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ABSTRACT
O-glycosylation of Epidermal Growth Factor-like (EGF) repeats plays crucial roles in
protein folding, trafficking and function. The Notch extracellular domain has been used as a
model to study these mechanisms due to its many O-glycosylated EGF repeats. Three enzymes
were previously known to O-glycosylate Notch EGF repeats: Protein O-Glucosyltransferase 1
(POGLUT1), Protein O-Fucosyltransferase 1 (POFUT1), and EGF Domain Specific O-Linked
N-Acetylglucosamine Transferase (EOGT). All of these modifications affect Notch activity.
Recently, we identified POGLUT2 and POGLUT3 as two novel O-glucosyltransferases that
modify a few Notch EGF repeats at sites distinct from those modified by POGLUT1.
Comparison of these modification sites revealed a putative consensus sequence which predicted
modification of many extracellular matrix (ECM) proteins including fibrillins (FBNs) and Latent
TGF-B-binding proteins (LTBPs). These proteins are essential for formation of microfibrils and
elastic fibers in the ECM, which provides structural support to respective tissues and regulates
TGF-f signaling. Glycoproteomic analysis revealed that approximately half of the 47 EGF
repeats in FBN1 and FBN2, and half of the 18 EGF repeats in LTBP1, are modified by

POGLUT?2 and/or POGLUTS3. Cellular assays showed that loss of modifications by POGLUT?2



and/or POGLUT3 significantly reduces secretion of a FBN1 fragment, suggesting a possible
mechanism for the effects of POGLUT?2/3-mediated O-glucosylation. Alternatively, it is possible
that these O-glucose modifications added by POGLUT?2/3 affect protein-protein interactions, as
has been demonstrated by research on POGLUT1 and POFUT1 modifications on Notch. Mouse
knockouts of either Poglutl or Pofutl lead to embryonic lethality with Notch phenotypes.
Deletion of both Poglut2 and Poglut3 leads to perinatal lethality in mice with developmental
defects affecting mouse limbs and lung development similar to previously described Fbn and
Ltbp mouse models. These results highlight the physiological importance of POGLUT?2 and
POGLUTS3, and strongly suggests their role in development and proper function of the ECM.
Here we discuss the identification and function of POGLUT2 and POGLUT3 and the ongoing
research that continues to elucidate the biological significance of these novel enzymes.

INDEX WORDS: Glycosylation, O-glucose, EGF repeats, Notch, Fibrillin, LTBP,
Extracellular matrix, Protein secretion, Protein folding, Mass spectrometry
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CHAPTER 1

INTRODUCTION

Purpose of the Study

This study is aimed to evaluate the function and physiological relevance of POGLUT?2
and POGLUTS3 using in vitro and in vivo methods. We identified POGLUT?2 and 3 following a
surprising discovery of an O-glucose modification at a novel site (between Cys3-Cys*) of an EGF
repeat within the extracellular domain (ECD) of NOTCHI1, a transmembrane receptor protein (1,
2). An EGF repeat is a common protein domain found in many secreted proteins localized to the
cell surface and extracellular space. EGF repeats consists of approximately 40 amino acids,
including six conserved cysteines that form three disulfide bonds in a conserved pattern (Cys'-
Cys?, Cys?-Cys*, Cys>-Cys®). The Notch ECD is known to be heavily O-glycosylated by multiple
forms of O-glycosylation between these cysteines, such as POGLUT1 which adds an O-glucose
between Cys!'-Cys? (3-6); however, no enzymes were previously known to add an O-glucose to
an EGF repeat between Cys3-Cys*. Using both in vitro enzyme assays and POGLUT?2 and 3
knockout HEK293T cells, we identified POGLUT?2 and 3 as novel O-glucosyltransferases that
modify a serine residue between Cys*-Cys* of an EGF repeat at the putative consensus sequence
C3-x-N-T-x-G-S-F-C*. Both NOTCH1 and NOTCH3 are modified by POGLUT?2 and 3 (1).
Interestingly, the putative consensus sequence is a common protein motif found in many other
secreted proteins (1). The fibrillin (FBN) and LTBP family of proteins have the highest
occurrence of this motif, significantly more than Notch (1). This broadened the scope and impact

of this study and suggested POGLUT2 and POGLUT3 play a more significant role in the



function of FBNs and LTBPs compared to Notch. Protein folding, stability, secretion, and
extracellular interactions are significantly affected by O-glycosylation on EGF repeats (3, 7-10).
Moreover, loss of O-glycosyltransferases like Poglutl or Pofutl leads to embryonic lethality
with Notch-like phenotypes in mice (11, 12). Since FBNs and LTBPs are predicted to be
extensively modified by POGLUT?2/3, this raised the possibility and led to our hypothesis that
POGLUT?2/3-mediated O-glucosylation would have similar effects on these predicted substrates.
To test his hypothesis, we designed experiments to address the following questions:
1. Are FBNs and LTBPs modified by POGLUT?2/3 and to what extent?
a. What other proteins are similarly modified by POGLUT?2/3?
2. Are POGLUT?2/3 functionally redundant?
a. Is there EGF site-specificity or protein-specificity between these enzymes?
3. Does deletion of POGLUT?2/3 affect secretion/function of substrates?
4. Are these findings recapitulated in a mouse model?
a. Do Poglut2/3 knockout mice exhibit early lethality like Poglutl and Pofutl mice?
b. Are developmental phenotypes observed, and are they linked to impaired
secretion/function of POGLUT?2/3 substrates like FBNs and LTBPs?

In Chapter 2, a review of the identification, function, and biological relevance of
POGLUT?2 and POGLUTS3 is presented. Portions of this chapter were published in Biochemical
Society Transactions (BST) and The Proceedings of the National Academy of Science (PNAS)
and are copied here with permission (1, 13). This chapter begins with a brief history of O-
glycosylation of EGF repeats and how it affects protein function in the context of Notch. This is
followed by a description of the initial identification of POGLUT?2 and 3 as O-

glucosyltransferases that modify Notch EGF repeats. The next section provides an overview of



the ECM environment, specifically focusing on the roles of FBN1, -2, and LTBP1, followed by
the discovery that these proteins are extensively modified by POGLUT?2 and 3. This chapter
concludes with a discussion regarding the biological significance of POGLUT?2 and 3 with
respect to protein folding, secretion, and protein interactions concerning ECM-related disorders
and cancer.

In Chapter 3, the discovery that POGLUT?2 and 3 modify multiple ECM-related proteins
and affect secretion of FBN1 is discussed. This work was published in The Journal of Biological
Chemistry. Chapter 4 examines Poglut2 and Poglut3 single and double knockout mouse models.
Data is presented confirming POGLUT?2/3 mediated O-glucosylation of multiple ECM proteins
is abolished in Poglut2/3 DKO animals. Phenotypes such as perinatal lethality, reduced size,
syndactyly, and impaired lung development are also detailed. In Chapter 5, major results from
the previous chapters are tied together, providing the foundation for future directions and
experiments.

How this study is original

POGLUT?2 and 3, previously known as KDELC1 and 2, had unknown function and
physiological relevance prior to this study. We were the first to identify KDELC1 and KDELC2
as Protein O-Glucosyltransferases, hence renaming them POGLUT?2 and 3, respectively. After
identifying the novel consensus sequence for modification by POGLUT?2 and 3, we subsequently
discovered additional proteins that are modified by POGLUT?2 and 3 such as: FBN1, -2, LTBP1,
fibulin-2 (FBLN2), nidogen-1(NID1), and fibulin-5 (FBLNS5). We were also the first to generate
and examine Poglut2 and Poglut3 single and double knockout mice, which are an indispensable
resource we have used to begin to understand the physiological role and significance of Poglut2

and Poglut3.



CHAPTER 2

LITERATURE REVIEW

2.1 O-glycosylation of EGF repeats

Addition of glucose or fucose to the hydroxyls of serine or threonine residues (i.e. O-
linked) in Epidermal Growth Factor-like (EGF) repeats was discovered more than three decades
ago. O-glucose was reported on EGF repeats of blood coagulation factors VII and IX (14), and
soon after, O-fucose was discovered on an EGF repeat of urinary-type plasminogen activator
(15). Since their initial discovery, many other proteins have been identified with EGF repeats
modified by O-glucose or O-fucose, including Notch receptors and ligands (16-18), but these
modifications are less common than the O-linked modifications found on proteoglycans and
mucins. However, research over the past two decades has revealed significant biological roles for
O-glycans on EGF repeats (16-23).

EGF repeats are small protein domains containing approximately 40 amino acids and are
commonly found in many cell-surface and secreted proteins. Each EGF repeat contains six
conserved cysteines that form three disulfide bonds in a specific pattern (Cys!'-Cys3, Cys?-Cys?,
Cys’-Cys®) that stabilize its structure (Figure 2.1). EGF repeats containing specific amino acid
consensus sequences between these conserved cysteines can be modified by O-glucose, O-
fucose, and/or O-GlcNAc (Figure 2.1) (3-6). O-glucose is added to a serine by Protein O-
Glucosyltransferase 1 (POGLUT1) between Cys!-Cys? (3). This glucose can be elongated by two

xylose residues to form a trisaccharide (24, 25). O-fucose is added to a serine or threonine by



Protein O-Fucosyltransferase 1 (POFUT1) between Cys?-Cys? (5, 8). The fucose can be modified
by B3-N-acetygluocosaminyltransferases of the Fringe family, and further elongated with
galactose and sialic acid to form a tetrasaccharide (26-28). Finally, O-GIcNAc is added to a
serine or threonine by EGF Domain Specific O-Linked N-Acetylglucosamine Transferase
(EOGT) between Cys>-Cys® (29). This glycan can be elongated with galactose and sialic acid in
mammals (28, 30). More recently, O-glucose was shown to be added to a distinct serine between
Cys?-Cys* by POGLUT2 or POGLUTS3, which is the focus of this review (1). This glucose has
not been found to be elongated by xylose.

Notch was the first protein identified to be heavily modified at multiple sites with O-
glucose and O-fucose (4,27, 31). The Notch family of receptors are transmembrane proteins
required for development in all metazoans; they have extracellular domains (ECD) consisting of
29-36 tandem EGF repeats. Due to the abundance of O-glucose and O-fucose modification sites
on its ECD, the Notch receptors have been used as a model protein to elucidate the biological
roles of O-glycosylation by POGLUT1 and POFUT1. In mice, elimination of either Poglutl or
Pofutl results in embryonic lethality with Notch-like phenotypes (11, 12). In humans, numerous
cancers and developmental disorders are associated with mutations in POGLUTI and POFUTI
(20-23). Thus, modification of Notch receptors by POGLUT1 and POFUT]1 is clearly necessary
for their function.

Mechanistic studies have revealed two functions for O-glycans on Notch EGF repeats:
direct interaction with ligands and folding of EGF repeats. Co-crystal structures of NOTCH1
with ligands revealed that the O-fucose residues on EGF repeats 8 and 12 are in direct contact
with ligands, and mutation of these sites reduces ligand binding (2, 28, 32). In addition, mutation

of the O-fucose site on EGF12 in Notchl in mice or Notch in Drosophila results in embryonic



lethality, demonstrating the biological importance of this modification (33, 34). In addition to
being directly involved in ligand binding, in vitro studies have revealed specific roles these
enzymes have in Notch folding and trafficking. POGLUT1 and POFUT1 are localized to the
endoplasmic reticulum (ER) (3, 7), and both enzymes only modify properly folded EGF repeats
(8,9), suggesting that they serve as folding sensors for EGF repeats in the ER. The addition of
O-glucose or O-fucose increases the stability of an EGF repeat compared to an unmodified EGF
repeat (10). Additionally, elimination of POGLUT1 and/or POFUT1 significantly reduces cell
surface expression of NOTCHI1 in HEK293T cells (10), although this effect is not seen in all
cells (12, 35). These results suggest that POGLUT1 and POFUT1 function as a quality control
for folding of EGF repeats in the ER.

The recent identification of two novel POGLUTSs, POGLUT2 and POGLUT3, adds to the
list of O-glycosyltransferases that modify proteins with EGF repeats (1). POGLUT?2 and
POGLUTS3 heavily O-glucosylate the extracellular matrix (ECM) proteins fibrillin-1 (FBNT1),
fibrillin-2 (FBN2), and latent transforming growth factor B-binding protein 1 (LTBP1) (36).
These proteins are modified by POGLUT?2 and 3 to a similar extent that Notch is modified by
POGLUTI1 and POFUT1 (27, 36). This suggests O-glucosylation by POGLUT?2 and 3 may

regulate folding, secretion, and function of these ECM proteins.

2.2 Identification of POGLUT2 and POGLUT3

Two mammalian homologs of POGLUT1, KDELCI and KDELC?2, of unknown function
were identified approximately a decade ago (37). KDELC1, also known as ER protein 58 (EP58),
had been identified previously as a novel ER-resident protein, but its function remained unclear

(38). Both KDELC1 and KDELC?2 contain a CAP10 domain common to glycosyltransferases



and an ER retention signal (37, 38). POGLUTI, the mammalian homolog to Drosophila Rumi,
can rescue rumi mutant phenotypes in flies; however, KDELCI and KDELC2, which are not
expressed in Drosophila, have no effect on rumi mutants (3, 37). Additionally, POGLUT]1 assays
using an EGF repeat known to be a POGLUT]1 acceptor substrate is not a substrate for either
KDELCT1 or KDELC2 (37). Thus, while homologous to a known O-glucosyltransferase, these
findings suggest KDELCI and KDELC?2 do not modify EGF repeats containing a POGLUT1
consensus sequence between Cys! and Cys? (Figure 2.1).

In 2013, an O-hexose modification at a site distinct from the POGLUT1 consensus on
NOTCHI1 was initially identified by mass spectral analysis (39). Subsequent co-crystallized
structures of a portion of the NOTCH1 ECD bound to ligand confirmed an O-hexose at this
novel site (2). The modification occurred on serine 435 (S435) between Cys® and Cys* of EGF11
(2), clearly different than the POGLUT1 predicted EGF modification sites (Figure 2.1). This
suggested that either POGLUT1 could modify this novel site, or one or more unidentified
enzyme(s) were responsible for this modification. KDELC1 and KDELC?2 were logical
candidates because of their homology to POGLUT1.

In vitro enzyme assays followed by mass spectral analysis confirmed KDELC1 and
KDELC?2, rather than POGLUT 1, are responsible for the O-hexose modification on NOTCH1
S435 (1). The O-hexose modification was also confirmed to be an O-glucose (1). As a result,
KDELCI and KDELC?2 were renamed, POGLUT2 and POGLUT3 (1). Interestingly, the
homologous EGF repeat from NOTCH2 (EGF11) does not have a serine in the same position,
but the homologous EGF repeats from NOTCH3 (EGF10) and NOTCH4 (EGF11) do. NOTCH2

EGF11 is not modified with O-glucose, but NOTCH3 EGF10 is (Figure 2.2) (1).



Using POGLUT?2 and POGLUT3 single and double knockout HEK293T cells generated
with CRISPR, we also confirmed complete loss of O-glucosylation on NOTCH1 EGF11 (S435)
only when both POGLUT2 and POGLUT3 were deleted (Figure 2.3). Single knockout cells
revealed no change in O-glucosylation of NOTCHI1 S435, suggesting partial redundancy in the
function of POGLUT?2 and POGLUT3 (Figure 2.3). Alignment of Notch sequences between
Cys? and Cys* in these EGF repeats revealed a preliminary consensus sequence for O-
glucosylation by POGLUT2 and/or POGLUT3, C3*-x-N-T-x-G-S-F-x-C* (Figure 2.2) (1). This
sequence occurs in EGF repeats of more than 34 proteins, magnifying the possible biological
impact of POGLUT?2 and 3. Notch ligands also contain EGF repeats. POGLUT2 and 3
modification sites have not been confirmed on these ligands, but a few EGF repeats have a serine

in the correct amino acid position between Cys?® and Cys* to be modified.

2.3 Multiple ECM proteins are O-glucosylated by POGLUT2 and POGLUT3

The extracellular matrix (ECM) contains a complex network of protein interactions
required for development, tissue homeostasis, and tissue structural integrity (40-43). Many ECM
proteins contain the preliminary POGLUT?2 and 3 consensus sequence, C*-x-N-T-x-G-S-F-x-C*
(1, 36). The proteins with the highest occurrence of this sequence are from the fibrillin and latent
transforming growth factor 3-binding protein superfamily (36). Initial research efforts have
focused specifically on POGLUT?2 and 3 mediated O-glucosylation of FBN1, FBN2, and
LTBPI1. These three proteins have clearly defined pathologies and well-studied biochemical
interactions within the ECM environment (41, 42, 44-47). FBN1 is a major component of
microfibrils in the ECM. These microfibrils act as a scaffold for elastin deposition, providing

essential mechanical support and tissue integrity in elastic tissues including the heart, lungs, skin,



and musculoskeletal system (41, 42). In addition to the structural integrity of tissues, fibrillin
microfibrils are critical for important cell signaling pathways in development, like TGF-3 (44,
48-52). Inactive TGF-p is secreted from cells while bound to LTBP in a multiprotein complex
(44, 53, 54). Fibrillin microfibrils bind this complex through protein-protein interactions with
LTBP, serving as a reservoir of inactive TGF-3 and therefore regulating the availability of TGF-
B for cell signaling (44, 48, 55). Fbnl knockout mice die within two weeks of birth (46), and
Fbnl and Fbn2 double knockout mice do not survive past embryonic day 16 (46). Ltbp1
knockout mice die perinatally (47). In all knockout conditions, cardiovascular abnormalities
specifically associated with the aorta are present (46, 47). In humans, FBN mutations are highly
associated with Marfan syndrome (MFS), among other connective tissue disorders (45, 56, 57).
Cardiovascular deformities and spontaneous aortic ruptures are hallmark manifestations of MFS
(56).

Almost three decades ago, O-glycan modifications were identified on several FBN1 EGF
repeats between C3-C*(58). At the time, these modifications were predicted to be O-xylose (58).
Our recent mass spectral analysis reveals FBN1, FBN2, and LTBP1 are O-glucosylated by
POGLUT?2 and 3 (Figure 2.4A) (36) (See Chapter 3 for details). FBN1 and FBN2 each have 47
EGF repeats, and LTBP1 has 18 EGF repeats. Approximately half of the EGF repeats of each
protein are O-glucosylated by POGLUT?2 and 3 (Figure 2.4A) (36). Alignment of the sequences
between Cys® and Cys* in these EGF repeats reveal tyrosine is commonly present at position 8
(50% of the time) in addition to the previously reported phenylalanine (Figure 2.4B) (36). These
results necessitated broadening the POGLUT?2 and 3 consensus sequence from C3-x-N-T-x-G-S-
F-x-C*to C3-x-N-T-x-G-S-(FY)-x-C* (Figure 2.4B) (36). This sequence is not meant to

encompass all modified sites since other amino acids can occur at multiple positions throughout



the putative consensus as indicated by the WebLogo (Figure 2.4B); however, it can be used as a
tool to predict POGLUT?2 and 3 modification sites. This new consensus sequence is found in 56
proteins, almost twice as many proteins as the previous consensus sequence (36), highlighting
the physiological relevance of O-glucosylation by POGLUT?2 and 3. Most of these proteins are
associated with the extracellular matrix. This remains a putative consensus sequence, and
additional changes could continue to expand the number of proteins O-glucosylated by
POGLUT?2 and 3.

POGLUT?2 and 3 O-glucosylate EGF repeats in a site-specific manner. POGLUT?2
demonstrates higher in vitro activity towards NOTCH3 EGF10 compared to NOTCH1 EGF11,
whereas POGLUT?3 shows a preference for NOTCH1 EGF11 (1). Site-specificity is also
observed in multiple EGF repeats of FBN1, FBN2, and LTBP1 by comparing sites modified in
POGLUT?2 or POGLUTS3 single knockout HEK293T cells (36). O-glucosylation is completely
lost in POGLUT2/POGLUT3-double null cells, demonstrating that these are the only enzymes
expressed in HEK 293T cells capable of modifying the site between Cys? and Cys*. This
suggests that POGLUT?2 and 3 act in tandem to efficiently modify protein substrates. Additional
methods like tissue-specific gene expression analysis may elucidate differences in the biological

roles between these two enzymes.

2.4 Biological Significance of POGLUT2 and POGLUT3

POGLUT?2 and 3 modify a large percentage of FBN1, FBN2, and LTBP1 EGF repeats,
similar to the extensive amount of POGLUT1 and POFUT1 modifications found on Notch
receptors (4,27,31,36,59). As mentioned above, O-fucosylation by POFUTT is required for

Notch to bind ligands (2, 32, 59), and O-glycosylation by both POGLUT1 and POFUT1
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stabilizes EGF repeats and is required for proper Notch trafficking in certain contexts (10).
Mutations in POGLUTI and POFUTI are causal to numerous human diseases (21), and
elimination of either gene leads to embryonic lethality in mice (3, 11, 12). Recent analyses have
demonstrated that POGLUT2 and POGLUT3 have similar roles with respect to FBN1, FBN2,
and LTBP1.

As with POGLUT1 and POFUT1, POGLUT?2 and 3 only modify properly folded EGF
repeats (1, 8,37,60). FBN1 secretion is significantly reduced in POGLUT?2 and 3 single and
double knockout HEK293T cells similar to Notch trafficking defects in POGLUT1 or POFUT1
knockouts (10, 36) (See Chapter 3 for details). Both Poglut2 and Poglut3 have ER-retention
signals (37, 38). Since secreted proteins fold in the ER, these findings strongly suggest that
POGLUT?2 and 3 play a role as EGF repeat folding sensors and are essential for proper secretion
of target proteins.

O-glycans also influence protein-protein interactions. As mentioned above, NOTCH1
EGF12 is within the Notch ligand-binding domain (2). Mutation of the O-fucose site in
NOTCH1 EGF12 results in significantly reduced Notch signaling (28). S435 in NOTCH1
EGF11, which is modified by POGLUT?2/3, is also within the Notch ligand-binding domain (1,
2). Elimination of the POGLUT?2/3 site by mutation of S435 to alanine has little effect on
NOTCHI activity; however, in combination with an EGF12 mutant lacking O-fucose, loss of O-
glucose at S435 decreases NOTCHI activation further than the EGF12 mutant alone (1). The
decrease in NOTCHI1 activation is not due to reduced cell surface expression (1). This shows that
loss of an O-glucose added by POGLUT?2 and 3 negatively affects Notch activation which is
dependent on Notch-ligand interactions. POGLUT?2 and 3 targets FBN1, FBN2, and LTBP1 are

secreted proteins involved in assembly and function of the ECM, a complex environment of
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countless protein-protein interactions essential for proper signaling and development (40-42).
Loss of POGLUT?2 and 3-mediated O-glucose modifications on these proteins, in addition to
other POGLUT?2 and 3 targets yet to be confirmed, may lead to deleterious effects on protein
function through impaired protein folding, trafficking, and/or protein-protein interactions
resulting in disease.

MES is one of the most well characterized ECM-related diseases. Mutations in FBN/
resulting in MFS were first identified in the early 1990s (61-63). Since then, over 3000 FBN/
genetic variants have been identified (64-66). Abnormal fibrillogenesis and impairment of
elastogenesis can weaken tissue stability and lead to aortic rupture, which is commonly observed
in MFS (45, 56).

Dysregulation of TGF-f3 signaling is a proposed cause of MES (44, 49, 56, 67). Other
ECM-related disorders linked to aberrant TGF-f3 levels include Loeys-Dietz Syndrome (LDS),
Ehlers-Danlos Syndrome (EDS), Shprintzen-Goldberg Syndrome (SGS), Familial Thoracic
Aortic Aneurysm and Dissection Syndrome (FTAAD), and Hereditary Hemorrhagic
Telangiectasia (HHT) (57). Almost all of these disorders, like MFS, manifest in multiple organ
systems (57). It is possible that O-glucosylation of fibrillins and LTBPs by POGLUT2 and 3 is
critical to the function of these proteins, allowing for proper ECM structure, stability, and TGFf3
signaling.

The fibrillin proteins contain more cysteine than any other extracellular protein (68).
Many of these are found in 6-cysteine EGF repeats and 8-cysteine TGF-f-binding protein-like
(TB) domains within these proteins (63, 69-71). Most of the EGF repeats are of a subset that
bind calcium and are predicted to be more rigid structurally. Many MFS mutations eliminate or

add additional cysteines within EGF repeats of FBN/. Unpaired cysteines in wild-type EGF
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repeat sequences are vanishingly rare, presumably due to the increased folding complexity from
mixed disulfides. These mutations cause protein misfolding which reduces or abolishes FBN1
secretion and incorporation into microfibrils (72-74). Disulfide bonds between cysteines of an
EGF repeat are critical for protein structure and stability, allowing for normal protein function.
O-glycosylation, which occurs between cysteines of an EGF repeat, further stabilizes EGF
repeats and promotes proper protein trafficking (10). As we have shown, FBN1, -2 and LTBP1
are heavily O-glucosylated by POGLUT?2 and 3 (36). Elimination of POGLUT?2 and 3 in
HEK?293T cells reduces secretion of FBN1, resembling secretion defects of MFS variant FBN1
(36,73,74). Loss of O-glycans may also significantly disrupt protein-protein interactions in the
extracellular space. In the absence of O-glucose, fibrillins may not oligomerize properly to form
normal microfibrils. This could lead to dysregulated TGF-f3 signaling and deleterious ECM
remodeling in tissues like the heart and lungs. Loss of O-glucose may also prevent binding of the
LTBP-TGF-3 complex to fibrillin microfibrils, causing aberrant TGF-f3 signaling. Any of these
mechanisms could lead to ECM disorders previously mentioned. Further research is needed to
address these proposed mechanisms.

A unique set of MFS mutations within FBN1 EGF repeats affect calcium binding. The
rigidity of FBN1 structure is largely due to calcium binding, which provides structural integrity

and protection from proteolysis (75-78). B-hydroxylation of Asp/Asn is required for efficient
calcium binding (79-81). Interestingly, the consensus sequence for 3-hydroxylation overlaps
with the POGLUT?2 and 3 consensus sequence (36, 82). Most of the POGLUT?2 and 3-modified
EGF repeats of FBN1 are 3-hydroxylated (36). This suggests O-glucosylation of calcium-
binding EGF repeats by POGLUT?2 and 3 may be linked to B-hydroxylation and calcium

binding. It is possible that MFS mutations within the B-hydroxylation consensus sequence that
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affect FBN1 structure and function could be due to loss of O-glucosylation instead of, or in
addition to, effects on B-hydroxylation. FBN2 and LTBP1 are also composed of calcium-binding
EGF repeats. More work is required to determine the effects of POGLUT2 and 3 O-
glucosylation on calcium binding of FBN1, FBN2, and LTBP1.

A few papers have been published implicating POGLUT?2 and 3 in cancers (83-88).
Mutations in these genes make up approximately two percent of all simple somatic mutation
cases reported in the NCI GDC (89). Interestingly, POGLUT?2 and 3 mutations in reported
cancer cases largely have opposite effects on genetic expression when compared to each other;
POGLUT?2 mutations more commonly lead to increased POGLUT?2 genetic expression, whereas
POGLUT3 mutations more commonly lead to decreased POGLUT3 genetic expression (89). The
ECM has a role in cell fate, differentiation, proliferation, and migration (40, 43), and decades of
research have focused on how perturbations of the ECM can lead to cancer. While we know that
FBN1, FBN2, and LTBP1 are ECM proteins O-glucosylated by POGLUT?2 and 3, many other
ECM proteins including hemicintin-1 and fibulins contain the POGLUT?2 and 3 consensus
sequence for modification (36). Modulation of POGLUT2 and/or POGLUT3 expression could
alter the ECM, therefore affecting cancer progression.

Aberrant Notch signaling is also associated with cancer development (21). POGLUT?2
and 3-mediated O-glucosylation has already been shown to influence NOTCHI1 signaling (1).
POGLUT3 knockdown in glioblastoma cells has been reported to downregulate expression of
Notch receptors and high expression levels of POGLUT3 correlate with poor prognosis in glioma
patients (84). This implicates POGLUT2 and 3 as possible therapeutic targets to modulate Notch

signaling.
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2.5 Figures
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Figure 2.1. Schematic of an EGF repeat illustrating modification sites of identified O-
glycosyltransferases. POGLUT?2 and 3 add O-glucose to a site distinct from POGLUT]1,
POFUTI, and EOGT. O-fucose or O-GlcNAc are not extended past GIcNAc in Drosophila.

Yellow (numbered), cysteines. *, site of f-hydroxylation. Symbols for monosaccharides are
shown below. Reproduced from (36) with permission.
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Figure 2.2. ngand binding domain EGF repeats from NOTCH1 and -3 are modlfied with
novel O-Glc. (A) Amino acid sequence alignment of EGF11 from mouse NOTCHI1, -2, and -4
and of EGF10 from mouse NOTCH3. EGF repeats aligned based on conserved cysteines
(boldface type). Modified serine is in blue. Putative consensus sequence is at the bottom. (B)
EICs of glycoforms of the peptides from EGF11 of mouse NOTCH1 EGF1-36-Myc-His6,
EGF11 of mouse NOTCH2 EGF1-36-Myc-His6, and EGF10 of mouse NOTCH3 EGF1-34-
Myc-His6. Each was expressed in HEK293T cells, purified from the medium, reduced,
alkylated, digested with trypsin, and analyzed by nano LC-MS/MS. Black line, unmodified
peptide; blue line, peptide + O-Glc. A single asterisk indicates 3-hydroxylation of asparagine in
peptide. Reproduced from (1) with permission.
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Figure 2.3. POGLUT2 and POGLUTS3 are responsible for O-glucosylation of mouse
NOTCH1 EGF11. (4) EICs of glycoforms of the EGF11 peptide from NOTCH1 EGF1-36-
Myc-His6 produced in WT HEK293T cells (clone AB3), POGLUT2 KO cells (clone EBS),
POGLUTS3 KO cells (clone HF8), or POGLUT2 and POGLUT3 double-KO cells (clone TG2).
Black line, unglucosylated peptide; blue line, O-glucosylated peptide. A single asterisk indicates
B-hydroxylation of asparagine in peptide. Three independent transfection experiments were
performed. Reproduced from (1) with permission.
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Figure 2.4. Summary of FBN1, FBN2, and LTBP1 EGF repeats modified by POGLUT2
and 3. A, WebLogo illustration of the current consensus sequence for modification by
POGLUT?2 and 3 based on all identified sites. Amino acids are colored according to their
chemical properties: polar amino acids (G,S,T,Y ,C,Q,N) are green, basic (K,R,H) are blue, acidic
(D.E) are red, and hydrophobic (A,V,L.I,P,W F.M) are black (90). Numbers below sequence
represent amino acid position. *, predicted site for § -hydroxylation. B, domain maps of FBN1,
FBN2, and LTBP1 with predicted and identified POGLUT?2 and 3 modification sites. *, EGF
repeats modified by POGLUT2 and 3 and B-hydroxylated greater than 50%. ?, unknown
glycosylation status due to no protein sequence coverage with mass spectral analysis.
Reproduced from (36) with permission.
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CHAPTER 3

POGLUT2 AND POGLUT3 O-GLUCOSYLATE MUTLIPLE EGF REPEATS IN FIBRILLIN-
1,-2, AND LTBP1 AND PROMOTE SECRETION OF FIBRILLIN-1!

'Williamson DB, Sohn CJ, Ito A, Haltiwanger RS. POGLUT2 and POGLUT3 O-glucosylate
multiple EGF repeats in fibrillin-1, -2, and LTBP1 and promote secretion of fibrillin-1. J

Biol Chem. 2021 Sep;297(3):101055. Reprinted here with permission of the publisher.
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3.1 Abstract

Fibrillin-1 (FBN1) is the major component of extracellular matrix microfibrils, which are
required for proper development of elastic tissues, including the heart and lungs. Through
protein—protein interactions with latent transforming growth factor (TGF) B-binding protein 1
(LTBP1), microfibrils regulate TGF-f signaling. Mutations within the 47 epidermal growth
factor-like (EGF) repeats of FBN1 cause autosomal dominant disorders including Marfan
Syndrome, which is characterized by disrupted TGF-f signaling. We recently identified two
novel protein O-glucosyltransferases, Protein O-glucosyltransferase 2 (POGLUT2) and 3
(POGLUT?3), that modify a small fraction of EGF repeats on Notch. Here, using mass spectral
analysis, we show that POGLUT2 and POGLUTS3 also modify over half of the EGF repeats on
FBNI1, fibrillin-2 (FBN2), and LTBP1. While most sites are modified by both enzymes, some
sites show a preference for either POGLUT2 or POGLUT3. POGLUT2 and POGLUT3 are
homologs of POGLUT1, which stabilizes Notch proteins by addition of O-glucose to Notch EGF
repeats. Like POGLUT1, POGLUT?2 and 3 can discern a folded versus unfolded EGF repeat,
suggesting POGLUT?2 and 3 are involved in a protein folding pathway. In vitro secretion assays
using the N-terminal portion of recombinant FBN1 revealed reduced FBN1 secretion in
POGLUT?2 knockout, POGLUT3 knockout, and POGLUT?2 and 3 double-knockout HEK293T
cells compared with wild type. These results illustrate that POGLUT?2 and 3 function together to
O-glucosylate protein substrates and that these modifications play a role in the secretion of
substrate proteins. It will be interesting to see how disease variants in these proteins affect their

O-glucosylation.
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3.2 Introduction

Fibrillins are extracellular matrix (ECM) glycoproteins that form microfibrils, which act
as a scaffold for elastin deposition (41). Depending on developmental stage, microfibrils consist
of fibrillin-1 (FBN1) and/or fibrillin-2 (FBN2) and are commonly found in connective tissues
such as the heart, lungs, and skin (41, 91). Through interactions with latent TGFp-binding
proteins (LTBPs) such as LTBP1, microfibrils also act as a reservoir of TGFf (48, 50, 52).
LTBP1 covalently binds the small latent complex (SLC) consisting of TGFf3 bound to its
latency-associated peptide (LAP). This interaction of LTBP1, LAP, and TGFp comprises the
large latent complex (LLC) and is necessary for secretion of TGFf (53, 54). Previous studies
have confirmed interactions between LTBP1 and FBN1 (48, 92, 93). FBN1 microfibrils bind the
LLC, leading to a large reservoir of latent TGFf in the ECM (94, 95). Once sequestered in the
ECM, TGFB can be activated through interactions between LTBP1 and integrins (96). Fibrillins
and LTBPs comprise a protein superfamily, and mutations within this protein family cause
various human developmental disorders including Marfan syndrome (MFS), which has been
linked to dysregulated TGFf signaling (49, 97). Fibrillins and LTBPs have similar domain
structures consisting heavily of sequential calcium-binding epidermal growth factor repeats
(cbEGFs). Each EGF repeat contains six conserved cysteine residues that form three disulfide
bonds in a conserved pattern. A large percentage of EGF repeats in these proteins contain a
consensus sequence for modification with an O-glucose sugar by two recently described
enzymes: POGLUT2 and POGLUTS3 (1).

Decades of research have been performed analyzing O-glycosylation of EGF repeats and
the significance of the O-glycans. This research has been dominated by investigations of the

Notch receptors (18, 21-23), which structurally resemble fibrillins and LTBPs in that they have
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extracellular domains with as many as 36 tandem EGF repeats. Notch EGF repeats are heavily
O-glycosylated by three enzymes: Protein O-Glucosyltransferase 1 (POGLUT1), Protein O-
Fucosyltransferase 1 (POFUT1), and EGF Domain-Specific O-Linked N-Acetylglucosamine
Transferase (EOGT) (Fig. 3.1A) (3-6, 27, 28, 31, 59). Elimination of either Pofutl or Poglutl in
mice results in embryonic lethality with Notch-associated phenotypes (11, 12), illustrating the
significance O-glycans have on Notch function.

POGLUT2 and 3 were identified as two O-glucosyltransferases that modify Notch EGF
repeats between cysteines 3 and 4 of the EGFs with the consensus sequence C3-x-N-T-x-G-S-F-
x-C*, in which an O-glucose is added to serine (1) (Fig. 3.1A). This site of modification is
between cysteines 3 and 4 of an EGF repeat, distinct from POGLUT1 modifications that occur
between cysteines 1 and 2. Only two sites on Notch proteins were modified by POGLUT 2 and 3
(1). FBNI and -2 consist of 47 EGFs repeats, and LTBP1 has 18 EGF repeats. Using the original
POGLUT?2 and 3 consensus sequence, human FBN1, FBN2, and LTBP1 are predicted to have
12, 10, and 5 EGF repeats modified by POGLUT?2 and 3, respectively (Fig. 3.1B). The small
number of POGLUT2 and 3 sites on Notch receptors compared with the number of predicted
sites on fibrillins and LTBP suggests POGLUT2 and 3 may have a more significant role in the
function of these proteins compared with Notch. It has previously been shown that
posttranslational modifications exist on several serine residues located between FBN1 EGFs29 to
35 (58), but neither the modifications nor the enzymes responsible were identified. Interestingly,
these sites match the POGLUT?2 and 3 consensus sequence.

The consensus sequence for POGLUT?2 and 3 mediated O-glucosylation overlaps with
the consensus sequence for B-hydroxylation, C*-x-(ND)-x-x-x-x-(FY)-x-C#, which has been

linked to calcium binding that is essential for the structure and function of FBN1 (58, 79-82, 98).
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Our work presents the first demonstration that FBN1, FBN2, and LTBP1 are extensively
modified by O-glucose residues at high stoichiometry, added by POGLUT2 and/or POGLUT3.
Semiquantitative mass spectral analysis was performed to determine sites of O-glucosylation and
B-hydroxylation as well as the efficiency of modification at each site. Our results show that
approximately half of the EGFs in these proteins are modified by POGLUT2 and/or 3, indicating
that our original consensus sequence was too narrow. Additionally, we have identified site-
specific preferences between POGLUT2 and 3 and demonstrated that POGLUT2 and 3 are

possible regulators of protein folding and secretion.

3.3 Results

Endogenous human FBN1 is extensively O-glucosvylated at high stoichiometry

To confirm whether human FBN1 is modified with O-glucose, we first analyzed
endogenous human FBN1 secreted from human dermal fibroblasts. Endogenous FBN1 was
purified by immunoprecipitation of conditioned medium from 7-day post-confluent fibroblasts
using a well-characterized polyclonal antibody that recognizes the unique N-terminal proline-
rich domain of human FBN1 (74). A representative western blot illustrating FBN1 purification
from conditioned media is shown in Figure 3.2A.

An established protocol for preparing purified proteins and digesting with trypsin for
mass spectral analysis was used to identify O-glucosylation sites on purified human FBN1 (1).
We obtained peptide matches covering greater than 70% of endogenous full-length FBN1. All
peptides were identified using Byonic (Table S3.5 and Figs. S3.3—-S3.29). For quantification of
O-glycoforms, extracted ion chromatograms (EICs) were generated for each peptide modified

with O-Hexose (Fig. 3.2B). Four glycoforms were searched based on mass to charge ratio (m/z)
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for each EIC: unmodified peptide, unmodified peptide plus B-hydroxylation, peptide plus O-
hexose, and peptide plus O-hexose and B-hydroxylation. The relative abundance of each
glycoform of a specific peptide was calculated and plotted as a percentage of the total abundance
(Fig. 3.2C).

Based on the original consensus sequence, 11 of 12 predicted sites were modified with O-
hexose at high stoichiometry. EGF14 did not have sequence coverage, so it was not analyzed.
Further analysis led to the identification of 13 additional EGFs modified with O-hexose, most of
which were modified at high stoichiometry. Some EGFs had lower amounts of O-hexose
modification (EGF38 and 46). We also identified EGFs that had a serine at position 7 of the
POGLUT2/3 consensus sequence (Fig. 3.1A) but were unmodified (EGF5 and 29). The 13
additional modification sites included amino acids that were not identified in the original
POGLUT?2 and 3 consensus sequence, broadening the consensus sequence for POGLUT2 and 3
by allowing for a tyrosine at position 8 of the consensus sequence. In total, over half of the 47
EGF repeats of endogenous human FBN1 were modified by POGLUT2 and 3 (Fig. 3.2D). Many
of the cbEGFs are also modified more than 50% by B-hydroxylation, with some notable

exceptions (EGFs 4, 6,9, 10, 13, 17, 21, and 40; Fig. 3.2C).

POGLUT?2 and/or 3 are responsible for addition of O-glucose to FBN1

To confirm that POGLUT2 and 3 are indeed responsible for the modifications found on
FBNI1, and that these modifications are O-glucose, transient transfections with constructs
encoding His-tagged N- and C-terminal FBN1 fragments (99) were performed in wild-type and
POGLUT?2/3 double-knockout HEK293T cells as previously described (1). The FBN1 N-

terminal protein fragment (FBN1-N) is illustrated in Figure 3.3 A with predicted and confirmed
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sites of POGLUT2 and 3 modification identified. Recombinant FBN1-N was purified from
conditioned media over a Ni-NTA column, digested, and prepared for mass spectral analysis
(Fig. S3.1). Fifteen of the 26 EGFs were confirmed to be modified at similar stoichiometries to
those seen in endogenous FBN1, confirming that HEK293T cells are a good system to monitor
this form of modification. In addition to the modified EGFs identified on the N-terminal region
of endogenous FBN1 (Fig. 3.2D), three additional modified EGFs were identified on
recombinant FBNI1-N (EGF19, 23, 26, Fig. 3.3A). These additional sites were identified due to a
higher protein sequence coverage in our mass spectral analysis of overexpressed FBN1-N versus
endogenous FBN1. POGLUT?2 and 3 mediated modifications were lost when FBN1-N was
expressed in POGLUT?2 and 3 double-knockout HEK293T cells, confirming that these two
enzymes are responsible for O-glucosylation of FBN1 and that the modifications are O-glucose
(Fig. 3.3B). Interestingly, the level of B-hydroxylation is lower on recombinant FBN1-N
compared with endogenous FBN1 (compare EGFs 7, 8, and 12 in Figs. 3.2C and 3.3B),
suggesting that B-hydroxylation is less efficient in HEK293T cells than in dermal fibroblasts. All
peptides were identified using Byonic (Tables S3.6-S3.10 and Figs. S3.3—-S3.17).

The C-terminal half of FBN1 (FBN1-C) was also expressed in wild-type and
POGLUT2/3 double-knockout HEK293T cells, purified from media (Fig. S3.1), and analyzed by
mass spectrometry. The same POGLUT2 and 3 modified EGFs were identified between the C-
terminal region of endogenous FBN1 and recombinant FBN1-C; however, the POGLUT2 and 3
modification efficiency deviated from what was observed with endogenous FBNI. It is possible
there was a folding defect in FBN1-C protein, leading to lower stoichiometry of POGLUT2 and
3 modified peptides compared with endogenous FBN1. Due to this, we did not quantify the

efficiency of modification for O-glucosylation by POGLUT2 and 3 on FBN1-C. All O-glucose
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modifications on FBN1-C were lost when expressed in the POGLUT2/3 double-knockout cells.
POGLUT2 and 3 modified peptides of recombinant FBN1-C can be found in Tables S3.11 and

S3.12 (Figs. S3.18-S3.29).

FBN2 and LTBPI are O-glucosylated at multiple sites by POGLUTZ2 and 3 in HEK293T cells

A FBN2 N-terminal fragment (FBN2-N) (100) and full-length LTBP1 (50) were
expressed in wild-type and POGLUT?2/3 double-knockout HEK293T cells (Fig. 3.4A). Each
recombinant protein was purified using a Ni-NTA column from conditioned medium (Fig. S3.1),
digested, and analyzed by mass spectrometry. As with FBN1, a greater number of EGFs than
predicted with the original consensus sequence were modified by POGLUT2 and/or 3 for both
proteins. For FBN2-N, 17 out of 28 total EGFs were O-glucosylated, and for LTBP1, eight out of
18 total EGFs were O-glucosylated (Fig. 3.4A). The majority of these POGLUT2 and 3
modifications were at high stoichiometry (Fig. 3.4, B and C). FBN2 EGF18 is an interesting site
that has very low levels of POGLUT2 and/or 3 modification. This site almost matches the
original POGLUT?2 and 3 consensus sequence, but instead of a serine at position 7 of the
consensus sequence, there is a threonine. This suggests that POGLUT?2 and 3 can modify a
threonine, but serine is highly preferred. All O-glucose modifications were lost when FBN2-N or
LTBP1 were expressed in POGLUT2/3 double-knockout HEK293T cells, confirming that
POGLUT?2 and 3 are responsible for O-glucosylating FBN2 and LTBP1 (Fig. 3.4, B and C).
Peptides identified using Byonic for FBN2-N can be found in Tables S3.13—S3.15 (Figs. S3.30—
S3.46) and those for LTBP1 in Tables S3.16—-S3.19 (Figs. S3.57-S3.64).

FBN2-C (100) was also expressed in wild-type and POGLUT2/3 double-knockout cells,

and the resulting peptides identified for FBN2-C can be found in Tables S3.20 and S3.21 (Figs.
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S3.47-S3.56). As with FBN1-C, most of the EGFs were modified 50% or less by POGLUT2 and
3. As previously mentioned, FBN1-C recombinant data did not correspond with endogenous
FBNI1 mass spectral data. Due to this, we did not quantify stoichiometry at each modified EGF,
but instead only identified FBN2-C EGFs that were modified by POGLUT2 and/or 3. All O-
glucose residues were lost when FBN2-C was expressed in POGLUT2/3 double-knockout cells

(Table S3.21).

POGLUT2 and POGLUT3 modify EGF repeats with the consensus sequence

C?-x-N-T-x-G-S-(FY)-x-C*

After compiling all confirmed POGLUT2 and 3 modification sites on NOTCHI,
NOTCH3, FBN1, FBN2, and LTBP1, we generated a WebLogo summarizing sequences
between cysteines 3 and 4 of all modified sites (Fig. 3.5A). The most notable difference
compared with the original consensus sequence is the addition of a tyrosine at the eighth position
in the sequence, C3-x-N-T-x-G-S-(FY)-x-C*. A summary of the predicted POGLUT2 and 3 O-
glucosylation sites using the highly conserved residues of the new consensus sequence and
confirmed modification sites on FBN1, -2, and LTBP1 is shown in Figure 3.5B. For all three
proteins, approximately half of their EGF repeats are O-glucosylated by POGLUT2 and 3.

While all sites with the C3>-x-N-T-x-G-S-(FY)-x-C* sequence were at least partially
modified, other sites contain non-conserved residues at the third, fourth, and sixth position (Fig.
3.5A). For example, at the third position where asparagine is mostly conserved, FBN1 EGF6 has
a proline and FBN1 EGF31 has an aspartic acid. Both of these EGFs were modified at high
stoichiometry by POGLUT?2 and/or 3. At the fourth position where threonine is mostly

conserved, we also observed EGFs with asparagine, glutamate, serine, methionine, leucine,
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isoleucine, and valine. O-glucosylation generally occurs at high stoichiometry with asparagine,
glutamine, or serine at the fourth position. A significant decrease or no modification at all was
observed when methionine, leucine, isoleucine, or valine was at the fourth position (Table S3.1).
This suggests that hydrophobic amino acids at this position are not preferred by POGLUT2 and 3
for O-glucosylation of an EGF repeat. A serine in position 4 is usually highly modified (FBN1
EGF13; FBN2 EGF10, 14, 19), but LTBP1 EGF7 is poorly modified, suggesting that other
factors in LTBP1 are reducing the efficiency of modification at EGF7. At the sixth position of
the consensus sequence where glycine is mostly conserved, FBN1 EGF5 and FBN2 EGF6 had a
serine. Interestingly, FBN1 EGF5 was modified at very low stoichiometry (<1%), but FBN2
EGF6 was modified at high stoichiometry, again indicating that additional unknown factors are
contributing to efficiency of modification at individual EGFs.

To further analyze the POGLUT2 and 3 consensus sequence, we attempted to convert an
unmodified EGF to a POGLUT?2 and/or 3 modified EGF. We selected FBN1 EGF11, which has
the sequence C3-x-N-L-x-G-T-Y-x-C* Mass spectral analysis confirmed this site is not modified
by POGLUT2 or 3 in WT cells (Fig. 3.6). This site may be unmodified due to the hydrophobic
leucine residue at position 4 and/or because threonine is at position 7 instead of serine. Threonine
and serine differ by a single methyl group. O-glycosyltransferases such as POFUT1 and EOGT
have been shown to modify both a serine and threonine (4, 6), while POGLUT1 only modifies
serine (4, 101). With site-directed mutagenesis we generated the following three mutants using
FBN1-N plasmid: L744T (position 4), T747S (position 7, potential site of modification), and
double-mutant L744T/T474S (Fig. 3.6). Each mutant was expressed in wild-type HEK293T cells
and purified protein was analyzed by mass spectrometry. FBN1 EGF11 remained unmodified in

the single mutants but was modified at high stoichiometry in the L744T/T747S double mutant
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(Fig. 3.6). This further supports POGLUT2 and 3 do not prefer a hydrophobic residue at position
4 of the consensus sequence, and it also demonstrates that serine is preferred over threonine at
position 7. The ability to convert an unmodified EGF to a POGLUT2 and/or 3 modified EGF
further supports the importance of the highly conserved residues in the consensus sequence for

POGLUT?2 and 3. Peptides identified by Byonic for FBN1 EGF11 are in Tables S3.22—-S3.25.

POGLUT2 and POGLUTS3 display some site-specific differences

Our previous studies have indicated that POGLUT2 and 3 show a unique preference for
different EGFs of Notch proteins (1). To further investigate this site specificity, FBN1-N, FBN2-
N, and LTBP1 were expressed in POGLUT2 single-knockout and POGLUT3 single-knockout
cells and mass spectral analysis was performed (Tables S3.26—-S3.33). These results were
compared to wild-type data to identify sites where O-glucosylation was reduced by either
knockout condition (Fig. 3.7). O-glucosylation needed to be reduced by 30% or more compared
with wild type to be considered significant. This cutoff value was used to account for sample
variation and mass spectrometer conditions that typically affect mass spectral quantification in
the 10 to 20% range. Several EGFs were identified as POGLUT2 or POGLUTS3 preferred sites
on FBN1-N (Fig. 3.7A), FBN2-N (Fig. 3.7B), and LTBP1 (Fig. 3.7C). For example, FBN1
EGF9 is O-glucosylated at high stoichiometry in both wild-type and POGLUT3 knockout cells,
but in POGLUT?2 knockout cells the O-glucose modification is almost completely lost (Fig.
3.7A). Since O-glucosylation is significantly reduced only when POGLUT?2 is knocked out, this
suggests FBN1 EGF9 cannot be modified efficiently by POGLUT3 and is a POGLUT?2 preferred
EGF repeat. Conversely, LTBP1 EGF 10 is approximately 50% modified in wild-type and

POGLUT?2 knockout cells, but in POGLUT3 knockout cells the O-glucose modification is
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almost completely lost (Fig. 3.7C). This suggests that LTBP1 EGF10 is a POGLUT3 preferred
EGF repeat since O-glucosylation is significantly reduced only when POGLUT3 is knocked out.
Some EGF repeats showed no preference by either enzyme. FBN2 EGF10 and 13 maintained O-
glucosylation at high stoichiometry regardless of knockout condition (Fig. 3.7B). Ten POGLUT2
preferred EGFs were identified: FBN1 EGFs 4, 6,9, 12, 21; FBN2 EGFs 9, 21, 22; and LTBP1
EGFs 5, and 18 (Table S3.2). Four POGLUTS3 preferred sites were identified: FBN1 EGFS;
FBN2 EGF 12 and 14; and LTBP1 EGF 10 (Table S3.2). Weblogo summaries of the sites
modified by each enzyme are shown in Figure 3.8. There are no significant differences between
the two consensus sequences, indicating that factors other than the amino acid sequence between
cysteines 3 and 4 of an EGF repeat may contribute to site specificity. Overall, these data support
our previous results (1) that while partially redundant, there is site specificity between
POGLUT2 and 3 and that these enzymes work in a collaborative fashion to ensure O-
glycosylation of substrate proteins.

Our site-mapping data showed the POGLUT2 and 3 consensus sequence can be used to
accurately predict O-glucosylation sites, but we wanted to directly analyze whether changes in
any position between cysteines 3 and 4 can drive site specificity between POGLUT2 and 3. For
this study, FBN1 EGF12 and FBN2 EGF12 were selected. FBN1 EGF12 is POGLUT?2 preferred,
and FBN2 EGF 12 is POGLUTS3 preferred (Fig. 3.7, A and B). These EGF repeats were selected
because they only differ by two amino acids between cysteines 3 and 4, and they are in the same
relative position of each protein (Fig. 3.9A, red). We found it interesting that two sites so similar
exhibited variable enzyme specificity. F788Y/V789S double mutations were generated for
FBNI1-N, and Y832F/ S833V double mutations were generated for FBN2-N. Each mutant was

expressed in wild-type, POGLUT2 knockout, and POGLUT3 knockout cells and mass spectral
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analysis was performed on purified proteins (Tables S34—S39). Results were compared with
wild-type FBN1-N and FBN2-N EGF12 data to determine changes in O-glucosylation by
POGLUT?2 and 3. No significant O-glucosylation differences were observed for either mutant
compared with wild type, and only slight changes were seen in the POGLUT2 or POGLUT3
knockouts (Fig. 3.9B). These data strongly suggest that the site specificity of POGLUT2 and 3 is
dictated by sequences outside of those between cysteines 3 and 4, and the context of an entire
EGF repeat needs to be considered. We used Clustal Omega to align whole EGF sequences of
POGLUT2 and POGLUTS3 preferred EGFs (Fig. S3.2). No significant differences were identified
when comparing whole EGF sequences. This suggests the primary sequence alone cannot be
used to predict site specificity, but instead, other factors such as the position of an EGF in the

context of protein structure need to be considered as well.

Knockout of POGLUT?2 and 3 reduces secretion of FBNI1-N in HEK293T cells

We have previously shown that O-glycosylation by enzymes such as POFUT1 and
POGLUTTI stabilizes EGF repeats and assists secretion of substrate proteins such as Notch (10).
An established cell-based secretion assay protocol (102) was used to analyze whether O-
glucosylation by POGLUT?2 and 3 is necessary for efficient secretion of FBN1-N. The same
FBNI1-N construct used for mass spectral analysis was used for secretion assays. We attempted
secretion assays using full-length protein, but it was difficult to consistently express for accurate
quantification. Figure 3.10A is a representative western blot illustrating secretion of FBN1-N and
co-expressed human IgG. Compared with wild-type HEK293T cells, secretion of FBN1-N was
reduced approximately twofold in POGLUT2 knockout or POGLUT3 knockout cells, while

secretion of FBN1-N was reduced approximately fourfold in POGLUT2/3 double-knockout cells
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(Fig. 3.10B). Secretion of human IgG, a control protein without EGF repeats, was unchanged
across all conditions. These data suggest that O-glucose addition by POGLUT2 and/or

POGLUTS3 is necessary for efficient secretion of FBNI1-N.

3.4 Discussion

Our work is the first to analyze O-glucosylation of FBN1, FBN2, and LTBP1. Through
mass spectral analysis, we confirmed FBN1, FBN2, and LTBP1 are heavily modified with O-
glucose by POGLUT2 and/or POGLUTS3. We also identified site specificity between POGLUT2
and POGLUTS3, which provides a potential rationale for why mammals possess two enzymes
with functional redundancy. Finally, our data show that addition of O-glucose is necessary for
proper secretion of FBN1-N, suggesting a biologically significant role for these enzymes.
In total, we mapped 62 POGLUT2 and 3 mediated O-glucosylation sites out of 112 EGF repeats
of FBN1, -2, and LTBP1. The original POGLUT2 and 3 consensus sequence, C3-x-N-T-x-G-S-
F-x-C#, predicted less than half these many O-glucose modification sites (compare Fig. 3.1 to
Fig. 3.5) (1). Based on our analysis, most of the residues in the original consensus sequence were
highly conserved, except that tyrosine was found in place of phenylalanine at nearly half of the
modified sites. All sites containing the broadened consensus sequence, C*-x-N-T-x-G-S-(FY)-x-
C*, were at least partially modified, suggesting that this sequence accurately predicts
modification of an EGF repeat. Database searches with this sequence reveal that many other
proteins also had increases in the predicted number of modification sites including hemicentin-1,
fibulin-1, fibulin-2, and LTBP-4 (Table S3.4). The total number of human proteins predicted to
be modified by POGLUT2 and 3 increased from 34 to 56, and the total number of predicted sites

increased from 86 to 167 (Table S3.4). Nonetheless, our data show that residues other than N
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(position 3), T (position 4), or G (position 6) occur between cysteines 3 and 4 of modified sites,
and there are likely additional factors outside of this sequence that play a role, indicating that
more work needs to be done to define exactly what POGLUT2 and 3 recognize in an EGF repeat.
To avoid missing additional proteins or sites modified by POGLUT2 and 3, a more general
search string of C3-x-x-x-x-x-S-x-x-C* can be used, although this sequence will also identify
sites that are not modified.

Sequence logo graphs have previously been generated using over 1000 human EGF-like
domain sequences found in the PROSITE database (60). Asparagine at position 3, glycine at
position 6, serine or glycine at position 7, and tyrosine or phenylalanine at position 8 are the
most commonly observed amino acids between cysteines 3 and 4 (60). Interestingly, this is very
similar to the POGLUT?2 and 3 consensus sequence. This suggests that all amino acids within the
POGLUT?2 and 3 consensus sequence may not be required for O-glucosylation, but instead, some
of these amino acids exist within the consensus sequence simply because they are common in
most EGFs. This is supported by the exceptions we found to the POGLUT?2 and 3 consensus
sequence.

Our analyses using POGLUT2 and POGLUT3 single-knockout cells provided insight
into site-specific preferences between these two enzymes. We identified ten EGFs between
FBNI1, FBN2, and LTBP1 that are preferred by POGLUT?2 and four preferred by POGLUT3.
This suggests that POGLUT2 could have a more significant role in modifying FBNI, -2, and
LTBP1, whereas POGLUT3 may be targeted toward other proteins yet to be identified as O-
glucosylated. Thus, POGLUT?2 and POGLUT3 may not be strictly redundant. Comparison of
sequences between cysteines 3 and 4 modified by POGLUT2 or POGLUT?3 did not reveal any

significant differences, indicating that sequences outside of the consensus sequence may be
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influencing specificity (Fig. 3.8). This was further supported by our attempt to change site
specificity of EGF12 of FBNI and -2 (Fig. 3.9). Transcriptional analysis of POGLUT2 and
POGLUT3 in embryonic stem cells and epiblast-like cells further highlights these enzymes are
not completely redundant: POGLUT3 mRNA transcript levels were greatly increased in epiblast-
like cells compared with POGLUT?2 (103).

The POGLUT?2 and 3 consensus sequence, C*-x-N-T-x-G-S-(FY)-x-C*, overlaps the
consensus sequence for B-hydroxylation, C3-x-(ND)-x-x-x-x-(FY)-x-C* (82). The majority of
POGLUT?2 and/or 3 modified EGFs on endogenous FBN1 were also -hydroxylated.
Interestingly, B-hydroxylation was reduced in recombinant FBN1 expressed in HEK293T cells
compared with endogenous FBN1 secreted from human dermal fibroblasts. Previous studies
show that B-hydroxylation is necessary for efficient calcium binding to EGF repeats (79-81).
Calcium-binding affinities are highly variable across FBN1 (75). Binding of calcium provides
rigidity to the structure of FBN1 and affords protection from proteolysis (75). A subset of MFS
patient mutations in FBN1 affect residues involved in calcium binding, and these mutations have
been linked to increased susceptibility to proteolysis (76, 77). FBN2 and LTBP1 have similar
domain organization to FBN1 and are primarily composed of calcium-binding EGF repeats. It is
possible that POGLUT2 and 3 O-glucosylation of EGF repeats is connected to B-hydroxylation
and calcium binding of FBN1, FBN2, and LTBP1. Some of the defects in FBN1 structure or
function related to MFS mutations could be due to loss of O-glucosylation rather than changes in
B-hydroxylation. Further studies will need to be performed to investigate this.

Lastly, we have shown that secretion of FBN1-N is reduced in POGLUT2, POGLUT3,
and POGLUT?2 and 3 knockout cells. This coincides with previous work demonstrating that O-

glycosylation by POGLUT1 and POFUT]1 stabilizes Notch EGF repeats and promotes cell-
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surface expression of the receptor (10). Like POGLUT1 and POFUT1, POGLUT2 and 3 have an
endoplasmic reticulum (ER) retention sequence, localizing them to the ER where protein folding
for the secretory pathway occurs (104). POGLUT2 and POGLUT3 also only modify folded EGF
repeats, indicating that they can differentiate a folded from an unfolded structure (1). Combined
with our secretion assay results, this indicates that O-glucosylation by POGLUT2 and 3 assists
folding of substrate proteins and is necessary for efficient secretion. It is also possible that these
O-glucose modifications are involved in the many binding interactions that occur in the ECM
between FBN1, -2, and LTBP1 and other proteins required for proper development. O-glycans
such as O-fucose modifications found on Notch receptor are directly involved in Notch-ligand
binding, affecting Notch signaling (2, 28, 32, 35, 59). This provides a precedent for the
involvement O-glycans on EGF repeats in protein—protein interactions. Microfibrils are a
complex network of many protein—protein interactions that O-glucosylation by POGLUT2 and 3
may affect (41, 105). Further work is needed to understand the role of such O-glycans in the

context of the ECM.

3.5 Experimental Procedure

Plasmids and mutagenesis

pDNSP-rf16 (FBN1-N), pcDNA-rf6h (FBN1-C), pcDNA-rFBN2-2 (FBN2-N), pDNSP-rFBN2-1
(FBN2-C), and pCEP-Pu hLTBP1 FL-His have been described previously (58, 79, 80). The
FBN1 and 2 plasmids were kindly gifted by Dr. Dieter Reinhardt (McGill University), and the
LTBPI1 plasmid was kindly gifted by Dr. Clair Baldock (The University of Manchester). All
FBN1-N and FBN2-N mutants were generated using site-directed mutagenesis with CloneAmp

HiFi Premix (Takara Bio, USA). Primers used to generate each mutant are listed in Table S3.3.
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PCR products were digested with Dpnl for 1 h at 37 C and transformed into DH5a.-competent
cells (Invitrogen). All mutated plasmids were confirmed by sequencing. pKR5-IgG plasmid
encoding human IgG was used as a transfection control for secretion assays as previously

described (10, 102).

Cell culture

All cells were maintained at 37 °C and 5% CO, in DMEM high glucose media supplemented
with 10% bovine calf serum and 1% penicillin/streptomycin. HEK293T cells were obtained from
ATCC. POGLUT?2 and POGLUTS3 single and double knockout HEK293T cells have been
previously described (1). Primary human dermal fibroblasts derived from adult foreskin were

purchased from ATCC.

Antibodies

Rabbit derived IgG against the proline-rich N-terminal region of human FBN1 (106) was

generously provided by Dr. Penny Handford (Oxford University).

Immunoprecipitation of endogenous FBN1 from primary fibroblasts

Fibroblasts were cultured to confluency in a 10 cm dish without changing media. Approximately
7 d post confluency, culture media was collected and cleared. For immunoprecipitation, 50 pl of
magnetic beads (Protein G Dynabeads, Invitrogen) were incubated with 4 pl anti-FBN1 antibody
(diluted in 200 ul 1X PBS, 0.02% Tween) for 20 min rotating at room temp. One wash was
performed with 200 pl 1X PBS, 0.02% Tween. Beads were resuspended in 1 mL conditioned

culture media and incubated for 1 h rotating at room temp. Three washes were performed with
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1X PBS,0.02% Tween. FBN1 was eluted from beads in 30 pl of 8 M urea in 400 mM

ammonium bicarbonate at 37 C for 15 min. Samples were stored at -20 C.

Protein expression and purification

For each replicate, five 10 cm dishes of approximately 90% confluent HEK293T cells were
transiently transfected. This was done for each plasmid and cell condition (wild type, single
knockout, and double knockout cells). Prior to transfection, complete media was removed, cells
were washed once with 1X PBS, and 6 mL Opti-MEM (Invitrogen) reduced serum media was
added. Cells were transfected using PEI and 5 pg plasmid per 10 cm dish (DNA:PEI 1:6) in 500
pl OPTI-MEM. Media was harvested after approximately 3 d. Media was cleared by
centrifugation followed by a 0.45 pm syringe filter. 5 M NaCl and 1 M imidazole were added to
a final concentration of 500 mM and 10 mM, respectively. For purification, a 350-400 ul Ni-
NTA bead volume (700-800 pl 50% slurry) was used (Qiagen). Wash buffer consisted of 500
mM NaCl and 10 mM imidazole in 1X TBS. Proteins were eluted using 250 mM imidazole in

1X TBS. Purified proteins were analyzed by SDS-gel electrophoresis (Fig. S3.1).

Mass spectral analysis

Purified protein (15-20 pl) was transferred to Protein LoBind tubes. Tubes were placed in speed
vacuum for 10-15 min to concentrate samples. Proteins were denatured and reduced using 10 ul
of reducing buffer containing 8 M Urea, 400 mM ammonium bicarbonate, and 10 mM TCEP at
50 °C for 5 min. Alkylation was performed at room temp in the dark with 100 mM
iodoacetamide in 50 mM TrisHCI for 30 min to 1 h. Mass spectral grade water (45 ul) was added

to each sample. Trypsin (cleaves C-terminal to lysine and arginine, Thermo Scientific Pierce
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90057) and/or V8 (cleaves C-terminal glutamic and aspartic acid, Millipore Sigma P6181) or
chymotrypsin (cleaves C-terminal to tyrosine, phenyalanine, tryptophan, leucine, or isoleucine,
Sigma 90056) protease was added without exceeding 500 ng of total enzyme per sample.
Samples were incubated in 37 °C water bath for 4-6 h. Formic acid (7 pl of 5%) was added and
samples were sonicated for 20 min. Samples were desalted with Millipore C18 Zip Tip Pipette
Tips. After elution in 50% acetonitrile, 0.1% acetic acid, samples were diluted to an approximate
concentration of 10 ng/ul, 17% acetonitrile, and 0.1% formic acid. Approximately 10 ng of each
sample was injected on a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Fisher) with an
Easy nano-LC HPLC system with a C18 EasySpray PepMap RSLC C18 column (50 um x 15
cm, Thermo Fisher Scientific). A 30 min binary gradient solvent system (Solvent A: 0.1% formic
acid in water and Solvent B: 90% acetonitrile, 0.1% formic acid in water) with a constant flow of
300 nL/min was used. Positive polarity mode was used with a m/z range of 350-2,000 at a
resolution of 35,000 and automatic gain control set to 1 x 10°. Higher energy collisional
dissociation-tandem mass spectrometry (HCD-MS/MS) was used on the top 10 precursor ions in
each full scan (collision energy set to 27%, 2 x 10° gain control, isolation window m/z 3.0,
dynamic exclusion enabled, and 17,500 fragment resolution. PMi-Byonic (v.2.10.5) and
Proteome Discoverer (v2.1) were used to identify peptides. Fixed modifications:
Carbamidomethyl +57.021464 at C. Variable modifications: Oxidation +15.994915 at M,H,N,D,
Deamidated +0.984016 at N, and Ammonia-loss -17.026549 at N-Term C. Precursor mass
tolerance was set to 20 ppm and fragment mass tolerance was set to 30 ppm. Two missed
cleavages were allowed. Protein and peptide false discovery rates were set to a threshold of 1%
and calculated in Byonic software version 2.10.5 (Protein Metrics) using the 2-dimensional

target decoy strategy as described (107). All data was searched against either a human FBN1
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database (Uniprot accession number P35555 version 4 updated April 10,2019, 1 entry), FBN2
(Uniprot accession number P35556 version 3 updated May 26, 2009, 1 entry), or LTBP1
(Uniprot accession number Q14766 version 4 updated March 2, 2010, 1 entry). Xcalibur Qual
Browser (v2.0.3) was used to generate EICs for all identified peptides. For each peptide, area
under the curve was calculated for each peak corresponding to searched glycoforms. Relative
abundance was calculated by comparing area under the curve for a single glycoform to the total
area under curve for all searched glycoforms of a specific peptide. Glycoforms searched:
unmodified peptide, unmodified peptide plus B-hydroxylation, modified peptide with O-hexose,

and modified peptide with O-hexose plus B-hydroxylation.

Cell-based secretion assays

Wild type, single knockout, and double knockout HEK293T cells were transiently co-transfected
with the plasmid encoding human FBN1-N and human IgG as described (10, 102).
Approximately 8-9 x 10° cells in DMEM High Glucose media supplemented with 10% BCS
were seeded into 6 well plates approximately 24 h prior to transfection. Media was changed to
800 pl of Opti-MEM reduced serum media before adding transfection mix. Each transfection
mix consisted of 1.5 png FBN-N plasmid, 0.1 pg of IgG plasmid, 9 ul PEI, and 150 pl Opti-
MEM. Cells were incubated for approximately 48 h after transfection. Media was harvested and

cleared by centrifugation.

Western blotting

Cleared conditioned medium (36 pl) was mixed with 12 pl 4X reducing sample buffer

containing 2-mercaptoethanol. Samples were incubated on heat block at 100 °C for 10 min.
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Gradient gels (10-lane, 4-20%, Bio-Rad) were used to resolve proteins. Semi-dry transfer was
performed using Invitrogen Power Blotter XL, nitrocellulose power blotter select transfer stacks,
and 1X power blotter transfer buffer. Membranes were blocked at 4 °C overnight in 5% milk in
1X TBS 0.1% Tween 20. Membranes were incubated with mouse anti-His antibody (Bio-Rad
catalog number MCA1396) at 1:1,000 dilution in blocking solution for 1 h at room temp.
Secondary antibodies, IRDye®680RD goat (polyclonal) anti-mouse IgG (LI-COR catalog
number 925-68070) and IRDye®800CW goat (polyclonal) anti-human IgG (H + L) (LI-COR
catalog number 925-32232), were incubated with membrane at 1:10,000 dilution for 1 h at room
temp. Blots were imaged and quantified using a LI-COR Odyssey CLx and Odyssey Imager

software.

Experimental design and statistical rationale

See Table S3.40. Available by request or with original manuscript.
3.6 Data Availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE (108) partner repository with the data set identifier PXD025725.
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Figure 3.1. Predicted sites of modification by POGLUT2 and/or POGLUT3 on EGF
repeats of human FBN1, FBN2, and LTBP1 based on original consensus sequence. A (left)
A cartoon of an EGF repeat showing modification sites of several O-glycosyltransferases.
POGLUT?2 and 3 modify EGF repeats at a site distinct from POGLUT1, POFUT1, and EOGT.
Yellow, cysteines. Adapted with permission from (1). A (right) The original consensus sequence
with positions between cysteines 3 and 4 numbered. B, Domain maps of human FBN1, FBN2,
and LTBP1. Blue ovals, EGF repeat with original POGLUT?2 and 3 consensus sequence, C*-X-
N-T-X-G-S-F-X-C*. White ovals, EGF repeat without original POGLUT?2 and 3 consensus
sequence.
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Figure 3.2. Endogenous FBN1 is modified at high stoichiometry with hexose at more than
the predicted number of EGF repeats. A, Western blot illustrating successful
immunoprecipitation of endogenous FBN1 from conditioned medium of human dermal
fibroblasts. Before IP, fibroblast conditioned medium before immunoprecipitation. F7T, flow-
through after antibody application. Elution, human FBN1 eluted off magnetic beads. Red
channel, anti-proline rich N-terminal region of human FBN1. Arrow marks migration position of
FBNI1. B, representative EIC of the peptide from FBN1 EGF33 modified by a hexose at high
stoichiometry. EICs were generated by searching for m/z values of glycoforms of the tryptic
peptide from EGF33, R.CVNTYGSYECK.C. Mass spectral data in Table S5. C, Relative
quantification of hexose modification and B-hydroxylation on peptides derived from the
indicated FBN1 EGFs averaged from three biological replicates. Error bars show +/- SD. Mass
spectral data in Table S5. D, domain map of FBN1 illustrating predicted (based on original
consensus sequence C*-X-N-T-X-G-S-F-X-C*) and confirmed sites of modification by hexose.
Blue oval, EGF with original POGLUT?2 and 3 consensus sequences. Blue circle, EGF confirmed
modified with hexose. 7, glycosylation status unknown due to lack of sequence coverage from
mass spectral data. EGF15 is modified, but quantification was not possible because the
unmodified peptide m/z is too small for the mass spectrometer to detect.
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Figure 3.3. POGLUT?2 and 3 extensively O-glucosylate EGF repeats on recombinant
human FBN1 EGFs 1-26 (FBN1-N) expressed in HEK293T cells. A, schematic of
recombinant protein expressed in HEK293T cells as in Figures 1B and 2D. B, Relative
quantification of major O-glycoforms and B-hydroxylation of peptides derived from EGFs of
FBNI-N overexpressed in wild-type or POGLUT2/3 double knockout HEK293T cells. WT, wild
type. KO, POGLUT?2/3 double knockout cells. Only EGFs with at least 2 replicate values are
plotted in the bar graph. Error bars show +/- SD. Mass spectral data in Tables S6-S10.
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Figure 3.4. POGLUT?2 and 3 extensively O-glucosylate EGF repeats on recombinant
human FBN2 EGFs 1-28 (FBN2-N) and LTBP1 in HEK293T cells. A, schematic of
recombinant FBN2-N and LTBP1 expressed HEK293T cells as in Figures 1B and 2D. Relative
quantification of major O-glycoforms and B-hydroxylation of peptides derived from EGFs of
FBN2-N (B) and LTBP1 (C) overexpressed in wild-type and POGLUT2/3 double knockout HEK
293T cells. WT, wild type. KO, POGLUT2/3 double knockout cells. Only EGFs with at least 2
replicate values are plotted in the bar graph. Error bars show +/- SD. Mass spectral data for
FNB2-N are in Tables S13-S15, and for LTBP1 are in Tables S16-S19.
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Figure 3.5. Summary POGLUT?2 and 3 sites mapped on endogenous FBN1 from dermal
fibroblasts and recombinant FBN1, FBN2, and LTBP1 expressed in HEK293T cells. A,
WebLogo summary of all identified POGLUT?2 and 3 modification sites. Numbers below amino
acid indicate position within consensus sequence between cysteines three and four of an EGF
repeat. *, POGLUT?2 and/or 3 modified EGFs of endogenous FBN1 that are also B-hydroxylated
>50%. Blue circle, O-glucose modified site. B, domain maps of FBN1, FBN2, and LTBP1
illustrating predicted and confirmed sites of POGLUT?2 and 3 modification. Blue ovals, EGF
with revised consensus sequence, C*-x-N-T-x-G-S-(FY)-x-C*. *, FBN1 EGFs that are O-
glucosylated by POGLUT?2/3 and -hydroxylated more than 50%. ?, glycosylation status
unknown due to lack of sequence coverage from mass spectral data.
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L744T FBN1 EGF11: C3-E-N-T-R-G-T-Y-K-C*

T747S FBN1 EGF11: C3-E-N-L-R-G-S-Y-K-C*
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Figure 3.6. POGLUT?2 and 3 consensus sequence can be used to convert an unmodified
EGF to a POGLUT?2/3 modified EGF. Wild type and mutant amino acid sequence between
cysteines 3 and 4 of FBN1 EGF11. Red underlined, mutated sites. Relative quantification of O-
glycoforms and B-hydroxylation of peptides from wild type and mutant FBN1 EGF11. Error bars
show +/- SD. Mass spectral data are in Tables S22-S25.
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Figure 3.7. POGLUT?2 and POGLUT3 exhibit site-specificity on EGF repeats of
recombinant FBN1-N, FBN2-N, and LTBP1. Relative quantification of major O-glycoforms
and B-hydroxylation of peptides from EGF repeats. A, FBN1-N. Mass spectral data in Tables
S26-S27. B, FBN2-N. Mass spectral data in Tables S28-29. C, LTBP1. Mass spectral data in
Tables S30-S33. Proteins were overexpressed in wild-type (WT), POGLUT?2 knockout (P2 KO),
or POGLUTS3 knockout (P3 KO) HEK293T cells. #, O-glucosylation decreased in POGLUT?2
knockout cells by more than 30%. ##, O-glucosylation decreased in POGLUT3 knockout cells
by more than 30%. Only EGFs with at least 2 replicate values are plotted in the bar graph. Error
bars show +/- SD.
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Figure 3.8. POGLUT?2 versus POGLUT3 consensus sequence. A, WebLogo summarizing
sequences between cysteines 3 and 4 of the EGF repeat preferred by POGLUT2 based on mass
spectral analysis of FBN1-N, FBN2-N, and LTBP1. B, WebLogo summarizing sequences
preferred by POGLUT3 based on mass spectral analysis of FBN1-N, FBN2-N, and LTBP1. *,
predicted site for B-hydroxylation. Blue circle, O-glucose modification site.
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Figure 3.9. POGLUT2 and POGLUTS3 site-specificity is not strictly defined by amino acid
sequence between cysteines 3 and 4 of EGF repeats. A, Protein sequence alignment of FBN1
EGF12 and FBN2 EGF12 (NCBI blastp). e, Identical amino acid. +, Accepted amino acid
substitutions due to similar amino acid properties. Bold, POGLUT2/3 consensus sequence. Blue,
modified residue. Red, amino acids that were swapped between wild type FBN1 and FBN2. B,
Relative quantification of major O-glycoforms and B-hydroxylation of peptides from EGF12 for
WT FBNI1-N, WT FBN2-N, and FBN1-N EGF12 mutant overexpressed in wild-type, POGLUT?2
knockout, or POGLUT3 knockout HEK 293T cells. Error bars show +/- SD. Mass spectral data
in Tables S34-S39. #, EGF O-glucosylation decreased in POGLUT?2 knockout cells by more than
30%. ##, EGF O-glucosylation decreased in POGLUT3 knockout cells by more than 30%.
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Figure 3.10. Knockout of POGLUT2 and/or POGLUT3 leads to reduced secretion of
recombinant human FBN1-N from HEK293T cells. A, Secretion assay with hFBN1-N
expressed in wild type, POGLUT?2 knockout, POGLUT3 knockout, or POGLUT2/3 double
knockout HEK293T cells. IgG was co-transfected as a transfection and secretion control. Red
channel, anti-His antibody. Green channel, anti-IgG antibody. B, Quantification of Western blot
replicates. FBN1-N signal was normalized to IgG signal. One-way ANOVA in Excel was used to
calculate significance. **** p < 0.0001. Three biological replicates were performed, and three
technical triplicates were performed on wild type and double knockout samples. Two biological
replicates and three technical triplicates were performed on single knockout samples. Error bars
show +/- SD.
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3.9 Supplemental Tables and Figures

*Tables S3.4-3.40 and Figures S3.3-3.64 can be found in Supporting Information of the original
manuscript (36).

Table S3.1: FBN1, FBN2, and LTBP1 EGFs with variable residues at position 4 of the
POGLUT?2 and 3 consensus sequence. Sequence at the bottom is a WebL.ogo summary for
EGFs in the table with low or no modification by POGLUT? and 3.

Protein EGF repeat Sequence C3-C* O'gé‘;f?;zﬁf;ion
FBN-1 7 CINNQGSYTC High
9 CINEDGSFKC High
13 CKNSPGSFIC High
29 CINMVGSFRC unmodified
34 CONLDGSYRC unmodified
FBN-2 9 CINEDGSFKC High
10 CINSEGSFRC High
13 CRNNLGSFNC High
14 CVNSKGSFHC High
19 CTNSEGSYEC High
22 CLNIPGSFKC medium
LTBP1 7 CVNSPGSYQC low
8 CSNLEGSYMC low
14 CENVEGSFLC unmodified
Consensus Sequence:
N1y =
< ==
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Table S3.2. POGLUT?2 versus POGLUT3 preferred modification sites on FBN1, FBN2, and
LTBP1.

POGLUT2-preferred sites |Protein| EGF|Sequence (CS-C4)
FBN1 4 CINTVGSFEC
6 CIPTPGSYRC
9 CINEDGSFKC
12 CRNTPGSFVC
21 CENTKGSFIC
FBN2 | 9 CINEDGSFKC
21 CENTKGSFIC
22 CLNIPGSFKC
LTBP1| 5 CENTEGSFLC
18 CINTDGSYKC
POGLUTS3-preferred sites | FBN1 8 CINTDGSFHC
FBN2 | 12 CRNTPGSYSC
14 CVNSKGSFHC
LTBP1] 10 CRNTEGSFQC
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Table S3.3. Primers used for site-directed mutagenesis of FBN1-N and FBN2-N.

Template Mutation Direction Sequence Ty
rhFBN1-N F788Y V789S FWD  |5'-TGGAAGTTATAGCTGTACCTGCCCCAAGGGATTTATC-3' 74 C
REV 5'-AGGTACAGCTATAACTTCCAGGAGTATTTCTACATTGTCCA-3' 73.7C
rhFBN2-N Y832F S833V FWD |5'-AGGAAGTTTCGTCTGTACGTGCCCACCAGGGTAT-3' 74.5C
REV 5'-ACGTACAGACGAAACTTCCTGGCGTGTTTCGGCA-3' 74.5C
rhFBN1-N L7447 FWD  |5-GTGAAAACACTCGTGGGACCTATAAATGTATATGCAATTCAGGATATGAAG-3' 78 C
REV 5'-GGTCCCACGAGTGTTTTCACAGATTCCATTTGGGCAAATATC-3' 77.3C
rhFBN1-N T747S FWD  |5'-CTTCGTGGGTCCTATAAATGTATATGCAATTCAGGATATGAAGTG-3' 79.8 C
REV 5'-CATTTATAGGACCCACGAAGGTTTTCACAGATTCCATTTGG-3' 79.6 C
rhFBN1-N L744T L744T + T747S FWD  |5'-ACTCGTGGGTCCTATAAATGTATATGCAATTCAGGATATGAAGTG-3' 79.8 C
REV 5'-CATTTATAGGACCCACGAGTGTTTTCACAGATTCCATTTGG-3' 79.6 C
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Figure S3.1. Purification of recombinant FBN1-N, FBN1-C, FBN2-N, FBN2-C, and LTBP1
expressed in HEK293T cells. Purified proteins were separated on 4-20% gradient gel under
reducing conditions followed by Gel Code Blue staining (Invitrogen). Approximate, predicted
molecular weights of each protein: FBN1-N (165 kDa), FBN1-C (140 kDa), FBN2-N (186 kDa),
FBN2-C (137 kDa), and LTBP1 (187 kDA). Band between 50 and 75 kDa is bovine serum
albumin leftover from culture medium supplemented with bovine calf serum.
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Figure S3.2. Clustal Omega protein sequence alignment of POGLUT2 versus POGLUT3
preferred EGF modification sites. EGFs with POGLUT?3 preferred sites are underlined. Bold
line above section of alignment indicates position of POGLUT?2 and 3 consensus sequence. *,
single, fully conserved residue. : (colon), conserved amino acids of strongly similar properties. .
(period), conserved amino acids of weakly similar properties. A, raw alignment. B, alignment
with Clustal X default colors. C, alignment with Zappo colors. Jalview was used for color
schemes.
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CHAPTER 4
POGLUT2 AND POGLUT3 O-GLUCOSYLATION OF FBN1 AND FBN2 MAINTAINS THE

STRUCTURE AND FUNCTION OF THE EXTRACEULLAR MATRIX AND IS REQUIRED
FOR PROPER TGF-3 SIGNALING AND DEVELOPMENT OF THE LUNG!

'Williamson DB, Neupane S, Grady RC, Holdener BC, Haltiwanger RS. Manuscript in

preparation. To be submitted to Developmental Cell.
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4.1 Abstract

Poglut? and Poglut3 encode two Protein O-glucosyltransferases (POGLUT) that modify
epidermal growth factor (EGF)-like repeats containing the putative consensus sequence C3*-N-T-
x-G-S-F/Y-C*. Based on this putative consensus sequence, POGLUT?2 and 3 are predicted to
modify up to 56 proteins, many of which are involved in the extracellular matrix (ECM). To
date, we have identified fibrillin-1 (FBN1), fibrillin-2 (FBN2), and latent transforming growth
factor B binding protein-1 (LTBP1) as the proteins most heavily modified by POGLUT?2 and 3.
Deletion of POGLUT?2 and POGLUT3 in HEK293T cells reduces secretion of human FBN1, but
how loss of POGLUT?2 and 3 affects mammalian development is unknown. Here we show that
Poglut2 and Poglut3 double knockout mice died perinatally and had defects in lung, vascular,
and limb development. Blocking POGLUT?2/3-mediated O-glucosylation significantly reduced
FBN1, FBN2, and elastin levels in developing lung with concomitant reduction of TGF-3
signaling. Glycoproteomic analyses confirmed that EGFs of predicted POGLUT2/3 substrates
FBNI, fibulin-2 (FBLN2), fibulin-5 (FBLNSY), and nidogen-1(NID1) were modified in vivo.
Moreover, double knockout of Poglut2 and Poglut3 completely eliminated the O-glucose
modification. Proteomic analyses revealed loss of POGLUT?2 and 3 reduced the abundance of
FBNI1 found in fibroblast media and affected the abundance of other ECM-related proteins.
These data highlight O-glucosylation by POGLUT?2 and 3 impact the structure and function of
the ECM through its effects on POGLUT?2 and 3 substrates FBN1 and FBN2, leading to
deleterious developmental defects through dysregulation of TGF-f signaling. Future work will
elaborate on this mechanism to understand the specific role POGLUT?2 and 3-mediated O-

glucosylation has in the ECM environment.
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4.2 Introduction

Protein O-glycosylation of EGF repeats is required for proper mammalian development
(21, 109). Deletion of O-glycosyltransferases that modify EGF repeats leads to embryonic
lethality in mice (11, 12), and mutations in these glycosyltransferases result in human diseases
(21, 109). These findings focus on Protein O-Fucosyltransferase 1 (POFUT1) and Protein O-
Glucosyltransferase 1 (POGLUTT1), which both modify Notch EGF repeats. Loss of these
enzymes leads to Notch phenotypes associated with dysregulation of Notch signaling, setting a
precedent for the physiological impact of O-glycosylation of EGF repeats on protein function.
POGLUT?2 and 3 are two recently identified glycosyltransferases that add O-glucose to a serine
residue on an EGF repeat between cysteines 3 and 4 at the putative consensus sequence C*-N-T-
x-G-S-F/Y-C* (36) (see Figure 2.1). POGLUT?2 and 3 seem functionally redundant based on cell
culture experiments, though each enzyme exhibits site-specificity for certain EGF repeats (36).
This suggests these enzymes may deviate from one another physiologically. Fifty-six proteins
have POGLUT?2 and 3 modification sites based on the consensus sequence, and of these, at least
41 proteins function in the extracellular matrix (ECM) (36). The fibrillin (FBN) and latent
transforming growth factor B-binding proteins (LTBPs) are predicted to contain the greatest
number of POGLUT2/3-modified EGFs, and we confirmed that approximately half of the EGF
repeats of FBN1, -2, and LTBP1 are modified by POGLUT2 and 3 (36).

FBN1 and FBN2 are major structural components of microfibrils in the ECM (100).
These microfibrils act as a scaffold for elastogenesis, which is essential for proper development
of tissues like the lungs, heart, and skin (110, 111). FBN microfibrils also serve as a reservoir of

inactive TGF-P through interactions with LTBPs (42). FBN and LTBP function are required for

efficient secretion, activation, and regulation of TGF-f signaling (112). In humans, Marfan
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syndrome (MFS), caused by FBNI mutations, is one of the most extensively studied connective
tissue disorders. The pathological features of MFS, which commonly manifest in the heart and
lungs, are attributed to dysregulation of TGF-f signaling (49, 56, 57). Similarly, LTBP genetic
variants are also associated with dysregulation of TGF-f3 signaling (44, 112). In humans, LTBP
mutations lead to bone growth defects and developmental defects in the aorta, lungs, eyes, and
muscles, and these phenotypes have been recapitulated in mice (44, 112). Additionally, loss of
Fbnl, Ltbpl, -3, or -4 leads to premature lethality in mice due to aortic dissection (46,47, 113,
114). These studies highlight the biological significance of FBNs and LTBPs and their
interactions with one another, and it brings to the forefront the need to understand the
physiological role of POGLUT?2 and 3 O-glucosylation on these proteins.

O-glycosylation stabilizes EGF repeats and promotes secretion of proteins in which they
occur (10). Notably, O-glycans on EGF repeats of NOTCHI1 are also involved in ligand-receptor
interactions that are required for efficient binding and signaling (28). Based on these
observations, we hypothesized that loss of POGLUT2 and 3-mediated O-glucosylation could
impact both the efficiency of substrate secretion as well as protein interactions in the
extracellular space. To test this hypothesis, we generated Poglut2 and Poglut3 mouse knockouts
(Supplemental Figures 4.1 and 4.2) and evaluated the impact of the mutations in double
knockout (Poglut2/3 DKO) animals. Loss of POGLUT2/3-mediated O-glucosylation caused
neonatal death likely resulting from defects in cardiovascular and lung development. In
developing lung, we detected abnormal FBN distribution with abnormalities in elastogenesis and
TGF-f signaling. Mass spectral analyses identified more global alterations in ECM composition
including proteins not predicted to be POGLUT?2 and 3 substrates. The results from these studies

suggest that POGLUT2/3-mediated O-glucose modifications were important not only for
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optimum secretion of substrates, but also raised the possibility that these glycans were required
for function of POGLUT?2/3 substrates in the extracellular space and maintenance of a normal

ECM environment.

4.3 Results

Loss of both Poglut2 and 3 caused perinatal lethality, reduced size, and syndactyly in mice

To assess the physiological function of POGLUT?2 and 3, we generated Poglut2 and 3
mouse models (Figures S4.1 and S4.2, Tables S4.1 and S4.2). The Poglut2 tmld allele was the
result of deletion of exons 3-4, and the Poglut3 tmld allele resulted from the deletion of exons 2-
3. The tmld allele for both Poglut2 and 3 was used to generate single knockout (SKO: Poglut2
KO/KO;Poglut3 WT/WT and Poglut2 WT/WT;Poglut3 KO/KO) and double knockout (DKO:
Poglut2 KO/KO;Poglut3 KO/KO) animals. Poglut2 and Poglut3 SKOs were viable and fertile
with no obvious phenotypes and present at expected Mendelian ratios (Table S4.3-4 .4).
Poglut2/3 DKO mice were statistically underrepresented at weaning and significantly smaller
than littermates (Figure 4.1A-B, Tables 4.1 and S4.5). Poglut2/3 DKOs had fully penetrant
syndactyly between digits three and four of one or more hind- and/or forelimbs (Figures 4.1C,
S4.3). Other genotypes also significantly deviated from the Mendelian ratio, such as Poglut2
WT/KO-;Poglut3 WT/KO and Poglut2 WT/WT,;Poglut3 KO/KO (Table S4.5), but more work
needs to be done to explain these observations. In contrast, at embryonic day (E) 18.5 Poglut2/3
DKOs were present at expected Mendelian ratio (Table 4.1), suggesting Poglut2/3 DKO causes
lethality soon after birth (within 3 days of birth). It was difficult to pinpoint an exact day when
lethality occurred. In some cases, deceased Poglut2/3 DKO pups were found in cages (ages P1-

P3 based off lack of fur), but in most instances they were not observed. Poglut2/3 DKO mice
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were also significantly smaller than littermates at E18.5 (Figure 4.1D). These observations are
consistent with previous Fbn and Ltbp mouse models. Fbnl knockout mice die around two
weeks after birth, and Ltbpl and -4 single knockout mice exhibit perinatal or neonatal death,
respectively (46, 115). Mice with Fbn2 genetic variants have varying degrees of syndactyly
(116), and Ltbp3 and -4 single knockout mice are decreased in size compared to controls (114,
115, 117). The overlapping of these phenotypes between Poglut2/3 double knockouts and Fbn
and Ltbp mice suggests loss of POGLUT?2/3-mediated O-glucosylation inhibits the normal

function of FBNs and LTBPs.

O-glucosylation of EGF repeats by POGLUT2 and 3 was completely lost in Poglut2/3 DKO

mice

We performed mass spectral glycoproteomic analyses to confirm that deletion of
Poglut2/3 in DKO mice resulted in loss of O-glucosylation of POGLUT?2 and 3 substrates. Here,
we analyzed POGLUT?2 and 3 O-glucosylation of several secreted EGF domain-containing
proteins from wild type and Poglut2/3 DKO mouse lung primary fibroblast cultures. Medium
was collected after three days and analyzed by mass spectrometry as described in Methods. A
subset of the most abundant proteins predicted to be modified by POGLUT2 and 3 were
analyzed for glycosylation. All glucosylated peptides were identified using Byonic. Extracted ion

chromatograms (EICs) were generated for glucosylated, glucosylated plus -hydroxylated,

unmodified, and unmodified plus B-hydroxylated forms of each peptide. EGFs of FBNI,
FBLN2, FBLNS, and NID1 had expected POGLUT2/3 mediated O-glucose modifications based
on the presence of the consensus sequence, and most of the EGF repeats detected were modified

at high stoichiometry (Figure 4.2 A-D). Loss of POGLUT?2 and 3 (-/-) completely abolished O-
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glucosylation of these EGF repeats between C3-C* (Figure 4.2 A-D). FBLN2, FBLNS5, and
NID1 were previously not known to be O-glucosylated by POGLUT?2 and 3. Other secreted
proteins such as FBN2 and LTBPs are predicted to be modified by POGLUT?2 and 3 based on
the putative consensus sequence (36), but they were detected at a lower abundance compared to
FBN1, FBLN2, FBLNS, and NID1. Human FBN2 and LTBP1 are heavily O-glucosylated by
POGLUT?2 and 3 (36), but the limited detection of these proteins from mouse fibroblast media
prevented quantification of peptides containing the POGLUT?2 and 3 putative consensus
sequence. Two FBN1 EGF repeats not previously identified were modified by Protein O-
Fucosyltransferase 1 (POFUTT1) (Figure 4.2E). The relative amount of O-fucosylation did not
change between wild type and Poglut2/3 DKO animals (Figure 4.2E). Combined, these
observations suggested that no other enzymes can modify the POGLUT?2/3 consensus and that

loss of Poglut2 and 3 in mice did not affect other forms of O-glycosylation.

Poglut2/3 DKO causes abnormal lung blood vessel, airway, and alveoli development

To determine whether defects in lung development contributed to perinatal death in
Poglut2/3 DKOs, we compared histological sections of E18.5 lung sections from wild type and
Poglut2/3 DKO lungs (Figures. 4.3-4.5). At E18.5, developing lungs are at the saccular stage
(118). In control lungs, the blood vessels were comprised of well-defined inner intima
(endothelium), media, and external adventitia layers that were separated by internal and external
elastic lamina (Figure 4.3A) (119). Terminal bronchioles had very distinct mucosal (epithelium
and lamina propria), smooth muscle and adventitia layers, where the arrangement of epithelium
and lamina propria create the characteristic epithelial folds of terminal bronchiole (Figure 4 .4A,

B) (118, 120). The saccules at this time are the most distal aspects of the lung airway and were
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comprised of an airway epithelial layer consisting of alveolar epithelial type I (AEC1) and type
IT (AEC2) cells supported by outer fibroblast cells, where some AEC2 cells have direct contact
with AEC1 cells and others remain isolated in the alveolar chord (Figure 4.5A) (121). In contrast
to controls, Poglut2/3 DKO blood vessels layers showed poorly arranged endothelium, loose
media and aberrant internal and external lamina (Figure 4.3C). The terminal bronchioles of
Poglut2/3 DKO lungs had flatter epithelial folds and reduced lamina propria (Fig. 4.4C), and the
saccules appeared enlarged compared to controls (Figure 4.5C). These abnormalities likely

resulted from aberrant trafficking or function of POGLUT?2/3 substrates.

POGLUT2/3 mediated O-glucose modification of EGF repeats was essential for maintaining

the level and distribution FBN1, FBN2, and elastin in developing lung

We used immunohistochemistry to evaluate the distribution of FBN1 and FBN2 and their
colocalization with elastin in developing lung of wild type and Poglut2/3 DKOs. In E18.5 control
embryos, FBN1 and FBN2 were characteristically localized in blood vessels, terminal
bronchiole, and developing alveoli saccules (Figures 4.6-4.8). In the lung blood vessels, FBN1,
FBN2, and Alexa-fluor 633 (considered a stain for elastin) colocalized to the distinct layers of
the internal and external elastic lamina (Fig. 4.6 A-C), and diffuse FBN staining which did not
colocalize with elastin was detected in media and adventitia layers of the blood vessels (Fig. 4.6
A-C). In Poglut2/3 DKO developing lung blood vessels FBN1, FBN2, and elastin levels were
significantly reduced (Figure 4.6D-F, G-I). In addition, FBN1 and FBN2 were nearly absent
from the internal elastic lamina and staining in the external lamina was not contiguous.

Consistent with the role of FBNs networks in laying the foundation for elastic fiber formation
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(41,46, 122), Alexa-fluor 633 was significantly reduced in Poglut2/3 DKOs in the region of the
internal elastic lamina (Figure 4.6F and I).

In wild-type terminal bronchiole, strong FBN1 and FBN2 staining was detected in the
basement membrane underlying the characteristically folded epithelial layer and smooth muscle
layers with reduced staining in the lamina propria (Figure 4.7A-B). Strong Alexa-fluor 633
staining colocalized to the epithelial layer basement membrane with moderate staining
underlying the smooth muscle layer (Figure 4.7C). In contrast, in the flattened Poglut2/3 DKO
terminal bronchioles, FBN1, FBN2, and Alexa-fluor 633 levels were significantly reduced and
staining appeared punctate and disorganized compared to controls (Figure 4.7D-I).

In the developing saccules of the alveolar region of the airway, FBN1, FBN2, and Alexa-
fluor 633 staining localized to the matrix underlying the airway epithelial cells (Figure 4.8 A-C).
In the developing saccules of Poglut2/3 DKO lungs, FBN1, FBN2, and elastin levels were
significantly reduced (Figure 4.8 D-I), and FBN2 networks appeared discontinuous. The reduced
complexity of Alexa-fluor 633 staining in developing saccules of Poglut2/3 DKOs suggested that
subdivision of the saccules into alveoli was impaired and is consistent with the enlarged airway
space observed in Figure 4.5C. In the saccular stage, fibroblasts deposit elastin in the alveolar
wall (123) possibly at the base of the AEC I cells (Figure 4.5A). At the site of elastin deposition
in the alveolar wall, the secondary septa arise during the alveolar maturation (121, 124). Taken
together, these findings suggest a critical role for POGLUT?2/3-mediated O-glucosylation of EGF

repeats in lung development and assembly of FBN/Elastin networks in the developing lung.
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TGFE-fBsignaling was reduced in blood vessels, terminal bronchioles and alveoli of the

Poglut2/3 DKO lung at E18.5

Since POGLUT?2/3 substrates like FBN1 and LTBP1 also influence TGF-f3 signaling
through interacting with each other to generate a reservoir of latent TGF-f (53, 54, 112, 125,
126), we sought to determine whether the loss of POGLUT?2/3-mediaded O-glucosylation of
EGFs impacted TGF-f3 signaling. As an output for TGF-f signaling levels we used
immunohistochemistry to compare the levels and distribution of pSMAD?2, a downstream
effector of signaling (127, 128), in lung sections of wild-type and Poglut2/3 DKO embryos
(Figure 4.9). In both the wild-type and the Poglut2/3 DKO lungs, pSMAD?2 was mostly localized
in the nucleus in the endothelial layers of the blood vessel, the smooth muscle layers of the
terminal bronchiole, and epithelial cells of the alveoli (Figure 4.9 A-F, H). In Poglut2/3 DKO,
pSMAD?2 immunolocalization was visually observed in fewer cells in different regions of lung
(Figure 4.9D-F) when compared to similar regions of wild type lungs (Figure 4.9A-C). Overall,
there was a reduced level of pPSMAD? in the Poglut2/3 DKO lung (Figure 4.9G). Dysregulation
of TGF-p3 signaling affects lung alveologenesis (114, 115, 129, 130), and our data suggests that
loss of POGLUT?2 and 3, and hence O-glucosylation of EGF substrates like FBN1 and FBN2,
ultimately affects lungs alveolar maturation through reduced TGF-f signaling. Again, this is
further evidenced by the trend of an increase in size of the alveolar spaces in Poglut2/3 DKO
lungs compared to wildtype (Figure 4.5C and S4.4), though this data was not statistically

significant, suggesting an alveolar septation defect.
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Abundance of FBN1 and other ECM proteins are differentially altered from Poglut2/3 DKO

mouse fibroblasts compared to wild type

We recently showed that loss of POLGUT?2 and/or 3 in HEK293T cells reduces secretion
of an overexpressed fragment of FBN1 (36). Here, we utilized a mass spectral-based proteomics
approach to analyze whether the abundance of FBN1 and other secreted proteins were affected in
E18.5 Poglut2/3 DKO mouse lung and dermal fibroblasts. A standard label-free quantitative
analysis method within Proteome Discoverer (v2.5) was used to identify peptides and quantify
relative protein abundances (131). Notably, FBN1 abundance is reduced by approximately thirty
percent compared to wild type (Figure 4.10), which was similar but less severe compared to the
previously reported data (36). Several other proteins crucial to the assembly and function of the
ECM were also decreased in abundance such as collagen a1(V) (CO5A1), sushi, von Willebrand
factor type A (SVEP1), collagen a1(VI) (CO6A1), and laminin subunit gamma-1 (LAMC1)
(Figure 4.10, Table S4.6). Several molecular chaperones had reduced abundance as well,
including Serpin H1 (SERPH), protein disulfide isomerase (PDIA1), endoplasmic reticulum
chaperone BiP (BiP), heat shock protein HSP 90-beta (HSP90B), and endoplasmin (ENPL)
(Figure 4.10, Table S4.6). Molecular chaperones are not generally thought of as secreted
proteins; however, they have been found in the extracellular space (132-134). A few ECM-
related proteins were increased in abundance in the medium of Poglut2/3 DKO fibroblasts
including fibulin-4 (FBLN4, 58% increase), stromelysin-1 (MMP3, 75% increase), and gelsolin
(GELS, 46% increase) (Figure 4.10). A complete list of all identified proteins from dermal
fibroblasts is found in Table S4.6.

These analyses were also performed using E18.5 lung fibroblasts (Figure S4.5, Table

S4.6). Surprisingly, FBN1 was only reduced by about 15% and was not statistically significant.
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This differs from the observation in dermal fibroblasts and previously reported data using
HEK?293T cells (36), suggesting loss of POGLUT?2/3 may affect substrate secretion in tissues
differentially. Basement membrane-specific heparan sulfate proteoglycan core protein (HSPG2
or perlecan) and decorin (PGS2) abundance were reduced by about 35-40%. Perlecan and
decorin both impact assembly of fibrillin microfibrils (135, 136). Perlecan and FBN1 colocalize
and interact with one another, and perlecan-deficient mice (embryonic lethal) display a decreased
amount of FBN1 microfibrils (135). This raises the possibility that POGLUT2/3-mediated O-
glucosylation may have a role in the interactions of FBNs with proteoglycans in the ECM.
Interestingly, cathepsins S, B, and Z were all increased in abundance in Poglut2/3 DKO lung

fibroblasts, though this mechanism is unclear.

4.4 Discussion

Previous studies suggested a role for POGLUT?2/3-mediated O-glucosylation of EGF
repeats for efficient folding and secretion of POGLUT?2/3 substrates like FBN1, FBN2, and
LTBPs (10, 36). However, these experiments were performed using protein fragments
overexpressed in cultured HEK293T cells and raised the question of whether POGLUT?2/3-
mediated O-glucosylation of EGF substrates was essential for protein secretion in vivo, where
full length proteins (rather than fragments) would be expressed at endogenous levels in cells
adapted for their secretion (fibroblasts versus HEK293T cells). Additionally, it is still unknown
whether O-glucosylation by POGLUT?2/3 is required for proper function of protein substrates in
the extracellular environment. To address these questions, we took advantage of KOMP Poglut2
and Poglut3 knockout mouse models. The absence of EGF O-glucosylation between Cys3-Cys4

on several proteins in mouse Poglut2/3 DKO lung fibroblasts demonstrated unequivocally that
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only POGLUT?2/3 can modify the consensus sequence. Moreover, analyses of the effects of
Poglut2/3 mutations on mouse embryo development support a critical role for POGLUT2/3-
mediated O-glucosylation of EGFs in the assembly of fibrillin microfibrils critical for
elastogenesis and TGF-f signaling. In addition, mass spectral analyses of conditioned medium
from primary lung fibroblasts demonstrated that predicted POGLUT?2/3 substrates FBN1,
FBLN2, FBLNS, and NID1 were O-glucosylated, raising the possibility that lethality,
cardiovascular, lung, limb, and size phenotypes observed in Poglut2/3 DKOs stem from the
combined effects of the loss of POGLUT?2/3-mediated O-glucosylation on multiple substrates.

Since FBN1 and FBN2 have the most POGLUT?2/3 modified sites (36), it is likely they
are the major substrates impacted in Poglut2/3 DKO mice. Poglut2/3 DKO significantly reduced
the levels of FBN1 and -2 in developing lung blood vessels, airway, and alveoli. This
observation was consistent with our previous observation where secretion of FBN1 constructs
containing N-terminal EGFs 1-26 was reduced approximately 75% in POGLUT2/3 DKO
HEK?293T cells (36) and our observation that FBN1 was reduced by approximately 30% percent
in Poglut2/3 DKO dermal fibroblasts. Poglut2/3 DKO mice have overlapping phenotypes
affecting the lung, limbs, and blood vessels with Fbnl mgR and Fbn2 mice. Fbnl mgR is a
Marfan syndrome (MFS) mouse model where Fbnl expression is roughly 20% of wild-type
(137). At postnatal day 7 and 56, Fbnl mgR airspaces are significantly increased (138). The
airway spaces of Poglut2/3 DKO lungs at E18.5 were slightly increased, but not statistically
significant (Figure S4.4); however, since this is a progressive phenotype, it is possible we did not
observe a severe effect in Poglut2/3 DKO mice since the mutations are perinatal lethal. FBN1
and 2 are required for elastagenesis (41, 46, 122, 139, 140), and elastin fragmentation is

significantly increased in the ascending aorta of Fbnl mgR, which is consistent with our
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observations of reduced and punctate elastin IHC signal in the blood vessels of Poglut2/3 DKO
lung. Moreover, Fbn2 mutant mice exhibit varying levels of syndactyly (116, 141, 142), which is
consistent with syndactyly we observed in Poglut2/3 DKO limbs. Together, these observations
strongly suggest loss of O-glucosylation by POGLUT?2/3 compromises FBN1 and FBN2
function.

Our observations that FBN2 levels were not reduced in medium from Poglut2/3 DKO
dermal or lung fibroblasts and FBN1 levels were unaltered in medium from Poglut2/3 DKO lung
fibroblasts raises the possibility that reduced function of secreted, unmodified POGLUT2/3
substrates also contributes to developmental abnormalities. Possible mechanisms by which the
O-linked glycan could impact FBN function include coordination of the calcium ion-rigidity,
fibrillin microfibril assembly, increased susceptibility to degradation, and interactions with
binding partners. Future work will address these mechanisms.

Changes in the fibrillin microfibril network result in numerous connective tissue
disorders that are associated with dysregulated cell signaling pathways such as TGF-f3 (44, 57).
For disorders such as MFS, hyperactive TGF-f signaling is observed due to BN/ mutations (49,
56). Similar elevated levels of TGF-f signaling were observed in aorta isolated from Fbnl mgR
mice at 60 days (137). However, closer examination at day 16 aorta demonstrated that TGF-f3
signaling is initially reduced (137), suggesting that elevated TGF-f signaling in MFS patients is
caused by disease progression. For this reason, the reduced TGF-f3 signaling that we observed in
Poglut2/3 DKO E18.5 lung is consistent with the impact of Fbnl mutations on TGF-p signaling.

Similar to FBN1 and FBN2, loss of O-glucosylation by POGLUT?2/3 likely affects the
function of other substrates such as LTBPs and fibulins (FBLNs), which could contribute to the

phenotypes we observed in Poglut2/3 DKOs. LTBPs are necessary for efficient secretion of
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TGF-f through interaction with the latency associated peptide (LAP)-TGF-f3 binary complex
called the small latent complex (SLC) (112). This forms a ternary complex, named the large
latent complex (LLC), which is secreted into the extracellular space (112). Through interactions
of the LLC with FBN microfibrils, LTBPs facilitate sequestration and activation of TGF- (53,
54,112, 126). TGF- is mainly activated through integrins on the cell surface, which requires
mechanical tension to free TGF-p from the LLC (112). Loss of POGLUT2/3 O-glucosylation on
LTBPs could impair TGF-f signaling through multiple mechanisms. In Poglut2/3 DKOs,
formation of the LLC could be impaired, limiting secretion of latent TGF-f3. Additionally, once

in the extracellular space, unglucosylated LTBP may be more susceptible to protease degradation

which would prevent necessary LLC incorporation into the ECM for integrin-mediated
activation of TGF-3. Moreover, loss of POLGUT2/3 O-glycans on LTBPs and FBNs could
reduce the overall stiffness of the ECM and LLC, which may reduce the efficiency of TGF-J3
activation due to a possible increase in the amount of integrin-mediated tension required to free
TGF- from the LLC. Fbiln4 and Fbin5 are required for elastogenesis (143, 144). Deletion of
Fbln4 causes perinatal lethality in mice, whereas Fbin5 mice age normally; however, in all cases,
developmental abnormalities are present in the lungs and blood vessels. Loss of O-glycans on
these proteins in Poglut2/3 DKOs may reduce secretion and/or inhibit their interaction with
tropoelastin. Fbln4 and Fbln5 are also linked to TGF-f signaling (143), which suggests
Poglut2/3 DKO effects on their function could contribute to dysregulation of TGF-f signaling
we observed.

Dysregulation of TGF-f3 signaling could subsequently lead to transcriptional changes

inside the cell, altering the abundance of secreted ECM proteins. Proteomic analysis of the lung
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and dermal fibroblast secretome revealed numerous changes in ECM-related proteins that are not
predicted to be modified by POGLUT?2 and 3 such as collagens, laminin, lysyl oxidase-like
proteins, matrix metalloproteinases, cathepsins, and lysozymes. This also highlights a possible
mechanism to explain why we did not observe a more severe secretion defect of POGLUT?2/3
substrates like FBNs. Transcription of these genes may have been increased due to dysregulation
of TGF-f signaling, which could correct for an initial reduction in FBN secretion from
Poglut2/3 DKO fibroblasts. Transcriptional analyses of these cells and/or tissue will need to be
performed to confirm this.

In conclusion, this work provides mechanistic insight into the effects of POGLUT?2/3
mediated O-glucosylation of FBNs and other POGLUT?2/3 substrates. Due to the complex,
dynamic nature of the ECM, it is likely O-glucosylation by POGLUT?2/3 will affect substrate
function differentially depending on context. Regardless, we provide evidence suggesting FBN1
and FBN2 function were primarily affected in Poglut2/3 DKOs. Future work will attempt to

uncover mechanisms to explain these observations in the context of FBNs as well as other

POGLUT?2/3 substrates.

4.5 Experimental Procedures

Mice and genotyping

Poglut? heterozygous ES cells were purchased from EUMMCR (Poglut2m2eEUCOMM)Hngu
(MGI:1919300)). Poglut3 targeting vector was purchased from EuMMCR. Poglut3 heterozygous
ES cells were generated at Texas A&M Institute for Genomic Medicine (Poglut3tm380258(LIL2 BactP)
(MGI:1923765)). Poglut2 and 3 alleles were generated at the Mouse Transgenic and Gene

Targeting Core at Emory University. Heterozygous targeted ES cells were injected into
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C57BL/6N blastocysts and resultant chimeras were mated to females of the same strain of mice
to generate animals heterozygous for the Knockout First allele (Fig. S4.1 and 4.2). Maps of
alleles and primers used for genotyping are in Figures S4.1 and 4.2. Detailed primer information
and PCR conditions are found in Tables S4.1 and 4.2. Only knockout allele tm/d from Poglut2
and 3 single and double knockout mice was analyzed for this paper. All alleles for Poglut2 and 3

were maintained at the University of Georgia through backcrossing to C57BL/6].

Primary fibroblast cultures

Lung and tail tissues were collected at E18.5. Tissues were minced with scissors into
approximately 1 mm pieces. Tissue pieces were transferred to 1 mL vials containing 2.5 mg/mL
Collagenase D (product info) in DMEM high glucose media supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin (complete medium). Samples were incubated 45-60
minutes, shaking 200 rpm, at 37°C. Seventy-micron cell strainers attached to 50 mL conicals
were pre-wet with 10 mL of complete media. Tissues were passed through cell strainers using a
double-sided pestle. Cells were pelleted at 600 x g for 6 minutes at room temperature.
Supernatant was removed and cells were washed once with 10 mL of complete media. Cells
were pelleted again at 600 x g for 6 minutes at room temperature. Cells were resuspended in 1
mL of complete medium. Cell suspension was added to 1 mL of complete medium in a single
well of a 6-well plate or to 2 mL of complete medium in a 6 cm dish. After 24-48 hours, medium
was removed, cells were washed with PBS, and fresh complete medium was added. Medium was
changed every 2-3 days until confluency. All cells were maintained at 37 °C and 5% CO, in
DMEM high glucose media supplemented with 10% fetal calf serum and 1%

penicillin/streptomycin. For glycoproteomic and proteomic experiments, fibroblast cultures after
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one passage were grown to confluency in 6 cm dishes. At confluency, medium was switched to
DMEM high glucose media with no serum or antibiotics. After 3 days, medium was collected,

cleared, and stored at -20 °C for mass spectral analysis.

Mass spectral analysis

BCA assays were used to determine protein concentration of each media sample. Media volume
equivalent to 10 pg was acetone precipitated in ice-cold acetone (1:4 media:acetone) overnight at
-20 °C. Samples were spun down at max speed, 10 minutes, 4 °C. Supernatant was removed and
pellet was processed for mass spectral analysis. Proteins were denatured and reduced using 15
pL of reducing buffer containing 8 M Urea, 400 mM ammonium bicarbonate, and 10 mM TCEP
at 50 °C for 5 min. Alkylation was performed at room temp in the dark with 7.5 pL. of 100 mM
iodoacetamide in 50 mM TrisHCI for 30 min to 1 h. Mass spectral grade water (60 pl) was added
to each sample. 500 ng of trypsin (cleaves C-terminal to lysine and arginine, Thermo Scientific
Pierce 90057) protease was added per sample. Samples were incubated in 37 °C water bath for 3-
4 h. Formic acid (10.5 pl of 5%) was added and samples were sonicated for 15 min. Samples
were desalted with Millipore C18 Zip Tip Pipette Tips. After elution in 50% acetonitrile, 0.1%
acetic acid, samples were diluted to an approximate concentration of 1 pg/pL, 15% acetonitrile,
and 0.1% formic acid. Approximately 2-3 pg of each sample was injected on a Q-Exactive Plus
Orbitrap mass spectrometer (Thermo Fisher) with an Easy nano-LC HPLC system with a C18
EasySpray PepMap RSLC C18 column (50 um x 15 cm, Thermo Fisher Scientific). A 90 min
binary gradient solvent system (Solvent A: 0.1% formic acid in water and Solvent B: 90%
acetonitrile, 0.1% formic acid in water) with a constant flow of 300 nL/min was used. Positive

polarity mode was used with a m/z range of 350-2,000 at a resolution of 35,000 and automatic
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gain control set to 1 x 10°. Higher energy collisional dissociation-tandem mass spectrometry
(HCD-MS/MS) was used on the top 10 precursor ions in each full scan (collision energy set to
27%, 2 x 10° gain control, isolation window m/z 3.0, dynamic exclusion enabled, and 17,500
fragment resolution. For glycoproteomic analysis, PMi-Byonic (v4.1.10) was used to identify
peptides. Fixed modifications: Carbamidomethyl +57.021464 at C. Variable modifications:
Oxidation +15.994915 at M,N,D, Deamidated +0.984016 at N,Q, and Ammonia-loss -17.026549
at N-Term C. Precursor mass tolerance was set to 20 ppm and fragment mass tolerance was set to
10 ppm. Two missed cleavages were allowed. Protein and peptide false discovery rates were set
to a threshold of 1% and calculated using the 2-dimensional target decoy strategy as described
(ref.). All data was searched against a mouse FBN1 database (Uniprot accession number Q61554
version 174 updated July 6,2016, 1 entry), FBLN2 (Uniprot accession number P37889 version
185 updated October 3, 2012, 1 entry), NID1 (Uniprot accession number P10493 version 217
updated July 27,2011, 1 entry), HMCNI1 (Uniprot accession number D3Y XG0 version 97
updated April 20, 2010, 1 entry), FBLNS (Uniprot accession number QPWVH9 version 181
updated November 1, 1999, 1 entry), and SVEP1 (Uniprot accession number A2AVAQ version
108 updated February 5, 2008, 1 entry). Xcalibur Qual Browser (v2.0.3.2) was used to generate
EICs for all identified peptides. For each peptide, area under the curve was calculated for each
peak corresponding to searched glycoforms. Relative abundance was calculated by comparing
area under the curve for a single glycoform to the total area under curve for all searched
glycoforms of a specific peptide. Glycoforms searched: unmodified peptide, unmodified peptide
plus B-hydroxylation, modified peptide with O-hexose, and modified peptide with O-hexose plus
B-hydroxylation. For proteomics analysis Proteome Discoverer (v2.5) was used to identify and

quantify peptides. The default Comprehensive Enhanced Annotation LFQ and Precursor
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Quantitation workflow was used. Precursor abundance was based on peak intensity. Protein
abundance calculations were performed using the TopN approach where the average of the five
most abundant distinct peptide groups were calculated for each protein. Minimum peptide length
was set to 6, and false discovery rate was set to 1%. Precursor mass tolerance was 10 ppm and
fragment mass tolerance 0.02 Da. Two missed cleavages were allowed for trypsin digestion.
Static modifications: Carbamidomethyl +57.021464 at C. Dynamic modifications: Oxidation /
+15.995 Da (D, M, N, P), Deamidated / +0.984 Da (N, Q), Hex / +162.053 Da (S, T), Acetyl /
+42.011 Da (N-Terminus), Gln->pyro-Glu / -17.027 Da (Q), Met-loss / -131.040 Da (M), Met-
loss+Acetyl / -89.030 Da (M). All data was searched against the reviewed Mus musculus
proteome from UniProt (Reviewed 17,1114 proteins Swiss Prot). Data was moved into Excel for
statistical analysis. A PSM cutoff of 170 (dermal fibroblasts) and 120 (lung fibroblasts) was
used. Total protein abundance for each sample was calculated by summing all protein
abundances. All samples were normalized to the sample with the highest protein abundance.
Average abundance was calculated for each protein. Fold change was determined by dividing the
knockout average by the wild-type average for each protein. A one direction t-test was used to

calculate statistical significance.

Histology and immunohistochemistry

Histology and immunostaining was performed on 5 mm thin paraffin sections prepared from
E18.5 left lungs that were either fixed in 4% paraformaldehyde or 5% acetic acid in ethanol
(volume/volume) as previously described (145).Briefly, paraformaldehyde fixed lungs were
dehydrated through graded series of ethanol :30%, 50%, 70%, 80%, 90%, 95% and 100% and

then xylene whereas acetic acid fixed tissues were directly transferred to 100% ethanol and then
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xylene. Acetic acid-fixed tissues were then processed through xylene and paraffin (1:1) mix and

infiltrated with and embedded in paraffin and processed for sectioning using a microtome.

Sections were routinely stained with hematoxylin and eosin (H&E) staining as previously
described (146). Briefly, sections were deparaffinized in xylenes and rehydrated using ethanol
(100%, 95%, 80% and 70%), washed with reverse osmosis water for 10 minutes and stained in
Mayer’s hematoxylin (Sigma, Cat. no. MHS32-1 L) for 10 minutes and washed in running tap
water for 20 minutes. The sections were again passed through 70% ethanol for 2 minutes and
counterstained with eosin (Fisher Scientific Cat. no. E511-25) for a minute. Finally, sections
were dehydrated for 2 minutes each in 70%, 95%, 100%, 100%, and 100% ethanol, and cleared
in xylenes before mounting. Sections were mounted with Secure Mount™ (Fisher Scientific, Cat.

no. 23-022208) and coverslipped.

For immunohistochemistry, the sections were deparaffinized using xylenes and rehydrated using
ethanol (100%, 95%, 80% and 70%), rinsed with water and finally with 1X PBS. The
immunohistochemistry of FBN1 and FBN2 was performed on 5% acetic acid-ethanol fixed
tissues and pSMAD?2 immunohistochemistry was performed on 4% paraformaldehyde fixed
tissues as previously described (145). Briefly, tissue sections were permeabilized with 0.1%
Triton-X-100 in PBS for 30 minutes for FBN1 and FBN2 and for pPSMAD?2 were boiled under
pressure for 10 minutes in tris-EDTA buffer (pH 9.0; Tris 1.21 g, EDTA 0.37 g, distilled water 1
L, adjust pH 9.0, add 0.5 ml of tween 20 and mix well). The sections (cooled and tap water
washed) were blocked with 2.5% goat serum (Vector laboratories, Cat no. s1012) for 30 min and

incubated overnight with anti-FBNT1 [1:100, Rabbit polyclonal (pAb 9543) (Courtesy of Dr.
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Lynn Sakai, Oregon Health and Science University, Portland, OR)], anti-FBN2 [1:500, mFib2-
Gly (Gly-Rich domain) polyclonal antiserum to mouse Fibrillin 2 (Courtesy of Dr. Robert
Mecham, Washington University School of Medicine, St. Louis, MO)], and anti-pSMAD?2
(1:300, Phospho-SMAD?2, 3108S, Cell Signaling Technology). The FBN1 and FBN2
immunoreactivity was detected using Alexa Fluor® 488 tagged secondary antibody (1:400, Goat
Anti-Rabbit IgG H&L, Abcam, Cat. no. ab150077). The pSMAD?2 immunoreactivity was
detected using Alexa Fluor® 568 tagged secondary antibody (1:400, Goat Anti-Rabbit IgG
H&L, Abcam, Cat. no. ab175471). Elastin was detected using Alexa Fluor™ 633 Hydrazide (0.2
OM/L, A30634, Thermo scientific). Then the slides were mounted with DAPI Fluormount-

G® (SouthernBiotech, Cat. no. 0100-20) and coverslipped.

The H&E-stained histological sections were photographed using a Nikon Optiphot microscope,
AxioCam MRc camera and AxioVisionLE program (Zeiss). Fluorescent images were taken at
63x using Leica TCS SP8 X scanning confocal microscope (Leica, Germany). Imagel

(http://imagej.net/) was used to measure the level of fluorescence of the images. Fluorescence

was measured in sections obtained from three animals (n = 3) for each group with a total of six to
nine sections per genotype. Data were evaluated for significance using unpaired, two-tailed #-

test.

4.6 Data Availability

Glycoproteomics data and proteomic secretome analysis (Table S4.6) available by request.
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4.7 Main Text Tables and Figures

Table 4.1. Viability of heterozygous Poglut2 and 3 null intercrosses. ' Animals were generated
from intercrosses using C57BL/6J backcross generation NO through N2. 2Chi squared with 2
degrees of freedom.

Intercross': Poglut2”-;Poglut3*" Intercross': Poglut2*";Poglut3™"
Age Genotype # Weaning # Expected Chisquare’(p) | Age Genotype # Weaning # Expected Chi square*(p)
(Poglut2,Poglut3) (Poglut2,Poglut3)
<[, ++ 39 2425 +/+ ,-/- 31 2525
P21 /-, +- 50 48.5 P21 +- /- 56 50.5
J- -l 8 24.25 19.907(5e-5) - 14 25.25 6.921(0.03)
-l ++ 22 18.25 ++, -/- 10 11
E18.5 /-, +/- 34 36.5 E185 +/-,-/- 24 22
- - 17 18.25 1.027(0.60) - -l- 10 11 0.364(0.83)
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Figure 4.1. Poglut2/3 DKO mice are smaller than littermates and have syndactyly. (A) Body
weight of Poglut2/3 DKO animals compared to all other possible genotypes from Poglut2 and
Poglut3 intercrosses at P28. Twenty animals across four litters were weighed. Mean weight of
each genotype group is indicated by a blue horizontal line. (B) Comparison of a Poglut3 KO
male SKO (left) and a Poglut2/3 DKO male (right) at P28. (C) Hindlimb syndactyly in Poglut2/3
DKOs compared to wild-type hindlimb. White arrow, site of syndactyly. (D) Comparison of
body weight across multiple genotypes at E18.5. Eight litters (60 embryos) were used from
Poglut?2 KO/KO;Poglut3 WT/KO intercrosses, and two litters (17 embryos) were used from wild-
type intercrosses. (B) * p <0.01, **** p <0.0001, ns not significant. Pictures in panel (C) were
taken by Richard Grady, Stony Brook University.
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Figure 4.2. POGLUT?2 and 3 modifications are lost in Poglut2/3 DKO mice. (A-D) Relative
quantification of O-hexose modification and -hydroxylation on peptides from EGF repeats of
endogenous (A) FBN1, (B) FBLN2, (C) FBLNS5, and (D) Nidogen-1 secreted from lung
fibroblasts established at E18.5. (E) Relative quantification of O-fucose modification and [3-
hydroxylation on peptides from EGF repeats of endogenous FBN1 secreted from lung fibroblasts
at E18.5. The relative abundance of glycoforms was calculated based on area under the curve
from extracted ion chromatograms. These were plotted as a percentage of the total abundance for
each peptide. Averages were taken from three biological replicates. Error bars show + SD.
Abbreviations: +/+, wild type; -/-, Poglut2/3 DKO; Glc, glucose; Fuc, fucose; Ox, oxidation (p3-
hydroxylation).
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Figure 4.3. POGLUT?2 and 3 are essential for blood vessel wall structure at E18.5. (A)
Drawing of blood vessel layers. (B-C) Hematoxylin and eosin staining of blood vessels from
E18.5 wild type (B) and Poglut2/3 DKO (C) lungs. Rectangles indicate digitally magnified
regions shown on the right of each image. Abbreviations: en; endothelium, m; media, i; internal

elastic lamina, e; external elastic lamina. Scale bars 20 um. Data was generated by Sanjiv
Neupane, Stony Brook University.
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Figure 4.4. POGLUT?2 and 3 are essential for characteristic folded/ruffled structure of
terminal bronchioles. (A) Photograph showing different layers of terminal bronchiole. (B-C)
Hematoxylin and eosin staining of terminal bronchioles from E18.5 wild type (B) and Poglut2/3
DKO (C) lungs. Rectangles indicate digitally magnified regions shown on the right of each
image. Abbreviations: epi; epithelium, lp; lamina propria, i; sm; smooth muscles. Scale bars 20

pm. Data was generated by Sanjiv Neupane, Stony Brook University.
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Figure 4.5. POGLUT 2 and 3 are needed for normal terminal saccule development at
E18.5. (A) Lung saccule at E18.5 showing elastic fiber, alveolar epithelial cell type I (AEC I)
and alveolar epithelial cell type II (AEC II). Hematoxylin and eosin staining of alveolar region
from E18.5 wild type (B) and Poglut2/3 DKO (C) lungs. Rectangles indicate digitally magnified
regions shown on the right of each image. Abbreviations: al; alveolus. Scale bars 20 um. Data
was generated by Sanjiv Neupane, Stony Brook University.
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Figure 4.6. Loss of POGLUT2 and 3-mediated O-glucosylation on EGF repeats leads to
reduced abundance and fragmented pattern of FBN1, -2, and elastin in lung blood vessels.
(A-F) Representative maximum projection images of fibrillin-2 (FBN2, green) (A and D) and
fibrillin-1 (FBN1, green) (B and E) immunolocalization, and elastin (red) fluorescence (C and
F) and counterstained with DAPI (blue) in blood vessels from E18.5 wild type (WT) (A-C) and
Poglut2/3 DKO (D-F) lungs. Rectangles indicate digitally magnified regions shown on the right
of each image. Quantification of FBN2 (G), and FBN1 (H) immunofluorescence, and elastin (I)
fluorescence signals (G-I). Analyses were performed from three embryos per genotype (n=3)
with 2 sections from each lung. Data from control (solid black circle) and Poglut2/3 DKO (open
circles) were evaluated for statistical significance using unpaired, two-tailed #-test: *p<0.05 and
**p<0.01. Scale bars 20 um. Data was generated by Sanjiv Neupane, Stony Brook University.
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Figure 4.7. Loss of POGLUT2 and 3 leads to reduced abundance and fragmented pattern
of FBN1, -2, and elastin in the terminal bronchiole. (A-F) Representative maximum
projection images of fibrillin-2 (FBN2, green) (A and D) and fibrillin-1 (FBN1, green) (B and
E) immunolocalization, and elastin (red) fluorescence (C and F) and counterstained with DAPI
(blue) in blood vessels from E18.5 wild type (WT) (A-C) and Poglut2/3 DKO (D-F) lungs.
Rectangles indicate digitally magnified regions shown on the right of each image. Quantification
of FBN2 (G), and FBN1 (H) immunofluorescence, and elastin (I) fluorescence signals (G-I).
Analyses were performed from three embryos per genotype (n=3) with 2 sections from each
lung. Data from control (solid black circle) and Poglut2/3 DKO (open circles) were evaluated for
statistical significance using unpaired, two-tailed #-test: *p<0.05 and **p<0.01. Abbreviations:
en; endothelium, sm; smooth muscle, Ip; lamina propria. Scale bars 20 um. Data was generated
by Sanjiv Neupane, Stony Brook University.
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Figure 4.8. Loss of POGLUT2 and 3 leads to reduced abundance and fragmented pattern
of FBNI1, -2, and elastin in the alveoli. (A-F) Representative maximum projection images of
fibrillin-2 (FBN2, green) (A and D) and fibrillin-1 (FBN1, green) (B and E)
immunolocalization, and elastin (red) fluorescence (C and F) and counterstained with DAPI
(blue) in blood vessels from E18.5 wild type (WT) (A-C) and Poglut2/3 DKO (D-F) lungs.
Rectangles indicate digitally magnified regions shown on the right of each image. Quantification
of FBN2 (G), and FBN1 (H) immunofluorescence, and elastin (I) fluorescence signals (G-I).
Analyses were performed from three embryos per genotype (n=3) with 2 sections (3
images/section) from each lung. Data from control (solid black circle) and Poglut2/3 DKO (open
circles) were evaluated for statistical significance using unpaired, two-tailed #-test: **p<0.01.
Abbreviation: al; alveolus. Scale bars 20 um. Data was generated by Sanjiv Neupane, Stony
Brook University.

88



Blood Terminal
Vessel (bv) Bronchiole (tb) Alveoli (al)

..
..

Poglut2/3 DKO Wild type

@
I

g
=)
1

0.8+ e Wild type
o Poglut2/3 DKO
*

e Wild type
o Poglut2/3 DKO

-
w
1
L]
L]

R

: il
£ T T 0.0, i .
bv tb al bv tb al
Figure 4.9. TGF-J signaling is significantly reduced in Poglut2/3 DKO lungs. (A-F)
Representative maximum projection images of pSMAD?2 (red) immunolocalization and DAPI
(blue) at E18.5 surrounding blood vessels (A and D), terminal bronchioles (B and E), and
alveoli (C and F) of the lung from wild type (A-C) and Poglut2/3 DKO (D-F). (G-H)
Quantification of pPSMAD?2 immunofluorescence signal relative to DAPI (G) and pSMAD2-
DAPI nuclear colocalization by estimation of colocalization correlation coefficient (H). Analyses
were performed from three embryos per genotype (n=3) with 2-4 sections per group. Data from
control (solid black circle) and Poglut2/3 DKO (open circles) were evaluated for statistical
significance using unpaired, two-tailed #-test: *; p<0.05, **; p<0.01, ns; not significant. Scale
bars 20 um. Data was generated by Sanjiv Neupane, Stony Brook University.
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Figure 4.10. Abundances of secreted FBN1 and other ECM proteins are affected by loss of
POGLUT?2 and 3 in dermal fibroblasts at E18.5. A TopN data dependent acquisition strategy
was utilized to quantify each protein abundance. The peak intensities of the top 5 precursors for
each protein were used. All samples were normalized to the sample with highest total protein
abundance. Fold change (FC) for each protein abundance was calculated by dividing Poglut2/3
DKOs by wild-type. A one-tailed t-test was used to calculate statistical significance. A cut-off
value of + 20% was used to separate proteins that were increased or decreased in abundance
compared to wild-type. Green, proteins with reduced abundance; grey, proteins with no change
in abundance; red, proteins with increased abundance. WT n=8 total replicates, 4 biological
replicates run in duplicate. Poglut2/3 DKO n=9, 5 biological replicates.
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4.8 Supplemental Tables and Figures

Table S4.1. Primers and PCR conditions used for genotyping Poglut2 mice.

Poglut2 allele Primer Name & Primer Sequence 5’23’ PCR PCR
[concentration] Product Conditions
size (bp)
Wild type K15 F(a) gcctttagtagetgagacatctcte
[0.25 um]
496
K13’ R (b) cacagcggtgaacatctcacttaacacc
[0.25 um]
Knockout-first | K15’ F (a) gcctttagtagetgagacatctcte
(tmla) [0.25 um] 279 952C—3 min
LAR3 (c) caacgggttcttctgttagtcc
[0.25 um] 952C—30 sec
lacZ-A3-4 CSD Lac F (d) gctaccattaccagttggtctggtgtca 602C—30 sec
(tmlb) [0.25 um] 386 70°2C—30 sec
K13 LoxP R (e) | caccacaatgaactgatggcgag (35 cycles)
[0.25 um]
Floxed3 K15 F(a) gcctttagtagctgagacatctctc 702C—5 min
(tmic) [0.25 um]
630 or_
K13’ R (b) cacagcggtgaacatctcacttaacacc 42C—hold
[0.25 um]
A3-4 K15 F(a) gcctttagtagetgagacatctcte
(tmid) [0.25 um] 559
K1 3" LoxP R (e) caccacaatgaactgatggcgag
[0.25 um]
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Table S4.2. Primers and PCR conditions used for genotyping Poglut3 mice.

Poglut3 allele Primer Name & Primer Sequence 5’23’ PCR PCR
[concentration] Product Conditions
size (bp)
Wild type K2 5’ F (f) ggttactagacacttcaatggc
[0.25 um] 353
K2 3" R (g) aacgttgccatttcctgatcatt
[0.25 um]
Knockout-first | K2 5’ F (f) ggttactagacacttcaatggc
(tmla) [0.25 um] 241 952C—3 min
KOMP R (h) ggtggtgtgggaaagggttc
[0.25 um] 952C—30 sec
lacZ-A3-4 CSD Lac F (i) gctaccattaccagttggtctggtgtca 592C—30 sec
(tm1b) [0.25 pm] 497 722C—30 sec
K2b_dR(j) actcgtgtgagatccttgec (35 cycles)
[0.25 um]
Floxed3 K2 5" F (f) ggttactagacacttcaatggc 729C—3 min
(tmic) [0.25 pum] 561
K2 3’ R (g) aacgttgccatttcctgatcatt 4°C—hold
[0.25 um]
A3-4 K15 F (f) ggttactagacacttcaatggc
(tmid) [0.25 um] 594
K2 new b_d R (k) | tcaccagctgctcatgcaata
[0.25 um]
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Table S4.3. Poglut2 WT/KO intercross progeny viability.

Intercross!: Poglut2 WT/KO
Genotype # Weaned # Expected Chi square? (p)
WT/WT 18 18.75
WT/KO 34 37.5
KO/KO 23 18.75 1.32(0.5169)

'Animals were generated from intercrosses using C57BL/6J backcross generation N1 through N6
2Chi squared with 2 degrees of freedom.
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Table S4.4. Poglut3 WT/KO intercross progeny viability.

Intercross!: Poglut3 WT/KO
Genotype # Weaned # Expected Chi square? (p)
WT/WT 18 16.5
WT/KO 34 33
KO/KO 14 16.5 0.545 (0.7613)

'Animals were generated from intercrosses using C57BL/6J backcross generation NO through N3
2Chi squared with 2 degrees of freedom.
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Table S4.5. Poglut2 WT/KO;Poglut3 WT/KO double heterozygote intercross progeny

viability.

Intercross': Poglut2 WT/KO;Poglut3 WT/KO

Genotype ) Frequency (%) .

P—— # Weaning| # Expected |— Weaning |# Expected Chi square? (p)
wiko;wrzko | 18 28 16.07 25

WT/WT;WT/KO 10 14 8.92 12.5

WT/KO,WT/WT | 19 14 16.96 12.5

WT/KO;KO/KO 17 14 15.18 12.5

KO/KO;WT/KO 16 14 14.29 12.5

WT/WT,WT/WT 8 / 7.14 6.25

WT/WT;KO/KO 15 / 13.39 6.25

KO/KO;WT/WT 7 7 6.25 6.25

KO/KO;KO/KO 2 7 1.79 6.25  [20.29 (0.0093)

'Animals were generated from intercrosses using C57BL/6J backcross generation NO through N2

2Chi squared with 8 degrees of freedom.
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Figure S4.1. Targeting strategy and PCR design for Pogluz2 alleles.
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Poglut2/3 DKOs
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Figure S4.3. Poglut2/3 DKO mice display forelimb and hindlimb syndactyly. Pictures were
taken by Richard Grady, Stony Brook University.
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Figure S4.4. The alveolar space in Poglut2/3 DKO lungs is slightly increased compared to
wild-type. (A) Representative image of H&E stain of lung sections at low (4X) and high (40X)
magnification. (B) Comparison of alveolar chord length between wild-type and Poglut2/3 DKO
lungs. Three biological replicates, two sections per replicate, were quantified for each genotype.
Data were generated by Sanjiv Neupane, Stony Brook University.
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Figure S4.5 Abundances of secreted ECM proteins are affected by loss of POGLUT2 and 3
in dermal fibroblasts at E18.5. A TopN data dependent acquisition strategy was utilized to
quantify each protein abundance. The peak intensities of the top 5 precursors for each protein
were used. All samples were normalized to the sample with highest total protein abundance. Fold
change (FC) for each protein abundance was calculated by dividing Poglut2/3 DKO values by
wild-type. A one-tailed t-test was used to calculate statistical significance. A cut-off value of +
20% was used to separate proteins that were increased or decreased in abundance compared to
wild-type. Green, proteins with reduced abundance; grey, proteins with no change in abundance;
red, proteins with increased abundance. WT n=6 total replicates, 3 biological replicates run in
duplicate. Poglut2/3 DKO n=5, 3 biological replicates.

100



CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

POGLUT?2 and POGLUT3 (previously known as KDELC1 and KDELC2, respectively)
O-glucosylate EGF repeats between C3-C* at the putative consensus sequence C*-x-N-T-x-G-S-
F/Y-x-C* (1, 36). We identified the first POGLUT?2 and 3 modification site on NOTCH1 EGF11
and subsequently identified additional sites on NOTCH3, leading to a preliminary consensus
sequence of C3-x-N-T-x-G-S-F-x-C* for modification by POGLUT2 and 3 (1). A motif search
using this preliminary consensus sequence revealed the fibrillins and LTBPs contained the
largest number of predicted POGLUT?2 and 3 modification sites, and many other ECM proteins
were predicted to be modified (1). We confirmed that over half of FBN1, -2, and LTBP1 EGF
repeats are modified by POGLUT?2 and 3 at high stoichiometry (36). These data broadened the
POGLUT?2 and 3 consensus sequence to C3-x-N-T-x-G-S-F/Y-x-C* (36). Future biochemical
studies will continue to elaborate on the consensus sequence for modification by POGLUT?2 and
3, which is a useful tool for identifying additional POGLUT?2 and 3 substrates. Additionally, a
subset of reported MFS patient mutations is within the POGLUT?2 and 3 putative consensus
sequence. Generating these variants in vitro and performing biochemical analysis could provide
evidence implicating POGLUT?2 and 3 O-glucosylation in the pathology of MFS.

To understand the physiological importance of Poglut2 and 3, we generated the first
Poglut2 and 3 mouse models. Based on the amount of POGLUT?2 and 3 modifications on FBN1,
-2,and LTBP1 and the number of other ECM proteins predicted to be modified POGLUT2 and

3, we anticipated phenotypes in elastic tissues such as the lungs, heart, and skin where the
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structure and function of ECM is crucial for proper development. Our previous analysis revealed
secretion of a FBN1 fragment from Poglut2/3 HEK293T cells was significantly reduced (36),
which led us to expect similar observations in vivo. Poglut2 single knockout and Poglut3 single
knockout animals displayed no obvious phenotypes, which is possibly due to functional
redundancy of POGLUT?2 and 3 even though we have several examples of site-specificity
between these two enzymes (36). Deletion of both Poglut2 and 3 led to perinatal lethality,
reduced size, syndactyly, ECM remodeling in the lungs, and reduced TGF-f3 signaling. Our
results had overlapping phenotypes with other mouse models with mutations in Fbnl, Fbn2,
Ltbpl, Ltbp3, Ltbp4, Fbin4, and Fbin5 (112,114,116, 137, 147-150). This suggested that loss of
POGLUT?2/3 O-glucosylation on these proteins impacted their function. We clearly
demonstrated the pattern and level of FBNs and elastin were disturbed in Poglut2/3 DKO lungs,
which likely explains the reduction in TGF-f3 signaling we observed since FBN microfibrils are
essential for TGF-f activation (Figure 5.1). Interestingly, we did not measure a significant
reduction in FBN secretion from Poglut2/3 DKO lung fibroblasts even though we saw a
significant decrease in FBN1 secretion from Poglut2/3 DKO dermal fibroblasts. Future research
will focus on exploring how loss of POGLUT2/3-mediated O-glucosylation lead to dysregulation
of TGF-f3 signaling in the context of FBNs and other POGLUT?2/3 substrates like FBLNs and
LTBPs. Several possible mechanisms are illustrated in Figure 5.1. Future experiments will
include in vitro microfibril incorporation assays, proteolysis assays, additional IHC staining,
transcriptome analysis, and proteomics on whole lung tissue to address these possibilities.

In vitro microfibril incorporation assays will provide a qualitative analysis of FBN
microfibrils in Poglut2/3 DKOs. These assays can be performed over a time course to evaluate a

rate of microfibril formation. In vitro proteolysis assays will assess whether loss of O-
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glucosylation by POGLUT?2/3 enhances substrate susceptibility to enzymatic degradation, which
could also explain the decrease in FBN levels we observed with IHC staining of mouse lungs.
Enhanced proteolysis of either LTBPs or FBNs could lead to an overall reduction of latent TGF-
B incorporation into the ECM, which is required for efficient TGF-f activation. Fluorescent IHC
staining of LTBP1, -3, and -4 could corroborate this mechanism. If reduced levels of LTBPs are
found in the ECM, then it would suggest O-glucosylation by POGLUT?2 and 3 permits efficient
incorporation of the LTBP- TGF-3 complex in the ECM. As mentioned previously, the reduction
in TGF-P signaling in Poglut2/3 DKOs likely leads to transcriptional changes in the cell.
Transcriptome analysis (RNA-Seq) could be used to verify this. Mass spectral proteomics of
whole lung tissue could measure the effect of these transcriptional changes on a protein level,
which would provide additional insight into the cardiovascular and lung pathology of Poglut2/3

DKO:s.
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Figure 5.1. Working model of how loss of O-glucosylation by POGLUT2/3 could affect
substrate interactions intracellularly and extracellularly that are required for ECM
structure and function. The efficiency of substrate transport through the secretory pathway may
be reduced due to the loss of O-glucose on POGLUT?2/3 substrates, leading to secretion defects
of proteins like FBNs and LTBPs. Loss of O-glucosylation by POGLUT?2/3 could also reduce
secretion of the LLC due to reduced LTBP interactions intracellularly. Alternatively, O-glucose
modifications added by POGLUT?2/3 may play a role in microfibril assembly as well as the
countless protein interactions that take place in the extracellular space that are required for
processes like TGF-f signaling. Model is depicted for LTBPs and FBNs but could apply to other
POGLUT?2/3 substrates as well. Red lightning bolt, defects due to loss of POGLUT?2/3-mediated
O-glucosylation.
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