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Sequencing studies have implicated multiple subunits of SWI/SNF complexes in
human neurodevelopmental and psychiatric disorders, as well as in cancers. Particularly
haploinsufficiency of ARID 1B, a SWI/SNF chromatin-remodeling subunit, has been implicated
in short stature, autism spectrum disorder, intellectual disability, and corpus callosum agenesis.
In addition, ARIDIB is the most common cause of Coffin-Siris Syndrome, a developmental
delay syndrome characterized by some of the above abnormalities. However, its role in
pathologies is not well characterized due to absence of in vivo models. Therefore, in the first
part of this thesis, we generated Aridlb heterozygous mice, which showed social behavior

impairment, altered vocalization, anxiety-like behavior, neuroanatomical abnormalities, and



growth impairment. In the brain, Aridlb haploinsufficiency resulted in changes in the
expression of SWI/SNF-regulated genes implicated in neuropsychiatric disorders. A focus on
reversible mechanisms identified insulin-like growth factor deficiency with inadequate
compensation by Growth Hormone Releasing Hormone and Growth Hormone,
underappreciated findings in ARID1B patients. Therapeutically, GH supplementation was able
to correct growth retardation and muscle weakness. This model functionally validates the
involvement of ARIDIB in human disorders and allows mechanistic dissection of

neurodevelopmental diseases linked to chromatin-remodeling.

ARIDIA is a paralogous subunit that is commonly mutated in cancers and plays critical
roles in liver regeneration. Chromatin remodeling mechanisms could be generally important
for regeneration in other tissues. Since dynamic regulation of B-cell proliferation in pancreatic
islets is poorly understood and better understanding could lead to therapeutic approaches for
replenishing B-cell mass in type 1 and type 2 diabetes, in the second part of this thesis we
focused on the role of ARIDIA in B-cells. Aridla is physiologically suppressed when B-cells
proliferate during pregnancy or after pancreas resection. Whole-body Aridla knockout mice
were protected against streptozotocin induced diabetes. Cell-type and temporally specific
genetic dissection showed that B-cell specific Aridla deletion could potentiate [-cell
regeneration in multiple contexts. Transcriptomic and epigenomic profiling of mutant islets
revealed increased Neuregulin-ERBB-NR4A signaling. Functionally, chemical inhibition of
ERBB or NR4A was able to block increased regeneration associated with Aridla loss.
Together, this work defined the role of ARID1A in B-cells and provided new insights into the
molecular regulators of B-cell regeneration. Overall, we uncovered important roles of ARIDIA

and ARID1B-containing SWI/SNF complexes in physiological and disease states.
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CHAPTER 1

PROLOGUE

Chromatin structure and regulation

Cells have developed multiple mechanisms to compact and package chromosomal
DNA into chromatin. This packaging is essential as about two meters of DNA needs to fit into
the nucleus in eukaryotic cells (/). Nucleosomes are the repeating structural building blocks of
chromatin that were initially described by their similar appearance to beads on a string under
the electron microscope (2, 3). The core nucleosome compromises an octamer of core histones
containing two copies of H2A, H2B, H3, H4 histones wrapped by 147 base pairs of DNA.
These nucleosome cores together with linker DNA and linker histone H1 are assembled into

nucleosomes, which can be packaged into higher order structures that allow further compaction



and organization (4). Not only does this compaction provide a solution for the space limitation
that exists within the nucleus, it also allows chromatin to be dynamically regulated in a tissue
and temporally specific manner. There are three main mechanisms that are used to regulate
chromatin organization: modification of histones by histone-modifying proteins, DNA by
DNA-modifying proteins, and chromatin by ATP-dependent chromatin remodeling complexes
(5). ATP-dependent chromatin remodeling complexes can be subdivided into four subfamilies:
SWI/SNF, ISWI, INO80, and CHD/M2 which all contain a varied Snf2-like ATPase domain
that can catalyze the translocation of DNA around the histones. Despite having common ATP-
dependent translocation activities, regulation of diverse outcomes are attributed to interaction
with different binding factors with activator or repressor functions, in addition to DNA or

histone targeting specificity due to diverse subunit compositions (6).

Discovery, composition, and function of SWI/SNF ATP-dependent chromatin remodelers
SWI/SNF ATP-dependent chromatin remodeling complexes use the energy derived
from ATP hydrolysis to modulate the accessibility of chromatin. They can disrupt DNA
nucleosome contacts resulting in eviction, sliding or reconstruction of nucleosomes through
histone exchange. SWI/SNF activity is important for the regulation of fundamental processes
such as transcription, replication, recombination and DNA repair (7). The discovery of ATP-
dependent SWI/SNF chromatin remodeling complexes dates back to the 1980s. The first set of
genes were identified in screens for signaling factors involved in sucrose fermentation. These
mutations defined a new locus called SNF (Sucrose Non-Fermenting) (8, 9). In a separate study
five other genes called SWI1 to 5 (Switch) were discovered by screening for mutants that were
defective in mating-type switching in yeast (/0). The name SWI/SNF complex was coined later
when it was understood that these genes were related to each other and were found in

complexes. SWI/SNF chromatin remodeling complexes are evolutionary conserved from yeast



to flies to mammals (/7). Indeed, the opposition between SWI/SNF and Polycomb complexes
was first discovered in Drosophila, and the imbalance between SWI/SNF and Polycomb
activity is thought to be one of the fundamental mechanisms behind the malignant and
neurodevelopmental disorders caused by SWI/SNF mutations in humans (/2, 13).
Mammalian SWI/SNF complexes (also called BAF complexes) are 0.8 to 1.5 MDa
complexes containing about 15 subunits encoded from about 29 genes. Each mSWI/SNF
complex contains one of the catalytic ATPase subunits, BRGl (SMARCA4), BRM
(SMARCA2) or PBRM1 (BAF180). Other subunits carry structural or targeting roles.
Mashtalir et al. in Dr. Kadoch’s group recently published a detailed biochemical
characterization of mSWI/SNF complexes in which they divided mSWI/SNF complexes into
3 groups according to their assembly pathways and defining subunits: BAF (Brg/Brahma-
associated factors), PBAF (polybromo-associated BAF), ncBAF (non-canonical BAF).
ARID1A (BAF250A) and ARID1B (BAF250B) are mutually exclusive defining subunits of 1
MDa BAF complexes. PBAF, is the largest complex of the three with a molecular weight of
1.41 MDa, contains four defining subunits including ARID2 (BAF200), PBRM1 (BAF180),
BAF45A, and BRD7. The most recently identified ncBAF complex is the smallest complex
(0.87 MDa molecular weight) and it does not contain four of the regular BAF complex subunits
including ARID (BAF250), SMARCBI1 (BAF47, SNFS5, INI1), SMARCC2 (BAF170), and

SMARCEI (BAF57). The defining subunits of ncBAF are BRD9 and GLTSCRI1/1L (/4).

SWI/SNF mutations in neurodevelopmental disorders and cancer

In the last 10 years, human exome sequencing studies showed that SWI/SNF complex
components are some of the most frequently mutated epigenetic regulators in both cancer and
neurodevelopmental disorders. In 2012, Hoyer et al. reported de novo nonsense or frameshift

mutations in ARID 1B in 8 out of 887 (0.9%) unselected patients with unexplained intellectual



disability (ID). All of these patients displayed varying degrees of hypotonia and psychomotor
retardation. Speech impairment was also observed in many of the patients along with other
findings. Later, Santen et al. identified 3 patients with truncating AR/D 1B mutations exhibiting
features of Coffin-Siris Syndrome (CSS) (/5). Tsurusaki et al. also implicated mutations in
multiple SWI/SNF complex components in CSS. 15 genes encoding SWI/SNF components
were screened in 23 patients with CSS and 20 patients were shown to contain a de novo
germline mutations in SMARCBI1, SMARCA4, SMARCA2, SMARCEI, ARID1A and ARID1B.
This paper was important because it highlighted the importance of multiple SWI/SNF complex
components in CSS (/6). The third study reported mutations in SMARCA2 in patients
with Nicolaides-Baraitser syndrome (NBS) (17, 18).

Prominent phenotypic features of CSS include mental retardation, excessive hair
growth, coarse facial features, sparse scalp hair, developmental delay, and hypoplastic or
absent fifth fingers or toenails. Therefore, it has also been named as fifth-digit syndrome.
Corpus callosum agenesis and congenital heart defects are among the variable penetrance
phenotypes observed in these patients (/9). CSS is now recognized as SWI/SNF-associated
disorder since 60% of patients have mutation in one of the subunits of this complex. Among
these SWI/SNF mutations, more than half of them are seen in ARID1B. Overall, 37% of CSS
patients have mutations in ARIDIB. In addition, 0.3% of autistic individuals are estimated to
have mutations in ARID 1B (20). Also, in a 2015 paper in Nature, the genomes of 1100 patients
with unexplained intellectual disability were sequenced and 11 of them (1% of all cases) had
heterozygous loss of ARID 1B, making it the top candidate gene for undiagnosed developmental
disorders (217). However, until our study there were no mouse models to test the causality and
the molecular mechanisms associated with Arid1b loss, despite this gene being implicated in
wide variety of disorders. One conceptually interesting observation made as a result of these

human exome sequencing studies was that most mutations in ARIDIA and ARIDIB were



heterozygous nonsense or frameshift mutations that result in haploinsufficiency. These
mutations also did not necessarily accumulate in the ARID DNA binding domain. On the other
hand, SMARCA4 and SMARCA2 mutations were either nonsense or in-frame deletions
accumulating in the ATPase or helicase domains (22).

Intriguingly, genome and exome sequencing studies also implicated SWI/SNF complex
genes in a variety of human cancers. Cigall Kadoch’s lab compiled and analyzed 44 published
human genome/exome studies and found that SWI/SNF subunits were mutated in 20% of all
cancer types. Among the subunits, ARIDIA was the most commonly mutated gene. In
particular, 45% endometrioid and clear-cell ovarian cancers contained AR/DI/A mutations.
Both ARIDIA and ARIDIB were also found to be mutated in medulloblastoma, gastric,
bladder, hepatocellular, colorectal, melanoma, lung and pancreatic cancers (23). Given the
mutations in ARID1A4 and ARID 1B both in neurodevelopmental disorders and cancer, it will be
interesting to follow patients who harbor germline SWI/SNF mutations for cancer
development. Our studies showed that germline haploinsufficient Arid b mice did not develop
spontaneous tumors and did not display increased liver tumor development compared to WT
mice after diethylnitrosamine (DEN) exposure. Even though neurodevelopmental disorders
and cancer appear to be unrelated, sequencing studies have made it clear that mutations in
multiple chromatin remodelers including SWI/SNF components are common in both. One
common theme that could connect these two is the role of SWI/SNF complexes in important

physiological processes such as self-renewal, proliferation, and differentiation.

SWI/SNF complexes regulate self-renewal, proliferation, and differentiation
Subunit switching and different assemblies of SWI/SNF complexes exist not only
between different organisms but also between different tissues and developmental stages. This

combinatorial assembly and subunit switch of SWI/SNF complexes is important to generate



biological specificity. Cardiac progenitors are distinguished by the expression of BAF60C (24).
Lessard and Wu et al. demonstrated that transitioning from proliferating neural stem and
progenitor cells to post-mitotic committed neuronal lineages is accompanied by the
replacement of BAF45a and BAF53a with BAF45b, BAF45¢c, and BAF53b subunits. In fact,
prevention of this subunit switching impairs neuronal differentiation (25).

Deletion of catalytic and core SWI/SNF components BRG1, SNFS5, or BAF155 results
in lethality at the blastocyst stage, accompanied by impaired inner cell mass formation in mice
(26-28). However, it was not clear whether non-catalytic subunits such as ARIDIA and
ARID1B — that were also shown to be not required for in vitro chromatin remodeling functions
of SWI/SNF on nucleosome templates — were important for early developmental decisions in
vivo. Interestingly, deletion of Aridla resulted in early embryonic lethality in mice and
impaired the self-renewal and pluripotency of ES cells (29). We also showed that Arid1b null
mice die perinatally, indicating that ARID1A and ARID1B cannot compensate for each other’s
loss during development (30). Also, ARIDIA is also essential for cell cycle arrest whereas
ARIDI1B is not (37). In addition, Arid1b null ES cells were hard to maintain in undifferentiated
state in vitro. They displayed reduced levels of pluripotency marker expression and their
proliferation rate was slower than WT ES cells in culture (32). Another study by Dr. Moran’s
group showed that the choice between ARIDIA and ARIDIB is a determining factor for
SWI/SNF’s interactions with activator vs repressor E2Fs and HATs vs HDACs. Changes in
these interactions can result in opposite roles in cell cycle regulation. In line with the anti-
proliferative function of ARID1A, ARID1A-containing complexes seem to be associated with
repressive E2Fs (E2F4 and E2F5) and HDACs. In contrast, ARID1B containing complexes
associate with both activator E2F1 and HATSs and also with repressive E2Fs (E2F4 and E2F5)
and HDAC:s. Pro-proliferative functions of ARID1B-containing complexes still seems to be

dominant despite being associated with opposing factors (33). Along the same lines, Sun et al.



from our lab showed that Aridla loss in the mouse liver results in dissociation of repressive
E2F4 from E2F target genes thereby increasing proliferation in regenerating liver (34). My
study shows that Aridla loss also promotes partial pancreatectomy (PPx) induced B-cell
regeneration and protects against streptozotocin (STZ) induced diabetes, supporting a
proliferation suppressor role that could be manipulated to induce the proliferation of p-cells

(35).

Overview of p-cell regeneration approaches

At various stages of either type 1 and type 2 diabetes, there are absolute or relative
deficiencies of functional beta cells. Therefore, understanding how B-cells are replenished in
vivo may give us clues for developing therapeutic approaches to expand B-cell mass. Dor et al.
in Dr. Melton’s group used lineage tracing approaches in mouse models and demonstrated that
proliferation of pre-existing B-cells is the main source new p-cells during homeostasis and after
PPx in adult mice (36). Another lineage tracing study in mice demonstrated that extreme loss
of B-cells (>99%) by diphtheria toxin results in conversion of a-cells into B-cells (37).
Therefore, self-replication of B-cells and direct conversion of other islet cell types into B-cells
are both possible in mice depending on the degree and type of injury.

There are multiple approaches to generate B-cells: 1) differentiation of ESCs or iPSCs
into B-cells, 2) reprogramming of non-B-cell types into B-cells and 3) stimulating endogenous
B-cell regeneration. Protocols for in vitro differentiation of hESCs and iPSCs towards
pancreatic hormone expressing endocrine cells and later glucose-responsive islet clusters are
continuously being improved over the years (38—41). Direct reprogramming of acinar cells into
B-cells by adenoviral delivery of NGN3, PDX1, and MAFA have been accomplished in adult

mice (42) and were successful in alleviating diabetes (43). In addition, proof of principle



experiments showed that a-cells, liver, pancreatic ductal, intestinal crypt, and stomach cells

can be reprogrammed into insulin-producing cells (44—48).

Molecular regulation of endogenous [f-cell regeneration

B-cell proliferation seems to be the main mechanism of replenishing B-cells in animal
models during postnatal life, although these events appear to be infrequent (36, 49). It has also
been shown that the proliferation potential of B-cells decline with age in animal models and
adult B-cells have a very slow turnover rate in mice (1 in 1400 mature B-cells per day) (50).
However, injury and stress such as pregnancy and high fat diet feeding can increase this basal
rate of proliferation (57, 52). Therefore, understanding the underlying mechanisms related to
age-dependent reduction in B-cell proliferation and the regulators of compensatory B-cell
regeneration is essential before being able to conceive of therapeutic strategies.

Krishnamurthy et al. from Dr. Seung Kim’s laboratory showed that the increased

6™K42 and tumor suppressor p194™ limits -

expression of cyclin-dependent kinase inhibitor p1
cell proliferation in aging mice (53). Their expression is limited by the H3K27me mark
established by EZH2, the catalytic subunit of PRC2 complex. Declining levels of EZH2 in
aging mice results in increased levels of p16™%4 and p19ATand KO of EzA2 in B-cells was
enough to cause B-cell hypoplasia and diabetes (54). Therefore, PRC2 appears to be regulating
B-cell proliferation in the opposite direction as SWI/SNF, since we have shown that reduction
in ARIDIA activates B-cell proliferation. In addition, B-cell specific loss of PRC2 also
correlates with B-cell dedifferentiation and features of diabetes in both mice and humans (55).
In addition to Polycomb, PDGF signaling and p38/MAPK pathways have also been shown to
control age-dependent proliferation in B-cells through the regulation of cell cycle inhibitors

(56, 57). Moreover, multiple growth factor signaling pathways including EGF are implicated

in the regulation of B-cell regeneration. Downregulation of the EGFR pathway in pancreatic



islets results in diabetes due to impaired postnatal growth of B-cells (58). Moreover, specific
deletion of Egfr in adults impaired proliferation before and after PPx through suppression of
Cyclin D1 (59). However, until now there were no studies connecting SWI/SNF chromatin

remodeling and B-cell regeneration.

SWI/SNF chromatin remodeling in pancreas

SWI/SNF chromatin remodelers had not been investigated in great detail in p-cells.
Studies using in vitro mouse B-cell lines showed that PDX1, which is an important transcription
factor regulating glucose-dependent insulin expression, interacts with BRGI1-containing
SWI/SNF complexes. Expression of PDX1 target genes including Ins, MafA, and Glut2 was
reduced upon Brgl knockdown, indicating that the interaction between PDX1 and BRGI-
containing SWI/SNF complexes is important for the regulation of B-cell specific genes (60).
Embryonic pancreas specific deletion of Brg/ reduced multipotent progenitors and reduced all
pancreatic cell lineages. In adulthood, only the dual deletion of Brgl and Brm resulted in
impaired B-cell function but single gene deletions did not have an impact (6/). Although this
study linked reduced B-cell function with the inactivation of SWI/SNF subunits, it should be
noted that this approach likely abolished BAF complex assembly due to loss of both ATPase
subunits. Therefore, further investigations were needed to determine the role of other SWI/SNF
subunits in B-cell regeneration and function. Given that Aridla loss increases liver regeneration
(34) and liver and pancreas arise from the same lineage during embryonic development,
whether or not B-cell regeneration could be modulated by Aridla loss required further

investigation.



Dissertation Objectives

The main objective of this thesis was to understand the functional roles of SWI/SNF
chromatin remodeling complexes in tissue regeneration and disease states. To this end, we
generated multiple loss of function mouse models of Aridi1b and Aridla, genes encoding so
called paralogous and mutually exclusive DNA-binding subunits of SWI/SNF chromatin
remodeling complexes. We hypothesized that the balance between ARIDIA and ARID1B
containing complexes might affect physiological and disease states, since the amount of each
appears to be regulated in context-dependent manner. Interestingly, haploinsufficient germline
mutations in ARIDIB were strongly implicated in neurodevelopmental disorders including
Coffin-Siris Syndrome, autism and intellectual disability in humans. Our first study showed
that an AridIb haploinsufficient mouse model exhibited neuropsychiatric abnormalities
reminiscent of autism, as well as the neuroanatomical and growth retardation phenotypes seen
in CSS. This was the first mouse model shown to recapitulate multiple aspects of ARIDIB-
ophaties and provided mechanistic insights into the role of ARIDIB in pathology. Another
objective of this study was to identify reversible mechanisms that could be immediately
translated into clinic. Our study using this model led us to discover IGF-1 and growth hormone
deficiencies with a source in the pituitary gland which, at the time, were underappreciated
clinical manifestations of human AR/D [ B-ophaties.

In our second study, we explored the question of why the regenerative capacity of
pancreatic B-cells decline with age and whether this decline can be reversed. We started with
the observation that SWI/SNF components were highly expressed in adult B-cells and
particularly the expression of Aridla was reduced under conditions that demand -
cell expansion, such as pregnancy and 50 % PPx. These observations led us to examine whether
or not the inhibition of SWI/SNF activity could unlock the proliferative potential of B-cells and

provide an advantage in the setting of diabetes. In this study, we showed that Arid/a deletion
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increased endogenous B-cell regeneration through activation of ERBB and NR4A signaling

pathways and protected these mice against STZ-induced diabetes.

11



CHAPTER 2

METHODOLOGY

METHODOLOGY REGARDING CHAPTER 3

Mice

All animal procedures were based on animal care guidelines approved by the Institutional
Animal Care and Use Committee at University of Texas Southwestern Medical Center
(UTSW). Constitutive and conditional Aridlb knockout mice were generated by the UTSW
Transgenic Core using CRISPR/Cas9 genome editing. Guide RNAs were designed to target
sequences before and after Exon 5 of Aridlb, creating a frame-shift mutation to induce
nonsense-mediated decay. Guide RNAs, S. pyogenes Cas9 mRNA, and oligo donors
containing LoxP sequences were injected into single celled zygotes. C57BL/6J mice were used
to generate these mice. To generate WT and Arid1b"" study mice, C57BL/6] WT females were

crossed to Aridlb”" males. Aridlb"" mice were tail genotyped using the primers
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CTTGGTCTTACCCATTTGCACAGT (forward) and
GATGGAGGATCCTTACTACAGGGGGATT (reverse). Amplicon size for WT allele is 710
bp and deletion band is 310 bp. Arid1b floxed mice were tail genotyped using the primers 5’-
CTT GGT CTT ACC CAT TTG CAC AGT-3’ (forward) and 5’-AGT GCC TAG GAA GGC
AGA GTT TGA GAG-3’ (reverse). Amplicon size for WT allele is 475 bp, and for floxed

allele 554 bp.

Pituitary and hypothalamus dissection
The whole pituitary and the mediobasal hypothalamus (MBH), which includes both the arcuate
nucleus (ARC) and the ventromedial (VMH) hypothalamus, were dissected and subjected to

RT-qPCR analysis.

RNA extraction and qRT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, catalog no. 15596018). cDNA
synthesis was performed with 1 pug of total RNA using the iScript RT Supermix (BioRad,
catalog no. 1708840). SYBR Green based quantitative real-time PCR was performed. Gene
expression levels were measured using the AACt method. Mouse Aridlb primers were:
forward,5’-GTTGGCTCTCCTGTGGGAAGCAA-3’;

reverse,5’- GTGACTGGCTCAAGGCAGGAT-3’.

Western blot assay
Tissues were lysed in TPER Tissue Protein Extraction Reagent and homogenized in FastPrep
tissue homogenizer. Western blots were performed in standard fashion. Primary antibodies

were prepared in 5% BSA in PBS-T. The following primary antibody was used: Aridlb
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Antibody (KMN1) X (cat #: sc-32762 X, RRID:AB_2060367). Following secondary antibody
was used: anti-mouse IgG, HRP-linked antibody (Cell Signaling, #7076, RRID:AB_330924).
Immunohistochemistry (IHC)

Perinatal mice were decapitated after anesthesia. Heads were fixed in 4% PFA overnight before
brains were extracted. Adult mice were anesthetized and underwent intracardial perfusion with
ice-cold 0.1 M phosphate-buffered saline (PBS) followed by 4% PFA for fixation. Extracted
brains were immersed for 24 hours in 4% PFA in 0.1M PBS at 4°C for post-fixation, followed
by least 3 days of immersion in 30% sucrose in 0.1 M PBS with 0.01% sodium azide for
cryoprotection. Brains were cut into 40 pm- (adult) or 20 pm-thick (perinatal) sections with a
cryostat (model CM3050S; Leica). Brain sections were permeabilized with 0.25% Triton X-
100 in 1xPBS and then blocked for 2 h with 5% BSA/3% normal goat serum (NGS) in 0.25%
Triton X-100 in 1xPBS. Primary antibodies for TBR1 (1:150 dilution, rabbit, polyclonal,
Abcam Cat# ab31940 RRID:AB_2200219) were applied to sections overnight at 4°C. To count
cell number, brain sections were incubated with Hoechst 33342 (1 pg/ml; Cell Signaling
Technology Cat# 4082S RRID:AB 10626776) alone or together with secondary antibodies
(Alexa 488) for 2 h at room temperature.

For the analysis of proliferation, adult mice received one BrdU injection for five consecutive
days, and three days following the last injection, brains were fixed and harvested. Slide-
mounted IHC for BrdU-, Ki67-, and doublecortin- immunoreactive (+) cells in dentate gyrus
was performed as described previously (62, 63). Briefly, every ninth section of the
hippocampus was slide-mounted onto charged slides and left for two hours to dry. Antigen
retrieval was performed using 0.01 M citric acid (pH 6.0) at 100°C for 15 minutes, followed
by washing in PBS at room temperature (RT). Hydrogen peroxide (0.3% H20:2) incubation was
performed for 30 min to inhibit endogenous peroxidase activity. For BrdU IHC,

permeabilization with 0.1% Trypsin in 0.1 M TRIS and 0.1% CaClz and denaturation with 2N
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HCl in 1x PBS were performed in order to allow antibody access to nuclear DNA. One hour
of blocking non-specific binding was performed by incubation in 3% donkey serum, 0.3%
Triton-X in PBS. Following these steps, slides were incubated with rat-a-BrdU (1:400; Bio-
Rad / AbD Serotec Cat# OBTO0030 RRID:AB 609568), rabbit-a-Ki67 antibody (1:500;
Thermo Fisher Scientific Cat# RM-9106-SO RRID:AB 2341197) in 3% serum and 0.3%
Tween-20 overnight. Primary antibody incubation was followed by 1 x PBS rinses and a 1 hr
incubation with a biotin-tagged secondary antibody targeting the respective primary antibody.
Following rinses with 1x PBS, incubation with an avidin-biotin complex occurred for 90 min.
Incubation with diaminobenzidine for 5-10 min was used to visualize immunoreactive cells.
The counterstain Fast Red was used for nuclear visualization (~3 min incubation). Lastly,

slides were placed through an ethanol dehydration series and coverslipped with DPX.

Stereological cell counts

BrdU+ and Ki67+ cells were quantified using an Olympus BX-51 microscope at 40X by an
observer blind to experimental groups as previously described (63). Immunopositive cells were
quantified in every 9th coronal section in the subgranular zone of the granular cell layer in the
dentate gyrus, spanning the entire anterior-posterior axis of the hippocampus (-0.82 mm to -
4.78 mm from Bregma). Manual stereological counting was performed under bright field, and
total cell counts were multiplied by 9 to account for the whole hippocampus. Doublecortin+
cells were quantified using the Optical Fractionator method, and dentate gyrus and corpus
callosum volume were assessed using Cavalieri analysis. Stereoinvestigator was used to
perform both of these techniques. Investigators were blinded to genotypes during sectioning,

counting, and analysis.
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RNA-Seq and ChIP-Seq

RNA from four WT and four Arid1b"- hippocampi from 78-82 day old females were purified
with a QITAGEN miRNeasy Mini Kit. NuGEN libraries were made with these RNAs. These
indexed libraries were multiplexed in a single flow cell lane and received 75 base single-end
sequencing on a NextSeq 500 using the High Output Kit v2 (75 cycles) at the CRI Sequencing
Facility. Raw sequencing reads were trimmed to remove adaptor and low quality sequences
(Phred score<20) using trim_galore package
(http://www .bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were
aligned to mouse reference genome GRCm38/mml10 with HiSAT2 (64). After duplicates
removal by SAMtools (65) and Picard (http://broadinstitute.github.io/picard.), read counts
were generated for the annotated genes based GENCODE V20 (66) using featureCounts (67).
Differential gene analysis was performed use edgeR (68), using FDR < 0.05 as cutoff. Enriched
pathways were analyzed through the use of QIAGEN’s Ingenuity® Pathway Analysis (IPA®,
QIAGEN RedwoodCity, www.qiagen.com/ingenuity). Heatmaps to visualize the data were

generated by using GENE-E (www.broadinstitute.org/cancer/software/GENE-E). RNA-Seq

data is deposited to GEO database and can be accessed through GEO accession number
(GSE92238). Brgl ChIP-seq data from the forebrain was downloaded from GEO with the
accession number GSM912547 in GSE37151. Files were remapped to the mm10 genome build
by CrossMap. Brgl target genes were predicted by using BETA-minus program on the
Cistrome Analysis Pipeline, an integrative platform for transcriptional regulation studies.
Heatmap and Metaplot were generated using deeptools, a flexible platform for exploring deep-

sequencing data.

Metabolic cage studies
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Metabolic cage studies were performed in a temperature-controlled room containing 36 TSE
metabolic cages (The TSE Labmaster System of Germany) maintained by UTSW Metabolic
Core. Three days prior to study, mice were introduced to metabolic cages and after 3-day
acclimation, cages were connected to TSE system and parameters were recorded for a total of

5-days. Investigators were blinded to mouse genotypes.

Grip strength test

Muscle strength was measured by a grip strength test performed by the Neuro-Models Core
Facility at UT Southwestern Medical Center in a blinded fashion. Test was conducted using a
wire mesh grid connected to a horizontally-aligned force meter (San Diego Instruments, San
Diego, CA). The grid was secured at a 45 degree angle, and the top rung of the grid was used
for all testing. Mice were held at the base of the tail and supported ventrally while being moved
into position to grasp the wire grid. Once the rug was successfully grasped, mice were gently
pulled in a horizontal plane until the animal’s grip was released from the grid. Peak force (in
gram-force units, gf) was captured by the force meter and recorded for later analysis. Forelimb
and hindlimb tests were conducted separately, with each being measured 5 times over a 2-3
minute period. Investigators were blinded to mouse genotypes and the identity of treatment
groups. Arid1b*" mice with apparent hydrocephaly were excluded. Experiment was performed

once.

Ultrasonic vocalization recordings

Ultrasonic vocalizations (USVs) were recorded from both male and female pups isolated from
their mothers at P4, during the daylight period of the light/dark cycle. Dams and their litters
were acclimated for 30 min in the test room. Each pup was removed from the

cage containing its mother and littermates and placed in a clean plastic container in a
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wooden sound-attenuating recording chamber. Each pup was first acclimated in the recording
chamber for 30 s then recorded for 10 min. Recordings were acquired using an UltraSoundGate
CM16/CMPA condenser microphone (Avisoft Bioacoustics) positioned at a fixed height of 8
cm above the pups, and were amplified and digitized (sampled at 16 bits, 250 kHz) using
UltraSoundGate 416H 1.1 hardware and Avisoft-RECORDER software (Avisoft
Bioacoustics). The data were transferred to Avisoft-SASLab Pro (version 5.2) to
analyze spectrograms of vocalizations with settings of 0% overlapping FlatTop windows,
100% frame size, and 256 points fast Fourier transform (FFT) length. The following measures
were recorded for each group: number of USV calls, mean duration of USV calls, and mean
peak frequency. Recordings were performed with the experimenter blinded to mouse

genotypes.

Juvenile social interaction test

The adult male test mouse was placed into a fresh home cage and habituated in the test room
with red light for 15 min before testing. A 3 week old male juvenile mouse was placed into the
opposite end of the cage that the test mouse was already in. Active interactions between the
mice were scored manually with 2 minutes of total test time. Only interactions when the test
mouse is interacting with the juvenile, but not other way around were scored. Non-strict male
littermates were used. Aridlb"" mice with obvious hydrocephaly were excluded. The

experiment was performed twice.

Grooming test
The test was performed between 10:00 am and 2:00 pm. Adult female mouse was singly placed
into a new standard cage, without nestlets, food, or water, acclimated for 10 minutes, then

videotaped for another 10 minutes. The amount of time spent grooming was recorded
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continuously to calculate the total time spent grooming. Grooming is considered self-grooming
of any part of the body (including the face, head, ears, full-body). Data is plotted as percent of

total time spent grooming.

Marble burying test

The test mouse was acclimated for 30 minutes in the testing room. One standard housing cage
for each test mouse was filled with clean bedding material. 15 clean marbles were arranged on
top of the bedding in each cage, forming 5 even rows and 3 columns. Mice were placed
individually into the prepared cages and kept undisturbed for 30 minutes. After the testing
period, they were returned to their original cages. A still image of the test cage was taken to
record the number and pattern of buried marbles. A marble was considered buried if more than
2/3 of its depth is covered. Results were calculated and plotted as the percentage of marbles

buried per genotype.

Locomotor activity

This test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. The experiment was repeated two times and combined data is included. Mice were
placed individually into a clean, plastic mouse cage (18 cm x 28 cm) with minimal bedding.
Each cage was placed into a dark Plexiglas box. Movement was monitored by 5 photobeams
in one dimension (Photobeam Activity System, San Diego Instruments, San Diego, CA) for 2
hours, with the number of beam breaks recorded every 5 min. The movement is characterized
in three ways: repetitive beam breaks of a single beam is classified as stereotypy, consecutive
beam breaks of two or more beams is classified as ambulatory movements, and total beam
breaks during each 5 min interval. Number of total beam breaks during 5 min interval was

reported. Arid1b"" mice with apparent hydrocephaly were excluded.
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Open field activity test

The test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. Experiment was repeated two times and combined data is included. Mice were
placed in the periphery of a novel open field environment (44 cm x 44 cm, walls 30 cm high)
in a dimly lit room and allowed to explore for 5 min. The animals were monitored from above
by a video camera connected to a computer running video tracking software (Ethovision 3.0,
Noldus, Leesburg, Virginia) to determine the time, distance moved and number of entries into
three areas: the periphery (5 cm from the walls), the center (14 cm x 14cm) and non-periphery
(area excluding periphery). The open field arenas were wiped and allowed to dry between mice.
Locomotor activity test was performed prior to open field activity test in these cohorts.

Arid1b*" mice with apparent hydrocephaly were excluded.

Elevated plus maze

Test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. Experiment was repeated two times and combined data is included. Mice were
placed in the center of a black Plexiglas elevated plus maze (each arm 30 cm long and 5 cm
wide with two opposite arms closed by 25 cm high walls) elevated 31 cm in a dimly lit room
and allowed to explore for 5 min. The animals were monitored from above by a video camera
connected to a computer running video tracking software (Ethovision 3.0, Noldus, Leesburg,
Virginia) to determine time spent in the open and closed arms, time spent in the middle, and
the number of entries into the open and closed arm. The apparatus was wiped and allowed to
dry between mice. Locomotor activity and open field activity test were performed prior to

elevated plus maze in these cohorts. Arid1b™" mice with apparent hydrocephaly were excluded.
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Dark-Light activity

Test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. Experiment was repeated two times and combined data is included. Mice were
placed into a black Plexiglas chamber (25 cm x 26 cm) and allowed to explore for 2 min. After
the habituation period, a small door was opened allowing them to access the light side of the
apparatus (25 cm x 26 cm lit to approximately 1700 lux) for 10 min. The animals were
monitored by 7 photobeams in the dark compartment and 8 photobeams on the light side
connected to a computer which recorded the time spent in each compartment, latency to enter
the light side and the number of entrances to each compartment (Med-PC IV, Med Associates,
St. Albans, VT). The dark-light apparatus was wiped and allowed to dry between mice.
Locomotor activity, open field activity, and elevated plus maze tests were performed prior to
dark-light activity test in these cohorts. Aridlb"" mice with apparent hydrocephaly were

excluded.

Morris water maze

Test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. A circular pool is filled with room temperature water to a depth of approximately
12 inches. A platform (10 cm diameter) is placed in one quadrant of the pool with the top of
the platform about 2 cm below the water level. White non-toxic paint is added to enhance the
contrast with the animal and to hide the location of the platform. Each day the mice are placed
in the pool and allowed to swim for 1 min to find the platform. The swim path and time until
locating the platform is recorded via a videocamera and computer running videotracking
software (Ethovision, Noldus). If the mouse does not find the platform within a minute, they
are gently guided or placed on the platform for 10 sec, then removed from the pool and return

to their home cage. Each animal is placed in the pool for a total of 4 times each day for 13 days.
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Twenty-four hours after the last training day, a probe test is conducted in which the platform
is removed from the pool and each mouse is allowed to swim for 1 minute to determine whether
the animal has learned the location of the platform. The time each animal spends in the
quadrant which had contained the platform on training days and the number of times that the
animal crosses the location which had contained the platform are indicators of how well the
animal has learned the spatial location of the platform. To control for visual problems, the mice
are given 4-6 trials after the probe test using the same pool and platform, however a large black
block is placed on top of the platform to clearly mark the location. The location of the platform

1s moved on each trial.

Fear Conditioning

Test was performed by UTSW Rodent Core Facilty. Experimenters were blinded to mouse
genotypes. Fear conditioning was measured in boxes equipped with a metal grid floor
connected to a scrambled shock generator (Med Associates Inc., St. Albans). For training,
mice were individually placed in the chamber. After 2 min, the mice received 3 tone-shock
pairings (30 sec white noise, 80 dB tone co-terminated with a 2 sec, 0.5 mA footshock, 1 min
intertrial interval). The following day, memory of the context was measured by placing the
mice into the same chambers and freezing was measured automatically by the Med Associates
software. Forty-eight hours after training, memory for the white noise cue was measured by
placing the mice in a box with altered floors and walls, different lighting, and a vanilla smell.
Freezing was measured for 3 min, then the noise cue was turned on for an additional 3 min and

freezing was measured.
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Footshock Sensitivity

Test was performed by the UTSW Rodent Core Facility. Experimenters were blinded to mouse
genotypes. The mice were placed individually into boxes equipped with a metal grid floor
connected to a scrambled shock generator (Med Associates Inc., St. Albans). After
approximately 1 min, the mice received a series of footshocks (2 sec each) with increasing
intensity. The initial shock intensity was 0.05 mA and the amplitude was increased by 0.05 mA
for each consecutive footshock with 15 sec intershock interval. The first shock intensity that
each animal displayed each behaviour (flinch, jump, and vocalization) was recorded. Once the

animal displayed all three behaviours, it was removed from the chamber.

GH stimulation test and ELISA experiments

Plasma IGF-1 concentration was determined using mouse/rat IGF-1 Quantikine ELISA Kit
(R&D Biosystems, Cat #: MG100) without fasting. Mice were fasted for 36 hours before GH
stimulation testing. Fifteen minutes after anesthesia with pentobarbital (50 mg/kg given once
1.p.), 0.14 g/kg GHRH (Phoenix Pharmaceuticals, Cat #031-02) was injected i.p. Blood was
sampled retro-orbitally using a capillary tube before, 5, and 15 min after injection. Plasma GH
concentration was measured using a Rat/Mouse GH ELISA KIT (Millipore, Cat #: EZRMGH-

45K).

Recombinant human IGF1 (rhIGF1) therapy

See Figure 5C. Mice at the age of P10 were ranked from highest to lowest body weight and
even numbered mice were placed into the treatment group and odd numbered mice were placed
into the vehicle group. Aridlb”~ mice with apparent hydrocephaly were excluded.

Recombinant human IGF1 was purchased from Peprotech (Catalog #100-11, SCR_015509). It
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was prepared according to datasheet and injected intraperitoneally. Vehicle or 0.5 mg/kg

rhIGF1 dissolved in vehicle were injected starting from P11 daily.

Recombinant mouse growth hormone (rmGH) therapy

Mice at the age of P11 were ranked from highest to lowest body weight and even numbered
mice were placed into the treatment group and odd numbered mice were placed into the vehicle
group. Arid1b"" mice with apparent hydrocephaly were excluded. Recombinant mouse growth
hormone was obtained from National Hormone and Peptide Program (NHPP) (SCR_015508).
It was prepared according to the NHPP datasheet. Injection was performed subcutaneously. 30
ug GH/mouse/day was injected between P11 to P14, 50 ug GH/mouse/day was injected
between P14 to P21, 70 ug GH/mouse/day was injected between P21 to P50. Grip strength test

was performed at P60 after 10 days without treatment.

Statistical analyses

Unless specified otherwise in the figure legends, statistical analyses were performed using
unpaired, two-tailed, Student’s t-test or ANOVA. The data bars and error bars indicate mean =
standard error mean (SEM). *, p value < 0.05; **, p value < 0.01; *** p value <0.001; ****,
p value <0.0001; ns, not significant. No statistical methods were used to predetermine sample
sizes; however, sample sizes were estimated based on similar experiments reported in the

relevant literature in the field (69, 70).
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METHODOLOGY REGARDING CHAPTER 4

Mice

All experiments on mice were approved by and handled in accordance with the guidelines of
the Institutional Animal Care and Use Committee at UTSW. All experiments were performed
in in age and gender controlled fashion. Male mice were used for STZ experiments. The
transgenic mouse lines used are as follows and described before: Aridla floxed mice (JAX
stock #027717) (29), Ptfla-Cre (71), MIP-rtTA (72), TRE-Cre (JAX 006234) (73). TRE-HER3
mouse line was generated by Jiyoung Park and Alexandra Ghaben in Dr. Scherer’s group and

a paper with the detailed characterization of this mouse model is in preparation.

Cell Lines.

The H2.35 (ATCC® CRL-1995™) and BTC6 cells were obtained from ATCC (ATCC® CRL-
11506™) and cultured according to manufacturer’s protocol. MING cell line was obtained from
Dr. Melanie Cobb’s lab and cultured in DMEM with 15% Heat Inactivated Fetal Bovine

Serum, 1% L-Glutamine, 1% Pen/Strep , 0.0005% beta mercaptoethanol.

Mouse Islet Culture.

Islets from adult mice were isolated and recovered overnight in culture medium (RPMI1640
with 10% heat-inactivated FBS, L-glutamine and Pen/Strep) in the incubator and used for

experiments.
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Mouse pancreatic islet isolation and dispersion of islets.

Islet isolation was done as described previously (74) with minor modifications. Briefly,
Liberase TL (Roche, 05401020001) solution was prepared by dissolving 5 mg lyophilized
Liberase TL powder in 1 ml sterile water so that the concentration is 5 mg/ml corresponding
to 26 Wunsch units. Prior to use, this 1 ml Liberase solution was added to 21.6 ml serum free
RPMI to obtain the working solution. Adult mice were perfused with 3 ml Liberase TL working
solution through the common bile duct cannulation and inflated pancreas was put into 2 ml
Liberase TL solution sitting on ice in 50 ml falcon tube and incubated at 37 °C water bath for
10-16 minutes by shaking and reaction was stopped with the addition of RPMI containing
serum. Islets were dissociated from the exocrine tissues by shaking vigorously several times
followed by Histopaque 1077 (Sigma-Aldrich, 10771) density centrifugation (900g, 20
minutes, acceleration:2, deceleration: 0). Purified islets were collected from the interface and

washed. Intact islets were hand-picked under the dissection microscope.

Islet mitogen experiments

Islets from male CD1 mice were isolated and recovered overnight in culture medium
(RPMI1640 with 10% heat-inactivated FBS, L-glutamine and Pen/Strep) in the incubator prior
to various treatments. After recovering, islets were treated with either vehicle (culture medium
with 11.1 mM glucose), high glucose (culture medium with 25 mM glucose), or with the
addition of IGF2 (200nM), GLP-1 (100nM), IL1B (1 ng/ml) for 6 hours and RNA was

harvested for qPCR analysis.
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Kinase inhibitor screen

SelleckChem customized library (Z49127) was a collection of 304 kinases inhibitors. See the
supplementary table for a full list of inhibitors with additional details about their targets.
Isogenic WT and Aridla KO H2.35 transformed mouse liver hepatocyte cells were used in this
kinase screen and treated with kinase inhibitors. To determine if EGFR family inhibitors is
among the treatment conditions that induced the highest decrease in cell viability, we
performed a hypergeometric test to examine the enrichment of treatments involving these
inhibitors. Briefly, we ranked all treatment conditions in descending order according to
observed cell viability loss, then, we counted the number of EGFR family inhibitor treatments
among the top 10% conditions. The possibility of observing at least N EGFR family inhibitor

treatments by chance is calculated and reported as the p-value of EGFR enrichment.

Generation of CASY single cell clones

Mouse Aridla gRNA (GCTGCTGCTGATACGAAGGTTGG) was cloned into LentiGuide-
puro plasmid (Addgene #53963). LentiCas9-Blast plasmid was purchased from Addgene
(Addgene #53962). Active lentivirus was prepared in 293T cells in 10-cm dish. The day after
seeding cells, each dish was transfected with pVSV-G, pLenti-gag pol, LentiCas9-puro-
sGAridla or LentiCas9-Blast plasmid by Lipofectamine 3000 (Life Technologies #
L3000015). Virus containing medium was collected at 60h after transfection. For creating the
Cas9 stable expressing cell line, cells were infected with Cas9 lentivirus, followed by
blasticidin selection at 2ug/ml for 4 days. Then Cas9 expressing cells were infected with Aridla
gRNA lentivirus. Three days after the infection, we selected cells for 3 days with puromycin
at 2ug/ml. Then, 50 to 200 cells were plated in 15cm dishes for single clone selection. Single
clones were picked when they grew big enough and verified the genotype and Aridla

expression by PCR and Western blot.
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In vivo drugs

Dox water (1g/L) was used to induce conditional deletion. Tamoxifen was dissolved (Sigma-
Aldrich, T5648) in corn oil at a concentration of 20 mg/ml by sonication. 500uL of 20mg/mL
Tamoxifen by oral gavage for two consecutive days. 20 mg/kg canertinib (LC Laboratories
NC0704940) was administered daily through oral gavage for one month in STZ experiments.
Either 20 mg/kg canertinib or 20 mg/kg NR4A1 antagonist C-DIMS-DIM-C-pPhOH (Axon
Medchem # Axon 2827) was administered daily through gavage starting a day before PPx until

sacrificing mice day 7 post-PPx.

Streptozotocin (STZ) injury

Mice were fasted for 4-6 hours prior to STZ injection. STZ (Sigma-Aldrich S0130) was
dissolved in sodium-citrate (Sigma-Aldrich S4641) solution to a final concentration of 10
mg/ml freshly 10-15 min before the injection. Sodium-citrate solution was prepared by
dissolving 1.47 gram of sodium-citrate powder in 50 ml ddH20, and adjusting the pH to 4.5.
Prepared STZ solution was injected via intraperitoneal injection. Different dosage was used for
different strain backgrounds as indicated in the figure legends since response to STZ is strain

dependent.

Glucose tolerance test (GTT)

After 16 hours fast, blood glucose was measured using a glucometer from tail tip blood before
and multiple times within 2 hours of intraperitoneal injection of 2g/kg D-(+)-Glucose (Sigma

Aldrich # G7528).
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Insulin tolerance test (ITT).

After 6h fast, blood glucose was measured before intraperitoneal injection of insulin (0.75

mU/g body wt) and then 30, 60, 90 and 120 min after injection.

Partial pancreatectomy (PPx)

PPx was performed as described (75) except that mice were not fasted overnight.

RNA Extraction and RT-qPCR

Total RNA from isolated mouse islets were extracted using TRIzol reagent (Invitrogen) or The
RNeasy Plus Micro Kit (cat. no. 74034). For RT-qPCR of mRNAs, cDNA synthesis was
performed with 1 mg of total RNA using miScript II Reverse Transcription Kit (QIAGEN).
See Supplemental Information for primers used in these experiments. Expression was

measured using the AACt method.

Western blot

Isolated islets were lysed in RIPA buffer (Sigma R0278) supplemented with protease and
phosphatase inhibitors. Protein concentration was determined by Pierce™ BCA Protein Assay
Kit (Thermo Fisher #23225). Western blots were performed in the standard fashion. The
following antibodies were wused: ARIDIA (Sigma-Aldrich Cat# HPA005456,

RRID:AB 1078205), ARIDIA (Santa Cruz  Biotechnology Cat# sc-32761,
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RRID:AB 673396), p-NR4A1 (Cell Signaling Technology Cat# 5095, RRID:AB 10695108),
phospho-EGFR (Tyr1068) (Cell Signaling Technology Cat# 3777, RRID:AB 2096270),
phospho-EGFR (Y1173) (Cell Signaling Technology Cat# 4407, RRID:AB 331795),
phospho-AKT (Ser473) (Cell Signaling Technology Cat# 4060, RRID:AB 2315049),
phospho-p44/42 (p-ERK) (Cell Signaling Technology Cat# 9101, RRID:AB 331646), p44/42
(ERK) (Cell Signaling Technology Cat# 9107, RRID:AB 10695739), c-FOS (Santa Cruz
Biotechnology Cat# sc-166940, RRID:AB_10609634), B-Actin (Cell Signaling Technology
Cat# 4970, RRID:AB 2223172), Vinculin (Cell Signaling Technology Cat# 13901,
RRID:AB 2728768), anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology Cat#
7074, RRID:AB 2099233) and anti-mouse IgG, HRP-linked antibody (Cell Signaling

Technology Cat# 7076, RRID:AB_330924).

Histology, immunohistochemistry, and immunofluorescence

Tissue samples were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. H&E
staining was performed by the UTSW Histology Core Facility. Primary antibodies used: anti-
rabbit Aridla (Sigma-Aldrich Cat# HPA005456, RRID:AB 1078205, used for THC), anti-
rabbit Glucagon (Cell Signaling Technology Cat# 2760, RRID:AB 659831, used for IHC),
anti-rabbit Insulin (Abcam Cat# ab108326, RRID:AB 10861152, used for IHC), anti-rabbit
Ki-67 (Abcam Cat# ab15580, RRID:AB 443209, used for IF), anti-guinea pig Insulin (Abcam
Cat# ab7842, RRID:AB 306130, used for IF). Secondary antibodies used: Alexa Fluor 488
goat anti-rabbit IgG (Thermo Fisher; 11008; RRID:AB_10563748) goat polyclonal antibody
to anti-Guinea pig IgG-Alexa 568 (Abcam, ab175714). For IHC, detection was performed with
the Elite ABC Kit and DAB Substrate (Vector Laboratories) followed by hematoxylin

counterstaining (Sigma). VECTASHIELD® Antifade Mounting Media with DAPI
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counterstain (Vector Labs, H-1200) was used. For islet number and area calculation, H&E
sections were imaged using The NanoZoomer 2.0-HT whole slide imaging. Number of islets
were counted in each slide. Whole H&E section area and area of each individual islet in that
H&E section were measured using NDP.view software. To determine the proliferation, slices
of pancreas were costained with insulin, Ki-67 and DAPI and all the islets present in the section
were imaged using the same parameters. Channels were merged and images were analyzed in

Image J.

RNA-sequencing

RNA was extracted from islets isolated from 2 Aridla™"" and 2 Ubiquitin-CreER; Aridla™""
mice. RNA-seq libraries were prepared with the Ovation RNA-Seq Systems 1-16 (Nugen) and
indexed libraries were multiplexed in a single flow cell and underwent 75 base pair single-end
sequencing on an [llumina NextSeq500 using the High Output kit v2 (75 cycles) at the UTSW

Children’s Research Institute Sequencing Facility.

Quantification and statistical analysis

RNA-Seq Analysis. RNA-Seq analysis was performed as described before (30). Briefly,
adaptors and low quality sequences (Phred<20) were removed by trimming raw sequencing

reads using galore package (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).

The sequence reads were aligned to the GRCm38/mm10 with HiISAT2 (64). After duplicates
removal by SAMtools (65), read counts were generated for the annotated genes based on

GENCODE V20, using featureCounts (66, 67). Differential gene expression analysis was
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performed on edgeR, using FDR < 0.05 as cutoff (68, 76). Heatmaps to visualize the data were

generated by using GENE-E (68).

ATAC-Seq

ATAC-Seq libraries were constructed using islets that were freshly isolated from adult WT and
Aridla BKO mice under steady state conditions or 5 days post-PPx. Islet cells were lysed and
4 x10"4 nuclei was counted using a cell counter and used for the transposition reaction using
TD and TDE1. ATAC-Seq protocol published by Buenrostro et al. was followed with the
exception of a size selection step using Ampure XP beads before the final elution step (77).
Briefly, transposed DNA fragments were purified using a MinElute Kit (Qiagen) and PCR-
amplified using PCR primer1 and a barcoded PCR primer 2 (Nextera DNA Sample Preparation
Kits - Index Kit). Thermal cycle conditions: 72 °C for 5 min, 98°C for 30 s, followed by 5
cycles of 98°C for 10 s, 63°C for 30 s and 72°C for 60 s. qPCR was performed using 5 ul of
amplified DNA to determine the additional number of cycles needed for each sample.
Remaining 45 ul was amplified again using determined number of cycles. Thermal cycle
conditions: 1 cycles of 98°C for 30 s, N cycles of 98°C for 10 s, 63°C for 30 s, 72°C for 60 s
where N is determined using qPCR. Amplified libraries were purified using MinElute Kit and
library quality was assessed using the TapeStation system (Agilent). Libraries were sequenced
by 75 bp single end reads using the NextSeq500 system at the Children’s Research Institute at

UTSW Sequencing Facility
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ATAC-seq Data Processing and Analysis.

Sequences were trimmed by Cutadapt (78) to remove Nextera transposase adaptor. The
trimmed sequences were aligned with BWA to mouse mml10. Peaks were called using
MACS14 (79) with default parameters. Differentially bound peaks were called using DiffBind
(80, 81). Peaks were annotated by CHIPseeker (§2).The peak heatmaps and average profile of

peak were visualized by CHIPseeker as well.

GSEA

GSEA was used to determine significantly enriched gene sets. To perform GSEA analysis
using RNA-seq data from WT and Aridla KO islets, raw read counts from each sample were
converted to cpm value (count per million) using the cpm function within edgeR R package.
GSEA analysis was performed with a pre-ranked gene list by log fold change. GSEA was then
performed against hallmark gene sets using default parameters

(http://software.broadinstitute.org/gsea/index.jsp).

ChIP-seq Data Processing and Analysis.

Sequencing of ChIP-seq samples was carried out using the Illumina NextSeq technology, and
reads were demultiplexed with the bcl2fastq software tool. Read quality was evaluated by
FASTQC, and read alignment to the hg19 genome was executed with Bowtie2 v2.29 in the -k
1 reporting mode (83). Narrow peaks were detected using MACS2 v2.1.1 with a g-value cutoff
of 0.001 and input as controls (79). Output BAM files were transformed into BigWig track
files using the “callpeak” function of MACS2 v2.1.1 with the “-B --SPMR” option followed

by the use of the BEDTools (84) “sort” function and the UCSC utility
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“bedgraphToBigWig”. BigWig track files were then input in IGV v2.4.3 for
visualization. Heat maps were generated using ngsplot v2.61, which was also used to perform
K-means clustering (85). Cis-regulatory function analysis was carried out using the GREAT

online software suite (86).

Statistical analysis

Variation is indicated using standard error presented as mean + SEM. Two-tailed Student's #-
tests (two-sample equal variance) were used to test the significance of differences between the
two groups. Statistical significance is displayed as * (P <0.05), ** (P <0.01), *** (P <0.001),
*HkE(P <0.0001). Statistical analyses were performed using GraphPad Prism unless otherwise
indicated. Mice from multiple litters were used in the experiments. In STZ follow up

experiments, mice were occasionally excluded from the analysis due to death.
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CHAPTER 3

ARIDIB HAPLOINSUFFICIENT MICE REVEAL NEUROPSYCHIATRIC PHENOTYPES

AND REVERSIBLE CAUSES OF GROWTH IMPAIRMENT

INTRODUCTION

It is becoming clear that SWI/SNF chromatin-remodeling complexes have a major
impact on human diseases, from cancer to neuropsychiatric disorders to body size regulation
(7, 22). SWI/SNF chromatin-remodeling complexes use the energy of ATP to remodel
nucleosome density and position to control epigenetic states, lineage differentiation, and
cellular growth during development and cancer (7, 87). ARIDIB is a 236 kDa protein that

contains an AT-rich DNA interactive domain (“ARID” domain) and facilitates proper genomic
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targeting of ARID1B containing SWI/SNF complexes. ARID 1B is the most commonly mutated
gene in Coffin-Siris Syndrome (CSS), a monogenic syndrome characterized by growth
retardation, facial dysmorphism, and intellectual disability (ID) (15, 16, 88). In addition,
ARIDIB is among the most frequently mutated genes in autism spectrum disorders (ASD) and
non-syndromic ID (20, 21). In these diseases, ARID 1B mutations are scattered across the gene
without clear accumulation in particular domains (22, 89). Since these are often predicted to
be nonsense or frameshift mutations, heterozygous ARID1B loss-of-function is hypothesized
to be the causative genetic mechanism. Up to this point, if and how ARID 1B mutations translate
into various human phenotypes is unknown, and animal models have not yet been used to
model or devise novel treatments for these “ARID1B-opathies”.

Here, we employ genetically engineered mouse models to elucidate the phenotypic
impact of Arid1b mutations. We developed an Aridlb haploinsufficient mouse that exhibits
neuropsychiatric abnormalities reminiscent of ASD, as well as the developmental and growth
retardation phenotypes seen in CSS. Although not previously considered a cardinal feature of
this syndrome, a meta-analysis of 60 patients by Santen et al. shows that on average, stature is
considerably shortened in CSS patients by about two standard deviations (89). After showing
the clinical relevance of our mouse model, we focused on potentially reversible etiologies of
behavioral and growth phenotypes. We observed GHRH-GH-IGF1 axis deficiencies in Arid1b
heterozygous mice and also found evidence for this in humans. GH supplementation in mice
rescued growth retardation and muscle weakness, which are also salient features of human
ARID1B-opathies. Though successful in Mecp2 mutant mice that model Rett syndrome (90,
91), intervening on the GH-IGF1 axis was not able to reverse neuropsychiatric defects
associated with Arid1b. Our findings not only functionally validate ARID1B’s involvement in
human disease, they suggest underappreciated clinical manifestations of human ARIDIB

mutations that can be approached from a treatment-perspective.
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RESULTS

Characterization of Arid1b*" and Arid1b” mice

Using Cas9 germline gene-editing, we generated whole-body knockout and conditional
floxed mice (Figure 1A). Aridlb is prominently expressed in the cortex, cerebellum, and
hippocampus (92, 93) (Figure 2A and ref. 15). In heterozygous mice, Arid b mRNA transcripts
were reduced in liver, whole brain, pituitary gland, dentate gyrus, and hypothalamus (Figure
1B). Protein levels showed a similar pattern in whole brain extracts, and homozygous PO pups
showed an absence of ARID1B protein (Figure 1C). Homozygous mice were born but died
perinatally (Figure 1D). To model the genetics of haploinsufficient human ARID1B-opathies,
we generated whole-body heterozygous (Arid1b") mice [birth ratios from Arid1b™" x Arid1b™'*
crosses: 389/661 (58.9%) WT, 272/661 (41.1%) Arid1b""], which survived into adulthood and
appeared healthy but were small for age (Figure 1E). There were no abnormalities in
electrolytes, liver function tests, or blood counts (Figure 2B-D). 16/272 (6.6%) of Arid1b*"
mice had hydrocephalus, the displacement of brain parenchyma by accumulated cerebrospinal
fluid, a condition that frequently accompanies Dandy-Walker malformations seen in CSS

patients (94) (Figure 2E).
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Figure 1. Arid1b+/- mice exhibit physical manifestations of developmental delay,

autistic-like features, and abnormal behavioral phenotypes.

(A) Schematic of Arid1b whole body heterozygous mice in which exon 5 is deleted (hereafter
referred as Arid1b™") and Aridlb floxed mice. B) Relative Aridlb mRNA levels in selected
organs and brain regions as assessed by qPCR. (C) Relative Arid1b levels in p0 mouse limb
(top panel) and whole brain extracts at p45 as assessed by western blot analysis. (D)
Appearance of WT and Arid1b"" mice at postnatal day 0. (E) Appearance of WT and Arid1b*"
littermates at 1 month of age. (F) Juvenile social interaction testing for 10 WT and 9 Arid1b*"
male mice. (G) Grooming test for 10 WT and 9 Aridlb™" female mice. (H) The ultrasonic
vocalization (USV) test measuring the duration of vocal communication in 63 WT and 33
Arid1b""male and female mice during separation of pups from dams at postnatal day 4. (I) The
ultrasonic vocalization (USV) test measuring the frequency of vocal communication in 63 WT
and 33 Arid1b*"- male and female mice during separation of pups from dams at postnatal day
4. (J) Representative traces of WT and Arid1b" mice in the open field and time spent in the
indicated areas for 20 WT and 20 AridIb* 8 week old male mice. (K) Representative traces
of WT and Arid1b"" mice in the elevated plus maze and time spent in the indicated areas for
for 20 WT and 20 Arid1b*" 8 week old male mice. (L) Dark-light box testing for 20 WT and
20 Aridlb™ 8 week old male mice. Values represent mean + SEM. Asterisks indicate
significant differences between indicated littermate genotypes, *, p value < 0.05; **, p value <
0.01; *** p value < 0.001; **** p value < 0.0001; ns, not significant. Student’s #-test (two-
tailed distribution, two-sample unequal variance) was used to calculate p-values unless

otherwise indicated in the corresponding figure legend.
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Figure 2. Additional characterization of AridIb*" mice.

(A) Arid1b in situ hybridization showing a sagittal brain section from an 8-week old male
mouse. Hippocampus and cerebellum showed high levels of signal. Image taken from the Allen
Brain Atlas. (B) Serum electrolytes including potassium (K*), creatinine (CREA), and blood
urea nitrogen (BUN) measured in 100 day-old females (n =9 WT and 9 Arid1b™"). (C) Liver
function tests including Aspartate transaminase (AST), Alanine amino transferase (ALT), and
Albumin (ALB) in 100 day old females (n = 9 WT and 10 Arid1b™"). (D) Blood cell counts

including white blood cells (WBC), red blood cells (RBC), and platelets (PLT) measured in
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100 day old females (n =9 WT and 10 Arid1b™"). (E) 0/389 WT and 16/272 (6.6%) Arid1b™"
mice had grossly appreciable hydrocephalus. Values represent mean + SEM. Asterisks indicate
significant differences between indicated littermate genotypes: *, p value < 0.05; **, p value <
0.01; *** p value < 0.001; **** p value < 0.0001; ns, not significant. Student’s #-test (two-
tailed distribution, two-sample unequal variance) was used to calculate p-values unless

otherwise indicated in the corresponding figure legend.

Arid1b*" mice developed abnormal social, vocal, and behavioral phenotypes

Given the associations between Aridlb mutations and ASD, we examined behaviors
related to this disorder. To examine social interactions, we quantified the time spent interacting
with a juvenile target mouse. Compared to WT littermate controls, Aridlb”" mice spent
significantly less time interacting with unfamiliar juvenile mice (Figure 1F), suggesting
impaired social behavior. To enrich the connections between AridIb”" mice and ASD-like
phenotypes, we also performed grooming and marble burying tests that examined repetitive
behaviors (95). Consistent with other ASD mouse models, Arid1b"" mice exhibited increased
self-grooming (Figure 1G) and potentially as a consequence, buried less marbles (Figure 3A).
A similar pattern of repetitive behaviors was seen with Synapsin knockout mice, another mouse
model of ASD (96).

Another feature of ASD is abnormal communication and language. Several mouse
models of ASD and language disorders show alterations in one or more vocalization
parameters, including the number, duration, frequency, amplitude, and other characteristics of
ultrasonic vocalizations (USVs) (69, 97). Furthermore, ASD patients who have retained speech
tend to exhibit abnormalities in voice quality and pitch (98, 99). USVs emitted by Arid1b*"

mice are longer in duration, and have abnormal pitch (Figure 1H, I and Figure 3B).
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Interestingly, Arid1bh"" mice emitted the same total number of USVs compared to WT mice
(Figure 3C), suggesting altered modulation rather than absent vocalizations.

Anxiety-like behavior, a comorbidity of ASD, was examined using three separate tasks
in male mice. In the open field test, AridIb"" mice spent significantly more time in the
periphery while avoiding the anxiety-provoking center (Figure 1J). In the elevated plus maze,
Arid1b*" mice spent more time in the anxiety-relieving, walled arms of the maze (Figure 1K).
In the dark-light box test, Arid1h"" mice avoided exploring the brightly lit chamber (Figure
1L). WT and mutant mice traveled equal distances both initially and over a 2 hour time period,
making locomotor differences less likely a confounder in simple environments (Figure 3D).
These tests consistently demonstrated higher levels of anxiety-like behavior in Arid1b"" mice
compared to their WT littermates.

Given the associations between Arid1b haploinsufficiency and intellectual disability,
we assessed cognitive functions in AridIb™" mice. The Morris water maze test, a contextual
fear-conditioning test, and a cued fear-conditioning test each did not reveal defects in memory
and learning (Figure 3E-G). The genotypes were equally able to sense the electric shock applied
during fear conditioning (Figure 3H). Overall, these tests showed that Arid1b"" mice displayed
abnormal social, vocal, and behavioral phenotypes, but did not clearly have cognitive or

memory deficiencies.
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Figure 3. Additional neurobehavioral testing on Arid1b*- mice.

(A) Marble burying test for 10 WT and 9 Aridlb"~ female mice. (B) Representative
spectrograms of WT and Arid1b"" vocalizations. (C) Number of vocalization calls of 63 WT
and 33 Arid1b"" male and female mice. (D) Locomotor activity quantified by number of beam

breaks in a familiar home-cage environment within periodic time intervals over the course of
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two hours. Two-way repeated measures ANOVA was used to calculate the p value (left). Total
number of beam breaks during two hours, analyzed with Student’s t-test (right). 8 week old
male mice (n =20 WT and 20 Arid1b*") were used. (E) Time spent in the target quadrant vs.
other quadrants in the probe testing of the water maze test at day 14. Target quadrant contains
a hidden platform. 20 WT and 20 Aridi1b*" mice were examined (left). Number of target
quadrant crossings in the probe testing of the water maze test at day 14. 20 WT and 20 Arid1b*"
mice were examined (right). (F) Percent freezing time was quantified in the contextual fear
conditioning test (n = 10 WT and 11 AridIb*™- 8 week old male mice). (G) Percent freezing
time was quantified in the cued fear conditioning test (n = 10 WT and 11 Arid1b*" 8 week old
male mice). (H) Foot shock sensitivity testing (n = 10 WT and 11 Arid1b*"~ 8 week old male
mice). Values represent mean = SEM. Asterisks indicate significant differences between
indicated littermate genotypes: *, p value <0.05; **, p value <0.01; *** p value <0.001; ****
p value < 0.0001; ns, not significant. Student’s #-test (two-tailed distribution, two-sample
unequal variance) was used to calculate p-values unless otherwise indicated in the

corresponding figure legend.

Arid1b haploinsufficiency resulted in neuroanatomical and gene expression abnormalities
In an effort to understand how behavioral abnormalities arose, we examined Aridlb*"
brains for other neurodevelopmental abnormalities. Because some patients with ARIDIB
mutations exhibit corpus callosum hypoplasia or agenesis (94) , we examined brains of
AridI1b* mice and identified a significant reduction in corpus callosum size (Figure 4A).
Consistent with studies showing that small hippocampus, dentate gyrus, and cortex size are
associated with anxiety and depressive disorders in mice and human (100-103), Arid1b™" mice

have smaller dentate gyri (Figure 4B) and both Arid1b*" and Arid1b”~ pups had reduced cortical
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thickness with reduced TBR1 marked neuronal cellularity (Figure 5A-D). Less proliferating
cells were also seen in the subgranular zone of the dentate gyrus (Figure 4C, D, F, G), especially
in posterior regions (Figure 4E, H). Thus, reduced corpus callosum size, dentate gyrus size,
cortex thickness and proliferation are neuroanatomical and cellular correlates of the behavioral

phenotypes seen in Aridlb mutants.
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Figure 4. Arid1b haploinsufficiency results in neuroanatomical abnormalities implicated
in neuropsychiatric diseases.

(A) Relative corpus callosum volume quantified through Cavalieri analysis (n = 8 WT and 7
AridIb*" brains from 50 day old females) (B) Dentate gyrus volume quantified through
Cavalieri analysis (n = 7 WT and 7 Aridlb*" brains from 50 day old females) (C)
Representative Ki67+ immunostaining. (D) Quantitation of Ki67+ total cell number (8§ WT
and 7 Arid1b"" brains from 50 day old females). (E) Bregma analysis was used to determine
cell proliferation (Ki67) as a function of location in the subgranular zone of the dentate gyrus.
Two-way ANOVA with uncorrected Fischer’s Least Significant Difference (LSD) was used to
calculate the statistics. (F) Representative BrdU immunostaining. WT and AridIb*~ mice
received one injection per day of the thymidine analog, bromodeoxyuridine (BrdU), for five
days and brains were harvested three days following the last injection (6 WT and 4 Aridlb*"
brains from 50 days old females). (G) Quantification of BrdU + total cell number. (H) Bregma
analysis was used to determine cell proliferation (BrdU) as a function of location in the
subgranular zone of the dentate gyrus (n = 6 WT and 4 Aridlb*"). Values represent mean +
SEM. Asterisks indicate significant differences between indicated littermate genotypes, *, p
value <0.05; **, p value <0.01; *** p value <0.001; **** p value <0.0001; ns, not significant.
Student’s t-test (two-tailed distribution, two-sample unequal variance) was used to calculate p-

values unless otherwise indicated in the corresponding figure legend.
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Figure 5. Arid1b*"- and Arid1b™ brains have defects in cortical development

(A) Hoechst staining of WT, Arid1b™", and Arid1b”" brain sections showing cortical
thickness differences outlined by the region in the white box. (B) Quantification of cortical
thickness in WT, Arid1b*", and Arid1b” brain sections. (C) Close up view of cortical regions
in the white box from (A) above, showing reduced cortical thickness and cellularity. (D)

TBRI1 staining in WT and Arid1b” cortex showing neuron numbers.

RNA-seq was performed to examine the impact of Aridlb haploinsufficiency on
transcriptional output in the hippocampus. Differential gene expression analysis showed 56
significantly down- and 79 upregulated mRNAs (edgeR FDR < 0.05; Figure 6A). As expected,
Aridlb was one of the most downregulated genes. Globally, differentially regulated genes were
associated with nervous system development as well as psychological, behavioral, and
developmental disorders (Figure 6B). AridIb™ tissues also showed specific alterations in
Ephrin, nNOS, axonal guidance and glutamate receptor signaling pathways (Figure 6C). 14 of
140 (10%) differentially regulated genes were among the highest ranking candidate autism risk
genes identified in the SFARI gene database (/04) (Figure 6D). To determine if some of these
genes are directly regulated by SWI/SNF, we analyzed the ChIP-Seq targets of Smarca4
(Brgl), a core SWI/SNF complex subunit (/05). 91 of 140 (65%) differentially regulated genes
showed direct binding by Brgl (Figure 6E), with positional enrichment at transcriptional start
sites (TSSs) (Figure 6F, G). Arid1b-mediated SWI/SNF transcriptional activities appeared to
directly regulate numerous neuropsychiatric related genes, including ones implicated in ASD

(Figure 6H, I). Our data also show that haploinsufficiency is sufficient to cause broad gene
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expression disruption, but future studies will be required to determine the exact downstream

genes that account for the neuropsychiatric phenotypes.
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Figure 6. Aridlb haploinsufficiency results in changes in the expression of SWI/SNF
regulated genes implicated in neuropsychiatric diseases.

(A) All significantly up- and downregulated genes in the AridIb™" hippocampus are ranked
according to p-value (least to most significant from left to right). (B) Most enriched diseases
and biological functions in hippocampus. (C) Most differentially regulated genetic pathways
in the hippocampus. (D) 14 of 140 (10%) differentially regulated genes were among the highest
ranking autism risk genes identified in the SFARI database. Category S: syndromic, Category
1: high confidence, Category 2: strong candidate, Category 3: suggestive evidence, Category
4: minimal evidence, Category 5: Hypothesized (/04). (E) Pie chart showing that 91 of 140
(65%) differentially regulated genes in hippocampus are direct targets of Brgl, a core
SWI/SNF complex subunit. Brgl target genes were identified using ChIP-Seq in mouse el1.5
forebrain (/05). (F) Metaplot showing enrichment of Brgl at the TSSs of genes regulated by
Arid1b. (G) Heatmap showing Brgl promoter binding in these genes. (H) Differential mRNA
expression of representative genes involved in neurodevelopment and ASD (Data from: SFARI
database, updated September, 2016) (104). (I) Brgl peaks showing direct binding of SWI/SNF
at the promoters of ASD-related genes. Values represent mean + SEM. Asterisks indicate
significant differences between indicated littermate genotypes, *, p value < 0.05; **, p value <
0.01; *** p value < 0.001; **** p value < 0.0001; ns, not significant. Student’s #-test (two-
tailed distribution, two-sample unequal variance) was used to calculate p-values unless

otherwise indicated in the corresponding figure legend.
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Arid1b*" mice exhibited GHRH-GH-IGF1 axis defects

Having established that Aridlb haploinsufficient mice recapitulate salient aspects of
human ARID1B-opathies, we were particularly interested in identifying reversible pathological
mechanisms and therapeutic opportunities. Since we identified neuroanatomical and neural
expression aberrations in Arid1b™ mice, we also asked if any non-neuropsychiatric syndromic
features are potentially related to neurodevelopmental abnormalities. As mentioned previously,
Arid1b"" mice developed reduced nose-to-rump length and weight (Figure 7A, B). Arid1b™"
mice had disproportionally small kidneys and hearts, but no other gross organ defects (Figure
8A). Profiling using metabolic cages showed that AridIbh*" mice had equivalent food intake
and water consumption (Figure 8B, C), suggesting that size differences were unlikely due to

food intake or energetic differences.
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Figure 7. Growth retardation in Arid1b*- mice is due to GH-IGF1 axis deficiency with a
neuronal source.

(A) Body length (nose-to-rump) curve of females (n =9 WT and 9 Arid1b""). Repeated
ANOVA with Bonferroni’s post hoc analysis used as the statistical test. (B) Body weight
growth curve for males (n = 14 WT and 14 Arid1b"") and females (n =20 WT and 20
Arid1b™"). Repeated ANOVA with Bonferroni’s post-hoc analysis used as the statistical test.
(C) Plasma IGF1 as measured by ELISA (n =16 WT and 19 Arid1b*" 28-41 day old male
and female mice). (D) Igfl mRNA in WT and Arid1b*" livers as measured by gPCR (n =5
WT and 5 Arid1b™" livers from 45-day old female mice). (E) Plasma GH as measured by
ELISA (n=15 WT and 14 Arid1b*- 28-41 day old male and female mice). (F) Gh mRNA in
WT and Arid1b*" pituitary as measured by qPCR (n =6 WT and 5 AridIb*" pituitary from
33-44 day old female mice). (G) Plasma GH (n=9 WT and 9 Arid1b*" 2 week old male
mice). (H) Plasma GH before and after stimulation by human GHRH (n =19 WT and n = 20
Aridl1b™ mice at baseline, n=11 WT and n = 10 Arid1b™ mice 5 and 15 min after GHRH
administration) (I) Ghrh mRNA in WT and Arid1b"" mediobasal hypothalamus as measured
by gPCR (n =8 WT and 7 Arid1b*" samples from 33-44 day old female mice). (J) Body
weight curve for female Arid1b™* (n = 9) and Albumin-Cre; AridIb™" (n = 15) mice. (K)
Body weight curve for female Arid1b"* (n = 10) and Nestin-Cre; Arid1b*™* (n = 6) mice. (L)
Plasma IGF1 levels for 40-45 day old female Arid1b™* (n= 7) and Albumin-Cre; Arid1b™*
(n=7) mice. (M) Plasma IGF1 levels for 30-45 days old female AridIb™" (n = 6) and
Nestin-Cre; AridIb™™" (n = 6) mice. (N) Plasma GH levels for female Arid1b""* (n = 5) and
Nestin-Cre; Arid1b™* (n = 5) mice. Values represent mean + SEM. Asterisks indicate

significant differences between indicated littermate genotypes, *, p value < 0.05; **, p value
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<0.01; *** p value <0.001; **** p value < 0.0001; ns, not significant. Student’s z-test

(two-tailed distribution, two-sample unequal variance) was used to calculate p-values unless

otherwise indicated in the corresponding figure legend.
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Figure 8. Growth and metabolic analysis of AridIb*" mice.

(A) Arid1b™" organ/body weight ratio presented as % of WT organ/body weight ratio. (B) Food

intake and (C) Water consumption was quantified in a metabolic cage over 4 days. The absolute

data was normalized to body weight (n = 12 WT and 12 A4rid1b*" 8 week old male mice).

Values represent mean + SEM. Asterisks indicate significant differences between indicated

littermate genotypes: *, p value < 0.05; **, p value < 0.01; *** p value < 0.001; **** p value

< 0.0001; ns, not significant. Student’s #-test (two-tailed distribution, two-sample unequal

variance) was used to calculate p-values unless otherwise indicated in the corresponding figure

legend.
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A critical factor that regulates both body size and brain development is insulin-like
growth factor (IGF1). We found a significant reduction in plasma IGF1 levels in Arid1b*" mice
(Figure 7C), and confirmed a reduction in /gf/ mRNA in the liver, which is a major source of
IGF1 (Figure 7D). To discern if there was a hypothalamic, pituitary, peripheral, or
combinatorial problem that led to IGF1 deficiency, we performed a series of endocrinologic
tests. In the same cohorts of mice with IGF1 deficiency, fasting GH was not significantly
different in Aridlb*~ mice (Figure 7E). In addition, there were no significant G4 mRNA
expression differences between WT and Arid1b" pituitary glands despite differences in Arid1b
mRNA levels (Figure 7F). We also confirmed that GH was not altered in younger 2-week old
AridIb*" mice, an age where GH levels are more critical for growth (Figure 7G). The
combination of low IGF1 and normal GH levels pointed to a peripheral defect without
appropriate GH compensation from the pituitary gland.

Because GH was not elevated as would be expected if there was only a peripheral IGF1
producing defect, we asked if the AridIb™" pituitary was capable of making and secreting
sufficient amounts of GH in the context of GH stimulation testing. In multiple cohorts of
AridIb™" mice, GH levels were never significantly different at baseline and also increased
normally at multiple time points after stimulation with Growth Hormone Releasing Hormone
(GHRH) (Figure 7H). This indicated a normal ability for the pituitary to respond to exogenous
GHRH. Next, we attempted to determine if the hypothalamus was not producing enough Ghrh.
We dissected the mediobasal hypothalamus containing Ghrh expressing neurons to examine
Ghrh expression. We found that Ghrh mRNA levels were not significantly different (Figure
71), indicating a lack of appropriate GHRH response to IGF1 deficiency, suggesting a central
defect that contributed to growth impairment.

In addition, we sought genetic evidence for a partial central (hypothalamic or pituitary)

root cause of IGF1 deficiency by generating organ-specific Arid1b mutant models. We used
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Nestin-Cre in the brain, Albumin-Cre in the liver, and Ckmm-Cre in the skeletal muscles to
spatially control Arid1b haploinsufficiency. Neither Albumin-Cre (Figure 7)) nor Ckmm-Cre;
Arid1b™* mice (data not shown) showed growth or morphological defects, while Nestin-Cre;
AridIb*™* mice recapitulated the growth impairments seen in whole body Aridlb*~ mice
(Figure 7K), suggesting at least a neuronal contribution to growth impairment. While Albumin-
Cre; Aridlb™* mice showed no IGF1 differences, Nestin-Cre; Aridl1b™" mice had reduced
plasma IGF1 levels (Figure 7L, M). Moreover, Nestin-Cre;, Aridlb™" mice showed an
inappropriate lack of GH increase in the face of this IGF1 deficiency (Figure 7N). Since liver
specific Arid1b* mice did not replicate the whole body AridIb™" mice, it is possible that a
combination of central and multi-organ peripheral defects in the GHRH-GH-IGF1 axis were

required to fully recapitulate the growth impairment of whole body Arid1b"" mice.

GH therapy reversed growth retardation and muscle weakness

Given plasma IGF1 deficiency in Arid1b"" cohorts, we first tested if IGF1 replacement
could rescue physical aspects of developmental delay and abnormal behavioral phenotypes.
Neither body size (Figure 9A) nor elevated plus maze abnormalities (Figure 9B) were rescued
after treating WT and Arid1b*" cohorts with recombinant human IGF1 (rhIGF1). This was not
surprising because it is known that exogenous IGF1 is unstable and often does not efficiently
reach target tissues responsible for growth (/06).

The fact that GH was not elevated in the context of low IGF1 suggested to us that there
was not adequate GH production or compensation. Thus, we asked if GH supplementation
could rescue some of the physical aspects of developmental delay. WT and Arid1b™" cohorts
were treated with recombinant mouse GH (rmGH) (Figure 9C). After 40 days of treatment,
Arid1b heterozygous mice gained significantly more body weight and nose-to-rump length

than did WT mice (Figure 9D, E), demonstrating that exogenous GH supplementation was
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sufficient to rescue growth retardation in AridIb™" mice. Given this selective efficacy for
mutant mice, we asked if GH could potentially improve muscle weakness often associated with
CSS. We found that at baseline, Arid1b*" mice also had muscle weakness identified through
grip strength testing. Replacement with GH was able to selectively increase muscle strength in
mutant mice (Figure 9F, G). Despite improvements in physical manifestations, GH
replacement was not able to reverse behavioral phenotypes such as anxiety, as measured in the
elevated plus maze (Figure 9H). This suggested that correcting the GHRH-GH-IGF1 axis was
not sufficient to rescue neuropsychiatric manifestations, but was able to reverse growth

retardation mediated by Arid1b deficiency.
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Figure 9. GH therapy reverses growth retardation and muscle weakness.

(A) Body weights at p50 (WT + vehicle (n = 12), WT + rthIGF1 (n = 12), Arid1b"" + vehicle
(n=13) and 4rid1b"" + thIGF1 (n = 13)). 0.5 mg/kg thIGF1 was administrated daily starting
from p11. (B) Time spent in the closed arms of elevated plus maze at p5S0 (WT + vehicle (n =
27), WT + rthIGF1 (n = 29), Arid1b"" + vehicle (n = 21) and Arid1b" + rhIGF1 (n = 22)). 0.5
mg/kg rhIGF1 was administrated daily starting from postnatal day 11. (C) Schema showing
the duration and dose of daily recombinant GH treatment. (D) Body weights at pS0 (WT +
saline (n = 20), WT + rmGH (n = 16), 4rid1b"" + saline (n = 16) and Arid1b"~ + rmGH (n =
16)). (E) Nose-to-rump lengths at p50 (WT + saline (n = 7), WT + rmGH (n = 7), Arid1b™" +
saline (n = 6) and Arid1b™" + rmGH (n = 6)). (F) Forelimb grip strength at p50 (WT + saline
(n=9), WT + rmGH (n =9), Arid1b"" + saline (n = 9) and 4rid1b"" + rmGH (n = 9)). (G)
Hindlimb grip strength at p50 (WT + saline (n =9), WT + rmGH (n = 9), Arid1b"" + saline (n
=9) and Arid1b*" + rmGH (n = 9)). (H) Time spent in the closed arms of elevated plus maze
at p50 (WT + vehicle (n = 19), WT + rmGH (n = 16), Arid1b™" + vehicle (n = 19) and
Arid1b™" + rmGH (n = 16)). Values represent mean + SEM. Asterisks indicate significant
differences between indicated littermate genotypes: *, p value < 0.05; **, p value < 0.01; ***
p value < 0.001; **** p value < 0.0001; ns, not significant. Two-way ANOVA was used to

calculate the p value.
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In an analysis of 60 ARID 1B CSS patients, height was shown to be significantly reduced
(107). In addition, some non-syndromic patients with missense mutations in AR/D 1B exhibited
growth deficiency due to partial GH deficiency (/08). We also obtained detailed clinical
information from additional CSS patients, two with ARIDIB mutations (from the

www.arid1bgene.com database) and one with a mutation in SMARCA4, which encodes another

SWI/SNF component. All three of these cases had deficiencies in the GH-IGF1 axis and clear
beneficial responses to GH replacement therapy (growth curves for the ARIDIB patients are
shown in Figure 10A, B). These data from humans and mice suggest deficiencies at various
parts of the GHRH-GH-IGF axis, leading to growth impairment responsive to GH

supplementation.
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Figure 10. Two ARIDIB mutant CSS patients are GH deficient and responsive to GH
replacement.

(A) Growth curve of a CSS patient with an ARID B mutation. GH treatments started at 2 years
of age. Green shaded area represents the normal range. (B) Growth curve of a CSS patient with

a 6g21.5 deletion, which includes the ARID1B locus. GH treatments started at 5.5 years of age.

Given the concern that Arid1b might be a tumor suppressor gene (23, 109), and that GH
replacement might synergistically activate malignant outgrowth, we asked if Aridib
haploinsufficiency with or without GH treatment influences cancer risk. Whole body Arid1b™"
mice did not develop cancer in any tissue in the first 12 months of life, even after GH treatment
(data not shown). To test if they might be more susceptible to cancer after mutagenic exposure,
we gave a single dose of DEN at two weeks of age and found no differences in liver cancer
formation at 12 months of age (Figure 11A-E). Our data do not support the concept that

heterozygous Arid b mutations alone confer a significantly increased risk for cancer.
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Figure 11. Whole body Arid1b*"- mice did not develop increased liver tumor burden 12
months after DEN injection.

(A) Representative images of WT and Arid1bh™" livers 12 months after DEN injection. One
dose of 25 mg/kg DEN was injected at postnatal day 15. (B) Total liver surface tumor
numbers in (WT + DEN (n = 8), AridIb"~ + DEN (n = 8)) mice. (C) Body weights in (WT +
DEN (n = 8), Arid1b"" + DEN (n = 8)) mice. (D) Liver weights in (WT + DEN (n = 8),
Arid1b™" + DEN (n = 8) mice. (E) Liver weight to body weight percentage (LW/BW (%)) in

(WT + DEN (n = 8), 4rid1b™"- + DEN (n = 8) mice.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS

In summary, we have developed the first mouse model of Arid1b haploinsufficiency,
one of the most common genetic lesions found in ASD, ID, and CSS. Several aspects of our
model recapitulated the features of the overlapping disorders associated with ARIDIB (Table
1). Our model is faithful to the heterozygosity seen in most AR/D1B-opathies. It is interesting
that another model of ASD involving a chromatin remodeling gene called CHDS also requires
haploinsufficiency (70) and suggests that dose will play a critical mechanistic role in
phenotypes resulting from mutations in epigenetic regulators. Our study also raises interesting
questions about how genotype relates to phenotype in diseases involving ARIDIB. Some
children with ARIDIB mutations have a subset but not all features of CSS, and others have
different disorders such as ASD or isolated corpus callosum agenesis. For example, Yu ef al.
reported cases of idiopathic short stature without cognitive defects that were attributed to de
novo ARIDIB missense mutations, suggesting that there are either differences between
mutations or important genetic interactions that play a key role in defining the phenotypic
expression of these mutations (7/038). It is also possible that differences between the function of
Aridlb in mouse and human brain development account for intellectual and cognitive
discrepancies. Our mouse model affords the ability to interrogate these types of questions in
different strain backgrounds and with genetic interactors. We are hopeful that this will advance
the understanding of ARID1B and SWI/SNF in human diseases.

We also uncovered a role for the GHRH-GH-IGF1 axis in ARIDIB-opathies.
Previously, height was shown to be reduced in ARIDIB patients (/07), but there are only
anecdotal findings of GH deficiencies (Figure 10A, B) (108). After the clinical identification
of ARID 1B or SWI/SNF mutations, interventions for short stature are usually not investigated.

Thus, it is likely that GHRH-GH-IGF1 deficiency is under-diagnosed and rarely treated in this
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patient population. Conversely, ARIDIB mutations are not suspected in patients with non-
syndromic short stature, and could represent a more common causative mechanism than
previously suspected. The findings here should motivate deeper interrogation of the GHRH-
GH-IGF1 axis and potentially GH supplementation in syndromic patients with CSS or non-
syndromic patients with ARID 1B mutations and short stature.

Our study does not pinpoint the exact source of the peripheral IGF1 deficiency since
liver-specific Cre lines did not recapitulate the IGF1 deficiency seen in the whole body
Arid1b*" mice. Given the Nestin-Cre results, it is possible that reduced IGF1 production in the
brain led to reduced plasma IGF1 and the inability to compensate with GHRH and GH
exacerbated growth retardation. Another possibility that subtle peripheral defects in the liver
and muscle will only manifest when combined with defects in other organs such as the brain.
Future studies with tissue-specific conditional experiments could help to resolve these
questions. Overall, our study provides a preclinical model for mechanistic and therapeutic
dissection of ARIDIB related diseases, and offers a translatable avenue to alleviate growth

related aspects of developmental delay.
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Human ARID1B features Diagnosis | References Mouse
Intellectual/ cognitive disability CSS, ID (110), (15), No
(111)
Growth retardation CSS (16) Yes
Coarse facial features CSS (112) Unknown
Muscle hypotonia CSS (110) Yes
Hydrocephalus CSS (113) Yes
Agenesis or hypoplasia of corpus callosum CSS (111),(15) Yes
Brachydactyly, hypoplastic nail/finger CSS (110), (15), Unknown
(114)
Abnormal vocalization, speech impairment ASD, CSS | (15) Yes
Anxiety ASD, CSS | (20), (21) Yes
Social interaction deficits ASD (20), (21) Yes
Repetitive behaviors ASD (20), (21) Yes

Table 1. Major clinical features associated with ARID1B mutations and phenotypes seen

in Arid1b"- mice.

Abbreviations: CSS: Coffin-siris syndrome, ID: Intellectual disability, ASD: Autism

spectrum disorder.
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CHAPTER 4

ARID1A LOSS POTENTIATES PANCREATIC B-CELL REGENERATION THROUGH

ACTIVATION OF EGF SIGNALING

INTRODUCTION

Understanding how to recover endogenous B-cells in disease might ultimately depend
on understanding how B-cell abundance is controlled in the first place. The molecular circuitry
that dictates total B-cell mass during development and dynamic physiologic situations such as
pregnancy is poorly understood. It is also unclear if the same mechanisms regulate p-cell
expansion after injuries and during disease processes. One unexploited therapeutic strategy is
to expand endogenous B-cells in type 1 and 2 diabetes, settings in which normal regenerative
capacity cannot fully compensate for B-cell loss. Given the importance of dedifferentiation and
proliferation in profoundly regenerative organisms such as zebrafish and planaria (/175), it

stands to reason that facilitating chromatin state changes that occur physiologically could also
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increase self-renewal capacity in mammalian tissues. We hypothesized that the mammalian
SWI/SNF (mSWI/SNF) ATP-dependent chromatin remodeling complex, known to promote
terminal differentiation (34, /16—120) and also known to limit regeneration after liver injuries
(34), might operate as a general repressor of regeneration in tissues other than the liver. Given
key similarities between B-cell and hepatocyte self-renewal, we reasoned that mSWI/SNF
might also suppress regenerative capacity in B-cells, a centrally important cell type in metabolic

disease.

mSWI/SNF are large 10-15 component complexes containing a core ATPase (BRG1
or BRM, also known as SMARCA4 and SMARCA?2), plus non-catalytic subunits that
influence targeting and complex activities (/27) such as the mutually exclusive ARIDIA
(BAF250A) and ARIDIB (BAF250B) subunits, which together define the canonical BAF
family of mSWI/SNF complexes. The loss of ARIDIA alters the assembly of the ATPase
module (/4), influencing canonical BAF complex targeting and DNA accessibility, resulting
in global changes in gene regulation (/22-127). How the molecular consequences of
mSWI/SNF perturbation relate to physiologic phenotypes and disease outcomes is an active

area of exploration.

Intriguingly, ARID1A and other mSWI/SNF components are downregulated during
islet expansion, findings shared with other regenerative tissues such as the liver (34). We
demonstrated that this downregulation is functionally important by using spatially and
temporally specific conditional knockout mouse models subjected to multiple types of B-cell
injuries. These findings support the idea that physiological events that occur during
regeneration can be further amplified to accelerate tissue healing. Molecular dissection of the
events occurring downstream of ARIDIA loss showed that NRG-ERBB-NR4A signaling
activities were increased. Interestingly, the ERBB protein family (EGFR/ERBB1, ERBB2,

ERBB3, and ERBB4) of transmembrane receptor tyrosine kinases (RTKs) have been
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implicated in diabetes (58, 59, 128). Remarkably, SNPs in the human ERBB3 locus are among
the strongest signals in T1ID GWAS but how these SNPs affect ERBB signalling and -cell
biology were previously unknown (/29-137). Here, we show that ARIDIA-containing
SWI/SNF complexes have a major and unexpected role in B-cell regeneration, operating in
large part through pathways that were previously implicated by GWAS studies in
diabetogenesis. This expands our emerging understanding of mSWI/SNF as a central regulator
of tissue regeneration, and underscores the need to understand chromatin remodeling

mechanisms that may represent therapeutic targets in regeneration.

RESULTS

Aridla expression is suppressed during physiologic p-cell expansion

ARID1A-containing SWI/SNF chromatin remodeling complexes (or canonical BAF
complexes) drive terminal differentiation and block proliferation by regulating chromatin
accessibility at loci targeted by lineage specific transcription factors (61, 132, 133). In the
absence of ARIDIA, increased liver regeneration and accelerated wound healing were
observed (34). Although the primary mechanism for the homeostatic maintenance of adult -
cells is self-duplication, majority of adult pancreatic B-cells are still mostly in post-mitotic state
(36, 134). We wondered if the inhibition of SWI/SNF activity could increase their proliferative
potential. Genes that encode components of the SWI/SNF complex are expressed at high levels
in the mouse B-cell line MING6 and primary pancreatic islets compared to the mouse a-cell line
ATC1 and primary hepatocytes (Figure 12A). In particular, Aridla is highly expressed in

quiescent B-cells within the islet (Figure 12B). Next, we examined Aridla expression in islets
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under conditions that demand f-cell expansion, such as pregnancy and 50% partial
pancreatectomy (PPx) (135, 136). Aridla mRNA was lower in maternal islets during
pregnancy-associated B-cell expansion, and protein levels declined until the time of birth
(Figure 12C,D). Similarly, ARIDIA protein levels were reduced during regeneration induced

by PPx (Figure 12E).

We asked if signals known to elicit B-cell hyperplasia can influence the levels of Aridla
mRNA. We isolated wild-type (WT) mouse islets and treated with glucagon-like peptide-1
(GLP-1), high glucose, insulin-like growth factor-2 (IGF2), and interleukin-18 (IL-1B), all
factors known to drive B-cell proliferation (/37-141). Each factor suppressed Aridla mRNA
levels in islets, providing a potential molecular rationale for how the suppression of Aridla
during B-cell expansion is linked to upstream signals (Figure 1F). These results indicated
dynamic regulation of ARIDIA and SWI/SNF complex components during pB-cell expansion

and regeneration, suggesting functional roles during these processes.
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Figure 12. Aridla expression is suppressed during physiologic p-cell expansion.

(A) mRNA expression heat map of SWI/SNF components in mouse liver, mouse islet, alpha

cell line (ATC1) and beta cell line (MIN6) using qPCR. (B) ARID1A immunostaining in the

adult mouse pancreas. An islet is shown. (C) qPCR showing Aridla mRNA levels in islets

isolated from non-pregnant and pregnant females at gestational day 16 (n = 3 mice per group).

(D) Western blot showing ARID1A levels in the islets of non-pregnant females and at different

time points during gestation. (E) Western blot showing ARID1A levels in the islets before and

5 days after 50% pancreatectomy (PPX). (F) qPCR showing the reduction in Aridla levels in

isolated islets after 6 hours of treatment in culture with the following stimuli: GLP-1 (100 nM),

high glucose (25 mM), IGF2 (200nM) and IL1f (1 ng/ml).
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Whole-body Aridla deletion protected against type I diabetes

To determine if ARID1A restrains B-cell mass in adults, we inducibly deleted Aridla
in a whole body “Aridla KO” mouse strain. Global deletion was induced with tamoxifen in
adult Ubiquitin-CreER; Aridla™F" (Ubc-CreER; Aridla™"") mice (Figure 13A). Almost
complete absence of the flox band and protein levels were observed (Figure 13B-D). Whole
body Aridla KO mice did not show overt signs of disease and appeared to be healthy. At
baseline, whole body glucose tolerance was unchanged, indicating that ARID1A is not required
for the regulation of glucose homeostasis or uptake under non-injury, basal conditions (Figure
13E). To determine if Aridla KO mice were more able to cope with B-cell destruction in a type
1 diabetes (T1D) model, we subjected mice to streptozotocin (STZ), a chemical that ablates
insulin-producing B-cells (Figure 13A). After STZ, Aridla KO mice were almost completely
protected against the development of diabetes as measured by fed state glucose levels (Figure
13F) and glucose tolerance testing (GTT) (Figure 13G). This left the possibility of either insulin
secretion or insulin sensitivity changes, particularly because Aridla was deleted in all tissues.
Mice subjected to STZ did not show changes in insulin sensitivity based on insulin tolerance
testing (ITT), suggesting no substantial metabolic impact of Aridla loss on peripheral tissues,
despite efficient deletion in those tissues (Figure 13H). However, Aridla KO mice produced
higher levels of insulin after glucose administration (Figure 131), suggesting a B-cell mediated

mechanism of protection against or response to STZ-induced T1D.
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Figure 13. Whole body Aridla deletion protects against STZ-induced T1D.

(A) Schema for STZ-induced diabetes studies in AridIa™™* control and Ubc-CreER; Aridla™""
whole body KO mice. Two weeks after administration of 20 mg/kg tamoxifen oral gavage x 2
days, diabetes was induced by injecting 50 mg/kg STZ IP for 5 consecutive days. (B)
Genotyping of tail and islets to assess the recombination at the Aridla™*" locus. (C) Western
blot assessing the reduction in ARID1A protein levels. (D) Immunostaining of ARID1A in the

adult pancreas of Ubc-CreER; Aridla™" mice. (E) IP glucose tolerance test at baseline

73



(Females: n=5 for Aridla"™*" and n=4 for Ubc-CreER; Aridla™"', Males: n=3 for Aridla™!
and n=8 for Ubc-CreER; Aridla"™*"). (F) After STZ, fed state blood glucose was
measured following STZ (n=11 for Aridla"™*" and n=9 for Ubc-CreER; Aridla™""). (G) IP
glucose tolerance test performed 2 weeks post-STZ. (H) Insulin tolerance test performed 2

weeks post-STZ. (I) Plasma insulin levels measured by ELISA 2 weeks post-STZ.

Aridla deficiency leads to a f-cell-mediated anti-diabetic phenotype

Given that the whole body KO mice have lost Arid/a in multiple cell types, it was
possible that non-B-cell autonomous mechanisms might have been at play. In WT mice,
ARIDI1A is expressed in most acinar, all duct, and all islet cells. To rule out potential paracrine

or endocrine effects, we used Ptfla-Cre; Aridla"™F!

mice to induce deletion in non-B-cells in
the pancreas. Ptfla is a transcription factor that is expressed in all cell types in the pancreas
starting around E9.5 (71). In Ptfla-Cre; Aridla™"" mice, ARID1A was lost in all acinar and
most duct cells but ARIDIA protein was retained in the islets, as shown recently (/42, 143).
GTT did not reveal any differences in glucose clearance efficiency between WT, Ptfla-Cre;
Aridla™, or Ptfla-Cre; Aridla"™*' mice (Figure 14A). Following STZ treatment (Figure
14B), there were also no differences in blood glucose measurements over the course of 1 month

(Figure 14C), ruling out a potential contribution from acinar or duct cells to the phenotypes

observed in whole-body KO mice.
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Figure 14. Acinar and ductal knockout of Aridla does not phenocopy the whole body

knockout.

(A) Intraperitoneal glucose tolerance test for Arid1a"™*, Ptfla-Cre; Aridla™, and Ptfla-Cre;
Aridl1a™"" mice after overnight fasting. (B) Experimental timeline for STZ-induced diabetes.

(C) Fed state blood glucose measurements taken post-STZ.
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Next, we generated a temporally regulated, B-cell specific model of Aridla loss. This
model allowed us to induce B-cell specific deletion of Aridla after B-cell injuries, thus giving
us the ability to answer questions specifically about B-cell regeneration, rather than cell survival
in the presence of injuries. We employed a MIP (Mouse Insulin Promoter)-rtTA; TRE
(Tetracycline Responsive Element promoter)-Cre transgenic system to allow such genetic
control (Figure 15A) (72). MIP-rtTA; TRE-Cre; Aridla™"" (Aridla BKO) mice and littermate
controls without Cre and/or r¢TA were used to model cell-type and temporally specific Aridla
deletion. Notably, some Aridla floxed band was still present in islets, potentially due to a, 6
and vy cell retention of the Aridla floxed allele (Figure 15B). Despite the absence of ARIDIA
nuclear staining (Figure 15C), islet cell morphology was normal. Two weeks post-deletion, the
ability to clear glucose after GTT challenge was unaltered (Figure 15D), suggesting that there
was no change in B-cell function at baseline. Next, both groups of mice were given five doses
of STZ (50mg/kg per day x 5 days), then fed doxycycline (1mg/mL) water to conditionally
induce Aridla deletion in the B-cells of the experimental group. B-cell specific deletion of
Aridla after STZ administration prevented the rise of blood glucose to pathological levels
(Figure 15E), and reduced the profound weight loss associated with T1D (Figure 15F). In the
setting of STZ, Aridla PKO showed higher insulin levels than control mice. Not surprisingly,
insulin levels were still lower in the STZ treated Aridla BKO group than uninjured WT mice
since STZ was still able to ablate a subset of B-cells (Figure 15G). These data showed that
Aridla deficiency in B-cells was sufficient to preserve insulin production in response to STZ-

induced T1D.
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Figure 15. Aridla deficiency leads to a B-cell-mediated anti-diabetic phenotype.

(A) Dox-inducible KO of 4Aridla in mouse B-cells (Aridla BKO). rtTA is expressed under the
control of the mouse insulin promoter (MIP). In the presence of doxycycline (Dox), rtTA
activates the transcription of the TRE-Cre transgene. CRE in turn converts the floxed Aridla
alleles to knockout alleles. Dox (Img/mL) was added to the drinking water to conditionally
induce Aridla deletion. (B) Genotyping of islets and acinar cells to assess the recombination
at the Aridla™"" locus. Partial excision is expected in islets since cell types other than B cells
are present. (C) Immunostaining of ARID1A in WT and Aridla BKO pancreata. (D) IP glucose
tolerance test 2 weeks post-dox. (E) Fed state blood glucose after STZ. 5 doses of 50 mg/kg

STZ were injected before dox-induced B-cell deletion of Aridla. After the last dose of STZ,
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dox (1mg/mL) was provided in drinking water (n=4 mice for WT + saline, n=12 mice for WT
+ STZ, n=10 mice for Aridla BKO + STZ). (F) % body weight change 21 days post-STZ. (G)

Plasma insulin levels measured by ELISA 30 days post-STZ.

Aridla loss results in increased f-cell survival and proliferation

We examined islets before and after STZ injury. Insulin staining in WT and Aridla
BKO islets at baseline showed no differences. Thirty days after STZ, Aridla KO mice had
more fB-cells than did WT mice (Figure 16A). In addition, WT mice showed considerable a-
cell expansion as marked by glucagon staining (Figure 16B). Because resistance to diabetes
could have been mediated by either a failure to lose B-cells or an increased ability to regenerate
B-cells, we examined proliferation in the insulin expressing B-cell compartment. Aridla
deficient B-cells had greater numbers of Ki-67 positive cells. In the WT setting, a majority of
the proliferating cells were positioned in the islet periphery, which is the non-insulin expressing
compartment (Figure 16C,D). We then wondered whether the observed increase in
proliferation after STZ had any effect on islet number or area. Although we did not detect any
increase in the number of islets per unit of pancreas area (Figure 16E), there was a trend towards

increased individual islet area (p=0.06) (Figure 16F) in BKO mice 3 weeks after STZ.

Given the remote possibility that Aridla deficient B-cells could be protected from T1D
due to a lack of STZ induced destruction rather than increased regeneration, we also performed
PPx, a surgical assay that does not rely on the ability of cells to metabolize chemical toxins
such as STZ. PPx leads to B-cell proliferation that compensates for overall islet loss. Six days

after resection, the islets from regenerated pancreata of BKO mice showed a significant increase
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in B-cell proliferation as measured by Ki-67 positive cell number within the insulin expressing
compartment (Figure 16G). In summary, Aridla loss in B-cells did not constitutively enforce
islet overgrowth in the absence of injury but increased proliferation after chemical and surgical

injuries.
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Figure 16. Aridla loss results in increased p-cell survival and proliferation.

(A) Insulin staining of WT and Aridla BKO pancreata treated with saline or STZ. Samples
were collected 1 month post-STZ. (B) Glucagon staining of WT and Aridla KO pancreata
treated with saline or STZ. Samples were collected 1 month post-STZ. (C) Representative Ki-
67 staining (green) of WT and Aridla BKO pancreata post-STZ. Insulin is used as a B-cell
marker (red). Samples were collected 1 month post-STZ. (D) Quantification of the percentage
of insulin+ & Ki-67+ cells to all insulin+ cells (total of 9 islets from 1 WT and total of 25 islets
from 3 Aridla KO mice). (E) The number of islets per pancreas section area in WT and Aridla
BKO mice 3 weeks post-STZ. Each dot represents the total number of islets per section area in
each mouse (n =4 WT mice for WT and n = 6 Aridla BKO mice). (F) Individual islet area (n
=4 WT mice and 6 Aridla PKO mice, at least 10 islets were measured for each mouse). (G)
Ki-67+ cell number/insulin+ area in islets from regenerated pancreata 6 days after PPx (n =7
WT and 5 Aridla BPKO mice, values from ~10 islets per mice were calculated and averaged to

get a single data point in the graph).

Phenotypes associated with Aridla loss are dependent on EGF/Neuregulin hyperactivation

To probe the transcriptional programs associated with Aridla deletion, we performed
RNA-seq on islets from control and KO mice, before and after pancreatectomy. Of 2796
differentially-expressed genes, 1586 were up and 1210 were downregulated (Figure 17A).
Gene Set Enrichment Analysis (GSEA) performed on differentially expressed genes showed

that genes involved in the neuregulin (NRG) and epidermal growth factor (EGF) pathways
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were collectively overproduced in KO islets (Figure 17B & Figure 17A right inset). EGF and
NRG are the ligands that activate ERBB family of RTKs. Binding of the EGF family growth
factors leads to dimerization and phosphorylation of RTKs which leads to the activation of

ERK1/2 and phosphatidylinositol 3-kinase (PI3K) signaling pathways (/44).

To functionally interrogate the transcriptomic findings, we performed shRNA
knockdown of Aridla in BTC6 and MIN6 immortalized B-cell lines to determine if Aridla loss
might cause increased dependency on NRG/EGF signaling. Aridla knockdown in BTC6 and
MING6 caused increased phospho-EGFR (p-EGFR) after EGF ligand exposure, indicating
potentiation of the pathway (Figure 17C). In addition, EGFR/ERBB inhibition with the small
molecule inhibitors erlotinib and canertinib were able to ablate p-EGFR in the presence of EGF
(Figure 17D). Similar proliferative phenotypes were confirmed with Aridla shRNA in MIN6
cells and these small molecule inhibitors selectively abrogated the hyperproliferation

associated with Aridla knockdown (Figure 17E).

To corroborate the shRNA results using another in vitro model, we generated Aridla
deficient MING6 B-cells using CRISPR. Multiple single cell MING6 clones for each genotype
were expanded and confirmed for Aridla loss (Figure 17F). Similar to B-cells from mouse
islets, Aridla KO MING6 clones grew more rapidly than Gal4 targeted control clones (Figure
17G). Genes identified in the RNA-seq experiment were also upregulated in KO vs. control
islets (Nr4al, Nr4a2, Srf, JunB; see Figure SH). Collectively, these data show that Aridla loss

in B-cells causes a preferential dependency on ERBB signalling.

To determine if differentially expressed genes from the RNA-Seq analysis also showed
changes in epigenetic marks, we performed H3K27 acetylation (H3K27ac) ChlIP-seq. Sites
marked by H3K27ac were clustered into groups that increased or decreased in H3K27ac in

response to Aridla deletion (Figure 17I). Interestingly, many sites increased in H3K27ac
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abundance in the Aridla heterozygous and homozygous clones (clusters 3 and 4). The clusters
containing sites that changed in H3K27ac occupancy upon Aridla loss were largely composed
of sites at distal regions (Figure 17J), which is consistent with the disruption of canonical BAF
complexes (124, 125, 133). Sites that increased in H3K27ac upon Aridla loss included Nrg4
and Egfr, consistent with transcriptional hyperactivation in the Aridla-deficient setting (Figure
17K). GO biological processes associated with increased acetylation of H3K27 in the Aridla
knockout populations in clusters 3 and 4 contain terms involving glucocorticoid biosynthesis
and hormone metabolism, and the associated mouse phenotypes included abnormal insulin
secretion and pancreas secretion (Figure 18A and B). These observations are consistent with
differential regulation of pathways affecting glucose metabolism and insulin secretion in KO

mouse f-cells.
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Figure 17. Aridla deficient B-cells have a dependence on increased EGF/Neuregulin

signaling.

(A) Heatmap of differentially expressed genes in WT and KO islets from Aridla™"" and Ubc-
CreER; Aridla"™"" mice, isolated after PPx and detected by RNA-Seq (left). Heatmap showing
a subset of overexpressed genes in KO islets (right; n = 2 and 2 mice). (B) GSEA shows that
EGF and NRGI response genes are upregulated in KO islets. The nominal enrichment score
(NES), nominal p-value, and false discovery rate (FDR) g-value are shown within each GSEA
plot. (C) p-EGFR western blots in MIN6 and BTC6 treated with different doses of EGF. (D)
p-EGFR western blots in WT MING6 cells treated with EGF in the presence or absence of
erlotinib and canertinib. (E) Relative cell numbers for control sAGFP and shAridla MING cells
in the presence of canertinib and erlotinib. Shown as % of control cells (shGFP group treated
with DMSO). (F) Western blot showing ARIDIA levels in MIN6 clones. MIN6 cells were
transduced with lenti-CAS9-blasticidin and either non-targeting lenti-sgRNA (Gal4)-
puromycin or lenti-sgRNA (A4ridla)-puromycin. (G) MIN6 clone growth over 15 days
measured by cell counting. (H) mRNA expression of selected genes in Gal4 control and Aridla
KO MING clones as measured by qPCR. (I) K-mean clustering of H3K27Ac¢ ChIP-Seq peaks
in non-targeting Gal4, Aridla heterozygous and Aridla KO MING clones. (J) Annotation of
clusters defined by H3K27Ac ChIP-Seq sites by distance to TSS. (K) Sample tracks for
H3K27Ac ChIP-Seq in control, Aridla heterozygous and Aridla KO MING single cell clones

at the Nrg4 and Egfr loci.

84



B

wir ragulation of oxidative #foss-induced mltlnm tDUDEnElﬁ
rirguladio disassambly I R

Cis-Regulatory Function Analysis by GREAT on Cluster 3

GO Blologlcal Process
-log10{Binomial p valus}

o 5 10 16 20 25 30 35 40
calcium lon reguiated exocyiosis NN N RN S S S N — 220
regulated GIDB‘!IGHB__-__-__-H 14
2xocytosis I I N N N —_——|an.2e
positive regulation of muscle contraction I R R SN R . 2 SR
negatlve regulation of sterald hormaone blosyntnetic process NN RN RN RN R 2 .a1

negative regulation of harmane blosynthelic process NN I DN D 287G
negative regulalion of glucocorticold blosynthellc process [N DN DN D DN N 28 66

negative reguiation af hormone metabalic process I DN DN DN 27.89

regulation of glucocorticold mataoalic pracess I I R SR A0

| 1 Jri=]

regulation of glucocorticold blosynthellc process I N
regulation of Notch signaling pathway I I R N 2517
regulation of sterald hormone blosynthefic process NI DN DN B _2!_2-1
neurotransmitter transport | N R R 2
negative regulation of muscie nypertrophy I D D B 15 0

carbohydrate derlvative transport IR DN D I 1902

Cellular 5aaium kan Nomeostasis I I N 1G85

positive reguiation of Notch signaling pathway I I N 166

requiation of exocytosis I N S S 16 51

negative reguiation of extrinsic apoptotic signaling patnway (I R B W 13 .68
negative regulation of cardiac muscle hyperirophy NN B B N 17 55

Mouse Phenotype

=log10{Binomial p walue)

L] & 10 15 20 25
abnormal pancreas secration MMM I S R — 2
abnormal endocring pancreas secration I DR SR R —— . 218
abnormal insulin gecration IME—_—_—_ N S R — . 252
Abnormal axon TEseiculation I—_—_— N S N — 2504
decregsed erythrocyte cell number I D S S 40
decreagad macrnnhaoe call number | IN— N N R — 24
decreased paleoctas! call numbear INEII_— E— —_28 12
transmission ratio distortion I— R —
decraased drculating sldosterona level I R EE—— —— 19-25
wemmy evel ____13 18

reased anti-n
erlramedulwr
i s anemia I— I

abnormal gastrointestinal molilty E—_—_— N ——
abnormal foal ped morpholoyy I S — 550
abnormal MppecRMpUs granue call morphalogy I—_— R 15.23
sex revarsal I I 1510
dry eyes N R R 1405
abnormal corticosterone level NI R — 1353
abnormal olfsetory gystem physiology IEE—_—_—G—_—GEG— 1155

Cis-Regulatory Function Analysis by GREAT on Cluster 4

GO Biological Process

Alog10{Binomial p vake)

5 10 15 20 25 a0
BRGSO B LEsnSporL _______34.68
atin muckoalion I RN S W —— 041
adlin fMamant organizalion IS SN S N —— T
ragulation of actin filamant langih INE BN SN SN N304
regulation of mtln polymarization o depalymaesization I SRR RN SR — 002
in polymarization o depalymaerizalion I S SR E— .00
Golgi vesiche Iransporl INEIEG_ I N . 2095
positive regulation of supramolecular Hber organization IR BN SR RN i (.45
nagative regulation of actin filament depalymersization I SN SRS N 1773
positive rgulation of prolein polymeesization I R R N 17 66
eytogolio irpnsport NI D N—— 12
ulation of actin Hlament depalymaerization M R BN 15 .91
nagalive regulation of prolain calabolic prooess I N R 1 4.15
andocylic reaycling __- 13 ﬂd

adhirtans junclion oraanizalion I EE— 113?
al protein co 0.88

lllng palhiway __
lll wulun ol axon gxtonsion I 0.65

1]
ol i uguulm of prolein depalymaorizalion ME——| 1022
olular respanss Lo aming acid slimulus I RN 10.15

Mouse Phenotype

-log10{Binomial p valus)
6 & 10 12 14 18
1 I

FnSAMindse b
dioxide production
gind ried Blood coll distribulion width
DNWM tl beain internal capeuls morphology
dicraased raspiralory quatiend
incraasnd ¢l'¢U|l|l"ﬂ fructosaming kv
I!hj'mullotll ril

dacrodsnd slngli positive T call nium
abnormal nursing
ad limi kvl

B I i

85



Figure 18. Cis-regulatory function analysis by GREAT for H3K27Ac peaks.

(A) Cis-regulatory function analysis by GREAT on sites within Cluster 3 (increased
H3K27Ac in Aridla HET condition) given as GO processes and mouse phenotypes. (B) Cis-
regulatory function analysis by GREAT on sites within Cluster 4 (increased H3K27Ac in

Aridla KO condition) given as GO processes and mouse phenotypes.

To challenge the idea that Aridla deletion causes more proliferation through the
preferential promotion of ERBB signaling as opposed to a more generalized activation of
multiple mitogenic signal pathways, we performed a small molecule screen to identify
pathways that Aridla KO cells are more dependent on for growth and survival. We screened
300 kinase inhibitors on previously generated immortalized H2.35 cells isogenic for Aridla
deletion (Figure 19A). Interestingly, ERBB family inhibitors were significantly enriched
among treatments that induced the most prominent reductions in cell viability (P-value = 5.8e-
6). There were 3 ERBB family inhibitors (Afatinib, WZ8040, canertinib) among the top 10
kinase inhibitors associated with the highest reduction of growth/viability in Aridla KO cells
(Figure 19B). Together with the islet transcriptome data, these observations established a

strong functional connection between ARID1A and ERBB.

86



>

(as % of WT)

non-ERBB family kinase inhibitors
2001 e ERBB family kinase inhibitors

Relative growth of Arid1a KO cells

-100

Kinase inhibitor screen in H2.35 cells

Ranked targets
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Inhibitor name Target kinase Relative growth
PHA-665752 c-MET -94 %
Afatinib (BIBW2992) EGFR, ERBB2 -92 %
Ponatinib (AP24534) BCR-ABL -87 %
R935788 SYK -85 %
R406 SYK -81 %
WZ8040 EGFR -80 %
LDN193189 ALK1, ALK2, ALK3, ALK6 79 %

R788 (Fostamatinib) SYK -78 %
CI-1033 (Canertinib) EGFR, ERBB2, ERBB4 77 %
YM201636 PIP5KIII 75 %
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Figure 19. Kinase inhibitor screen in H2.35 cells shows that Arid1a deficient cells are more

sensitive to cell growth inhibition induced by ERBB inhibitors than WT cells.

(A) Relative cell growth (KO vs WT). About 300 kinase inhibitors were used in this screen.
Each gray dot corresponds to relative growth of Aridla KO vs. WT cells in the presence of a
non-ERBB kinase inhibitor, whereas each red dot corresponds to an ERBB family kinase
inhibitor. (B) Table showing the top 10 kinase inhibitors that caused the highest reduction of
growth/viability selectively in Aridla KO cells. 3 out of 10 top kinase inhibitors targeted the

ERBB family of RTKs.

Pan-ERBB and NR4A1 inhibition ablated the Aridla KO phenotype in vivo

We sought to determine whether pro-proliferative effects of Aridla loss were mediated
through ERBB activation in vivo as well as in vitro. We first tested the in vivo relevance of
these results by examining whole body Ubc-CreER; Aridla WT and KO mice described
earlier. After STZ mediated islet ablation, mice were given daily doses of canertinib, an
intervention that abolished the anti-diabetic effects of Aridla loss (Figure 20A, compare to
Figure 13F which did not include canertinib). We reasoned that ERBB inhibition in the STZ
model could have been influenced by cell death in addition to proliferation, so we also
performed the PPx assay to assess -cell proliferation after surgical injury. Here, B-cell specific
Aridla deletion was induced one week before PPx and drug treatments were started one day
before and continued until 6 days after PPx, which is the apex for B-cell proliferation (/45).

The increase in Ki-67/insulin double positive B-cells became more pronounced in the

88



regenerating pancreas (Figure 20B, top row & Figure 20C). Again, canertinib abolished the
pro-proliferative effect seen in KO islets (Figure 20B, middle row & Figure 20C). These results
showed that ERBB signaling in part mediates the B-cell regenerating effects of Aridia

deficiency in vivo.

Because ARIDIA likely influences a large network of genes that regulate
differentiation and regenerative capacity, we next asked if other genes downstream of ERBB
signaling exert the effects of Aridla loss. To further examine important functional networks
resulting Aridla KO phenotype, a protein-protein interaction network of overexpressed genes
from the RNA-seq data was created using the STRING database (/46). This interaction
network showed that the SRF/JUN/FOS/EGRI transcription factors and the NR4A family of
nuclear receptor transcription factors were tightly connected and clustered together (Figure
20D). Indeed, these genes also came up under the GSEA datasets that were classified as
“EGF/NRGI1 signaling up” (Figure 17A) suggesting that they are downstream of ERBB
signaling. The overexpression of these transcription factors were previously established as one
of the hallmarks of immature, proliferative B-cells (/47). We validated higher protein levels
of c-FOS and p-NR4A1 in KO islets (Figure 20E). We then asked if ARID1A relays its effects
in part through NR4A1 in vivo by treating mice that had undergone PPx with an NR4A1
antagonist (C-DIMS), in a similar fashion as the canertinib experiments. C-DIMS8 also
abolished the increased proliferation normally seen in Aridla KO B-cells (Figure 20B, bottom
row & Figure 20C), suggesting that increased NR4A1 activity is additionally required for the

phenotypic effects of Aridla loss.
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Figure 20. Pan-ERBB and NR4A1 inhibition abrogated the Arid1a KO phenotype in vivo.

(A) Fed state blood glucose measurements following STZ in WT and whole body Aridia KO
mice. 20mg/kg canertinib was administered daily through oral gavage. Compare to Fig. 2F,
which did not include canertinib. (B) Immunofluorescence for DAPI (blue), insulin (red), and
Ki-67 (green) in WT and Aridla BKO islets before or after PPx in the presence of vehicle,
canertinib, or CDIM-8§ treatment. (C) Quantification of Ki-67 and insulin double positive cell
number per islet. Each dot represents an islet. Between 37-75 islets per genotype were counted
from 5 to 8 mice per genotype. (D) The STRING database predicts an important protein-protein
interaction network from differentially overexpressed genes found in RNA-seq data. (E)

Western blot analysis of c-FOS and p-NR4A1 in mouse islets isolated 6 day post-PPx.

CONCLUDING REMARKS & FUTURE DIRECTIONS

Preserving or replenishing endogenous pancreatic B-cells is a major challenge in diabetes. To
ultimately meet these goals, there is a need to understand the factors limiting B-cell
proliferation. Although engineering strategies such as inducible pluripotent stem cell to B-cell
conversion or the transdifferentiation of other cell types to B-cells are emerging (/48), targeting
endogenous regeneration of B-cells has potential advantages since this occurs in development,
pregnancy, and obesity to meet increased physiological demands for insulin production. Here,
we have identified Aridla as a factor whose suppression is required for gestational B-cell

expansion and is sufficient for B-cell replenishment after multiple pancreatic injuries. Previous

91



studies have shown that BRG]l and BRM-containing SWI/SNF complexes have context-
dependent roles in modulating PDX1 activity in B-cell development and function (60, 61). Wei
et. al. reported that Vitamin D ligand causes the Vitamin D receptor to interact with an active
BRD7/pBAF rather than an inactive BRD9/ncBAF complex, which reduces B-cell failure and
slows diabetes progression (/49). Our study is the first to highlight Aridla and SWI/SNF as an

important epigenetic node that regulates the regenerative capacity of B-cells.

By functionally validating EGF/NRGI1 signaling as a critical effector of ARID1A suppression,
we connected two previously unrelated, but prominent regeneration networks. EGF signaling

is known to be important for liver, heart, and pancreas regeneration (34, 59, 150, 151).

Mechanistically, our results implicate a network of EGF/NRG1 signaling genes. These include
Nr4a nuclear receptor genes and a set of nutrient-responsive immediate early genes (JunB, Fos,
Egrl) and their upstream activator Srf (/52). Interestingly, EGR binding sites represented the
most dynamic chromatin regions during whole body regeneration of Hofstenia miamia, an
acoel worm that is capable of whole body regeneration. In these worms, EGR is essential for
regeneration through its activities as a pioneer factor that directly regulated wound-induced
genes including the EGFR ligands nrg-1 and nrg-2 (153). In addition, Zeng et al. recently used
single cell transcriptomics to categorize -cells from less to most mature. They showed that
SrflJunB/Fos/Egrl were among the most downregulated genes during postnatal B-cell
maturation and comprise a signature of less mature, proliferative B-cells. Importantly,
overexpression of upstream activator Srf in islets did not impair insulin secretion (/47). Our
data suggest that ARIDIA containing complexes may negatively regulate this larger network
of pro-regeneration genes. Importantly, B-cells without ARID1A are poised for proliferation

while still able to maintain insulin production.
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Our study highlights targets that could be investigated for their therapeutic potential in future
studies. In contrast to the majority of nuclear receptors, the NR4A family of nuclear receptors
do not have an identified physiological ligand, therefore their activity is mainly regulated at
the level of protein expression and post-translational modifications (/54). However, there is a
agonist, Cytosporone-B, that can selectively increase the transcriptional activity of Nr4al
(155). Whether this agonist could be utilized to improve the regenerative potential of B-cells is
an area of interest. A more direct way to tackle this problem would be to use specific inhibitors
targeting ARIDIA or BAF complexes. There is a major interest in the field to develop small
molecules to manipulate activities of SWI/SNF complex, and if successful, it will be interesting

to determine if such inhibitors might be effective in diabetes.
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