Biochemical Analysis of HYALZ2: Studies of patient mutations and

identification of interacting proteins

by

Promita Ghosh

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
in partial fulfillment of the requirements of the degree of

Master of Science

Department of Biochemistry and Medical Genetics
Faculty of Health Sciences
University of Manitoba
Winnipeg

Copyright © 2021 by Promita Ghosh



ABSTRACT

Hyaluronic acid (HA) is abundantly present in the extracellular matrix (ECM) and reported to
have a functional role during embryonic development. Among ECM components, HA has one of
the fastest rates of turnover and is facilitated by hyaluronidases (HYALs). HYAL1 and HYAL?2
are the predominant HY ALs associated with the HA catabolism in somatic tissues. HYAL2
being a GPIl-anchored cell-surface hyaluronidase is presumed to generate HA fragments (10-20
kDa) from large-sized extracellular HA (>200 kDa) followed by further degradation in the
lysosomes into tetrasaccharides. Hyal2 knockout (KO) mice displayed craniofacial abnormalities
and severe pre-weaning lethality. High frequency ultrasound of Hyal2 KO mouse hearts revealed
atrial dilation and 50 % of Hyal2 KO mice exhibited a triatrial heart (cor triatriatum). Two
separate mutations- K148R and P250L in HYAL?2 were found to be associated with syndromic
cleft palate. Recently, whole exome sequencing revealed seven new HYALZ2 variants and we
hypothesized that these gene variants interfere with the cellular role of HYAL2 by affecting its
stability and cell-surface localization. Very low or a complete absence of expression were
observed from the variants and the cell-surface localization of HYAL2 were severely
compromised. Our biochemical analysis confirms that these seven variants are novel HYAL2

mutations.

Levels of HA during different stages of embryonic development are finely regulated. The action
of HYAL2 towards HA removal can be explained by the excessive accumulation of HA in Hyal2
KO mouse tissues. But, assaying the activity of HY AL2 directly has been a challenge in the field
likely due to the lack of enough information on its mechanism of action. We speculate that
HYAL2’s activity is regulated to allow its activation only at specific times. Searching for
possible interacting protein partners of HY AL2 can provide mechanistic insight into the HYAL2
regulation. We employed proximity labeling system to report a library of possible interactors of
HYALZ2 that can be further validated experimentally to delineate their cellular function in the
HYAL?2 interactome. The results reported herein, define an extensive network of interactions of
HYALZ2 that may facilitate identification of HY AL2 regulators which can be pivotal to assay the
activity of HYALZ2 in the future.
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CHAPTER 1: INTRODUCTION AND BACKGROUND



1.1. Hyaluronic acid (HA) - an overview

The extracellular matrix (ECM) serves as the non-cellular backbone of all tissues and is widely
involved in development and differentiation *. Constant remodeling and turnover make ECM a
dynamic entity. Hyaluronan/hyaluronic acid (HA) is one of the most abundant and unique
components of the ECM. In 1934, Karl Meyer identified HA as a component of the vitreous
humor?. The term ‘hyaluronic’ was derived from the Greek word ‘hyalos’ meaning glass. In
contrast to other glycosaminoglycans (GAGS), it is not sulfated nor protein-bound and is
composed of repeating polymeric disaccharides of D-glucuronic acid and N-acetyl-D-
glucosamine®. HA is synthesized in the cell membrane instead of the Golgi and ultimately
released into the extracellular space. It is particularly abundant in loose connective tissues such
as the skin and synovial fluid 4°. Based on previous studies in rat and other species, it is
estimated that skin contains 50% of the total HA, 25% is found in the skeleton and joints, and the
rest is present in brain, kidney, lung and muscle*. High levels of HA are also present in visceral
organs and the developing embryo®.

Physico-chemical properties including viscoelasticity, high moisture retention capacity, high
biocompatibility, and hygroscopic properties make HA an excellent lubricant, shock absorber,
joint structure stabilizer, and water balance and flow resistance-regulator ’. Available data
suggest physiological roles of HA in cell-differentiation, tissue injury and wound-healing. HA
also provides the backbone for vessel formation or angiogenesis and fibroblast migration 37. A
HA-enriched matrix promotes cell migration and proliferation crucial during early

developmental processes and regeneration stages in tissue remodeling *.

Data suggest that the functional role of HA depends on its size. HA of high molecular mass
(HMM-HA), that is a mass of greater than 1000 kDa, promotes epithelial-to-mesenchymal
transition (EMT) and is antiangiogenic and immunosuppressive. Low molecular mass HA

(LMM-HA) inhibits EMT and exerts inflammatory and angiogenic properties 2 8.



Figure 1. 1 Chemical structures of HA

Disaccharide unit (A) and HA tetrasaccharide (B)- The hydrophilic functional groups and the

hydrophobic moieties are shown in blue and yellow respectively, while the hydrogen bonds are

represented by green dashed lines [Figure from Polymers 2018, 10, 701; doi:10.3390] (Open

access enabled)
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1.2. HA turnover

Among all ECM components, HA undergoes the fastest turnover with orchestrated synthesis and
degradation. HA has a rapid constitutive turnover with 5 g of the total 15 g of HA present in a 70
kg individual, turned over daily 8°. The half-life of HA is tissue-specific. HA has a half-life of
about 2-5 min in blood'?, 2.5 days in the skin'?, and up to 18 days in cartilage when it is
aggrecan-bound 2. About 30 % of daily HA is degraded locally where it is synthesized,
followed by 70 % of HA entering the lymphatics*. HA levels increase during vertebrate
development and wound-healing and decrease during differentiation which points to a regulated
HA anabolism and catabolism. Though there are speculative models regarding the internalization
of HA by receptor-mediated uptake and breakdown that have been proposed, identifying the
players has been challenging®. Identification of only two genetic disorders of HA metabolism

gives the impression that a defect in the turnover pathway may be embryonic-lethal.

1.2.1. Synthesis of HA by HA synthases (HASS)

HA is synthesized in the plasma membrane instead of the Golgi apparatus where other GAGs are
synthesized. HA is synthesized by the HA synthases (HASs) which are glycosyltransferases
embedded in the plasma membrane. HASs function by catalyzing the addition of UDP-D-
glucuronic acid (GlcA) and UDP-N-acetyl-D-glucosamine (GIcNAc) monomers in an alternate
fashion to make linear HA polymers 2. In mammals, three HASs- HAS1, HAS2 and HAS3
which are isoenzymes, produce HA of different molar masses and at different rates 4. Genes
encoding HAS1, HAS2, an HASS3, are located on 19q13.3, 8924.12, and 16¢22.1 regions of the
human genome respectively 1°. HAS1 is the least active of the three and produces HMM-HA
from 2 X 10° to 2 X 10° Da and HAS? is catalytically more active compared to HAS1 and
synthesizes HA chains >2 X 10° Da. HAS3 appears to have the highest rate of synthesis but
produces HA molecules with MW lower than 3 X 10° Da °.

Variation in the sizes of HA may be required to regulate its diverse biological roles within an

organism. The three HAS enzymes are expressed throughout the mammalian lifespan, but HAS2



is broadly expressed during early development while HAS3 expression is more evident in adult
tissues 6. The differences in HAS expression at different stages in various tissues suggested an
important role during mammalian development, and subsequent knockout studies of different

HASs showed the importance of these genes in normal physiology and disease development 17:
18

HAS gene expression and HA synthesis rely on growth factors, cytokines and kinases which may
be cell or tissue-specific. The responses of HAS genes toward a specific stimuli are not constant
as exemplified by the dose-dependent downregulation of HAS3 but upregulation of HAS1
expression, observed in human fibroblast-like synoviocytes® 13, Among three HAS enzymes,
HAS?2 is recognized as a major contributor to HA production during embryogenesis °. HAS2
deficiency in the mouse is embryonic lethal at E (embryonic day) 9.5 due to the failure of
endocardial cushion development and EMT for valve and septa formation 2%, This defect was
shown to be corrected by addition of exogenous HA in ex vivo explant cultures of cardiac
cushions from HAS2 KO embryos 2. This suggested that HA regulated a cellular signal to
control development during embryogenesis. Studies aiming to determine if HAS2 is involved in
other abnormalities included a tissue-specific inactivation of Has2 in the mouse skeleton and

suggested that HA is an essential component of limb development 22,

HAS1 expression in mice is highest during early gastrulation 22 and initial studies from targeted
disruption of Haslappeared to be normal 23. Although alterations in the mRNA and mutations in
Has1 have been found to be associated with multiple myeloma and B-cell malignancies, the
relationship between the phenotypes and role of HAS1 remains unknown 2425 Although, HAS3
is the most active of the HASS, its expression was found only in ectoderm-derived organs.
Studies from Has3 KO as well as Has1/Has3 double KO mice showed minor phenotypic
changes, including altered neuronal activity and increased resistance to ventilator-induced lung

injury?e.

HASs are critical mediators of physiology and tissue-maintenance. The aberrant expression of
HAS leads to thickened skin and folding 4 and is associated with the increased risk of serious

pathological events including tumorigenesis and several malignancies * 2.



1.2.2. Degradation of HA by hyaluronidases (HYALS)

Complete degradation of HA to monosaccharides requires the catalytic functions of both the
endoglycosidase- hyaluronidase, and the exoglycosidases p-N-acetyl-D-hexosaminidase and -
D-glucuronidase?’. The hyaluronidase enzyme was discovered in 1928 and has since been
described to have catalytic activity against HA, a repeating polymer composed of glucuronic acid
(GlcA) and N-acetylglucosamine (GIcNAc). The HA polymer is first hydrolyzed at the f1-4
linkage between GlcA and GIcNAc. The resulting fragments then act as a substrate for the -D-
glucuronidase, revealing GleNAc, which is the substrate for B-N-acetyl-D-hexosaminidase?® and
hyaluronidases. Hyaluronidases are members of the glycosidase family 56 group of hydrolases?°.
Based on mechanisms of enzyme catalysis, HY ALs were grouped into three classes-
mammalian, leech and microbial hyaluronidases. The first two classes of mammalian and leech
HYALs degrade HA by hydrolyzing the glycosidic bond whereas the microbial HY AL degrades

HA by a B-elimination reaction to form a double bond in the product.

1.3. Mammalian hyaluronidases

In humans, hyaluronidase-related genes are found as a cluster of two groups of three. On
chromosome 3p21.3, three hyaluronidase-related genes, HYAL1, HYAL2 and HYAL3 have been
localized and an additional cluster of three genes, HYALP4, HYALP1 and PH20/SPAML1 are
found on chromosome 7g31.3%. HYALP1 is not translated into a protein-product because of an
internal stop codon. The remaining five human hyaluronidases share a 22-42% identity in their
amino acid sequences, which suggests a gene duplication event that formed a cluster of three
genes that was subsequently duplicated on a second chromosome?®. In mouse, the orthologous
hyaluronidase genes are clustered in two groups of three on chromosome 9 (Hyal2, Hyal1,
Hyal3) and chromosome 6 A2 (Hyal4, Spam1 and Hyalpl), respectively. The numbering of
these genes is a product of genetic studies that identified several candidate lung cancer tumor

suppressor genes in humans, including LuCa2, LuCal and LuCa3 which were later identified as



hyaluronidases®® 32. Apart from these six hyaluronidase-like genes another hyaluronidase gene,

Hyals, is found on chromosome 633

Figure 1. 2 Model for HA Turnover

HAS1 synthesizes low levels of HMM-HA (2 x 10°), HAS2 produces significantly more HMM-
HA (2 x 10°) and HAS3 is the most active of the HAS enzymes but produces LMM-HA(2 x 10°).
HYALZ2 resident on the cell-surface, in coordination with CD44, degrades HMM HA into
intermediate sized fragments which are internalized and transported through the endosome into
the lysosomes to be degraded by HYALL1 into tetrasaccharides or LMM HA. [Figure from doi:
10.1152/ajpregu.00332.2011] (Open access enabled)
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1.4. Distribution and characterization of mammalian hyaluronidases

Gene expression studies showed that only the human and mouse genes encoding HYAL2,
HYALL1 and HYAL3 are broadly expressed in somatic tissues. The HY AL4-encoding gene is
primarily expressed in placenta®® and expression of the SPAM1-encoding gene is restricted to the
male reproductive tract3. HYAL4 is thought to be a chondroitinase®® and no activity has been
associated with HYAL3%, Only HYAL1 and HYALZ2 are thought to play a significant role in

HA degradation in somatic tissues.

1.4.1. Activity of mammalian hyaluronidases

Most biochemical characterization of the hyaluronidases has been done on HYAL1 because it
was the first to be isolated and was readily assayed. Although HYAL1 was present in very low
concentrations in human serum, it showed high specificity towards HA3?, HYAL1 had an acid
pH optimum and could degrade HA of all sizes®’. Several assays have been developed to
determine the activity of hyaluronidases including the Reissig assay®, a microtiter-based
ELISA®, and HA-substrate gel zymography. In HA-substrate gel zymography, a native gel is
prepared containing HA and hyaluronidase activity is measured semi-quantitatively by analyzing
the size and completeness of clearing the gel*?. Measuring the HY AL2 activity using these
approaches has been challenging. Several studies failed to show any activity associated with
HYALZ2, possibly because of weak activity or a requirement for other cellular partners for its
activity*-*5, The optimum pH for HYAL2 activity has been reported as both acidic and near
neutral* %5, possibly reflecting the differences in the structure of the enzyme or possibly the
presence of HYALL. The model proposed for HA degradation suggested HY AL2 required a
Na*/H* exchanger NHE1 for the acidification of its local environment and this exchanger could
be one of the additional components HYAL2 needs for its activity*?. Moreover, some other
studies also reported HYALZ2 and HYALL1 activity required concomitant expression of cell
surface receptor, CD44% possibly another important candidate required for the quantification of
activity. Characteristics of the substrate HA also differs between HYALL and HYAL2. While



HYALL appears to be active against the lysosomal pool of HA, HY AL2 appears to be active
towards extracellular HA. Considering the nature of HY AL2’s function, additional studies are

required to develop a robust assay to measure its activity.

1.4.2 Hyaluronidase 1 (HYALL)

The HYAL1/Hyallgene is comprised of 7 exons which encode several alternatively spliced
MRNA species that can be translated into a 435 amino acid protein®?. HYALL1 is an acid-active
enzyme that can cleave HA to fragments as small as tetrasaccharides by hydrolyzing the 31-4
glycosidic bond between GIcA and GIcNAc®2. Almost all human tissues express HYAL1
MRNA, but it is most highly expressed in tissues where HA degradation is highest like the liver,
kidney, spleen and bone marrow*®. Studies of HYAL1 from murine macrophage showed that it is
synthesized as a 52 kDa protein that is primarily secreted out of the cell and re-internalized by
endocytosis where it undergoes proteolytic cleavage and transforms into a 48 kDa mature
protein®’. Further analysis suggested that serum HYALL1 gets endocytosed by liver sinusoidal
cells*8, Studies from HEK 293 cells suggested HYAL1 function depends on the presence of the
CD44 receptor, supporting previous studies showing the requirement for a receptor for HA
internalization to the lysosome®. The crystal structure of HYAL1 showed it was an o/f barrel
with the active site residing in the center of the barrel*®. Structure/function studies have indicated
that residues identified to be critical for catalysis in the bee venom hyaluronidase are conserved
in HYAL1%,

HYAL1 deficiency caused abundant HA accumulation in the lysosomes of macrophage and
fibroblasts of joint tissues, resulting in mucopolysaccharidosis (MPS) X, which is primarily
characterized by an arthritis-like phenotype involving multiple joints®. A mouse model of

HYALL1 deficiency also exhibited a similar phenotype, with pathology limited to the joints®Z.
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1.4.3 Hyaluronidase 2 (HYAL2)

The HYAL2/Hyal2 genes are comprised of six exons which encode a 1.9 kbp mRNA that can be
translated into a 473 amino acid protein“® %2, It is predicted to have a 20 amino acid signal
sequence that directs the protein to the ER where it is modified by glycosylation and addition of
a glycophosphatidylinositol (GPI) anchor®3. The GPI anchor aids in HY AL2’s association with

lipid rafts at the cell-surface®.

Ubiquitous expression of HYAL2/Hyal2 mRNA was reported in expression studies from adult
and embryonic human®2 and mouse® tissues. Histologically, HYAL2 was found to be detectable
but at variable levels in the endothelial cells of most mouse tissues, and in specialized epithelial

cells of lung, kidney, brain, intestine and oviduct®.

Localization of HYAL2 has been controversial®®. The first study of HYAL2 localized it in the
lysosome by following the expression of a HYAL2 fusion with green fluorescent protein (GFP)
41-1n this experiment, the GFP was attached to the C-terminus which was later found to prevent
the addition of a GPI anchor to HYALZ or lead to cleavage of the GFP-tag. Whatever the case,
the normal processing of HYAL2 failed to occur and subsequent studies by this group®” and
others®3 %8, clearly indicated the presence of HYAL2 on the cell-surface. Moreover, the
characteristics of GPl-anchored proteins support their localization at the cell-surface rather than
in the lysosome. However, in some cell-types HY AL2 appeared to have an intracellular
localization®®. Later, different studies suggested HYAL2 localized to the cell-surface®,
mitochondria®® and nucleus®? leaving the localization of HYAL2 unclear. The most recent
studies of endogenous mouse HYAL2 from our own laboratory, and using control tissues from
HYALZ2 deficient mice, indicate that HYALZ2 is expressed on the surface of many cells, but can
be found intracellularly in come cell types®.

Studies of HYALZ2 activity have also been controversial. The earliest studies suggested HYAL?2
functioned as a weakly-active hyaluronidase that had specificity towards HMM HA and activity
at both neutral and acidic pH*.. However, subsequent studies did not detect activity for HYAL2
at either acidic or neutral pH®3. A Na*/H* exchanger was proposed to maintain the acidic

environment required for HYALZ2 activity*?. Platelet HY AL2 appeared to be active when it was

translocated from a-granules to the platelet surface®. Convincing evidence that HYAL2 played a

11



role in HA metabolism came from expression of HYAL2 in HEK293 cells where there was
increased turnover of HA, however in this case the activity was found to require the presence of
the HA receptor, CD44%,

1.5. HA cell-surface receptors and signaling

HA stimulates three biological processes in concert with cell-surface receptors - signal
transduction, pericellular coat formation and receptor-mediated internalization®*. The integral
receptor for HA, CD44, interacts not only with HA but also with growth factors, cytokines and
ECM proteins %. HA-CDA44 interaction mediates intracellular signaling pathways like- receptor-
mediated HA degradation, angiogenesis, cell migration, proliferation and cell adhesion to ECM

components!3 6466 CD44 is thought to internalize HA during inflammation and wound-healing®
65

The receptor for HA-mediated cell motility (RHAMM), also referred to as CD168 is
alternatively spliced and is distributed over multiple cellular compartments including cell-
surface, cytoskeleton, mitochondria and nucleus®®. Cell-surface RHAMM is important for
migration® and is essential for activation of protein tyrosine kinase cascades by endothelial cells
in response to HA'®. Though, RHAMM and CD44 operate differently in cell-signaling regulatory
pathways, knocking out of either does not result in embryonic or developmental lethality
possibly because of overlapping functions with other receptors or cellular function compensation
of one by the other®®,

Hyaluronan receptor for endocytosis (HARE), alternatively known as stabilin-2 (STAB2) was
initially isolated from endothelial cells in the organs that internalize circulating HA including
liver, lymph nodes, spleen, eye and kidney®. Hare”- mice show elevated levels of circulating
HA, demonstrating it’s importance in the uptake of HAX. Lymphatic Vessel Endothelial
Hyaluronan Receptor 1 (LYVE-1) is abundant in lymph vessel endothelium, in activated tissue
macrophages and in liver and spleen sinusoidal endothelium, the sites where maximal HA
turnover is known to occur 4. Though, it has been associated with HA removal, the abrogation

of LYVE-1 was not lethal to the normal development of mice, suggesting that its function is

12



compensated by other receptors. The involvement of LYVE-1 is intracellular signal transduction

largely remains unknown®®,

HA interaction with toll-like receptors (TLRs) mediates both innate immune responses and tissue
metabolism. HMM HA facilitates the expression of IL-1R-associated kinase-M, which
negatively regulates TLR signaling 2. HMM HA negatively regulates osteoclast differentiation
through TLR4 signaling ". Due to its active involvement in innate immunity, HA may be an

important target in diseases which root from immunological processes.
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Figure 1. 3 HA cell surface receptors and their involvement in cell and tissue functions

[Figure from Biochem Biophys Acta;1840(8):2452-9. doi: 10.1016] (Open access enabled)
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1.6. Hyaluronidase model of HA degradation

HYALSs play a significant role in HA metabolism by cleaving HA for further degradation by
exoglycosidases. Hydrolysis of the internal N-acetyl-D-glucosaminidic linkages (B-1,4
glycosidic bonds) of HA polymers makes the HYALS ‘endoglycosidases’®. HYAL1 works in
coordination with HYAL2 to degrade HA, the mechanism of which is still unclear. A model was
proposed for HA catabolism suggesting cell-surface receptors like CD44, LYVE-1 and HARE
bind with HMM HA and on binding with Na*/H* exchanger, NHE1*?, HYALZ2 hydrolyzes HA
into oligosaccharides of approximately 20 kDa. These intermediate 20 kDa fragments are
internalized into endosomes and the resulting fragments are then endocytosed into the lysosome®
13 Inside the acidic lysosomal environment, acid-active HYAL1 degraded the residual HA
fragments to smaller fragments which in later stages are acted upon by exoglycosidases, -N-
acetyl-D-hexosaminidase and B-D-glucuronidase* 2’ demonstrated in Fig 1.4. Experimental

validation and confirmation of this model has not been established yet.
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Figure 1. 4 HA removal by HYALSs.

HA is bound by the receptor (R), and internalized into an endosome which then matures into a
lysosome (enlarged) where HYAL1 and the exoglycosidases are proposed to function [A]. HA
associated with Hyal2 WT and KO MEFs was isolated and separated by pulse field gel
electrophoresis and then stained with Coomassie blue. The WT lane with intact HY AL2 shows
less HA accumulation compared to the KO lane where HMM HA accumulates. To confirm that
the staining material was HA, one sample from each line was treated (+) before separation with
Streptomyces hyaluronidase to degrade the HA. The varied sizes of HA in a sample make it

appear as a smear. [Hemming and Triggs-Raine, unpublished data]
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1.7. HA and development

Studies showing HA distribution during early development suggested HA levels are rapidly
decreased upon implantation of the blastocyst onto the uterine wall but increased later during
appearance of the primitive ectoderm and endoderm. Mapping of HA distribution during mouse
embryogenesis demonstrated that by E11.5-E13, there was abundant HA present in the

craniofacial mesenchyme and connective tissue throughout the body.5
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1.7.1 HA function during development

HA has been demonstrated to be a critical component during vertebrate development and
reported to play a role during tissue/organ morphogenesis by influencing several molecular
functions. HA was shown to regulate embryonic cell behavior by creating a hydrated low-
resistant matrix which provided cells mechanical support and gave contact inhibition
characteristics that stimulated cell proliferation and migration 7. HA has been reported to
modulate the hydration of the environment by forming an HA-dependent pericellular matrix
during mitosis that promoted partial separation and rounding of the ongoing dividing cells™.
Apart from providing mechanical support to the ECM that contributed to maintaining tissue
homeostasis, HA also acted as a key component to assemble the ECM by interacting with
proteoglycans (PGs) through link modules, cell surface receptors and possibly through
interaction with the HASs 76 77, HA also served as a binding partner for other proteins and
provided ligands for cell attachment and motility which might shape embryonic development’®-
8 In the developing matrix, HA influenced the level of intercellular signals affecting cell growth

and differentiation by interacting with growth factors 8.

1.7.2. HA'in EMT

Several avenues of study have shown a role for HA in the regulation of EMT. EMT is a multi-
step process which involves a series of biochemical changes in the epithelial cells as they
transform into mesenchymal cells. This change is characterized by a loss of the intercellular
adhesion complex, promoting the tightly linked epithelium to become motile mesenchyme. The
transformed cells have increased invasiveness as well as migratory and proliferative capacity®2.
The composition and state of pericellular matrix microenvironment are very important in
determining the state of cells. Elevated secretion of EMT components including HA has been

reported in cells undergoing EMT?2,
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HA accumulation and degradation play a role in EMT, particularly in the early stages of
embryogenesis, where it is critical for tissue formation through the differentiation of the
embryonic to mesenchymal stem cells®3. Elevated HA in normal epithelial cells has been shown
to influence anchorage-independent growth and change the characteristics of the cytoskeletal
proteins between cell boundaries®* &, Studies of the influence of HAS3 and HAS2
overexpression in human pancreatic cells showed decreased E-cadherin but increased p-catenin
which promoted EMT in cells. Earlier reports have shown increased HA levels during several
embryonic EMT processes including cardiac cushion formation®®, palatal shelf fusion®’, and
neural crest transition®. At embryonic day (E) 9.5 in mice, soon after looping of the heart tube,
HA synthesized by HAS2 forms a thick jelly between the endothelial and myocardial layers.
These thickenings are the endocardial cushions, and cells of the endothelial layer (specialized
epithelial cells) undergo EMT to form mesenchymal cells that migrate into these cushions to
form the AV septum, as well as mitral and AV valves. EMT is integral to development, but also
to wound healing and tumor metastasis. During EMT, epithelial cells lose their polarity and
adhesive properties but gain mesenchymal features, including the capacity to proliferate, migrate,
invade, and differentiate®®.

The requirement for HA in EMT was demonstrated in HAS2 null (Has2-/-) mouse embryos,
which died at E9.5 due to a failure to form HA-rich endocardial cushions and initiate EMT®.
During the endocardial cushion morphogenesis, the regulation of EMT depended on HA of
specific sizes. Experimental evidence showed HMM HA facilitated cell migration to promote
EMT. With the reduction in cardiac cushion volume during valve remodeling, HA was degraded
into oligosaccharides (0-HA) which promoted VEGF expression, limiting EMT®! (Figure 1.5).
During development, mesenchymal cells undergo condensation after EMT for differentiation and
CD44 is often localized to the condensation sites which play a role in many EMT interactions.
Removal of HA during the condensation process changes the ECM characteristics of the
mesenchyme leaving the residual HA to crosslink with the cell surface receptors of the adjacent
cells and promote differentiation®® ®4. Any conditions altering the interaction of HA with its
receptor or affecting the removal of it might interfere with normal development resulting in
cardiac® or craniofacial abnormalities, which involves one-third of all congenital birth defects in

humans®: 97,
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Figure 1. 5 HA and VEGF activity during endocardial cushion-valve formation.

HMM (HMW) HA provides a hydrated matrix to initiate cellular migration during EMT after
which it depolymerizes into oligosaccharide fragments (0-HA) during valve development. o-HA
promotes VEGF attenuates EMT and induces cell-differentiation. [Figure from Circ
Res;99(6):583-9. doi: 10.1161/01.RES.0000242561.95978.43.] (Open access enabled)
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1.8. HYALSs in EMT and development

Studies in the developing chick heart showed that the transition from epithelial to differentiating
mesenchymal cells was accompanied by a decrease in HA%, presumably due to the action of a
HYAL. The balance between the synthesis and abundance of HA by HAS2 in the provisional
matrix of the developing embryo and its degradation by HYALSs, is important to support
formation of the normal heart. The impact of HY AL2 deficiency on normal cardiac development
was reported in both Hyal2-/- mice and HY AL2-deficient humans® 19, Absence of HYAL2
resulted in increased HA in all murine tissues and an excess of mesenchymal cells was also
observed in several tissues®. In vivo evidence of fibrosis in the heart, atrial dilation,
hypertrophic valves, and excess tissue formation is supported by increased number of
mesenchymal cells due to the presumable upregulation of EMT which leads to diastolic
dysfunction in the acutely affected mice®®. Decreased levels of VEGF expression in E14.5
Hyal2-/- embryos consistent with the increase in mesenchymal cell population® indicated loss of
mesenchymal cell differentiation as a possible cause of the congenital defects associated with
HYAL2 deficiency?. The role of HYALZ2 in signaling remains unknown, but because the size
and abundance of HA is increased in Hyal2-/- tissues, we hypothesize that HYAL2 regulates HA
size and/or abundance to regulate key signaling pathways.

Besides its role in cardiac tissue development, elevated HA levels can have profound impact in
the formation of other tissues including formation of the nasal folds 1%, elevation of the
secondary palate 192193, differentiation of the cornea %4, formation of the semicircular canals of
the ear'® and development of the kidney%®, as reported in independent studies. Both humans and
mice with HY AL2-deficiency exhibited craniofacial dysmorphism, complete or partial cleft lip
and/or palate, variably penetrant cor triatriatum, valve thickening, atrial enlargement, and
hearing loss 9 100.107 In addition, severe myopia is present in humans and a kidney is missing in
40 % of mice®. Beyond the similarity to the human disease, studies published by our lab on
Hyal2-/- mice revealed a severe central ossification defect affecting the viscerocranial bones,
providing additional evidence for decreased differentiation in Hyal2-/- embryonic tissues.

Structural and functional cardiac changes were evaluated using high resolution ultrasound and
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histopathology. Cor triatriatum was identified in 50% of mice!® and additional valve-like tissue
was observed in the ventricles and atria®®, suggesting there are aberrantly localized mesenchymal
cells in the Hyal2-/- hearts. Although HY AL2 is constitutively expressed in mouse tissues, we
predict that its activity is regulated post-translationally to decrease HA only at specific times to

regulate cellular phenotype.

Figure 1. 6 Model of HA and EMT.

Model shows the known outcome of HAS2 deficiency and expected outcome of HYAL?2

deficiency. [Figure courtesy of Triggs-Raine, unpublished]
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1.9. Hyal2-/- mouse model

The inability to definitively demonstrate HY AL2’s activity made the generation of a mouse
model deficient in HYALZ2, an important step towards understanding its role in HA catabolism
and maintaining ECM homeostasis. An initial attempt to generate a HY AL2-deficient mouse was
unsuccessful, presumably due to embryonic lethality®’. Later, a HYAL2 KO (Hyal2-/-) mouse
was successfully generated from our group with collaborators and characterized®’. An outbred
background (129/01a/CD1/C57BL/6) was used for the initial generation of the HYAL2 KO
mouse, which were backcrossed for 6 generations on the C57BL/6 background. The initial
characterization revealed elevated serum HA, but only minor hematological and skeletal
abnormalities including an increased interorbital space and a shortened snout. There was also
some evidence of reduced survival'®’. Subsequent characterization of the Hyal2-/- mouse on the
outbred background showed heart abnormalities in surviving Hyal2-/- that were characterized by
expansion of the atrium and valves®. Ultrasound studies revealed the presence in 40% of
surviving animals of cor triatriatum sinister'%, Beyond the craniofacial and heart abnormalities,
comparison with subsequently identified human patients revealed that two-thirds of Hyal2-/-
embryos died postnatally but before day 7 of age. Some of these mice had evidence of
submucosal cleft palate and poor mineralization of the central facial bones, as well as hearing
loss!%. Accumulation of HA was evident in most tissues of the Hyal2-/- mice, suggesting an

important role for HYAL2 in the removal of extracellular HA®.
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1.10. Novel genetic aberrations/variations in human HYAL2 (HYAL?2)

The first two mutations in HYAL2 - ¢.443A>G (p.K148R) and ¢.749C>T (p.P250L) were
reported in families from the Amish community and Northern Saudi Arabia of (Arabic ethnicity).
The study identified deficiency of HYALZ2 as a novel cause for syndromic CLP and a first cause
for cor triatriatum sinister in humans. Myopia and other ocular abnormalities, pectus excavatum,
single palmar creases, a consistent left superior vena cava and other cardiac malformations were
presented variably. The study emphasized the similarities between the phenotypes of patients
with the HY AL2 mutations and Hyal2-/- mice, with the developmental complications being
lethal to the Hyal2-/- mice. Immunoblot analysis of transiently expressed HY AL2 demonstrated
that the p.K148R and p.P250L mutations result in 11 and 20 fold reductions respectively
compared to the expression of wild type HYAL2 (Fig 1.7). It was speculated that residual
HYAL2 produced in the individuals with the mutations- K148R and P250L allowed constitutive
HA clearance but was inadequate during development 1%,

Recently, whole-exome sequencing of genomic DNA from seven patients of variable ethnicities
identified seven novel variations HYAL2- ¢.713T>G p.L238R , ¢.611G>C p.G204A,

€.1271 1272delAC p.H424Lfs*12, ¢.194C>G p.S65X, ¢.1273T>G p.F425V, ¢.829C>T
p.R277C and c.883C>T p.R295X. The genotype, ethnicity, gender, age, height, occipital frontal

circumference (OFC) and other phenotypic features of these patients are described in Table I .
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Figure 1. 7 Pedigrees, clinical features of individuals and expression of WT HYAL2, and

mutations -K148R and P250L

Pedigree and facial pictures of individuals with HY AL2 deficiency [A].Electropherograms of

mutations and sequence conservation across species [B] Expression of mutated protein in Hyal2-
/- MEFs [C] (figure from PLoS Genet 13(1): e1006470doi:10.1371/journal.pgen.1006470,

permitted use)
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Table 1. Clinical findings of individuals with novel HYALZ2 variants

Abbreviations: ADHD, attention deficit hyperactivity disorder; AR, aortic regurgitation; AS,
aortic stenosis; ASD, atrial septal defect; AV, aortic valve, CoA, coarctation of aorta; CLP, cleft
lip and palate; D, dioptres; DD, developmental delay; DPRV, double outlet right ventricle; DV,
ductus venosus; F, female; ID; intellectual disability; LSVC, left superior vena cava; LT, left;
LV, left ventricle; M, male; MV, mitral valve; NA, not available; OFC, occipitofrontal
circumference; PDA, patent ductus arteriosus; PHTN, pulmonary hypertension; PSC, posterior
subcapsular; PV, pulmonary valve; RD, retinal detachment; RT, right; SDS, standard deviation
scores; TOF, tetralogy of Fallot; TR, tricuspid regurgitation; VSD, ventricular septal defect; (V)

and (x) indicates presence or absence of a feature in an affected subject respectively

Table by Baple et al. (unpublished)

This study; 1 This study; 2 This study; 3 This study; 4 This study; 5 This study; 6 This study; 7
Genotype p.(Lys148Arg)/ p.(Lys148Arg)/ p.(Arg277Cys)/ p.(Phe425Val)/ p.(Phe425Val)/ p.(Gly204Ala)/ p.(His424Leufs*12)/
p.(Lys148Arg) p.(Lys148Arg) p.(Arg295*) p.(Ser65*) p.(Ser65*) p.(Gly204Ala) p.(Leu238Arg)
Ethnicity Amish Amish Italian German German Turkish German
(Romania)
Gender M F M F M F M
Age (years)+ 9.4 13.8 19 1day Prenatal 20 4
(deceased 10 (21 weeks
months) gestation)
Height (cm, SDS) 124.5 152.5 163.5 (-1.75) 53 (+1.42) NA 151 (-2.09) NA
OFC (cm, SDS) NA NA 53.7 (+0.51) 33.5(-1.32) NA 51(-3.26) NA
Cleft lip and palate * * * v v 4 4
Unilateral CLP RT CLP Bilateral CLP CLP
Frontal bossing v v * x NA x x
Hypertelorism/ v v v v NA v v
telecanthus
Ptosis x x v x NA x x
Broad depressed v v v v NA v v
nasal bridge
Micrognathia v v * v NA x x
Ear abnormalities v v v v NA v v
Small ears, Small ears, Small ears, Small low set ears, Small ear lobes, Small low set ears
overfolded overfolded thickened overfolded small lobules, RT chronic otitis with small lobules,
thickened helices helices thickened ear pit media overfolded
helices, forward thickened helices
facing lobes
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Cardiac anomalies

Pectus excavatum

Single palmar
crease

Myopia
(refraction)

Cataract

Other ocular
features

Hearing loss

Duodenal web

Other clinical
findings

NA

NA

NA

Mild/moderate
DD, broad
halluxes and
broad thumbs

Mild AS and AR

Mild

NA

NA

Broad halluxes, broad
and distally placed
thumbs

CoAand VSD

Severe

Bilateral

Myopic
maculopathy
and RD

NA

Accessory oral
frenulum, low
posterior
hairline, short
webbed neck

VSD, ASD, PDA,
PHTN

Mild

NA

Persistent pupillary
membrane,
vitreous
haemorrhage RT

x

Hypoplastic nails,
bilateral extrarenal
pelvises,

LT congenital
diaphragmatic
hernia, glabellar
capillary naevus,
cystic hygroma 1st
trimester

MV atresia,
hypoplastic LV,
DORV with PV

atresia,
hypoplastic
pulmonary &
aortopulmonary
arteries, agenesis
of DV

NA

NA

NA

RT

NA

NA

Cystic hygroma
at 11 weeks,
hydrops

High

LT RD with
enucleation, RT
macular anomaly

RT: mild to severe
sensorineural
LT: mild to
profound mixed

NA

No speech until
age 3,1D,
suspected autism
spectrum
disorder, ADHD,
fingertip whorls,
finger webbing,
webbed neck

TOF

High

Myopic
maculopathy &
suspected rod

dystrophy

x

NA

Cryptorchidism,
short neck, broad
halluces, 5" finger

clinodactyly
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CHAPTER 2: RATIONALE, RESEARCH AIMS AND HYPOTHESIS
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2.1. Rationale and research aims

During embryonic development HA is broadly distributed, with its highest levels in the cardiac-
cushion, the neural crest-derived craniofacial mesenchyme, the ventriculus communis, sternum
and vertebral column®®°. Analyzing two novel variants in HYALZ2, our lab has previously
reported mutations in HYALZ2 as a novel cause of syndromic CLP in humans, with other features
including facial dysmorphism, septal defects, hearing loss and atrial dilations as common clinical
phenotypes both in mice and humans'® . Recently, seven novel HYAL2 variants in patients with
syndromic CLP were identified to us by clinicians around the world. Performing a biochemical
analysis of these mutations is important to confirm HY AL2 as a primary cause of the clinical
manifestations and to further expand our understanding of the phenotypic expression of HYAL?2
deficiency. Expression and localization studies for each mutation would also help to delineate if

the presence of residual HYALZ2 is required to allow patient survival.

HYAL2 deficiency leads to HA accumulation and congenital defects in humans and mice®: 1%
108 However, detecting HY AL2’s activity has been challenging with several labs, including our
own, detecting weak 4457 or no activity associated with HYAL253 6, Most proteins tend to
function in the cell as a part of a large complex and an important way to assess function of the
protein is by looking at possible binding partners of the protein. Though previous studies showed
the interaction of HYAL2 with CD44%°, Na+/H+ exchanger NHE1%2 and the tyrosine kinase
RON1'0, very little is known about their roles in HYAL2 mediated HA degradation.
Establishing and validating a method to look for possible and real partners of HY AL2 will lay
the foundation of understanding the HY AL2 network which will aid in designing an enzyme

assay to understand the activity of HYAL2.
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2.2. Research Aims

Towards this end, | propose two research aims:

(1) To biochemically analyze the effect that patient-reported HYAL2 variants may have on
HYAL?2 expression and localization

(I1) To establish a method for identifying and screening HY AL2 interacting partners using the

novel Biotin Identification (BiolD) proximity labeling system

2.3. Hypothesis:

Novel variants have been identified in HYALZ2 of individuals with phenotypes similar to those
previously associated with HY AL2 deficiency. We hypothesize that these variants interfere with
HYAL2 expression and/or abundance on the cell surface and therefore HY AL2 function. We
also hypothesize that HY AL2 mediated HA turnover might involve additional binding proteins
which control its temporal regulation, and as a first step to reveal these HYALZ2 binding partners

we are designing an approach to identify and sort these molecules.
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CHAPTER 3: MATERIALS AND METHODS
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3.1. Fusion PCR to introduce variants (mutations)

A commercial mammalian expression vector pCMV6-XL5 containing the full-length HYAL2
cDNA (NM_003773.4) was purchased from Origene (Cat #SC117754). The varinats ¢.713T>G
p.L238R, €.611G>C p.G204A, ¢.1271_1272delAC p.H424Lfs*12, ¢.194C>G p.S65X,
€.1273T>G p.F425V, ¢.829C>T p.R277C and ¢.883C>T p.R295X were introduced into the WT-
HYAL2 cDNA by fusion-PCR following the PCR protocol for Phusion® High-Fidelity DNA
Polymerase (M0530). The primers for each variant were designed such that they contain extra
bases flanking the desired single-nucleotide change. Each primer was at least 23 nucleotides
long. Outer primers for WT-HYAL?2 — 5’-atgcgggcaggcccaggccccacc-3’ (forward) and 5'-
gctacaaggtccaggtaaaggcca-3’ (reverse) were used in combination with variant-specific forward
and reverse primers (Table I1) to generate two PCR products for each variant. These PCR
products were separated on 1% agarose gels, and identified by comparison to the GeneRulerTM
1 kb or 1 kb plus DNA Ladder (SM 0313 and SM1334), excised with a sterile razor and purified
using the QIAquick PCR Purification Kit (Cat #28704). The two isolated fragments for each
variant served as templates for PCR amplification with the outer primers of WT HYAL2 cDNA
to make a region of HYAL2 cDNA containing a specific nucleotide change. The concentration
(ng/pl) and purity of the resulting fused PCR products were determined by measuring the
absorbance at 260 and 280 nm using a Nanodrop 2000 Spectrophotometer.
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3.2. Restriction enzyme digestion

The fused-PCR product of HY AL2 containing the variants were then checked for restriction
enzyme sites using ApE- A plasmid Editor software. The same was done for the pCMV6-XL5
vector containing the WT-HYALZ2 cDNA sequence which would serve as the vector for the
variant-containing HY AL2 sequences. The mutations and the pCMV6-XL5 containing WT-
HYAL2 were digested with a specific pair of restriction endonucleases as provided in Table I1).
Restriction enzymes Fast Digest EcoRI (ThermoFisher) and Apal or Fsel or PpuMI (New
England Biolabs) were used to digest both PCR product and vector DNA following a standard
restriction digestion protocol. For restriction enzyme digestion, 0.1-0.5 pg of vector DNA or 0.1-
0.3 ng of PCR product, 5 pl of 10X Buffer (Cut Smart or NEB Buffer) and 1-2 U of restriction
enzyme were used to make the reaction volume of 50 pl for both PCR product and vector DNA.
1 hour (EcoRI/Apal/Fsel) or overnight incubations (PpuMlI) at 37°C (PpuMI/EcoRI/Fsel) or
25°C (Apal) were followed. Following restriction digestion, dephosphorylation of the plasmid
DNA was done to inhibit recircularization of linear plasmid. For dephosphorylation, 2ul of 10X
Antarctic Phosphatase Reaction Buffer and 5 U of Antarctic Phosphatase (New England Biolabs)
were added to the digest. This reaction was incubated at 37°C for 30 mins and heat-inactivated at
80°C for 2 mins. The digested reaction mixes of both vector and insert (HY AL2 variants) were
then separated on 1 % agarose gels, and the fragments were identified, isolated and quantified as
described in 3.1 for fusion PCR.
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Table I1. List of primers and cloning sites used to generate mutations in HYALZ2 cDNA.

The nucleotides introducing mutations are capitalized in the primers, except for primers

generating the 2 bp deletion, where the nucleotides are italicized after the position of the deletion

Mutation

Forward/Reverse Primers

Cloning enzymes

WPG1302 5’°gtaggtgggtcAtgtgaagacgt 3’

€.713T>G p.L238R | WPG1210 5' gcaatgaccagcGggcctggcetgtgg 3' EcoRI / Apal
WPGI1211 5’ ccacagecaggecCgctggtcattge 3'

€.611G>C p.G204A | WPG1185 5’°ggcacctctgggCettctacctett 3’ EcoRI / Apal
WPG1186 5’aagaggtagaagGeecagaggtgece 3°

€.1271_1272delAC | WPG1208 5’cacctgcagacacttccgcetgecag 3’ EcoRI / PpuMI

*

p.H424L15*12 WPG1209 5°ctggcageggaagtgtctgcaggtg 3°

€.194C>G p.S65X WPG1305 5’tgtgcaggectGacctaatgagg 3° EcoRI / Apal
WPG1306 5’cctcattaggtCaggcctgeaca 3’

€.1273T>G p.F425V | WPG1303 5’ tgcagacacacGtccgetgecag 3’ EcoRI / PpuMI
WPG1304 5°ctggcageggaCgtgtgtctgea 3°

€.829C>T p.R277C | WPG1299 5’caggaggcccttTgtgtggetecgea 3’ EcoRI / Apal
WPG1300 5’tgcgagccacacAaagggcctectg 3’

€.883C>T p.R295X | WPG1301 5’acgtcttcacaTgacccacctac 3’ EcoRI / Apal

3.3. Ligation of vector and insert
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Ligation of vector and insert was done with three different vector to insert ratios for each
mutation. Each ligation reaction contained 2 pl of 10X T4 DNA Ligase Buffer (Thermo
Scientific), different concentrations of vector and insert DNA (~ 30-50 ng vector DNA, 30-40 ng
insert DNA), 2 ul T4 DNA Ligase (Invitrogen™) making a total reaction volume of 20 pl. The
ligation reactions were incubated overnight at room temperature and their ligation efficiency was
checked by separation on a 1 % agarose gel the next day. The reaction demonstrating the most
ligation, and its non-ligated control were transformed into E. coli following 3.4 the following

day.

3.4. Transformation of HYALZ2 mutants into Escherichia coli by electroporation

Electo-competent Escherichia coli DH5a cells were prepared following a standard protocol (see
Supplementary Methods I). One pl of the ligation mixture was mixed with 40 pl of
electrocompetent E. coli, and was transferred to a cold sterile 0.1 mm electroporation cuvette
(BTX ™), Electroporation was performed in a BTX Electroporation Electro Cell Manipulator
ECM-600 using the settings- 1.3 kV, 129 Q, 50 pF and the cuvette was immediately flooded
with 960 pl of pre-warmed SOC media (0.5 % yeast extract, 2 % tryptone, 10 mM NaCl, 2.5
mM KCI, 10 mM MgClz, 10 mM MgSO4 and 20 mM glucose). After 1 hr incubation at 37°C, 50
and 100 pl volumes of the bacterial cultures were spread on Miller’s Luria agar (Gibco-BRL Life
Technologies) plates containing 100 pg/ml ampicillin. Plates were inverted and incubated
overnight at 37°C. The following day, single colonies were sub-cultured into 3 ml LB Broth
(Gibco-BRL Life Technologies) containing 100 pg/ml ampicillin and grown overnight at 37°C
with shaking.
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3.5. Plasmid isolation

Plasmids were isolated from 1 ml of E. coli culture using a NucleoSpin® Plasmid Kit
(Macherey-Nagel) and following the manufacturer’s instructions. Briefly, bacterial cells were
pelleted in a microcentrifuge tube and the supernatant was discarded. After resuspension of the
pellet in the supplied buffer, cells were lysed using sodium dodecyl sulphate (SDS)-alkaline lysis
buffer and neutralized with an acetate buffer that precipitated all proteins and chromosomal
DNA. The neutralized lysate was cleared and spun through a silica membrane of a NucleoSpin®
Plasmid/Plasmid (NoLid) Column in a supplied collection tube. The silica membrane was

washed with a kit-supplied buffer and pure plasmid was eluted with water.

3.6. Sequencing of plasmid DNA

To confirm error-free construction of the mutated HY AL2 constructs, the isolated plasmids were
sequenced at the Toronto Centre for Applied Genomics (TCAG) to verify the presence of the
desired but no other mutations in the PCR-amplified region of the cDNA. At least 3 samples of
independent clones were analyzed for each mutation using Sanger sequencing. Outer primers
specific to WT-HYAL2 5’-atgcgggcaggcccaggecccacc-3° (forward) and 5'-
gctacaaggtccaggtaaaggcca-3’ (reverse) were sent along with the inner forward and reverse
primers specific to each mutation provided in Table I11. The sequencing data were analyzed and

the mutated bases were verified from the chromatograms on FinchTV 1.4,

3.7. Secondary culture of plasmid DNA and maxiprep

Once verified by sequencing, one clone was selected to prepare a larger scale plasmid
preparation. The remaining 2 ml of bacterial cultures was used to inoculate 200 ml of LB Broth
supplemented with 100 pg/ml of ampicillin. After overnight incubation at 37°C with vigorous

shaking, the cultures were checked for their ODeoo~4-6 and verified. The bacterial cells were
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pelleted and pure plasmid DNA was isolated using the NucleoBond® Xtra Endotoxin-free
plasmid purification kit (Macherey-Nagel). After the elution of pure endotoxin-free DNA for
each mutation, their concentrations (ng/pl) and purity (A260/280 ratio) were measured using the
Nanodrop 2000 Spectrophotometer.

3.8. Culture of mouse embryonic fibroblasts (MEFs)

Mouse embryonic fibroblasts (MEFs) deficient in HYALZ2 were derived from Hyal2-/- embryos
as a part of previous studies. These cells were transfected with a vector expressing the large T
antigen to immortalize the cells. MEFs were grown in 6-well culture dishes with Dulbecco's
Modified Eagle Medium (DMEM) containing 10 % fetal bovine serum (FBS) supplemented with
glutamine and 1 % penicillin/streptomycin (1 % P/S). Cells were incubated in 5 % CO; at 37°C
until they reached ~ 85-90 % confluency.

3.9. Transfection of MEFs with HYALZ2 variants

DNA for transfection was prepared by equalizing the concentrations of all plasmids by
comparing their intensities to a DNA mass ladder after separation on an agarose gel. A
transfection reaction mix was prepared by combining 4 pg of plasmid DNA and 8 pl of
Turbofect Transfection Reagent (Thermo Scientific) to serum-free DMEM to make a final
volume of 400 pl of transfection mix per well in a 6-well plate. The transfection reaction mix
was kept at room temperature for 20 mins and then added dropwise to the appropriate well. The
plates were incubated at 37°C in 5 % CO. for 24 hrs. The following day the media containing the
transfection reagent was removed and replaced with fresh DMEM.
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3.10. Cell harvest

After 48 hrs of transfection, the media on the 6-well plates containing the transfected MEFs was
discarded and washed three times with 2 ml of 1X Phosphate Buffer Saline or PBS (1.1 mM
KH2PO4, 8.1 mM Na;HPO4, 2.7 mM KCI, 137 mM NaCl, pH 7.6). The plate was held on ice
while the cells were scraped from each plate into 250 pl of PBS containing a 1:500 dilution of a
protease inhibitor cocktail (Sigma). Cell lysates were sonicated using a Sonic Dismembrator 100
(Fisher Scientific) at 15 amplitudes and giving 2 bursts of 5 secs each on ice with a 30 secs

interval between the bursts.

3.11. Protein quantification

The protein concentration of the transfected cell lysates was determined using the Bradford
assay. In this assay, 1 pg/ul of bovine gamma globulin was used to prepare a standard curve for
the interpretation of protein concentration in the experimental samples. For each sample, 2 pl of
the sonicated cell extract was added to a 1.5 ml tube containing 798 ul of sterile water and 200 pl
of Bradford reagent (BioRad). The tubes were then incubated at room temperature for 5 mins and
the absorbance was read using an Ultrospec 1000 spectrophotometer at 595 nm. As a control, 2
pl of lysis buffer (in this case 1X PBS containing the protease inhibitors) was added to a 1.5 ml
tube containing 798 pl of sterile water and 200 ul of Bradford reagent (BioRad) to assay the
background. Each of the experimental samples were analyzed in triplicate and compared to the

absorbance of samples of known protein concentration.

3.12. Western Blot analysis of the expressed proteins

For western blot analysis, the cell lysates with their protein quantified were subjected to sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) for separation based on size.

Polyacrylamide gels were cast using 7.5 % acrylamide as the resolving gel (40 mM Tris pH 8.8,
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0.1 % SDS, 7.5 % polyacrylamide [29:1 acrylamide:bisacrylamide], 0.1 %
tetramethylethylenediamine (TEMED), 0.075 % ammonium persulfate). Following
polymerization of the resolving gel, a 4 % stacking gel (60 mM Tris pH 6.8, 0.1 % SDS, 4 %
polyacrylamide, 0.1 % TEMED, 0.01 % ammonium persulfate) was poured between 1.5 mm
ethanol-sterilized glass plates fixed to a casting stand and a 10 well 1.5 mm comb was inserted
and was left to polymerize. The polymerized gel was placed in a gel tank with running buffer
containing 0.1 % SDS, 25 mM Tris and 192 mM glycine. Based on the protein quantification by
Bradford assay 20 pg of protein was mixed with sample prep buffer (8 % SDS, 250 mM Tris pH
6.8, 40 % glycerol, 0.01 % bromophenol blue, 400 mM dithiothreitol [DTT]), and boiled for 5
mins at 95°C followed by cooling and a short centrifugation. The boiled samples were loaded
into their respective wells next to the control (WT HYALZ2) and 5 pl of PageRuler Prestained
Protein Ladder (Thermo Scientific). The gel was run at 160 V for 1-1.5 hrs or until the
bromphenol blue marker in the sample prep buffer reached the bottom of the gel. Following the
separation of proteins by SDS-PAGE gel, the gel was equilibrated in ice-cold transfer buffer (80
% running buffer and 20 % methanol) for 15 mins. The gel was stacked between pre-equilibrated
filter papers, sponges and 0.45 pm nitrocellulose membranes (GE Healthcare) and the sandwich
was assembled in the transfer cassette. The cassette was placed into the transfer tank filled with
ice-cold transfer buffer and ice pack and the transfer was run at 100 V for 1 hr at 4°C. After the
transfer, the nitrocellulose membrane was checked for protein transfer on the membrane by
staining the membrane with Ponceau S (0.1 % Ponceau S in 5 % acetic acid). Once the bands
were visualized and the Ponceau S was washed off with Tris-buffered Saline Tween or TBST
(20 mM Tris pH 7.4, 0.15 M NaCl, 0.1 % Tween-20), the membrane was blocked in 5 % skim
milk in TBST for 1 hr. Following blocking, the membrane was incubated overnight with anti-
HYALZ2 primary antibody (Proteintech, Cat #15115-1-AP) diluted 1:500 in blocking solution.
The following day, the membrane was washed 3 times for 10 mins each with TBST to remove
any unbound primary antibody and was reincubated with horseradish-peroxidase (HRP)
conjugated secondary donkey anti-rabbit antibody for 1 hr, washed 3 times with TBST for 10
mins each and visualized using Immobilon Western Chemiluminescent HRP Substrate
(Millipore). The chemiluminescent signals from the expressed proteins were captured and
quantified by using the Image Lab™ Software for PC Version 6.0.1 (BioRad). For quantification
of the signal, the lane frame was resized manually for each lane area, and the band was detected
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using the automatic band detection tool. Next, the quantification tool was used to determine the
light emitted (light units) from each band. Equal loading was verified by detecting B-actin using
anti-p-actin (1:5000) on the same blot. Each sample was calculated as a proportion of the wild
type level which was set at 1.

3.13 Immunofluorescence analysis of MEFs expressing HY AL2 mutant constructs

The subcellular localization of mutant HY AL2 proteins compared to WT-HYAL2 was
monitored using immunofluorescence. HY AL2-deficient MEFs were transfected with WT and
mutant HY AL2 constructs as described in UNITS 2.2.8 and 2.2.9. Post-transfection, cells were
counted and culture media containing approximately 2000 cells were added to sterile coverslips
in 6-well plates. DMEM was added to each well and growth was allowed for 24 hrs. The next
day, the media was aspirated and each well was washed three times for 5 min in 2 ml of cold
PBS for 5 mins each. The cells were fixed in 2 ml of 4 % paraformaldehyde in PBS pH 7.4 for
10 mins at room temperature. The paraformaldehyde was removed and cells were washed three
times with ice-cold PBS for 5 mins. For each construct one permeabilized (0.1-0.5 % Triton X-
100 for 10 min) and one non-permeabilized well was blocked with 1 % BSA in 1X PBS for 1 hr
and incubated with diluted primary antibody, anti-HYALZ2 primary antibody in 1:500 dilution
(Proteintech, Cat #15115-1-AP) in a humidified chamber for 2 hrs at room temperature. The
primary antibody solution was removed and the coverslips were washed with 1X PBS three
times for 5 mins each and re-incubated in the dark with donkey anti-rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 568 (ThermoFisher Scientific, Cat # A10042)
diluted 1:1000 in 1 % BSA for 45 mins. After incubation with secondary antibody, the cells were
incubated with Hoechst dye 33342 (diluted to 1:100 from stock) for 1 min in the dark and
washed three times with 2 ml of 1X PBS. Coverslips were mounted onto slides using 20 pl of
ProLong Gold antifade reagent (P36930; Life Technologies) and sealed with clear nail polish.
Images were captured using Axio Imager.Z2 with a 63x/1.4NA oil objective using the 465 nm
and 555 nm channels to pseudo color the nuclei and HYALZ2 in the cells respectively. Images
were cropped and figures assembled using Adobe Photoshop and Illustrator CS6.
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3.14. Release of Cell Surface HYAL2 by PI-PLC

To detect GPl-anchored cell surface HY AL2, MEF cells were transfected with WT or mutant
HYALZ2 in six well plates as described earlier. At 48 h post-transfection, cells in each well were
washed twice with PBS and incubated at 37°C for 2 h with 0.5 U/ml PI-PLC (Sigma P-5542) in
serum-free DMEM supplemented with 25 mM HEPES pH 7.4 (0.5 ml/well with gentle rocking).
The media from each well was collected, concentrated (using Bio Max 0.5 ml spin concentrators)
and used as single samples. Sample proteins were separated by SDS-PAGE and PI-PLC
released cell surface HY AL2 was detected by western blotting with anti-HY AL2 antibody.

3.15. Construction of Flag-tagged human HYAL2 (Flag-HYALZ2)

To fuse Flag-tag with HYAL2 cDNA, we used a construct where HYAL2 cDNA starting at
second methionine was inserted into pFLAG-CMV1 expression vector. The vector was a
generous gift from Dr. Dusty Miller®3. The Flag-tag sequence along with a stretch of HYAL2
cDNA was used to replace a region of the commercial mammalian expression vector pPCMV6-
XL5 containing the full-length HYAL2 cDNA (Origene Cat #5C117754) employing the
restriction digestion-ligation method of cloning. The DNA concentrations of donor vector
[PCMV1-Flag-Hyal2] and the recipient vector [pCMV6-Hyal2] were measured by Nanodrop
2000 Spectrophotometer and 0.1-0.5 ug DNA for both donor [insert] and recipient vector
[vector] were mixed with 5 pl of 10X Buffer (Cut Smart) and 1-2 U of restriction enzymes Apal
and SnaBI (New England Biolabs) to make a total reaction volume of 50 ul. The reaction mix
incubated at 25°C for 1hr to enable restriction digestion by Apal and then moved to a 37°C water
bath for 1 hr to enable restriction digestion by SnaBl. The restriction digested samples were then
loaded on a 0.8 % agarose gel and after separation the fragments to be cloned were identified by
comparing their position of migration to that of fragments in GeneRulerTM 1 kb or 1 kb plus
DNA Ladder (SM 0313 and SM1334). The appropriate fragments were excised with a sterile
razor and the DNA was purified using the QlAquick PCR Purification Kit (Cat #28704). The
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purified digested vector and insert were then subjected to ligation following the same protocol as
described in 3.3. After verifying successful ligation, 1 pl of ligated pPCMV6-Flag-Hyal2 plasmid
or 1ul of control (no ligase) were added to tubes containing 40 ul of electrocompetent E. coli.
Transformation followed the protocol described in 3.4. The transformed plates (both the
pCMV6-Flag-Hyal2 plasmid and control) were checked for colonies, sub-cultured and verified
by sequencing. The sub-culture was used to inoculate larger culture volumes for preparation of

larger quantities of DNA.

3.16. Flag-HYALZ2 protein expression and localization

The newly constructed pCMV6-Flag-Hyal2 plasmid was checked for its concentration (ng/pl)
and purity by A260/280 ratio using the Nanodrop 2000 Spectrophotometer (Thermo Scientific).
The DNA was then ready for transfection into pre-made Hyal2-/-MEFs. The transfection of
pCMV6-Flag-Hyal2 into Hyal2-/- MEFs was performed into 6-well plates following the method
described in 3.9. Post-transfections, the cells were harvested in 250 pl of PBS containing a 1:500
dilution of a protease inhibitor cocktail (Sigma) and sonicated as described in 3.10. Protein was
quantified following the same protocol as described in 3.11. After the protein quantification, the
cell lysates were separated by SDS-PAGE and HYAL2 was detected as described in 3.12. The
Flag-HYALZ2 protein was assessed for glycosylation with PNGase F treatment (Supplementary
Methods I1)

To confirm the cell-surface localization of Flag-HYALZ2 and to compare that with WT-HYAL2,
immunofluorescence was employed. The Hyal2-/- MEFs were transfected with both pCMV6-
Flag-HYAL2 and WT HYALZ2 and grown on coverslips inside a 6-well plate. The cells were
subjected to both permeabilized and non-permeabilized conditions. The immunofluorescence

protocol followed as described in 3.13.
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3.17. Cloning of signal sequence-BiolD2-Hyal2 (SS-BiolD2-Hyal2) by fusion PCR

The Flag tag on the pPCMV6-Flag-Hyal2 cDNA was replaced by BiolD2%¢ by fusion PCR. The
mammalian expression vector myc-BiolD2-MCS was a gift from Kyle Roux (Addgene plasmid
# 74223 ; http://n2t.net/addgene: 74223 ; RRID:Addgene_74223). Constructing the SS-BiolD2-
HYALZ2 plasmid was achieved in parts. The first round of fusion PCR enabled the fusion of
BiolD2 to HYALZ2 generating BiolD2-HYAL2 cDNA of 7490 bp. After the generation of
BiolD2-HYALZ2, the ER signal sequence was introduced upstream to the BiolD2 at the N-
terminus. The complementary primer sequences containing restriction enzyme sites or the
sequences of HYALZ2, BiolD2 and SS are outlined in Table I11.
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Table I11. Primers required to construct SS-BiolD2-HYAL2 fusion protein

Primer specification

Primer sequence

WPG 1287

Forward primer with Xhol site

5’ -agctcctcgagatggagcetcaageccacageacca-3’

Forward primer with an EcoRI
site (underlined) and ER signal

sequence (italicized)

(underlined)

WPG 1289 5’-cttggttcccgaatagaccc-3’
Reverse primer to PCMV1-Flag

Hyal2

WPG 1290 5’-

cgaattcargictgceactictgatcctagcetctigtiggagetgeagtigetttcaagaacctgatetgg
ctgaagga-3’

WPG 1294
Reverse primer extending from

Hyal2 into BiolD2

5’-cttgagctccatgcttcttctcaggetgaa-3’

WPG 1293
Forward primer extending from

BiolD into Hyal2

5’-ttcagcectgagaagaagcatggagetcaag-3’

WPG 1295
Reverse primer downstream to

Apal site

5’-cactggcattgctcaccactc-3’
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3.18. Validation of expression, biotinylation and localization of SS-BiolD2-Hyal?2

3.18.1. Transfection of SS-BiolD2-Hyal2 fusion protein into Hyal2-/- MEFs

The newly generated SS-BiolD2-Hyal2 fusion construct was first checked for the DNA
concentration (ng/pl) using the Nanodrop 2000 Spectrophotometer. For expression verification,
4 ug DNA of each of SS-BiolD2-HYALZ2, BiolD2-only and WT HYAL2 were used to transfect
3 wells in a 6 well-plate. 2 wells in the same plate were transfected with SS-BiolD2-HYAL?2 and
myc-BiolD2 for biotinylation efficiency assessment. 24 hrs post-transfection the wells reserved
for biotinylation assessment were supplemented with fresh media containing 50 uM of biotin
[Supplementary methods I11] (Sigma, Cat #B-4501) and incubated at 37°C in 5% CO>
incubator for another 18-22 hrs for optimal biotin labelling.

3.18.2. Harvesting cells for expression and biotinylation validation

The cells from all the wells were briefly rinsed in room temperature fresh 1X PBS to remove
serum proteins prior to lysis. The cells were lysed with SDS-PAGE lysis buffer (50 mM Tris-Cl
pH 6.8, 12 % sucrose, 2 % SDS, 20mM DTT] supplemented with protease inhibitor cocktail
(Sigma). Cells were scraped with 150-200 pl of lysis buffer per well (1 X 108 cells), sonicated (2
bursts of 5 secs) each to shear DNA and heated in SDS-PAGE sample buffer (8 % SDS, 250 mM
Tris pH 6.8, 40 % glycerol, 0.01 % bromophenol blue, 400 mM DTT) and boiled for 5 mins at

95°C to denature proteins.

3.18.3. Protein expression analysis of SS-BiolD2-HYAL2

To analyze the protein expression of SS-BiolD2-HYAL?2 and to determine if it’s at the right size,
the lysed cell-lysates were run on a 7.5 % SDS-PAGE gel and a 10 % SDS-PAGE gel and were
probed by anti-HYALZ2 primary antibody (Proteintech, Cat #15115-1-AP) in 1:500 dilution and
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anti- BiolD2 antibody [SS 3A5-E2] (ab232733) in 1:500 dilution respectively. After primary
antibody incubations, the blots were incubated with anti-rabbit (1:5000) and anti-mouse

secondary (1:5000) antibodies and the chemiluminescent signals from the expressed proteins
were captured using the Image Lab™ Software. The protocol followed for immunoblotting is

same as described in 3.12

3.18.4. Validation of biotinylation of SS-BiolD2-HYAL?2

Following the whole-cell lysis, the cell lysates were separated by a 7.5 % SDS-PAGE, proteins
were transferred to an equilibrated nitrocellulose membrane and the membrane was agitated in
Bovine serum albumin (BSA) blocking buffer (1 % BSA, fraction V, 0.2 % [w/v] Triton X-100
in 1XPBS) for 30 mins at room temperature. The membrane was next agitated in streptavidin-
peroxidase polymer, (Ultrasensitive/ Streptavidin-HRP Sigma, Cat #52438-250UG) at 1:20,000
in BSA blocking buffer for 1 hr at room temperature. The membrane was rinsed twice in 1X PBS
to wash away unbound Streptavidin-HRP followed by agitation in Fetal Bovine Serum or FBS
blocking buffer (10 % [v/v] FBS, 1 % [w/v] Triton X-100 in 1X PBS) for 5 mins. This was
followed by three 5 mins washes in PBS and a final incubation in Immobilon Western
Chemiluminescent HRP Substrate (Millipore) for 5 mins to observe biotinylated proteins. After
the biotinylation image was captured, the HRP signal was quenched by agitating the membrane
in 30 % H20> (Fisher Scientific) for 20 mins followed by washing the membrane in PBS for two
or three times to remove residual H>O; before re-probing the membrane with other antibodies if

required.

3.18.5. Validation of localization of SS-BiolD2-HYAL?2 by immunofluorescence

For localization experiments, Hyal2”- MEF cells were plated onto glass coverslips in a 6-well
plate and transfected in duplicate with 4 pg of SS-BiolD2-HYALZ2, BiolD2-only or WT-
HYALZ2. The cells on coverslips were processed for immunofluorescence 24 hrs after

transfection. Briefly, the cells were washed in PBS and fixed with 2 ml of 4 % PFA for 10 mins.
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Cells were then incubated with (permeabilized) or without (non-permeabilized) Triton X-100 for
15 mins followed by a 2 hrs incubation with 1:500 dilution of anti-HY AL2 antibody
(Proteintech, Cat #15115-1-AP) in a humidified chamber at room temperature. The coverslips
were then washed and incubated for 45 mins in the dark with Alexa fluor 568 conjugated donkey
anti-Rabbit 1IgG (H+L) Highly Cross-Adsorbed Secondary Antibody (ThermoFisher Scientific,
Cat # A10042) diluted 1:1000 in 1 % BSA. DNA was labelled with Hoechst dye 33342
(1:100000) for 2 mins in the dark, washed, mounted and imaged as described in 3.13.

3.19. BiolD2 pull-down of proteins in proximity to HYAL?2

To generate biotinylated proteins in proximity to, Hyal2”"MEFs were transfected in eight 10 cm
tissue-culture dishes (4 experimental and 4 control) as described in 3.9. SS-BiolD2-HYAL?2 and
BiolD2 control plasmid were scaled up to 32 pg/dish in a 2 ml volume of transfection reaction
mix for each confluent plate containing about 1 X 107 cells. The cells in each plate were

supplemented with 50 uM biotin and incubated for 24 hrs.

3.19.1. Cell lysis and affinity purification of biotinylated proteins

The media was aspirated from the biotin-treated cells and the dishes were rinsed twice with
sterile PBS at room-temperature. The cells from each 10 cm plate were then scraped using 540 pl
of lysis buffer (50 mM Tris-Cl, pH 7.4, 500 mM NacCl, 0.1 % SDS, 1 mM DTT) supplemented
with protease inhibitor cocktail (Sigma). The four plates from the lysed experimental or control
transfections were combined into a DNase/RNase free 15 ml tubes and 120 pl of 20 % Triton X-
100 were added to each tube and mixed by trituration. The lysed cells were next sonicated using
a Sonic Dismembrator 100 (Fisher Scientific) at 15 amplitudes and giving 2 bursts of 5 sec each
on ice with a 30 sec interval between the bursts. The sonicated samples were then diluted with
2.52 ml of prechilled lysis buffer, mixed well and sonicated a second time as described above.
The samples were divided into three prechilled 2 ml tubes and spun at 16,500 X g for 10 mins at
4°C.
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For the affinity capture, 80 pl Streptavidin Sepharose™ High Performance beads (GE Healthcare
Cat # 17-5113-01) were added to two tubes containing 1 ml of room temperature lysis buffer and
centrifuged at 1000 X g for 2 mins to preclear and equilibrate the beads. The supernatant was
discarded and the centrifuged experimental and control samples were added to these tubes

containing the beads, mixed well and left on a rotator at 4°C overnight.

3.19.2. Bead washing

After the affinity capture, the two tubes containing experimental and control samples were spun
at 1000 X g for 5 mins to collect the streptavidin beads. The supernatant was gently removed
without disturbing the beads and the beads were suspended in wash buffer (8 M urea in 50 mM
Tris-Cl, pH 7.4) and rotated for 8 mins. The process was repeated a second time followed by two
additional washes with 50 mM TrisCl pH 7.4 without urea. The samples were resuspended in 1
ml of 50 mM TrisCl pH 7.4. From those samples, 900 ul were set aside for mass spectrometric
analysis and 100 pl were saved for western blot analysis. In preparation for mass spectrometric
analysis, the beads were pelleted by centrifugation at 1000 g for 2 mins and the supernatant was
removed. The beads were resuspended in 50 pl of 1 mM biotin in 50 mM ammonium
bicarbonate. These samples were sent for mass spectrometry at the Manitoba Centre for
Proteomics and Systems Biology (Winnipeg, MB, Canada). To verify that proteins were
recovered in the pull-down, the beads in 100 pl sample were resuspended in 100 pl of 1X SDS-
PAGE buffer and heated at 98°C for 5 mins. A 15-20 ul aliquot of this sample was analysed by

western blot following the procedure outline in 3.12.

3.20. Mass spectrometry (MS) analysis

Samples isolated by BiolD2 pulldown were subjected to tryptic digestion in 50 mM NHsHCO3
on the beads for 16 hours. After separation by 1D liquid chromatography (LC) with a 90-minute
nonlinear gradient, digested peptide solutions for each biological replicate were subjected to a Q

Exactive™ ——HF-X Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA) in standard
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tandem MS/MS with data-dependent acquisition. The protein identification parameters were as
follows: minimum fragment M/Z of 100; precursor mass tolerance of £ 10 ppm; fragment mass
error of 0.02 Da, and a maximum E-value of 0.01. Fixed modifications for oxidation of
methionine and tryptophan, deamination of asparagine and glutamine, and
carboxyamidomethylation of cysteine were also included in the analytical parameters. Peptides
were compared against the SwissProt mouse protein database and were identified and quantified
using X!Tandem (Alanine, 2017.02.01). Total proteins quantified (including protein homologs,
unique peptides) by X! Tandem search from two biological replicates have been provided in
Table V. The Global proteome machine (GPM) links to the experimental (SS-BiolD2-HYALZ2)

and control (BiolD2 only) results are also attached (Supplementary Table I).

3.21. MS data analysis

3.21.1. Unique protein sorting

Peptides identified by MS were first compared between control (BiolD2-only) and experimental
samples (BiolD2-HYALZ2) for two biological replicates to find the peptides unique to only the
experimental sample, that is proteins specific to the HYAL2 pull-down. The unique peptides
from both replicates were then compared across each other to sort only those peptides appearing
in both replicates. The final list of proteins specific to HYALZ2 and present in both biological
replicates was then analyzed based on label-free quantification by considering the values of their
ion intensities (log I). Log (I) values >5.8 were only considered for further analysis. After their
sorting based on log | values, they were compared to an online contaminant repository, the
CRAPome!*?, to eliminate non-specific proteins (histones, keratins, heat-shock proteins,
elongation factors, ribosomal proteins) often reported in control purifications and thus considered
background. The final list of proteins unique to HYALZ2 pull-down are provided in

Supplementary Table Il
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3.21.2. Gene Ontology (GO) analysis of enriched proteins

To further define the proteins (genes), the three categories on which GO analysis is based
(molecular function, the biological process and the cellular location) were assessed by
GOTermMapper!?°, The unique protein list was entered in the input box followed by
independent category selection and ‘Homo sapiens’ was selected for annotation (organism). The
‘Generic Slim” Ontology was selected for analysis. The charts for each category with GO terms

and their frequency of occurrence are provided in Results 5.10.

3.21.3. Functional annotation clustering of unique proteins

To identify the GO terms which are enriched in Biological Process (BP) category of the unique
proteins, DAVID Bioinformatics Resources 6.8'2! was used. In order to search for the most
common GO terms annotated in a cluster, the unique proteins list was submitted to the Gene list
panel, the gene identifier ‘Official Gene Symbol’ and ‘Gene List’ option were selected. To limit
random and large annotations from multiple species, Homo sapiens was selected. The Human
repository was used as a comparator for calculations. From the options in the Functional
Annotation, only Biological process category was chosen and the stringency was set to ‘High’.
From the Display options, Fold change (FC) and False Discovery Rate (FDR) were selected. The

results are tabulated in Table VI.
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3.22.Network map of unique proteins

3.22.1. Network construction and visualization

Proteins uniquely identified from HYAL2 pull-down were mapped onto a network of
interactions using NetworkAnalyst version 3.0 122, The putative proteins identified through our
proximity-labeling approach were submitted. The Generic PPI option with the IMEX Interactome
database was set to build the network. After the network construction, Polyubiquitin-C (UBC)
node which is known to be involved in many nonspecific interactions was removed as suggested
by Xia et al.'?2, The proteins with node degrees > 15 were only selected to create the protein
network. The ‘Force Atlas’ layout was selected to enable the visualization of closely connected

hubs. (Figure 5.11).

3.22.2. Extraction of functional modules

To enable the identification of enriched functions in the key hubs (nodes), the key nodes from
the network were selected and extracted to form modules which are subnetworks with more
internal connections inferred by the algorithm (Figure 5.12). Gene-disease association networks
were analyzed to correlate disease manifestations (if present) with a gene and to assess if the
phenotypes related to a certain gene relates to a few phenotypes or the phenotypic spectrum

associated with HYAL2 deficiency (Supplementary Figures 2 and 3).
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CHAPTER 4: RESULTS-I

Biochemical analysis of novel HYALZ2 variants- Expression and localization analysis of
novel HYAL?2 disease-causing mutations

The assistance of Dr. Richard Hemming in the protein expression analysis including the PI-PLC
analysis to look at cell surface HY AL2 and cooperation of summer students- Emily Barker,
Natasha Osawa and Megan Christine Rodriguez in the construct preparation is gratefully

acknowledged.

Supervision of Dr. Barbara Triggs-Raine is appreciated throughout the duration of the project.
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4.1. Introduction

HYAL2 is a cell-surface protein that is broadly expressed both in mouse and human tissues and
is thought to initiate the degradation of HMM HA®*. Though there has been controversy regarding
the role of HYALZ2 in HA turnover, our previous studies have established that HYAL2
deficiency is the cause of syndromic cleft lip and palate (CLP) in two unique human
populations?®, Characterization of the two HYAL2 substitution mutations identified in these
patients, and a comparison of the human phenotype to that of mice deficient in HYALZ2,
supported this conclusion. Facial dysmorphism, thickened cardiac valves, cor triatriatum sinister,
myopia, hearing loss and pectus excavatum were found to be associated with HYAL2 deficiency.
In this study we examined seven novel HYAL2 variants identified in patients through next
generation sequencing to determine if these variants cause deficiency of the cell surface HYAL2,
and possibly extend our understanding of the phenotypic spectrum associated with HYAL?2

deficiency.

We used a combination of cDNA mutagenesis, protein expression, immunofluorescence and
enzyme-based approaches to analyze the intracellular HYAL2 levels and monitor any change in

its cell-surface localization due to these reported HYALZ2 variants.
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4.2. Generation of HYALZ2 constructs expressing novel variants

To assess the impact of the seven novel variants that were identified in patients described in
Table I, we used fusion PCR which enabled the construction of precisely engineered constructs
containing only the desired nucleotide changes in HYAL2 (Fig 4.1). These included the HYAL?2
variants- 713T>G p.L238R , ¢.611G>C p.G204A, ¢.194C>G p.S65X, €.1273T>G p.F425V,
€.829C>T p.R277C, ¢.883C>T p.R295X and ¢.1271 1272delAC p.H424Lfs*12 which were
introduced by substitution/deletion mutagenesis. Briefly, sense and anti-sense primers containing
the desired nucleotide(s) changes in HYAL2 were used in combination with upstream and
downstream primers to generate two PCR products, each bearing the variant. The two PCR
products containing the nucleotide variant were then isolated and used as a template for a fusion
PCR using only the outermost primers. The resulting fusion PCR amplicon and the full-length
HYAL2 cDNA construct were digested with compatible restriction enzymes (Table 111) to allow
replacement of a region of WT HYAL2 with a variant-containing region. The digested products
were gel purified, ligated and transformed into electrocompetent E. coli DHS5a by
electroporation. After plating onto LB agar containing ampicillin and overnight incubation at 37°
C, the experiment was considered successful if the number of colonies on the experimental plate
was at least twice that on the control plate. When the experiment was successful, colonies were

picked and grown overnight in 3 ml of LB.
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Figure 4. 1 Site-directed mutagenesis by primer extension.

Primers B and C (inner primers) contain the desired nucleotide alterations (orange lines). First
round of PCR is performed using primer pairs A/B and C/D. The resulting amplicons are
subjected to the second round of PCR with the outer primer pair A/D to create the final product

with the desired alteration

~
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Final PCR product
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4.2.1. Restriction enzyme analysis of HYALZ2 expression constructs

To verify that each HYAL2 construct harboring a HYALZ2 variant was correctly assembled the
undigested and digested forms of the plasmids were analyzed by agarose gel electrophoresis
(Fig. 4.2). The uncut constructs were expected to migrate at the same positions as the WT
expression construct. Digestion of the constructs with the same restriction enzymes that were
used to generate at the constructs was expected to recut the plasmid if no alterations in sequence
took place during cloning and to generate the same sized fragments as that generated from WT-
HYAL2. As shown in Fig.4.2, in all the cases the uncut plasmids ran at a position similar to the
uncut WT plasmid. The restriction enzyme digestion resulted in the same fragments as WT.
R277C, R295X, L238R, S65X and WT resulted in 1098 bp containing the desired change with
EcoRI/Apal. (Fig 4.2. A). In Fig 4.2. B, F425V and del AC when digested with EcoRI/PpuMI,
resulted in 1361 bp fragment containing the desired change. G204A when digested with
EcoRI/Apal resulted in a fragment of 1098 bp similar to Fig 4.2.A.
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Figure 4. 2 Restriction digestion analysis of the WT and variant containing constructs.

Uncut (UC) or Cut (C) DNA samples were separated on a 1.0 % agarose gel, stained with
ethidium bromide and visualized. The uncut plasmids are ~ 6192 bp. The expected sizes of the
restriction for R277C, R295X, L238R, S65X, G204A and WT HYAL?2 digested with
EcoRI/Apal resulted in the desired fragment sizes of 1098 bp and 5094 bp [A and B]. The
expected sizes for F425V and del AC when digested with EcoRI/PpuMI, resulted in 1361 bp and
4831 bp fragments. 1 kb DNA ladder is used as reference.

1kb WT R277C R295X L238R S65X
Ladder UC C uc C Uuc cC uc C uc C

1098 bp
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1kb WT AAC F425V WT G204A
Ladder UC C uc C uc C uc C UuUC C

6000 bp
3000 bp
1500 bp
1000 bp

4.2.2 Verification of HYALZ2 variants by sequence analysis

The HYAL2 variants ¢.713T>G p.L238R, ¢.611G>C p.G204A, c.1271_1272delAC
p.H424Lfs*12, ¢.194C>G p.S65X, ¢.1273T>G p.F425V, ¢.829C>T p.R277C and ¢.883C>T
p.R295X were introduced into the HYAL2 expression vector. After their successful restriction
digestion, ligation and transformation, the newly made HYAL2 constructs were isolated and sent
for sequencing to ensure the desired base pair changes, and no others, were present. As shown in
Fig 4.3., the desired mutations were found to be present in the Sanger sequencing results for each

construct. No other mutations were found within the coding sequencing (data not shown).
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Figure 4. 3 Electropherograms of HYALZ2 variants.

The altered base is highlighted with a light blue bar. For delAC, two base pairs (AC) between
AC and TT (light blue bar) were deleted

gcaggcct@acctaatg

p.Ser65Ter (c.194C>G) p.Arg295Ter (c.883C>T)
gcagacacaclg ccgetge| [99200ccctt[fototogget
p.Phe425Val (c.1273T>G) p.Arg277Cys (c.829C>T)

AAG__GCGGCA_GGCGGGAGG

o Fut

p.Gly204Ala (c.611G>C) p.Leu238Arg (c.713T>G)

GCAGACACTTCCGCTRE C

A A

p.H424Lfs*12 (c.1271_1272delAC)
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4.3. Analysis of the impact of HYALZ2 variants on protein expression

The impact of the seven novel variants on the steady-state levels of the HY AL2 protein were
analyzed by transiently transfecting constructs expressing wild type and variant-containing
proteins in HY AL2-deficient MEFs. A plasmid containing a deletion near the beginning of
HYALZ2 that included the starting methionine was included as a negative control. Each construct
was transiently expressed in each well of a six well plate following the protocol that was
previously optimized and described in 3.9. Lysates were prepared from the wells after 48 hrs, the
time point at which the transient expression of HY AL2 was determined in previous studies to be
maximal. Equal amounts of protein lysates were separated on a western blot to visualize

HYALZ2 protein expression from all the variants.

The levels of expression were compared to the HY AL2 expressed from the WT cDNA. As
shown in Fig 4.4. A S65X and R295X terminations resulted in no detectable HY AL2 protein.
L238R, F425V and R277C resulted in very low levels of detectable HYAL?2, suggesting that the
protein is unstable. Two variants, G204A and delAC resulted in levels similar to that of the WT
HYALZ2. These outcomes are also illustrated in Fig.4.4. B which shows the average volume
intensities (luminescence units) of four experiments (tabulated in Table 1V) examining the

impact of the variants on HYALZ2 levels.
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Figure 4. 4 Expression of HYALZ2 in Hyal2-/- MEFs.

Immunoblot analysis of protein lysates (10 pg per lane) prepared from transfections with HYAL2
expression vectors were analyzed with anti-HYAL2 (upper panel) and anti-B-actin (lower panel).
HYALZ2 is indicated by an arrow and the asterisk indicates a cross reacting band that is evident
even in the control. The control was transfected with a vector that does not express HYAL?2 [A].
Quantification of the immunoblots. The average + SEM of the luminescence units from four
separate transfection experiments (Table V) are shown by the bars. The significance for each
mutant compared to the WT was determined using a paired t-test using the ratios from each
experiment. (ns-not significant; p<0.0001 (****); p <0.001 (***); p<0.01 (**) [B]
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Table 1V. Adjusted volume intensities of seven HYALZ2 variants with WT and control (C).

The ratio (relative quantity volume) of background-adjusted volume intensity and background-
adjusted reference volume intensity for each biological replicate is provided. The ratios across all

four biological replicates are averaged (Avg) and standard deviation (SD) is calculated.

Sample Ratio Ratio Ratio Ratio Avg SD
Rep 1 Rep 2 Rep 3 Rep 4

WT 1 1 1 1 1

L238R 0.05 0.09 0.06 0.06 0.065 0.017

G204A 0.4 0.87 0.81 1.09 0.80 0.28

AC Del 0.54 0.8 0.88 1.09 0.82 0.22

(A2bp)

S65X 0 0 0 0.001 0.00 0.00

F425V 0.09 0.23 0.08 0.15 0.13 0.068

R277C 0.04 0.08 0.03 0.06 0.05 0.02

R295X 0 0 0 0 0 0

Con (C) 0 0 0 0 0 0
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4.4. Removal of cell surface HYAL2 with phospholipase C

GPI-APs contain an ER signal sequence directing them to the ER lumen where the hydrophobic
C-terminal sequence is cleaved off and replaced with a GPI anchor which further directs the
protein through the secretory pathway and finally helps in its anchorage to the external leaflet of
cell-membrane. PI-PLC releases the GPI-linked protein from the cell-surface to the extracellular
space. To evaluate if the variants have impacted the GPI-anchor and to confirm the presence of
low levels of HYALZ2 at the surface of some of the mutant HY AL2-transfected cells, we released
cell surface HY AL2 with phosphatidylinositol-specific phospholipase C (PI-PLC). (Fig. 4.5.)
Media collected from cells expressing the WT form of HYAL2 was analyzed before and after
treatment with PI-PLC. A low level of HYAL?2 (-PLC) was detected in the medium, but this was
much lower than the amount released into the medium after 2 hrs of incubation with PLC. Only
two other variants, L238R and G204A resulted in a substantial level of HY AL2 released from
the cell surface. No other variant showed any release of cell-surface HY AL2. This was consistent
with the results of the immunolocalization (Fig 4.6.). Interestingly, although HYAL2 typically
has two bands visible by immunoblot that differ in glycosylation (as demonstrated in past
PNGase F studies that resulted in a single band), one of each of these bands predominated in the
presence of each of these mutations, resulting in a slower migrating form of HYAL?2

predominating in the L238R sample.
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Figure 4. 5 Immunoblot analysis of HYALZ2 released by PI-PLC treatment.

Hyal2-/- MEFs that were transfected with WT HY AL2 and HY AL2 variants were incubated with
(+) or without (-) PLC to release the cell surface HYAL2. HYAL2 was detected by immunoblot

after the protein in the media was concentrated. The arrow indicates HYALZ2. This blot is

representative of three independent experiments.
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4.5. Localization analysis of HYALZ2 variants by immunofluorescence

HYALZ2 that is normally processed and targeted is glycosylated, has a GPI anchor added, and is
localized to the cell surface. Mutations that impact folding could lead to ER-mediated
degradation and/or a failure to add the GPI anchor to the C-terminus. These mutations would be
expected to result in a reduced presence of HY AL2 at the cell surface. To assess this
immunofluorescence was performed on transfected cells under non-permeabilized conditions to
detect cell surface HYALZ2 and permeabilized conditions to detect intracellular HY AL2
following the protocol described in 3.13. As shown in Fig 4.6., WT HYALZ2 was abundantly
detected at the cell surface and within the cells and no signal was detected from untransfected
Hyal2-/- MEFs acting as the negative control. L238R and G204A mutants showed low
expression of cell-surface HYAL2. None of the mutations resulted in a substantial level of
HYALZ2 at the cell surface although several of the mutations allowed for the expression of a
substantial level of intracellular HY AL2. The only mutations that resulted in no HYAL?2
intracellularly and at the surface were the two termination codons (S65X and R295X).
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Figure 4. 6 Comparative immunolocalization of HYAL2 variants expressed in Hyal2-/-
MEFs

The transfected Hyal2-/- MEFs were fixed and incubated with anti-HYALZ2 primary antibody
under permeabilized (Perm) and non-permeabilized (N-Perm) conditions. HY AL2 was detected
with Alexa Fluor 568-conjugated donkey anti-rabbit secondary antibody (orange-fluorescent).
Nuclei are stained blue with DAPI. Scale bars, 20um. 63X magnification. Representative

microscopy images of at least three independent experiments are shown.

Control (Hyal2-/-) WT-HYAL2 G204A

N-Perm

Perm
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Chapter 5 : RESULTS- I

Establishing a method for identifying HY AL 2-interacting partners using the Biotin

Identification (BiolD) proximity labelling system

The assistance of Dr. Carina Villacres, Ying Lao, Victor Spicer and Dr. Oleg Krokhin from
Manitoba Centre for Proteomics and Systems Biology in conducting the Mass spectrometry
analysis and providing insights into the data, is deeply acknowledged. Help from Co-op student,
Nikolas R. Furletti in literature survey and the supervision of Dr. Barbara Triggs-Raine during

construct preparation are appreciated.
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5.1. Introduction

In the current model of HA degradation, HYAL2 is presumed to generate HA fragments (10-20
kDa) from large-sized extracellular HA (>200 kDa) that are bound by a receptor and internalized
for lysosomal degradation®. However, we (unpublished) and others have found either weak®’ or
no activity® associated with HYAL2 using exogenous HA as a substrate. Our studies show that
the size and levels of HA are increased in tissues of Hyal2-/- mice®, clearly indicating that
HYALZ2 has a role in HA degradation. The broad expression and cell surface localization of
HYALZ2 suggested that it functions in the daily turnover of 5 g of HA in an average human?®.
However, the extent of HA accumulation in Hyal2-/- mouse tissues® could not account for this
level of turnover. We speculate that HY AL2’s activity is regulated to allow the activation of
signaling pathways only at specific stages/times or that the HA must be decorated with specific
binding proteins in order to be recognized as a substrate by HYAL2. The identification of

HY AL2-interacting partners is an important step in determining the full spectrum of molecules
involved in HY AL2-mediated turnover of HA. Though there are a few cell-surface receptors that
are thought to interact with HYALZ2, there is still not enough evidence to call them bona fide
interactors of HYALZ2.

To enable the identification of protein partners of HY AL2 without excluding transient or weak
interactors, we employed the novel biotin proximity labeling system called Biotin Identification
or BiolD. BiolD takes advantage of a prokaryotic biotin protein ligase which when fused to a
protein of interest or ‘bait’ promiscuously biotinylates vicinal ‘preys’ or interactors of the bait
proteint?® 136 The biotinylated proteins are then captured using an avidin or streptavidin based
affinity matrix and analyzed by mass spectrometry for peptide identification. The BiolD
approach is represented via the schematic below (Fig 5.1). BiolD is especially valuable for
studying the PPIs of membrane proteins which are often lost due to harsh membrane disruption
conditions during conventional affinity purification approaches. Besides employing BiolD as the
protein-capture method, we have used a combination of proteomics, functional analysis and
network biology validated by statistical parameters to establish a screening method and build a
library of probable HY AL2 proximal proteins which is likely to include interacting binding
partners of HYALZ2.
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Please note: BiolD2 (26 kDa)'*® which is a smaller and advanced form of BiolD (35 kDa) has
been used to conduct the PPI study of HYALZ2. The terms BiolD and BiolD2 have been used
interchangeably throughout the document. SS-BiolD2-HYALZ2 and BiolD2-HYAL?2 used

alternatively in the document refers to the same construct- BiolD2 fused to HYAL2.

Figure 5. 1 Proximity-dependent labeling of proteins by BiolD
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5.2. Generation of Flag-HYALZ2 plasmid construct

HYALZ2 is a cell-surface protein with an ER signal sequence (SS) at the N-terminus and a GPI
anchor at the C-terminus. Therefore, finding a position to fuse the biotin ligase (BiolD2) within
HYALZ2 to ensure its function remained unchanged after the fusion was an important first step. In
an attempt to the find an ideal site within HY AL2, we analyzed a previously reported fusion
between the Flag tag and HYALZ2 to verify it did not interfere with the localization or
stabilization of HYALZ2. If we found no change in the expression or cell-surface localization of
HYAL2, we intended to use the same site for BiolD fusion. We received Flag-tagged Hyal2
cloned into the pCMV1 vector (Sigma) as a kind gift from Dr. Dusty Miller (Rai et al. 2001,
PNAS 98:4443-8).This construct had the Hyal2 cDNA starting at the second Met (M2) cloned
into the pFLAG-CMV1 vector (sequences attached), resulting in the CMV promoter driving
expression of the protein: SS (ER signal sequence) - Flag tag - Hyal2.The SS with Flag epitope
and a portion of HYAL2 cDNA was cloned from the pPCMV1-Flag-HYAL?2 construct (6088 bp)
into our mammalian expression vector, pPCMV6-XL5 containing the full-length HYAL2cDNA
(6192 bp) using the restriction enzymes Apal and SnaBlI and following the protocol described in
3.15.
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Figure 5. 2 Plasmid maps of donor (pFLAG-CMV1) and recipient plasmids (pCMV6-XL5
FLAG-HYALZ2.

Restriction enzymes Apal and SnaBl were used to clone SS-FLAG-HYALZ2 from donor (A)
plasmid to the recipient (B) generating a construct of 6216bp. SS- signal sequence, M2- second

methionine, N- N-terminus, C- C-terminus
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5.3. Protein expression analysis of Flag-HYAL2

To verify if the newly constructed Flag-HYAL2 was functional, we assessed HYALZ2 protein
expression and stability. To use the construct further, the level of steady-state Flag-HYAL2
should be similar to that of WT-HYALZ2. Flag-HYAL?2 was transfected into Hyal2-/- MEFs
following the procedure outlined in 3.9. Lysates were prepared from the wells after 48 hrs, the
time point at which the transient expression of HY AL2 was determined in previous studies to be

maximal. Equal amounts of protein were separated by SDS-PAGE.

Levels of Flag-HY AL2 were compared to that of WT-HYALZ2 by western-blot using an anti-
HYALZ2 antibody (Fig. 5.3.). As shown in Fig 5.3., lane 1(from left) containing the cell lysate
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preparation from Hyal2-/- MEFs showed no HY AL2 expression. Lane 2 containing the cell
lysate transfected only with the vector backbone (pCMV6-XL5) also showed no expression as
expected. In lane 3, Flag-HYALZ2 resulted in levels similar to that of WT HYAL2 in lane 4. In
lysates from Flag-HYAL2 and WT-HYAL2 —transfected cells, two bands are detected that were
not present in untransfected cells. Two bands are often detected for WT-HY AL2 and because
only one band is detected after PNGase F treatment (data not shown) these two bands are due to
differences in N-linked glycosylation. The two bands detected in Flag-HYALZ2 lysates were also
found to result from differences in N-linked glycosylation (Supplementary Figure 1). The
slightly larger size of the two Flag-HYAL2 bands is thought to be due to the presence of the
added Flag tag which has a mass of 1.013 kDa and a few additional amino acids acting as a

linker.
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Figure 5. 3 Flag HYAL2 expression in transfected Hyal2-/- mouse embryonic fibroblasts
(MEFs).

Immunoblot analysis of protein lysates (20 ug per lane) prepared from transfections with HYAL2
expression vectors were analyzed with anti-HYAL2. HYALZ2 is indicated by an arrow and the

asterisk indicates a cross reacting band that is evident even in the control.
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5.4. Cell-surface localization analysis of Flag-HYALZ2 by IF

An important determinant of HY AL2 function is its localization. HY AL2 gets processed as a
GPI-anchored protein resulting in its integration into the external leaflet of the plasma
membrane. To verify if the newly made Flag-HY AL2 protein localized to the cell-surface similar
to WT-HYALZ2, cells transfected with both Flag-HYAL2 and WT-HY AL2 were subjected to
immunolocalization following the protocol described in 3.13. The localization analysis showed
that Flag-HY AL2 translocated to the cell-surface similar to that of WT-HYAL2 when examined
under non-permeabilized conditions. Under non-permeabilized conditions with the cell-
membrane intact, distinct orange-fluorescent signals specific to HY AL2 were detected on the
surface of the Hyal2-/- MEFs (Fig 5.4.) which confirms the report of Rai et al. (2001) theat the
Pre-protrypsin signal followed by the Flag-tag at the N-terminus of HY AL2 did not interfere
with its localization to the plasma membrane. The WT-HYAL2 (Fig 5.4.A) and Flag-HYAL2
(Fig 5.4. B) were compared to negative control, Hyal2-/- MEFs (Fig 5.4. C) expressing no cell-
surface HY AL2 to test for any non-specificity of the antibody or to avoid any artifacts based on
autofluorescence of the cells. No background fluorescence was recorded with the negative
control. The Flag-HYALZ2 did appear to have a slightly reduced signal compared to the WT-
HYALZ2 but given that this was an overexpression system, we did not think this would be a
disadvantage in the BiolD system.

76



Figure 5. 4 Localization of Flag-HYAL2 and WT-HYAL?2 by IF.

Flag-HYALZ2 and WT-HYAL?2 were transiently expressed in Hyal2-/ -MEFs. HYALZ2 (orange)
was localized using anti-HYALZ2 and Alexa Fluor 568-conjugated donkey anti-rabbit secondary
antibody under permeabilized (Perm) and non-permeabilized (Non-Perm) conditions. Nuclei are
stained blue with DAPI. Scale bars, 20um. 63X magnification. Representative microscopy

images from at least three independent experiments are shown.
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5.5. Cloning of SS-BiolD2-HYALZ2 and restriction digestion verification

Once the expression and appropriate localization of Flag-HYALZ2 were ensured, biotin ligase,
BiolD2'3% required to conduct the proximity biotinylation study, was fused to HYALZ2 at the
exact site where Flag-tag was fused. The signal sequence (SS) which essentially guides HYAL?2
to travel through the secretory pathway inside the cell to anchor itself on the cell surface, was
also introduced upstream to the the BiolD2-HYAL?2 at the N-terminal. This was achieved
through two major steps by fusion-PCR based cloning. The first step included fusing BiolD2
(696 bp) to HYALZ2 (~1422 bp) and the second step was to fuse SS to BiolD2-HYALZ2 and clone
it back to our mammalian expression vector, pPCMV6-XL5. After two rounds of fusion-PCRs and
restriction digestions by EcoRI and Apal, the desired SS-BiolD2-HYALZ2 was constructed.

5.5.1. Making the BiolD2-HYAL2 construct:

Step 1: Hyal2 was amplified by fusion PCR by using forward primer (WPG 1287) 5’ -
AGCTCCTCGAGATGGAGCTCAAGCCCACAGCACCA-3’ containing an Xhol site
(underlined) and reverse primer (WPG 1289) 5’-CTTGGTTCCCGAATAGACCC-3’ from the
PCMV1-Flag Hyal2 (Dr. Dusty Miller’s construct).

Step 2: The successful PCR product was then gel purified and restriction enzyme digested with
Xhol and BamH]I (downstream to the WPG 1289 primer sequence). The recipient vector which
in this case was myc-BiolD2-MCS (Addgene) was also digested with the same pair of restriction
enzymes. The length of the PCR amplified insert after digestion was 1405 bp and length of the

BiolD2 containing vector post digestion was 6085 bp.

Step 3: The digested products were then gel purified and subjected to ligation. After successful
ligation, colonies were picked, cultured and DNA was prepared. The ligated BiolD2-Hyal2
construct was 7490 bp.
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5.5.2. Making the Signal sequence (SS)-BiolD2-HYAL?2 construct:

With the BiolD2-Hyal2 now fused together, our aim was to introduce the ER signal sequence
upstream to BiolD2 at the N-terminus. Therefore, the primers were designed accordingly. The

primers used were:

WPG 1290 (Forward primer with an EcoRlI site [underlined below], the entire signal sequence
[italicized] and a short portion of BiolD2):
cgaattcatgtctgcacttctgatcctagcetcttgttggagetgcagttgctttcaagaacctgatctggetgaagga

WPG 1294 (Reverse primer extending from Hyal2 into BiolD2): cttgagctccatgcttcttctcaggctgaa
WPG 1293 (Forward primer extending from BiolD into Hyal2): ttcagcctgagaagaagcatggagctcaag
WPG 1295 (Reverse primer after Apal site): cactggcattgctcaccactc

Step 1: Two separate fusion PCRs were run using the already made BiolD2-Hyal2 construct as
the template. For the first PCR (to introduce the SS into BiolD2-Hyal2), the forward primer
WPG 1290 and reverse primer 1294 were used generating a 760 bp fragment after gel
purification. The second PCR was run with the forward primer WPG 1293 and reverse primer
WPG 1295 generating a 1277 bp fragment.

Step 2: The two fragments were joined by fusion PCR to generate the entire construct containing
the EcoRI1-SS-BiolD2-Hyal2. The fragment length was 2037 bp.

Step 3: This construct was then subjected to restriction digestion by EcoRI (upstream to the SS)
and by Apal (inside the Hyal2 construct) and then gel purified. The recipient vector, PCMV6-
WT Hyal2 was digested with the same. The insert length was found to be 1780 bp and the vector
length was 5081bp.

Step 4: The vector and insert were subjected to ligation and after successful transformation and
miniprep, the entire fragment SS-BiolD2-Hyal2 was found to be 6861bp. Cloning was complete.

Step 5: Just as an additional step to verify the newly made SS-BiolD2-HYAL2, it was subjected
to EcoRI and Apal digestion. As a control, WT Hyal2 was also digested by the same. It was
observed that the SS-BiolD2-Hyal2 has a bp length of 1780 bp (as observed before, step 3) and
the WT Hyal2 without the (SS and BiolD2) was found to be around 1100bp as expected.
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Figure 5.5 SS-BiolD2-HYALZ2 and WT-HYALZ2 comparison on agarose gel.

pCMV6-XL5 expression vector containing SS-BiolD2-HYAL2 (6861 bp) and pCMV6-XL5
expression vector containing WT-HYAL2 (6192 bp) were restriction enzyme digested with EcoRI

and Apal to demonstrate the change in size due to BiolD2 (~ 690 bp) incorporation.
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5.6. Protein expression analysis of SS-BiolD2-HYAL2(BiolD2-HYAL?2)

The expression levels of the BiolD-tagged fusion protein (BiolD2-HYAL2) should ideally
mimic the wild-type protein (WT-HYAL2) expression levels®” . The availability of anti-HYAL2
antibody to ensure the specific detection of HY AL2 facilitated the comparison of the expression
levels. BiolD2-HYAL2 after its construction and purification was expressed in Hyal2”- MEFs
alongside the WT-HYALZ2 and BiolD2-only (vector containing only BiolD2) to assess the
expression and stability of the proteins. The cDNAs were transfected into Hyal2”- MEFs in 6-
well plates following the protocol described in 3.9. The cells were scraped and sonicated and the
resulting lysates were analyzed by SDS-PAGE followed by western blotting. In Fig 5.6.A. lane
1(from left) shows a band of WT-HYALZ2 with a molecular weight of approximately 53 kDa.
Lane 2 with cells transfected with BiolD2-only shows no band when incubated with anti-
HYALZ2 antibody. Lane 3 shows a band approximately 80kDa (calculated molecular weight of
SS-BiolD2-HYAL2 ~ 81 kDa) which when compared to lane 1 with WT-HYALZ2, is clearly
larger in size. An extra band at 55 kDa similar to WT-HYALZ2 can be seen in lane 3, which we
speculate to be a minor degradation product of the expressed fusion protein. To further validate
the fusion protein we used a 10 % SDS PAGE gel and probed with anti-BiolD2 antibody. In Fig
5.6.B, lane 1 shows a band of ~ 80 kDa which is thought to be SS-BiolD2-HYAL?2 and lane 2
shows a distinct and clear 26 kDa band which is just BiolD2 without SS or HYAL2 fused to it.
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Figure 5. 6 Western blots of WT-HYAL2 and SS-BiolD2-HYAL?2

Cell lysates (20 pg of protein) from WT HYALZ2, BiolD2, or BiolD2-HYALZ2 transiently
transfected MEFs were analyzed by western blot following separation by 7.5 % [A] or 10% [B]
SDS-PAGE. The blots were probed with anti-HYAL2 [A] or anti-BiolD2 [B] respectively.
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5.7. Analysis of biotinylation by BiolD2-only and SS-BiolD2-HYAL2 constructs

The biotin ligases are designed to enable promiscuous biotinylation of proteins in a proximity-
dependent fashion. Proteins covalently marked with biotin are captured by an avidin or
streptavidin-based affinity system. It was crucial to assess if the newly made constructs
expressing SS-BiolD2-HYAL?2 and BiolD2-only were capable of biotinylation of proximal
proteins when supplemented with exogenous biotin. The cells expressing SS-BiolD2-HYAL?2
and BiolD2-only were supplemented with 50 M biotin 24 hrs post-transfection. After18 hrs of
biotinylation, cells were harvested, and cell lysates were separated by 7.5 % SDS-PAGE. After
transfer to nitrocellulose the blot was probed with HRP-conjugated Streptavidin for 1 hr.
Streptavidin binds to biotin with a high-affinity and the conjugated HRP acts as a detection
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system for biotinylated targets. Lane 1 in Fig 5.7.shows extensive biotinylation of endogenous
proteins by cells expressing BiolD2-only. Lane 2 with cells expressing SS-BiolD2-HYAL?2
showed comparatively less biotinylation of proteins compared to lane 1 possibly due to increased
specificity of the fusion protein towards biotinylating proteins proximal to HYAL2. The BiolD2-
only control often identifies proteins that are randomly biotinylated based on their
overabundance or due to their affinity toward biotin ligase. There are also certain proteins which
tend to attach to streptavidin beads specifically or non-specifically which supposedly leads to
more biotinylation in the controls than in the experimental samples where BiolD is fused to a
bait proteint4> \We also speculate, since BiolD2-HYAL2 shows a more targeted cellular
localization i.e. to the cell-surface unlike the BiolD2-only control, it shows more restricted and

targeted biotinylation of proteins in the cell.
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Figure 5. 7 Biotinylation by BiolD2 and BiolD2-HYAL2.

Following SDS-PAGE separation, the protein lysates (20 pg) of BiolD2 and BiolD2-HYAL2
were supplemented with externall biotin and incubated with streptavidin-HRP. Increased
biotinylation of the proteins in cells transfected with BiolD2-only were detected compared to
BiolD2-HYAL2-transfected cells.
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5.8. Verification of cell-surface localization of SS-BiolD2-HYAL2

HYALZ2 that is normally processed and targeted is glycosylated, has a GPI anchor added, and is
localized to the cell surface. Any change that impact folding and structural conformation, could
lead to ER-mediated degradation and/or a failure to add the GPI anchor to the C-terminus. We
have verified effective cell-surface localization of the Flag-HYALZ2 protein. However, it was
important to ensure that SS-BiolD2-HY AL2 reached the cell-surface as WT-HYALZ2 or Flag-
HYALZ2 since confirming the subcellular localization of the BiolD-tagged fusion protein is
necessary to permit the biotinylation of proximal cell surface proteins. Immunofluorescence was
performed on Hyal2-/- MEFs transfected with WT-HYALZ2, SS-BiolD2-HYAL?2 and BiolD2-
only for effective comparisons. Following the protocol described in 3.13, the cells were
subjected to both non-permeabilized conditions to detect cell surface HYALZ2 and permeabilized
condition to detect intracellular HYAL2. In Fig 5.8. the 1% column showing SS-BiolD2-HYAL?2
(alternatively termed as BiolD2-HYAL2) under non-permeabilized conditions shows cell-surface
targeting and is comparable to the WT-HYAL2 in 2" column when incubated with anti-HYAL?2
primary antibody. Permeabilized cells expressing either SS-BiolD2-HYAL2 or WT-HYAL2
show intracellular HYALZ2. In the 3™ column, cells expressing BiolD2-only shows no HYAL2
expression both under non-permeabilized and permeabilized conditions when probed with anti-

HYALZ2 antibody demonstrating no false positive detection by the antibody.

Please note: GPl-anchored proteins (GPI-APSs) tend to move in homoclusters and they have high
affinity for each other. They fuse into heteroclusters which are fully functional*'t. The clustering
of SS-BiolD2-HYAL2 observed under non-permeabilized condition might be attributed to this
heteroclustering of GPI-APs.
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Figure 5. 8 Cell-surface localization of BiolD2-HYALZ2.

The Hyal2-/- MEFs transfected with BiolD2-HYAL2 showed cell-surface localization when
incubated with anti-HYALZ2 antibody similar to WT-HYALZ2. Cells transfected with vector
containing only BiolD2 showed no expression with the anti-HYALZ2 antibody. HYALZ2 is
detected with Alexa Fluor 568-conjugated donkey anti-rabbit secondary antibody (orange-
fluorescent). Nuclei were stained blue with DAPI. Scale bars, 20 um. 63X magnification.
Representative microscopy images are from at least three independent experiments are shown.
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5.9. Analysis of peptides in BiolD2 and BiolD2-HYALZ2 samples by mass spectrometry

Peptides prepared from two biological replicates as described in 3.20 were analyzed and detected
masses from both SS-BiolD2-HYAL2 and BiolD2-only samples were identified and quantified
using X!tandem [ALANINE (2017.02.01)]. X!Tandem open source is software that can match
tandem mass spectra with peptide sequences. Modified peptides were not identified if a predicted
mass for this modification was not included in the matching database. The total proteins detected
for both replicates of control (BiolD2) and experimental (SS-BiolD2-HY AL2) samples can be
searched using the links provided in Supplementary Table I. Unique peptides were identified
by MS (Table V). Two or more unique peptides were required to identify a mouse protein or

human homologue. These are referred to as “selected peptides”.

Table V. Peptides detected by MS and predicted proteins.

Summary of MS data defined using X! Tandem. Control- BiolD2 only sample, Exp-
Experimental (SS-BiolD2-HYAL2) sample, Rep- Biological replicate. Unique peptides- number
of unique peptide sequences associated with a protein assignment (mouse protein or human
homologue), Selected peptides- peptides selected from unique peptides which are assigned a

statistical confidence.

Control Control Exp
(Rep 1) (Rep 11) (Rep 11)

Proteins
Homologs

Total proteins
Unique peptides
Selected peptides
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Proteins that were identified were further analyzed to define those that were unique to the
BiolD2-HYAL2 sample (Fig.5.9). Comparisons of the proteins identified in the BiolD2 and
BiolD2-HYALZ2 replicates revealed 456 and 819 unique protein/homologues respectively. There
were 93 proteins that were consistently present in both replicates with a log (1) (the base-10 log
of the sum of the fragment ion intensities in the tandem mass spectra) value > 5.8 were selected
for further analysis. This list of 93 proteins was further filtered using the CRAPome contaminant
repository to eliminate common background contaminants, mitochondrial ribosomal and
Electron transport system proteins. The final list of unique proteins/nomologues was reduced to

64 after excluding common electron transport chain proteins (Supplementary Table I1).

Figure 5. 9 Unique protein sorting pipeline
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5.10. Gene Ontology (GO) analysis

Gene Ontology annotations form a comprehensive and dynamic way of describing sets of genes
or proteins. GO terms are highly structured and provide a collective nomenclature containing
numerical identifiers (GO ID) to delineate the functional characteristics of a gene or protein.The
combined information from repositories of published research and data mining using
bioinformatics and artificial intelligence makes the GO project an excellent resource to

categorise the biological attributes of a gene or protein38 139,

Manual GO annotation was performed using the GO browser, GOTermMapper'? with the
goa_human (Generic GO slim) terms for biological process (BP), molecular function (MF) and
cellular component (CC) selected. GO subsets (also known as GO slims) are trimmed versions of
the GO representing the major gene ontology categories (From http://geneontology.org/docs/go-
subset-guide/). Based on GO recommendations, terms that were represented by more than one
gene were included from each category The numbers of proteins annotated to each term are
expressed as a percentage of the total number of Uniprot identifiers submitted to this term in GO

Term Mapper.

For the BP category, 63 of our final list of 64 unique proteins were annotated. The majority of
these were part of the signal transduction, transport, response to stress and anatomical structure
development terms (Fig 5.10 A). One protein, PRORP, was not annotated in this category.

There are many genes/proteins for which no molecular function is defined and therefore it is not
surprising that for MF, only 43 out of 64 unique proteins were found to be annotated. In the MF
category, ion binding and enzyme binding were the highest occurring terms (Fig 5.10 B).
Eighteen proteins (NOMOL1, ARL6IP1, TMED1, TMEDS5, CLPTM1, ERP29, IGFN1, YIPF3,
TMEM97, SYNGR2, CD151, MRC2,MANBAL, HDDC2, LYST, CX3CL, GPRC5A and

NIPSNAP2) were not part of any major annotated terms in GO slim.

All of the proteins were annoted in the CC category which defines the predicted localization of
proteins inside the cell or its extracellular environment. The majority of the proteins were

plasma-membrane proteins followed by ER and extracellular proteins (Fig 5.10 C).
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Figure 5. 10 Gene ontology (GO) annotation of unique proteins using GOTerm Mapper.

The horizontal axis represents GO term annotation frequency in percentage. The vertical axis is

the GO Terms annotated.
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5.11. Functional Annotation Clustering

Functional Annotation clustering classifies genes by measuring relationships among annotation
terms on the basis of their occurrence and associations with the genes provided by the user. To
conduct functional clustering on our unique protein dataset, the bioinformatics resource, DAVID
(the database for annotation, visualization and integrated discovery) which incorporates

biological meaning to large datasets by GO term enrichment!??,

The top 12 DAVID annotation clusters (n=64 proteins from 2 replicates) were obtained after
functional clustering of the unique proteins predicted to interact with HYALZ2 (Table VI). Six
clusters derived from the dataset namely- cell migration, response to stress, apoptosis regulation,
wound healing, anatomical structure morphogenesis and cardiovascular system development [all
of which abide by the recommended statistical parameters of fold change (FC>1.5), low false
discovery rate (FDR) and P-values < 0.05] are interesting because these six clusters bear
significant relevance to the biological function associated with HYAL2. HA and HYAL?2 are
speculated to be involved in all of these biological processes (represented by these six clusters)
either through direct interaction or through in association with other complexes. All the clusters
obtained from DAVID analysis significantly pass the statistical threshold for selection (FC >1.5

and P-values < 0.05)'?1. Redundant clusters have been merged.

Table VI. Functional annotation clustering of unique proteins by DAVID.

Fold Change (FC) referes to the magnitude of enrichment in comaprison to the whole proteome.
FC values >1.5 are considered interesting.. Enrichment Score ranks the overall importance of
the annotated groups. It is the geometric mean of the P-values of the enriched terms in a group.
A higher score for a group is indicative of an important role being played by the genes in the
group. False Discovery Rate (FDR) exist to correct the enrichment P-values of the terms in the
cluster to control family-wide FDR . The more terms that get examined, the more conservative

are the corrections.
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Annotation cluster

Homeostatic process/Cell
homeostasis

Cell migration/Cell motility

Regulation of cell
death/Apoptosis

Regulation of lipid
biosynthetic process

Response to stress
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Tissue
morphogenesis/Morphogene
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Cell adhesion

Wound healing/Response to
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Blood vessel
development/Vasculature
development

Anatomical structure
morphogenesis
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Enrichment
score

4.36

2.84

2.75

2.63

2.32

1.52

1.44

142

1.4

14

1.28

1.22

Gene
count

15

13

14

23

11
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p-value
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FC

2.80E+00

3.00E+00

2.90E+00

1.20E+01

1.90E+00

2.60E+00

3.50E+00

2.00E+00

3.40E+00

3.20E+00

3.00E+00

2.80E+00

FDR

8.30E-02

1.60E-01

1.60E-01

1.60E-01

1.80E-01

7.50E-01

6.30E-01

7.80E-01

7.50E-01

7.70E-01

3.90E-01

7.80E-01

Gene names

AFG3L2, GNA13, ORMDLZ,
SLC9A3R1,CCDC47, CORO1A,
FITM2, MCU, PRDX3, PRDXS5,
PTPRN2, STX4, TMX2, TMX3,
TMEMS7

CX3CL1, CD151, GNA13, RAP2C,
SLC9A3R1, COROI1A, ITGAS,
ITGAS, LYST, PDCD10, PTK7?,
STX4, ZEB2

ARL6IP1, BCL2L13, CX3CL1,
DNAJC3, SLC9A3R1, AXINZ,
CORO1A, ERP29, ITGAS, IFIT2,
PRDX3, PRDX5, PDCD10, STX4

DHCR7, ERLIN1, ORMDLZ,
FITM2, IDH1

CX3CL1, DNAJC3, ERLINI,
GNA13, AXIN2, CCDC47,
CORO1A, ERP29, EIF2B1, ITGAS,
ITGAS, IFIT2, IDH1, LYST, PRDX3,
PRDX5, PDCD10, PTK7, STX4,
TMX3, TOR1B, TRA2B, UBE4B

DHCR7, CX3CL1, GNA13, AXINZ,
ITGAS, PDCD10, PTK7, UBE4B

GNA13, SLCSA3R1, GPC4,
ITGAS, PDCD10, PTK7, UBE4B

CX3CL1, CORO1A, ITGAS,5TX4,
CD151, CLPTM1, FBLNZ2, ITGAS,
IDH1, PTK7, GPRC5A

CX3CL1, GNA13, ITGAS, ITGA9,
PDCD10, PTK?

DHCR7, CX3CL1, GNA13, ITGAS,
PDCD10, PTK7

CX3CL1, GNA13, SLCSA3R1,
AXIN2, CORO1A, FITM2, GPC4,
ITGAS, PDCD10, PTK7

DNAJC3, GPRC5A, RAP2C,
SLC9A3R1, ERP29, PRDX3,
PDCD10



5.12. PPI network maps of unique proteins and module analysis

The unique protein dataset of 64 proteins was analyzed by NetworkAnalyst v3.0'%2 to produce
the network in Fig 5.11. The PPI network is built of proteins with a node degree >15 (the
‘degree’ of a node is the number of connections it has to other nodes) which retains the major
nodes acting as ‘hubs’ in the network with maximum connections with other clusters. Extensive

PPI was observed among these candidate proteins.

Figure 5. 11 Protein-protein interaction network of unique proteins.

Twenty-one proteins (degree > 15) act as hubs in the network. Red dots (representing hubs) are

the major nodes in the networks; the larger the dot, the greater the number of connecting

proteins.
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Twenty-one hubs were selected and extracted to create modules of tightly clustered subnetworks
containing hub proteins and their interactors forming interacting complexes (Fig 5.12). Members
within a module are likely to perform a specific biological function. The BPs found to be
signficant with DAVID functional clustering, were also found to be statistically significant (P-
value < 0.05) with low FDR in the network map of the unique proteins. Each module below
features hub proteins and their interactors (non-hubs) associated with a specific biological
pathway/process.There are a total of six modules highlighting the biological roles usually
associated with HA and HYAL2 with significant P-values.

The first module is (A) ‘Wound healing’ which features 11 hits with 4 being hubs- STX4,
ITGA5, GNAL13, LYST and 7 non-hubs with a P-value of 0.00113 and FDR- 0.0377.

The second module is (B)“Cell migration’ featuring 14 hits with 7 hubs- CORO1A, ZEB2,
GNA13, LYST, ITGA5, RAP2C, SLC9A3R1 and 7 non-hubs proteins with P-value- 0.00119
and FDR value-0.0377.

The third module is (C) ‘Response to stress’ features 35 hits with 14 hubs- STX, ITGADS,
PRDX3, IFIT2, GNA13, CORO1A, PRDX5, UBE4B, IDH1, AXIN2, ZEB2, CCDC47, LYST
and 21 non-hubs with a P-value 0.00121 and FDR value-0.0377.

The fourth module is (D) ‘Apoptotic process’ which features 22 hits with 7 hub- ITGAS,
PDCD10, SLC9A3R1, PRDX3, IFIT2, PRDX5, YBE4B with 15 non-hubs with a P-value
0.00124 and FDR- 0.0377.

The fifth module is (E) ‘Regulation of anatomical structure morphogenesis’ with 10 hits
among which 3 are hubs- GNA13, CORO1A, AXIN2 and 7 non-hubs with a P-value of 0.00391
and FDR-0.0582.

The sixth and the final module highlights (F) ‘Regulation of kinase activity’ with a total of 10
hits- 6 being hubs- PDCD10, SLC9A3R1, PRDX3, AXIN2, ZEB2, RAP2C and 4 non-hubs with
a P-value 0.00581 and FDR-0.0768. The hubs and non-hubs in each module are represented by
blue dots.

Please note: The non-hubs are not obtained through our pull-down data but generated through
NetworkAnalyst enabled algorithm.The non-hubs can be checked for their functional association

with HYALZ2 if a specific hub (unique protein) becomes experimentally significant to HYAL2.
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Figure 5. 12 Enriched functional modules of hubs extracted from unique protein network.
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CHAPTER 6: DISCUSSION
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6.1. Mutation Study

Regulation of HA levels is required for normal development, and to maintain normal tissue
homeostasis. Degradation of HA by HYALs is important to maintaining these levels.
Characterization of HYALZ2 KO mice revealed craniofacial abnormalities; cardiac dysfunction,
hearing loss, renal agenesis and mild anemia which indicated HYALZ2 had a role in the regulation
of HA homeostasis during organ development% 197 The molecular etiology of CL/P is poorly
understood even being one of the most frequent congenital craniofacial anomalies in humans.
HYAL2 was identified as a novel cause of syndromic CLP in two unique human populations and
submucous cleft palate (SMCP) in micel®. Facial dysmorphism, thickened valves, cortriatrium
sinister, myopia, hearing loss and pectus excavatum were found to be associated with HYAL?2
deficiency. Transient expression of the two HY AL2 mutants- p.K148R and p.P250L, identified
in the in the study, showed an 11 and 20 fold reduction in HYALZ2 levels respectively when
compared to WT HYALZ2. In this study, we compared and evaluated the expression levels of
seven novel variants reported to us by clinicians after exome-sequencing from patients of mixed

ethnicities.

The impact of each variant on the processing of HY AL2 was evaluated by examining the steady
state levels of intracellular and cell surface HYALZ2. Immunoblot analysis of HYALZ2 in total cell
lysates and immunofluorescence examining intracellular HY AL2 showed that the G204A and
delAC mutations resulted in a level of HY AL2 protein similar to that of the WT HYAL2 protein.
The remaining F425V, L238R and R277C substitution mutations resulted in a low level of stable
HYALZ2 protein with a complete absence of HY AL2 expression from S65X and R295X. While
these shorter peptides (S65X and R295X) were likely unstable in this transient overexpression
system, in the endogenous situation they would almost certainly result in nonsense mediated
decay of the mRNA, resulting in no HYALZ2 protein. Nonsense mediated decay impacts almost

all mMRNA species when the nonsense codon precedes the final intron.

Our IF and PI-PLC analyses showed parity in the analyses of the variants. Immunolocalization
and P1-PLC cleavage both revealed very little cell-surface HY AL2 with L238R and G204A
variants. As for all the other variants no cell-surface HYAL2 was detected with either PI-PLC or

IF under non-permeabilized conditions. Permeabilization of cells with detergent showed stable
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intracellular HYAL2 in all variants except S65X and R295X which we presume result in short

peptides that are unstable or not detectable with our existing anti-HY AL2 antibody.

Our results show that the seven variants we have analyzed herein cause a deficiency of mature
cell surface HYAL2. HY AL2 undergoes complex co-translational modification before achieving
its final topology as a mature GPI-anchored cell surface glycoprotein. The co-translational steps
required to generate mature HYALZ2 begin in the endoplasmic reticulum and like other
glycoproteins, even small amino acid changes can result in ER-associated degradation and
HYALZ2 deficiency. Indeed, all of the seven changes resulted in a reduced level of HYAL?2 at the

plasma membrane surface and are therefore mutations.

HA shows a size-dependent spatiotemporal regulation and alteration of HA level and size has
been identified in kidney disease, cancer, lung injury and stroke!'31%5, The turnover of HA and
the involvement of HYALZ2 in the process has been a matter of investigation in several
laboratories. The localization of HYALZ2 and HA distribution in the early embryonic (E8.5 -12.5)
mouse heart suggested that these molecules were important during development. The new
patients extend our phenotypic findings and validate the typical phenotype associated with
HYAL2 deficiency. Previous studies have indicated that the removal of high molecular mass HA
from the provisional extracellular matrix is critical to heart development!, and that a failure to
remove HA resulted in increased epithelial to mesenchymal transition (EMT) and decreased
differentiation®. We reasoned that the increased HA in the absence of HY AL2 would result in
excess EMT and decreased differentiation. Indeed in mice we have observed expanded valves
and accessory tissues as well as increased numbers of mesenchymal cells in the heart. In this
study, the patients heterozygous for F425V and S65X were reported to have atrial/ventricular
(AV) septal defects, mitral atresia, pulmonary hypertension, patent ductus arterious and other
defects that were not previously reported. The early deaths in these patients may be explained by

the severe cardiac dysfunction observed due to reduced HY AL2 expression.

Cardiac dysfunction and craniofacial abnormalities that we observed with this set of HY AL2
mutations further suggests a significant role for HY AL2 at the cell-surface to remove HA in a
time-dependent pattern to regulate normal organ development. This study increases and adds to
the range of phenotypes typical to HYALZ2 deficiency for a better diagnosis of diseases which

may root from HY AL2 deficiency. It may be possible that there is active interplay between
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HYALZ2 and morphogens which regulate developmental signals and HYAL2 KO/mutated tissues
are unable respond to those developmental cues to develop and proliferate. This possibility needs
further investigation but it is clear from our study that the complete absence of HY AL2 activity

leads to poor cardiac and craniofacial development and can threaten survival in humans.
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6.2. HYALZ2 binding partner study

All of the major functions regulated by HA including development, differentiation and wound-
healing are presumed to be dependent on its size. In somatic tissues, HYAL1 and HYAL2
function as the major HA-degrading enzymes. Though, HYAL1 shows clear specificity towards
HA removal, the specific activity of HYALZ2 in degrading HA remains elusive.
Overaccumulation of HA in Hyal2-/- tissues indirectly defines its function in HA turnover, but
assaying the activity of HYAL2 directly has been challenging. Most proteins tend to function in
the cell as a part of a large complex and an important way to assess function of the protein is by
looking at possible binding partners of the protein. We hypothesized that establishing and
validating a method to search for possible interacting protein partners of HY AL2 would lay the
foundation of understanding the HY AL2 network which will aid in elucidating the mechanism of
action and eventually designing an enzyme assay to understand the activity of HYALZ2. In this
study, we have used proximity-dependent biotinylation to identify novel partners of HYALZ2.
The protein pools of BiolD2-only (control) and SS-BiolD2-HYAL2 (experimental) have been
compared to selectively sort the proteins unique to the interactome of HYAL2 and are consistent

across all biological replicates.

BiolD2 when fused to a bait protein (HYALZ2 in this case) and supplemented with external
biotin, promiscuously biotinylates proximate proteins. This leads to the biotinylation of direct
interacting proteins (stable or transient) relevant to HY AL2 interactome as well as proteins
present in the interactome by mere chance. Non-specific interactors including heat-shock
proteins, keratins, tubulins, actins, elongation factors, histones, ribosomal proteins are often
biotinylated with other proteins and identified by MS analysis. Though, the copurification of
non-specific interactors cannot be entirely avoided, they can be ignored and excluded out of the
PPI analysis using appropriate controls without fusion proteins and web-accessible resources like
CRAPome, which can help filtering out common contaminants and proteins with high spectral
counts usually obtained in with every pull-down. Here, we have used cells expressing only
BiolD2 only alongside SS-BiolD2-HY AL2 to reduce the common proteins that BiolD2 non-
specifically biotinylated in both the control and experimental samples. We have also used the

contaminant repository for affinity purification, CRAPome which is a web-accessible resource
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where by querying one protein at a time, an user can identify the significance of that protein (if

any) present in their pulled-down sample.

A total of 64 proteins were obtained as ‘unique’ to the HY AL2 sample though their association
with HYAL2 is speculative. A spectrum of functions usually associated with HYAL2 and HA
ranging from wound healing to morphogenesis were observed by GO and functional analysis of
the genes. It will be interesting to validate the involvement of HYALZ2 in all of the enriched
biological pathways to confirm how the enriched proteins in each biological process obtained
from our functional analysis is involved in the HYALZ2 interactome. We have created a network
map with the unique proteins and modules have been extracted from this network based on these
key unique proteins which act as ‘hubs’ in the dataset. Studying the hubs and their interactions
with the the non-hubs will be particularly useful to understand the functional complexity of
HYAL2 if a hub is found to be signficant to HYALZ2 when investigated experimentally.

One of the interesting partners in the dataset is SLC9A3R1 also known as Na(+)/H(+) exchange
regulatory cofactor (NHE-RF1). The protein is present with a log (I) value of 7.06 among the 64
unique proteins across two replicates and is a common member identified in most of the
functional clusters analyzed by DAVID. The protein also secures the place as a key hub with
highest nodal degree of 76 in the entire dataset analyzed by NetworkAnalyst. Study by
Bourguignon et al. have previously shown the interaction of HY AL2 with Na(+)/H(+)Exchanger
(NHEZ1) [also known as SLC9A1] in association with cell surface receptor, CD44 in lipid rafts to
induce a low-pH environment which enables the recruitment of HY AL2 for HA degradation®2.
NHERF1 is expressed in osteoblasts and plays a regulatory role in bone mineralization and
matrix production??® and NHEs are regulated by NHERF1 and NHERF2'?4, NHE1 and NHE6
which function in osteoblastogenesis showed reduced expression in NHERF1-null MSC in
osteogenic medium?*, NHERF1 was found to be associated in the disease pathways involving
bone mineralization and bone anabolism when analyzed by NetworkAnalyst (Supplementary
Fig 2). Muggenthaler et al. reported reduced ossification in the skull and underdeveloped
viscerocranial bones in Hyal2-/- mice 1%, The signficant parity between HYAL?2 and NHERF1 in
bone development and the reported interaction between HYAL2 and NHE1, might suggest
NHERF1 as a direct/indirect interactor of HY AL2 which should be investigated to provide

experimental confirmation of the interaction.
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Another potential interacting partner of HY AL2 which can be further investigated is Glypican 4
(GPC4) which is a conserved glypican across invertebrates and vertebrates. GPC4, a member of
the heparin sulfate proteoglycan family is a GPI-anchored protein similar to HYAL2, belongs to
the noncanonical Wnt/PCP pathway, controlling cellular migration and embryonic
morphogenesis'?®. Studies have associated gpc4 mutants in adult zebrafish with loss of
chondrocyte organization, craniofacial defects and impaired palate morphogenesis'?>-12’, Our
gene-disease enrichment analysis revealed a spectrum of phenotypes associated with the loss of
GPC4 which are similar to what we observed with the functional loss of HYAL2
(Supplementary Fig 3) which makes it a good candidate to consider for experimental

verification.

Recent studies have indicated an association between the HYAL2 and RHOA in facilitating
RHOA-dependent cell migration and attenuation of RHOA-dependent genes were observed post
HYAL2 knockdown in the fibroblasts!?°. GNA13 (Guanine nucleotide-binding protein subunit
alpha-13), which acts as an effector of RHOA signaling mediating RhoGEFs activation and
promoting RHOA/ROCK signaling pathway*3% 13! is present in our unique protein dataset with a
good logl value of 6.935 and is one of the key hubs in the unique protein network with a nodal
degree of 28. GNA13 is enriched in 7 major functional clusters analyzed by DAVID. Given the
information we have on HYAL2-RHOA and RHOA-GNAL13 signaling pathways, it would be
interesting to verify experimentally if GNA13 regulates HYAL2 expression and is a binding

partner.

Another candidate which can be further investigated is AXIN2 (AXIS Inhibition Protein 2),
which is present in the dataset with high log (1) value of 7.175, enriched in the clusters associated
with morphogenesis and is a hub in the network. AXIN2 belongs to the Wnt/B-catenin pathway
that governs cell fates during craniofacial morphogenesis and studies have associated several
AXIN2 polymorphisms with human oral clefting'32-134, Members of the Wnt family are also
associated with orofacial cleft susceptibility33-13° and we have mapped Wnt pathway regulators
including GPC4, AXIN2, SLC9A3RL1 from our unique protein dataset and other non-hub Wnt
regulators in our network modules. Wnt pathway genes might bear significant relevance to
HYALZ2 and it would be fascinating to study if HY AL2 coordinates or is a member of the
cascade.
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We have observed two major proteins known to be possible interactors of HA and HY AL2-
CD44 and HMMR (RHAMM/CD168) in the control samples that were derived from captures of
the BiolD2-only sample. CD44 showed similar log (1) values 7.4 in both control and
experimental samples across both biological replicates whereas HMMR is present in the control
sample only of the 2" biological replicate with a log (1) of 6.69. The presence of both proteins in
the control samples, is indicative of the proteins being non-specific to HY AL2 which requires

further investigation.

The main purpose of this study was to establish a method to search for novel proteins which are
possible binding partners of HY AL2. We have provided a library of proteins which have been
functionally clustered using bioinformatic resources and mapped to infer enriched PPI networks.
These proteins can be experimentally validated using expression, co-localization or affinity
purification studies in different models to reveal the biological meaning of their existence in the
HYALZ2 interactome. After experimental evaluation, the candidates which will stand as
functionally associated with HY ALZ2, will be further investigated to determine how their loss
impacts HYALZ2 function. CRISPR/Cas9 can be used to KO the protein of interest in a cell line
expressing HYALZ2 to assess the impact.
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CHAPTER 7: LIMITATIONS AND CONCLUSIONS
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7.1. HYALZ2 mutation study

HYALZ2 is a constitutively expressed cell surface protein that is required for normal HA
turnover. This is demonstrated by the increased size and levels of HA in the tissues and serum of
Hyal2-/- mice®® %% 117 Previous in vivo studies from our lab have demonstrated the importance
of HYAL2 in cardiac and craniofacial development®® 1%, These studies emphasized the presence
of increased numbers of mesenchymal cells and decreased differentiation during development in
Hyal2-/- mice which can be attributed to the excess accumulation of HA%. Analyzing two novel
mutations in HYALZ2, our lab has previously reported HYAL2-deficiency as a novel cause of
syndromic CLP in humans, with other features including facial dysmorphism, septal defects,
hearing loss, atrial dilations as common clinical phenotypes both in mice and humans'®. Seven
new variants reported in the HYALZ2 gene in patients with genetic disorders were biochemically
analyzed here. We described an interference of the genetic variants with the the typical cellular
expression and localization of HY AL2, which make these seven novel mutations of HYAL?2
never reported before.

Though the availability of our Hyal2-/- mouse model gave us an excellent background for our
experiments, transient expression of the cDNAs carrying the HYAL2 variants in MEFs, may not
mimic the cellular milieu in which the real mutations exist. Protein overexpression in
mammalian cell culture could overload the cellular environment and create toxicity by
aggregation of the misfolded proteins impacting the level of protein production, folding and
localization'*® 11, Though in the present study we have demonstrated a clear functional change
of HYAL2 due to the mutations, our inability to directly examine the enzymatic activity of
HYALZ2 hinders our understanding of the possible change in HA content due to these mutations
in the patients.

In spite of the caveats in the study, we have been able to describe the functional importance of
HYALZ2 in maintaining the developmental homeostasis in humans. This study expands the

molecular spectrum associated with pathogenic HY AL2 variants, and provides new insight into
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the likely disease mechanism and functional roles of HYAL2. The report of the clinical features
manifested in these patients will further help us in diagnosing disorders due to HYAL?2

deficiency.

7.2. Interacting partners of HYAL2

In the seven years following its discovery, proximity labeling approaches like BiolD have made
significant contributions in mapping interactomes and is preferred over conventional affinity
purification approaches due to its robustness in high-stringency protein capture. BiolD labels
both interacting (prey proteins) and non-interacting proteins (frequently occurring proteins) in
the vicinity of the bait protein which gives valuable information on the cellular role of the bait
protein. But, this is where one of the major limitations of using BiolD lies. It is not easy to
determine if a protein labelled by BiolD is a direct interactor or if it bears any relevance to the
bait protein®?8, Just being biotinylated does not prove the strength of an association of a prey
protein with that of the bait. Systematic investigation and experimental validations thus become
necessary to confirm a captured interaction. In our studies, analyzing the interactome of human
HYALZ2 by using of a human HY AL2 construct expressed in a mouse Hyal2-/- cell-line was also
a major challenge. Some mouse proteins not expressed or with no homologues in humans
become a limitation in data analysis and create confusion. Through this study we wanted to
establish a interacting protein screening strategy for HYAL2 and Hyal2-/- MEFs have been an
excellent cell-line for our study. But, repeating the experiment in a human HYAL2-/- cell-line

would be ideal to develop a meaningful group of proteins for further study.

It will also be interesting to extend this study in tissues and cells demonstrating strong HYAL?2
protein profile. Studies have suggested that proteins show distinct cell-type-specific expression
and this dynamic regulation of protein-levels makes each tissue unique 4% 141, Global expression
patterns of proteins in all tissues and cells based on RNA expression, tissue microarrays,
immunohistochemistry, and immunofluorescence, can be accessed by using resources like
Human Protein Atlas (http://www.proteinatlas.org). Cell-types reported to produce abundant

HYALZ2 protein levels can be used to repeat these experiments to provide additional validation
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on the candidate proteins analyzed in this study or to reveal novel candidates for further
experimentation. The PPI study in a different cell-line may help in resolving the complexity
around HYAL2 function and delineate precise functions of the protein in human growth and
development.

MS data from BiolD studies which allow identification of potential interacting partners of a bait
protein is indispensable in interactome mapping. But, one of the major challenges in this is
simplifying the MS data. Extensive lists of protein partners sometimes become challenging to
sort and characterize. Semi-quantitative approaches like- abundance and ion intensities become
important to choose signficant proteins. In that case, if a prey protein is expressed in low
concentrations, MS may miss the candidate and it can be considered as a false-negative!?®, We
have selected a combination of semi-quantitative, functional clustering, network mapping and
statistical parameters to elucidate the enriched biological process and proteins involved in those
processes. Another important step while analyzing the MS data is eliminating nonspecifically
biotinylated proteins (eg. Mitochondrial proteins, matrix proteins, ion transporters) from
experimental set by considering appropriate controls and our Hyal2-/- MEFs was an excellent
choice for this. The availability of a control with no HYALZ2 in the background, helped us in
sorting proteins. We have provided the data of two biological replicates of BiolD, but more

replicates will bring more credibility to the data.

Our PPI study presented a list of unique protein partners which bears relevance to HYAL?2
function. The study also revealed that several essential pathways involving morphogenesis and
cell migration were significantly enriched. It can be derived from the PPI network that these
essential biological processes are functionally connected. These reported genes will help in
dissecting HY AL2 regulation in the future and may be considered as potential drug targets for
diseases stemming from lack of HYAL2. The identity of the interacting proteins could also lead

us to develop new assays for HY AL2 function and to consider other mechanisms of action.
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SUPPLEMENTARY FIGURES

Figure 1: PNGase F treatment of Flag-HYAL?2

Lysates of Hyal2-/- MEFs transfected with Flag-HYAL2 were incubated with (+) or without (-)
PNGase F to monitor the deglycosylation and reduction in size. Treated Flag-HYAL2 (+) showed
reduction in a few kilodaltons when compared to untreated Flag-HYAL2 (-) and coincided with
the cross-reacting band (*). Hyal2-/- MEFs transfected with WT-HYAL2 without PNGase F
treatment showed no reduction in size (~53.6 kDa). Cross-reacting bands are observed in all lanes
including control (*) with anti-HYALZ2 antibody.
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Figure 2: Gene-disease association for SLC9A3R1 (NHERF1).
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Figure 3: Gene-disease association for GPC4

GPC4 has a disease pathway consisting 135 disease. The phenotypes which bear significant
resemblance to HYAL2 phenotypic spectrum has been selected.
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SUPPLEMENTARY METHODS

Method I: Electrocompetent E. Coli DH5a cell preparation

Day 1
1. Frozen glycerol stock of bacterial cells (Top 10, DH5a, etc.) was streaked onto an LB

plate (no antibiotics) and was grown overnight at 37°C.

Day 2
1. Autoclaving:
e 2L ofddH20
e 100 mL of 10% v/v glycerol (molecular biology grade)
e 1L LB (oryour preferred media)
e 4 centrifuge bottles and caps
e Lots of microfuge tubes
2. Chilled overnight at 4°C:
e ddH20
e 10% glycerol
e Centrifuge rotor
3. Starter culture of cells were prepared
A single colony of E. coli from fresh LB plate was selected and inoculated in a 10 mL starter
culture of LB and was grown at 37°C in shaker overnight.

Day 3

1. 1 L of LB media was inoculated with 10 mL starter culture and grown in 37°C shaker.
The OD600 was measured every hour, then every 15-20 minutes when the OD reached
>0.2.

2. When the ODG600 reached 0.35-0.4, the cells were immediately put on ice. The culture was
chilled for 20-30 minutes, swirled occasionally to ensure even cooling and centrifuge bottles
were placed on ice at this time.
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3. (Spin #1) 1 L culture was split into four parts by pouring about 250 mL into ice

cold centrifuge bottles. The cells are harvested by centrifugation at 1000g (~2400 rpm)

in the Beckman JA-10 rotor) for 20 minutes at 4°C.

4. The supernatant was decanted and each pellet was resuspended in 200 mL of ice cold ddH20.
5. (Spin #2) The cells were harvested by centrifugation at 1000g (~2400 rpm in the

Beckman JA-10 rotor) for 20 minutes at 4°C.

6. The supernatant was decanted and each pellet was resuspended in 100 mL of ice cold ddH20.
7. (Spin #3) Resuspensions were combined into 2 centrifuge bottles (so each contains

about 200 mL of cell suspension). The cells were harvested by centrifugation at 10009

(~2400 rpm in the Beckman JA-10 rotor) for 20 minutes at 4°C. At this step, two 50 mL conical
tubes were rinsed with ddH20 and chill on ice.

8. The supernatant was decanted and each pellet was resuspended in 40 mL of ice cold 10%
glycerol. Each suspension was transferred to a 50 mL conical tube.

9. The cells were harvested by centrifugation at 1000g (~2100 rpm in the Beckman GH-3.8
rotor) for 20 minutes at 4°C. 1.5 mL microfuge tubes were put on ice if not already chilled.

10. The supernatant was carefully aspirated with a sterile Pasteur pipette. Each pellet was
resuspended in 1 mL of ice cold 10% glycerol by gently swirling. The final OD600 of the
resuspended cells should be ~200-250.

11. The pellets were aliquoted into sterile 1.5 mL microfuge tubes and was frozen with liquid
nitrogen. The frozen cells were stored in the -80°C freezer.

SOC Medium
20 ml of sterile 1 M glucose was added per liter of SOB medium immediately before use or
frozen aliquots stored at -20 °C can also be used.

SOB Medium

1. 900ml of distilled H20
2. 20g BactoTryptone

3. 59 Bacto Yeast Extract
4. 2ml of 5M NaCl

5. 2.5ml of 1M KCI
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6. 10ml of 1M MgCI2
7. 10ml of 1M MgSO4
8. pHwas adjusted to 7.0 with 10N NaOH and volume was adjusted to 1 L with distilled H20.

2xYT Medium

1.900ml of distilled H20.

2.16g BactoTryptone.

3.10g Bacto Yeast Extract.

4.5g NaCl.

5. pHadjusted to 7.0 with 5N NaOH.
6. Adjusted to 1L with distilled H20.
7. Sterilized by autoclaving
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Method I1: PNGase F treatment for deglycosylation

Required:

e Glycoprotein Denaturing Buffer (10X)
e GlycoBuffer 2 (10X) (G7 buffer at -20°C
e 10% NP-40

Procedure:

1. 1-20 pg of glycoprotein is combined with 1 pl of denaturing buffer and water (if required) to

make a 10 pl total reaction volume.
2. Glycoprotein is denatured by heating reaction at 100°C for 10 mins.
3. The denatured glycoportein is chilled on ice and centrifuged for 10 secs.

4. A total reaction volume of 20 pl was made by adding 2 ul of glycobuffer, 2 ul of 10% NP-40

and 6 pl of water.
5. 1 pul of PNGase F (NEB P0704S) was added and mixed gently.

6. The reaction is incubated at 37°C for 1 hour.

Method I11: Making Biotin 1 mM (20X)stock

12.2 mg biotin (Sigma #B4501) was dissolved in 50 ml of serum-free DMEM and pipetted to
allow complete dissolution in the media. The biotin solution was sterilized by passing through a
0.22-um syringe-driven filter unit (Millex) and dispensed into a sterile 50-ml tube which can be

stored up to 8 weeks at 4°C.
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SUPPLEMENTARY TABLE

I. Global proteome machine (GPM) links to the experimental (SS-BiolD2-HYAL?2) and

control (BiolD2 only) samples of two biological replicates

Dataset GPM link

BiolD2 —Control http://hs2.proteome.ca/thegpm-

Rep 1 cqi/plist.pl?npep=0&path=/gpm/archive/GPM10000003571.xmI&proex
GPM10000003571 | —-&ItyPe=0

BiolD2 - HYAL2- http://hs2.proteome.ca/thegpm-

Repl cqgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003572.xml&proex

GPM10000003572 =-1&Itype=0

BiolD2-Control http://hs2.proteome.ca/thegpm-
Rep 2 cqi/plist.pl?npep=0&path=/gpm/archive/GPM10000003676.xmlI&proex

GPM10000003676 | =-1&Itype=0

BiolD2 - HYAL2- http://hs2.proteome.ca/thegpm-
Rep 2 cqai/plist.pl?npep=0&path=/gpm/archive/GPM10000003677.xml&proex
GPM10000003677 =-1&Itype=0
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http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003571.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003571.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003571.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003572.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003572.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003572.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003676.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003676.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003676.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003677.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003677.xml&proex=-1&ltype=0
http://hs2.proteome.ca/thegpm-cgi/plist.pl?npep=0&path=/gpm/archive/GPM10000003677.xml&proex=-1&ltype=0

I1. Consistent unique proteins in HYALZ2 interactome from two biological replicates with

average (Avg) log I values > 5 after background minimization

Official Gene symbol | Avglog |
value
1 AFG3L2 7.24
2 MCU 7.115
3 NOMO1 7.295
4 PTPRN2 6.735
5 SLC25A20 6.935
6 ARLGIP1 6.825
7 PTKY 6.52
8 GNA13 6.935
9 ERLIN1 6.885
10 TMED1 6.88
11 ITGA9 6.93
12 SLC6A6 6.67
13 MFSD1 6.345
14 TMED5 6.535
15 CLPTM1 6.39
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16 TMX2 6.67
17 DNAJC3 7.06
18 ORMDL?2 6.51
19 AXIN2 7.175
20 ERP29 6.285
21 PRDX5 6.58
22 CRTAP 6.51
23 FBLN2 6.575
24 DHCRY 6.32
25 PDCD10 6.18
26 TMX3 6.245
27 RAP2C 6.385
28 IFIT2 6.64
29 TOR1B 6.54
30 EIF2B1 6.27
31 IGFN1 6.22
32 YIPF3 6.205
33 TMEM97 6.52
34 FNDC3B 6.275
35 FAR1 6.155
36 STX4 6.255
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37 SYNGR?2 6.305
38 TMEM168 6.13
39 CD151 6.5
40 GPC4 6.135
41 MRC2 6.145
42 CORO1A 6.305
43 BCL2L13 6.19
44 ITGAS 6.425
45 MANBAL 6.26
46 CCDC47 6.54
47 HDDC2 6.205
48 VWAS 6.465
49 IDH1 6.69
50 PRORP 6.36
ol LYST 6.255
52 AGPAT3 6.075
53 CX3CL1 6.105
54 GPRC5A 6.555
56 MICAL3 6.575
56 NIPSNAP2 6.325
57 TRA2B 6.2
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58 UBE4B 6.015
59 FITM2 5.885
60 PRDX3 5.92
61 SEC24D 6.125
62 RDH11 5.93
63 ZEB2 5.8
64 SLCY9A3R1 7.06
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