considerable decrease in Kir7.1 expression on D18 in mice
supports that Kir7.1 expression must be decreased as the uterus moves towards labor, to allow for cell
hyperpolarization and subsequent opening of voltage-gated Ca?* channels. Therefore, supporting the
current understanding of the role of Kir7.1 in uterine quiescence as outlined in McCloskey et al. (2014)
[5]. Another interesting finding from this study was that HET mice weighed more on average than WT
mice, and there was a trend towards HET mice gaining more weight during pregnancy. These findings

support a previous study that demonstrated that a loss of Kir7.1 led to late-onset obesity in mice [6].

These findings prompted us to investigate the role of Kir7.1 in the myometrium in an in vitro
model. We aimed to express Kir7.1 and the Ca2+ visualizer Gecola in HUtSMC to observe changes in
Ca2+ concentrations in cells resulting from alterations in Kir7.1 activity. Previous studies have
demonstrated that OXT blocks Kir7.1 in the RPE cells of the eye and that P4 increases the activity of
Kir7.1 in the choroid plexus of the brain [7, 8]. Therefore, we aimed to utilize OXT to block Kir7.1 and
employ P4 to activate Kir7.1 in HUtSMC, subsequently recording the effect on Ca?* concentrations.
Before we could test this, we needed to deliver Kir7.1 and Gecola to HUtSMC efficiently. We tested
nucleofection, LNP, transfection, and transduction to deliver a GFP-tagged Kir7.1 and RFP-tagged
Gecola to the cells (Appendix I). Efficient expression of Kir7.1 was only observed using transduction.
However, no method was successful at getting Gecola to express in HUtSMC. We determined that this
was due to the serotype of virus used for Gecola transduction. We demonstrated that two other types of
viral capsids as potential candidates to deliver Gecola in the future. Additionally, transfection of Kir7.1
and Gecola in CHO-K1 and CHO-M1 cells demonstrated successful expression of both plasmids,

confirming that the cell type was the limiting factor when attempting to deliver these plasmids to HUtSMC.
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The use of a different viral delivery serotype to deliver Gecola to HUtSMC can facilitate future

investigations into the influence of OXT and P4 on Kir7.1 activity and subsequent Ca2+ concentrations.

Overall, we provided evidence for ACE-tRNA and gene augmentation therapy in treating
mutations that are challenging to target using genomic editing techniques, such as the R166X mutation in
KCNJ13. However, previous studies using the same genomic editing techniques on a different mutation
to KCNJ13 were successful, demonstrating the possibility of using genomic editing for some mutations.
These therapies could be modified for future targeting of uterine tissues to treat APOs and infertility due
to genetic mutations. To study the effect of partial loss of Kir7.1 in HET mice on labor, we demonstrated
the success of a novel camera system. This setup allowed us to identify a trend in HET mice towards
longer labor times. The use of this camera system in future reproductive studies could significantly
improve the accuracy and knowledge within the reproductive field. Additionally, we identified the presence
of Kir7.1 in the LE, GEp, and vasculature of the uterus throughout pregnancy and in a NP state. In
addition to demonstrating that Kir7.1 expression increases as gestation progresses towards mid-gestation
and decreases towards labor in the whole mouse uterus. These findings suggest that Kir7.1 dysfunction
could be involved in causing other APOs and infertility; emphasizing the importance of further research
into the function and dysfunction of Kir7.1 in these tissues. Our results suggest that patients harboring
loss-of-function mutations to KNCJ13 could suffer from APOs or infertility. Genetic therapies could
prevent these adverse outcomes, therefore decreasing the likelihood of these patients and their offspring

from suffering the long-term health effects resulting from APOs.
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Appendix I: HUtSMC delivery of plasmids to evaluate the effects of
common pregnancy hormones on Kir7.1 activity and subsequent Ca?*
concentration
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SUMMARY

Globally, APOs, including spontaneous preterm labor, lead to long-term health issues in mothers
and offspring. While some pathophysiological causes of preterm labor are known, there are still unknown
causes. Kir7.1 is an inwardly rectifying potassium channel that could lead to preterm labor if there is a
loss of function. This channel helps maintain uterine myometrial quiescence by keeping the cell
hyperpolarized, therefore, preventing the opening of Voltage-gated Ca?* channels. Female patients who
have not reached reproductive age have been identified as harboring mutations to KCNJ13, which
encodes Kir7.1. Therefore, it is necessary to understand the role of Kir7.1 in uterine quiescence, and its
potential impact on preterm labor due to the loss of Kir7.1. Additionally, pregnancy hormones OXT and
P4 have been implicated in altering Kir7.1 activity in other tissues. Therefore, to further our understanding
of Kir7.1's role in uterine quiescence, we tried to examine whether OXT and P4 would have the same
impact on Kir7.1 and downstream internal Ca2+ concentrations in human uterine smooth muscle cells
(HUtSMC). To visualize this, we wanted to deliver Kir7.1 and a Ca?* visualizer (Gecola) to HUtSMC. We
attempted to deliver plasmids via nucleofection, lipid nanoparticle (LNP) transfection, and transduction.
We observed that transduction was the only successful delivery method for delivering Kir7.1 to HUtSMC.
Additionally, Gecola was not delivered to the cells using any technique. We identified that this was due to
the AAV serotype and identified two types of virus capsids that have the potential to successfully deliver

Gecola to these cells in future studies.
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INTRODUCTION

APOs are a cause of long-term health issues in mothers and offspring globally [1-5]. One of these
APOs is spontaneous preterm labor, which is characterized by spontaneous labor occurring before 37
weeks gestation [4-7]. Infants who are born prematurely are at a higher risk for long-term health effects,
including retinopathy of prematurity, cerebral palsy, and intellectual disabilities [8-11]. Preterm labor is
associated with pathophysiological causes such as P4 withdrawal, OXT activation, and premature
activation of the decidua [12]. Several pathogen-associated causes have been implicated in causing
premature activation of the decidua; however, the link between them is poorly understood [6, 11].
Additionally, some causes of preterm labor are unknown. The treatment options for spontaneous preterm
labor are scarce; relying on bed rest and hydration for the prevention of preterm labor, and administration
of pharmacological agents to delay contractions [11]. However, there is no substantial evidence
supporting bed rest or hydration in the prevention of preterm labor, and pharmacological agents often
only delay contractions by 24-48 hours. Therefore, it is vital that we better understand the
pathophysiological causes of spontaneous preterm labor to prevent and treat preterm labor more

effectively and reduce the incidence of long-term health effects that result.

lon channels play a crucial role in maintaining a healthy pregnancy. Ca?*, Na*, K*, and CI-
channels are present in the uterine myometrium and play roles in contractility and quiescence [13-16].
Specifically, K+ channels play roles in maintaining uterine quiescence [16, 17]. Therefore, dysfunction of
K+ channels could be a cause of unknown preterm labor. One of the K+ channels expressed in the
uterine myometrium is Kir7.1, an inwardly rectifying potassium channel [16, 18]. In this study, Kir7.1
expression increased from gestational day 13 (D13) to D15 and decreased between D15 and D18 in mice
[16]. In human uterine samples at term, Kir7.1 expression was higher in uteri not in labor. Expression
decreased in uterine samples taken while in labor. The overexpression of Kir7.1 resulted in a decrease in
myometrium contraction, and blocking or knocking out the channel led to an increase in contractility.
Demonstrating that Kir7.1 has a significant influence over uterine quiescence and contractility. This study

hypothesized that Kir7.1 prevents contractions by keeping the cell in a hyperpolarized state, therefore,
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keeping voltage-gated Ca?* channels closed. Decreased expression and blocking of Kir7.1 would then
lead to cell depolarization, followed by subsequent opening of Ca2+ channels, allowing for contraction.
Additionally, another study confirmed these findings in mice and demonstrated that P4, a known activator
of Kir7.1, leads to further reduction in contractility through its action on Kir7.1 [19, 20]. However, no other

studies have followed up on Kir7.1’s role in contractility or its potential link with preterm labor.

Female patients who suffer from a complete loss of Kir7.1 function, due to recessive mutations in
the KCNJ13 gene, have been identified but have not reached reproductive maturity [21-24]. Therefore,
the APOs associated with loss of Kir7.1 function in the uterine myometrium are not known and warrant

further investigation.

To better understand the influence of pregnancy hormones on the role of Kir7.1 in the uterine
myometrium during pregnancy. Our lab has previously demonstrated that OXTR activation via OXT
inhibits Kir7.1 in the RPE cells of the eye [25]. Levels of OXT increase during labor to stimulate uterine
myometrial contraction [26]. Therefore, OXT could be inhibiting any Kir7.1 expressed during partition.
Additionally, P4 demonstrated the ability to activate Kir7.1 in the choroid plexus of the brain [20]. P4
concentrations are high at the onset of pregnancy and fluctuate until they drop at the end of pregnancy
[27]. Therefore, P4 may increase the activity of Kir7.1 in early- and mid-gestation, resulting in the
maintenance of uterine quiescence and the prevention of preterm labor. A study demonstrated that the
addition of P4 in Kir7.1-expressing mouse myometrium led to a further decrease in contractility, compared
to myometrium expressing Kir7.1 that was not treated with P4 [19]. This further supports that P4 may be

helping to regulate Kir7.1's role on uterine quiescence during pregnancy.

We aimed to utilize OXT and P4 to modulate or activate Kir7.1 activity in primary human uterine
smooth muscle cells (HUtSMC) and assess the response of free Ca2+ within the cell. We planned to use
a Ca?* visualizer (Gecola) that would bind to free Ca?* inside the cell and utilize live-cell imaging to
quantify changes in free cellular Ca?* marked by changes in Gecola fluorescence. We hypothesize that

Kir7.1 will be inhibited by OXT treatment and activated by P4 treatment. Downstream, we expect that free
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Ca?* inside the cell, and subsequent Gecola fluorescence, will increase with OXT treatment and

decrease with P4 treatment, due to Kir7.1's influence on cellular voltage.

Before we could investigate this, we needed to deliver Gecola to HUtSMC. Additionally, since
Kir7.1 has been shown not to express until mid-gestation, we needed to force the cells to express Kir7.1
[16]. We hypothesized that Kir7.1 and Gecola plasmids would be successfully delivered and expressed
in our cells via nucleofection, transfection, transduction, and lipid nanopatrticle (LNP) delivery; and that the

efficiency of expression would depend on the mode of delivery.

RESULTS

Nucleofection of HUtSMC results in low expression of the GFPVT plasmid.

We investigated whether nucleofection would deliver Kir7.1 and Gecola plasmids to HUtSMC.
Cells were nucleofected in a 1:1 ratio with Kir7.1+Gecola, Kir7.1+a dummy plasmid (dummy),
Gecola+dummy, or GFPYT+dummy plasmid, according to company protocols. Additionally, a company's
positive control from MaxCyte, TM2-GFP, was evaluated for MaxCyte nucleofection. The efficacy of two
different nucleofection machines and three different programs was investigated, and fluorescence was
visualized to calculate the percentage of cells expressing GFP-tagged Kir7.1 and RFP-tagged Gecola
after 24 hours. Low editing efficiency for the GFPWT plasmid was demonstrated using two Lonza
programs (Fig. 1A and 1B). Additionally, only 1-2% of cells expressed the Kir7.1 plasmid, with no
expression of Gecola observed. For MaxCyte nucleofection, GFPWT and TM2-GFP demonstrated
successful delivery that was higher than Lonza (Fig. 1C and D). However, for MaxCyte transduction,
Kir7.1 delivery resulted in no more than 1% of cells expressing Gecola. Therefore, nucleofection was not

successful at delivering Kir7.1 or Gecola to HUtSMC.
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LNP delivery was unable to deliver plasmids to HUtSMC cells.

LNP delivery has been a novel and successful delivery method for DNA [28]. Therefore, we
wanted to evaluate its ability to deliver plasmids to HUtSMC. Only 1% of cells demonstrated GFPWT
expression following LNP delivery (Fig. 2A and B). Additionally, Kir7.1 and Gecola were unable to be

delivered to HUtSMC via LNP delivery. Therefore, LNP delivery was not successful in HUtSMC cells.

Gecola and Kir7.1 are successfully transfected in CHO-K1 and CHO-M1, but not HUtSMC cells.

Delivery of Kir7.1 and Gecola to HUtSMC via transfection was attempted at a 1:1 ratio, and the
cells were visualized 24 hours after treatment. As a positive control, GFP"T was delivered to cells at a low
delivery efficiency (Fig. 3A and B). However, only 4% of Kir7.1 was delivered to cells, and no delivery of
Gecola was achieved. Therefore, we wanted to investigate if delivery issues were due to issues with the
Kir7.1 and Gecola plasmids, or because HUtSMC are difficult to target with transfection. We transfected
CHO-K1 and CHO-M1 with Kir7.1+Gecola (1:1 ratio) and imaged for fluorescence. Kir7.1 and Gecola
were successfully delivered to both CHO-K1 and CHO-M1 cells, but not to HUtSMC (Fig. 3C). This
demonstrates that our plasmids were not the factor leading to low delivery efficiencies, but that HUtSMC

cells were hard to target with transfection.

Lenti-Kir7.1 successfully transduced HUtSMC at a high delivery efficiency.

Transduction of HUtSMC with a Lenti-Kir7.1 and AAV-GC13-Gecola was attempted. Our lab has
previously demonstrated successful delivery of Kir7.1 to hiPSC-RPE cells using the Lenti-Kir7.1 that we
chose for this study [29]. Expression of GFP-tagged Kir7.1 was imaged 6 and 12 days after transduction
and demonstrated high delivery efficiency (100%) of Kir7.1 at both time points (Fig. 4A and B). AAV-
GC13-Gecola was transduced 6 days after Kir7.1 expression and imaged 6 days later. No expression of

Gecola was observed. We aimed to determine whether the serotype of AAV contributed to the lack of
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expression of AAV-GC13-Gecola, so we investigated the delivery efficiency of AAV-GC13-GFP.
Additionally, an AAV-GCO03-GFP serotype was used for comparison. AAV-GCO03 serotype successfully
delivered GFP to cells at a high delivery efficiency 6 days after treatment (Fig. 4C). In contrast, AAV-
GC13 was not able to deliver GFP to HUtSMC cells, 6 days post-treatment. Confirming that the serotype

of AAV was likely the cause of the unsuccessful delivery of Gecola.

DISCUSSION

Inhibition and activation of Kir7.1 in mouse myometrium have been demonstrated as influencing
uterine quiescence and contractility [16, 19]. However, no other studies have investigated the role of
Kir7.1 in the uterus myometrium. OXT has been demonstrated in the inhibition of Kir7.1 of RPE cells, and
P4 treatment has resulted in the activation of Kir7.1 in the choroid plexus and mouse uterine myometrium
[19, 20, 25]. Demonstrating that these necessary pregnancy hormones could have the same effect on

Kir7.1 in the uterus to maintain hormone control over uterine quiescence and contractility.

We wanted to investigate the effect of these hormones on Kir7.1 activity and subsequent Ca?*
channel activity in HUtSMC. Therefore, we needed to express Kir7.1 and Gecola in the cells. We
explored the efficacy of nucleofection, transfection, transduction, and LNP delivery of a GFP-tagged
Kir7.1 and an RFP-tagged Gecola to HUtSMC. Additionally, a GFP plasmid was used for comparison.
Nucleofection, transfection, and LNP delivery were not able to deliver Kir7.1 to the cells, observing a
maximum of 4% of cells expressing GFP-tagged Kir7.1 using transfection (Fig. 1A and B, 2A and B, and
3A and B). Additionally, Gecola was not delivered using any of these methods. To evaluate if the
inability of these methods to deliver Gecola was due to issues with the plasmid or the cell type, we
transfected CHO-K1 and CHO-ML1 cells with Kir7.1+Gecola and imaged them under a live-cell imaging
microscope. Transfected HUtSMC were imaged for comparison and demonstrated no efficient delivery of
Kir7.1 or Gecla (Fig. 3C). However, CHO-K1 and CHO-M1 cells expressed Kir7.1 and Gecola,

demonstrating that our plasmid was not the issue. Rather, delivering plasmids to HUtSMC was
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challenging, further confirmed by the low efficiency observed with GFP plasmid delivery (Fig. 1A and B,
2A and B, and 3A and B). Additionally, these HUtSMC cells spontaneously contract in culture [30].
Demonstrating that a lack of free Ca?* inside HUtSMC is not the cause of the lack of observed Gecola

expression.

Our lab has previously used Lentiviral transduction to deliver Kir7.1 to hiPSC-RPE cells efficiently
[29]. Therefore, we used transduction to deliver Lenti-Kir7.1 and an AAV-GC13-Gecola, that was
available in our lab. 6 days after transduction, all cells expressed Kir7.1 (Fig. 4A and B). In contrast,
Gecola was not expressed 6 days after transduction. To understand if the GC13-AAV serotype led to no
Gecola expression, we transduced cells with an AAV-GC13 containing GFP. An AAV-GCO03 serotype
containing GFP was also transduced for comparison. While AAV-GC03-GFP successfully delivered GFP
to HUtSMC, the GC13 serotype did not (Fig. 4C). Thus, demonstrating that the AAV serotype explains

the lack of Gecola delivery to HUtSMC.

These results demonstrate that HUtSMC are difficult to deliver plasmids to using nucleofection,
LNPs, or transfection. Therefore, future studies should focus on transduction methods that utilize AAV-

GCO03 or Lentivirus delivery of Gecola.

MATERIALS AND METHODS
Cell culture

Normal, HUtSMCs were ordered from ATCC (PCS-460-011) and maintained in vascular cell basal
medium (ATCC, PCS-100-030) containing a vascular smooth muscle cell growth kit (ATCC, PCS-100-
042) and 1% antibiotic-antimycotic (Anti-Anti, Gibco, 15240062) according to company recommendations.
CHO-K1 and CHO-M1 cells were maintained in medium containing F12 (Gibco, 11765-054), with 10%
fetal bovine serum (FBS, HyCloneTM Characterized Fetal Bovine Serum, Heat-inactivated,
SH30396.03HI), 1% penicillin-streptomycin (Pen-Strep, GeminiBio, 400-109), and 1% anti-anti. Cells

were maintained in a cell incubator at 37°C and 5% CO.. The cells were split using Dulbecco’s
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Phosphate-buffered Saline (DPBS, GIBCO, 14190144) and gently dissociated using Accutase (Corning,

25-058-ClI) once confluency reached around 80% and the media was changed every 2-3 days.

Nucleofection of HUtSMC

Cells were plated 24-hours before nucleofection. HUtSMC were nucleofected with a Lonza 4D
Nucleofector with Kir7.1 plasmid (0.1ug) and Gecola plasmid (0.1ug) in a 1:1 ratio, Kir7.1 plasmid
(0.2ug), Gecola plasmid (0.2ug), or GFPWT plasmid (0.2ug). The following programs were tested: FF-
130, FG-113, DS-137, CM-137, EH-106, and FP-113 using the SF cell line kit (Lonza, V4XC-2032).
Additionally, nucleofection using a MaxCyte (info on machine) with the optimization 6 program was tested
using the following plasmids: Kir7.1 plasmid (15ug) and Gecola plasmid (15ug) in a 1:1 ratio, Kir7.1
plasmid (15ug), Gecola plasmid (15ug), GFPWT plasmid (15ug), or TM2 plasmid (5ug) provided by
MaxCyte. Nucleofected cells were plated in 6-well plates and medium was changed 24 hours after
treatment. The Kir7.1 plasmid was GFP tagged, and Gecola was RFP tagged to allow for visualization of
protein. Cells were imaged for fluorescence 24 hours after treatment. Imaging and analysis of percent of

cells expressing fluorescence was performed on an EVOS M5000 microscope.

LNP delivery to HUtSMC

A C12-LNP particle was created and used for delivery of the following plasmids to HUtSMC: Kir7.1 (1ug)
and Gecola (1ug), Kir7.1 (1ug), Gecola (1ug), or GFPWT (1ug). Kir7.1 plasmid was tagged with GFP and
the Gecola plasmid was tagged with RFP to allow for fluorescent imaging. Cells were plated in a 6 well
plate and imaged 24 hours after treatment. An EVOS M5000 microscope was used for fluorescent

imaging and analysis.
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Transfection of HUtSMC, CHO-K1, and CHO-M1 cells

Transfection of HUtSMC was performed using TransIT-LT1 (Mirus, MIR 2304), as suggested by Mirus,
Opti-Mem (Gibco, 31985-070), and 2 ug in a 1:1 ratio of the following plasmids: Kir7.1 and Gecola, Ca2+
and dummy, or GFPWT and dummy. Additionally, CHO-K1 and CHO-M1 cells were transfected with
TransIT-X2 (Mirus, MIR 6000), Opti-MEM, and Kir7.1 plasmid (1 ug) + Geco1a plasmid (1 ug) ina 1:1
ratio. This transfection reagent was selected due to its previous success in delivering Gecola to CHO-M1
cells. Following transfection, cells were maintained in a 6-well plate, and the media was changed 24
hours after treatment. Cells were imaged using an EVOS M5000 microscope. Additionally,
Kir7.1+Gecola-treated cells were imaged 24 hours following treatment using a confocal microscope
(Nikon Eclipse FN1) with a Hamamatsu ORCA-Flash4.0 digital camera (model: C11440-22CU) using

NIS-Elements AR 5.41.02 software for capturing and analysis of images.

HUtSMC Transduction

Transduction of HUtSMC was performed using 7.8x10° TU/ml GFP-tagged Lenti-Kir7.1 (Vector Builder,
LVP-VB161020-1047mdf), 4.7x10%° TU/ml RFP-tagged AAV-GC13-Gecol (OBiO, E10252), 2.4x10%3
AAV-GC13-GFP (OBiO, GL3048-1), or 4.9x10* AAV-GC03-GFP (OBiO, GL3048-2). 8ug of polybrene
(Santa Cruz Biotechnology, sc-134220) was used to increase transduction efficiency. Cells were
maintained in 35-mm dishes and imaged and analyzed 7 days after treatment using an EVOS M5000

microscope to detect fluorescence.

Statistical Analysis

A two-tailed Student’s t-test was performed using Microsoft Excel for the statistical analysis. Differences

were considered statistically significant at p < 0.05; the results are expressed as mean £SEM.
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Figure 1: HUtSMC nucleofection demonstrates low expression when using GFPWT plasmids. (A)
Representative fluorescent images of nucleofection with Lonza programs FF-130 or FG-113, using
plasmids containing either GFP, Kir7.1 + Gecola (1:1 ratio), Kir7.1, or Gecola. Percent of HUtSMC cells
expressing either GFP or RFP 24 hours after treatment is demonstrated. GFP and GFP-tagged Kir7.1
expression is green, and RFP-tagged Gecola is red. (B) Comparison of Lonza percentage treated cells
using program FF-130 (1) or FG-113 (2). Two programs, FF-130 and FG-113, demonstrated low
efficiency in the delivery of GFPWT plasmid, at 16% and 13% respectively. 2% of cells expressed Kir7.1
following delivery of Kir7.1+Gecola with the FG-113 program, but not with the FF-130 program. FF-130
delivered Kir7.1 to 1% of cells in the Kir7.1+dummy group, but no delivery was observed when using FG-
113. No delivery of Gecola was observed for Lonza nucleofection using either program. Percent GFP
represented in green and percent RFP in red. (C) Nucleofection using a MaxCyte machine demonstrating
the percentage of cells expressing a GFP- or RFP-tagged protein, 24 hours after treatment. A comparison
was made between the GFP plasmid, Kir7.1+Gecola (at a 1:1 ratio), Kir7.1, and TM2-GFP. GFP and
GFP-tagged Kir7.1 expression is green, and RFP-tagged Gecola is red. (D) Percentage of cells treated
using the MaxCyte system. GFPWT and TM2 demonstrated successful delivery at rates of 37% and 21%,
respectively. Additionally, 1% of cells expressed Kir7.1 following Kir7.1+Gecola nucleofection, but not in
the Kir7.1+dummy group. There was no successful delivery of Gecola. Percent GFP represented in

green and percent RFP in red.
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Figure 2: LNP delivery was unable to deliver plasmids to HUtSMC. (A) Fluorescent images

demonstrating the percentage of cells expressing GFP (green), GFP-tagged Kir7.1 (green), or RFP-

tagged Gecola (red), 24 hours after LNP delivery. (B) Graph depicting the percentage of cells expressing

GFP (green) or RFP (red), following LNP delivery. Only 1% of cells successfully expressed GFPWT

following treatment. No delivery of Kir7.1 or Gecola was observed.
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Figure 3: Transfection of Kir7.1 and Gecola in CHO-K1 and CHO-M1 cells, but not HUtSMC. (A)

Fluorescent images demonstrating transfection efficiency, 24 hours after treatment, of the following

plasmids: GFPWT+dummy, Kir7.1 + Gecola, or Gecola+dummy at a 1:1 ratio. Percentage of cells

demonstrating either GFP (green, GFP-tagged Kir7.1 (green), or RFP-tagged Gecola (red). (B) Percent

of cells expressing either GFP (green), GFP-tagged Kir7.1 (green), or RFP-tagged Gecola (red), 24

hours after transfection. Low delivery efficiency is observed with GFPWVT (12%) and Kir7.1 (4%). No

delivery of Gecola is observed. (C) Confocal images of HUtSMC, CHO-K1, or CHO-M1 cells 24 hours

after transfection. GFP-tagged Kir7.1 is represented in green, and RFP-tagged Gecola is represented in

red.
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Figure 4: Transduction of HUtSMC demonstrated high efficiency for Lenti-Kir7.1 and AAV-GC03-

GFP. (A) Fluorescent images taken 6 days after HUtSMC cells were transduced with either Lenti-Kir7.1

alone or Lenti-Kir7.1 and AAV-GC13-Gecola. The percentage of cells expressing either GFP-tagged

Kir7.1 (green) or RFP-tagged Gecola (red) is shown. (B) Graph depicting percent GFP (green) and

percent RFP (red) for Lenti-Kir7.1 and AAV-GC13-Gecola transduction. All cells (100%) expressed Kir7.1

after 6 days (Kir7.1, top). Cells were then transduced with Gecola and demonstrated no expression after

6 days. However, 100% of cells still expressed Kir7.1 12 days after transduction. (Kir7.1+Gecola,

bottom). (C) Images showing the percentage of GFP (green) from AAV-GC03-GFP- or AAV-GC13-GFP-

transduced cells, 6 days post-treatment. 71% of cells expressed GFP from AAV-GCO03 viral transduction,

while AAV-GC13 delivery resulted in 0% GFP expression.
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