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ABSTRACT OF THE DISSERTATION

Studies of highly conserved amino acid residues with fixed mutations unique to
the human lineage.

by

Michael Ivan Vaill

Doctor of Philosophy in Biomedical Sciences with a Specialization in Anthropogeny

University of California San Diego, 2021

Professor Ajit Varki, Chair

Anthropogeny asks the deepest questions of human curiosity: “Where did we come

from? How did we get here?” This dissertation of biomedical sciences takes advantage of

molecular and cellular methods to investigate these questions. The human genome is highly

similar to the genome of our closest living evolutionary relative, the chimpanzee (the human

and chimp genomes are more similar than the mouse and rat genomes). Parsing the molecular

mechanisms responsible for distinctly-human phenotypes is a daunting challenge. Over recent

decades, it has become apparent that the biology of sialic acids, monosaccharides that coat
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the surface of all cells, is rapidly evolving in the human species. SIGLEC12 and ST8SIA2 are

two specific genes involved in sialic acid biology which each contain human-specific amino acid

changes. SIGLEC12 is a cell-surface sialic acid receptor which, in addition to a fixed amino acid

change in the human lineage, is experiencing negative selection throughout human populations.

We discovered implications of these evolutionary changes in human cancer risk and progres-

sion. ST8SIA2 is a sialyltransferase that is involved in neuroplasticity, neurodevelopment, and

in psychiatric and neurodegenerative disease. We identify a single amino acid change in the

otherwise highly conserved ST8SIA2 that has functional consequences and may contribute to

many distinctly human properties of the brain.
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Chapter 1

Anthropogeny: the study of human

origin

1.1 What is Anthropogeny?

Anthropogeny refers to the transdisciplinary investigation of human origins and the evo-

lutionary processes involved. While the earliest use of this term seems to be about 2 centuries

old (Hooper, 1839), it fell into disuse in the 20th Century. Comparative Anthropogeny is a sys-

tematic comparison of humans and other living non-human hominids (so-called “Great Apes”)

(Varki and Gagneux, 2017). This chapter presents historical perspective, briefly describing how

the field progressed from the early evolutionary insights of Darwin, Wallace and Huxley to the

current emphasis on in-depth molecular and genomic investigations of “human-specific” biology.

The overall conclusion of this chapter is that while many genetic differences between humans

and other hominids have been revealed in the last several decades (most information is available

about human-chimpanzee differences), these findings still largely fail to explain the distinctive

1



anatomical and physiologically divergences of humans from other living hominids. Recent ad-

vances in genome editing may also prove useful for developing organoid and animal models

for validated genetic traits. Throughout this chapter the terms ”distinctly human,” or “human-

specific,” refer to human phenotypes that appear to be derived within the hominin lineage, and

absent or much less prominent in other hominids.

1.2 Early beliefs and theories about human origins

Questions about human origins have long challenged the world’s brightest thinkers.

Early religion-centric myths assumed that our species must have a divine origin, because our

physiological and behavioral phenotypes appeared so distinct (at least, when viewed from our

own perspective). Prior to the 1800s, and before the understanding of evolution by natural selec-

tion, humans were seen from the western religious perspective as being at the apex of creation,

situated at the peak of a scala naturae –– the medieval conception of a natural order, in which

all living organisms were arranged in a linear order from simple to complex (Linné, 1758). This

misconception is also reflected in the zoological term “primates,” meaning “first in rank”, (Dixson,

1981, Fossey, 1982) and still unconsciously persists in the way we refer to “lower” and “higher”

organisms, and with phylogenetic trees depicted with ”higher” organisms at the top and humans

as the topmost.

What have we learned in the 150 years since Darwin and Huxley theorized the evolu-

tionary relationship of humans with African apes? Early evolutionary thinking depended upon

comparing easily observed phenotypes, such as anatomy and behavior (Huxley, 1863, Darwin,

1871). The dramatic differences between humans and apes in such phenotypes, led these

thinkers to propose a long history of distinct evolution between humans and other living ape

2



species.

As the concepts of evolution began to be proposed by biologists some challenged the

notion of humans as another species that descends from some ancient ancestors shared with

the rest of the living world, especially in complete absence of fossils indicating any interme-

diate forms. It was hard to deny however, that humans shared much anatomical homology

with primates and, in particular, with the African apes. Evolutionary concepts at that time de-

pended entirely upon comparing anatomy and behavior (the latter usually in captivity prior to

the first long-term observations in the wild). Years of taxonomical studies based on detailed

comparative studies erroneously placed the great apes (African and Asian) into a monophyletic

group called “pongids”. Advances in careful post-mortem autopsy were rapidly improving under-

standing of human anatomy and physiology, but also contributing methods for taxonomists and

evolutionary thinkers to shape their own understanding of the relationships between species.

Anatomical studies seemed to suggest a close relationship between humans and the African

apes. In addition to anatomy, behavior was also considered an important factor for under-

standing the closeness of these relationships. In fact, comparing the anatomy and behavior of

different species can inform views about the sequence by which different species diverged from

last common ancestors. Living non-human hominids exhibit striking contrasts in social organi-

zation, mating system and social dominance patterns, and it is still unclear which of these are

ancestral or derived, possibly even independently derived in more than one lineage. Regardless

of these limitations, the comparative theories of 19th century evolutionary biologists, certainly

also influenced by intellectual dogma of the time, suggested that while humans shared com-

mon evolutionary ancestors with the African apes, they must also have had a long and distinct

history of separate evolution. We now understand that the phenotypic differences between two

3



species is not strictly related to the time since those species diverged. The transition between

these two scientific perspectives is better understood in the context of the last 150 years of

research in evolution, from Darwin to the revolution of modern molecular biology genetics and

developmental biology, much aided by numerous fossils from Africa and beyond.

The modern evolutionary synthesis, which at the beginning of the 20th century merged

Darwinian evolutionary theory with modern genetics paved the way for genetic sciences (Koonin,

2009). Sewall Wright, a key architect of the modern synthesis built on his insights into gene-

environment interactions in evolution to introduce the adaptive landscape model (Wright, 1932,

Wright, 1980). Recalling the evolutionary concept of an adaptive landscape is invaluable tool for

modern scientists and physicians alike when investigating the physiology of their species of inter-

est, in the case of medicine the human species and its natural variation, as well as the pathology

of disease. The degree to which the adaptive landscape itself, has come under the pervasive

impact of human niche construction due to human culture and associated technologies cannot

be underestimated. There is also renewed interest in the Baldwin effect (Baldwin, 1896) as a

mechanism for shaping human biology via human culture. The Baldwin effect suggests that

phenotypic changes occurring in an organism as a result of its interaction with its environment

become gradually assimilated into its developmental genetic or epigenetic repertoire (Feldman

et al., 1996, Crispo, 2007).
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1.3 Anatomical and physiological differences between humans

and “great apes”

In Evidence as to Man’s Place in Nature (Huxley, 1863) Huxley refers to the 1598 account

of Portuguese sailor Duarte Lopez, illustrated by the brothers DeBry, as the first western report

of the great apes. Englishman Andrew Battell described two apes he called Engeco and Pongo

in 1613, deriving the names from native names for the chimpanzee and gorilla. As the seven-

teenth century European exploitation of Africa unfolded, European sailors further documented

the African apes, and the first captive chimpanzees were delivered to western anatomists for

scientific study. In 1699, after dissecting the first chimpanzee to arrive in England, anatomist Ed-

ward Tyson published Orang-outang, sive homo sylvestri (Tyson, 1699) which includes detailed

illustrations and meticulously describes his observations (at this time Orang-outang described

the red Asiatic and the black African varieties). Tyson compared these animals to both humans

and monkeys with lists of gross similarities (48 included) and differences (34 included) between

chimpanzee and human. The differences listed by Tyson include: flatness of the nose, cranial

brow ridge, curvature of the spine, roundness of the kidney, and hairiness of the body. In this

very earliest comparative study of the chimpanzee, and almost two centuries before evolution-

ary thinking would sweep scientific thought, Tyson reported his specimen was “more resembling

a Man, than any other animal.”

During the following period chimpanzees were occasionally captured and transported

to Europe. After suffering short periods in captivity the animals would die and be dissected as

zoological specimens. (Traill, 1821) Publications supported Tyson’s belief that the larynx and

respiratory anatomy of the chimpanzee is not different enough from humans to explain their lack
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of speech. Traill suggested that this uniquely human trait must be derived from neurological

differences. By the end of the nineteenth century the popularity of the European menagerie led

to an increase in the number of apes transported to the West. Advances in husbandry for cap-

tive chimpanzees increased their lifespan and enabled reproduction. In 1930 Yale psychologist

Robert Yerkes founded the National Primate Research Center, now named after him and located

at Emory University. Throughout the 20th century studies performed on captive chimpanzees

at Yerkes and around the world illuminated distinctly human physiological and anatomical char-

acteristics. From the 1950s on, large numbers of chimpanzees were captured across Africa

and shipped to facilities in Asia, Europe and the Americas such as the Delta primate center at

the University of Louisiana (Riss and Goodall, 1976). Some biomedical research was also con-

ducted in Africa, including on hundreds of chimpanzees in the Belgian Congo (Stanleyville now

Kisangani, hepatitis studies: polio vaccine efficacy and safety studies (Osterrieth, 2001), Liberia

(Monrovia, New York Blood center: HBV vaccine safety studies (van den Ende et al., 1980), and

Gabon (Franceville, CIRMF, ongoing studies on virology and immunity (Georges-Courbot et al.,

1996, Ollomo et al., 1997).

1.4 Immunological and molecular comparisons of human and

“great ape” proteins.

With the foundations of modern understanding of evolution in place, 20th century evolu-

tionary biologists gained access to a new toolbox: molecular biology. Nuttall published perhaps

the first molecular examination of the relationship between humans and non-human primates.

Nuttall also observed that serum from rabbits immunized with human serum weakly cross reacts
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with non-human primates. Collecting blood samples from as many animals as possible, Nuttall

tested and measured the amount of precipitated protein in each reciprocal reaction (Nuttall and

Inchley, 1904).

Allan Wilson at UC Berkeley and his student Vincent Sarich used an immunological

dissimilarity index in a ground-breaking papers that would begin to change the public view on

how distant or closely related humans are from our closest living relatives (Sarich and Wilson,

1967, Sarich and Wilson, 1967). Because relatively conserved regions of the genome are slowly

but steadily undergoing changes over time, these regions serve as good representations of how

long two species independently evolved since diverging from their last common ancestor. Today

this type of calculation is trivial with the ability to rapidly compare sequence conservation.

Sarich and Wilson’s immunological index allowed them to read this evolutionary record

without having tools to sequence genetic material. The immunological dissimilarity was deter-

mined by reading microcomplement fixation, which only required a microscope. The microcom-

plement fixation method measured the cross-reactivity of an antibody raised in rabbits against

the serum albumin of one species against the serum albumin of another species. The closer

two proteins are in primary sequence, the more reactive an antibody raised against one will be

against the other. Over evolutionary time, mutations in the primary protein sequence accumu-

late and can be read as a molecular clock by calibrating the rate of these mutations in years

using a divergence time found in the paleontological record. Applying this molecular clock ap-

proach provided an estimated time since divergence of chimpanzees and humans of only about

3-5 mya, while the estimate for divergence from gorillas was about 16 mya, and 30 mya from

old world monkeys molecular time scale (Wilson and Sarich, 1969).

This molecular calculation directly falsified the contemporary theories that humans had
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a long, separate evolutionary history from other living apes by suggesting that humans and

chimpanzees are instead very similar. Mary-Claire King, working with Alan Wilson, later demon-

strated that the DNA and amino acid sequences of most human and chimpanzee serum pro-

teins were in fact at least 99% identical, and that the other primates also shared highly similar

sequences, gorillas, followed by monkeys and other species of animals. This suggested that

many of the phenotypic differences observed between humans and chimpanzees must be ex-

plained by biological mechanisms other than just accumulations of coding DNA changes. Even

at this stage, with limited knowledge about mammalian genetics and molecular biology, King

and Wilson’s classic paper “Evolution at Two Levels in Humans and Chimpanzees” (King & Wil-

son, 1975) suggested that to produce the set phenotypic differences between species, small

evolutionary changes must affect the regulation of gene expression in level, time and space,

rather than only the protein encoded by the gene.

The earliest molecular studies on the relationship of humans and chimpanzees were

limited to the study of proteins, and cytological karyotyping. In 1973 Dorothy Warburton used

trypsin-Giemsa G-banding to karyotype the chimpanzee and proposed a standard nomencla-

ture for chimpanzee chromosomes (Warburton et al., 1973). Warburton and others observed

that while some chromosome banding patterns were indistinguishable between humans and

chimpanzees, other chromosomes appear more prone to undergo rearrangement, particularly

certain regions that he called “hot-spots”. These astute observations foreshadowed the struc-

tural pliability that remains one of the great challenges in understanding mammalian genomes.

Mitchell and Gosden revealed that human chromosome 2 is the result of a fusion event between

two ancestral chromosomes that are still separate in all the great apes (Mitchell and Gosden,

1978). During the process of sequencing the chimpanzee genome, a proposal to modify chro-
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mosome nomenclature to reflect the true homology across hominid karyotypes became widely

accepted and is now standard (McConkey, 2004).

By the 1980s Charles Sibley and Jon Ahlquist developed a method which used tech-

niques in nucleic acid hybridization to determine the relative similarity of DNA sequences and

infer taxonomic relationships, providing DNA evidence to parallel prior studies of proteins. The

Sibley-Ahlquist method of taxonomy was accomplished by hybridizing DNA from two species

and measuring the differences in melting temperature to determine relative sequence. During

these years, the phylogeny of humans and our living hominoid relatives remained a topic of

debate. In 1984 Sibley and Ahlquist applied their method to resolve the phylogeny of humans

and the great apes (Sibley and Ahlquist, 1984). Their methods yielded the frequently quoted

>98% sequence identity figure for human and chimpanzee DNA, which is however based on

the exclusion of highly repetitive DNA (which comprises about half the entire genome).

With each decade’s advances in technology, scientific evidence of the relationship be-

tween humans and the great apes compounded, and the public view of human origins was

beginning to shift. In 1982 a meeting of scientists from around the world was held at the Pon-

tifical Academy of Sciences in the Vatican to direct the official position of the Catholic Church

regarding the evolutionary relationship of humans, our living relatives, and our extinct paleoan-

thropological relatives and ancestors (Lowenstein, 1982). The published proceedings represent

one of the first to suggest a much younger divergence time between humans and chimpanzees

(5-7 mya) than previously assumed (20 mya).

Increased insights into mutational patterns also confirmed the theory of neutral evolu-

tion (Kimura, 1991) in as much that most DNA changes occur without causing direct phenotypic

effects. This realization creates an important challenge for identifying differences with adaptive
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consequences. It put a brake on pan-adaptationist interpretation but also provided a back-

ground “neutral” mutations rate which allows one to detect outcomes of natural selection when

deviations from such a background rate are detected.

Work throughout the 20th century suggested that human and chimpanzee proteins bear

striking similarity, and that subtle genetic changes orchestrate the differences observed between

humans and great apes. The latest whole genome data have revealed that human genomes

actually differ by ∼ 5% from those of chimpanzees and bonobos, due to the existence of large

numbers of differentially duplicated or deleted non-coding genomic elements in each lineage.

Importantly, the sequence similarity of ∼99% for most expressed proteins has been confirmed.

Whole genome comparisons have also led to the appreciation of structural variation, involving

complex and nested duplication and deletion events of much larger genomic segments as an

important source of both, evolutionary innovation and molecular pathogenesis (Britten, 2002,

Chaisson et al., 2015).

1.5 Discovery of candidate gene differences

Until 2 decades ago, there were no defined specific genetic or molecular differences

between humans and other hominids with clear-cut biological, biochemical, or physiological

consequences. The first specific mechanistic difference identified was a fixed pseudogeniza-

tion of a CMAH gene encoding a sialic acid modifying enzyme, which caused the lack one of

the two major types of sialic acid that typically cover the mammalian cell surface (Chou et al.,

1998, Irie et al., 1998). Human CMAH inactivation was a distinct genetic difference between hu-

mans and chimpanzees, that has since been determined to be involved in many human-specific

phenotypes.
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With the availability of high-quality whole genome data, we can now make a list of ge-

netic loci with differences and select candidates of interest to investigate. What can we learn

from investigating these rare differences between human and chimpanzee genomes? As we

wrote in response to the first chimpanzee genome draft, this task is much like hunting for nee-

dles in a haystack (Varki and Altheide, 2005). Besides the small fraction made up of coding

genes, the vast majority of the mammalian genome consists of regulatory elements, large re-

gions of repeat sequences and duplications, and transposable elements. Pointing to specific

genetic changes that contribute to the human phenomenon is a daunting task as it must include

countless regions that are not directly encoding proteins. The detailed functions of the genome,

already complex in its diverse types of genetic elements and sequences, is further obscured

by chromatin organization and epigenetic modification of DNA and Histone tails. Furthermore,

many genomic differences could represent the result of genetic drift or neutral evolution rather

than the outcome of natural selection.

For these human-specific genetic changes, a process of logical analysis must be ap-

plied to select changes that may contribute to human-specific biology and disease. After this

selection, in-depth investigations can take advantage of robust biological models available to-

day, including laboratory animals and human and non-human cell lines, to determine the con-

sequences. Several elements can be taken into consideration in primary selection process.

Chief among them are known relations to human-specific phenotypes. Humans display many

traits that radically differ from phenotypes observed in the chimpanzee and other non-human

hominids, such as obligate bipedality, hairlessness and large brain size. Changes in genes that

are known to be involved in these human specific phenotypes are obvious prospective candi-

dates. Many diseases also appear to be human-specific, including certain types of cancers and
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many infectious diseases, suggesting human-specific biological mechanisms associated with

these pathologies. In rare cases, genetic mutations identified in individuals with hereditary or

congenital disorders offer insight into human phenotypes. By taking advantage of these “clues”

it is possible to predict which of the many changes found in highly conserved genetic regions

may contribute to human-specific biology and disease. These types of clues were involved in

the famous example of FOXP2, a transcription factor involved with a heritable speech disorder,

and later found to contain human specific evolutionary changes that appear to be involved with

our unusual linguistic abilities. Gene networks (Spiteri et al., 2007, Konopka et al., 2009, Hickey

et al., 2019).

1.6 Comparative genomics and genetics

With the advent of improved DNA sequencing methods it became possible to produce a

draft of an entire genome, and in 2005 the chimpanzee became the fourth mammalian genome

published (Mikkelsen et al., 2005). Across all genomic regions, humans and chimpanzees share

∼96% sequence similarity. In accordance with King and Wilson’s 20th century discovery, we

share 99% of sequences that are directly responsible for encoding proteins. Out of the more

than 20,000 protein coding genes found in the human and chimpanzee genomes, approximately

3000 code for completely identical amino-acid sequences, and across the proteome there is an

average of only 1 amino acid difference per protein. Minor changes in amino acid sequence can

completely alter a protein’s function, including abolishing an enzyme’s activity.

Ranking of regions in the human genome manifesting significant evolutionary accelera-

tion showed that most of these “human-accelerated” regions (HARs) do not code for proteins.

The most dramatic change is seen in HAR1, which is part of a novel RNA gene (HAR1F ) that is
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expressed specifically in the developing human neocortex (Pollard et al., 2006). This extremely

high similarity is a result of strong selection pressures that act on peptide-coding sequences,

and only about ∼6 million years of independent evolution since the divergence of the human-

chimp lineages. Additionally, protein-coding DNA only represent about 1.5% of the genome and

is therefore a lesser target for de novo mutation. Small changes in regulatory DNA can pro-

duce dramatic consequences for phenotypes, a key example being the massive cortical expan-

sion during recent human evolutionary history. In addition to HARs, there are also many large

segmental duplications and deletions that produced functional consequences through human

specific losses and gains of paralogs, pseudogenization, and gene-conversion. A 2011 study

identified 510 sites that are conserved throughout primate evolution including in chimpanzees

but have undergone complete deletion in the human lineage and coined these changes hCON-

DELs (McLean et al., 2011).

Recently, high-resolution assemblies of the genomes of our closest living ape relatives

were constructed and annotated using long-read RNA sequencing of ape iPSCs to allow for

the identification of transcripts in each species without depending on the human reference for

mapping and exon identification (Kronenberg et al., 2018). Prior to this, studies of great ape

genomes were dependent on the human reference genome to map sequencing reads. This

analysis allowed a high-quality snapshot of the genomic differences between the great apes

of humans. For example, chimpanzee and gorilla genomes are slightly larger than those of

humans, due to ape-specific parallel expansions of segmental duplications. De novo genome

assemblies enable unbiased interpretation of genomic differences between species, see latest

bonobo genome (Mao et al., 2021). It is important to remember that a mutation which causes

a phenotype or disease in humans, may be benign in another species due to differences in
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genomic background.

High-resolution sequence assemblies specifically enabled the discovery of lineage-

specific structural variants including segmental duplications, inversions, short tandem repeats,

and changes in retrotransposons. In addition to these novel structural variants, the de novo

assembly of ape genomes allows for a higher-resolution picture of human-specific protein cod-

ing features. A comparison of the human genome annotation with cDNA construction from ape

iPSCs identified 57 exons uniquely gained, and 13 exons lost in the human genome. These

variants are prime candidates for functional validation in experimental systems (Kronenberg et

al., 2018). Massively parallel reporter assays for cis-regulatory enhancers in different human

cell lines are providing treasure troves of human-specific regulatory sequences, that differ even

between humans and our archaic cousins the Neanderthals (Weiss et al., 2021).

1.7 Comparative studies of gene expression and networks

Identification of lineage-specific changes affecting genes with known functions facilitates

a candidate gene approach to systematic investigation of specific mechanisms involved in dis-

tinctly human phenotypes. This approach is highlighted above. However, comparative genomic

studies reveal that the most rapidly evolving sequences within the genome consist of regulatory

elements. While the biological consequences of these changes can be more elusive to investi-

gate than amino acid coding changes, gene expression studies have become an important tool

in understanding human specific gene regulation.

With particular interest in the distinctive aspects of human cognition, analysis of gene

co-expression networks has been employed to study human-specific patterns of regional and

developmental gene expression in the brain. In 2004 Khaitovich et al. used gene expression
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microarrays to compare gene expression across brain regions in a collection of tissues from

humans and chimpanzees (Khaitovich et al., 2004). The following year, with the completion

of the chimpanzee genome draft, it became apparent that changes in protein sequences and

gene expression seem to show similar patterns between tissues (Khaitovich et al., 2005). Later

analysis of this expression microarray data found that a small number of changes between

human and chimpanzee transcription factors can produce coordinated changes in transcriptional

networks in the brain (Nowick et al., 2009). A later study by Geschwind’s group used next

generation sequencing and gene expression microarrays to produce a higher resolution data for

weighted gene co-expression network analysis (WGCNA) comparing brain regions of humans,

chimpanzees, and rhesus macaque (Konopka et al., 2012). Besides detecting elevated levels of

differential expression in the human frontal lobe, this study discovered that humans seem to have

more complex transcriptional programs. Networks of human brain transcriptomes contained

the greatest number of modules in their systems-level analysis. Human-specific changes in

transcription factors associated expression modules, particularly in glial cells (Xu et al., 2018),

are directly related to the human-specific developmental neoteny, the concept involving changes

(usually delays) in developmental timing that result in biological novelty (Shea, 1989, Somel et

al., 2009). Most recently, single-cell RNA-seq of cerebral organoids produced from human and

chimpanzee induced pluripotent stem cells was used to further discriminate the significance of

human-specific expression patterns in glia (Pollen et al., 2019) and differences in the control of

neurogenesis-associated retrotransposon activity (Marchetto et al., 2013).
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Chapter 2

Sialic Acids and Siglecs: A Brief

Introduction

2.1 All mammalian cells are covered in a dense, sialic acid deco-

rated, glycan coat.

All mammalian cells are coated with a diverse collection of glycans affixed to mem-

brane lipids and proteins. This glycocalyx serves critical functions throughout development and

life. Constituting a large hydrated outer coat on each cell, the glycocalyx serves a physical

role of protecting the cell, and serves many specific functional roles such as interactions with

pathogens, immune cells, soluble factors, cell surface receptors, and countless other known and

yet to be discovered processes within the cell. The complex carbohydrates of glycoproteins are

categorized into two basic categories, N-glycans, asaparagine linked, and O-glycans, serine or

threonine linked. These carbohydrates are synthesized and affixed to proteins in the ER-Golgi
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pathway. A core glycan structure is first synthesized on a lipid anchor, before it is transferred

to the target protein in the ER. After being transferred to the target protein, the glycan is further

elongated and modified as the secreted or membrane protein passes through the Golgi system.

Oligosaccharide synthesis occurs through the action of membrane-bound glycosyltransferases

that transfer individual monosaccharides from sugar nucleotide donors found in the Golgi lumen

to the growing chains. This process allows for the production a highly diverse cast of glycans

with specialized functions while only requiring a relatively small number of genes.

This is distinct from the template-driven synthesis of nucleic acids and protein in which

each biomolecule must first be transcribed from its own gene before undergoing modifications.

This diversity is orchestrated by the regulation of sugar nucleotide transporters, glycosyltrans-

ferases and competing glycosidases, as well as enzymes controlling the many chemical modifi-

cations that sugars can be subjected to such as acetylation and sulfation (essentials). Glycosyl-

transferases function by recognizing the substrate domain or protein, as well as the underlying

glycan structure. This underlying structure has two important characteristics: the sequence in

which the monosaccharaides are ordered, and the type of linkage through which they are at-

tached. Glycosyltransferases recognize these characteristics and subsequently transfer another

monosaccharide upon the glycan using a specific linkage. N-Glycans can be characterized by

overall structural characteristics that further distinguish them from the core glycan that is trans-

ferred to the protein from the lipid anchor. This universal core, consisting of Man3GlcNAc2, can

be extended by the addition of branching mannose to produce the auxiliary sugar branches of

glycan structures known as “triantennary” or “tetrantennary.” These core chains are decorated

and further elongated and branched by the addition of a variety of sugars including mannose,

N-acetylglucosamine, galactose, and fucose in different linkage configurations. An important
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functional addition is the “capping” of these branches with terminal sialic acid residues. These

negatively charged sialic acid caps play a critical role in glycan recognition and interactions.

2.2 Siglecs are sialic-acid binding cell surface receptors primarily

found on immune cells

Sialic acid-recognizing Ig-like lectins (Siglecs) are cell surface receptors typically ex-

pressed on innate immune cells, and binding ligands bearing sialic acids (Sias), a family of

glycans prominently present at the terminal end of the glycan chains on cell surface and extra-

cellular glycoconjugates (Varki, Schnaar, & Schauer, 2017). Siglecs may be found on other cell

types, including the notable case of Siglec-XII which is covered in chapter 4 of this dissertation.

Most CD33-related Siglecs (CD33rSiglecs) have immunoinhibitory functions mediated

by immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and ITIM-like motifs in the cytoso-

lic tail (Bochner & Zimmermann, 2015; Adams et al., 2017; Varki, Schnaar, & Crocker, 2017).

Upon binding sialic acid ligands, these intracellular signaling motifs recruit protein tyrosine phos-

phatases Shp1 and Shp2 which subsequently participate in a variety of signaling pathways

in immune cells to influence cellular activation (Bochner & Zimmermann, 2015; Adams et al.,

2017; Varki, Schnaar, & Crocker, 2017). Siglecs play a role in the evolutionary struggle between

human innate immunity, and ongoing coevolution of bacterial pathogens to evade and exploit

systems of self/non-recognition. This struggle has produced high amounts of human-specific

changes in the genes encoding Siglecs.

19



Figure 2.1: Schematic figure contextualizing sialoglycan biosynthesis (left) and cell-surface pre-
sentation of Siglec receptors (right). As glycoproteins pass through the Golgi, a series of biosyn-
thetic enzymes process carbohydrate structures. Sialyltransferases, including ST8Sia2 which
is the subject of chapter 4, transfer sialic acid from the cytidine monophosphate (CMP) sugar
nucleotide donor CMP-Sia. Siglecs recognize sialic acid in both cis and trans and send signals
into the cell (right), most commonly through the interaction of intracellular ITIM and ITAM motifs
with cytosolic proteins including Shp1 and Shp2.
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Chapter 3

Human-specific Polymorphic

Pseudogenization of SIGLEC12

Protects Against Advanced Cancer

Progression

Compared with our closest living evolutionary cousins, humans appear unusually prone

to develop carcinomas (cancers arising from epithelia). The SIGLEC12 gene, which encodes

the Siglec-XII protein expressed on epithelial cells, has several uniquely-human features: a

fixed homozygous missense mutation inactivating its natural ligand recognition property; a poly-

morphic frameshift mutation eliminating full-length protein expression in 60-70% of worldwide

human populations; and, genomic features suggesting a negative selective sweep favoring the

pseudogene state. Despite loss of canonical sialic acid binding, Siglec-XII still recruits Shp2
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and accelerates tumor growth in a mouse model. We hypothesized that dysfunctional Siglec-

XII facilitates human carcinoma progression, correlating with known tumorigenic signatures of

Shp2-dependent cancers. Immunohistochemistry was used to detect Siglec-XII expression on

tissue microarrays. PC-3 prostate cancer cells were transfected with Siglec-XII and transcription

of genes enriched with Siglec-XII was determined. Genomic SIGLEC12 status was determined

for four different cancer cohorts. Finally, a dot blot analysis of human urinary epithelial cells was

established to determine the Siglec-XII expressors versus non-expressors. Forced expression

in a SIGLEC12 null carcinoma cell line enriched transcription of genes associated with cancer

progression. While Siglec-XII was detected as expected in 30-40% of normal epithelia, 80% of

advanced carcinomas showed strong expression. Notably, >80% of late-stage colorectal can-

cers had a functional SIGLEC12 allele, correlating with overall increased mortality. Thus, ad-

vanced carcinomas are much more likely to occur in individuals whose genomes have an intact

SIGLEC12 gene, likely because the encoded Siglec-XII protein recruits Shp2-related oncogenic

pathways. The finding has prognostic, diagnostic and therapeutic implications.

3.1 Introduction

Humans appear unusually prone to develop carcinomas (cancers arising from epithelial

cells), compared with our closest evolutionary cousins (“great apes”) (Schmidt, 1978; Puente

et al., 2006; Varki & Varki, 2015). Here, we show an unexpected human-specific connection

between advanced carcinomas and a member of the CD33-related family of Siglecs (Sialic

acid binding Ig-like lectins) receptors (Bochner & Zimmermann, 2015; Adams, Stanczak, von

Gunten, & Läubli, 2017; Varki, Schnaar, & Crocker, 2017).

Unlike other CD33-related Siglecs, the literature on Human Siglec-XII (encoded by the
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gene SIGLEC12) is sparse (Angata, Varki, & Varki, 2001; Yu, Lai, Maoui, Banville, & Shen, 2001;

Foussias et al., 2001; Mitra et al., 2011; McDonough et al., 2013). In fact, it has been largely

ignored and even excluded from major reviews on Siglec biology (Varki, Schnaar, & Crocker,

2017; Macauley, Crocker, & Paulson, 2014; Bornhöfft, Goldammer, Rebl, & Galuska, 2018;

Zhou, Oswald, Oliva, Kreisman, & Cobb, 2018), because the protein and the locus encoding

SIGLEC12 are atypical in several ways. First, the protein has two amino-terminal V-set domains

(Yu et al., 2001), compared with only one in all other Siglecs. Second, there is a human-universal

mutation of critical arginine residues in both V-set domains, rendering it unable to recognize

Sias (hence the use of the Roman numeral XII for the protein, instead of Arabic numerals for

functional Siglecs). Third, the Arg to Cys mutation of the V-set 1 domain is not present in

orthologs of closely related “great apes” (chimpanzee, baboon, gorilla and orangutan) (Angata

et al., 2001). Fourth, chimpanzee Siglec-12 preferentially recognizes a form of Sia (Neu5Gc)

that was lost from the human lineage due to an independent fixed mutation of CMAH (Angata

et al., 2001). Fifth, the SIGLEC12 gene harbors a common polymorphic frameshift mutation

causing truncation of Siglec-XII and/or alternate splicing (Flores et al., 2019) that causes loss of

expression of full-length protein (Mitra et al., 2011) in the majority of humans. Finally, while the

wild-type protein is expressed in some tissue macrophages, it is not found on other blood cell

types, and is instead more prominent on epithelial cell surfaces (Mitra et al., 2011).

At first glance, the above features suggest a non-functional protein in the process of

being eliminated from humans by pseudogenization. However, forced expression of human

Siglec-XII in a genetically null human carcinoma cell line led to enhanced tumor growth in nude

mice (Mitra et al., 2011). Furthermore, while human Siglec-XII does not recognize Sias, it still

has ITIM and ITIM-like domains in the cytosolic tail that can be phosphorylated to recruit Shp1
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and Shp2 phosphatases (Yu et al., 2001). Finally, genome-wide analysis of signals of selection

in human populations identified polymorphisms that introduce nonsense-mediated-decay into

human genes, including SIGLEC12 (Yngvadottir et al., 2009). The human SIGLEC12 locus

appears to be undergoing selection favoring a null and/or truncated form, a possible example of

the “less-is-more” hypothesis first proposed by Olson (Olson, 1999).

Here we focus on Siglec-XII expression in tumor and normal epithelia, identify genes

upregulated upon Siglec-XII expression, address the predictive value of SIGLEC12 status in

cancer cohorts, and provide further evidence suggesting ongoing selection for the null state.

Finally, we report a simple urine test to screen for the minority of individuals capable of full-

length Siglec-XII expression.

3.2 Results

Expression of genes associated with cancer progression in a Siglec-XII express-

ing prostate cancer cell line.

Supporting the relevance of Siglec-XII expression in advanced cancer, we noted that in

tissue sections where both malignant and adjacent normal tissue were present, Siglec-XII ex-

pression was higher in the malignant cells (one such example is shown in Fig 1A). To begin to

explore the mechanism of action of this cell surface receptor, we took advantage of our earlier

model system, Siglec-XII non-expressing PC-3 prostate carcinoma cells, which were transfected

with a vector causing expression of full-length Siglec-XII. We had already observed larger tu-

mors when this PC-3-Siglec-XII cell line was injected subcutaneously into the flanks of athymic

nude mice, as compared to PC-3 cells transfected with vector alone (Mitra et al., 2011). We now
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compared the RNA expression profiles between these two cell lines and found many genes to

be differentially expressed (Fig 1B, 1C). Importantly, these differentially expressed genes were

enriched for those known to play a role in cancer biology. A few of those up-regulated were

IDO1 (Indoleamine 2,3-Dioxygenase 1) (Zhai et al., 2015); LCP1 (Lymphocyte Cytosolic Protein

1) (Koide et al., 2017); BST2 (Bone Marrow Stromal Cell Antigen 2) (Mahauad-Fernandez, De-

Mali, Olivier, & Okeoma, 2014); and CEACAM6 (Carcinoembryonic Antigen Related Cell Adhe-

sion Molecule 6) (Chiang et al., 2018), which are all involved in cancer progression. Among the

down-regulated genes related to cancer progression were CXADR (Coxsackievirus and aden-

ovirus receptor) (Stecker et al., 2011); TACSTD2 (Tumor Associated Calcium Signal Transducer

2) (Wang et al., 2014); CTSF (Cathepsin F) (Ji et al., 2018); and, ZNF43 (Zinc Finger Protein

43) (Jen & Wang, 2016) (Fig 1D). Taken together these data support the notion that Siglec-XII

expression may facilitate late stage carcinoma progression in humans.

Enrichment analysis shows that similar gene sets are upregulated in Siglec-XII

expressing cell lines and Shp2-expressing cell lines.

To query which molecular pathways are altered by Siglec-XII expression status, we per-

formed gene set enrichment analysis (GSEA) on the expression profiles produced for each of the

two PC3 cell lines. The GSEA result shows that transcriptional changes in Siglec-XII express-

ing cells affect the expression of many gene sets found in the Molecular Signature Database

(MSigDB) (Subramanian et al., 2005). Of relevant interest are gene sets found in the Oncogenic

Signatures collection, which were generated based on data produced by perturbing known can-

cer genes. The most dramatically enriched oncogenic signatures in Siglec-XII expressing cells

include a set of genes altered in KRAS-addicted cancers (Singh et al., 2009), and a set of TAZ

25



associated genes found to be enriched in high-grade tumors (Cordenonsi et al., 2011).

To predict whether these gene set enrichments may be related to Siglec-XII activation

of Shp2 signaling, we performed the same analysis on gene expression profiles of cancer cell

lines that were found to be either dependent on Shp2 or independent of Shp2 in the development

of resistance to MEK inhibition (Ahmed et al., 2019). Expression data for these samples was

downloaded from the Gene Expression Omnibus (NCBI GEO accession number GSE121117).

This analysis revealed that many of the same sets of genes that are enriched in Shp2-dependent

cancers, are also enriched in our PC-3 cells with forced expression of Siglec-XII (Fig 1D). The

full results of the enrichment analysis are available in the supplementary data.

Enhanced Expression and Unexpectedly High Frequency of Siglec-XII in carcino-

mas.

Immunohistochemical analyses for Siglec-XII showed low to moderate level expression

in normal epithelia in a commercially available normal multi-tissue array with sample positivity

of 35%. As the majority of human genomes harbor a homozygous null state abrogating full

length protein expression, this low frequency is as expected. In contrast, in a multi-tissue ar-

ray from the same source with multiple malignancies, we found an abundance of expression in

carcinomas (malignancies arising from epithelia) (see examples in Fig 2A), with a much higher

than expected frequency of Siglec-XII in cancers ( 80%) as compared to normal tissue (Fig

2B, C). Remarkably, 100% of the squamous cell carcinomas were positive (Fig 2D). This result

was obtained from a mixed population group aged between 21-75 years. For this immunohis-

tochemical analyses anti-Siglec-XII antibody clone 276 was used, which have been used and

characterized earlier (Mitra et al., 2011). For analysis of subsets of tumor types, the samples
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were divided into squamous, columnar, cuboidal, neural, and “uncategorized” (which included

endothelium, mesothelium, and endocrine glands). Between 10-34 of each of these categories

for both carcinoma and normal tissues were included in analysis. A paired t-test was used to

determine significance between frequency of Siglec-XII+ staining in normal or carcinoma sam-

ples (p<0.01). Tumors included in the “malignant” multi-tissue array are all likely to be advanced

stage carcinomas. Given the prognosis of advanced carcinomas, our finding implies that minor-

ity of individuals who can express full-length Siglec-XII may be at the highest risk for dying with

advanced carcinomas. A second panel of tissues, obtained from an independent source, and

subjected to similar staining, confirmed this finding (Supplemental Table 1).

No correlation between SIGLEC12 genomic status and frequency or progression

of early stage cancers.

Next, we asked if Siglec-XII expression predicts early carcinoma risk or progression in a

well-defined population. We had already reported that the incidence of prostate cancer was not

different between men with different SIGLEC12 genotypes (Mitra et al., 2011). From the same

cohort, there is now a minimum of 5-year follow up available for many of these patients catego-

rized into no evidence of disease (NED); Biochemical recurrence (BCR) and Metastasis (Met).

There was no clear correlation of SIGLEC12 status with the progression of these early stage

carcinomas (Fig 3A). Of course, most of these cases were originally diagnosed by a measuring

prostate specific antigen (PSA), which picks up many early stage cases that never progress in

the lifetime of the individual (Eastham et al., 2003). Indeed, if we compare the patients with

a poor outcome, versus those with no evidence of disease recurrence following prostatectomy

(NED), we find that most of the patients (84 out of 122) detected by PSA screening did not have
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disease progression at the time of follow up.

Seventh-day Adventists are members of a religious sect that do not smoke or consume

alcohol and have a largely vegetarian diet with limited intake of red meat (Beeson, Mills, Phillips,

Andress, & Fraser, 1989). As usual risk factors for cancer are limited, carcinoma incidence is

much lower than in the general population. We genotyped the common SIGLEC12 frameshift

insertion mutation on genomic DNA from the peripheral blood cells of 54 Seventh-day Adventist

cancer patients and 53 non-cancer patients (age and sex-matched). While we found more

Siglec-XII expressers in the cancer group, this trend suggesting that Siglec-XII expressers may

be more prone to develop carcinomas was not statistically significant (Fig 3B). Notably, many of

these cancers were diagnosed at an early stage. Taken together, the data above suggest that

the genomic status of SIGLEC12 may not be correlated with the early cancer risk, but rather

with late progression.

High frequency of SIGLEC12 expression in advanced colorectal cancer cohort

and correlation with overall survival.

Given the lack of significant correlation between SIGLEC12 status and carcinoma risk

or early stage carcinomas, we reasoned that there might instead be a correlation with late stage

cancers. Indeed, in two stage IV colorectal cancer cohorts FIRE3 (592 patients from Germany

and Austria) (Heinemann et al., 2014) and TRIBE (508 patients from Italy) (Loupakis et al.,

2014) >80% of patients expressed Siglec-XII based on the frameshift mutation (Fig 3C, D). This

recapitulates our initial immunohistochemistry-based findings. Furthermore, to see if SIGLEC12

status has prognostic value, we checked overall survival in relation to Siglec-XII expression.

Interestingly, in FIRE3 the overall survival increased from 28 months to 51 months between
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Siglec-XII expressers and non-expressers (Fig 3E, F), i.e., a correlation between Siglec-XII

expression and poor prognosis in late stage colorectal cancer.

Further evidence for selection at the SIGLEC12 locus.

Earlier work suggested that this locus might be undergoing selection favoring the null

state (Yngvadottir et al., 2009). To test this hypothesis, we examined the population level ge-

netic variation and evidence of natural selection in and around the SIGLEC12 locus and carried

out tests that aimed to detect a selective sweep (Aakhus et al., 1990), deviation from neutrality

(Tajima, 1989) and population differentiation (Weir & Cockerham, 1984) in three ethnic groups

(YRI, CHB and CEU) (Pybus et al., 2014). Analysis of site-frequency spectrum provided a com-

posite likelihood ratio indicative of a soft “selective sweep” acting on the gene throughout the

overall human population (Fig 4A). Additionally, the common frameshift mutation (rs66949844)

was present adjacent to this area. We also estimated population differentiation (measured as

Wright’s index of fixation; FST) and found moderately high FST values (0.3) compared to the av-

erage FST for genome-wide autosomal markers throughout the human population (Akey, Zhang,

Zhang, Jin, & Shriver, 2002). The high FST value indicates stark differentiation of populations,

which suggests directional selection (see Figure Legend, Fig 4B). Furthermore, we found an

excess of rare alleles relative to a model of neutral evolution as indicated by negative Tajima’s D

values (Fig 4C); especially in CHB and YRI (African ancestry population). Individually none of

these signals were very strong, but together, they suggest selection for the null state (note that

ongoing selection for a null state would favor inactivating mutations, which would tend to mask

the usual signatures of a selective sweep).
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Dot blot analysis of bladder epithelial cells for detection of Siglec-XII status.

All the population studies above were handicapped by the fact that in addition to the

common frameshift insertion mutation, we found other less common mutations that would nullify

Siglec-XII expression. For example, another deleterious mutation (rs16982743) was observed

at a global frequency of 18.6% that changes glutamine to a stop codon at the 29th position

(McDonough et al., 2013). Thus, bi-allelic whole exome sequencing of SIGLEC12 genomic DNA

would be required for rigorous population studies. Even this approach could be confounded by

selection for non-coding mutations that suppress gene expression in a given allele with an intact

open reading frame. In addition, there is evidence for an alternately spliced truncated form of the

protein (Flores et al., 2019). To facilitate future population and cancer cohort studies, it would

be useful to have a simple assay to rapidly detect all mutations abrogating expression, without

the need to do whole exome sequencing. We took advantage of the fact that among normal

epithelial tissues tested by IHC, Siglec-XII was expressed in bladder epithelium, kidney tubules

and salivary gland ducts, and detected the expression of Siglec-XII in cells isolated from saliva

and urine (Fig 5A). It was determined via buccal swab genomic analysis that the SIGLEC12

genomic status (SIGLEC12 +/- or -/-) correlates with either Siglec-XII expression (+/-) or no

expression (-/-). As expected, Siglec-XII expression in cells obtained from the urine of multiple

healthy donors showed expression of Siglec-XII in the +/- genotypes and no expression in the

Siglec-XII null genotypes. While there was a significant background in samples from saliva,

results from dot blot screening of urinary cells were very clean (a typical example is shown in

Fig 5B).
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3.3 Discussion

We focused our initial work on a common polymorphic frameshift mutation in human

populations with an allele frequency ranging from 38% in sub-Saharan Africans to 86% in the

Native American population (Mitra et al., 2011). An earlier study (Yngvadottir et al., 2009)

suggested selection on SIGLEC12 based on the inactivating mutation rs16982743. However,

another frameshift mutation (rs66949844) was present in the human population at an allele

frequency of 59% (Consortium et al., 2015). Overall, this region of SIGLEC12 showed reduced

genetic diversity, which was supported by a sweep scan (Aakhus et al., 1990). These findings

were concordant with results from a study in six different human populations (Schrider & Kern,

2016) showing a soft sweep in a region of SIGLEC12. The presence of excess rare alleles

in and around a genomic region is also an indicator of a low level of population differentiation

(Akey et al., 2002; Barreiro, Laval, Quach, Patin, & Quintana-Murci, 2008) further indicating the

presence of purifying selection or balancing selection. Negative selection in SIGLEC12 region

was also evident from the result of Tajima’s D (TD) especially in the YRI population (African

ancestry).

Previous studies showed that while the non-Sia binding Siglec-XII can be expressed in

SIGLEC12 mutated PC-3 human prostate cancer cells, efforts to transfect the chimpanzee ver-

sion of SIGLEC12 or the arginine restored version of human SIGLEC12 were not successful

(Mitra et al., 2011). This could be either due to rapid turnover or selection against expression in

vitro. Regardless, the non-Sia-binding full-length human Siglec-XII is clearly different function-

ally, allowing persistent surface expression in malignant cells by as yet unknown mechanisms.

Chimpanzee and arginine-restored human SIGLEC12 both display a preference for binding N-

Glycolylneuraminic acid (Neu5Gc) (Fig 6A) (Angata et al., 2001) which is absent in humans due
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to a homozygous fixed deletion in the gene CMAH (Chou et al., 1998). After losing its preferred

ligand in an ancestral pre-human species, it is possible that Siglec-12 was susceptible to ex-

ploitation by a Neu5Gc-presenting pathogen (Fig 6B) or some other harmful form of activation,

driving the fixation of the arginine mutation to produce the non-Sia-binding full-length Siglec-XII

found in humans today (Fig 6C). It is worth pointing out that the reason the arginine mutation

was fixed in humans remains unknown, and the consequences of the Sia-binding chimpanzee

Siglec-12 deserve further study to contribute to our understanding of this evolutionary scenario.

Finally, with the unusual derived trait of post-reproductive lifespan in modern humans, we pro-

pose that selection for survival in late life is driving the complete loss of the human SIGLEC12

gene, as evidenced by the genomic signatures we report. Ongoing selection for null-state alle-

les may be acting to relieve the increased risk of advanced carcinomas produced by the archaic

non-functional Siglec protein (Fig 6D).

It is also important to re-emphasize that the arginine and frameshift mutations of Siglec-

XII do not occur in chimpanzees. Humans and chimpanzees are very similar in terms of genomic

sequences but different phenotypically. Remarkably, while cancers are common in humans, few

are reported in chimpanzees, and are usually lymphomas or soft tissue tumors, unlike those

that arise in humans, who are instead prone to epithelial carcinomas (Schmidt, 1978; Puente et

al., 2006; Varki & Varki, 2015). Here immunohistochemistry analyses indicate that Siglec-XII is

highly expressed in advanced carcinomas, as compared to normal epithelium. Considering the

multiple mutations reported (Mitra et al., 2011; McDonough et al., 2013) and others possible in

the population, the overall expression in 35% in normal samples seems reasonable to represent

the general mixed population. On the other hand, the high abundance of Siglec-XII in advanced

carcinomas is remarkable, as is the high frequency of expression at >80%, in epithelial carcino-
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mas. A second panel shows that certain types of carcinomas are even more likely to be found

in Siglec-XII expresses; all squamous carcinomas show an 88% frequency, with lung showing

94% and cervix 90% (see Supplemental table 1).

To explore molecular mechanisms of Siglec-XII in cancer progression, we compared

RNA expression patterns between SIGLEC12 null PC-3 prostate cancer cells with and without

transfection with a construct encoding Siglec-XII. One of the top hits among the up-regulated

genes in RNA-Seq was IDO-1 (Indoleamine 2,3-dioxygenase 1), an enzyme involved in conver-

sion of tryptophan to kynurenine metabolites. This enzyme is highly upregulated in many types

of cancers. It is known that a decrease in the levels of tryptophan and an increase in the levels

of kynurenine leads to immunosuppression and enhanced tumor growth (Li, Zhang, Li, & Liu,

2017; Zhai et al., 2018; Zhai et al., 2015). The molecular mechanisms for the effects of IDO-1

overexpression point towards maintenance of immunosuppression in tumor microenvironment,

due to depletion of effector T cells and enrichment of regulatory T cells (Zhai et al., 2015). There

has been a recent focus on IDO-1 targeting through small molecule inhibitors in preclinical and

clinical settings (Li et al., 2017; Prendergast, Malachowski, DuHadaway, & Muller, 2017).

While Siglec-XII has lost its Sia-binding property, it still has the ability to recruit Shp1 and

Shp2 (Yu et al., 2001). Shp2 (encoded by PTPN11) is a well-characterized oncogene that elicits

cell growth, proliferation, tumorigenesis and metastasis (Bollu, Mazumdar, Savage, & Brown,

2017). Over-activation and activating mutations of Shp2 are known to be involved in breast

cancer, leukemia and gliomas (Xu et al., 2005; Zhou, Coad, Ducatman, & Agazie, 2008; Bollu

et al., 2017).

While not the primary objective of this study, we used RNA-sequencing data from our

Siglec-XII expressing PC-3 cells to briefly investigate the hypothesis that Siglec-XII expression
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enhancers tumor growth via Shp2. Using Gene Set Enrichment Analysis, we identified which

pathways are altered by Siglec-XII protein expression. This analysis revealed that among the

most dramatically enriched pathways are KRAS and YAP/TAZ. Notably, when we conducted

a parallel analysis from a previously published transcriptomic study of Shp2-dependence the

same pathways were the most highly enriched (Ahmed et al., 2019). Upregulation of these

well-known oncogenic pathways in individuals with an intact SIGLEC12 allele may explain the

molecular mechanisms underpinning our discovery of increased frequency of Siglec-XII protein

in advanced carcinomas.

We also performed population studies on four cancer cohorts. The first was a prostate

cancer cohort we had studied earlier (Mitra et al., 2011). While a 5-year follow up for 122 patients

was recorded in this cohort, we still did not see any positive correlation between SIGLEC12

pseudogenization and outcome. One reason for this negative result may be that out of 122

patients only 10 developed metastasis (poor prognosis) and this might not be a sufficient number

to find the relevance of SIGLEC12 in prognosis. The second cohort we tested was a Seventh-

day Adventist group and the lack of correlation could be due to two reasons. Firstly, most of

the cancer patients in this group represented early stage cancer, where the effect of Siglec-XII

is not pronounced. Secondly, many cancer risk factors such as intake of red meat, smoking,

drinking alcohol etc., are minimal in this cohort, so it might be that Siglec-XII plays a role only

when other obvious risk factors are involved. Overall, it appears that Siglec-XII does not play

a role in early-stage carcinomas. In other populations, we discovered that the null state of the

gene affects the prognosis of advanced carcinomas. Therefore, Siglec-XII expression is more

likely to contribute to the advancement of benign neoplasia to deadly malignancies.

According to the well-established theoretical concept, natural selection occurs in pre-
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reproductive or reproductive individuals (Ungewitter & Scrable, 2009). However, humans are

a rare species that have prolonged post-reproductive lifespan (PRLS), and according to the

‘grandmother hypothesis’ inclusive fitness of infertile elderly caregivers can determine the fate

of helpless grandchildren (Hawkes & Coxworth, 2013; Coxworth, Kim, McQueen, & Hawkes,

2015). We report selection acting on the SIGLEC12 locus in human populations. This could

be caused by deleterious fitness consequences of advanced carcinomas, which mostly occur

late in middle to late life. To the best of our knowledge, our work is the first potential example

of inclusive fitness effects selecting for cancer suppression, supporting a function for PRLS in

humans. In contrast, an expansion in the number of TP53 genes maybe providing late life pro-

tection against cancer risk in long-lived elephants (Abegglen et al., 2015). However, elephants

do not have a PRLS, so the underlying selection mechanism must be different.

This first study of a very unusual phenomenon raises even more questions than answers.

We do not know if there is still any definite ligand for Siglec-XII. It does not bind with Sias, but we

cannot rule out its interaction with another unknown ligand(s). Conversely, we can also consider

the hypothesis that this is a constitutively active receptor, which does not need any ligand for its

activation. This aspect of Siglec biology is not extensively studied. Secondly, we did not study

the signaling pathways mediated by SiglecXII-SHP2 axis. Third, we have not yet done the gene

expression analysis in PC-3 cells with SHP-2 inhibitors. Moreover, a knockdown of SIGLEC12 in

a Siglec-XII expressing cell line will be useful. These are important aspects of Siglec-XII biology,

which will be focused in further studies. Regardless, we have previously noted that triggering

of endocytosis by antibodies against this receptor can deliver toxins into the cell (Mitra et al.,

2011). In analogy to the targeting of Siglec-3/CD33 human leukemias (Lamba et al., 2017), a

similar approach could be taken for treatment of late stage carcinomas. Our simple urine screen
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should be of value in these and other clinical studies.

3.4 Materials and Methods

Immunohistochemistry Studies

Multi-tissue array slides were obtained from US Biomax (Rockville, Maryland), which

were completely anonymized and consisted of normal human and cancer tissues. A second set

of multi-tissue array slides were obtained from Novus Bio, which contained a variety of malignan-

cies (about 476 different types) and also a set of normal multi-tissue array. The sections were

de-paraffinized and blocked for endogenous biotin and peroxidase. The heat-induced epitope

retrieval was performed with citrate buffer pH 6. A 5-step signal amplification method was used

which includes application of mouse monoclonal anti-Siglec-XII antibody (clone 276), followed

by biotinylated donkey anti-mouse, horseradish peroxidase (HRP), Streptavidin, followed by ap-

plication of the enzyme biotinyl tyramide and then labeled Streptavidin. The AEC kit (Vector)

was used as substrate, nuclear counterstain was with Mayer’s hematoxylin, and the slides were

aqueous mounted for digital photographs, taken using the Olympus BH2 microscope.

Buccal Swab

Healthy volunteers were recruited, and their buccal swab samples were used for DNA

isolation with institutional review board (IRB) approval issued by the University of California,

San Diego (UCSD). Before collection of the swab, the donors were asked to remove the mu-

cous layer of their cheek by rubbing sterile gauze against it. Subsequently a sterile cotton

tip was rubbed on the inner cheek cells for genomic DNA isolation. Genomic DNA was iso-
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lated using the ChargeSwitch Buccal Cell gDNA isolation kit (Invitrogen, Cat No CS11021)

according to the manufacturer’s instructions. The PCR amplification for SIGLEC12 gene was

performed using the primers: Forward 5’-CAATGCAGAAGTCCGTGACGGTGCAGG-3’ and re-

verse 5’-AGGATCAGGAGGGGCATCCAAGGTGC-3’. The Phusion High Fidelity Polymerase kit

was used according to the manufacturer’s instructions. The DNA amplicon was purified using

QIAquick PCR purification kit (Qaigen, Cat no.-28106) and it was sent for sequencing at Eton

Bio, San Diego using the sequencing primer: 5’-CTCTCTCTGGTGTCTCTGATGC-3’ (reverse).

Dot Blot Using Urine from Healthy donors

Healthy volunteers donated 50 ml of first morning urine according to the IRB approved

study. The urine sample was centrifuged at room temperature for 10 min at 500xg. The super-

natant was removed, and cell pellet re-suspended in 100 µl PBS. The sample was applied onto

nitrocellulose membrane and immobilized by applying negative pressure. The membrane was

blocked using 50% Licor solution (cat no-927-40000) + 50% PBST (PBS+0.01%Tween). After

blocking, primary anti-Siglec-XII antibody (clone 1130) was applied at a dilution of 1:100-1:500.

This clone of antibody have been used and characterized before (Mitra et al., 2011). The pri-

mary antibody dilution was performed in 90% Licor Solution + 10% PBST and incubation was

carried out for 1 hour at RT. The membrane was then washed with 10 ml PBST 3 times for 5

min each. After washing, the membrane was incubated with anti-mouse-Licor-800 antibody at a

dilution of 1:10000 in 90% Licor Solution + 10% PBST. The secondary antibody incubation was

performed for 1 hour at RT in dark. After incubation the membrane was washed with PBST 3

times for 5 min followed by two times with PBS for 5 min. The band on the membrane was visu-

alized by using Licor fluorescence scanning machine. Here, only PBS was used as a negative

37



control and Siglec-XII-Fc was used as a positive control.

SIGLEC12 frameshift mutation in Seventh-day Adventist group

The Seventh-day Adventist group is a diverse population group where the key car-

cinogenesis risk factors are less prevalent, such as consumption of red meat, alcohol and

smoking. The genomic DNA was isolated from the peripheral blood cells of 53 can-

cer patients and 54 age-matched control subjects. The frame-shift deletion mutation of

SIGLEC12 was analyzed by first PCR amplifying the SIGLEC12 locus using the primers 5’-

ACCCCTGCTCTGTGGGAGAGT-3’ (forward) and 5’AGGATCAGGAGGGGCATCCAAGGTGC-

3’ (reverse). The PCR was performed using Phusion High Fidelity Polymerase kit. The amplified

product was purified using the QIAquick PCR purification kit (Qaigen, cat no.-28106) and sent

for sequencing to EtonBio, San Diego, USA. The sequencing was performed using the primer:

5’-CTCTCTCTGGTGTCTCTGATGC-3’ (reverse).

RNA-Sequence Analysis

PC-3 and PC-3-SigXII expressing cells were cultured to confluency in T25 flasks and

mRNA was extracted from the cells using the Qaigen RNeasy plus mini kit extraction mini-elute

kit (Cat no.- 74134). Transcriptomic analysis was performed on RNA libraries prepared from

SIGLEC12 and control PC3 cells using the TruSeq RNA Library Prep Kit v2. Each cell line

was used to prepare 4 separate technical replicate libraries for sequencing. Libraries were

sequenced at 1x50 bp on HiSeq 4000 (Illumina). Reads were mapped to human reference

genome Hg19 using STAR v2.5.3a (Dobin et al., 2013). Mapped reads were counted at the

gene level using featureCounts v1.5.2 (Liao, Smyth, & Shi, 2014) and counts were analyzed
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using DESeq2 v1.14.1 (Love, Huber, & Anders, 2014). Differentially expressed genes with

a p-value < 0.05 and fold change > 2 were then selected for further examination and gene

set enrichment analysis using the GSEA software (Subramanian et al., 2005), the MSigDB

v7.0 oncogenic signatures collection (C6) (Liberzon et al., 2011), and the Siglec-XII or Shp2

expression status as phenotype with 1,000 permutations.

Statistical Analysis

Graph Prism pad 5.0 was used. The chi-square test was performed on immunohisto-

chemistry data, different cancer cohorts and a p value < 0.05 was considered as significant. For

the RNA-Seq the two-way ANOVA was used as the statistically significant value. The p value <

0.05 and fold change of 2 was used as a cut-off for assessing the differentially expressed genes.

Population Genetics Analysis

Human genomes were accessed from the 1000 Genomes Project server

(www.1000genomes.org/). Bed coordinates defining the SIGLEC12 genomic regions were re-

trieved from build hg19 using the University of California, Santa Cruz (UCSC), genome browser.

A region containing SIGLEC12 gene in three different populations of West Africa, Northern

European and East Asian ancestry (YRI, CHB, CEU), using the selection tools pipeline (Pybus

et al., 2014). Statistical tests such as frequency-based method (Tajima’s D) and population

differentiation-based methods (FST) among three different populations were analyzed (Pybus

et al., 2014). Each test is suited to detect selection at different timescales. Tajima’s D is a

commonly used summary of the site-frequency spectrum (SFS) of nucleotide polymorphism

data and is based on the difference between two estimators of θ (the population mutation
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rate 4Neµ): nucleotide diversity that is the average number of pairwise differences between

sequences, and Watterson’s estimator, based on the number of segregating sites. A negative

Tajima’s D signifies an excess of low frequency polymorphisms, and indicates a population

size expansion, selective sweep, and/or positive selection, or negative selection. A positive

Tajima’s D value indicates a decrease in population size and/or that balancing selection (Tajima,

1989). On the other hand, the estimator of population differentiation (FST), compares the

variance of allele frequencies within and between populations (Holsinger & Weir, 2009). While

large values of FST at a locus indicate complete differentiation between populations, which

suggests directional selection, small values indicate the lack of differentiation in populations

being compared, which might be an indicator of directional or balancing selection in both

(Vitti, Grossman, & Sabeti, 2013). Human genome raw data for SIGLEC12 (Huber, DeGiorgio,

Hellmann, & Nielsen, 2016) was utilized for detecting Selective Sweep using SweepFinder2

(Aakhus, Stavem, Hovig, Pedersen, & Solum, 1990) which implements a composite likelihood

ratio (CLR) test (Nielsen et al., 2005). The CLR uses the variation of the SFS of a region to

compute the ratio of the likelihood of a selective sweep at a given position to the likelihood of a

null model without a selective sweep. Tajima’s D and sweep scans were visualized in Excel and

FST were visualized in R studio platform and examined for evidence of deviation from the null

expectation.
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Figure 3.1: A) Example of tissue sections with adjacent normal and malignant cells from a
prostate cancer patient B) Gene Expression in Siglec-XII transfected prostate cancer cells ver-
sus sham transfection (n=4). Differentially expressed genes highlighted in blue, and genes not
differentially expressed are in grey color. A fold change of 2 and p value < 0.05 was used as a
cut-off. C) The heatmap shows the differentially expressed genes in the Siglec-XII expressing
PC-3 cell line versus parental PC-3 cells (n=4). D) Siglec-XII GSEA shows same top pathway
expression as Shp2 positive tumors.
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Figure 3.2: A) Expression of Siglec-XII studied in normal (benign) and cancer (malignant) hu-
man tissues using mouse monoclonal antibody clone 276 (See Materials and Methods). Repre-
sentative examples of positive samples are shown. B) Frequency of Siglec-XII detection on nor-
mal and cancer tissues (n=97 for normal tissues and n=85 for tumor samples, ***p value<0.001).
C) Normal epithelium divided into squamous (n=35), columnar (n=14), cuboidal (n=34). D) Car-
cinoma epithelium also divided into squamous (n=22), columnar (n=16) and cuboidal (n=32).
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Figure 3.3: A) Prostate cancer patients diagnosed with PSA test followed up after 5 years.
(NED-No evidence of disease: n=84, BCR- Biochemical Cancer Recurrence: n=28 and Met-
Metastasis: n=10). B) Seventh-Day Adventist population where environmental risk factors for
cancer are minimal. The percentage of patients with cancer and without cancer is shown to
be either SIGLEC12-/- (non-expresser, n for cancer=14, n for non-cancer=20) or SIGLEC12+/-
and SIGLEC12+/+ (expresser, n for cancer=40 and n for non-cancer=33). (C, D) Percentage
of patients that are Siglec-XII expressers (SIGLEC12+/- and SIGLEC12+/+) or non-expressers
(SIGLEC12-/-) in the FIRE3 and TRIBE stage IV colorectal cancer cohorts (FIRE3 cohort: ex-
presser n=85, non-expresser n=16 and TRIBE cohort: expresser n=177, non-expresser n=27).
(E, F) Overall survival of colorectal cancer patients that are Siglec-XII expressers versus non-
expressers (*p value < 0.05).
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Figure 3.4: A) Signatures of ”Selective sweep” in SIGLEC12 in human population. The com-
posite likelihood ratio (CLR) test of selective sweep based on the site frequency spectrum (SFS)
is shown in blue. The star shown in the figure denotes the location of frameshift mutation. (Note.
Schematic representation of SIGLEC12 gene on top). (B) Estimation of Population differenti-
ation “FST” (global) in three human populations (CHB, CEU, YRI). The purple dots represents
FST values. (C) Estimation of Tajima’s D in and around region of SIGLEC12 in three human
population are shown in different colors (Blue = CHB, Orange = CEU and Grey = YRI).
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Figure 3.5: A) Urine and saliva samples were obtained from healthy individuals and used for
checking protein expression of Siglec-XII by the dot blot. B) Urine samples from multiple healthy
donors were used to check protein expression of Siglec-XII. One typical example is shown.
(The whole blot was corrected uniformly for brightness using Photoshop, to match the visual
appearance).
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Figure 3.6: A) The last common human-chimpanzee ancestor and modern chimpanzees had a
functional CMAH enzyme and an abundance of Neu5Gc-terminated cell-surface glycans. Chim-
panzee Siglec-12 recognizes Neu5Gc through an arginine-dependent binding pocket in its ter-
minal V-set domain. B) After divergence from chimpanzees CMAH was completely inactivated
in human ancestor, leaving Siglec-12 with no endogenous ligand. C) Another unknown evo-
lutionary event fixed a mutation in the critical arginine rendering human “Siglec-XII” incapable
of binding any sialic acids, however, the full-length protein continues to recruit Shp2 and alter
gene expression. D) Modern humans are experiencing purifying selection acting to increase the
frequency of common null-state alleles across populations.
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Chapter 4

A Uniquely Human Evolutionary

Change in the Polysialyltransferase

ST8Sia2

We have discovered a uniquely human evolutionary change in the amino acid sequence

of ST8Sia2, one of the two highly conserved sialyltransferases that are responsible for the syn-

thesis of polysialic acid (PolySia). This is the only amino acid that differs between the human

ST8Sia2 enzyme and that of non-human hominids. While the ancestral N308 is conserved in

all non-human mammals, and even in distantly related species through Xenopus laevis, K308

is fixed in all human populations and is present in the Neanderthal and Denisovan genomes,

suggesting selection for this change during early human brain evolution. Despite hundreds of

millions of years of conservation at this basic residue, the enzyme retains the ability to polysia-

lylate human NCAM when K308 is mutated to an alanine, suggesting that conservation at this
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site is involved in some other aspect of polysialylation. Proper spatial and temporal regulation

of polySia synthesis is critical in neural development, plasticity, and regeneration, as well as

implicated in psychiatric and neurodegenerative disease. Thus, the uniquely human change

may be involved in some of the unique aspects of the human brain such as advanced cognitive

abilities, developmental delay, and susceptibility to psychiatric and neurodegenerative diseases.

We have identified a reduction in the stability of the enzyme as a result of the human mutation,

implying that it may play a role in increased turnover and regulation of the transferase. We

have also identified a marked difference in binding affinity of BDNF and FGF2 between polySia-

NCAM molecules synthesized by the human and chimpanzee form of the enzyme. Our data

indicate that the uniquely human change in ST8Sia2 has functional consequences upon which

evolutionary selection could have acted.

4.1 Introduction

Despite major advances in genomics, we still largely lack an understanding of how spe-

cific genetic differences between humans and our closest ape relatives translate into molecular

mechanisms representing the biological distinctions that make us human. Detailed molecular

and biochemical examination is required to determine how any uniquely human genetic change

affects physiology. Human brains are unique in our advanced cognition, unusual longevity, and

susceptibility to psychiatric and neurodegenerative diseases. In depth investigation of genetic

changes that occurred after our divergence from our closest living hominid relatives can reveal

some of the specific factors contributing to the unique properties of our brains.

All mammalian cells are coated with a diverse collection of glycans affixed to mem-

brane lipids and proteins. This glycocalyx serves critical functions throughout development and
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life. Constituting a large hydrated outer coat on each cell, the glycocalyx serves a physical

role of protecting the cell, and serves many specific functional roles such as interactions with

pathogens, immune cells, soluble factors, cell surface receptors, and countless other known and

yet to be discovered processes within the cell. Polysialic acid is an unusual homopolymer of up

to 400 α2-8-linked sialic acid residues that is added specifically to the fifth and sixth N-glycans

of Neural Cell Adhesion Molecule (NCAM) i.e., polySia-NCAM. Polysialic acid is synthesized

by the cooperative action of two polysialyltransferases, ST8Sia2 and ST8Sia4, coded by the

human genes ST8SIA2 and ST8SIA4, respectively. Polysialic acid synthesis is tightly regulated

and notably restricted to specific tissues, primarily the central and peripheral nervous systems.

In rodents, polysialic acid synthesis is relatively high and widespread throughout the nervous

system during embryonic development; synthesis dramatically drops following birth, and after

several months is restricted to specific areas of neurogenesis and plasticity. St8sia2 knockout

mice display dramatic neuroanatomical phenotypes in these regions (Angata et al., 2004).

Direct interaction of polySia with cell-surface receptors can also stimulate potentiation

in Glu-N2A NMDA receptors (Kochlamazashvili et al., 2012) and inhibit potentiation in GluN2B

NMDA receptors (Kochlamazashvili et al., 2010). Our lab identified a human-specific change

in ST8Sia2, one of the two polysialyltransferases cooperatively responsible for synthesis of

polySia. While this highly conserved enzyme shares a virtually identical sequence amongst all

“great apes,” humans are a striking exception, harboring a single amino acid change (N308K)

at a residue that is conserved in all mammals sequenced to date. This most unusual change

is fixed (homozygous) in all human populations and is present in Neanderthal and Denisovan

genomes, suggesting that it was selected for during early Homo brain evolution. GWAS studies

identified a relationship between promoter region SNPs in the ST8SIA2 gene and schizophre-
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nia (Arai et al., 2006). polySia-NCAM expression is reduced in schizophrenic brains (Barbeau

1995). In addition, a mutated ST8Sia2 identified in a schizophrenia patient produces polySia

with altered structure and function (Isomura 2011). St8sia2-KO mice show misguidance of

infrapyramidal mossy fibers and ectopic synapse formation similar to altered hippocampal phe-

notypes observed in schizophrenic patients (Angata et al., 2004).

4.2 Results

Most human-chimp orthologous genes are highly similar and are undergoing pu-

rifying selection

In a genome-wide analysis of conservation between human and chimpanzee orthologs,

we identify more than 3000 human and chimpanzee genes coding for completely identical

amino-acid sequences. Across the proteome there is an average of only 1 amino acid dif-

ference per protein (Figure 1, black points). Genes that are undergoing rapid selection display

very high (> 1) ratios of synonyms to nonsynonymous changes (Figure 1, blue points). Like

many highly similar ortholgous pairs, human and chimpanzee ST8SIA2 are undergoing strong

selective pressures. While a small number of genes have dramatic changes, and are under-

going rapid evolution after the human-chimp divergence, most differences lie in genes that are

highly similar. We propose that selecting candidate genetic differences for investigation, based

on predefined criteria, is a valuable path to understanding the molecular mechanisms behind

uniquely human phenotypes. ST8SIA2 is one example and is 0.3% (1/359 amino acids) diver-

gent between humans and chimpanzees, with a Ka/Ks value of 0.0667.
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Humans have a fixed mutation in ST8Sia2 at a highly conserved basic residue

predicted to be located near the polybasic region

ST8Sia2 contains the four conserved sialyltransferase motifs found in all sialyltran-

ferases: sialyl motif-long (SM-L), sialylmotif-short (SM-S), sialylmotif-very short (SM-VS), and

sialylmotif-III (SM-III). In addition, the enzyme contains a domain found only in the ST8Sia family

of α2-8 sialyltranferases, known of the polysialyltransferase domain (PSTD), and the polybasic

region (PBR).

To help predict the mechanism through which this mutation could impact the function

of the protein, homology modeling was used to predict 3D structure of the enzyme and corre-

sponding location of the residue in question. Recently the first crystal structure of an ST8 family

transferase was solved – that of human ST8Sia3 (Volkers et al., 2015). ST8Sia3 is involved in

synthesizing short oligoSia chains of up to 4 α2-8-linked sialic acid residues and shares 59%

sequence homology with ST8Sia2. The structure of ST8Sia2 was modeled using the Phyre2

protein fold recognition server (Kelley et al., 2015) against the structure of ST8Sia3 (structure

reported in Volkers 2015, 59% sequence identity) and visualized using PyMOL software. The

resulting proposed structure indicates that residue 308 sits at the C-terminus of motif-S helix

12, lying adjacent to the poly-basic region (PBR) involved in NCAM FN1 domain recognition (B).

Superpositioning the Ig5 domain of NCAM, which contains the two polysialylated N-glycans,

suggests that helix α1 of the PBR, as well as the C-terminus of helix α12 are directly oriented

against NCAM Ig5 (A).

While homology modeling is rather limited in its accuracy, this exercise suggests some

mechanistic hypotheses. If the mutation changes the interaction between the acceptor glycans

on Ig5 it could alter the set of N-glycans targeted for polysialylation by ST8Sia2. If the enzyme
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synthesizes polySia in a processed manner, as has been proposed (Nakata et al., 2006), a

change in NCAM binding could change the association of the enzyme with its growing polySia

product, affecting the DP of the polymers produced.

Human and African great ape ST8Sia2 are completely identical except for a single

amino acid changed in humans

The mutation that we have identified in this highly conserved enzyme is very intriguing

because this is the only amino acid that differs between the human ST8Sia2 enzyme and that

of chimpanzees, bonobos and gorillas (Figure 2).

N308 is conserved deeply within vertebrate evolution

The chimpanzee-like N308 residue is conserved in all non-human mammals that have

been sequenced as well as more distant evolutionarily related species including chicken and

Xenopus laevis. The human K308 is fixed in all human populations and is also present in draft

genome sequences of two extinct close relatives: Neanderthal and Denisovan (Figure 3).

Human ST8Sia2 produces longer polysialic acid chains

Preliminary studies have identified significantly different binding affinities of neurotrophic

factors to PolySia-NCAM produced by either the human or chimpanzee form of ST8Sia-II. This

indicates that there are some structural differences in the glycoprotein products of the enzyme

dependent upon the single amino acid variation. Additionally, homology modeling of ST8Sia-II

predicts that the altered residue lies in proximity to a region involved in substrate selectivity. The

human mutation in ST8Sia-II changes the glycan structures of polySia-NCAM. The mutation
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changes selectivity of the glycoprotein substrate, and/or the amount of polySia produced (de-

gree of polymerization or number of polymers per N-glycan). The mutation could also change

the glycan product by altering the substrate selectivity.

Polysialic acid synthesized by human ST8Sia2 binds neurotrophic factors more

strongly than that produced by the ancestral enzyme

Using surface plasmon resonance (SPR) we compared the binding affinity of polySia

synthesized by either the human or chimpanzee enzyme. Our results reveal that polySia syn-

thesized by the human enzyme show an increased affinity towards BDNF and FGF2 (Figure

5). This result confirms that there is some consequence upon the polySia glycan products

as a direct result of the unique human coding change, plausibly encoding the mechanism that

was selected for during the unique human evolution of ST8SIA2. Sensitivity towards BDNF re-

quires polySia in hippocampal slice culture and cultured cortical neurons (Muller 2000, Vuskits

2001). In addition, polySia binding confers a protective effect upon the proteolytic processing

and degradation of these factors (Hane 2015).

4.3 Methods

Genome wide Ka/Ks calculation and sequence alignments

Non-synonymous substitutions between human and chimpanzee were calculated from

NCBI homologene data, and ensemble database (Yates et al., 2020), using biomaRt package

(Durinck et al., 2009). All annotated human and chimpanzee protein coding sequences were

downloaded as fasta sequences from NCBI using the Bioconductor package Biostrings. These
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fasta sequences were then used for pairwise alignments (as seen in figures 2 and 3), and the

total number of mismatched residues used to calculate percent identity. Lists of ENSG IDs were

prepared for all genes with homologues in NCBI homologene, and attributes were retrieved

from ensemble using biomaRt. Genes with an annotated chimp homologue were then sorted

into bins representing 0.1% pairwise amino acid sequence identity. ggplot2 was used to plot the

average Ka/Ks values for each bin against the number of homologous pairs in the bin to produce

figure 1.

Surface Plasmon Resonance

The Au sensor surface is washed once with acetone and after drying, the chip is im-

mersed in 10 µM DBA in ethanol to form a self-assembly membrane (SAM) on the Au surface.

After gently shaking for 30 min at room temperature, the sensor surface is washed with ethanol

three times and allowed to dry. The chip is then placed in a solution of EDC and NHS (a 1:9

mixture of 130 µM EDC in water and 144 µM NHS in 1,4-dioxane) at room temperature for 30

min with gentle shaking to activate the SAM on the Au surface. After adding water, the surface is

incubated for 5 min, and then washed the Au surface. The Au chip containing surface-activated

SAM is placed on the sensor chip support using the sensor chip assembly unit, and is set in

a Biacore 3000 instrument. After priming the system with water for 7 min, a 0.1 mg/ml pro-

tein A solution was loaded twice, each time for 7 min at a flow rate of 10 µl/min. Immobilized

streptavidin was monitored by measuring the resonance unit (RU) value, which typically reached

1300-1850 RU for protein A. To destroy excess activated groups, 1 mM ethanolamine was in-

jected into the system for 7 min. After washing with HBS-EP (0.01M HEPES pH7.4 containing

0.15M NaCl, 3mM EDTA, and 0.0005% Surfactant P20), purified polySia-NCAM-Fc (0.1 mg/ml
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in 500 mM HBS-EP) was injected into the system to allow immobilization on the Au surface. Im-

mobilization of the polySia-NCAM-Fc was monitored based on the observed RU values, which

typically reached approximately 850-1300 RU. NCAM-Fc derived from a mock transfectant was

used as a negative control.

For analysis of the interactions between immobilized polySia-NCAM-Fc and the two neu-

roactive molecules, varying concentrations of BDNF (0-37.0 nM) or FGF2 (0-56.8 nM) in HBS-

EP were injected over the polySia-NCAM-immobilized sensor chip surface at a flow rate of 20

µl/min. After 120 s, HBS-EP was flowed over the sensor surface to monitor the dissociation

phase. Following 180 s of dissociation, the sensor surface was fully regenerated by the injection

of 10 µl of 3 M NaCl. The analyses were performed three times. All values were analyzed using

BIAevaluation software, and expressed as the mean ± SD.

Plasmids

pPROTA-humanST8SIA2-V5 (pPROTA-hST8SIA2) and pPROTA-chimpST8SIA2-V5

(pPROTA-cST8SIA2) encoding soluble human and chimpST8SIA2 chimeric with protein A and

V5, respectively, and pcDNA3.1-human ST8SIA2-V5/His (pcDNA-hST8SIA2) and pcDNA3.1-

chimpST8SIA2-V5/His (pcDNA-cST8SIA2) encoding full-length human and chimp ST8SIA2, re-

spectively, with V5 and 6xHis tags, were used in this study. Mutagenesis of pPROTA-hST8SIA2

and pcDNA-hST8SIA2 was performed using the QuickChange Site Directed Mutagenesis kit

(Stratagene, CA, USA) and the primers listed in Table S1, resulting in the construction of

pPROTA-cST8SIA2-V5 and pcDNA-cST8SIA2. A plasmid, pIG-NCAM, containing cDNA encod-

ing NCAM-Fc was kindly gifted from Dr. Paul Crocker (University of Dundee, UK). The NCAM-Fc

fragment was excised from pIG-NCAM with Hind III and Not I, purified and then inserted into the
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Hind III and Not I sites of pcDNA4-myc/His to generate pcDNA4-NCAM-Fc. The sequences of

all prepared constructs were confirmed by the deoxynucleotide chain termination method.

HPLC

PolySia-NCAM-Fc purified as described above was analyzed by SDS-PAGE/Western

blotting using anti-polySia (12E3) (1 µg/ml) and anti-NCAM (H300) (0.2 µg/ml) antibodies at

4 ◦C. As the secondary antibody, either peroxidase-conjugated anti-rabbit IgG antibodies (0.1

g/ml) or anti-mouse IgG+M antibodies (0.4 µg/ml) was applied to the membranes, incubated

for 60 min at 37 ◦C, and then color development was performed using standard reagents. The

polysialylation state was also analyzed chemically by mild acid hydrolysis-anion-exchange chro-

matography analysis. Briefly, samples are hydrolyzed with 0.01 N trifluoroacetic acid (TFA) at

50◦C for 1 h. To partially hydrolyzed samples, are added 20 µl of 0.01N TFA and 20 µl of 7 mM

DMB solution in 5.0 mM TFA containing 1M 2-mercaptoethanol and 18 mM sodium hydrosulfite.

These samples are incubated at 50 ◦C for 1h. The DMB-labeled samples are applied to an

HPLC analysis. HPLC equipped with a DNA Pac PA-100 (4 x 250 mm, Dionex) anion exchange

column and a fluorescence detector (FP-2025, JASCO). After equilibrating the column with 20

mM Tris-HCl (pH 8.0) at 26◦C, sample is applied and eluted the DMB-labeled di/oligo/polySia

at a flow rate of 0.5 ml/min with a linear gradient of NaCl (gradient from 0 to 0.6M) after 15

min wash with 20 mM Tris-HCl (pH 8.0). The fluorescence of the DMB-labeled samples are

detected with a fluorescence detector at excitation 373 nm and emission 448 nm. The analyses

were performed three times and all values are expressed as the mean ± SD.
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4.4 Discussion

As first discovered almost 50 years ago by King and Wilson, human and chimpanzee

proteins bear striking similarity. Further insight into these differences was unlocked in 2005

when the chimpanzee became the fourth mammalian genome published. Across all genomic

regions, humans and chimpanzees share 96% sequence similarity. In accordance with King

and Wilson’s 20th century discovery, we share 99% of sequences that are directly responsible

for encoding proteins. This extremely high similarity is a result of high selection pressures

that act on peptide-coding sequences, and only about 6 million years of independent evolution

since divergence of the human-chimp lineages. Additionally, protein-coding DNA only represent

about 1.5% of the genome and is therefore a lesser target for de novo mutation. Small changes

in regulatory DNA can produce dramatic consequences for phenotype, for example the massive

cortical expansion found in recent human evolutionary history. Early analysis of the human

and chimpanzee genome drafts searched for regions with many human-specific changes, and

found non-coding regulatory sequences that are highly conserved across mammals but show

accelerated accumulation of changes in humans. These short genomic regions are known

as human accelerated regions (HARs), and some were later shown to have human-specific

function as neurodevelopmental enhancers. In addition to HARs, there are also many large

segmental duplications and deletions that produced functional consequences through human

specific paralogs, pseudogenization, and gene-conversion.

Much work has been accomplished to identify and characterize these dramatic structural

changes and regions undergoing rapid evolution, however, it remains that most of the uniquely-

human genetic changes are found dispersed throughout the genome. High Ka/Ks values are

mostly relevant in genes that also display highly divergent amino-acid sequences. This leaves
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the majority of amino acid coding differences between human and chimpanzee genomes in

genes that are highly conserved (Ka/Ks < 0.1) and are not experiencing ongoing selection.

Genomic signatures of recent and ongoing selection can be leveraged to systematically identify

important sequences in the above categories, however, more ancient changes that are fixed in

a lineage for more than several hundred thousand years escape such tests.

For these remaining human-specific genetic changes, a process of logical analysis must

be applied to select changes may contribute to human-specific biology and disease. After this

selection, in-depth investigations can take advantage of robust biological models available today

to determine the consequences. Several elements can be taken into consideration in primary

selection process. First is known relations to human-specific phenotypes. Humans display

many traits that are vastly departed from phenotypes observed in the chimpanzee and other

non-human hominids, such as hairlessness and large brain size. Changes in genes that are

known to be involved in these human specific phenotypes are prospective candidates. Many

diseases appear to be human-specific, including certain types of cancers and many infectious

diseases, suggesting human-specific biological mechanisms associated with these pathologies.

In rare cases, genetic mutations identified in individuals with hereditary or congenital disorders

offer insight into human phenotypes. By taking advantage of these “clues” it is possible to

predict which of the many changes found in highly conserved genetic regions may contribute

to human-specific biology and disease. Many of these types of clues were involved in the

famous example of FOXP2, a transcription factor involved with a heritable speech disorder,

and later found to contain human specific evolutionary changes that appear to be involved with

our unusual linguistic abilities.

In this paper we presented a uniquely human coding change in the polysialyltransferase
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ST8Sia2. This single amino acid substitution carries many of the hallmarks of a potential evo-

lutionarily adaptive change. As we have presented in this paper, this single amino acid is the

only difference between humans and chimpanzees, and additionally this residue is completely

conserved throughout primates, as well as many other vertebrate lineages.

While the primary bottleneck in investigating human-specific genetics is the “list-to-lab”

phase, we report functional consequences of this change. We identified a marked difference

in binding affinity of BDNF between polySia-NCAM molecules synthesized by the human and

chimpanzee form of the enzyme (unpublished). This change in BDNF affinity may also play

a critical role in the aging process, as a reduction in BDNF signaling has been identified as a

mediator of cognitive decline and neurodegeneration (Hayashi et al., 2001).

Published results from our lab describing the rapid turnover of polySia by exovesicular

sialidase (Sumida et al., 2015), as well as the intrinsic instability of polySia (Manzi et al., 1994),

emphasize the importance of tight control over polySia presentation. Polysialic acid functions

through diverse mechanisms to alter neural plasticity e.g. modulating cell-cell contacts, altering

signaling via interactions with factors including ProBDNF, BDNF, FGF2, and dopamine (Schnaar

et al., 2014, Hane et al., 2015). This process is critical during neurodevelopment and through-

out life for neurogenesis, synaptic plasticity, and peripheral nerve regeneration. Mutations in

the polysialyltransferases and their promoter regions have been identified as risk factors for

schizophrenia, autism, and bipolar disorder. Additionally, dysregulation of polysialic acid is as-

sociated with neurodegenerative disease (Murray et al., 2016).
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Figure 4.1: Genome-wide comparison of human and chimpanzee orthologs. Groups of orthol-
ogous pairs between human and chimpanzee are plotted on the x-axis, binned by the nearest
0.1% amino acid similarity. For each group, the total number of genes is plotted in black, on the
left-hand y-axis (logarithmic), and the average Ka/Ks is plotted in blue, on the right-hand y-axis
(logarithmic).
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Figure 4.2: Human and chimpanzee ST8SIA2 share only 1 amino acid difference at N308K.
Alignment of human ST8SIA2 protein sequence with chimpanzee, bonobo, and gorilla. The
single, human-specific, amino acid change N308K is highlighted in red.
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Figure 4.3: N308 is a highly conserved residue throughout vertebrates. Alignment of the
human-specific amino acid change and surrounding motif with archaic hominin genomes, and
representative vertebrate phylogeny.
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Figure 4.4: Modeling of human ST8Sia2 based on the crystal structure of human ST8Sia3.
A) Superimposed structure of NCAM Ig5 and FN1 domains on show orientation of helix αC
terminal Lys308 against Ig5. (B) PBR basic residues (blue, ball representation) are located in
proximity to uniquely human Lys308 (Pink, ball representation).

65



Figure 4.5: Surface plasmon resonance binding analysis of BDNF and FGF2 binding by
polySia-NCAM-Fc polysialylated by either human or chimpanzee ST8Sia2. BIACORE sen-
sorgrams showing RU (y-axis) vs time (x-axis). A) BDNF binding by immobilized human-type
polySia-NCAM-Fc. B) BDNF binding by chimpanzee-type polySia-NCAM-Fc. C) FGF2 binding
by immobilized human-type polySia-NCAM-Fc. D) FGF2 binding by chimpanzee-type polySia-
NCAM-Fc.
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Chapter 5

Novel Methods to Characterize the

Length and Quantity of Highly

Unstable PolySialic Acids

Polysialic acid (polySia) is a linear homopolymer of α2-8-linked sialic acids that is highly

expressed during early stages of mammalian brain development and modulates a multitude

of cellular functions. While degree of polymerization (DP) can affect such functions, currently

available methods do not accurately characterize this parameter, because of instability of the

polymer. We have developed two novel methods to characterize the DP and total polySia con-

tent in biological samples. PolySia chains with exposed reducing termini can be derivatized with

DMB for subsequent HPLC analysis. However, application to biological samples of polySia-

glycoproteins requires release of polySia chains from the underlying glycan, which is difficult to

achieve without concurrent partial hydrolysis of the α2-8-linkages of the polySia chain, affecting
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its accurate characterization. We report an approach to protect internal α2-8sia linkages of long

polySia chains, using previously known esterification conditions that generate stable polylac-

tone structures. Such polylactonized molecules are more stable during acid hydrolysis release

and acidic DMB derivatization. Additionally, we used the highly specific Endoneuraminidase-NF

enzyme to discriminate polysialic acid and other sialic acid and developed an approach to pre-

cisely measure the total content of polySia in a biological sample. These two methods provide

improved quantification and characterization of polySia.

5.1 Introduction

Polysialic acid (polySia) is a linear homopolymer of sialic acids (Sias) in α2-8 linkages.

PolySia was first discovered in the polysaccharide capsule of E. Coli K235L+O in 1957 (BARRY

and GOEBEL, 1957). Some four years after discovering sialic acids in bacteria, Guy Barry

called the capsular polysaccharide of this strain of E. Coli “colominic acid,” and reported that

the structure of this molecule consists of a polymer of repeating residues of N-acetylneuraminic

acid (Neu5Ac). Barry suggested that, given the ongoing explosion of discoveries related to

sialic acids in the 1950s, such a polymeric structure of sialic acids may have some relevance

in mammals (Lundblad, 2015). In fact, this prediction proved to be correct (Troy et al., 1982,

Whitfield and Troy, 1984, Whitfield et al., 1984, McCoy et al., 1985, Edwards et al., 1994), and a

common antigen found in vertebrate brains would later be identified as a similar polymer of sialic

acids extended upon the N-glycans of the neural cell adhesion molecule (NCAM) (Cunningham

et al., 1983, Finne et al., 1983, Eckhardt et al., 1995). Notably, E. Coli K1 expressing PolySia

is a common cause of neonatal and pediatric meningitis (McCracken et al., 1974, Robbins et

al., 1974, Glode et al., 1977), and can also cause infections in adults (O’Hanley et al., 1985,
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Anderson et al., 2010).

In vertebrates, polySia is highly expressed during embryonic brain development and, in

mice, reaches peak expression levels perinatally (Ong et al., 1998). During postnatal mouse

brain development, the amounts of polySia remain high during the first week, before rapidly

declining between postnatal days 9–17. This decrease continues into adulthood (Seki and Arai,

1991, Rousselot and Nottebohm, 1995). In both adult rodents and humans, polySia is selectively

expressed in areas where neurogenesis persists (Rousselot et al., 1995, Bernier et al., 2000,

Sanai et al., 2011). Functionally, polySia forms a highly hydrated structure on the cell surface

with a steric effect (“repulsive field”) that directly affects cell-cell contacts and interactions of cell

surface receptors and matrix components, while also sequestering and concentrating soluble

ligands like FGF2 and BDNF (“attractive field”), enabling critical modulatory roles in many neural

processes (Colley et al., 2014). PolySia-N-glycan structures depend on expression and activity

of two enzymes ST8Sia2 and ST8Sia4, which act either independently or cooperatively (Close

et al., 2001, Galuska et al., 2006, Galuska et al., 2008, Thompson et al., 2013).

Accurately determining DP of polySia in biological samples has remained a technical

challenge. HPLC-based analysis has been used in the characterization of polySia to determine

the structural characteristics, primarily the degree of polymerization (DP) (Sato et al., 1998,

Galuska et al., 2008). Another approach to interpret the chain length of polySia include analysis

of the relative abundance of the terminal sialic acids compared with the internal sialic acids. This

can be accomplished either by comparing the relative reactivity of antibodies that recognize the

polySia chain (mAb 12E3) to antibodies that bind along the polymer in an abundance relative

to the length (mAb 735) (Sato et al., 1995). Alternatively, a chemical modification can be used

to demarcate the non-reducing terminal sialic acid by mild periodate oxidation which cleaves a
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2-carbon glycol from the side-chain of exposed sialic acids leaving a 7-carbon sugar in the non-

reducing terminal position, while internal residues remain protected from reduction in a 9-carbon

form (Sato et al., 1998). The C7 and C9 sugars can then be released to monomers and the

relative abundance quantitated by C18-HPLC. However, even a small amount of contaminating

monosialyl residues can confound the accuracy of this method.

Fluorometric analysis of sialic acids is a useful tool for quantitatively studying relative

abundance of sialic acid forms, enabling highly sensitive detection of samples derived from bio-

logical samples which typically contain sialic acids on the order of picomoles-femtomoles. 1,2-

diamino-4,5-methylenedioxygenzene (DMB) selectively labels alpha-keto acids like sialic acids,

producing a covalent derivative that can be separated by HPLC with a quantitative fluorescence

readout. Derivatization of sialic acid was first accomplished by using acidic conditions to pro-

tonate the sialic acid enabling a reaction aldehyde side chain of the fluor DMB via Schiff-base

mechanism at 50◦C. The acid used was 0.7M HCl (Nakamura and Sweeley, 1987), however,

because sialic acid and its derivatives are labile this was later optimized to use milder condi-

tions using 1M acetic acid (AcOH) (Sato et al., 1998). Later application of DMB derivatization

to polysialic acid was accomplished by dropping the temperature of the reaction to 4◦C or 10◦C

and using a smaller quantity of the stronger triflouroacetic acid (TFA) at 20 mM (Sato et al.,

1998).

Applications to biological samples of sialylated-glycoproteins first requires release of

sialic acid from the underlying glycan structure, which in mammals is an α2-3 or α2-6 link-

age to galactose. This release can be efficiently accomplished enzymatically by a sialidase,

or chemically by a simple incubation in a mild or strong acid at high temperature to accom-

plish complete release (Varki and Diaz, 1984). But this step poses a significant challenge to
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the analysis of polySia chains in biological samples: exosialidases can no longer work on this

internal bond, and the instability of the internal α2-8-glycosidic bonds of polySia can undergo

spontaneous hydrolysis via intramolecular cleavage in a temperature and pH dependent man-

ner (Manzi et al., 1994), resulting in degradation of polySia prior to analysis, thus affecting its

detectable DP (Guo et al., 2019). Standard analysis using acid hydrolysis release and DMB

derivatization under acidic conditions typically yields polySia fragments of DP ∼30-50 from bio-

logical samples. However, DP400 in embryonic brain has been reported following release using

endo-β-galactosidase, an enzyme that selectively releases the rare polySia chains linked via

a poly-N-acetyllactosamine motif (Nakata and Troy, 2005). The release of all polySia chains,

rather than an enzymatically selected subset, from the underlying glycoprotein remains a chal-

lenge for the field. ELISA-capture has also been used as a method to identify polysialic carriers

in serum, where a number of non-NCAM polysialylated proteins exist (Tajik et al., 2020). A

recent comprehensive review of methods for polySia analysis summarized these difficulties,

concluding that “a methodology for truly accurate determination of polySia chain length remains

elusive” (Guo et al., 2019).

Classic studies in polymer chemistry showed that the resonant properties of poly-acids

determined that the pK of carboxyl groups increases proportionally with the DP of the molecule

(Katchalsky and Spitnik, 1947). This has consequences on the labile a2-8 glycosidic linkages of

polysialic acid, as they experience a self-catalyzed intramolecular cleavage (Manzi et al., 1994),

dependent upon the protonation and thus the pKa of the neighboring carboxylate groups. As the

polymer is extended and carboxylate groups become protonated, the internal most bonds will

become increasingly susceptible to this catalyzed hydrolysis (Manzi et al., 1994). Because of

this protonation, when the very long polySia chains found in mammalian tissues are subjected
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to standard sialic acid DMB derivatization conditions of pH 3-5, internal linkages experience

catalyzed hydrolysis even at 10◦C, or 4◦C.

Previous methods involving DMB analysis of polysialylated glycoconjugates took advan-

tage of the low-rate of unpredictable hydrolysis by directly subjecting polysialylated structures to

DMB derivatization conditions. Random hydrolysis of internal bonds produces fragments of DP

20-100 with reducing sialic acid residues exposed for the DMB labeling chemistry to proceed

(Inoue et al., 2001). However, this unpredictable rate of hydrolysis also presents challenges to

accurately determine the DP. We achieve lactonization-protection of the α2-8 glycosidic linkages

using ice cold-acidic conditions. Under these conditions, the C9 hydroxyl group of each sialic

acid undergoes esterification with the carboxylate of the adjacent sialic acid to form a stable

6-carbon lactone structure (Fig 1A) (Cheng et al., 1998, Zhang and Lee, 1999, Kakehi et al.,

2001). Due to the spatial arrangement between galactose and a 2-3 linked sialic acid a similar

lactone ring can be formed by using a highly reactive catalyst (Liu et al., 2008), however, it is

unlikely that such a reaction could proceed under milder or biologically relevant conditions. An

early study of the lactonization properties of polysialic acid suggested that lactonization may of-

fer protection during acid hydrolysis (Zhang and Lee, 1999). This study showed protection of the

highly abundant oligo/poly-Neu5Gc (DPleq11) structures from salmon eggs prior to PAD (pulse

amperometric detection). Lactonization was also used to enable MALDI-TOF-Mass Spectrome-

try of polysialic acid chains (Galuska et al., 2007). Here, we apply the lactonization-protection in

mammalian glycoproteins containing large poly-Neu5Ac structures, prior to DMB labeling, and

fluorescence detection and took advantage of the polysialic acid specificity of Endo-N enzyme

for total polysialic acid quantification.
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5.2 Results and Discussion

Overview of polySia lactonization.

To more accurately determine the DP in biological examples, we developed an approach

to protect internal α2-8sia linkages of long polySia chains during acid hydrolysis and subsequent

DMB derivatization. We achieve this by first inducing the formation of stable lactone-ring struc-

tures (Fig 1A, Fig 1B – step 1) along the length of the polySia, prior to proceeding with acid

hydrolysis (Fig 1B – step 2) and DMB labeling (Fig 1B – step 3). This lactonized molecule

remains stable under acid hydrolysis release and during acidic DMB derivatization. Subse-

quent addition of base reverses lactonization (Fig 1B – step 4) before separation of the labeled

polySias with anion exchange HPLC (Fig 1B – step 5) and analysis using fluorescence detection

of DMB labels. Free polymers of sialic acid, such as bacterial colominic acid which is collected

from E. Coli culture and is not covalently linked at the reducing end, can be readily labeled

by DMB. However, accomplishing release from the underlying glycan structure (Fig 1B – step

2) has remained an obstacle for the analysis of mammalian polysialylated glycan structures.

This lactonization-DMB allows for improved characterization of the degrees of polymerization,

but it does not provide quantitation of polySia content. To quantitate polySia, we take advan-

tage of the highly specific endosialidase Endoneuraminidase-NF (EndoN), to quantitate the total

amount of polySia in a sample. EndoN is an endosialidase from the bacteriophage that evolved

to specifically targets the polySia capsular polysaccharide of E. Coli K1. EndoN cleaves α2-8Sia

linkages within a chain of sias with degree of polymerization of 5 or greater (Hallenbeck et al.,

1987, J Biol Chem, 262, 3553-3561). We applied the specificity of the EndoN enzyme as a tool

to selectively release all polySia from brain samples that we also analyzed by lactonization-DMB
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to derive a parallel absolute quantitation of polySia content.

Lactonization protects colominic acid from acid hydrosis or intramolecular self-

cleavage.

To investigate whether other factors such as the DMB derivatization temperature and/or

the type of acid used for derivatization contribute to the ability to detect higher DP, samples of

colominic acid were subjected to DMB derivatization at 50◦C (Fig 2A), or 4◦C (Fig 2B). Com-

pared to DMB derivatization at 4◦C, 50◦C derivatization induces the hydrolysis of long polymers.

We next tested whether lactonization effectively protects α2-8 sialic acid linkages from acid hy-

drolysis conditions. Samples that were not subjected to the overnight lactonization step before

hydrolysis were primarily detected by HPLC as peaks of Sia oligomers of DP 1-15 (Fig 2C),

with the largest detectable peaks around DP 25. Lactonization produced a noticeable increase

in the higher peaks and a decrease in these smaller peaks (Fig 2D). Thus, lactonization pro-

tects higher DP colominic acid during hydrolysis conditions. Furthermore, these results confirm

that these oligomers are the result of the degradation of large polySia chains, which after the

lactonization step were protected through acid hydrolysis and still detectable up to DP 40.

Lactonization protects mouse brain polySia structures during release by acid hy-

drolysis.

Our studies with colominic acid illustrate that lactonization protects highly unstable α2-8

sialic acid linkages during acid hydrolysis. Next, we explored whether lactonization protection

of α2-8 sialic acid linkages can be used during acid hydrolysis release of polySia chains from

biological polysialylated glycoproteins. PolySia is highly expressed by proliferating neural cells
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during early brain development, and is found throughout neonatal mouse brains. We prepared a

whole brain homogenate from postnatal day 1 (P1) mouse pups using pH 8.0 Tris-HCl buffer. We

then used organic extraction to remove the abundant lipids from the whole brain homogenate,

and treated the protein fraction with proteinase K to produce an aqueous P1 brain glycopeptide

sample rich in polysialylated N-glycan structures (Fig 3A). We used this P1 brain glycopeptide

sample to investigate the use of lactonization in the study of mammalian brains glycans.

In samples which were subjected to an initial step of lactonization prior to hydrolysis,

we detected eluting polySia structures up to DP 60 in P1 mouse brains (Fig 3B). Without an

initial lactonization step these large peaks were completely destroyed prior to analysis (Fig 3C).

Additionally, acetic acid hydrolysis of P1 brain glycopeptides generates peaks of mono and oligo

sialic acids eluting between 15 and 35 minutes. These peaks are significantly reduced in area

by using lactonization. This suggests that, like colominic acid, the abundance of mono and oligo

sialic acids in the non-lactonized sample are the product of hydrolysis of unprotected polySia

structures, and that lactonization prior to hydrolysis preserves these structures through release

and DMB labeling. This allows for higher resolution characterization of the collection of polySia

structures in the brain sample. While there is likely possibly some degradation that occurs,

this critical new approach permits a more accurate glimpse of the endogenous state of brain

polysialylation.

Analysis of dynamic polysialic acid synthesis during early postnatal mouse brain

development

Using the lactonization method, we next set out to study a hallmark paradigm of polySia

expression and function in the mammalian nervous system. As previously described, polySia
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expression is highest in the nervous system during embryonic and early postnatal development.

As the brain matures, proliferating polysia+ neural precursors give rise to the terminally differen-

tiated neural cell types of the adult brain, and eventually polysia+ cells are only detected in the

specific brain areas of adult neurogenesis, including the dentate gyrus of the hippocampus and

the subventricular zone of the lateral ventricle.

Brains were collected from mice representing infant, juvenile, and adult stages of neu-

rodevelopment (7 days, 14 days, and 10 weeks of age, respectively). These ages were chosen

to represent progressive stages of neural development and to apply our new methods to fur-

ther the understanding of polySia developmental dynamics. Infant mice showed striking peaks

of polySia between DP of 20 and 40, with highest detected peaks even higher (Fig 4A). Juve-

nile mice showed similar amounts of polySia up to DP20, but less polymers in the highest size

range (Fig 4B). Adult mice had a smaller, but appreciable amount of the largest polymers (Fig

4C). Importantly, because lactonization reduces the degradation of large polymers into smaller

fragments, this method improves the ability to observe the relative dynamics of polySia chains.

Without lactonization, indiscriminate hydrolysis of long polySia chains during sample preparation

produces a misleading increase in smaller chains.

These results not only confirm that our method is capable of capturing the dynamic reg-

ulation of polySia in mammals, but also offers some insight into the biology of polySia during

mouse brain development. It appears that the abundance of large polymers decreases dra-

matically with age, disproportionately to the smaller and medium sized polySia chains. This

may be related to the developmental regulation of the two polysialyltransferases ST8Sia2 and

ST8Sia4, which are known to have slightly differing and cooperative activity in vivo (Galuska

et al., 2006). Previous studies into polySia function have identified a diverse set of molecu-
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lar mechanisms through which polysialylated glycans play a role in cellular activity. To name

a few, these mechanisms include: physically affecting cell-cell contact, directly interacting with

signaling molecules in cis or trans, and interacting with soluble ligands as either a co-receptor to

increase ligand-receptor activity, or a molecular sink to trap ligands and reduce receptor activity

(Schnaar et al., 2014). The difference in abundance of larger polySia changes in older mice

may be related to medium-shorter chains having a more critical function in adult polySia+ cells,

such as in hippocampal plasticity, relative to the long-chains roles in developing polySia+ cells.

The degree of polymerization (DP) is known to affect the biological functions of polysialic

acid. For example, brain derived neurotrophic factor (BDNF), a neural growth factor bind to

polySialic acid in a DP-dependent manner (Kanato et al., 2009), suggesting polysialic acid

DP can affect the myriad of BDNF-dependent functions, including cell survival, differentiation

(Huang and Reichardt, 2003), synaptic plasticity, long-term memory formation (Bramham and

Messaoudi, 2005) as well being associated with neuropsychiatric disorders, such as schizophre-

nia, major depression and bipolar disorder (Arai et al., 2006; Cox et al., 2009; Barker et al., 2012;

Shaw et al., 2014; Miranda et al., 2019). Additionally, several genetic variations of ST8SIA2 have

also been linked to such psychiatric disorders, including autism spectrum disorder. In fact, a fa-

milial schizophrenia-related ST8Sia2 mutation appears to affect enzyme function by producing

shorter polySia chains, highlighting the consequences of dysregulated polySia chain-length in

humans. It is possible that, depending on context, cells depend on an abundance of chains

of a specific DP for preferential between the many potential functions of polySia. Differential

regulation of polySia DP may be involved in the context-specific molecular mechanisms at play

for a given polysialylated protein or cell surface. With advances such as the method described

this paper, these are all areas that may be approached in the future.
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Complementary enzymatic method to quantitate polySia content

EndoN is a highly specific enzyme from a phage that hydrolyzes α2-8 linkages in chains

of polySia of DP ≥ 7 (Rutishauser et al., 1985; Nadano et al., 1986; Hallenbeck et al., 1987)

We took advantage of this specificity to quantify total polysialic acid content. We used DMB la-

beling following EndoN digestion to specifically identify the EndoN sensitive sialic acids. EndoN

produces fragments of between 2-5 sialic acids (Pelkonen et al., 1989; Hallenbeck et al., 1987;

Gross et al., 1977; Finne and Mäkelä; Galuska et al., 2006). After EndoN treatment we needed

to separate the oligomeric products from the glycopeptide sample containing other, non-EndoN-

sensitive, sialic acid determinants. To accomplish this, we used a centrifugal filter device with

a cutoff of 3000 Da, or 9 Neu5Ac units, to collect EndoN-sensitive sialic acids before HPLC

quantitation.

By digesting a sample with EndoN, labeling the filtered product with DMB, and com-

paring the oligomers with a control sample in which EndoN enzyme was omitted, the peaks

corresponding with EndoN products can be quantified and summed together to produce a fig-

ure representing the amount of polysialic acid in the sample.

To illustrate this principle, we once again used colominic acid as a standard. We treated

colominic acid with EndoN, collected the products of this reaction via filtration, and subsequently

labeled with DMB. HPLC analysis of EndoN-sensitive Neu5Ac released from colominic reveals

that all polymers greater than 7 sialic acid residues are enzymatically hydrolyzed into oligomers

of DPs 2-5 (Fig 5A). Omitting EndoN treatment before the filtration step revealed that there were

no detectable sialic acid structures less than DP 9 in our colominic acid standard (Fig 5B). Be-

sides for the intended purpose as a control for enzyme activity, and a background sample for

quantitation, this result suggests that in our previous studies, applying various DMB derivatiza-

78



tion methods to the same colominic acid sample (Fig 2A-E), the presence of sialic acid oligomers

is purely an experimental artifact, likely secondary to hydrolysis. One of the major improvements

of lactonization is a reduction in these artifacts.

Because the oligomers are separated into discrete integrable peaks, we are able to

quantitate the amount of colominic acid subject to enzymatic degradation. Using colominic

acid as a quantitative standard for EndoN-sensitive Neu5Ac, we determined the polySia content

of the infant, juvenile, and adult brain samples previously used for lactonization length analy-

sis. Our results confirm the known trend that polySia content decreases as the brain matures.

While other methods do exist to quantitate total amount of polySia, this is a simple and efficient

method, and the first quantitative method that takes advantage of the highly specific enzymatic

activity of EndoN.

5.3 Materials and Methods

Lactonization and mild acid hydrolysis of colominic acid

10 nmol (as Neu5Ac) of Colominic acid in 50 mM Tris-HCl pH 8.0 was lactonized by

incubation overnight in an ice water bath after the addition of ice-cold HCl to final concentration

of 1M induce lactonization, or water as a non-lactonized control. After overnight lactonization,

samples were frozen at -80◦C and lyophilized to remove HCl. Dried samples of colominic acid

were then resuspended in 50 µl 2M AcOH and subjected to a 90 minute incubate at 80◦C, to

mimic the conditions known to release terminal Sias from biological glycoconjugates.
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HPLC Methods

After derivatization, samples were immediately prepared for HPLC analysis. Samples

were centrifuged at maximum speed for 20 minutes to prevent injecting any non-soluble partic-

ulate into the HPLC system. After centrifugation, samples were transferred into auto-sampler

vials for injection. Volumes between 20-80 µl were injected, depending on concentration of

samples.

HPLC chromatography was run on a Hitachi LaChrom Elite HPLC system fitted with

a CARBOPAC PA200 Analytical Column (3 x 250 mm, Thermo scientific P/N 062896), and

CARBOPAC PA200 Guard Column (3 x 50 mm, Thermo scientific P/N 062895). Fluorescence

was measured at 372 nm excitation and 456 nm emission (Jasco detector). Anion exchange

was accomplished using a flow of 0.5 ml/min and the following gradient of Milli-Q water (E1) and

1 M sodium nitrate (E2): 0 min = 0% E2, 2 min = 2% E2, 9 min =10% E2, 39 min = 16% E2, 99

min = 31% E2, 100 min = 2% E2, 110 min = 2% E2.

Chromatograms were produced and analyzed with OpenLab Chromatography Data Sys-

tem (CDS) EZChrom Edition (Agilent Technologies).

Brain tissue homogenization and delipidation

Mice were euthanized by isofluorane inhalation followed by decapitation, and the whole

brain was collected immediately after dissection. Brain mass was recorded, and tissue was

placed on ice in a glass centrifuge tube with ice cold water at a 4:1 w/w ratio of water:brain

tissue. Keeping tube on ice, tissue was thoroughly homogenized, for about 1 minute, on a poly-

tron at high speed. 1:1 chloroform:methanol mixture was added at 20X volume of water/brain

homogenate and mixed vigorously by polytron, followed by centrifugation at 1200 x g for 15
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minutes at 4◦C. Supernatant containing lipids and low molecular weight molecules was care-

fully removed and discarded, leaving a pellet containing brain glycoproteins and other macro-

molecules. To wash pellet, fresh 10:10:1 chloroform:methanol:water mixture was added at the

previous volume before polytron mixing and centrifugation as before.

After final wash, samples were left on ice. After excess organic solvent was completely

evaporated 50mM Tris-HCl pH 8.0 was added at 2x original brain mass. Pellet was suspended

completely with repeated pipetting.

Proteinase digestion

Proteinase K (Invitrogen P/N 25530031) was used to digest the protein component

of brain glycoprotein samples, producing glyopeptides ready for analysis. Glycoproteins sus-

pended in 50 mM Tris-HCl pH 8.0 were treated with 200 ng/µl proteinase K (0.01 volumes 20

mg/ml stock enzyme). Samples were then incubated overnight at 37◦C with rapid mixing. 1 mM

phenylmethylsulfonyl flouride (PMSF) was then added to inhibit proteinase (0.01 volumes 100

mM stock PMSF in isopropanol). Samples were then washed using a 3K-cutoff centrifugal filter

unit (Sigma-Millipore UFC9003), with 3 serial dilution-concentration steps: dilution in 15 ml 50

mM Tris-HCl pH 8.0 followed by concentration.

Lactonization and mild acid hydrolysis of mouse brain glycopeptides

100 µl of brain glycopeptides (derived from ∼50 mg brain tissue) was placed in an ice

water bath, and 100 µl of ice cold 2M HCl (or H2O for the non-lactonized control) was quickly

added and mixed (final concentration 1M HCl). The samples were incubated overnight in ice

water to induce lactonization. The samples were then centrifuged at maximum speed (17000g)
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at 4◦C for 30 mins, frozen at -80◦C, and lyophilized until dry. The dried lactonized glycopeptides

were then suspended in 100 µl 2M AcOH and heated at 80◦C to hydrolyze any non-lactonized

sialic acid linkages, including the internal 2-3 and 2-6 linkages connecting the polysialic acid

chains to their N-glycan antennae.

Enzymatic digestion of polysialic acid and quantitation of endoN-sensitive

Neu5Ac

50 µl of brain glycopeptides prepared (originating from 25 mg brain tissue) was treated

with 1 µl endoneuraminidase-NF on ice for 90 mintues (2 mg/ml enzyme stock, enzyme was

a kind gift from Rita Gerardy-Schan). Samples were then filtered through 3k centricon filter,

and flow-through fractions were collected for DMB labeling. After DMB analysis, oligosialic acid

products of endoN were identified and peak areas calculated using OpenLab Chromatography

Data System (CDS) EZChrom Edition (Agilent Technologies). For each sample total relative

endoN-sensitive Neu5Ac was determined by calculating the sum of product oligomers, with

each oligomer peak area multiplied by its respective DP. 1.25 µg of brain tissue were used for

each injection, and 25 pmol of colominic acid was analyzed in parallel and used as a standard.

DMB labeling

DMB labeling was accomplished in a reaction containing 1.35 M DMB, 1 M acetic acid,

9 mM sodium hydrosulfite, and 0.5 M β-mercaptoethanol. Samples containing sialic acid and

2 M acetic acid were placed on ice, and 50 µl of a 2X mix containing the remaining reaction

ingredients (DMB, NaSO2, and β-ME) was added. This reaction was incubated away from light,

at 4◦C, with end-over-end mixing or at 50◦C for 2 hours. The 4◦C samples were labeled for 40
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hours. After DMB labeling, 14 µl 10N NaOH was added, and samples were mixed thoroughly

with vortexing. NaOH neutralizes acetic acid, reverses esterification of the polylactone structure,

and frees carboxylate groups to restore negative charge for anion exchange separation.

5.4 Conclusions and Perspectives

Here we presented two distinct analytical approaches to characterize both the total

amount of polySia in given biological sample containing polysialylated glycan species using

EndoN-sensitive Neu5Ac analysis, as well as the relative quantity of polySia chains of a given

length within each sample. Although we did not do so, it should also be possible to com-

bine these approaches to specifically calculate the quantitative amount of polySia of a given DP.

While our studies are most likely still affected by the intrinsic instability of polySia’s α2-8linkages,

we have made progress in more closely revealing the true nature of polySia structures in a bio-

logical sample.

In this study, we tested this method of polySa analysis and found that compared to

our new lactonization approach, subjecting polysialylated structures to DMB derivatization with-

out lactonization, in both colominic acid and in biological samples, resulted in more hydrolysis.

While directly treating samples with DMB reagents may elucidate certain differences between

two samples, and qualitatively distinguish them, it is difficult to translate the result into a mean-

ingful representation of polySia structures present before the introduction of random hydrolysis.

We applied this new lactonization methods and identified a polySia-developmental profile of

mouse brain and found that smaller DP polySia remains abundant as the mouse brain matures,

whereas the larger DP polySia decreases. Lastly, we took advantage of the highly specific

phage enzyme EndoN, which hydrolyzes α2-8linkages, and developed a method that allowed
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us to quantitate amounts of sialic acid in biological samples. While these methods allowed us

improved quantitation of polySia, several limitations remain: 1) Lactonization may not prevent

all hydrolysis, 2) it is unclear whether DMB-labeling efficiency is the same for DP chains of dif-

ferent length, and 3) the Endo-N method does not account for sialic acids that remain attached

to the underlying glycan, as it is not DMB labeled. Studying such an unstable structure will likely

remain a technical challenge, but ongoing improvements will continue to refine methodologies

to accurately and precisely characterize and quantitate these important molecules, and yield

further insight into the regulation of biological processes via polysialylation.
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Figure 5.1: A) Structure of α2-8 linked Neu5Ac (above), and the same following acidic lactoniza-
tion. B) Overview of Lactonization-Protection-DMB procedure for DP analysis of glycoprotein
polysialic acid moieties: (1) polysialic acid moeties are lactonized, (2) mild acid hydrolysis re-
leases sialic acid structures from underlying glycans, (3) sialic acid structures are labeled with
DMB fluorophore, (4) lactonization is reversed, (5) labeled structures are quantitated via anion
exchange HPLC.
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Figure 5.2: A) DMB Derivatization of Colominic acid at 50◦C. B) DMB Derivatization of Colo-
minic acid at 4◦C. C) Same as B, following mild acid hydrolysis. D) Same as C, following lac-
tonization. E) Close-up view of all chromatograms from 60-90 mins.
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Figure 5.3: A) Overview of brain glycopeptide preparation: (1) brains are homogenized and
delipidated, (2) using proteinase digestion, brain proteins are digested into glycopeptides. B)
DMB-HPLC analysis of neonate mouse brain glycopeptides after lactonization step. C) DMB-
HPLC analysis of neonate mouse brain glycopeptides with no lactonization.
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Figure 5.4: Brains subjected to Lactonization-protection-DMB HPLC analysis: A) Infant mouse
(P1). B) Juvenile mouse (P14). C) Adult mouse (10 weeks).
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Figure 5.5: A) Overview of EndoN-sensitive Neu5Ac purification: (1) polysialic acid moieties
are digested into oligosialic fragments, which are then (2) separated from glycopeptides and
terminal sialic acid structures using a centrifugal filtration device. B) HPLC analysis of spin
filter flow-through following EndoN digestion of colominic acid. C) HPLC analysis of spin filter
flow-through of untreated colominic acid.
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Franz, H., Weiss, G., Lachmann, M., and Pääbo, S. (2005). Parallel patterns of evolution in the
genomes and transcriptomes of humans and chimpanzees. Science, 309(5742):1850–1854.

[Khaitovich et al., 2004] Khaitovich, P., Muetzel, B., She, X., Lachmann, M., Hellmann, I., Diet-
zsch, J., Steigele, S., Do, H., Weiss, G., Enard, W., Heissig, F., Arendt, T., Nieselt-Struwe,
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