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Synopsis of the thesis entitled

Investigating the Role of OCIAD2 in Mouse Hematopoiesis
Submitted by

Wulligundam Praveen
Molecular Biology and Genetics Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research,

Jakkur, Bangalore- 560064, India.

Thesis Advisor: Prof. Maneesha S. Inamdar

Hematopoiesis in vertebrates is a complex and tightly regulated process that ensures controlled
production of the hematopoietic stem, progenitor, and differentiated cells. Loss of this balance
leads to disease conditions like leukemia and anemia. Despite considerable progress in deciphering
mechanisms of vertebrate hematopoiesis, our ability to control it is limited. Regulation of blood
production in normal and pathological situations requires the identification of additional factors
required to maintain hematopoietic homeostasis. Earlier work in our laboratory established the role
of Ovarian Carcinoma Immunoreactive Antigen Domain containing protein 1 (OCIAD1), also
referred to as Asrij, as a novel regulator of hematopoiesis and blood cell homeostasis in both
Drosophila (Kulkarni, Khadilkar, et al., 2011; Sinha et al., 2013) and mouse (Sinha et al., 2019).
Asrij is essential for preserving mouse bone marrow hematopoietic stem cell (HSC) quiescence,
and its depletion leads to a myeloproliferative disorder due to uncontrolled p53 ubiquitination and
degradation (Sinha et al., 2019). Previous studies from our laboratory showed that ociad?, the
other member of the OCIAD family, is a genomic neighbor of asrij in most vertebrates. OCIAD2
localizes to mitochondria and endosomes, interacts with Asrij, and promotes STAT3 activation in
cultured HEK293 cells (Sinha et al., 2018). Also, OCIAD2 is implicated in several diseases and
misexpressed in various hematological malignancies (Bagger et al., 2016; Praveen et al., 2021).
Nevertheless, the physiological role of OCIAD?2 in vertebrate hematopoiesis is not known. Hence,
I studied the role of OCIAD2 in mouse hematopoiesis.

Xiv



To investigate the role of OCIAD2 in murine hematopoiesis, firstly, we studied its expression in
various bone marrow hematopoietic cells. Flow cytometry analysis revealed the expression of
OCIAD?2 in hematopoietic stem cells, progenitors, and differentiated cells of C57BL/6J mouse
bone marrow, with its levels decreasing along the differentiation hierarchy. This suggested a

possible role of OCIAD2 in mouse hematopoiesis.

Mice knockout for ociad2 (ociad2™; CMV-Cre™; KO) were generated earlier in our laboratory
and found viable and fertile, showing no gross developmental abnormalities. As the ociad? gene
neighbors asrij and affects its protein levels (see Chapter-4), we name the knockout allele as
ociad2P*¥s (Hindi: padosan means neighbor), abbreviated to ociad2?®™" (approved by Mouse
Genome Informatics). To explore the role of OCIAD2 in mouse hematopoiesis, I undertook a
detailed analysis of ociad2’®" KO mice. Ociad2’*" KO mice showed no change in body weight
but had mild splenomegaly and kidney atrophy. The abundance of hematopoietic stem and
progenitor cells (HSPC) was unaffected across different hematopoietic compartments of the KO
mice. However, the frequency of BM myeloid and B cells was increased, with their counts and
apoptosis unaffected. /n vitro and molecular analyses showed no change in the hematopoietic
differentiation potential to early progenitors and expression of various lineage specification
markers in KO BM, indicating an insignificant role of OCIAD?2 in the maintenance of HSPCs and

their capacity of lineage specification.

Interestingly, the KO mice showed anemia in peripheral blood and defective steady-state

erythropoiesis in BM, indicating that OCIAD2 plays a role in maintaining erythropoiesis in mice.

To understand more about the role of OCIAD2 in mouse erythropoiesis, we subjected the KO mice
to hemolytic stress. We found that their ability to respond to stressors was on par with the control
mice. Also, the KO mice showed increased sensitivity to stress-mediated splenomegaly and
albuminuria, indicating that OCIAD?2 is required for protection against stress-erythropoiesis and
acute kidney injury. Despite impaired kidney function under stress, intriguingly, erythropoietin
(Epo) transcript levels were unaffected in steady-state KO mouse kidney, indicating possible

defective signaling downstream of Epo receptor (EpoR).
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JAK/STAT signaling plays a predominant role downstream of EpoR in regulating steady-state and
stress erythropoiesis. Molecular analysis of steady-state KO mice showed decreased STATS
activation and increased STAT3 activation in the lineage-committed BM and increased Asrij
protein levels in unfractionated BM. This suggests that steady-state erythropoiesis is deregulated
in the KO mice. Based on these results, we propose that there may be functional compensation by

Asrij in the KO cells, extenuating the effects of loss of OCIAD?2.

OCIAD2 executes cell-specific functions in adult hematopoiesis, particularly in erythropoiesis,
probably by regulating STAT activation in association with Asrij and the physiology of extra-
medullary tissues like the spleen and kidney. Also, OCIAD proteins might play a vital role in the
cross-talk between organelles like mitochondria, endosomes, and lipid rafts in regulating
erythropoiesis. Bone marrow Asrij levels decrease upon aging (Sinha et al., 2022), indicating a
possibility of severe phenotypes in aged OCIAD2 KO mice. This opens new possibilities to
understand the mutual regulation of OCIAD paralog proteins at the levels of post-translational

modifications and protein-protein interactions and their effects on vertebrate hematopoiesis.

In summary, we show that OCIAD?2 is a novel endosomal and mitochondrial regulator of mouse
adult hematopoiesis. We propose that a balance of OCIAD proteins is essential for normal
hematopoiesis through regulating cell signaling. The mutant mouse that we have generated will be
a valuable tool for understanding the regulation of hematopoietic homeostasis by inter-organ

communication and studying anemia, stress erythropoiesis, and kidney function.
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Chapter 1. Introduction

Hematopoiesis in the bone marrow (BM) is a continuous process producing nearly a trillion
new blood cells every day in humans. The mammalian hematopoietic system is a complex
orchestra of different cell types derived from a group of adult stem cells called hematopoietic
stem cells (HSCs). Constituting the apex of the differentiation hierarchy, HSCs undergo
asymmetric cell divisions to self-renew and differentiate into lineage-committed progenitors.
These progenitors ultimately give rise to the terminally differentiated mature blood cells
(Zhang et al., 2018). A balance between the abundance of hematopoietic stem and progenitors
(HSPCs) and differentiated cells is strictly maintained to ensure normalcy, referred to as
hematopoietic homeostasis, loss of which leads to disease conditions like leukemia, anemia,

etc.

Studies on hematopoiesis in invertebrates like Drosophila and lower vertebrates like zebrafish,
Xenopus, and chick embryos, led to the discovery of multiple molecular factors governing
hematopoietic homeostasis. Several basic principles regulating early hematopoietic
development are conserved through evolution across the invertebrates and vertebrates (Gritz
and Hirschi, 2016). Also, new molecules have emerged through gene duplication, providing
more control over the physiology and safeguarding the robustness of the organism, albeit
adding to the complexity of hematopoiesis. Therefore, despite considerable knowledge gained,
the identification and characterization of novel molecular regulators of vertebrate

hematopoiesis is required.

Being evolutionarily distant from humans, the acquired knowledge from invertebrates and
lower vertebrates needs verification in appropriate model systems to understand and treat
disease conditions. The house mouse (Mus musculus) has been extensively used as a
mammalian model system to overcome the ethical and technical limitations of in vivo studies
in humans. The mouse model approximates anatomical, physiological, and genetic aspects of
humans. Also, factors like small size, phylogenetic relatedness, ease of genetic and chemical
manipulation, and ease of breeding in large numbers due to a high breeding capacity make the
mouse model most suitable to study various aspects of mammalian physiology (Lee et al.,
2017). Hence, we aimed to characterize novel molecules in vertebrate hematopoiesis using

mouse models.



1.1 Ontogeny of vertebrate hematopoiesis

1.1.1 Primitive wave

In mice, the first wave of hematopoiesis starts around E7.0 in the yolk sac blood-islands of
mesoderm-derived specialized cells, giving rise to endothelial and hematopoietic cells. This
wave is primitive and transient and produces primitive nucleated erythrocytes,
megakaryocytes, and macrophages, essential for embryo growth and organogenesis. (Sankaran

and Orkin, 2013).

1.1.2 Pro-definitive wave

Around E8.25, during the pro-definitive wave, the yolk sac vasculature hemogenic endothelial
cells produce hematopoietic cells through endothelial to hematopoietic transition (EHT). EHT
gives rise to lymphoid-restricted progenitors and multipotent lympho-myeloid progenitors
around E9.5, which eventually colonize the fetal liver to generate the innate and adaptive B
and T cells (Hoeffel and Ginhoux, 2018). Erythro-myeloid progenitors (EMPs) are generated
around E10.5, circulate to the embryo, and colonize the fetal liver to sustain hematopoiesis
until birth. EMPs give rise to enucleated RBCs with fetal hemoglobin, megakaryocytes, and
monocytes which later develop into tissue-resident macrophages that extend into adult life

(Frame et al., 2013).

1.1.3 Definitive wave

Between E9.5 and E11.5, the hemogenic endothelial cells in the aorta-gonad-mesonephros
(AGM) initiate the definitive wave of hematopoiesis through EHT and RUNXT1 upregulation.
Around E9.5, the AGM generates pro-HSC and pre-HSC with multi-lineage and short-term
repopulating capacity. The first bona fide HSCs arise around E10.5 from the ventral
endothelium of the dorsal aorta, subsequently home to the fetal liver, where they undergo
further maturation and expansion (Ivanovs et al., 2011). In mice, HSCs also arise from non-
AGM regions like the placenta, vitelline veins, umbilical arteries, and arteries in the embryonic
head and colonize the fetal liver. This HSC pool in the fetal liver maintains hematopoiesis until

around birth, after which it occurs in the BM (Ottersbach and Dzierzak, 2005; Li et al., 2012).



1.2 Medullary hematopoiesis

Adult hematopoiesis predominantly takes place in the medullary region of the bone, homing
the quiescent HSCs in a hypoxic microenvironment. Identification, isolation, and
characterization of HSCs were accelerated by the advent of antibodies against cell surface
markers and fluorescence-activated cell sorting (FACS) (Oguro et al., 2013). Subsequently,
multipotent progenitor (MPP) populations were identified between the HSCs and terminally
differentiated cells. Weissman’s group presented the classical, stepwise, immunophenotype-
based tree-like hierarchy model (Kondo et al., 1997; Manz et al., 2002), which places HSCs
with long-term repopulating potential (LT-HSCs) at the top of the hierarchy, giving rise to
HSCs with short-term repopulating potential (ST-HSCs). ST-HSCs differentiate to MPPs,
producing oligopotent and unipotent progenitors and the terminally differentiated cells, as

shown in Figure-1.1A.

Shortcomings of the classical stepwise model, like the over-simplification of the complexity
and the unaccountability of heterogeneity in the HSCs and progenitors (Lu et al., 2011), were
made evident from studies with genetic mouse models and single-cell technology.
Identification of myeloid-biased, balanced, and lymphoid-biased HSCs (Muller-Sieburg et al.,
2002) and detection of intermediate-term HSCs (IT-HSCs) (Benveniste et al., 2010) are some
of the findings that challenge the classical model. Comprehensive analysis of human BM
HSPCs using scRNA-seq coupled with computational methods suggested that lineage
specification is a continuous process where low-primed undifferentiated HSPCs directly
differentiate to unilineage restricted cells without any transition stages (Velten et al., 2017).
Additionally, another study on human cord blood cells showed that downstream of stem cells,
a continuum of bi- and oligolineage progenitors like the lymphoid-primed multipotent
progenitors (LMPPs), granulocyte/monocyte progenitor (GMPs), and multipotent lymphoid
progenitors (MLPs) produce terminally differentiated lymphoid and myeloid cells, instead of
only unilineage progenitors (Karamitros et al., 2018). These studies show that hematopoiesis
is a continuous process rather than a stepwise hierarchy and suggest that no discrete boundaries

exist among stem cells and progenitors (Figure-1.1B).
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Figure-1.1: Hematopoietic differentiation is a continuous process rather than a discrete one. (A) Schematic
showing the hierarchy model for hematopoietic differentiation of HSCs to mature terminal cells. According to
this model, the HSC or the long-term repopulating HSCs (LT-HSCs) are a bona fide group of quiescent cells,
which give rise to short-term repopulating HSCs (ST-HSCs), also considered as multipotent progenitors (MPP-
1), which further give rise to MPP2, MPP3, and MPP4. While MPP2 gives rise to platelets and erythrocytes,
MPP3 gives rise to granulocytes, monocytes, and MPP4, also called lymphomyeloid-primed progenitors (LMPP)
differentiate to lymphocytes. Pre MegE: pre-megakaryocyte-erythroid progenitors; Pre GM: pre-granulocyte-
monocyte progenitors; CLP: common lymphoid progenitors; MkP: Megakaryocyte progenitors; Pre CFU-E: pre-
colony-forming unit-erythroid; GMP: granulocyte-monocyte progenitors. (B) Schematic comparing the
hematopoietic differentiation between the classical stepwise model and the continuous model (Adapted from

Cheng et al., Protein Cell, 2020).

1.3 Extramedullary hematopoiesis
The formation of blood cells in spaces other than the BM is called extramedullary
hematopoiesis (EMH). The embryonic hematopoiesis is considered as developmental EMH.

Post-natal, in humans, EMH is not observed under normal physiological conditions. However,



disease conditions like BM failure, myelostimulation, tissue inflammation, injury, repair, and
abnormal systemic or local chemokine production are known to induce EMH (Yang et al.,
2020). Contrastingly, mice show persistent EMH throughout their adult life in the spleen and

to a certain extent in the liver (Dutta et al., 2015).

HSPCs circulate in the peripheral blood (PB) and lymph regulated by the interaction between
the CXCR4 receptor and CXCL12 ligand and circadian rhythms (Garcia-Garcia et al., 2019).
In steady-state conditions, adult spleen, liver, gut, gingiva, and lung contain rare HSPC pools,
albeit with short residence time and low contribution to hematopoiesis (Chiu et al., 2015).
Parabiosis studies in mice show that most PB HSCs under steady-state conditions are not LT-
HSCs and fail to return to the BM niche (Mende and Laurenti, 2021). Also, the extramedullary
HSCs of both mice and humans show lower reconstitution and colony-forming capacity (Fu et

al., 2019).

Stress conditions alter the BM niche and increase the mobilization of HPSC, supporting EMH
(Yang et al., 2020). Spleen is the most common site of EMH driven by the HSPCs residing in
its red pulp. Studies have identified multiple stages of erythroid differentiation, myeloid cells,
and megakaryocytes in the splenic cords and intrasinusoidal spaces of the splenic red pulp. The
CXCLI12 ligand expressed by the sinus endothelial cells is expected to play a significant role
in homing the circulating HSCs to the splenic red pulp (Yang et al., 2020). EMH-driven
splenomegaly is observed during disease states like myelofibrosis, anemia, and thalassemia to
compensate for the defective BM erythropoiesis via upregulation of the JAK-STAT pathway
(Gilles et al., 2017; Song et al., 2018). Apart from the vital role of the hematopoietic site during
embryogenesis, the liver can act as an EMH site in adult life during the neo-natal stage and
disease conditions like sepsis, anemia, hepatoblastoma, hepatocellular carcinomas, etc., when

the homeostasis of the hematopoietic system is disrupted (Yamamoto et al., 2016).

1.4 Hematopoietic homeostasis

Maintaining a steady-state number of different blood cells is defined as hematopoietic
homeostasis. During homoeostatic conditions, the quiescence, survival, and self-renewal
capacity of HSCs are maintained with balanced hematopoiesis. Therefore, hematopoietic

homeostasis is required for sustained hematopoiesis and maintenance of normal physiology.



Loss of this homeostasis leads to increased susceptibility of HSCs to DNA damage, apoptosis,
senescence, increased myeloid skewing, and exhaustion of the HSC pool (Termini and Chute,
2020), which has been a common phenomenon underlying various disease conditions like
leukemia, anemia, etc. This emphasizes the essentiality of maintaining hematopoietic

homeostasis, which is critically regulated by various factors.

1.4.1 Inter-organ communication

Cross-talk between hematopoietic and non-hematopoietic tissues plays a crucial role in
governing hematopoietic homeostasis. For example, in erythropoiesis, the formation of red
blood cells occurs primarily in the BM and spleen under stress conditions. However, other
organs like the kidney, liver and intestine play critical roles in the regulation of erythropoiesis.
The kidney is the primary source of erythropoietin, a peptide hormone essential for
erythropoiesis in BM and spleen. Enterocytes of duodenum and macrophages of splenic red
pulp ensure absorption of dietary iron and reuse of physiological iron, respectively, ensuring
the availability of iron in the circulation for the synthesis of hemoglobin in erythroblasts, under
the influence of erythroferrone and erythropoietin. This physiological process is kept under
check by the action of another peptide, called hepcidin, secreted by the liver. Hepcidin obstructs
iron absorption through binding to ferroportin of gut enterocytes and macrophages, leading to
lysosomal degradation (Liang and Ghaffari, 2016). Secretory molecules constitute an essential
fraction of cell-extrinsic factors regulating steady-state and stress hematopoiesis. Maturation
of B cells, removal of old red blood cells, and stress erythropoiesis in the spleen (Shahaf et al.,
2016), and T cell development in the thymus (Owen et al., 2019) are well-known examples for
the cross-talk between BM and extramedullary tissues in maintaining hematopoietic

homeostasis.
1.4.2 Other cell-extrinsic factors
The biology of HSPC:s is intricately linked with and regulated by the extracellular cues received

from their niche comprising of the following conserved central elements.

a) Stromal cells promote cell-cell adhesion and secrete cytokines for paracrine signaling

The N-Cadherin-expressing BM stromal progenitors that give rise to
osteoblasts, chondrocytes, and adipocytes, secrete various cytokines, including stem
cell factor (SCF), to maintain the reserved HSC pool in the BM and its recovery upon

stress (Zhao et al., 2019). Disease conditions reduce the ability of niche cells to support
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HSCs, as seen in the case of mesenchymal stem cells in B-thalassemia (Crippa et al.,

2019).

b) Extracellular matrix (ECM) provides anchorage

Adhesion of HSCs to fibronectin is essential for maintaining their long-term
hematopoiesis and proliferation and association with laminin for homing and cell
cycling (Susek et al., 2018). Also, ECM sense changes in physiological conditions and
can sequester or release growth factors and morphogens, therefore indirectly governing

stem cell fate (Ahmed, 2016).

c) Blood vessels provide nutrition and systemic signals

Distinct network of arterial blood vessels formed by BM endothelial cells, with
less permeability, maintain HSCs with low reactive oxygen species (ROS), whereas the
sinusoids with more permeability help in HSPC activation, apart from supporting the
trafficking of the leukocytes to and from the BM (Itkin et al., 2016; Chen et al., 2020).
Endothelial Notch signaling is crucial in expanding the HSC niche and its secretion of

SCF (Kusumbe et al., 2016).

d) Neural inputs integrate signals from different organ systems

The sympathetic nervous system regulates the daily migration of HSCs and
leukocytes, with the coordination between the parasympathetic nervous system,
epinephrine, and beta-adrenergic receptors (Garcia-Garcia et al., 2019). Hypothalamic-
pituitary-adrenal axis controls the granulocyte colony-stimulating factor (G-CSF)
induced mobilization of HSCs in the BM through the involvement of muscarinic
receptor type 1 (Pierce et al., 2017). Also, cholinergic receptor muscarinic 4 (CHRM4)
regulates early erythroid progenitors’ self-renewal in BM (Trivedi et al., 2019).

1.4.3 Cell-intrinsic factors
Apart from the inter-organ cross-talk and other external factors, various cell-intrinsic factors
like cell cycle, transcription factors, epigenetic modifications, signaling, etc., affect HSPC

biology.



a)

b)

Cell cycle

Cell cycle machinery comprising of cyclins, cyclin-dependent kinases (CDKs), and
CDK inhibitors (CKIs) regulate cell cycle activity and the abundance of HSPCs.
Cyclins show differential effects as deletion of cyclin B1, E1/E2 leads to embryonic
lethality (Parisi et al., 2003), and cyclin A deletion leads to reduced abundance of HSCs
and CMPs (Kalaszczynska et al., 2009). Deleting both CDK4 and CDK6 leads to
embryonic lethality (Malumbres et al., 2004). CKIs also exert differential effects on
hematopoiesis, as seen in the case of p21, p27, and p57 (Cheng et al., 2000; Matsumoto
et al., 2011). Cyclin DI regulates HSC expansion via the FGFR3-FRGFR1-ELK1-
Cyclin D1 axis (Ran et al.,, 2021). The role of CDKI, 6, 8, and 19 in various

malignancies, including that of hematopoiesis, are known (Aleem and Arceci, 2015).

Transcription factors

Transcription factors regulate cell biology by controlling gene expression. Key
transcription factors like GATA, Lmo2, Scl, RUNXI, etc., play a critical role in
hematopoiesis. Scl regulates quiescence and long-term potential of HSCs, proper
development of megakaryocytes and erythroid cells (Porcher et al., 2017). Lmo2
regulates cell development and growth by controlling gene transcription through DNA-
binding complexes (Morishima et al., 2019). RUNX1 and GATAZ2 regulate cell cycle
progression and proliferation of HSCs (Bresciani et al., 2021). Additionally, many other
transcription factors like p53, PU.1, Erg, Gfil, etc., also play essential roles in
regulating HSPC maintenance. Chromatin remodeling molecules aid transcriptional
regulation of gene expression to control HSPC maintenance and differentiation (Prasad

etal., 2015; Han et al., 2019).

Cell signaling

Signaling molecules act as connecting links between extracellular stimuli and
intracellular genetic changes. Signaling pathways like PI3K/Akt, JAK/STAT, Wnt
signaling, etc., play crucial roles in maintaining HSPCs and differentiated cells.
Hyperactivation of PI3K/Akt signaling leads to myeloproliferative disorder in mice
(Sinha et al., 2019). Its negative regulators like PTEN are required to maintain HSC
quiescence and self-renewal ability (Ghosh and Kapur 2016). Deletion of STATS leads
to compromised cell survival, whereas abnormal STATS activation is implicated in

several cancers (Dorritie et al., 2014). Wnt/B-catenin signaling is essential in the
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implantation of fetal HSPCs (Kwarteng et al., 2018). Adhesion of HSCs to Notch
expressing osteoblasts suppresses cycling and enhances the retention of HSCs in BM
independent of RBP-Jx-mediated canonical Notch signaling (Wang et al., 2015). Also,
deregulated Wnt and Notch signaling play a critical role in leukemia (Kang et al., 2019).

Additionally, metabolic regulation (Hu and Wang 2019), post-transcriptional, translational,
and post-translational mechanisms (de Rooij et al., 2019 and Kidoya et al., 2019) also play an
essential role in regulating hematopoiesis. Of late, organelles’ role in regulating hematopoiesis

is being recognized.

1.4.4 Organellar regulation of hematopoiesis

Macromolecular interactions on the surface of or within the organelles play an important role
in cell fate decisions (Julian and Stanford, 2020). Of late, lysosomes are gaining importance in
this regard. Lysosomes are known as degradation centers of cellular contents and also serve as
major signaling sites for molecules like mTORC1, AMPK, GSK3, and the inflammasome
(Lawrence and Zoncu, 2019), which sense, integrate, and facilitate cross-talk among various
signaling events and enable responses like autophagy, cell growth, membrane repair, and
microbe clearance. Recent reports show an asymmetrical inheritance of lysosomes,
autophagosomes, mitophagosomes, NOTCH1, and NUMB proteins between the daughter cells
of HSC’s asymmetric cell division and are expected to affect lineage fate (Loeffler et al., 2019).
Also, pharmacological inhibition of lysosomal v-ATPase enhances mouse HSC quiescence and
engraftment potential (Liang et al., 2020; Ghaffari, 2021). A recent study reports reduced
lysosomal activity leading to loss of quiescence and mitotic activation of human LT-HSCs and
loss of balance in myeloid/erythroid fate regulated by MY C and TFEB. This report strengthens
the involvement of endosomes and lysosomes in HSC fate determination (Garcia-Prat et al.,

2021).

Mitochondria play a crucial role in HSC expansion. The clearance of damaged mitochondria,
mediated through fatty acid oxidation, is essential for maintaining Tie2" HSCs (Ito et al., 2016).
Also, during asymmetric cell division of mammary epithelial stem cells, older mitochondria
are transferred to daughter cells poised for differentiation (Katajisto et al., 2015), indicating a
potential role of mitochondria in the maintenance and differentiation of stem cells.
Maintenance of high glycolytic metabolism and low mitochondrial unfolded protein stress is

necessary for the quiescence of HSCs (Mohrin et al., 2018). Interestingly, mitochondrial
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turnover plays a role in erythropoiesis. Defective mitophagy blocks erythroid differentiation at
terminal erythrocyte maturation, whereas an enhanced mitophagy blocks erythroid progenitor

differentiation (Jin et al., 2018).

1.5 OCIAD proteins

Despite considerable progress in understanding the maintenance of hematopoietic homeostasis,
the role of organelles in hematopoiesis regulation is unclear. Hence, we aimed at unraveling
the same by studying the role of endosomal and mitochondrial proteins in hematopoiesis. We
focused on the Ovarian Carcinoma Immunoreactive Antigen (OCIA)-domain family of

proteins, consisting of two members, namely, Asrij/OCIADI and OCIAD?2.

1.5.1 Asrij/OCIAD1:

Asrij is a conserved endocytic and mitochondrial protein with the characteristic OCIA domain
towards its N-terminal. The OCIA domain is predicted to harbor two transmembrane helices
and the C-terminal region with a disordered structure. In Drosophila, Asrij is expressed in pole
cells, trachea, and hemocytes (Inamdar, 2003). Asrij maintains the normalcy of the primary
and secondary lobes of the lymph gland and hemocyte proliferation and differentiation
(Kulkarni and Khadilkar et al., 2011) by interacting with trafficking protein ADP-Ribosylation
Factor-1 (ARF1) (Khadilkar et al., 2014), regulating the endosomal trafficking of Notch-
intracellular domain (Kulkarni et al., 2011), and STAT3 activation (Sinha et al., 2013) (Figure-
1.2A). Asrij regulates Cactus ubiquitination, Toll and IMD pathways to maintain immune
homeostasis in Drosophila (Khadilkar and Ray et al., 2017) (Figure-1.2B). Recently, our lab
showed that Asrij maintains lymph gland progenitor balance by regulating the mitochondrial

dynamics (Ray et al., 2021) (Figure-1.2C).

The role of Asrij in maintaining stemness is conserved across Drosophila and mice (Kulkarni,
Khadilkar, et al., 2011; Sinha et al., 2013). Asrij initially identified in a gene-trap screen,
maintains pluripotency of mouse embryonic stem cells through its OCIA domain by enhancing
the activation of STAT3 (Sinha et al., 2013) (Figure-1.3A). Upon mESC differentiation,
expression of Asrij is restricted to cardiovascular and blood lineages (Mukhopadhyay et al.,

2003). Also, Asrij/OCIADI is essential in maintaining the pluripotency of human embryonic
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Figure-1.2: Asrij is an essential regulator of
Drosophila hematopoiesis and immunity. (A)
Schematic representation Asrij’s regulatory role
in the JAK/STAT, Notch, PDGF-VEGF signaling
pathways in the Drosophila lymph gland
(Modified from Khadilkar et al., 2014). (B)
Schematic representation of the suggested role of
the ARF1-Asrij endocytic axis in regulating the
Imd pathway of Drosophila (Adapted from
Khadilkar and Ray et al., 2017). (C) Schematic
representing the role of Asrij in maintaining the
balance between mitochondrial fission and fusion
to regulate progenitor maintenance and crystal
cell differentiation in Drosophila (Adapted from
Rayetal, 2021).

stem cells, where its loss leads to
increased mitochondrial respiration and
propensity towards differentiation in
hESCs (Shetty et al., 2018) (Figure-
1.3B).

Asrij is expressed in the mouse yolk sac,
embryonic blood islands, and blood
vessels, preceding and overlapping with
vascular markers like VEGF-RII/Flk-1
and PECAM/CD31 (Mukhopadhyay et
al., 2003). Also, Asrij localizes to Rab4"
and Rab5" endosomes and mitochondria
in wild-type mouse HSCs, maintaining
HSC quiescence by regulating p53
ubiquitin-mediated degradation via the
CSN5-MDM2 axis (Sinha et al., 2019).

Loss of Asrij leads to increased levels of



MDM?2 and thus an increased degradation of p53, resulting in myeloproliferative disorder

(Figure-1.3C). Mice knockout for Asrij shows enhanced expansion and mobilization of HSPCs,
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Figure-1.3: Role of AsrijfOCIAD1 in mammalian stem cells and hematopoiesis. (A, B) Schematic
representing the role of Asrij in maintaining stemness and pluripotency in (A) mouse ESCs through enhanced
STATS3 activation (Adapted from Sinha et al., 2013) and (B) in human ESCs through preventing an increase in
oxidative phosphorylation (Adapted from Shetty et al., 2018). (C) Schematic representing the role of Asrij in
mouse BM hematopoiesis in maintaining the HSC quiescence by preventing aberrant degradation of p53 via the

CSN5-MDM2 axis (Adapted from Sinha et al., 2019).
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myeloid expansion, altered RBC counts in PB, and splenomegaly (Sinha et al., 2019). Also,
Asrij is essential for hematopoietic recovery from stress conditions like 5-FU treatment and
exposure to gamma radiation. Asrij regulates aberrant activation of AKT and STATS in mouse
BM HSPC pool (Sinha et al., 2019). This indicates the importance of endosomal and

mitochondrial proteins in maintaining mouse hematopoietic homeostasis.

1.5.2 OCIAD2:

Ociad?, the other member of the OCIAD family, was initially identified through sequence
similarity to ociadl in a revised draft of the human genome (Strausberg et al., 2002). ociad? is
absent in Drosophila and is predicted to have risen from an invertebrate ociad gene in early
jawed vertebrates, due to a tandem gene duplication, sometime during the Ordovician and
Silurian eras. ociad2 neighbors ociadl in both humans (chromosome 4) and mice (chromosome
5), but on the opposite strand in a tail-to-tail orientation, separated by a short intergenic stretch
(Sinha et al., 2018) (Figure-1.4A). Mouse ociad? gene consists of 7 exons, in which the 1%,
part of the 2", and 7" exons are non-coding. Multiple splice variants of ociad2 were reported
at transcript level but not at the protein level, with higher expression in the brain, liver, and

kidney (Sinha et al., 2018).

OCIAD?2 harbors the characteristic OCIA domain coded by exon 3 to exon 6 of the ociad?
gene, with high sequence similarity to Asrij. The double-helical region of the OCIA domain is
sufficient for OCIAD2 localization to mitochondria and endosomes (Sinha et al., 2018)
(Figure-1.4B). OCIAD?2 also localizes to mitochondria-associated ER membrane (MAM) (Han
et al., 2014) (Figure-1.4C). A recent report shows that OCIAD?2 is critical for maintaining
mitochondrial morphology and numbers by regulating cytochrome C release into the cytosol
(Hong et al., 2021). Another report suggests a possible role of OCIAD2 in the mitochondrial
electron transport chain (Le Vasseur et al., 2021). OCIAD2 interacts with Asrij and STAT3
through its double-helical region of the OCIA domain. Many other interactions were predicted
as per BIOGRID, STRING, and STITCH databases (Praveen et al., 2020). OCIAD?2 is essential
for STAT3 activation and migration but not for proliferation in cultured HEK293 cells (Sinha
et al., 2018) (Figure-1.4D). However, overexpression of OCIAD2 did not affect the migration
or proliferation of HEK293.
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Figure-1.4: Gene location, domain organization, localization, and interaction of OCIAD2. (A) ociad?
neighbors asrij/ociadl in mice and humans (Adapted from Sinha et al., 2018). (B) Schematic representation
comparing the protein length of Asrij and OCIAD2 with the OCIA domain indicated by rectangle box with double
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localization of Asrij and OCIAD2 (Adapted from Praveen et al., 2020). (D) Schematic representing the interaction
between Asrij and OCIAD2 and their molecular action of STAT3 activation (Adapted from Sinha et al., 2018).
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Ociad? is expressed in lower levels in various human tissues at steady-state conditions relative
to ociadl (Sinha et al., 2018). However, unlike ociadl, the expression levels of ociad? increase
during cancer conditions (Sakashita et al., 2018; Hong et al., 2021). OCIAD2 is implicated in
several cancers and neurodegenerative disorders (Nagata et al., 2012; Han et al., 2014; Wu et
al., 2017). Decreased expression of OCIAD2 leads to increased invasion of hepatocellular
carcinoma (HCC) cells by downregulating FAK, AKT, and MMP9 signaling (Wu et al., 2017).
OCIAD2 enhances the activity of gamma-secretase but does not interact with Nicastrin and

C99 but does not affect Notch signaling (Han et al., 2014).

Both ociadl and ociad? are misexpressed in various hematological malignancies (Bagger et
al., 2019). While the role of Asrij in regulating hematopoiesis is well-studied in both
Drosophila and mouse hematopoiesis (Kulkarni and Khadilkar et al., 2011; Sinha et al., 2013;
Khadilkar et al., 2014; Khadilkar and Ray et al., 2017; Sinha et al., 2019; Sinha et al., 2022),
little is known about the physiological role of OCIAD2 in vertebrate hematopoiesis.

1.6 Hypothesis

Owing to the established essential role of Asrij in regulating mouse hematopoiesis and the
interaction of Asrij with OCIAD2, we hypothesize that OCIAD2 too is essential for
maintaining the mouse hematopoietic homeostasis. We tested this hypothesis through a
detailed hematopoietic characterization of an ociad? null mouse model, at physiological,

cellular, and molecular levels.

1.7 Aims of the thesis

The overall aim of this thesis was to decipher further the mechanisms regulating mammalian
hematopoietic homeostasis through the identification and characterization of novel molecular
regulators. For this, I investigated the role of OCIAD2 in hematopoiesis of the Mus musculus

(mouse) model. The specific aims of this study were:

1. To profile the expression of OCIAD2. (Chapter-2)
We studied the expression of OCIAD2 in various hematopoietic populations of C57BL/6J
mice using flow cytometry and compared it with the reported transcript levels revealed by

high-throughput techniques.
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2. To elucidate the role of OCIAD?2 in mouse steady-state hematopoiesis. (Chapter-3)
We characterized the steady-state ociad? knockout mice using cellular, molecular, and

functional assays.

3. To elucidate the role of OCIAD2 in mouse hematopoietic stress response and the
molecular mechanisms maintaining hematopoiesis. (Chapter-4)
We studied steady-state and stressed ociad? knockout mice for various parameters using

in vitro cell cultures, molecular, and biochemical assays.

1.8 Summary of the thesis

To understand the molecular mechanisms regulating hematopoietic homeostasis during steady-
state and stress conditions, we chose to study the function of OCIAD2 using the mouse model.
Expression profiling by flow cytometry revealed high levels of OCIAD2 in LT-HSCs, which
decreased along the differentiation hierarchy. Using an ociad? knockout mouse model, we
identified that OCIAD?2 is not essential for the maintenance and lineage specification of BM
HSPCs, with a tissue-specific effect on splenic HSPCs. We also found that OCIAD?2 is essential
for normal steady-state erythropoiesis, and its loss enhances stress responses in medullary and
extramedullary tissues. Molecular analysis revealed the importance of OCIAD?2 in regulating
the activation of STAT3 and STATS in the lineage-committed mouse BM cells. Further
analysis showed that OCIAD2 regulates the levels of Asrij in mouse BM, indicating a possible
functional compensation by Asrij during the absence of OCIAD2. Our study puts forth the cell-
specific effects of OCIAD2 knockout on mouse hematopoiesis. It pitches the importance of an

interplay between the OCIAD proteins in maintaining mouse hematopoietic homeostasis.
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Chapter 2. Expression of OCIAD2 in mouse bone marrow

hematopoietic cells

2.1 Introduction

The balance across the abundance of hematopoietic stem, progenitor, and differentiated cells
is critical for maintaining hematopoietic homeostasis. Despite the progress achieved so far,
several molecular details are unknown. This marks the necessity to identify and characterize
novel molecules regulating hematopoiesis. High-throughput studies help in the identification
of novel molecules. Ovarian Carcinoma Immunoreactive Antigen Domain (OCIAD) —
containing protein 1, OCIAD1/Asrij is a novel regulator of mouse HSC quiescence and thence
hematopoietic homeostasis (Sinha et al.,, 2019). However, the physiological role of its
interactor, OCIAD2, is unknown in mouse hematopoiesis (Sinha et al., 2018). Before
investigating the role of OCIAD2 in mouse hematopoiesis, we aimed to delineate its expression
among the various hematopoietic populations. Firstly, we compared and analyzed the available
data on the expression of the ociad genes in both mouse and human hematopoietic cells. Using
flow cytometry, we profiled the expression of OCIAD2 in the various hematopoietic
subpopulations of C57BL/6J mouse bone marrow (BM), whose results were in accordance with

the high-throughput data, to a certain extent.

2.2 Materials and Methods

2.2.1 In silico analysis of asrij/ociadl and ociad2 expression

Expression data of ociadl and ociad? genes, available from high-throughput databases like
single-cell gene expression atlas (http://blood.stemcells.cam.ac.uk/geneMap.html) (Nestorowa
et al. 2016), BloodSpot (http://servers.binf.ku.dk/bloodspot/) (Bagger et al., 2016), Gene
Expression Commons (https://gexc.riken.jp/) (Seita et al., 2012), and The Human Protein Atlas

(https://www.proteinatlas.org/) (Uhlen et al., 2019) were collected. Gene expression values of

ociadl and ociad? available under the Mouse normal hematopoietic system category in the
BloodSpot database were averaged and presented as a bar graph. The mean of normalized
signal intensity values regarding the expression of ociadl and ociad2, from the Gene
Expression Commons under the Mouse Hematopoiesis and Stroma category, were plotted as

bar graphs without any further calculations.
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2.2.2 Mice

C57BL/6J mice of both genders and 8-18 weeks of age were maintained in individually
ventilated cages (IVCs) at the JNCASR’s Animal Facility. Animal experiments were
conducted following protocols approved by the Institutional Animal Ethics Committee (IAEC)
of INCASR (Project Number: MSI005).

2.2.3 Isolation of bone marrow cells

Femur and tibia bones were dissected from C57BL/6J mice, and BM was isolated as described
previously (Sinha et al., 2019). Briefly, the epiphysis of the bones was removed, and the BM
was flushed out using ice-cold sterile PBS. Cells were mixed gently to a homogenous cell

suspension and passed through a 70 um cell strainer to obtain a single-cell suspension.

2.2.4 Sorting of bone marrow cells

Sorting of desired BM cell type was done as described earlier (Sinha et al., 2019). Briefly,
mouse BM cells were subjected to magnetic-activated cell sorting (MACS) as per the
manufacturer’s instructions to sort cell populations that do not express Lineage markers (Lin
). The single-cell suspensions were incubated with anti-Lineage cocktail microbeads (Miltenyi,
Germany) for 1 hour at 4 °C, followed by washing the cells in ice-cold and sterile MACS buffer
(PBS with 0.5% BSA and 2mM B-mercaptoethanol). Cells were then resuspended in MACS
buffer and added to the LS column (Miltenyi, Germany), mounted onto the magnetic stand,
and equilibrated with the MACS buffer. The Lin-enriched cells were collected as the run-out
suspension. After washing with the MACS buffer, the column was purged to collect the Lin"-
4

enriched fraction of the BM. The Lin™ cells were further immunomagnetically sorted for c-Kit

cells using anti-CD117 microbeads (Miltenyi, Germany) to obtain Lin™ ¢-Kit" BM cells.

2.2.5 Immunostaining

MACS-sorted Lin~ ¢c-Kit" BM cells were stained with anti-Scal (PE-Cy7-labelled; BD
Biosciences, USA), anti-CD150 (FITC-labelled; Invitrogen, USA), and anti-CD48 (APC-
labelled; Invitrogen, USA) antibodies, to identify LSK, LT-HSCs, ST-HSCs, MPP2, and
MPP3/4 sub-populations through flow cytometry as per marker combinations mentioned in
Table-2.1. Simultaneously, the Lin® BM cells were stained with anti-CD19 and anti-CD3
(FITC-labelled; BD Biosciences, USA) antibodies to recognize B and T lymphocyte pools,
respectively. Myeloid cells were identified by staining the Lin" cells with anti-CD11b (BD
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Biosciences, USA) antibody, followed by anti-Rat-IgG (conjugated to Alexa-488; Molecular
Probes, USA) antibody. This was followed by staining with an anti-OCIAD?2 antibody (Sigma,

USA). The immunostaining was performed using standard procedures as described previously

Bone Cell marker - Fluorochrome Marker combination
marrow (MACS,
cell type Flow cytometry)

HSPC | < Lineage (Lin) cocktail - APC

e CD3-APC (T cell marker)

e CDA45R (B220)-APC (B cell marker)
e Ly6C & Ly6G-APC (granulocyte marker) Lin c-Kit" Scal”
e CD11b-APC (pan-myeloid marker) (LKS)

e Ter119-APC (RBC marker)

% Scal-PE-Cy7
s CD117/c-Kit-PE

LT-HSC LKS CDI150" CD48§"
ST-HSC |+ CDI150-FITC LKS CDI150 CD48&"

MPP2 s CD48-APC LKS CD150" CD48*
MPP3/4 LKS CDI150" CD48"
Myeloid |+ CD11b (primary antibody) CD11b"

cells % Anti-Rt-IgG-Alexa 488 (secondary antibody)
Bcells | CDI19-FITC CD19"
Tcells |+ CD3-FITC CD3"

Table-2.1: List of cell surface markers, their respective fluorochromes, and their combinations to
identify various hematopoietic cell types of bone marrow. Due to the spectral overlap of fluorochromes
conjugated to various antibodies used in this study, a combination of MACS and flow cytometry was used,
as indicated in red and blue, respectively, for isolation and analysis of different hematopoietic cells (adapted

from Sinha S. Ph.D. thesis, 2019).
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(Sinha et al., 2013, Sinha et al., 2018, Sinha et al., 2019). Briefly, cells either unstained or
stained against necessary surface markers were fixed in 2% paraformaldehyde solution for 10
minutes at 4 °C, followed by two washes in ice-cold sterile PBS. The cells were permeabilized
in 0.1% TritonX-100 (Sigma, USA) and washed in PBS before intracellular staining. Cells
were then incubated with the anti-OCIAD2 antibody overnight at 4 °C, followed by staining
with anti-Rabbit-IgG (conjugated to Alexa-568; Molecular Probes, USA) for 1 hour, at 4 °C,
in the dark, followed by washes in ice-cold sterile PBS. The staining was checked under a

microscope before proceeding for flow cytometry.

2.2.6 Flow cytometry analysis

Stained cells along with appropriate controls like unstained, isotype antibody-stained, single-
color stained, no primary control, and fluorescence minus one (FMO) control cells were
analyzed using FACS Aria I (SORP) or Aria III (BD Biosciences, USA). About 5 x 10* events
were analyzed for undifferentiated cells, and 1 x 10° events were analyzed for differentiated

cells. Data was analyzed using FlowJo (version 10.7.1).

2.2.7 Statistical analysis and graphical representation

Statistical significance of gene expression, frequency of cell types, and median fluorescence
intensity values was calculated using ANOVA: Single Factor and was indicated by * p<0.05,
** p<0.01, or *** p<0.001. Data Analysis Tool pack in Microsoft Excel 2016 was used for the
statistical analysis. Graphs representing the mean + standard error mean (SEM) were plotted

using SigmaPlot 11.0.

C57BL/6J mice —— Bone marrow

Schematic-2.1:  Outline

MACS sortin
/L‘ 9 of analysis of BM cells
from C57BL/6]J mice of

Lin Lin* age 2-4 months, involving
MACS sorting a  combination  of
LinirC-KitJ“ Immunostaining against magnetic-activated  cell
1) differentiated cell sorting (MACS) and flow
Immunostaining against 2) ggrbfg’z cytometry.

1) stem cell markers
2) OCIAD2

y v

Flow cytometry
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2.3 Results

2.3.1 In silico analysis of ociad?2 expression in hematopoiesis.

Transcriptome databases provide invaluable insights into the expression pattern of a gene in
each physiological situation. These can result from studies at the single-cell level or from a
group of cells. Single-cell gene expression study

(http://blood.stemcells.cam.ac.uk/geneMap.html) (Nestorowa et al., 2016) shows an

expression of asrij/ociadl in most of the analyzed mouse BM hematopoietic progenitors and
nearly half of the LT-HSC. The reported expression of Asrij in nearly 46.8+2.84% of LT-HSC
in C57BL/6J mouse BM supports this data (Sinha et al., 2019). Interestingly, only a small
fraction of analyzed stem and progenitor cells are detected with high expression of ociad2 and
an overall low level of expression, as per the heatmap scale (Figure-2.1A). This is in
accordance with the lower expression of OCIAD2 in BM relative to that of other tissues in

C57BL/6J mice (Sinha et al., 2018).

Databases like BloodSpot (Bagger et al., 2016) and Gene Expression Commons (Seita et al.,
2012), based on microarray analyses, project a much broader picture of gene expression in
mouse hematopoiesis by including both undifferentiated and differentiated cells. These
databases show that in BM, the expression of asrij does not vary much across different cell
types, with a similar scenario in the human hematopoietic cells (Figure-2.1D,E). Interestingly,
ociad?2 expression is relatively higher in mouse hematopoietic stem and progenitor cells than
in differentiated cells (Figure-2.1B,C). Intriguingly, this pattern is not seen in human
hematopoietic cells (Figure-2.1D,E), indicating species-specific differences in the ociad?

expression.

2.3.2 Expression profiling of OCIAD2 in mouse bone marrow hematopoietic cells.

Asrij and OCIAD? interact with each other (Sinha et al., 2018), and the protein levels of Asrij
are essential for its in vivo function (Sinha et al., 2019). Hence, despite the lower expression of
OCIAD?2 in mouse BM (Sinha et al., 2018), we reasoned that it is worth studying its expression
and function in mouse hematopoietic cells. We profiled the expression of OCIAD2 in the

unfractionated and various subpopulations of C57BL/6J mouse BM through flow cytometry.
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Figure-2.1: In silico expression analysis of ociad genes in mouse and human hematopoietic cells.

(A) Diffusion map of hematopoietic clusters showing expression of asrij/ociadl and ociad2, in LT-HSC =
long-term hematopoietic stem cells; HSPC = hematopoietic stem/progenitor cells; and progenitor
subpopulations including LMPP = lymphoid-primed multipotential progenitor, CMP = common myeloid
progenitor, MEP = megakaryocyte-erythroid progenitor, and GMP = granulocyte-macrophage progenitor
cells obtained from Single-cell gene expression Atlas (Nestorowa et al., 2016). (B, C) Graphs depicting the
expression pattern of asrij and ociad? in mouse hematopoietic cells during steady-state hematopoiesis as
available from BloodSpot (Bagger et al., 2016) (B) and Gene Expression Commons (Seita et al., 2012) (C)
databases. (D, E) Graphs comparing the expression of ociad genes in human hematopoietic cells as available

from BloodSpot (D) and The Human Protein Atlas (Uhlen et al., 2019) (E).

We found the expression of OCIAD2 in 88.8+7.4% of unfractionated/total BM cells, HSPC
(98.7£0.75%), LT-HSC (99.1£0.89%), ST-HSC (99.9+£0.11%), MPP2 (96.44+3.05%), and
MPP3/4 cells (98.7£2.2%). Also, the differentiated cells like myeloid cells (99.3+0.63%), B
cells (96.1+£2.62%), and T cells (95.1+3.03%) were positive for OCIAD2 (Figure-2.2).
Analysis of median fluorescence intensity (MFI) showed significantly decreased levels of
OCIAD2 protein, down the differentiation hierarchy, from the LT-HSC (Figure-2.2), in
accordance with the in-silico analysis from BloodSpot and Gene Expression Commons

(Figure-2.1B, C).
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Figure-2.2: Mapping expression of OCIAD2 in mouse bone marrow hematopoietic cells.

Histograms representing the flow cytometry analysis for identifying percentage of whole BM cells and its
hematopoietic subpopulations, expressing OCIAD2 in wild type mice, accompanied by the graphical
representation of the same and the variations in the fold change of median fluorescence intensity of OCIAD2
along the hematopoietic differentiation hierarchy, normalized to LT-HSC. C57BL/6J mice of both genders of
age 2-5 months were used. Statistical significance of data was calculated using ANOVA: Single Factor

analysis, with 0=0.05 and were indicated by * p<0.05, ** p<0.01, and *** p<0.001.

2.4 Discussion

Expression profiling of the gene of interest gives preliminary insights into its possible functions
in the target cell or tissue. The advent of high-throughput techniques like microarray and RNA
sequencing (RNA Seq) analysis has ramped up the speed and the scale of data collection on
the transcriptional status of genes. Nevertheless, these results have to be validated due to errors
generated by various technical drawbacks in high-throughput techniques (Russo et al., 2003;
Hicks et al., 2018).

The high-throughput databases cited in this study show the expression of ociad? in various
mouse hematopoietic cells, but there are no reports on its protein expression profile in these
cells. Moreover, gene expression levels need not correlate with protein levels (Vogel and
Marcotte, 2012). Studying protein levels by immunoblotting is a widely accepted quantitative
approach. However, it poses practical difficulties in sampling enough number of rare cell types
like HSCs, MPPs, etc. and also does not reveal the heterogeneity of expression in a given
population, which is facilitated by flow cytometry, a semi-quantitative technique. Hence, we
opted for flow cytometry to profile OCIAD2 expression and showed that OCIAD?2 is expressed
in most of the differentiated and undifferentiated cells of mouse BM, with its expression
decreasing down the differentiation hierarchy. The notable difference between the size of
OCIAD?2 expressing fractions of LT-HSC and progenitors detected by our flow cytometry
analysis and the single-cell gene expression atlas database could be due to the following

reasons.
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1. The difference in the markers used to identify the LT-HSCs (Lin Scal™ ¢-Kit" CD34
Flk2") and progenitors (Lin™ Scal™ ¢-Kit") (Nestorowa et al. 2016), from the marker
combination used in this study (Table-2.1).

2. The effect of gender on the level of gene expression (Kobayashi et al., 2006), as
Nestorowa et al., used only female C57BL/6, whereas we used mice of both genders of
C57BL/6J strain.

3. The impact of technical drawbacks of single-cell RNA-sequencing, like capture
efficiency, library quality, amplification bias, and batch effects (Hicks et al., 2018).

The reported % population of mouse BM and its subpopulations expressing Asrij (Sinha et al.,
2019) is lower than that of OCIAD2. While ~99% of the LT-HSC population express OCIAD?2,
only ~46% express Asrij (Sinha et al., 2019), indicating heterogeneity in expression of OCIAD
proteins in the LT-HSC population. Whether this has any relation to the reported heterogeneity
of HSCs based on lineage-bias merits investigation (Haas et al., 2018). However, Asrij
depletion leads to loss of HSC quiescence and myeloproliferation in mice (Sinha et al., 2019).
These observations indicate that OCIAD2 might be playing a cell-specific role, despite its
expression in various hematopoietic cells, as the presence of a protein in a cell type does not
always essentially reflect its essentiality in the maintenance of that cell (Arndt et al., 2013).
Overall, the results described in this chapter hint at a possible role of OCIAD2 in mouse

hematopoiesis which merits further investigation.
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Chapter 3. Analysis of the effects of OCIAD2 depletion on

hematopoietic stem and progenitor cells.

3.1 Introduction

Gene knockout strategies in mice have been of great help for understanding the role of a target
gene in a given physiological process. Of the various strategies, the constitutive global
knockout is crucial to identify and understand the role of a gene in overall physiology apart
from the genetic and molecular processes of interest. The Cre-LoxP recombinase system is
routinely used to generate global as well as conditional knockout mouse models (Kim et al.,

2018).

OCIAD?2 is expressed in various vital organs of C57BL/6J mice, hence we chose a strategy that
would allow global as well as conditional knockout, in case the former led to lethality (Sinha
et al., 2018). Our study showed that OCIAD2 is expressed in various BM hematopoietic
subpopulations (Chapter-2), suggesting a role in mouse hematopoiesis. Hence, we studied the
in vivo function of OCIAD2, using the ociad? null mouse model, generated earlier in our
laboratory through Cre-loxP technology (see Materials and Methods) and made available for
this study. Since asrij null mice show a myeloproliferative disorder-like phenotype with loss
of HSC quiescence, splenomegaly, and deregulated PB counts from 6 months of age (Sinha et
al., 2019), we examined the ociad? KO mice of 6-10 months of age with age- and gender-
matched floxed (ociad2™) mice. Wild type (ociad2™"; WT) and heterozygous knockout

(ociad2™"; +/-) mice were also included in the study as required.

BM is the primary hematopoietic organ in mice, and spleen acts as the primary extramedullary
site (Oda et al., 2018). Underlying the deregulation of hematopoiesis are the cellular and
molecular changes in BM, which often manifest as detectable variations in the spleen and
peripheral blood (PB) parameters. Hence, we investigated the effects of OCIAD2 KO in the
BM, spleen and PB. Flow cytometry has revolutionized the study of hematopoiesis. Based on
the detection of cell-surface markers, cell types of various developmental stages can be
identified and studied. However, flow cytometry is primarily qualitative (Mittag and Téarnok,
2009; Maecker et al., 2012). Hematopoiesis can be quantitatively assessed by the colony-
forming unit (CFU-C) assays, which help score the lineage commitment potential of HSC

based on the type, count, and size of progenitor colonies formed in the synthetic culture
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medium. Real-time-quantitative PCR (RT-qPCR) and immunoblotting help understand the
observed phenotype at the molecular level. Therefore, a combinatorial approach is required to
understand the various aspects of hematopoiesis. This chapter will discuss the anatomical,
physiological, cellular, and molecular phenotypes concerning hematopoiesis, observed in the

OCIAD2 KO mice.

3.2 Materials and Methods

3.2.1 Generation of ociad2 knockout mice

ociad2™" heterozygous recombinant mice with floxed exon 3 of ociad? (Chromosome 5:
73332104 — 73332200) were generated using a strategy described earlier (Sinha et al., 2019)
(Figure-3.1A, B) and were bred to homozygosity to generate ociad2™" (floxed) mice. Exon 3
was targeted for floxing as it, along with exons 4, 5, and 6, codes for the OCIA domain that
has been recently reported to be important for the localization and
molecular functions of OCIAD2 (Sinha et al., 2018). Floxed mice were crossed with CMV-
Cre" mice (Schwenk et al., 1995) to generate ociad2 heterozygous knockout (ociad2™"; CMV-
Cre"; +/-) mice, which were bred to generate ociad2 homozygous knockout (ociad2”"; KO)
mice. Excision of the exon 3 by Cre recombinase results in frameshift mutation generating a
premature stop codon and is predicted to generate a peptide of 28 amino acid residues. KO
mice are viable and fertile without any overt phenotype. The floxed, heterozygous knockout

and KO mice were generated earlier in our lab and were made available for this study.

3.2.2 Genetic identification and validation of floxed, heterozygous knockout, and KO
mice

Floxed, heterozygous knockout, and KO mice were genetically identified by genotyping PCR
of genomic DNA. The genomic DNA was isolated from the tail clips either by kit (GenElute
Mammalian Genomic DNA MiniPrep Kit, Cat. No. GIN70-1KT, Sigma) or by modified
HotSHOT method using 5S0mM NaOH and 1M Tris (pH 8.0) (Truett et al., 2000). The PCR
was conducted using the primers; ociad? F1 (5’- CTGCACATCCACAGAGGAGAG-3’) and
ociad? R1 (5’- CGCTTCTGAGCTGAGATGCTGGTG-3’), to amplify the wild type locus
(487 bp) and the floxed locus (562 bp). Similarly, the excised copy (689 bp) was identified
using ociad?2 F2 (5-AGAGCCATCTGTGTTTACCCTG-3’) and ociad?2 R1 (5’-
CGCTTCTGAGCTGAGATGCTGGTG-3’) primers (Figure-3.1C).
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The mice were further validated by immunostaining, Western blotting, and RT-PCR of the
whole BM (Figure-3.2). Similarly, the heterozygous mutant mice were identified by

genotyping PCR with the presence of both WT copy and excision copy (Figure-3.3A), further
validated by Western blotting (Figure-3.3B).
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Figure-3.1: Generation and genotyping of ociad2 floxed, heterozygous knockout (+/-), and KO mice. (A)
Schematic depicting strategy for generation of floxed allele of ociad? at exon 3. Black rectangles: exons; blue
triangles: loxP sites; green triangles: fit sites; 5’probe and 3’probe: probes for Southern Blotting; black arrow:

genotyping primers (Ociad2 F1, Ociad2 F2, and Ociad2 R1). (B) Southern blotting analyses to confirm the

29



generation of heterozygous floxed ociad2 mice. Arrows indicate the shifted band due to the insertion, and asterisk
marks the positive clone. 5* and 3’ probes used for Southern Blotting are indicated in Figure 3.1A. (C) Genotyping
by PCR analysis to identify control (+/+), floxed heterozygous (+/floxed), floxed homozygous (floxed/floxed),
and homozygous ociad?2 knockout (-/-) mice. Homozygous ociad2 knockout mice are obtained at F2 generation

from a cross between ociad?2 floxed homozygous and CMV-Cre mice.

A Immunostaining B RT-PCR Figure-3.2: Validation of ociad2
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All animal experimental protocols were approved by the Institutional Animal Ethics
Committees (IAEC) of JNCASR (Project Number: MSI005) and NCBS (Project Number:
KVR-2(2)/2015) and by the Institutional Animal Care and Use Committee (IACUC) of RIKEN
Kobe Branch (Approved Number: A2001-03). Maintenance of mouse stocks and their usage
for various experiments was performed according to the guidelines of the animal ethics
committees of JNCASR, NCBS, and RIKEN BDR. Ociad? floxed (Accession No.
CDBO0696K:  http://www?2.clst.riken.jp/arg/mutant%20mice%?20list.html),  heterozygous

knockout and homozygous knockout mice of both genders and different ages were used for the

study.

As the ociad? gene neighbors asrij and affects its protein levels (see Chapter-4), we named the
knockout allele as ociad2’¥**" (Hindi: padosan means neighbor), abbreviated to ociad2’®".

The nomenclature was approved by Mouse Genome Informatics as per the details given below.
Name of the KO allele : Ociad2™!-™™si (MGI:6840945)

Synonyms of the KO allele: Ociad2’®" and Ociad2"*@os"
Name of the KO mouse strain: B6;CBA-Ociad2™"™s"/Msin (MGI:6840972)
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3.2.3 Body weight and organ relative weight measurement

The body weight and absolute weight of various organs were measured using a weighing
balance (Sartorius, Germany). The absolute weight of an organ was divided by the total body
weight and multiplied by 100 to get its % body weight or relative weight. Organs from floxed,

heterozygous knockout, and KO mice were imaged to scale.

3.2.4 Isolation of bone marrow cells, splenocytes, and peripheral blood cells

BM isolation and cell suspension preparation was done as described in Chapter-2. Single-cell
suspension of splenocytes was obtained by mashing the spleen in ice-cold, sterile PBS against
a 70 um cell strainer (Sinha et al., 2019). Cellularity was determined by counting the diluted
cell suspensions in a hemocytometer. PB was collected from anesthetized mice by puncturing
retro-orbital plexus and was mixed in equal volumes with 0.5M EDTA (aq.) to prevent
coagulation. The blood-EDTA mix was RBC lysed before flow cytometry analysis (Sinha et
al., 2019).

3.2.5 Flow cytometry

BM, spleen, and RBC lysed-PB cells were stained for various cell surface markers as per the
antibody combination tabulated in Table-2.1 of Chapter-2. Flow cytometry analyses of Lin’,
Lin~ cKit" (LK) and hematopoietic stem and progenitor cells (HSPCs; LSK) cells was
performed using the Mouse Hematopoietic Stem and Progenitor Cell Isolation Kit (BD
Biosciences, USA). 25x10° events were acquired for analyzing HSPCs across BM, spleen, and

blood. 5x10° events were acquired for differentiated cells in the BM and 5x10* events in PB.

31



FACS Aria Il or Aria IIT (BD Biosciences) was used for the analyses, and the data was analyzed

using FlowJo (version 10.7.1).

3.2.6 Cell sorting
Immunomagnetic sorting of LK cells and CD19" cells from BM was done as described in

Chapter-2. Anti-CD19 microbeads (Miltenyi, Germany) were used to sort CD19" cells.

3.2.7 In vitro culture assay

CFU-C assay was performed using Methocult™ GF medium (M3434; STEMCELL
Technologies, Canada), as per the manufacturer’s instructions. Briefly, about 25000
unfractionated BM cells were thoroughly mixed with ~ 1.1 mL of Methocult and seeded in a
35 mm non-adherent culture dish. Three such dishes were maintained per genotype and were
incubated for 12-14 days at 37 °C, 5% CO2, along with a dish loaded with autoclaved MilliQ
water to maintain humidity. Different colonies developed post-incubation were imaged on the
Zeiss Lumar V.12 microscope. Colonies were then manually identified and counted. The
colony size was calculated using ImagelJ software. The experiment was conducted on three

independent biological samples.

3.2.8 Apoptosis assay

BM cells either stained with anti-CD11b (BD Biosciences, USA) followed by anti-Rat-IgG
antibody (conjugated with Alexa-568; Molecular Probes, USA) or MACS-enriched for CD19"
cells were stained with Anti-Annexin V (FITC-labelled) antibody using Annexin V Apoptosis
Detection Kit (Invitrogen, USA), as per manufacturer’s protocol. 7-AAD (BD Biosciences,
USA) was used to exclude the dead cells. The experiment was conducted on three independent

biological samples.

3.2.9 Real-Time — quantitative PCR (RT-qPCR)

Manufacturer’s instructions were followed for Trizol® (Invitrogen, USA)-based isolation of
RNA from BM and reverse transcription of DNase-treated RNA using Superscript II (Thermo
Fisher Scientific, USA). Transcript levels of various genes were detected using the primers
mentioned below. Quantification of gene expression was done using EvaGreen-based qPCR

reactions in a CFX96 qPCR machine (BioRad, USA), with gapdh as the reference gene. All
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reactions were performed on three independent biological samples maintaining duplicates per

reaction unless otherwise mentioned.

Primer

Sequence (5’-3°)

ociad? forward

AGAGCACTCGACGGCAATAG

ociad?2 reverse

CTCTCTTCTTGACACTCTCTG

PU.I forward

GTTTCCTACATGCCCCGGATGTG

PU.I reverse

CCAAGCCATCAGCTTCTCCATC

Tnfrl forward

CAACGTCCTGACAATGCAGACC

Tnfrl reverse

GAAACGCATGAACTCCTTCCAGCG

Tkaros forward

GCAATGTCGCCAAACGTAAGAGC

Tkaros reverse

GTTGATGGCATTGTTGATGGCCTG

E2A4 forward

GGATCTGAGGTTAATGGCTCGCTC

E2A4 reverse

CCTGCATCGTAGTTGGGGGATAAG

Ebf1 forward

GCAAAGGGACACCAGGCAGATTC

Ebf1 reverse

GCATCCCATACAGGGCTTCAACC

IL-7r forward

GCAAGGGGTGAAAGCAACTGGAC

IL-7r reverse

GTAGAACTTGGACTCCACTCGCTC

TGCCCCCATGTTTGTGATG
TGTGGTCATGAGCCCTTCC

gapdh forward

gapdh reverse

3.2.10 Immunofluorescence and confocal microscopy

Staining and imaging of cells were done following standard procedures described previously
(Sinha et al., 2013; Sinha et al., 2018). BM cells were stained using an antibody against
OCIAD2 (SIGMA, USA) followed by the anti-Rabbit-IgG (conjugated to Alexa-568;
Molecular Probes, USA). Images were acquired using the Carl Zeiss LSM880 confocal
microscope and were processed in ZEN software. Brightness/contrast was adjusted uniformly
using Adobe Photoshop CS6. The experiment was conducted on three independent biological

samples.

3.2.11 Immunoblotting and densitometry analysis

Immunoblotting of BM cells was done as described previously (Sinha et al., 2013; Sinha et al.,
2018). Lysates were probed using an antibody against OCIAD2 (Sigma, USA) and normalized
to GAPDH (Sigma, USA) or B-tubulin (Cell Science Technologies, USA). HRP-conjugated
anti-Rabbit or anti-Mouse-IgG antibodies (GeNei, India) were used as secondary antibodies.

Densitometry-based quantification of the captured enhanced chemiluminescence (ECL) signals
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was done using ImagelJ, as per standard procedures (Sinha et al., 2013; Sinha et al., 2018). The
experiment was performed on at least three independent biological samples unless otherwise

mentioned.

3.2.12 Statistical analysis and graphical representation

Statistical significance of absolute weight, relative weight, cell frequencies, absolute cell
counts, colony numbers, colony size, signal intensity measurements, and transcript levels was
calculated using ANOVA: Single Factor and was indicated by * p<0.05, ** p<0.01, or ***
p<0.001. Data Analysis Tool pack in Microsoft Excel 2016 was used for the statistical analysis.

Graphs representing the mean + standard error mean (SEM) were plotted using SigmaPlot 11.0.

Floxed/KO mice
(6-10 months)

Body weight  Peripheral blood Organs Bone marrow —— RT-gPCR &
J / l \lmmunobloﬂing
— L.
Weighing & ;

Complete  RBC lysis im%gm% Cellularity  MACS CFU-C assay

blood —

Counts Lin- Lin*

(CBC)

Sampling for MACSI

RNA and protein Immunostaining against

Flow cytometry Lin- c-Kit* differentiated cell markers
(HSPCs,
myeloid, Immunostaining

B, and T cells) against Sca1

| Flow cytometry

Schematic-3.1: Outline of various analyses conducted on floxed and KO mice, at organismal, tissue, cellular, and

molecular levels, under steady-state conditions.
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3.3 Results:

3.3.1 KO mice show mildly larger spleen and smaller kidneys

Loss of OCIAD2 did not affect mouse body weight (Figure-3.4). Gross abnormalities were
absent in both heterozygous knockout and KO mice. However, both heterozygous knockout
and KO mice showed mild splenomegaly, while only the KO mice showed smaller kidneys
than floxed mice. The relative weight of other vital organs like the brain, thymus, heart, liver,

and testis was unchanged upon deleting OCIAD2 (Figure-3.4).
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Figure-3.4: Loss of OCIAD2 leads to splenomegaly and Kidney atrophy in mice. Graphs representing variation
in the body weight and relative weight of organs accompanied by their representative images across floxed (n=10),
+/- (n=9), and KO (n=13) mice. Scale bar (black) represents 0.5 cm. Statistically significant differences identified

using ANOVA: Single Factor analysis are indicated. Error bars denote standard error of mean. * p<(0.05.
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3.3.2 OCIAD2 KO leads to increased frequency of bone marrow myeloid and B cells

To check for the role of OCIAD2 in mouse hematopoiesis, we firstly analyzed the BM, the
primary site of adult hematopoiesis. Cellularity of BM was unchanged in both heterozygous
knockout and KO mice (Figure-3.5A). Through flow cytometry analysis, we observed that the
abundance of the total undifferentiated pool (Lin"), early myeloid progenitors (Lin™ ¢-Kit"; LK),
and HPSCs (LSK) was unaffected in both heterozygous knockout and KO mice (Figure-3.5B).
This indicated a possibly dispensable role of OCIAD2 in maintaining hematopoietic

progenitors.
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Figure-3.5: OCIAD2 depletion does not alter total cellularity of mouse bone marrow and its abundance of
hematopoietic progenitors. (A) Graph representing variation in the total cellularity of bone marrow across floxed
(n=5), +/- (n=8), and KO (n=8) mice. (B) Representative flow cytometry plots showing the frequency of bone
marrow Lin", LK, and LSK cells, accompanied by graphs quantitating the variation in their frequency and counts
across floxed, +/-, and KO mice (n=3 mice per genotype). Statistically significant differences identified using

ANOVA: Single Factor analysis are indicated. Error bars denote standard error of mean.

Further, we looked into the status of myeloid, B, and T cells, which make up most of the BM
cellularity (Nombela-Arrieta and Manz, 2017). Interestingly, we observed an increase in the
frequency of myeloid cells, only in the KO mice (Figure-3.6A), and an increase in the
frequency of B cells in both heterozygous knockout and KO mice (Figure-3.6B). However, this
phenotype did not reflect in their cell counts (Figure-3.6A, 3.6B). On the other hand, the T cell
pool was unaffected (Figure-3.6C).
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Figure-3.6: KO mice show increased frequency of the bone marrow myeloid and B cells. Representative flow
cytometry plots showing the frequency of BM myeloid (A), B cells (B), and T cells (C), accompanied by graphs
quantitating the variation in their frequency and counts across floxed, +/-, and KO mice. Statistically significant
differences identified using ANOVA: Single Factor analysis are indicated. Error bars denote standard error of

mean. * p<0.05 and ** p<0.01.

3.3.3 Loss of OCIAD2 does not affect differentiation potential and lineage specification
towards myeloid and B cells in mouse bone marrow.

Hematopoietic stem cells and progenitors are lineage-biased (Muller-Sieburg et al., 2004;
Pietras et al., 2015; Pinho et al., 2018; Montecino-Rodriguez et al., 2019). The observed
increase in the frequency of myeloid and B cells indicates a possibly altered lineage

specification of KO BM towards these lineages.
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To check for the same, we performed the CFU-C assay using Methocult (M3434) medium
containing recombinant human insulin, human transferrin (iron-saturated), recombinant mouse
stem cell factor (SCF), recombinant mouse interleukin 3 (IL-3), recombinant human interleukin
6 (IL-6), and recombinant human erythropoietin (EPO), which supports the development of
burst forming unit-erythroid (BFU-E; primitive erythroid progenitor), granulocyte and
macrophage colony-forming unit (CFU-GM; myeloid progenitor), and granulocyte, erythroid,
macrophage, and megakaryocyte progenitors (CFU-GEMM; multipotent progenitor)

(https://www.stemcell.com/methocult-gf-m3434.html). This in vitro culture system does not

help in enumerating the HSCs but helps to find out any change in their differentiation potential
in terms of the number of colonies (Purton and Scadden, 2007) and any change in the

proliferative capacity of progenitors in terms of colony size (Sinha et al., 2019).

We observed no change in either the count or the size of the CFU-GM and CFU-GEMM
colonies formed from the KO mice relative to that of floxed mice (Figure-3.7A), inferring that
loss of OCIAD?2 does not affect the differentiation potential of BM HSCs and proliferative

capacity of BM myeloid and multipotent progenitors.
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Figure-3.7: Effect of OCIAD2 KO on the progenitor colony formation and expression of genes regulating
lineage specification in mouse bone marrow. (A) Images of Methocult dishes seeded with BM cells of floxed
or KO mice followed by graphs showing variation in the frequency and size of myeloid (CFU-GM) and
multipotent (CFU-GEMM) colonies across the genotypes (n=3 mice per genotype). (B) Graphs representing
variation in the expression of key genes regulating the specification of myeloid and lymphoid lineages in the bone
marrow of floxed and KO mice (n=3 mice per genotype). Statistically significant differences identified using

ANOVA: Single Factor analysis are indicated. Error bars denote standard error of mean.
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Further, we analyzed the KO BM and found unchanged transcript levels of genes known to
regulate myeloid (PU.I, Tnfrl) and lymphoid (lkaros, E2A, Ebfl, and IL-7r) lineage
specification (Imperato et al., 2015; Wajant et al., 2019; Glimcher et al., 1999; Elliott et al.,
2014; Goldfarb, 2007), relative to the floxed BM (Figure-3.7B). These observations indicate
that OCIAD2 does not regulate the lineage specification in mouse BM.

3.3.4 Loss of OCIAD2 does not affect apoptosis of myeloid and B cells in mouse bone
marrow

Since the lineage-committed progenitor specification was unaltered, the increased frequency
of myeloid and B cells in the KO BM could be due to deregulated apoptosis, cell proliferation,
or migration. To check the effect of OCIAD2 KO on apoptosis, we conducted Annexin-V-
based flow cytometry analysis. We found both early and late apoptosis unchanged in the BM
myeloid (Figure-3.8A) and B-cells (Figure-3.8B) of both heterozygous knockout and KO mice.
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Figure-3.8: Effect of OCIAD2 KO on the apoptosis of mouse bone marrow myeloid and B cells. (A, B)
Representative flow cytometry plots showing the frequency of both early (7-AAD- Annexin V*) and late (7-AAD*
Annexin V%) apoptotic stages of BM myeloid (CD11b*; A) and B lymphoid (CD19%; B) cells, accompanied by
graphs depicting the variation in their frequency and total counts across ociad?2 WT, +/-, and KO mice (n=3 mice
per genotype). Statistically significant differences identified using ANOVA: Single Factor analysis are indicated.

Error bars denote standard error of mean.
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OCIAD?2 is essential for the migration but not for proliferation in cultured HEK293 cells (Sinha
et al., 2018). Hence, the increased frequency of myeloid and B cells could be due to decreased

migration, which merits further investigation.

3.3.5 OCIAD2 KO leads to decreased frequency of mouse splenic HSPCs

Spleen is the primary extramedullary lymphoid organ in mice, known for its role in stress-
mediated hematopoiesis, associated with mild to severe splenomegaly (Oda et al., 2018; Wu et
al., 2018; Sinha et al., 2019). Since both the heterozygous knockout and KO mice show
enlarged spleen than the floxed mice, we examined the spleen for any abnormality in the
hematopoietic progenitors. The total cellularity of the spleen was unchanged in both
heterozygous mutant and KO mice (Figure-3.9A). Through flow cytometry analysis, we found
significantly decreased HSPC frequency only in the KO mice (Figure-3.9B), hinting at possible
altered hematopoiesis in the spleen, which needs further investigation. Since splenic HSPCs
originate in the BM and migrate to the spleen via circulation (Wu et al., 2018), a possible defect

in the KO BM HSPC migration ability needs to be tested.
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Figure-3.9: Effect of OCIAD2 KO on the cellularity and the abundance of HSPCs in mouse spleen. (A)
Graph showing the variation in the total cellularity of mouse spleen across floxed, +/-, and KO mice (n=4 mice
per genotype). (B) Representative flow cytometry plots showing the frequency of splenic HSPCs (LSK cells),
accompanied by graphs quantitating the variation in their frequency and total counts across floxed, +/-, and KO
mice (n=3 mice per genotype). Statistically significant differences identified using ANOVA: Single Factor

analysis are indicated. Error bars denote standard error of mean. * p<0.05.

3.3.6 Loss of OCIAD2 does not affect the abundance of circulating HSPCs and leukocytes
Blood circulation interlinks various hematopoietic organs during steady-state and stress
conditions (Paulson et al., 2020). Besides terminally differentiated and effector cells, HSPCs
are also detected at a relatively lower frequency (Sinha et al., 2019). Hematopoietic cells

circulate in the body between BM and other tissues via blood circulation. As mentioned earlier,
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the BM HSPCs, myeloid, and B cells migrate out of BM to peripheral tissues like the spleen.
To understand more about the decreased frequency of HSPCs in the spleen and increased
frequency of myeloid and B cells in the BM of the KO mice, we checked the RBC-lysed PB

for any fluctuations in the frequency of these cells and found it to be unchanged (Figure-3.10A,
B).
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Figure-3.10: Loss of OCIAD?2 leads to splenomegaly and Kkidney atrophy in mice. (A) Representative flow
cytometry plots showing the frequency of PB HSPCs (LSK cells), accompanied by graphs quantitating the
variation in their frequency and total counts across floxed, +/-, and KO mice (n=3 mice per genotype). (B) Graphs
quantitating the variation in the frequency of myeloid, B, and T cells in PB of floxed (n=3 mice), +/- (n=4 mice),

and KO (n=4 mice) mice. Statistically significant differences identified using ANOVA: Single Factor analysis are

indicated. Error bars denote standard error of mean.
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3.4 Discussion:

Loss of OCIAD2 might not affect the overall growth of mice, as can be inferred from the
unchanged body weight in both heterozygous knockout and KO mice. OCIAD?2 is expressed
in various vital organs of mice (Sinha et al., 2018). Nevertheless, its loss led to noticeable
morphological changes only in a few organs, suggesting tissue-specific functions of OCIAD2
in governing homeostasis. Supporting this notion is the observation of unchanged brain relative
weight in KO mice, despite the higher transcript and protein levels of OCIAD2
(www.ncbi.nlm.nih.gov; Sinha et al., 2018) and its reported implication in Alzheimer’s disease
(Han et al., 2014), known for causing brain atrophy (Chan et al., 2003). Adding to this is the
observed splenomegaly and smaller kidney in KO mice, with respect to the lower expression
levels in the spleen than the kidney of C57BL6/J mice (Sinha et al., 2018). However, the
presence of splenomegaly in the heterozygous knockout mice contrasts the notion. Examining
the size of the spleen and kidneys at a younger age, like 2 months and postnatal stages (P0-P1)
would help to know whether the phenotypes are due to any developmental defect (Cain et al.,
2010) or acquired with age (Habib, 2018). If they are developmental defects, then the loss of
OCIAD?2 could be affecting the expression of genes regulating the development of the spleen
(Hox11, Pbx1, Nkx3.2 (Bapx1), and Podl (capsulin, Tcf21) (Kanzler et al., 2001; Brendolan et
al., 2005) and kidney (Hox!11, Liml, Osrl, Pax2/8, and Eyal) (Khoshdel et al., 2020) which

needs to be tested.

The unchanged HSPC abundance across hematopoietic compartments, unaltered
hematopoietic differentiation and lineage specification potential of KO BM suggest an
insignificant role of OCIAD2 in the maintenance and functions of BM HSPCs. While this is in
contrast to the higher expression of OCIAD2 in hematopoietic progenitors (Chapter-2), it
supports an earlier report showing that a high expression of a gene/protein does not essentially
mark its necessity to maintain a given cell type (Arndt et al., 2013). Alternatively, this also
indicates compensatory and/or gene redundancy mechanisms to maintain hematopoietic
homeostasis in the KO mice, which needs further investigation. The increase in the frequency
of KO BM myeloid and B cells with no change in T cell frequency indicates cell-specific
functions of OCIAD2 like migration and proliferation, if not lineage specification and

apoptosis. Adding to this, the unchanged relative weight of the thymus in KO mice suggests a
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dispensable role of OCIAD2 in T cell development, a process predominantly taking place in

the thymus and regulating its size (Prockop and Petrie, 2004; Koch and Radtke, 2011).

The insignificant increase in total cellularity of the KO spleen might be due to its mild
enlargement. Apart from defective development, stress erythropoiesis triggered by factors like
anemia, infection, leukemia, etc., can cause splenomegaly (Paulson et al., 2020) and are to be
tested in the KO mice. During stress erythropoiesis, short-term-repopulating hematopoietic
stem cells in the spleen, which initially migrate from the mouse BM, commit to stress erythroid
fate under the influence of Hedgehog and BMP4 signaling presented by splenic niche (Perry et
al., 2009; Harandi et al., 2010). An accelerated commitment to the stress erythroid fate could
be another reason, additional to the anticipated migratory defect, explaining the lower
frequency of HPSC in the KO spleen, which needs further investigation. While the flow
cytometry-assessed parameters in PB are unaltered, analyzing other parameters like counts of
RBC, platelets, hemoglobin levels, etc., provide more insights into the effect of OCIAD2 KO

on hematopoietic homeostasis.

Overall, the study presented in this chapter reports an insignificant, probably a dispensable role
for OCIAD2 in maintenance and lineage specification of BM HSPCs and an insight into its
tissue-specific effects of OCIAD2 KO.
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Chapter 4. Ociad2’®" KO mice show defective erythropoiesis and
JAK/STAT signaling with increased Asrij levels in the bone

marrow.

4.1 Introduction

As described in Chapter-3, OCIAD2 has a non-essential role in maintaining HSPCs and the
majority of the differentiated cell pools across hematopoietic compartments. However, a
significantly enlarged spleen was observed in both the heterozygous knockout and KO mice
(Chapter-3), indicating the possibility of atypical physiology. Different factors like anemia,
leukemia, etc., can cause splenomegaly (Paulson et al., 2020). With respect to the phenotypes
described so far, leukemic conditions are unlikely in the OCIAD2 KO mice. RBC lysis and
reduced hemoglobin causing hypoxia also can cause splenomegaly apart from inflammation or
infection (Wang et al., 2021). Since asrij KO mice show abnormal RBC counts and
splenomegaly (Sinha et al., 2019), we reasoned to check the possibility of any change in the
RBC counts and hemoglobin parameters of the ociad2’®" KO mice. To address this, we
conducted complete blood counts (CBC) analysis of the peripheral blood (PB) from ociad?
floxed, heterozygous knockout, and KO mice of age 6-10 months. Further, we employed
multiple approaches to understand more about the effect of OCIAD2 KO on mouse
hematopoiesis. This chapter will discuss the effect of OCIAD2 KO on mouse steady-state

erythropoiesis, response to stress conditions, and molecular erythropoietic regulators.

4.2 Materials and Methods

4.2.1 Complete blood counts

Mouse PB was acquired as described in Chapter-3. The blood-EDTA mix was analyzed using
Sysmex XP-100 (Japan) hematology analyzer for complete blood counts. The obtained values
of blood cell counts and related parameters were corrected for their dilution before further

analysis.

4.2.2 Isolation of bone marrow cells and in vitro culture assay

Isolation of BM cells and in vitro culture assay were done as described in Chapter-3.
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4.2.3 Real-Time — quantitative PCR (RT-qPCR)
RNA isolation, cDNA synthesis, and quantitative PCRs were done as described in Chapter-3.
Following primers were used to detect the transcript levels of genes of interest with gapdh as

the reference gene.

Primer Sequence (5’-3°)
Gata-1 forward | GGATGCAGCATCTTCTTCCACTTC
Gata-1 reverse | CATAAGGTGAGCCCCCAGGAATTC
Epor forward | GGGCTCCGAAGAACTTCTGTGC
Epor reverse CATGACTTTCGTGACTCACCCTC
Nf-e2 forward | GAGTTGTTGGCACAGTATCCGC

Nf-e2 reverse CTCTTGCGACAGTTTTGGGCTG

asrij forward GGAGATCTCGAGATGAATGGGAGGGCTGATTTT
asrij reverse GTGGTGGCGGCCGCTCACTCATCCCAAGTATCTCC

gapdh forward | TGCCCCCATGTTTGTGATG
gapdh reverse | TGTGGTCATGAGCCCTTCC

4.2.4 Cytospin smear preparation and Giemsa staining

Around 5x10* BM cells were harvested from each mouse and were deposited onto a glass slide
at 1000 rpm for 5 minutes, at room temperature, using Cytospin 4 centrifuge (Thermo
Scientific, USA). The cytospin smears were air-dried, followed by fixation in methanol for 5
minutes. The smears were then stained with Giemsa solution (Sigma, USA) diluted in a 1:1
ratio with double distilled (MilliQ) water for 5 minutes, followed by a wash with distilled water.
The stained smears were air-dried and mounted with glass coverslips using D.P.X (Merck,

USA). Three smears were made from each mouse.

4.2.5 Imaging of cytospin smears and quantification of reticulocytes

Giemsa-stained cytospin smears were imaged on Axio Scan.Z1 slide scanner (Carl Zeiss AG,
Germany), in brightfield using 40x objective. The images were analyzed using Zen 3.3
software. RBCs and reticulocytes were identified as per the Giemsa staining (McGarry et al.,
2010). They were counted at five different positions - center, 2 o'clock, 4 o'clock, 8 o'clock,
and 10 o'clock, of a region towards the center of the cytospin smear, to a total of 500.
Reticulocyte count per 100 RBCs was represented as reticulocyte frequency. Two to three

smears were analyzed per mouse.
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4.2.6 Phenylhydrazine (PHZ)-mediated stress assay

Mice were intraperitoneally injected with PHZ (Sigma, USA) in saline at a dose of 40 mg/kg
body weight on day-0 (t=0 hrs) and twice on day-1 (t=16 and 24 hrs) (Moreau et al., 2012).
Body weight was measured on days- 0, 3, 5, 7, and 8. Mice were dissected on day-8, or earlier
if deceased, to harvest BM and for anatomical examination of various organs (Schematic-4.1).

Analysis was performed on four independent biological sets.
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Schematic-4.1: Outline of various analyses conducted on floxed and KO mice treated with saline or PHZ.

4.2.7 Lipopolysaccharide (LPS)-mediated stress assay

Mice were intraperitoneally injected with LPS from Escherichia coli O111:B4 (Sigma-Aldrich,
USA) in PBS at a dose of 10 mg/kg body weight on day-0 (t=0 hrs) (Su et al., 2018). Body
weight was measured, and spot urine was collected on day-0, 1 (t=24 hrs), and 2 (t=48 hrs).
Mice were dissected on day-2 for anatomical examination of various vital organs (Schematic-

4.2). Analysis was performed on three independent biological sets.
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Schematic-4.2: Outline of various analyses conducted on floxed and KO mice treated with PBS or LPS.

4.2.8 Body weight and organ relative weight measurement
The body weight and relative weight of various vital organs of mice were measured as

described in Chapter-3.

4.2.9 Assessment of total urinary protein

Total protein of mouse urine was estimated by colorimetry using Bradford reagent (Bio-Rad,
USA). 5 pL of diluted mouse urine samples were mixed with 100 uL of 1X Bradford reagent.
Following 30 minutes of incubation, the optical density was measured at 595 nm. Protein
concentration was calculated from the optical density values using the standard curve derived

from BSA (HiMedia, India) (Prakash et al., 2008).

4.2.10 Assessment of albuminuria

The presence of albumin in the mouse urine samples was qualitatively assessed by SDS-PAGE
followed by staining with Coomassie Brilliant Blue (Sigma-Aldrich, USA). 5 pg of BSA was
used as a positive control to identify the albumin band in the urine samples accurately. Stained
gels were imaged using the Chemidoc system (BioRad, USA), and the albumin band intensity
was quantified using ImageJ (version 1.53f51). The analysis was performed on three

independent biological samples.
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4.2.11 Immunoblotting and densitometry analysis

Immunoblotting and densitometry analysis of unfractionated and Lin" BM cells of floxed and
KO mice was done as described in Chapter-3. Primary antibodies against Asrij/OCIADI1
(Abcam, USA), STAT3, pSTAT3, STATS, and pSTATS (Cell Signaling Technology, USA)
were used for detecting their levels in protein lysates. Lysates were normalized to the loading
control, using antibodies against B-tubulin (Abcam, USA) or Vinculin (SIGMA, USA). The
secondary antibodies used were anti-rabbit and anti-mouse IgG HRP-conjugated (GeNei,

India). Analysis was performed on three independent biological samples.

4.2.12 Immunostaining and flow cytometry analysis

Immunostaining and flow cytometry analysis of BM was done as described earlier in Chapter-
2. BM cells were stained using an antibody against Asrij/OCIADI1 (Abcam, USA) followed by
the anti-Rabbit-IgG (conjugated to Alexa-488; Molecular Probes, USA).

4.2.13 Statistical analysis and graphical representation

Graphs representing the mean + SEM were plotted using SigmaPlotl1.0. Statistical
significance values for blood parameters, body weight, relative weight (% body weight) of
organs, cell frequencies, signal intensity measurements, and total protein content were
calculated using ANOVA: Single Factor. Unpaired t-test: Two-sample Assuming Unequal
Variances was used for data across treatment groups and genotypes from stress assays, while
t-test: Paired Two Sample for Means was used for data across different time points within a
given treatment group. Data Analysis Tool pack in Microsoft Excel 2016 was used for
statistical analysis. Significant difference between the data from two different cell types,
genotypes, or treatment groups was indicated by * p<0.05, ** p<0.01, or *** p<0.001.
Significant difference between the data from two different time points of a given treatment

group was indicated by $ p<0.05 or $$ p<0.01.
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4.3 Results

4.3.1 Loss of OCIAD2 leads to macrocytic hyperchromic anemia

Complete blood count analysis revealed decreased RBC counts, hematocrit, and total
hemoglobin values in KO mice, more robust than the heterozygous knockout (Figure-4.1A-C).
However, only KO mice showed an increased mean corpuscular volume (MCV) and mean
cellular hemoglobin (MCH, MCHC) values, indicating macrocytic, hyperchromic anemia
(Figure-4.1B). The counts of white blood cells (WBC) and platelets did not change upon partial
or complete loss of OCIAD?2 (Figure-4.1A). However, the mean platelet volume (MPV) and
platelet-large cell ratio (P-LCR) values increased only in the KO mice (Figure-4.1D),

indicating the presence of platelets larger than usual.

4.3.2 OCIAD?2 is essential for steady-state erythropoiesis in mouse bone marrow

Erythropoiesis, the formation of RBCs, happens predominantly in the BM during steady-state
conditions (Myneni et al., 2021). HSPCs give rise to RBCs through multiple intermediate cell
types in the order of burst forming unit-erythroid (BFU-E), colony-forming unit-erythroid
(CFU-E), erythroblasts, and then reticulocytes, which give rise to RBCs (An and Mohandas,
2011). Decreased RBC counts in the PB of KO mice indicated a possibly defective steady-state
erythropoiesis. To check this, we analyzed the KO BM using different approaches. Since the
ociad? heterozygous knockout mice showed an overall mild hematopoietic phenotype, we

conducted our further analysis with floxed and KO mice only.

Through the CFU-C assay, we observed no change in the potential of KO BM to give rise to
primitive erythroid (BFU-E) colonies in the Methocult medium (Figure-4.2A). Also, the
transcript levels of essential genes regulating erythroid lineage specification and maintenance
were unchanged (Suzuki et al., 2003; Gothwal et al., 2016; Hidalgo et al., 2021) (Figure-4.2B),
indicating an insignificant role of OCIAD2 in the early-erythroid development. Further, we
checked the terminal stages of erythropoiesis by Giemsa staining of cytospin smears from the
BM of floxed and KO mice. Interestingly, the reticulocyte frequency was severely decreased

in the KO BM (Figure-4.2C), indicating defective erythropoiesis downstream of BFU-E cells.
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Figure-4.1: Ociad2**" KO mice develop anemia with larger RBCs and platelets. Graphs showing
variation in multiple parameters of PB. (A) Counts of RBCs, WBCs, and platelets. (B) RBC parameters like
hematocrit (HCT), mean corpuscular volume (MCV), and standard deviation of RBC distribution width
(RDW-SD). (C) Total hemoglobin content (Hb), mean corpuscular hemoglobin (MCH), and mean
corpuscular hemoglobin concentration (MCHC). (D) Plateletcrit (PCT), mean platelet volume (MPV), and
platelet-large cell ratio (P-LCR), across floxed (n=11), +/- (n=9), and KO (n=11) mice. Statistically significant
differences identified using ANOVA: Single Factor analysis are indicated. Error bars denote standard error

of mean. * p<0.05, ** p<0.01 and *** p<0.001.
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4.3.3 Loss of OCIAD2 does not limit the response to hemolytic stress in mice

To understand the physiological relevance of defective erythropoiesis in the KO mice, we
subjected them to hemolytic stress mediated by phenylhydrazine (PHZ; 40 mg/kg body weight)
(Figure-4.3A). PHZ precipitates hemoglobin leading to the lysis of erythroid cells (Goldberg

etal., 1977). Free heme in the circulation acts as a pro-inflammatory signal, elicits
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Figure-4.4: Ociad2"®" KO mice develop hemolytic stress-mediated splenomegaly on par with floxed mice.

(A) Representative images of spleens from floxed and KO mice on day-8 of treatment with saline or

phenylhydrazine (PHZ), followed by graph quantitating the variation in the relative of weight of the spleens.

(B) Graphs showing the variation in the relative weight of other vital organs like the thymus, kidney, heart,

brain, liver, and testis, from floxed and KO mice post-treatment (n=3-4 mice per genotype). Statistically

significant differences identified using ANOVA: Single Factor analysis are indicated. Error bars denote

standard error of mean. * p<0.05 and ** p<

0.01.
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Upon PHZ-treatment, the KO mice survived on par with the floxed mice (Figure-4.3B).
However, the KO mice showed more significant loss and a trend of inadequate recovery by
day-8 of the treatment than the floxed mice (Figure-4.3C), indicating increased susceptibility
of the KO mice to stress response. Post-treatment, both floxed and KO mice showed significant
splenomegaly relative to their saline-treated control mice. The splenomegaly in the KO mice
was comparable to that of floxed mice (Figure-4.4A), indicating an intact stress-response

mechanism. Other organs like the thymus, kidney, heart, brain, liver, and testis were unaffected
(Figure-4.4B).

PHZ-mediated stress reduces BM cellularity and causes reticulocytosis in mice (Moreau et al.,
2012). Upon PHZ-treatment, only the floxed but not the KO mice showed a decreased BM
cellularity (Figure-4.5A). Saline-treated KO mice showed decreased BM reticulocyte
frequency (Figure-4.2C), similar to the observations made in steady-state mice (Figure-4.5B).
However, upon PHZ-treatment, the KO BM showed a significant increase in reticulocyte
frequency, bringing it on par with the floxed mouse BM (Figure-4.5B). This suggests that the
KO BM retains the capacity of erythropoietic response to stress but may have dysregulated

signaling or an inability to sense the right cues, leading to defective steady-state erythropoiesis.
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Figure-4.5: Ociad2’*" KO mouse BM responds on par with floxed BM, under PHZ-mediated stress.
(A) Graph quantitating the variation in BM cellularity of floxed (n=3-4) and KO (n=4) mice post-treatment.
(B) Graph showing the variation in the BM reticulocyte frequency across floxed and KO mice post-treatment
(9-12 cytospin smears per treatment group). Statistically significant differences identified using ANOVA:

Single Factor analysis are indicated. Error bars denote standard error of mean. * p<0.05, ** p<0.01 and ***

4.3.4 OCIAD2 KO leads to increased susceptibility towards stress erythropoiesis and
acute kidney injury in mice

Splenomegaly in the KO mice during steady-state and stress conditions indicated a possibility
of increased susceptibility towards stress-mediated splenomegaly. To test the same, we
subjected the floxed and KO mice to a low dose of lipopolysaccharide (LPS; 10 mg/kg body
weight) (Figure-4.6A), which is known for its effect of eliciting inflammation and stress

erythropoiesis-mediated splenomegaly (Seeman et al., 2017).
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Figure-4.6: Ociad2**" KO mice show greater body weight loss due to LPS-mediated stress. (A)
Schematic outlining the treatment of floxed and KO mice with PBS or lipopolysaccharide (LPS; 10 mg/kg
body weight) for 1 day (single dose on day-0). (B) Graph showing variation in the body weight of floxed and
KO mice across the treatment period (n=3 mice per genotype). Statistically significant differences identified
using unpaired t-test: Two-sample Assuming Unequal Variances and t-test: Paired Two Sample for Means
as applicable were indicated. Error bars denote standard error of mean. * p<0.05 and ** p<0.01. $ p<0.05

and $$ p<0.01 represent statistical significance within a treatment group with respect to day-0.
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LPS led to decreased body weight as expected (Hsu et al., 2017), but more significant in the
KO mice than the floxed mice (Figure-4.6B). Anatomical examination revealed thymic atrophy
as expected (Hick et al., 2006), with other organs like the kidney, heart, brain, liver, and testis
unaffected. More importantly, an enlarged spleen was observed only in the KO mice treated
with LPS (Figure-4.7A,B), inferring that the loss of OCIAD2 makes mice more susceptible to

stress-induced splenomegaly.

KO mice show smaller kidneys (Chapter-3), and kidney size correlates to protein filtration as
seen in chronic kidney disease (Andrassy et al., 2013; Singh, 2018). Protein filtration is
governed by PDGFRp" renal pericytes, which secrete the erythroid hormone, erythropoietin
(Epo) (Millot et al., 2010; Lemos et al., 2016; Suzuki et al., 2018). Thus, renal protein filtration
and erythropoiesis are interlinked. Hence, to check for any effect of kidney atrophy on renal
filtration in the KO mice, we assessed the total protein content of urine from floxed and KO
mice and found it unaltered upon OCIAD2 KO (Figure-4.8A). Apart from triggering
inflammation and stress erythropoiesis, LPS also disrupts renal filtration (Nakano et al., 2020).
Surprisingly, upon LPS-treatment, KO mice showed increased albumin in the urine (Figure-
4.8B), inferring an impaired renal function and a protective role of OCIAD2 against stress-

induced acute kidney injury.

Kidney is the primary source of Epo (Lacombe et al., 1991). Despite impaired renal function,
the transcript levels of Epo were unchanged in the KO kidney (Figure-4.8C). Also, we observed
no change in the transcript levels of Epor in the KO BM (Figure-4.2B). These observations
indicate a possibility of a defective signaling mechanism in the BM downstream of the EpoR,

leading to decreased reticulocytes during steady-state.

4.3.5 Ociad2P®" KO mice show deregulated STAT activation in bone marrow

Epo hormone is required for BM erythropoiesis. Erythroid lineage development from HSCs to
BFU-E and colony-forming unit-erythroid (CFU-E) does not need the hormone erythropoietin
(Epo). However, it is essential to develop different erythroblasts from CFU-E cells that express
the receptor for Epo (Epor) (Wu et al., 1995; Paulson et al., 2020). Upon Epo binding with
EpoR, the complex activates JAK/STAT signaling, leading to the nuclear translocation of
STAT molecules and the expression of anti-apoptotic genes (Elliott and Sinclair, 2012). Thus,

Epo mainly prevents apoptosis of erythroid cells and ensures their continuation of the erythroid
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differentiation to reticulocytes. Epo is also essential for stress-erythropoiesis in the spleen
(Millot et al., 2010; Chen et al., 2020).
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Figure-4.7: Ociad2’*" KO mice are more sensitive to stress-mediated splenomegaly than floxed mice.
(A) Representative images of spleens from floxed and KO mice on day-2 of treatment with PBS or
lipopolysaccharide (LPS), followed by graph quantitating the variation in the relative weight of the spleens.
(B) Graphs showing the variation in the relative weight of other vital organs like the thymus, kidney, heart,
brain, liver, and testis, from floxed and KO mice post-treatment (n=3 mice per genotype). Statistically

significant differences identified using ANOVA: Single Factor analysis are indicated. Error bars denote

standard error of mean. * p<0.05 and ** p<0.01.

57



>
(@

Total urinary protein Kidney

30 3
25 -
20 1

[p%]
l

15 1
10 -

Epo fold change
|

5-

0- 0 -
Floxed KO Floxed KO
(n=3) (n=3)

concentration (ug/mL)

Albuminuria

Day-0 Day-1

Floxed KO Floxed KO
L L B L

Ladder
Ladder

kDa B8«

65»“

W BSA (5 ng)

PBS (-); LPS (+)

. mmm PBS-treated Floxed
o
= 10 * | s LPS-treated Floxed
% 81 mmmm PBS-treated KO
5 & e LPS-treated KO
>
©
£ 4.
B
T 2
0 o

58



Figure-4.8: Ociad2"®" KO mice more susceptible to LPS-mediated acute kidney injury. (A) Graph
quantitating the variation in the total urinary protein of untreated floxed and KO mice (n=3 mice per
genotype). (B) Representative Coomassie-stained SDS-polyacrylamide gel showing proteinuria at
various time points of the LPS treatment and graph comparing the variation in the albumin band intensity.
(C) Graph quantitating the variation in the transcript levels of erythropoietin (Epo) in the kidney of floxed
and KO mice (n=3 mice per genotype). Statistically significant differences identified using ANOVA:

Single Factor analysis are indicated. Error bars denote standard error of mean. * p<0.05.

STATS is a critical intracellular signaling intermediate in the Epo-EpoR signaling of
erythropoiesis (Grebien et al., 2008; Tothova et al., 2021). Adult mice lacking STATS were
reported with a significantly reduced erythropoiesis under PHZ-mediated stress and showed
decreased expression of BCL-Xy antiapoptotic protein (Socolovsky et al., 2001). Though the
phenotype of erythroid dysplasia was reported in STAT3”" mice a while ago (Mantel et al.,
2012), more evidence of STAT3 in erythropoiesis is surfacing late. Contrary to STATS, a gain
of function of STATS3 is associated with anemia and erythropoiesis defects (Mauracher et al.,

2020).

Hence, we checked the activation of both STAT3 and STATS in the lineage-committed fraction
of floxed and KO mice BM. Indeed, the STAT3 activation was increased (Figure-4.9A), and
that of STATS was decreased (Figure-4.9B), confirming a deregulated JAK/STAT signaling in
the absence of OCIAD?2, explaining the defective erythropoiesis.

4.3.6 Ociad2»*" KO mice show increased levels of Asrij in the bone marrow

Despite the unchanged expression of Epo and Epor, the altered activation of STAT proteins in
the KO BM indicated a possible intracellular molecular change. JAK proteins activated by the
transmembrane receptors activate STAT molecules. Earlier reports show Asrij as an
intracellular modulator of STAT3 activation, upstream to JAK1 in mESCs (Sinha et al., 2013).
Also, Asrij prevents aberrant STATS activation in mouse HSPCs (Sinha et al., 2019).
Moreover, Asrij is an interactor of OCIAD2 (Sinha et al., 2018) and is essential for mouse
erythropoiesis during steady-state as the asrij KO mice show abnormal RBC counts in PB
across different age groups. Also, radiation-stressed asrij KO mice show poor recovery of RBC

counts (Sinha et al., 2019).
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Owing to the increase in the levels of OCIAD2 in the asrij KO BM (Sinha S. Ph.D. thesis,
2019) and the observed mild hematopoietic phenotype in the ociad27** KO mice, we expected
an increase in the levels of Asrij. Therefore, we reasoned to check for any change in the
transcript and protein levels of Asrij in the OCIAD2 KO mouse BM. Interestingly, the loss of
OCIAD?2 did not affect the transcript levels of asrij in mouse BM (Figure-4.10A). However, it
increased its protein levels to a several-fold higher (Figure-4.10B) without affecting the
frequency of Asrij" cells (Figure-4.10C). This suggests that the loss of OCIAD2 leads to a loss

of translational or post-translational compensation by Asrij, which leads to altered STAT3 and

N
o

pSTAT3 fold change

pSTATS fold change

-
(&)}
1

-
o
1

o
($)]
1

*
0.0 l[

Lin* BM

Floxed KO
(n=3)

Lin* BM

-
(9]

-
o
1

O
9)]
1

0.0-
Floxed KO
(n=3)

Figure-4.9: Loss of OCIAD2 leads
to deregulated STAT activation in
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STATS activation leading to defective erythropoiesis in mouse BM.
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Figure-4.10: Loss of OCIAD2 leads to increased levels of Asrij in mouse BM. (A) Graph quantitating the
variation in the transcript levels of asrij in the unfractionated BM of floxed and KO mice (n=3 mice per
genotype). (B) Immunoblot analysis for Asrij (green) in unfractionated BM of floxed and KO mice (n=3 mice
per genotype). (C) Representative flow cytometry histograms showing the frequency of Asrij* cells in the
unfractionated BM of floxed and KO mice (n=3 mice per genotype). Statistically significant differences
identified using ANOVA: Single Factor analysis are indicated. Error bars denote standard error of mean. *

p<0.05.
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4.4 Discussion

Despite its insignificance in maintaining the HPSC pool, loss of OCIAD2 led to reduced RBCs
in circulation, confirming cell-specific functions of OCIAD2. Anemia, decreased RBC counts,
and MCV can be associated with runting in mice (Sharma et al., 2019). Despite anemia and
decreased RBC counts, ociad2’*" KO mice showed no overt phenotype. In this regard, whether
the increased RBC volume and per cell concentration of hemoglobin are compensatory effects
is unknown. Hemoglobin is synthesized in the erythroblasts till the reticulocyte stage, from
heme, an iron (Fe) containing molecule and globin proteins (Singh, 2018; Koury and Ponka,
2004). Heme levels are dependent on Fe levels and positively regulate the globin mRNA levels
(Tahara et al., 2004). Severe Fe loss decreases only hemoglobin production but not RBCs,
resulting in smaller RBC size (Koury and Ponka 2004). Also, Fe levels were shown to
effectively regulate Epo production in mouse kidneys (Suzuki et al., 2018). A defect in Fe
levels is not expected in the ociad2’®" KO mice as we observe increased values of the MCV,
MCH, and MCHC in RBCs and unchanged expression of Epo in kidneys. Therefore, testing
whether or not the loss of OCIAD?2 affects the expression of globin genes is required. Platelets
are formed from their precursor cells called megakaryocytes seated in the BM (Machlus and
Italiano, 2013). The increased MPV and P-LCR values in the ociad2’*" KO mice indicate an
apparent increase in the fraction of more giant cells in circulation. They could be due to a defect

in dissociation of platelets from their precursors, which needs further investigation.

CFU-E cells formed from BFU-E give rise to proerythroblast and basophilic erythroblast,
which express the EpoR. The basophilic erythroblasts give rise to polychromatophilic and
orthochromatophilic erythroblasts, which do not express the EpoR (Shih et al., 2018). The
orthochromatophilic erythroblasts give rise to reticulocytes. Since the KO mice show decreased
reticulocytes and deregulated JAK/STAT signaling in the BM, analyzing the abundance,
survival, and proliferation of CFU-E and the various erythroblasts help in understanding further
the stage-specific effects of OCIAD2 KO on BM erythropoiesis. PHZ-treatment is known to
cause inflammation which causes myeloid bias in the BM (Pietras et al., 2016). KO BM
cellularity was not affected to the extent of the floxed mice under PHZ-mediated stress. It is
unknown whether it is due to any stress-induced increase in the abundance of the myeloid cell
pool.

LPS mediates renal filtrate leakage via Toll-like receptor 4 (TLR4)-dependent pathway
(Nakano et al., 2020). Since OCIAD2 KO mice show increased albuminuria with LPS-
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treatment, it suggests that OCIAD2 might be a negative regulator of the LPS-TLR4 signaling
axis, which merits further study to unravel the protective role of OCIAD?2 against acute kidney
injury. Expression of Epo was unchanged in the KO kidneys. However, the regulation of Epo
production was reported even at the translational level (Barbosa et al., 2014). Hence, checking
the serum levels of Epo in the floxed and KO mice can help understand the actual effect of

OCIAD2 KO on Epo production.

An increase in the Asrij levels but not the asrij transcript hints at possible translational or post-
translational compensatory mechanisms in the OCIAD2 KO BM (Wang et al., 2018). Also,
this indicates a possibility of functional compensation by Asrij, mitigating the actual effects of
OCIAD2 KO on the maintenance of hematopoietic homeostasis. This study also shows the
indispensable role of OCIAD2 in maintaining erythropoietic homeostasis and kidney function

under stress.
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Chapter 5. Discussion

Hematopoiesis is regulated at multiple levels like signal transduction ( de Roo and Staal, 2020),
transcription (Liu et al., 2018*°), chromatin remodeling (Xu et al., 2018), RNA processing,
translation, and stability (de Rooij et al., 2019), protein synthesis (Lv et al., 2021) and protein
degradation (Xu et al., 2020), and post-translational regulation (Sinha et al., 2019°). However,
details on coordination of these various factors and their functional consequences on blood cell
homeostasis remain underexplored. Hence it is crucial to expand our current understanding of
this intricate and complex regulation and its implications on normal and malignant

hematopoiesis. In this regard, investigation of novel molecules is necessary.

Asrij/Ovarian Carcinoma Immunoreactive Antigen Domain-containing protein 1 (OCIAD1) is
an essential regulator of hematopoiesis and its loss leads to a leukemia-like phenotype in
Drosophila (Kulkarni, Khadilkar et al., 2011; Sinha et al., 2013; Khadilkar et al., 2014;
Khadilkar, Ray et al., 2017). Also, Asrjj is a critical interlinking molecule between metabolism,
immune response, cell signaling, protein ubiquitination, and vesicle-mediated transport in
Drosophila (Sinha et al., 2019%). Interestingly, the aberrant hematopoiesis in asrij null
Drosophila can be rescued by mouse asrij (Sinha et al., 2013), depicting the conserved role of
Asrij in maintaining hematopoiesis. Supporting this, a recent study proves the essential role of
Asrij in preserving the mouse bone marrow (BM) HSC quiescence by regulating p53 stability
via the CSN5-MDM2-p53 axis (Sinha et al., 2019°). Asrij is essential for maintaining normal
RBC counts in peripheral blood (PB) during steady-state and stress conditions. Its loss leads to

a myeloproliferative disorder in mice (Sinha et al., 2019°).

Mouse BM cells express both Asrij and OCIAD2. OCIAD?2 is absent in Drosophila and other
invertebrates. OCIAD2 shares evolutionary relatedness, structural and sequence homology,
and interacts with Asrij in vertebrates (Sinha et al., 2018). OCIAD2 localizes to endosomes
and mitochondria, promotes STAT3 activation, supports the migration of HEK293 cells (Sinha
et al., 2018) and regulates the invasion of various cancers (Wu et al., 2017; Sakashita et al.,
2018). Misexpression of OCIAD?2 is detected in various hematological malignancies (Bagger
et al.,, 2016). However, the in vivo role of OCIAD2 in mouse hematopoiesis has not been
reported. Hence, in this study, we investigated the role of OCIAD2 in maintaining mouse

hematopoietic homeostasis. We find that OCIAD?2 is essential for maintaining steady-state
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erythropoiesis, hemoglobin levels in circulation, protection against stress erythropoiesis, and
acute kidney injury in mice. Also, we report the importance of OCIAD2 in regulating
JAK/STAT signaling and levels of Asrij in mouse BM. Through this study, we propose an
interplay between the OCIAD proteins in maintaining blood cell homeostasis, which upon

further investigation may aid in developing therapeutics for several hematological conditions.

5.1 Structure-function relationship of OCIAD?2

The structure of OCIAD proteins is yet to be determined. According to the structure
predictions, the OCIA domain located towards the N-terminal has a double helical
transmembrane structure, and the C-terminal region is intrinsically disordered, extended either
into the cytosol (as in Asrij) or extracellular space (as in OCIAD2) (Praveen et al., 2020). Like
Asrij, the OCIA domain of OCIAD?2 is crucial for its localization and molecular interactions
(Sinha et al., 2013; Sinha et al., 2018). The double-helical region of the OCIA domain in
OCIAD?2 is sufficient for its localization and interaction with Asrij and STAT3 (Sinha et al.,
2018). The exact mechanism of OCIAD2 in regulating erythropoiesis and the role of the

double-helical region in the same is an interesting aspect to be studied.

Proteins like p53 and RELT, which play critical roles in hematopoietic homeostasis, harbor
intrinsically disordered regions (Uversky, 2016; Cusick et al., 2020) known to adopt
conformations in an interactor-specific manner (Uversky, 2013). Of late, OCIAD2 has been
predicted to  harbor an  additional  helix in its  C-terminal  region

(https://www.uniprot.org/uniprot/Q9D8W?7). However, these predictions are to be verified by

X-ray crystallography, and detailed analyses are required to know the biochemical nature of

Asrij and OCIAD2, which help in understanding their structure-function relationship.

5.2 OCIAD?2 isoforms and their role in mouse hematopoiesis

Protein isoforms can play differential roles in mouse hematopoiesis (Corrigan et al., 2018).
Different isoforms of specific proteins show distinct temporal expression patterns, like in the
case of RUNXIc¢, which is expressed only during the emergence of HSCs in the fetal stage, but
not in adult hematopoiesis (Challen and Goodell, 2010). OCIAD2 has a verified shorter isoform
of 103 amino acids, and it differs from the full-length isoform of 154 amino acids at its C-
terminal

(https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch& Term=433904).
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Though the transcripts of full-length and the shorter isoforms of ociad? were detected in all
major organs of C57BL/6J adult mice, protein detection showed only the full-length isoform
at higher levels in the kidney, liver, and brain, relative to other tissues (Sinha et al., 2018).
Since the shorter isoform harbors the OCIA domain

(https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch& Term=433904), it

might display functions similar to that of its full-length isoform, at least those governed by the
domain, which needs to be verified. Also, it is unknown whether the shorter isoform shows
preferential expression and function in embryonic hematopoietic tissues, which merits
investigation. This analysis is essential in the light of studies reporting the indispensable role
of certain genes in embryonic but not in adult hematopoiesis like the Cdx4 and Runx] in mouse

and zebrafish, respectively (Koo et al., 2010; Sood et al., 2010).

5.3 Tissue-specific functions of OCIAD?2

Despite the expression of OCIAD2 across many vital organs of mice (Sinha et al., 2018), its
deletion results in macroscopic changes only in the spleen and kidney. Splenomegaly reported
in asrij KO mice (Sinha et al., 2019°) is more severe than that of ociad2?*" KO mice presented
in this study. It indicates a diversified or a less critical function for OCIAD2 in maintaining
splenic relative weight and homeostasis. While the loss of ociad? leads to kidney atrophy
(Chapter-3), the effect of asrij KO on mouse kidneys is not reported. Nevertheless, studying
Asrij expression in OCIAD2 KO kidney may give important insights into the potential role of
Asrij in kidney function. OCIAD2 expression is higher in mouse liver relative to BM (Sinha et
al.,2018). However, its loss did not affect the relative weight of the liver (Chapter-3), indicating

a tissue-specific function of OCIAD2, which merits further investigation.

5.4 Defective erythropoiesis and anemia of ociad2’*" KO mice

Decreased PB RBC counts and BM reticulocyte frequency in ociad2’*" KO mice, despite the
increased levels of Asrij in BM (Chapter-4), indicate the indispensable role of OCIAD?2 in the
maintenance of erythropoiesis. However, Asrij is also important for normal erythropoiesis as
asrij KO mice also show decreased PB RBC counts (Sinha et al., 2019°). Further, identifying
the specific erythroid differentiation stages responsible for the lowered production of
reticulocytes in the ociad2’®" KO mice and analyzing the status of JAK/STAT, PI3K/AKT,
and Erk1/2 signaling in the effector cells help in deciphering the cell-specific role of OCIAD2

in steady-state erythropoiesis.
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Though our study shows reticulocytopenia in BM as the possible reason behind decreased RBC
counts in the KO mice, other factors of RBCs like the reduced half-life and increased clearance
in the spleen merits investigation. The reduced half-life of RBCs can lead to anemia and is
associated with chronic kidney disease (Li et al., 2019) and chronic heart failure (Manabe et
al.,2016). Aged RBCs lose their ability to deform and pass through the intricate mesh of splenic
red pulp leading to their subsequent lysis and phagocytosis by the red pulp macrophages (Klei
et al., 2020). Increased RBC filtration can lead to splenomegaly and anemia (Lv et al., 2016).
OCIAD2 KO increases RBC volume, and whether this decreases RBCs' deformability is
unknown. Histological analysis of the ociad2’*" KO spleen may help in observing any changes

in the distribution of red and white pulp and flow cytometry for cellular composition.

Renal pericytes produce erythropoietin (Epo) upon transcriptional activation by HIF2a, a
molecule induced by lower hemoglobin levels in the blood (Suzuki et al., 2018). Since
ociad2’®" KO mice show anemia, any possibility of hypoxia and its effect on HIF2a expression
in the kidney is to be checked. However, the KO kidney shows unchanged transcript levels of
Epo (Chapter-4). Possibilities of defective hemoglobin production in the KO BM or its loss
due to an excess RBC clearance in the KO spleen leading to anemia need to be tested. The
mouse liver regulates the iron homeostasis in the body through hepcidin and thus the
hemoglobin production (Liang and Ghaffari, 2016) and acts as an extra-medullary organ during
acute anemia involving erythroblasts and macrophages (Sonoda et al., 2012). The effect of

ociad2?®" KO on this role of the liver is unknown.

5.5 Functional significance of OCIAD?2 localization to mitochondria

The essential role of mitochondria in hematopoiesis is well documented. Increased
mitochondrial metabolism is coupled with the elongation of mitochondria and the progression
of HSPCs towards differentiation (Diebold and Chandel, 2016). Mitochondrial dynamics vary
across HSCs primed towards different lineages. Loss of mitofusin specifically affects the self-
renewal and repopulating capacity of lymphoid-biased HSCs with minimal effects on myeloid-
biased HSCs (Luchsinger et al., 2016). Asrij localizes to mitochondria (Shetty et al., 2018,
Sinha et al., 2019). Asrij is important for regulating mitochondrial dynamics in the lymph
gland progenitor pool. Its loss leads to elongation of mitochondria and increased differentiation

of progenitors towards crystal cells in Drosophila (Ray et al., 2021). Asrij is localized to the
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inner mitochondrial membrane and interacts with electron transport chain complex I
components in hESCs (Shetty et al., 2018) and other human cells (Le Vasseur et al., 2021).
Reduced Asrij levels lead to increased oxidative phosphorylation and enhanced differentiation
in hESCs (Shetty et al., 2018). Recently loss of Asrij was shown to reduce the mitochondrial
junction dynamics in hESCs (Ray et al., 2021). Asrij maintains hematopoietic progenitors and

stemness of hESCs through modulating mitochondrial dynamics and metabolism.

OCIAD?2 also localizes to mitochondria (Sinha et al., 2018), and a recent report suggests that
OCIAD? is associated with mitochondrial membrane in lung adenocarcinoma cells (Hong et
al., 2021). An earlier report showed OCIAD?2 localization to the inner mitochondrial membrane
(Da Cruz et al., 2003). It is crucial to know whether the reported interaction of Asrij and
OCIAD?2 occurs in the mitochondrial fraction and whether OCIAD?2 is a part of the interaction
complex of Asrij, which can provide the first line of evidence for the role of OCIAD2 in
mitochondrial biology. Based on the phenotypes observed in the ociad2’®" KO mice, the
unperturbed HSPC abundance and their lineage specification capacity, OCIAD2 might play a
minimal role in mitochondrial dynamics in HSPCs. However, the possibility of increased levels
of Asrij in OCIAD2 KO HSPCs and its effect on their mitochondrial dynamics is an interesting
aspect to be tested. Mitochondria play an essential role in the terminal differentiation of
erythroid cells. Loss of p32/Clgbp protein impairs mitochondrial oxidation and inactivates
mTORCI signaling, hampering erythrocyte differentiation leading to anemia in mice (Gotoh
et al., 2020). While ociad2’®" KO mice show defective reticulocyte production and anemia
(Chapter-4), studies on mitochondrial localization of OCIAD?2 in erythroid progenitors and any

possible relation with p32/C1gbp and mitochondrial oxidation merit investigation.

5.6 Functional significance of OCIAD?2 localization to endosomes and lipid

rafts

Rab5 protein plays an essential role in vertebrate hematopoiesis, especially during the
emergence of HSPCs from the hemogenic endothelium (Heng et al., 2020). Notch and AKT
signaling are essential for normal hematopoiesis (Jafari et al., 2019). Rab5c is indispensable
for proper vesicular transport of Notch and AKT signaling molecules involved in the
emergence of HPSC. Rab5c-Notch relation is important for HSPC specification, while the
AKT signaling is essential for survival. Also, overexpression of Rab5c leads to excessive

endocytic trafficking and decreased production of HSPCs, indicating the necessity of a
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threshold in Rab5c levels to maintain normalcy (Heng et al., 2020). Asrij localizes to Rab5"
endosomes (Sinha et al., 2013; Sinha et al., 2019°), regulates the trafficking of the notch
intracellular domain (NICD) (Kulkarni and Khadilkar et al., 2011) and PI3K/AKT signaling
(Khadilkar et al., 2014; Sinha et al., 2019°) in multiple contexts. This indicates a possible role
of Asrij in Rab5 mediated regulation of Notch and AKT signaling and might give insights into
the role of OCIAD2, which also localizes to Rab5" endosomes and interacts with Asrij (Sinha
et al., 2018). Interestingly, canonical Notch signaling is dispensable for myelo-erythropoiesis
during steady-state and stress conditions (Duarte et al., 2018), indicating cell-specific functions

of signaling pathways.

Human OCIAD?2 localizes to lipid rafts (Han et al., 2014), highly ordered plasma membrane
regions with high cholesterol and sphingolipids (Morgan et al., 2020). Maintaining normal
cholesterol levels is important as increased cholesterol levels lead to HSPC differentiation,
migration, skewing towards myeloid lineages and thrombocytosis, affecting various
inflammatory cytokine receptors concentrated in the lipid rafts (Murphy et al., 2011; Murphy
et al., 2013). Interestingly, lipid rafts are essential for the conduction of Epo-EpoR signaling
as cholesterol depletion attenuates Epo-induced STATS phosphorylation in primary erythroid
progenitors (McGraw et al., 2012). It is an intriguing future aspect to check whether mouse
OCIAD?2 also localizes to lipid rafts and regulates Epo-EpoR signaling in mouse erythroid

cells.

5.7 Role of OCIAD2 in modulating STAT activation

STAT proteins are essential and common signal transducers for various upstream signaling
molecules like EGF, hepatocyte growth factor, interleukin (IL)-6, insulin-like growth factor,
colony-stimulating factor-1, platelet-derived growth factor, hormones (growth hormone,
insulin, Epo), and downstream of some G-protein coupled receptors (Loh et al., 2019). While
persistent activation of STAT3 and STATS is known to cause chronic inflammation and
carcinogenesis, their decreased levels cause cell death, indicating a critical regulation of their
levels and activation to maintain homeostasis. Not all known STAT molecules behave alike.
For example, STAT1 suppresses tumor growth by exerting pro-apoptotic and anti-proliferative
effects (Loh et al., 2019). Concerning hematopoiesis, STAT molecules exert cell-specific
effects. STATS is a well-known regulator of differentiation, proliferation, and survival of

erythroid progenitors, while STAT1 antagonizes STATS activation in the splenic erythroblasts,
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post-hemolytic stress. Interestingly, loss of STAT1 decreases the CFU-E cells in the BM but
increases the number of BFU-E and CFU-E cells in the spleen with increased response to Epo
(Halupa et al., 2005), indicating a context-dependent function of STAT1. The inverse relation

between STAT3 activation and anemia has been recently reported (Mauracher et al., 2020).

While both Asrij and OCIAD2 promote STAT3 activation (Sinha et al., 2013; Sinha et al.,
2018), the ociad2’®" KO mouse Lin® BM showed increased STAT3 activation (Chapter-4),
indicating a context-dependent function of OCIAD2. However, the deregulated STAT
activation seems to be tissue-specific as constitutive activation of STAT3 leads to tumors and
metastasis (Tolomeo et al., 2021), and no such overt abnormalities were found in the ociad2’®"
KO mice. Increased activation of STAT3 in Lin® BM might render the myeloid and B cells
with proliferation advantage, leading to their increased frequency (Huang, 2007). We show
that OCIAD?2 is required to activate STATS (Chapter-4). The binding of STATS to effector
DNA elements is epigenetically regulated (Sollinger et al., 2017). Hence, different erythroid
stages with specific chromatin organization (Schulz et al., 2019) can show differential
responses to Epo-EpoR signaling. Therefore, cell-specific effects of deregulated STAT
activation are more likely to mediate the effect of OCIAD2 KO on mouse hematopoiesis and

the homeostasis of other tissues, which merits further investigation.

Asrij colocalizes with STAT3 on Rab5" endosomes (Sinha et al., 2013). Interestingly, OCIAD2
also localizes to Rab5" endosomes (Sinha et al., 2018). Also, OCIAD proteins (Sinha et al.,
2018; Sinha et al., 2019°), STAT3 (Wegrzyn et al., 2009), and STATS5 (Zhang et al., 2021)
localize to mitochondria. Activation of STAT3 at Y705 (pY705) regulated by Jak is essential
for mitochondrial localization to the inner mitochondrial membrane (IMM), whereas pS727 is
regulated by MAPK signaling and governs mitochondrial transcription, independent of nuclear
transcription (Peron et al., 2021). Interestingly, both Asrij and OCIAD2 promote STAT3
activation on Y7035, indicating a possible interplay involving endosomes and mitochondria in
maintaining tissue homeostasis (Sinha et al., 2013; Sinha et al., 2018). However, this requires
a thorough investigation, as a recent report claims that the actual localization of STAT3 is not
the pure mitochondria but the mitochondria-associated endoplasmic reticulum membrane
(MAM) (Su et al., 2020). Therefore, deciphering the precise molecular mechanism of OCIAD
proteins regulating STAT activation widens the knowledge on both the spatial regulation of

JAK/STAT signaling and any possible role of inter-organelle crosstalk in hematopoiesis,
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especially as organelle dynamics are gaining importance in this regard (Heng et al., 2020;

Julian et al., 2020).

5.8 Role of OCIAD?2 in cell signaling under stress conditions

In contrast to the steady-state erythropoiesis in BM, stress erythropoiesis in the spleen is
dependent on the BMP-4 and Hedgehog signaling and the splenic macrophages (Paulson et al.,
2020). Since the ociad2’®" KO mice are more susceptible to stress-induced splenomegaly
(Chapter-4), the potential role of OCIAD?2 in regulating splenic cellular changes like stress-
erythroid progenitors (SEPs), stress-BFU-E, and splenic macrophages, and molecular changes
like downregulation of Wnt signaling, upregulation of Epo-EpoR signaling, etc., causing stress
erythropoiesis needs to be investigated (Paulson et al., 2020). Also, the Epo-EpoR signaling
activates PI3K/AKT and MAPK pathways (Tothova et al., 2021), marking the necessity to
study the effect of OCIAD2 KO on these signaling pathways.

Stress mediated by LPS increases the susceptibility of ociad2’®" KO mice to kidney injury
apart from splenomegaly (Chapter-4). LPS damages kidney podocytes' structural and
functional integrity by upregulating the Wnt/p-catenin pathway (Senouthai et al., 2019) and
expression of Angptl4 (Shen et al., 2020), indicating a possible role of OCIAD2 in modulating
these signaling pathways. Concomitant analysis of Asrij levels in spleen and kidney of
ociad2P®" KO mice help to understand the possible implications of OCIAD proteins' interplay

in the manifestation of splenomegaly and kidney malfunction.

5.9 Asrij and OCIAD2 equilibrium in hematopoietic homeostasis

Asrij is expressed in nearly 77% of whole BM, 48% of LT-HSCs, 98% of HSPC, 93% of
CD11b" cells, and 80% of CD19" cells in mouse BM with higher transcript levels in
hematopoietic stem cells and progenitors than the differentiated cells (Sinha et al., 2019°). In
this study, we show the presence of OCIAD2 in nearly 89% of whole BM and >92% of
undifferentiated and differentiated BM hematopoietic cells in C57BL/6J mice. OCIAD2

protein levels decrease down the differentiation hierarchy (Chapter-2).

Molecular analyses show increased Asrij levels in the whole BM of ociad2’®" KO mice
(Chapter-4), indicating a possible compensatory effect of Asrij. Though Asrij levels increased

in the unfractionated BM, it is unknown whether the increase is a pan-hematopoietic effect or
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restricted to specific cell types. Interestingly, loss of asrij increases the OCIAD2 levels in
mouse BM (Sinha S. Ph.D. thesis, 2019). However, the effects of OCIAD2 KO on mouse
hematopoiesis are notably different from those of Asrij KO in mice, indicating diversified and
cell-specific functions of the paralogs and an interplay between them in regulating
hematopoietic homeostasis. Although the expression of OCIAD proteins in mouse BM and its
sub-populations is known from individual studies, details regarding their coexpression are
unclear. Appending this is equally essential to know the expression levels of Asrij in ociad2P®"
knockout hematopoietic cells and vice versa, which will help decipher the regulation of the
equilibrium. Interestingly, protein levels of Asrij decrease with age in mouse BM (Sinha et al.,
2022). Questions like how the expression of OCIAD2 changes with age in mice; Does Asrij
levels decrease in aged ociad2’™" KO mouse BM, and what effect do these changes show on
mouse hematopoiesis, are crucial in not only understanding the interplay between the OCIAD

proteins but also the impact of aging on hematopoietic regulation.

5.10 Compensatory mechanisms between asrij and ociad2

Genetic compensation maintains genetic robustness in the absence of a gene by enhancing the
expression of its paralog/functional equivalent genes. Runx and Hox genes are well-known for
genetic compensation. RUNX1 regulates HSC differentiation (Hsu et al., 2020). Increased
protein levels of RUNX2 and RUNX3 compensate upon inhibition of RUNX1 in leukemic
cells due to the loss of mutual suppression of transcription. Runx family genes carry the
characteristic Runx-binding sequences in their promoter region, by which each other family
member regulates their expression. This regulation is lost when a given RUNX protein is
knocked out or inhibited, leading to the overexpression of the other Runx family genes (Morita

etal., 2017).

HOXA proteins play an essential role in fetal hematopoiesis. HOXAS and HOXA7 are
essential for in vitro expansion and engraftment of HPSC from the fetal liver, while HOXA9
is implicated in fetal HSC self-renewal. Loss of the Hoxa5 gene does not lead to strong HSC
phenotypes, while depleting the entire cluster of Hoxa severely reduces adult HSC activity,
indicating a compensatory mechanism between individual Hoxa genes (Dou et al., 2016).
However, HOXA proteins are no exception to the deviation from the functional equivalence as
HOXAS inhibits cell differentiation whereas HOXBS promotes differentiation (Winnik et al.,
2009).
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Caudal-related homeobox (Cdx) genes regulate Hox gene expression. Knockdown of Cdx/a
in zebrafish is associated with a mild phenotype and is expected due to compensation by Cdx4
and other Cdx family members. However, the knockdown of Cdx4 leads to severe axial
phenotype, further emphasized by the knockdown of Cdx/a, indicating the loss of functional
equivalence (Davidson and Zon, 2006). Similarly, transcriptional regulators of the cohesin
family, Stag! and Stag?2, show compensation at transcript and protein levels (Viny et al., 2019).
However, the compensation is unidirectional, with increased Stag! transcription and protein
level in Stag? KO hematopoietic cells but not vice versa. Also, Stag? and Stagl play a non-
redundant role in hematopoiesis, with a specific role for Stag2 in regulating the balance

between hematopoietic differentiation and self-renewal (Viny et al., 2019).

The exact mechanism of genetic compensation is still unclear. However, based on experimental
evidence from various model systems, multiple mechanisms were postulated, mainly
categorized into DNA damage responses and mutant RNA responses (El-Brolosy et al., 2017).
In the DNA damage response mechanism, damage to the loci of the target gene might cause
reorganization and increased accessibility of the chromatin around the compensating gene,
resulting in its enhanced transcription. Mutations in genes leading to the formation of
premature termination codon (PTC) undergo nonsense-mediated decay (NMD). Evidence from
a zebrafish study shows that the genetic compensation is positively correlated to the degree of
NMD of mRNA. This has been hypothesized that the stable RNA fragments resulting from the
NMD, capable of forming dsRNA duplexes comprised of antisense transcripts from the
compensating locus, can lead to transcriptional upregulation of the compensating gene
(Schuermann et al., 2015). Enhanced expression of the compensating gene was also found at
the translation level involving RNA-binding proteins (RBPs) (Kuwano et al., 2009). Increased
availability of the RBPs due to the unavailability of the target gene might lead to increased
binding to and hence the stability of the mRNA of the compensating gene leading to its
increased translation (El-Brolosy et al., 2017). Also, miRNAs under starvation conditions were
reported to bind to 5’-UTR of the target gene and upregulate its expression (Jacobsen et al.,
2013). Other possible mechanisms involving mRNA could be the pseudouridylation or N6-
methylation of adenosines (m6A)-mediated increased stability and upstream open reading

frames (WUORFs)-mediated translational repression (El-Brolosy et al., 2017).

The scenario of mutual genetic suppression like in the case of Runx family genes is possible

too as Asrij is reported in the nucleus under some contexts (Sinha et al., 2013). However as
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there is no information about whether OCIAD proteins have transcriptional activity or
promoter binding sites this possibility is difficult to test. Bioinformatic analyses too did not
suggest OCIAD protein factor binding sites, as per the data from the TF2DNA database (Pujato
et al., 2014; www.fiserlab.org/tf2dna_db/cite_us.html; Praveen et al., 2020). The strategy of

knocking out OCIAD genes in mice, as reported earlier (Sinha et al., 2019%), and in this study,
are predicted to produce truncated mRNA with PTC. Loss of OCIAD2 did not affect the
transcript levels of asrij but caused an increase in the protein levels, indicating fewer chances
of DNA damage response-mediated and NMD-mediated compensation, but probably due to

RBP-mediated increased translation which needs to be tested.

Mice double knockout for both the ociad genes is the standard approach to test the redundancy
between the OCIAD paralogs. However, the double knockout mice cannot be produced by the
conventional crossing strategies due to the proximity between the two genes. However, mice
double heterozygous knockout for both asrij and ociad? are possible and can help in revealing

the actual effect of OCIAD2 on HSPC biology to a certain extent.

5.11 Role of physical interactions in governing relative abundance and

functional output of OCIAD proteins

Apart from the genetic and translational level, compensation can also occur through protein-
protein interactions (PPIs). Studies show that paralogous genes opt for different functions for
evolutionary success. A significant fraction of paralogous proteins may be functionally
dependent on each other through PPIs, generally by forming heterodimers. Recent studies have
shown that heterodimers of paralogous proteins may maintain a stricter balance in their levels,
increasing the risk of loss of homeostasis upon loss of any monomer (Dandage and Landry,
2019). Also, a recent meta-analysis study indicates that two paralogs might have overlapping
binding partners or interactors. Their relative binding affinity and abundance can dictate the
balance between the paralogs and thus their functional outcome (Sousa et al., 2019).
Interestingly, Asrij and OCIAD2 seem to have different functions in maintaining mouse
hematopoietic homeostasis, interacting with each other and STAT3 as a common interactor
(Sinha et al., 2018, Sinha et al., 2019°). This study adds strength to the earlier reports proposing
the heterodimerization of Asrij and OCIAD2 to execute their functions (Sinha et al., 2018) and
opens new venues to study the possible role of physical interactions governing the relative

abundance and functions of OCIAD proteins.
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5.12 Role of OCIAD?2 in cytoskeletal dynamics

Ociad2"*" KO mice show larger platelets in the blood (Chapter-4) sequentially derived from
the BM megakaryocytes. Proplatelets, the cytoplasmic extensions of BM megakaryocytes
formed in the blood vessel sinuses, break further into preplatelets (~10 um in diameter) and
finally into platelets of 1 to 3 um in diameter (Machlus and Italiano, 2013). This process
involves endomitosis, cytoplasmic remodeling, and fission. The fission of proplatelets is
majorly dependent on the dynamics and stability of microtubules, and expression levels of
Integrin a2P1, as a chains regulate the size of platelets in a direct manner (Kunicki et al., 2012%°;
Habart et al. 2013), suggesting a possible role of OCIAD2 in microtubule dynamics and
stability, supporting its reported role in cell migration (Sinha et al., 2018).

5.13 Inflammation in ociad2?®" KO mice

The presence of splenomegaly, kidney atrophy, impaired renal function, and decrease in RBC
counts and hemoglobin levels in blood suggest a possibility of IL-6-mediated inflammation in
ociad2’®" KO mice (Chen et al., 2013; Akchurin et al., 2019). IL-6-mediated hyperactivation
of JAK/STAT3 signaling in hematological malignancies and solid tumors is well-known
(Johnson et al., 2018). Hence, the increased activation of STAT3 could also be due to a rise in
IL-6 levels in ociad2?®" KO mice. While STAT3 activation is Asrij-dependent, transcript
levels of asrij are governed by the LIF-LIFR-GP130 signaling axis where LIF belongs to the
IL-6 cytokine family (Sinha et al., 2013). This leads to an intriguing question about the possible
role of IL-6 in regulating Asrij levels, which needs to be investigated. Evidence indicates that
the internalization of IL-6 and its receptor can lead to the activation of STAT molecules at early
endosomes (Schmidt-Arras and Rose-John, 2021). Owing to the localization to endosomes and
the regulation of STAT3 activation, the OCIAD proteins may interact with IL-6 signaling
components on endosomes (Sinha et al., 2013; Sinha et al., 2018; Schmidt-Arras and Rose-

John, 2021), which merits further investigation.

75



5.14 Future directions

Additional to the discussed prospective aspects of research based on this thesis, a few more
potential research avenues are listed below.

i.  Transplanting ociad2’®" KO BM HSCs into lethally-irradiated syngeneic wild-type
mice helps to test whether the observed hematopoietic phenotype in the KO mice is
due to the cell-intrinsic property of HSCs.

ii.  Transcript levels of ociad? are elevated in certain leukemia (Bagger et al., 2016),
indicating that a threshold of its expression might be important to maintain normal
hematopoiesis. This hypothesis can be tested through hematopoietic characterization
of ociad2-overexpressing transgenic mice or irradiated mice transplanted with HSCs
overexpressing ociad?.

iii.  Phenotypic rescue following vector-mediated delivery of ociad2 gene in ociad2’®" KO
BM HSPCs help to test whether OCIAD?2 acts upstream of STAT3 and STATS in
mouse BM cells. A similar approach, but to downregulate the expression of asrij in
ociad2’®" KO BM HSPCs will be helpful to test the effect of increased Asrij levels on
the observed phenotype of ociad2?*" KO mice.

5.14 Concluding remarks

Although Asrij and OCIAD2 belong to the same family of proteins, share structural, and
sequence homology, and interact with each other (Sinha et al., 2018) and are expressed in both
HSPCs and differentiated cells of mouse BM (Sinha et al., 2019°), the effects of their knockout
on mouse hematopoiesis are different and most probably play a cell-specific role in maintaining
hematopoietic homeostasis (Figure-5.1). Our work identifies OCIAD2 as a novel endosomal
and mitochondrial regulator of mouse adult hematopoiesis, especially the steady-state
erythropoiesis with possible implications in stress erythropoiesis and underlines the importance
of inter-organ coordination in the regulation of erythropoietic homeostasis (Figure-5.2). It
provides new insights into JAK/STAT signaling regulation in mouse BM. Our work
strengthens the proposition of the essentiality of balance between the OCIAD proteins in
maintaining hematopoietic homeostasis and marks the importance of synchronous analysis of
these paralogs. Also, our study gives new insight into the organelle crosstalk that controls the

hematopoietic response to stress. The ociad? mutant mice reported in this study will be a
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valuable tool to understand hematopoiesis regulation and especially to study anemia, stress

erythropoiesis, and kidney function.
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Figure-5.1: Schematic summarizing the expression profile of OCIAD2 in mouse bone marrow and the
hematopoietic phenotype observed upon its loss. Expression of OCIAD2 decreases with hematopoietic
differentiation (blue gradient map). Loss of OCIAD?2 leads to a prominent phenotype of defective reticulocyte
(retics) production in the BM and is most likely translated into the decreased RBC counts in the PB. Interestingly,
OCIAD2 KO does not affect the overall abundance of HSPCs and their lineage specification ability, probably due
to the hypothesized functional compensation by the increased levels of Asrij in the KO BM. This thesis reports
the importance of OCIAD2 in maintaining mouse hematopoietic homeostasis and strengthens the possibility of
an interplay between the OCIAD proteins in the same. Dashed lines demarcate the simplified three different
categories of hematopoietic cells. Upward blue arrows indicate an increase and downward blue arrows indicate a

decrease. Aspects to be studied are indicated by '?' in pink.
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OCIAD2 in mouse erythropoietic homeostasis
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Figure-5.2: Schematic representing the key anatomical changes in mice upon deletion of OCIAD2 and
possible implications on erythropoietic homeostasis. Factors like erythropoietin (Epo) and hepcidin secreted
by the spleen and liver (indicated by black angular arrows), respectively, are the primary regulators of the steady-
state erythropoiesis in the BM and the stress erythropoiesis in the spleen. Loss of OCIAD?2 leads to kidney atrophy
and splenomegaly in mice, indicating impaired erythropoietic regulation and stress erythropoiesis. Cellular
analyses reported in this study indicate an affected cell migration (indicated by red angular arrows) probably
playing a role in the splenomegaly. This thesis hints at a possible role of OCIAD?2 in multiple tissues coordinating
RBC production and provides a new mouse model to study inter-organ communication in maintaining

erythropoietic homeostasis.
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Appendix 1: Details of the antibodies

I. Antibodies and Kkits used for fluorescence activated cell sorting (FACS):

S. No. Antibody/Kit Catalog Number, Dilution Dilution
Company (flow cytometry) (immuno-
fluorescence)
1. | Annexin V Apoptosis 556547, eBioscience
Detection Kit I:
Annexin-FITC 1:100 -
2. | BD Hematopoietic Stem
and Progenitor Cell
Isolation Kit: 560492, BD Biosciences
-Lineage cocktail (APC) 1:100 -
-c-Kit/CD117 (PE) 1:100 -
-Scal (PE-Cy7) 1:100 -
-CD34 (FITC) 1:100 -
-7-AAD 1:100 -
3. | CD48 (APC) 17-0481-82, eBioscience | 1:100 -
4. | CD150 (FITC) 11-1502-82, eBioscience | 1:100 -
5. | CD11b (FITC) 553308, BD Biosciences | 1:40 -
6. | CD19 (FITC) 553785, BD Biosciences | 1:40 -
7. | CD3 (FITC) 561798, BD Biosciences | 1:100 -
I1. Antibodies and Kkits used for magnetic activated cell sorting (MACS):
S. No. Antibody/Kit Catalog Number, Dilution
Company (MACS)
1. | ¢c-Kit/CD117 microbeads | 130-091-224, Miltenyi 1:5
2. | Direct Lineage Cell
Depletion Kit 130-110-470, Miltenyi
-Lineage microbeads 1:4
3. | Scal microbead kit: 130-092-529, Miltenyi
-Scal (FITC) 1:5
-FITC microbeads 1:5
ITI. Antibodies and kits used for immunofluorescence and Western Blotting:
S. No. | Antibody Catalog Number, Dilution (immuno- | Dilution
Company fluorescence) (Western
Blotting)
1. | Asrjj ab91574, Abcam 1:500 1:2000
2. | GAPDH G9545, SIGMA - 1:4000
3. | OCIAD2 SAB3500119, SIGMA 1:100 1:2000
4. | pSTAT3 (Y705) 9145, CST - 1:2000
5. | pSTATS (Y694) 9359, CST - 1:2000
6. | STAT3 9139, CST - 1:2000
7. | STATS 9363, CST - 1:2000
8. | Vinculin V4505, SIGMA - 1:2000
9. | B-Tubulin T4026, SIGMA - 1:500
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Appendix 2: Details of the reagents

S. No. | Reagent Cat. No., Company Working
concentration
1. | Methocult M334, STEMCELL -
Technologies
2. | MG-132 M7499, SIGMA 10 uM
3. | Protease Inhibitor (PI) cocktail P8340, SIGMA 1:100
4. | MACS columns 130-042-401, Miltenyi -
5. | Giemsa stain solution 48900, SIGMA 1:2 in water
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To D(e)rive or Reverse: The Challenge
and Choice of Pluripotent Stem Cells
for Regenerative Medicine
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Abstract

The immense potential of pluripotent human stem cells in transforming modern
medicine is undeniable. Less than two decades since human embryonic stem cells
(hESCs) were first derived, several clinical trials with hESC derivatives are under-
way. Though human-induced pluripotent stem cell (iPSC) lines are accepted by a
wider community for use in research and therapy, issues of maintaining stem cell
potency and achieving efficient differentiation are common to hESCs and iPSCs.
While iPSCs are considered more accessible and acceptable, it is increasingly
clear that iPSCs will be of limited use in autologous therapy. Hence haplobanks
are being established for use in regenerative medicine. The additional cost of
reprogramming to and characterizing iPSCs compared to deriving hESCs brings
into question their suitability for regenerative applications in the Indian scenario,
given the limited facilities and resources available. Here we discuss the impor-
tance of making an informed choice for the Indian context.
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Abbreviations

ART Assisted reproductive technology
BAC Bacterial artificial chromosome
CAS9 CRISPR-associated protein 9

cGMP Current good manufacturing practices
ChIP Chromatin immunoprecipitation
CRISPR Clustered regularly interspaced short palindromic repeats
EBNA Epstein-Barr virus nuclear antigen
ESC Embryonic stem cells

ES-like Embryonic stem cell-like

HLA Human leukocyte antigen

iPSC Induced pluripotent stem cell

iPSCs Induced pluripotent stem cells

IVF In vitro fertilization

miRNA or mir MicroRNA

mRNA Messenger RNA

OKSM Oct3/Oct4, Sox2, KlIf4, and c-Myc
OriP Plasmid origin of replication

6.1 Introduction

The challenge of human pluripotent stem cells is the choice between moving for-
ward or in reverse. We have an abundant natural resource in human embryos — a
system that inherently knows how to make pluripotent cells. Is it then worth the time
and effort, not to mention money, required to reinvent the wheel for regenerative
purposes? While there are obvious reasons that support efforts to reprogram somatic
cells for research purposes, their utility for regenerative purposes, especially for
India, is not clear at this point.

6.2 Human Embryonic Stem Cells and Applications

Human embryonic stem cells (hESCs) were first derived in 1998 [1], and the first
clinical trials with hESC-derived progenitors were an unbelievable 10 years later
[2]. This was astounding not only because of the immense potential that stem cell-
derived therapies offered but also the speed with which the new science of human
pluripotent stem cells had progressed to clinical trials. This is reflected in the
intense research that is being carried out during the last two decades, to develop
hESC-based therapies (Fig. 6.1). In contrast, most drugs that make it to a compa-
rable stage of clinical application require investments possibly larger than that
required for hESCs and often much longer periods of time to understand and
manipulate the molecule of interest. In this regard, the fact that hESC research
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Fig. 6.1 Number of publications reporting (a) Application of hESCs in non-therapeutic/basic
research (total number = 5864). (b) Application of hESCs in therapeutic research (total num-
ber = 1409) between 1998 and 2016 (Source: Web of Science, retrieved July 10, 2016, from http://
apps.webofknowledge.com/; Key search terms for (a) human embryonic stem cells, not therapy
and (b) human embryonic stem cells and therapy; refined the search for article, correction, retrac-
tion, letter, and clinical trial)

was backed by a whole new community of talented scientists applying wisdom of
basic research helped.

6.3  Induced Pluripotent Stem Cells and Applications

The discovery of induced pluripotent stem cells (iPSCs) similarly gave birth to a
new breed of stem cell biologists, several times larger than the hESC community.
This discovery allowed new ideas, research models, and technology to flourish, and
no doubt has made stem cell research accessible to all in the scientific community.
This is reflected in the greatly increased number of iPSC-based publications com-
pared to hESC (Fig. 6.2). An appraisal of this field provides an idea of how easily
iPSC technology can be adapted and applied to different fields of biological research
(Fig. 6.3).

Being able to ride upon the shoulders of about a decade of hESC research,
iPSC research has progressed rapidly. Several new and improved methods of
reprogramming to pluripotency or to intermediates were discovered. This also
helped develop newer approaches such as directed differentiation. However, as
the discovery of iPSCs completes a decade, the road to the clinic seems longer.
Contrary to expectations, iPSCs have not made it to clinical trials faster than
hESCs. This is not to say that their potential is any less or that efforts are insuf-
ficient. In fact, the possibilities that open up when starting with somatic cells are
far more than with pluripotent stem cells. However, it must be acknowledged that
this is just the nature of the beast — it requires much more time and money than
hESC research to reach a comparable stage of having bona fide pluripotent cells.
This is reflected in the number of different analyses required for characterizing
iPSCs compared to hESCs (Table 6.1).
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Fig. 6.2 Number of 14,000
publications in the research

areas of hESCs (1998—

2016; total number = 8738) 12,000

and iPSCs (2006-2016;
total number = 11,620)
(Soyrce: Web of Science, 10,000
retrieved July 29, 2016,

(%]
from http://apps. IS
webofknowledge.com/; T 8000
Key search terms: human 3
embryonic stem cells a
OR hESCs and induced kS
pluripotent stem cells E 6000
OR iPSCs; Refined the g
search for article, z
correction, report, letter, 4000
case report, and clinical
trial)
2000
0
hESCs iPSCs
Area of research
a MHematology ;83 M Immunology (Life M Immunology (Health m Micro and molecular
m Neurology ; 141 science) ; 32 science) ; 28 biology ; 60

M Medical specialities ; M Hematology ; 34

B Cytology ; 743 B Neurology ; 44 M Cytology ; 296

W Cardiology ; 154 B Medical specialities ;,

M Micro and molecular

biology ; 180 | Cardiology ; 70

B Therapeutics ; 192 W Genetics ; 224 W Genetics ; 73

B Therapeutics ; 83

™ Medical Education ; B Medical Education ;

W Biotechnology ; 400 M Biotechnology ; 97

Fig. 6.3 Overview of adaptation of (a) iPSCs in general and (b) only human iPSCs, across vari-
ous branches of biological research along with the number of publications during the last decade
(Source: J-Gate, retrieved July 16, 2016, from http://jgateplus.com/; Key search terms for (a)
induced pluripotent stem cells and (b) induced pluripotent stem cells and human)
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6.4 Comparison Between hESCs and iPSCs

hESC derivation involves harvesting naive pluripotent cells of the morula or inner
cell mass of the human blastocyst by one of several means and coaxing them to
grow in culture with chosen protocols [20, 21] (Fig. 6.4). Pluripotent cells that can
adapt to and grow in the in vitro conditions can easily be distinguished from

Derivation of human embryonic stem cell lines

| Obtain appropriate ethical clearances for the project |

/

| Informed consent from donors |

l Day

| Obtain spare (fresh/cryopreserved) human embryos |

'

| Culture embryos to appropriate stage |

!

| Expanded blastocyst |

Inner cell Large, Small, Indistinguishable

mass distinct distinct

l l

Zone removal by Partial-embryo Whole-embryo
immunosurgery culture culture

{

| Plate ICM and culture on feeder / matrix |

{

y
[ et e |

Fig. 6.4 Flowchart depicting key steps involved in and factors to be considered for derivation of
hESCs. The time taken for generating sufficient cells for cryopreservation and characterization is
21-30 days

Documentaion

Embryo quality

Derivation method
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| Derivation of human induced pluripotent stem cells (iPSCs) |

45-60 days

Obaining ethical
clearances for the project
and informed consent
from the donor

Culturing of cells;
Collection of biopsy; Generation of stocks if feasible;
Sterility and quality check modification of donor cells if
required (e.g. transformation)

Identifying appropriate
cellftissue source from
control/patient donors

Choice of reprogramming
method (viral/non viral;
integrating/non-integrating)

Stage 1

Introducting
Stage 2 reprogramming factors
into the target cells

Harvesting and
expanding of ES-like
colonies.

Repeating cycles of Changing culture
induction, if necessary conditions

Culturing of iPSCs and
cryopreservation

N

20-60 days
(depends of the method of iPSC production)

Stage 3 Characterization of iPSCs

Fig. 6.5 Schematic showing the general outline of deriving human iPSCs. Various methods of
characterizing iPSCs are given in Table 6.1

imposters on the basis of gene expression profiles and also by their ability to prolif-
erate indefinitely and capability of differentiating to derivatives of the three primary
germ layers in vitro or in vivo. In contrast, several factors are to be considered
before reprogramming of somatic cells to pluripotency. The source of cells is a pri-
mary concern, as availability, viability, and ease of accessing the tissue are impor-
tant factors in determining the success of the reprogramming protocol. Derivation
of somatic cells from the tissue, reprogramming, and characterizing them take lon-
ger compared to hESCs (Fig. 6.5).

Further, given the low efficiency of well-established reprogramming methods
available to date, cell number available and the ability to expand the desired primary
cells in culture are also major factors. Few recent reports of high-efficiency repro-
gramming are promising [22, 23]. However, it is not clear whether they apply to all
cell types and ages, indicating that several parameters of reprogramming remain to
be defined and optimized. Table 6.2 provides an overview of commonly used tech-
niques, cell source, and efficiency of reprogramming.

Progenitors or lineage-specific stem cells have shown better efficiency of repro-
gramming compared to terminally differentiated cells [38]. A couple of recent
reports of reprogramming with nearly 95-100% efficiency are promising [22, 23].
It is hoped that these methods could be generally applicable to other cell types.
Rapid reprogramming could also significantly reduce associated costs and make
iPSC a more feasible option for use in regenerative medicine. However, several
safety issues and the extra cost of additional characterization remain. It should also
be noted that only derivation methods for generating research grade hESC and iPSC
lines are compared here. cGMP level derivation for clinical or therapeutic applica-
tion requires several additional procedures and parameters like maintenance of
xeno-free conditions, regular checking for genomic alterations and pathogens, etc.
These are to be controlled in both cases — but especially for iPSC.

Additionally, the risk of undesired somatic mutations present in the donor cells
is a serious consideration. Choice of reprogramming method, genetic changes intro-
duced during reprogramming, and epigenetic inconsistencies are also of concern.
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Genetic changes can be easily detected by whole genome sequencing; however this is
expensive and time-consuming and requires access to bioinformatics expertise.
Epigenetic changes also could vary depending on tissue source, age of individual, etc.
Finally, multiple clones need to be tested, though some methods claim that testing a
single colony is sufficient.

6.5  Pluripotent Stem Cell Generation in the Indian Context

It must be mentioned that all of the above factors have been investigated thoroughly
by several eminent groups, and a few have been chosen and validated by consensus
from consortia or large groups like the International Stem Cell Initiative (ISCI).
However, these are feasible, both economically and technically, only in groups
endowed with significant funding and access to core facilities with all the required
expertise. Such environments are hard to come by in India. While serious and success-
ful efforts are underway to create the requisite setup for iPSC or somatic cell repro-
gramming such that it will be reliable and rapid. This promises to remain in the
domain of very few academic and commercial institutes in India, given the limited
expertise and funding available. It should be noted that the primary driving force for
these projects has been the desire to aid fundamental research and not toward using
iPS cells for therapy. This is rightly so, given the complexity of choosing tissue source,
additional time required as compared to hESC derivation, cost of reprogramming, and
cost of analysis.

6.6 Stem Cell Choice

The case of regenerative medicine is quite different from that of basic research. As
with hESCs, successfully reprogrammed somatic cells that are pluripotent, i.e.,
iPSCs, are also expected to be capable of generating all cell types. However, all
pluripotent human stem cells presently come with the challenge of being able to
differentiate them successfully and efficiently to the desired lineage and functional
cell type. Research conducted in the last 5 years showed that this may not be a con-
cern at least for deriving cardiomyocytes [39], erythroid cells [40], and neuronal
cells [41] to some extent. Further, it is not clear whether differentiation to a pure
population or a set of related or cooperating cell types is preferable for regenerative
purposes. In the case of iPSCs, this is further complicated by the fact that differen-
tiation ability to a given lineage is greatly influenced by the source of cells in terms
of tissue type, presence of stem cells or precursors, and age of the donor. Thus one
has to question whether the time and money spent making somatic cells pluripotent
are worth it when the starting material, i.e., pluripotent hESCs can be generated eas-
ily, quickly, efficiently, and cost-effectively.

A major application of iPSCs has been in research, especially the ability to gen-
erate patient-derived iPSCs that allow one to model various diseases in vitro. The
genetic changes that accompany the disease can thus be identified, analyzed, and
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corrected as desired. However the recent advent of quick, efficient, and low-cost
genome-editing technologies, especially the CRISPR/CASY system, allows multi-
ple desired changes to be incorporated in the human genome quickly and efficiently,
at a significantly lower cost [42—-45]. Thus the flexibility and reliability of human
genome manipulation are greatly increased and can be applied to several contexts.
While the risk of off-target changes and safety concerns regarding the cells gener-
ated still exist, these concern fewer parameters for hRESCs than for iPSCs. An impor-
tant consideration is that epigenetic changes accompanying the patient-generated
iPSCs may be missed. However, while these are likely to be important for research,
targeted genome manipulation of wild-type hESCs allows the researcher to control
changes and possibly deal with fewer unknowns than for iPSCs.

6.7 Haplobanks

Given the prohibitive cost of autologous iPSC generation for personalized regenera-
tive medicine, several efforts are underway to generate clinical grade iPSC banks
which represent all HLA types —a haplobank. HLA genes are inherited in a Mendelian
dominant manner, and in humans they are located on chromosome 6, an autosome.
Hence offspring are haplo-identical to their parents, and siblings may have 50% or
less similarity between each other [46]. This, along with conditions like ethnic diver-
sity, demographics, etc., allows one to arrive at the minimum number of homozygous
HLA-typed lines/donors for iPSC and hESC lines, so as to cover a given population
[47-49]. India has around 55 endogamous populations with a high level of genetic
and haplotype diversity, which is clustered mostly on the basis of ethnicity and lan-
guage [50]. In such a scenario, a single bank of cell lines cannot serve the needs of
the entire Indian population. Establishing multiple banks of HLA-typed ESCs or
HLA-typed iPSCs could be a feasible solution [46].

Conclusion
The need for haplobanks defeats the argument that iPSCs will allow autologous
stem cell therapy, as was hoped. In light of this, it is clear that a hESC haplobank
will be far more cost-effective and easier to generate. Surplus embryos are the
only source of hESCs. Depending on the quality of the embryos and age of the
female recipient, a maximum of two embryos are implanted in any of up to three
attempts [51]. The rest are frozen for future attempts or given for research pur-
pose. In 2014, it was reported that in India, nearly 85,000 ART (assisted reproduc-
tive technology) cycles are done per year. As per the above information, there can
exist a large surplus resource of spare embryos available for research [52].
Similarly, the large number of surplus embryos from in vitro fertilization (IVF)
available the world over should make this very feasible. It will also cut down the
cost of sample acquisition and donor trauma often experienced in obtaining cells
for reprogramming. However, the resistance to this route seems to be rooted in
religious opposition to hESC rather than scientific rationale. Fortunately, this is
not a bias that is promoted in India.
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The OCIAD protein family: comparative
developmental biology and stem cell application
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ABSTRACT Over the last two decades, an exponential growth in technologies and techniques
available to biologists has provided mind-boggling quantities of data and led to information over-
load. Yet, answers to fundamental questions such as “how are we made?” and “what keeps us
ticking?” remain incomplete. Developmental biology has provided elegant approaches to address
such questions leading to enlightening insights. While several important contributions to devel-
opmental biology have come from India over the decades, this area of research remains nascent.
Here, we review the journey in India, from the discovery of the ociad gene family to decoding its
role in development and stem cells. We compare analysis in silico, in vivo and ex vivo, with devel-
opmental models such as Drosophila, mouse and stem cells that gave important insight into how

these clinically significant genes function.

KEY WORDS: OCIAD1/2, stem cell, hematopoiesis, development, disease

Introduction

Application of approaches from the natural and computational
sciences, engineering as well as mathematics allow deep analysis
at the single cell as well as single molecule resolution, thus help-
ing one build models and theories of biological processes at the
systems level. Yet, how a single unit of life, the cell, co-exists and
functions in concert with millions or billions of others in complex
multicellular organisms, seems indiscernible. Biologists continue
to seek more information to understand principles of development
and dysregulation in disease. Here, we use the example of the
ociad gene family to discuss how a comparative approach using
invertebrate and vertebrate developmental models revealed new
modes of cell fate regulation and gave insight into gene function.

Navigating uncharted territory: identification of a new
gene family

The first member of the ociad gene family was discovered about
twenty years ago as an expressed sequence tag (EST) identified
in a gene trap screen in mouse embryonic stem cells (MESCs),
aimed atfinding regulators of cardiovascular development (Stanford
et al., 1998). Subsequently, the first draft of the human genome
sequence in 2000, identified a corresponding human-expressed

sequence, suggesting gene conservation. AcDNAlibrary generated
from ascites fluid of human ovarian cancer patients subsequently
showed the presence of this gene sequence, leading to the name
Ovarian Carcinoma Immunoreactive Antigen 1 (ocia1) (Luo et al.,
2001). Its expression in mice was tracked by the reporter beta-
galactosidase and subsequently confirmed by transcript and protein
analysis in mESCs (Mukhopadhyay et al., 2003). High level of
expression of this gene in undifferentiated pluripotent cells declined
rapidly during their differentiation and persisted predominantly in
early mesoderm and blood vascular precursors in vitro. This led the
gene to be named as asrij (Sanskrit: blood). Meanwhile, a revised
draft of the human genome and homology searches revealed the
presence of another gene (1810027120Rik), initially reported by
Strausberg et al., in 2002, that shared sequence similarity to ocia1
(found through the National Institutes of Health Mammalian Gene
Collection project), hence named ocia2. Later, the expression of this
gene was reported in a proteomic study of the mitochondrial inner
membrane of mouse liver cells and also verified by immunostaining

Abbreviations used in this paper: ARF1, ADP-ribosylation factor 1; hESC, human
embryonic stem cell; JAK/STAT, Janus kinase/signal transducer and activator of
transcription; KO, knockout; LPA, lysophosphatidic acid; mESC, mouse embryonic
stem cell; OCIAD, ovarian carcinoma immunoreactive antigen domain; PTM,
post-translational modification; T'SS, transcription start site.
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(Da Cruz et al., 2003). Almost a decade later, its association with
ovarian cancer was reported (Nagata et al., 2012). Interestingly,
these two genes were identified to be neighbors and syntenic in
human and mouse, raising several possibilities regarding their
provenance. Sequence conservation was restricted to within 120
amino acids of the N-terminal of the two proteins and this region
was conserved in vertebrates as well as the newly sequenced
invertebrate genomes such as that of Drosophila melanogaster.
Hence, the names were edited to Ovarian Carcinoma Immuno-
reactive Antigen Domain containing 1 and 2 (ociad? and ociad2).

Membrane
Cytoplasmic

What’s in a name?

The general conventionin biology to name genes and cells based
on their deciphered aberrant phenotype aids analysis yet leaves
a lot of unknowns. Where, when and how this identity arose and
whether it is relevant in the context of a tissue or organism, often
remains a mystery. Subsequent reports in the literature revealed
that ociad genes were associated with several diseases, including
a variety of carcinomas as well as neurological disorders (Han et
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al., 2014; Nagata et al., 2012; Sengupta et al., 2008; Wu et al.,
2017). We chose to address the genes by their more informative
names- asrij, meaning blood, and for want of functionalinformation,
its neighbor ociad2 was named padosan (Hindi: neighbor). While
Drosophila and mouse asrijwere named earlier and are accepted,

convention dictates that the human orthologs be referred to as
ociad1 and ociad2, though this gives no insight into gene function.

All in the family: OCIAD1 and OCIAD2

Although there was increasing information regarding the ex-
pression of ociad1/2 genes in human carcinoma tissues, their
function remained a mystery. The lack of homology of the OCIAD
proteins to any known protein domain and absence of predicted
structures apart from the two short helices led to classifying these
proteins as a two-member family. The OCIA domain bearing two
helical stretches is the most distinctive and highly conserved fea-
ture of this family. OCIAD1/Asrij, the first protein of this family to
be discovered, is predominantly expressed in the blood vessels
(Inamdar, 2003; Mukhopadhyay et al., 2003), and plays important



roles in regulation of blood stem cell maintenance, hematopoiesis
and immunity (Khadilkar, Ray et al., 2017; Khadilkar et al., 2014;
Kulkarni, Khadilkar et al., 2011; Sinha et al., 2013). OCIAD2, the
other member of the family, which is implicated in several cancers
and certain neurodegenerative disorders (Han et al., 2014; Nagata
et al., 2012; Wu et al., 2017), was predicted to have risen from a
tandem gene duplication event from an invertebrate ociad gene,
sometime during the Ordovician and Silurian eras, as detailed
elsewhere (Sinha et al., 2018).

Inmost vertebrates, the ociad1and ociad2genes are located on
opposite strands in a tail-to-tail orientation, mapping to chromosome
4inhumans and chromosome 5in mice. Moreover, the gene synteny
is strongly conserved across vertebrate species with the flanking
genes fryland cwh43 or dcun1d4 (Sinha et al., 2018) (Fig. 1A). In
mice and humans, the ociad1 gene has 9 exons while ociad2 has

ociadl
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7, the first exon being non-coding. The terminal codon of ociad1
is also non-coding, whereas that of ociad2is partially non-coding.
Multiple isoforms have been reported for both ociad1 and ociad2,
suggesting complex regulation of these genes. Interestingly, a
brain-enriched shorter isoform of ociad1 lacking exon 8 has also
been reported in mice (Mukhopadhyay et al., 2003) and humans
(Luo et al., 2001) whose importance in neuronal development and
disease remains unexplored.

Although the structures of the OCIAD proteins have not been
elucidated, the N-terminal OCIA domain has a high degree of
sequence conservation (Fig. 1B) and is essential for regulation of
multiple signaling pathways, cellular processes and localization
(Sinha et al., 2019a; Sinha et al., 2018; Sinha et al., 2013). This
domain is predicted to harbor two transmembrane helices that
likely have opposing orientation in the membrane (Fig. 1C). On
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Fig. 2. Comparison of the RNA expression of ociad7 and ociad2 in fetal and adult tissues of humans and mice as represented in the NCBI

database (www.ncbi.nlm.nih.gov).
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the other hand, the C-terminal non-OCIA domain region of these
proteins is predicted to be intrinsically disordered (Sinha et al.,
2018; Sinha et al., 2013), functionally dispensable and to have a
dominant negative function in Drosophila and mESCs (Sinha et
al., 2018; Sinha et al., 2013).

Humble beginnings - the fruit fly

An early hint of the normal in vivo role for Asrij came from
analysis of the asrijexpression pattern during Drosophila embryo-
genesis. Asrij is expressed in anterior and mesodermal regions
of the embryo and its expression preceded that of known hema-
topoietic transcription factors. Further, a chromosomal deficiency
that removed asrij abolished embryonic blood cells (hemocytes)
(Inamdar, 2003). The gene expression pattern coupled with the
fact that it is expressed in all hemocytes (Kulkarni, Khadilkar
et al., 2011) pointed to an apparent role for Asrij in Drosophila
hematopoiesis. Asrij depletion from the lymph gland, the primary
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site of Drosophila larval hematopoiesis, led to a reduction in Col-
lier* niche cells and domeless* prohemocytes accompanied by
increased numbers of P1+ plasmatocytes and Lozenge* crystal
cells as well as hyperproliferation of lymph gland lobes (Kulkarni,
Khadilkar et al., 2011). Consistent with the aberrant hematopoietic
phenotypes observed in asrij mutant lymph glands, Asrij contrib-
utes to regulation of blood cell homeostasis through the control
of multiple signaling pathways such as the Notch, JAK/STAT, Pvr
and insulin signaling, mostly via its interaction with the ubiquitous
trafficking molecule, ADP-ribosylation factor 1 (ARF1) (Khadilkar et
al., 2014; Kulkarni, Khadilkar et al., 2011; Sinha et al., 2013). More
recentwork showed that Asrij differentially modulates humoral and
cellular immunity and that loss of Asrij or ARF1 leads to reduced
survival and lifespan upon infection (Khadilkar, Ray et al., 2017).
While Asrij does not affect plasmatocyte-mediated phagocytosis,
it is essential for anti-microbial peptide production through the Imd
pathway and regulates crystal cellmelanization and phenoloxidase
activity. Moreover, upon infection, Asrij expression is perturbed,
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Fig. 3. Comparison of expression of OCIAD (ovarian carcinoma immunoreactive antigen domain) proteins in various human tissues, as shown
in the GeneCards database (www.genecards.org). Both proteins have a similarity in their expression pattern. OCIAD1 expresses in a greater number
of tissues and cell types compared to OCIADZ2, which is more lineage-restricted, especially in the circulatory system.
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Fig. 4. Comparison of the RNA expression of ociad (ovarian carcinoma immunoreactive antigen domain) genes in various human cancers as
depicted in The Cancer Genome Atlas database (www.cancergenome.nih.gov). /n contrast to the lower expression relative to ociad1 in normal
human tissues, ociad2 seems to be expressed at higher levels in some cancer tissues.

indicating that it is required for mounting immune responses in
Drosophila (Khadilkar et al., 2017). In agreement with previous
reports, analysis of the larval lymph gland proteome showed that
Asrij affects expression of several known regulators of Drosophila
hematopoiesis, immunity and lymph gland development (Sinha
et al., 2019b).

Interestingly, while insects express only one copy of the OCIAD
protein (Asrij/OCIAD1), vertebrates express two (Asrij/OCIAD1
and OCIAD2). Mammalian OCIAD1 and OCIAD2 are expressed
in blood stem cells (Nestorowa et al., 2016; Phillips et al., 2000)
and implicated in several blood cell disorders (Arai et al., 1987;
Bagger et al., 2019; Jundt et al., 2008; Nestorowa et al., 2016;
Nigrovic et al., 2008; Wolf et al., 2019), which suggests these
proteins may function in vertebrate hematopoiesis. Recently, we
showed that Asrij is necessary for maintaining quiescence of bone
marrow hematopoietic stem cells in mice (Sinha et al., 2019a).

Mammalian ociad1/2 genes

In vitro analysis of mouse early embryonic development using
differentiation of stem cells, showed high OCIAD1/Asrij expres-
sion levels in mESCs, hinting at a role in stem cell maintenance.
Nevertheless, Asrij expression is dynamic and prominent in
early hematopoietic cells, like blood islands, and to a certain
extent in the early vasculature. Interestingly, Asrij expression is
detected earlier to that of Flk1, suggesting a probable role in the
specification of Flk1* cells, which needs to be investigated further
(Mukhopadhyay et al., 2003). Reporter mice revealed a detailed
expression pattern of Asrij in fetal mouse, corroborating the in
vitro results (Mukhopadhyay et al., 2003). Asrij is expressed at
multiple stages, predominantly in the cardiovascular system.
As mentioned earlier, an isoform lacking the coding exon 8 is
enriched in the adult mouse brain (Mukhopadhyay et al., 2003).
Additionally, databases also provide a quantified expression of
Asrij in various fetal and adult tissues of both mice and humans
(www.ncbi.nIm.nih.gov/gene/54940#gene-expression; www.ncbi.
nim.nih.gov/gene/68095#gene-expression), as shown in Fig. 2.
Similar expression pattern of Asrij across species, suggests a

probable conserved function.

Like ociad1, ociad2 is also expressed in mESCs (Tapial et
al., 2017), but at a relatively lower level. Reminiscent of the
dynamic expression pattern of ociadl, as described above,
ociad2 is expressed in various tissues (www.ncbi.nim.nih.
gov/gene/433904#gene-expression; www.ncbi.nlm.nih.gov/
gene/132299+#gene-expression) and may play a tissue-specific
role, which warrants further investigation (Fig. 2). Brain, liver and
kidney show higher protein expression than heart, bone marrow,
spleen and testis (Sinha et al., 2018). A comparison of the expres-
sion pattern of OCIAD proteins in humans is given in Fig. 3, which
shows that OCIAD2 is expressed in a more lineage-restricted
pattern as compared to OCIAD1.

OCIAD proteins are highly expressed in various human cancers,
as depicted in Fig. 4. Interestingly, while ociad2 is expressed at
lower levels compared to ociad? in normal tissues, its level often
exceeds that of ociad1 in several cancers. The role of OCIAD1/2
proteinsin cancers and other diseasesis discussed in greater detail
in the later part of this review. In spite of the diverse expression of
ociad1/2genes in various tissues and cancers, very little is known
about their regulation. While the regulation of ociad1 is yet to be
reported, expression of ociad2 is regulated by survival motor
neuron (SMN) protein and erythropoietin in a context-dependent
manner (Mille-Hamard et al., 2012; Zhang et al., 2013). Addition-
ally, ociad2 expression can also be regulated by DNA methylation
in various cancers, as discussed in the later part of this review.

Binding of transcriptional regulators to the promoters, upstream
and downstream elements of the target genes is a prerequisite
for gene regulation. Reports indicate that ociad1/2 genes are
bound by various transcriptional regulators both upstream and
downstream to their transcription start sites (TSSs), as summa-
rized in Fig. 5. Signal transducer and activator of transcription
(STAT) family proteins such as STAT1, STAT3 and STAT5 bind to
regulatory elements upstream to ociad1 TSS. Transcription factor
activity of STAT proteins plays important roles in mediating many
aspects of cell proliferation, apoptosis, migration, immunity and
differentiation (Calo et al., 2003; Levy et al., 2002). On the other
hand, transcription factors such as RFX5, CEBPG, SP4 etc. bind
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Fig. 5: Schematic showing the binding of various transcription factors to the ociad7 (red) and ociad2 (blue) gene sequences, both upstream
and downstream of the transcription start site (TSS). Names in orange represent the human proteins and in purple represent the mouse proteins.
Tables show binding position and strength and the promoter location [(Pujato et al., 2014); www.fiserlab.org/tf2dna_db/cite_us.html].

to regulatory elements upstream of ociad2 (Pujato et al., 2014)
and these may play important roles in modulating its expression
(Fig. 5). Although studies to elucidate the transcriptional regulatory
networks of ociad1/2 genes remain to be performed, it is likely that
these networks strongly dictate the expression profiles of these
genesundernormal as well as diseased conditions. Further studies
will help in dissecting the regulation of ociad1/2 genes.

While gene expressionis primarily regulated by a transcriptional
network, protein function, localization and turnover can also be
regulated by post-translational modifications (PTMs) such as
phosphorylation, methylation, ubiquitylation, efc. Several high-
throughput studies show multiple PTMs of OCIAD1/2 (Hornbeck
et al., 2015). Interestingly, while most of the OCIAD1 PTMs are
serine phosphorylation, the majority of OCIAD2 PTMs are ubig-
uitylation (Fig. 6). Although the effect of the various PTMs is yet
to be explored, these have been reported in a diverse spectrum
of cell types such as hESCs, certain hematopoietic and cancer
cell lines, suggesting that these modifications may play important
roles in regulating the multifarious array of functions performed by
OCIAD1/2 proteins (Hornbeck et al., 2015).

Modeling early mammalian development

An important component missing from in vitro analyses is time!
Development and its principles are evident only to the keen and
patient observer of seemingly ordinary events that could give
extraordinary insights. Building a complex system successfully is
only a part of the challenge- keeping it going and maintaining it
requires a whole new set of rules and toolkit. Increased complex-
ity requires more time for analysis, which is a luxury one cannot
generally afford. Use of stem cells as a model provides a partial,

yet crucial solution to this.

The early stages of mammalian development are character-
ized by the maintenance of a developmentally plastic, pluripotent
stem cell population that eventually gives rise to all types of cells
present in a mature organism through the process of differentia-
tion. While this journey from a pluripotent stem cell to a cell with a
differentiated fate encompasses a series of events, studying the
first few stages of maintenance to loss of pluripotency can help
in predicting the role of genes during development. The OCIAD
family of proteins are clinically important, yet, their normal function
remains unknown. Early studies showed their importance in stem
cell maintenance, suggesting a developmentally important role.
OCIAD1/Asrij function has been closely associated with the main-
tenance of pluripotency of mESCs, which asserts its significance in
mammalian development. Overexpression of OCIAD1 in mESCs
increases proliferation, with a greater percentage of cells in the
S-phase of the cell cycle, compared to OCIAD1-depleted mESCs
(Sinha et al., 2013). Further, OCIAD1 levels directly correlate with
stem cell self-renewal capacity. Leukemia inhibitory factor (LIF)-
mediated activation of JAK-STAT signaling is absolutely essential
for the maintenance of pluripotency in mESCs (Van Oosten et al.,
2012; Williams et al., 1988). In the absence of exogenous LIF,
ociad1/asrij transcript levels decreased as mESC differentiation
proceeded, shedding light on the involvement of the protein during
pluripotent stages of development. OCIAD1, through its endocytic
localization, could facilitate STAT3 phosphorylation at tyrosine 705
in a LIF-independent manner, leading to STAT3 activation and
further transcription of key pluripotency markers - oct3/4, sox2,
nanog, thereby promoting the state of pluripotency in these cells.
Moreover, OCIAD1 negatively regulates phospho-Erk levels in
mESCs, which, in turn, is essential to maintain ground-state plu-



ripotency (Sinha et al., 2013).

Human embryonic stem cells (hESCs) represent the epiblast
stage and hence differ from mESCs in their requirement of LIF-
induced JAK-STAT signaling. JAK-STAT pathway activation via LIF
induction is not sufficient to maintain hESCs in an undifferentiated
state, highlighting the differences in molecular mechanisms that
maintain pluripotency across these two systems (Daheron et al.,
2004). Hence, unsurprisingly, modulating OCIAD1 levelsin hESCs
showed no apparent effect on hESC pluripotency. However,
OCIAD1-depleted hESCs were more poised towards differentiat-
ing into mesodermal lineages upon receiving external cues when
compared with wild type (WT) and OCIAD1 overexpressing (OV)
hESCs. Interestingly, OCIAD1 resides primarily in the mitochondria
inhESCs, underpinning its association with mitochondrial function.
OCIAD1 negatively regulates complex | activity of the electron
transport chain, thereby pushing the hESCs to depend more on
glycolysis than on oxidative phosphorylation, an established prop-
erty of most stem cells (Shyh-Chang et al., 2017). As most aspects
of mitochondrial biology such as energy metabolism, morphology,
reactive oxygen species (ROS) production areiinterrelated, OCIAD1
modulated hESCs also exhibit altered signatures of morphology and
ROS levels. Additionally, OCIAD1 regulates hESC differentiation
towards the mesodermal lineage by regulating various aspects of
mitochondrial biology (Shetty et al., 2018).

] OCIAD1

100 |
90
80
70
60+
50
40

30

Total number of references

20

o ad

OCIAD proteins in development and beyond 219

Signaling and cellular phenotype of OCIAD1/2 proteins

Cell signaling and cellular phenotypes are intricately connected
and unraveling their regulation is crucial for understanding biologi-
cal processes. OCIAD1/2 proteins are evolutionarily conserved
and are also implicated in several pathological conditions. Hence,
they regulate multiple signaling pathways in different species in a
context-dependent manner. As mentioned earlier, Asrij regulates
the Notch, JAK/STAT, Pvr and insulin signaling pathways, in order
to maintain the hemocyte progenitor pool in Drosophila (Khadilkar
etal.,2014; Kulkarni, Khadilkar et al., 2011; Sinha et al., 2013). Asrij
is also essential formounting and modulatingimmune responsesin
Drosophila by regulating the Imd and Toll pathways, in association
with ARF1 (Khadilkar, Ray et al.,2017). Arecent proteome analysis
of the asrij mutant Drosophila lymph glands revealed additional
pathways and processes that are under the control of the Asrij-
ARF1 axis. Interestingly, 27% of the affected proteins have human
homologs implicated in diseases (Sinha et al., 2019b).

The relevance of insight gained from studies on Drosophila Asrij
to human development and disease was further strengthened by
the recent analysis of asrij null (knockout; KO) mice. Just as in
Drosophila mutants of asrij, KO mice too develop a blood disorder
(Sinha et al., 2019a). Hematopoietic stem cell (HSC) quiescence
is lost leading to increased stem and progenitor cell numbers and
a myeloproliferative disorder. Though
Drosophilalack true blood stem cells, the
similarity of phenotypes such as hyperpro-
liferation of posterior lobe progenitors and
increased myeloid differentiation suggests
homologous pathways and functions that
can now be tested. In support of this, we
found that the Drosophila lymph gland
proteome indicated a key role for the
ubiquitin-proteasome systemin regulating
hematopoiesis. Interestingly, asriiKO mice
also showed increased accumulation of
polyubiquitinated proteins. Importantly,
this had a direct outcome on blood cell
homeostasis. We showed that the COP9
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conductedinhESCs. Lysophosphatidic acid (LPA)-mediated signal-
ing acts upstream to OCIAD1/Asrijin mESCs, hESCs and ovarian
cancer cells (Sengupta et al., 2008; Shetty et al., 2018; Sinha et
al., 2013). OCIAD1 affects cellular adhesion through components
of the extracellular matrix in an LPA-dependent manner, while
increasing the functional implication of B1-integrin in the above
process. OCIAD1 phosphorylation on certain serine residues
was also suggested to be a downstream effect of LPA stimulation,
although the importance of this is unclear (Wang et al., 2010).

OCIAD2 also promotes activation of STAT3 of JAK/STAT pathway
and is required for migration and invasion but not proliferation in
HEK293 cells. Nevertheless, overexpression of OCIAD2 did not
lead to increased cell proliferation or migration (Sinha et al., 2018).
This may be a cell- and context-specific function of OCIAD2, since
it shows the opposite effect in hepatocellular carcinoma (HCC)
cells and patients, by downregulating Akt, FAK and MMP9 medi-
ated signaling (Wu et al., 2017). This suggests differential roles
of OCIAD2 based on its level of expression, as in general, its
expression is higher in cancerous tissues. OCIAD2 enhances the
activity of gamma-secretase complex to produce amyloid-g fibrils
from AP precursor proteins in Alzheimer’s disease, by interact-
ing with Nicastrin and C99 proteins. It does not regulate Notch
signaling. Interestingly, OCIAD1 does not interact with Nicastrin
and C99 proteins (Han et al., 2014). TGF-p and BMP signaling
pathways act upstream to OCIAD2 as shown in peripheral blood
mononuclear cells of mouse and humans (Classen et al., 2010),
and in hair follicles of Liaoning Cashmere goat (Jin et al., 2018).
Thus, OCIAD1/2 proteins control and are controlled by cross-
regulatory signaling pathways. Further studies will help elucidate
the mechanistic role of these proteins, which can be tailored or
adapted in a context-specific manner. The known cellular effects
of OCIAD1/2 proteins are summarized in Fig. 7.

The detailed mechanism of how OCIAD1/2 proteins affect STAT3
activation is not clear. OCIAD1/Asrij was shown to colocalize with
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STAT3 on Rab5* endosomes. Since OCIAD1 is not known to have
any enzymatic activity but has an unstructured region, it likely acts
as a scaffold to facilitate the activation of STAT3. Recently, OCIAD2
was also shown to be essential for STAT3 activation. Both OCIAD1
and OCIAD?2 interact with each other and localize to Rab5* early
endosomes suggesting a possible scaffolding function for OCIAD2
as well (Sinha et al., 2018; Sinha et al., 2013).

Location, location, location! Endosome-mitochondria
crosstalk

An important outstanding question in biology is how intracel-
lular organelles coordinate molecular processing, signal genera-
tion and regulation of the cell state. While our understanding of
this process continues to evolve, unraveling how the intricate yet
dynamic and overlapping molecular signaling networks generated
atvarious intracellular locations coordinate specific developmental
processes remains a challenge. It is becoming increasingly clear
that endogenous, intracellular signaling regulates organelle func-
tion, dynamics and replication; and additionally, organelles also
play an active role in initiating and relaying signals (Gough, 2016).
Recent studies show that control of signaling networks extends
beyond soluble cytosolic proteins and transcription factors and that
membrane-bound organelles such as endosomes, mitochondria,
endoplasmic reticulum (ER), Golgi body and nucleus along with
components of the vesicular transport machinery can affect spatial
and temporal control of cell signaling (Ghibelli et al., 2012).

Several databases (www.genecards.org/, www.uniprot.org/,
compartments.jensenlab.org/) and previous reports on OCIAD1
(Kulkarni, Khadilkar et al., 2011; Mukhopadhyay et al., 2003;
Shetty et al., 2018; Sinha et al., 2013) show that this molecule is
primarily localized to early (Rab5*) endosomes and mitochondria.
In hESCs, OCIAD1 shows high colocalization with mitochondria
and little or no colocalization with endosomes (Rab5+and Rab11+),
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Fig. 7. Cellular processes mediated by OCIAD1 (red) and OCIAD2 (blue). Key proteins involved in mediating the cellular processes are indicated,
where known, along with references. '?’ indicates that the molecular mediators are yet to be identified. Solid lines represent the data with evidence,

dotted line represents speculation or data to be validated.
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Golgi bodies and lysosomes (Shetty et al., 2018).

OCIAD2 is also predicted to localize to mitochondria and en-
dosomes, which was verified in HeLa (Han et al., 2014), HEK293
(Sinha et al., 2018) and A549 cells (Sakashita et al., 2018).
OCIAD2 localizes to lipid rafts during the process of forming active
gamma-secretase complex and also to mitochondria-associated
ER membrane (MAM) (Han et al., 2014). Recently, OCIAD1/2
proteins were shown to colocalize and interact with each other
via their OCIA domain (Sinha et al., 2018) and this explains the
overlapping subcellular localization.

Localization of a protein, when coupled to the knowledge of its
interacting proteins can aid in understanding its function. OCIAD1/2
proteins, as mentioned above, localize mainly to early endosomes
or mitochondria, in a context-dependent manner and interact with
specific proteins at their location. In hESCs, OCIAD1 interacts with
mitochondrial proteins such as TIMMDC1, NDUFS3, COXIV and
ATP5A (Shetty et al., 2018). Interestingly, the Drosophila lymph
gland proteome revealed mitochondrial metabolism and oxidative
phosphorylation as key deregulated categories in asrij mutants
(Sinha et al., 2019b). Thus, further investigation of the role of Asrij
in Drosophila blood cell mitochondria is likely to shed light on its
metabolic role in mammalian systems too.

In HEK293 cells, OCIAD1/Asrij, interacts with STAT3 on Rab5*
endosomes (Sinha et al., 2013). In mouse CD150* HSCs, Asrij
colocalizes with Rab4, Rab5, Cox4 and CSN5, but not with Rab11
(Sinha et al., 2019a). Further, Asrij interacts with and sequesters
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CSN5 viaits N-terminal domain and controls the ubiquitin-mediated
degradation of p53 (Sinha et al, 2019a). On the other hand,
OCIAD?2 also interacts with STAT3 (Sinha et al., 2018) and also
with mitochondrial proteins (Tables 1 and 2). Further, it interacts
with and regulates the stability of Nicastrin, one of the four compo-
nents of the gamma-secretase enzyme, via the peptide sequence
184CEXCK™%, located in its hydrophilic C-terminal region (Han et
al., 2014). Since OCIAD1 and OCIAD2 interact with each other via
their OCIA domain, this raises the possibility that they might have
highly conserved roles and their functions may be cooperative or
redundant with common regulators (Sinha et al., 2018).
Apartfromthe above-reported studies, databases like BioGRID,
STRING and STITCH suggest that OCIAD proteins may interact
with many other proteins and play a versatile cellular role. The
various interactors of these proteins, segregated as per the cel-
lular compartment using g:Profiler (https://biit.cs.ut.ee/gprofiler/),
are listed in Tables 1 and 2, which is quantitatively represented in
Fig. 8A. Since both OCIAD proteins localize to mitochondria, we
quantitatively represent the number of mitochondrial interactors (Fig.
8B) and their spatial distribution within the mitochondria (Fig. 8C).
A comparative analysis shows that fewer interactors are reported
for OCIAD2 as compared to OCIAD1, both in humans and mice.
The importance of organelle level crosstalk in the regulation
of cell biology is being increasingly recognized. Very recently, the
“kiss and run” interaction between endosomes and mitochondria
has been reported, confirming a direct interaction between these
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subcellular compartments (Das et al., 2016). Since OCIAD pro-
teins localize to these subcellular compartments and interact with
proteins that localize dynamically (e.g. STAT3), it is highly likely
that OCIAD1/2 proteins might be involved in mediating organelle
crosstalk and in regulation of signaling pathways, probably by their
scaffolding function (Sinha et al., 2013) (Fig. 8D).

Implications in disease

Although the developmentalrole of OCIAD1/2 proteins has come
to light from studies on mESCs and hESCs, the association with
various diseases is also intriguing. OCIAD1 owes its name to the
factthatit wasidentified in patients suffering from metastatic ovarian
cancers, contemporary to the studies in the developmental context.
Expressionof OCIAD1 is higherin metastatic ovarian cancer tissues
as compared to their benign counterparts. Additionally, it plays a
role in secondary recurrence of the disease in an LPA-dependent
manner and also promotes metastasis (Sengupta et al., 2008;

Wang et al., 2010). In contrast, in thyroid cancer, OCIAD1 does
not promote metastasis (Yang et al., 2012).

Asrij/OCIAD1 also regulates immune function in Drosophila
(Khadilkar, Ray et al., 2017) and interestingly is associated with
multiple infectious diseases (Cheng et al., 2012; Kammula et al.,
2012). A brain transcriptome study, identified OCIAD1 as a key
interactor of the HIV-Nef protein, along with other membrane
proteins (Kammula et al., 2012). Upon infection by Toxoplasma
gondii, OCIAD1 interacts with Rop18 kinase to facilitate pathogen-
esis (Cheng et al., 2012). Analysis of the lymph gland proteome
indicated that several human diseases may be implicated upon
Asrij perturbation such as mitochondrial disorders, myelination
dysregulation, hypertrophic cardiomyopathy, among others (Sinha
etal., 2019b). In mice, absence of Asrij triggers loss of quiescence
and myeloid-biased proliferation of HSCs. While Asrij is required
for the regulated production of common lymphoid progenitors
(CLPs) and B lymphocytes in mice, its role inimmune homeostasis
remains to be explored. However, importantly, asrij KO mice are

TABLE 1

LIST OF INTERACTORS OF OCIAD1 AND OCIAD2 IN HUMANS AS PER BIOGRID, STRING AND STITCH DATABASES

Cytoplasm Mitochondria Nucleus Golgi Vesicle Exosome Endosome Cytoskeleton Endoplasmic reticulum
OCIADI OCIAD2 OCIADI OCIAD2 OCIAD1 OCIAD2 OCIADI OCIAD1 OCIAD2 OCIAD1 | ociap2 OCIAD1 OCIAD2 OCIADI | ociap2 OCIADI OCIAD2
ABCD3 APP ABCD3 ILF3 ATADI, 3A APP ARF1,3,4,5 APP ARF1,3,4,5 APP ARF1,3,4,5 APP ARF1 APP AKAP14 APP ATP2A2 APP
AFG3L2 ARFIP1 AFG3L2 NDUFCI ATF7 COMMDS CLU ARFIPI ATP2A2 MMGT1 BAX NCSTN EXOC8 MMGT1 CAPZB MCM2 BAX MMGT1
AKAP14 COMMDS ATAD3A UBC ATP2A2, 5H, 50 GABRBI GNAS MMGTI BAX NCSTN BLVRA UBC FLOTI UBC CCT4 SYNPO2 CLU NCSTN
ARF1,3,4,5 ILF3 ATPSH, 5, 50 BAX ILF3 UST NCSTN BLVRA UBC CAPZB LPARI CLU CTDNEP] UBC
ATADI, 3A MMGT1 BAX CIQBP MCM2 CAPZB CCT4 RABSC FLOTI1 CYBSR3
ATF7 NCSTN CI1QBP CCT4 MMGT1 T4 CHCHD3 UBC SHMT2 TMEM67
ATP2A2, 5H, 5J, 50 NDUFCI CHCHD3 CHCHD3 RNF2 CHCHD3 CLU VPS2! STOML2 UBCA
BAX SYNPO2 CISD1 CLU SYNPO2 CLU CPVL TMEM67
BLVRA UBC CLPB CTDNEP1 TIGD4 CPVL ECHI
C1QBP CLU EGLN3 UBC CYBSR3 FLOT1
CAPZB COX6AL, C, 7A2, 18 ELAVLI ECH1 GNAS
CCT4 CYBS5R3 FLOT1 EXOC8 PCBP1
CHCHD3 ECH1 FUNDC2 FLOT1 RABSC
CISD1 FUNDC2 GNAS GNAS RALB
CLPB IPPK LPARI SHMT2
CLU MTCH2 MOV10 PCBP1 SLC25A1
COX6A1,6C, TA2, 18 MTX1 MTCH2 RABSC UBC
CTDNEP1 NDUFA4, A9, BI, NDUFASY, BI, 82, 83 RALB VPS25
CYBSR3 NDUFS2, 83, 8§, V1 IXF1 RGL4
ECH1 PMPCB PCBP1 SHMT2
EGLN3 POLDIP: POLDIP2 SLC25A1
ELAVL1 scol SDHB TMEM67
EXOC8 SDHB SHMT2 UBC
FLOT1 SHMT2 SLC25A1 VPS25
FUNDC2 SLC25A1 STOML2
GNAS STOML2 SYCE3
GNAT2 TIMM44, 50, DC1 TIMMS0, DC1
IMMT TOMMS, 20, 40 UBC
IPPK UBC UNK
LANCL1 uQce2 uQcc2
LPARI USMGS VPS25
MOV1o YMEILI XPO1
MTCH2 YMEILI
MTX1 ZNF629, 682
NDUFA4, A9, BI,

NDUFS2, 83, S8, V1
NXF1
PCBP1
PMPCB
POLDIP2
RABSC
RALB
RGL4
Sco1
SDHB
SHMT2
SLC25A1
STOML2
TIMM44, 50, DC1
TMEM67
TOMMS, 20, 40
BC
UNK
uQcc2
USMGS
usT
VPS25
XPO1
YMEILL
‘?”indicates the necessity of further validation to confirm the cellular compartment of interaction.
TABLE 2

LIST OF INTERACTORS OF OCIAD1 AND OCIAD2 IN MICE AS PER BIOGRID, STRING AND STITCH DATABASES

Cytoplasm Mitochondria Nucleus Golgi
ARF1 ARFIPT COXI8 ETEDH | ATRAID GABRBI ARF1 ARFIPI
ARF2 DDIT4L TIMMDC1 LIAS CSN5(?) SYNPO2 ARF2 NCSTN
ARF3 ETFDH VPS25 NDUFC1 TIMMDC1 TIGD4 ARF3
ARF4 GABRBI VPS25 ARF 4
ARFS LIAS ZFP629 ARF 5
ARFS NCSTN UBACI
ATRAID NDUFC1
CAPZB SYNPO2
CoxXI8
CSN5 (7)
TIMMDC1
UBACI
VPS25

Vesicle Exosome Endosome
OCIAD1 OCIAD2 | OCIADIL OCIAD2 | OCIADIL OCIAD2
ARF1 NCSTN CAPZB’ — ARF1 — CAPZB
ARF2 VPS25

Cytoskeleton Endoplasmic reticulum
OCIAD1 OCIAD2 || OCIADI OCIAD2

SYNPO2 — NCSTN

ATRAID
CAPZB
UBACI
VPS25

“?” indicates the necessity of further validation to confirm the cellular compartment of interaction.



viable, fertile and do not show any gross abnormalities, thereby
providing a good model for understanding human myeloprolifera-
tive neoplasms (Sinha et al., 2019a).

OCIAD2 is expressed prominently in the areas of papillary
proliferation, infiltration and stromal invasion of ovarian mucinous
cancer (Nagata et al., 2012) and could be a better marker for ma-
lignancy detection, as compared to OCIAD1 and carcinoembryonic
antigen (CEA). Patients of Alzheimer’s disease (AD) and PDAPP
mice (model for AD) show elevated expression of OCIAD2 in their
brain tissues (Han et al., 2014). Interestingly, a recent study shows
apositive correlation between the expression levels of OCIAD1 and
disease severity in vulnerable brain areas and dystrophic neurites
of the AD mouse model via the AB/GSK-3B3-OCIAD1-BCL-2 axis
(Li et al., 2020). Increased OCIAD2 expression leads to blood
vessel and lymphatic invasion, lymph node metastasis and directly
correlates with clinical outcome in patients suffering from invasive
lung adenocarcinoma (Sakashita et al., 2018). Nevertheless, this
correlation of OCIAD2 expression seems to be cancer-specific.
Low expression of OCIAD2 has also been linked to tumor malig-
nancy. Aberrant DNA methylation coupled to downregulation of
ociad2 expression is implicated in the pathogenesis of paediatric
hepatoblastoma (Honda et al.,2016). Ingeneral, aging and chronic
inflammation are known to cause aberrant DNAmethylation and lead
to cancers such as gastric cancer, colitic cancer and hepatocellular
carcinoma (HCC) (Chiba et al., 2012). Ociad2 is hypermethylated
leading to lower expression and associated with metastasis in
hepatoblastoma, ovarian cancer, glioblastomaand HCC (Kim etal.,
2010; Matsumura et al., 2012; Noushmehr et al., 2010). Addition-
ally, in hepatoblastoma patients, lower expression of ociad2 also
causes hepatic vein invasion, poor prognosis and survival (Honda
etal., 2016). Ociad2 mRNA is overexpressed in gliomas with poor
prognosis (Nikas, 2014, 2016; Zhang et al., 2014). The significant
downregulation of ociad2 in HCC tissues compared to that of the
surrounding non-tumor tissues is due to the hypermethylation of
TSS 200, TSS 1500, 5-UTR, first exon and gene body of ociad2
(Wu et al.,, 2017). On the other hand, hypomethylation of ociad2
is detected in chronic lymphocytic leukemia (Kulis et al., 2012).
Malignant pleural mesothelioma, triple-negative breast cancer me-
diated brain-metastasis and BRAF WT melanoma are some more
clinical situations with lower expression of OCIAD2 (Gueugnon et
al.,2011; Su etal.,2012). Varying expression of OCIAD1/2 proteins
in different cancers indicates their context-specific expression and
probably their function.

Blood relatives: of mice, women and fruit flies

When examined in the context of evolution, the comparative
developmental analysis provides a potent mix of information that
helps analysis of genes and their function. Here we review the
journey from discovery to decoding that helped decipher the roles
of the OCIAD family that is conserved in function and sequence
across multiple species and to understand their clinical relevance.
Mutations that affect both alleles or parents are likely to be lethal
at pre-implantation or very early in development and hence un-
tractable. In Drosophila, asrijlociad1 expression is restricted to
tissues that are not essential for viability- as there is only one gene
(Inamdar, 2003). Interestingly, mice depleted of ociad1/asrij are
not lethal, in spite of its requirement for maintaining pluripotency
in mESCs (Sinha et al., 2019a; Inamdar et al., 2018; Sinha et al.,
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2017). However, Asrij plays a critical role in maintaining quiescence
of HSCs and balancing their differentiation to the myeloid and
lymphoid lineages (Sinha et al., 2019a). Further studies will shed
light on the conserved function of OCIAD proteins and elucidate
their role in hematopoiesis across species. The Leukemia MILE
study (Bagger etal.,2019) shows that myeloid expansion disorders
(e.g. Acute myeloid leukemia (AML), Chronic myelocytic leukemia
(CML) and myelodysplastic syndrome (MDS)) are associated with
extremely low levels of p53 and OCIAD1 expression, whereas CSN5
expression is upregulated in these disorders. This resemblance to
the mouse KO phenotypes highlights the utility and significance
of our evo-devo approach to study the OCIAD family of proteins.

Summary: looking ahead

Initially identified in ovarian cancers, OCIAD family proteins,
were later found to be misexpressed in many other human cancers
and diseases. It is very interesting to note that the expression
of ociad2 is low in normal human tissues compared to ociad1,
however, this is not the case in many cancers. A tightly regulated
balance between expression levels of ociad1 and ociad2 may
be essential for the prevention of cancers. While mechanisms
regulating this balance are being addressed, ociad1 and ociad2
could nevertheless serve as biomarkers for cancer classification
leading to better prognosis and treatment. While vertebrate ociad
genes are contiguous, their opposite orientation suggests that their
proximal regulatory sequences are independent, though they may
share common enhancers and epigenetic regulators. Despite the
fact that both OCIAD1 and OCIAD2 localize to mitochondria, the
protein-protein interaction databases show fewer interactors for
OCIAD2. A deeper analysis of their individual and mutual regula-
tion is essential for understanding theirimportance in development
and disease.

Alarge number of diseases are now being recognized as having
links to subtle developmental aberrations- especially neurological
and behavioral disorders (Inzitari et al., 2008). This emphasizes the
importance of encouraging research in developmental biology, for
a better understanding of various pathological conditions. This is
especially important for and feasible in India, where clinical studies
in conjunction with basic research benefit from the availability of
a large cohort of patients at various early and advanced stages of
diseases. Vertebrate developmental biologists are a rare species
in the country and in danger of becoming extinct unless actively
propagated.
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