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Different is good

or all the ingenuity that scientists exhibit, the way science gets done in
F many traditional institutions can be a bit stuffy, slow, and bureaucratic.

That's why it's been so refreshing and inspiring to get to know Van Andel
Institute (VAI), a place that just does science differently. From my own days
in the lab, | remember how stressful just dealing with administrative tasks
could be and how long it took to get anything substantial done. VAl has
efficiency built into its DNA to make it as easy as possible for its scientists
to do science. This doesn't just make the scientists’ lives easier, it can
bring about scientific advances faster, and for people with life-threatening
illnesses, the stakes are high.

VAl is tackling some of the most fearsome and challenging diseases
humans can face in their lifetime: cancer, neurodegeneration, and metabolic
diseases. And while these diseases may seem like they have nothing to do
with each other, VAl is fostering breakthroughs by looking at what these
diseases share and how advances in one condition can bring about progress
in another. One central theme: epigenetics. This field explores how the
environment and people’s behaviors impact how genes work. Epigenetic
changes play a role in many diseases. The big idea at VAl is that by creating
a place that elevates epigenetics and its intersection with different diseases,
scientists have a better chance of accelerating progress toward developing
treatments with broad reach.

And there is no better place to study epigenetics than at VAL In this
booklet, you'll meet epigenetics pioneer and VAl's Chief Scientific Officer
Peter Jones, who recruited a world-class team of scientists that turned
VAl into an epigenetic epicenter. But you'll also hear from scientists from
across VAl about their research and their experience in Grand Rapids.
Collaboration is woven into the fabric of how VAI gets work done, offering
ample opportunities for scientists to learn from each other and join together
toward a common goal. We've included three articles from the Science family
of journals, work that epitomizes the collaborative spirit at VAl as well as the
cross-disciplinary approaches that are driving research forward. And you
really can’t talk about VAl without talking about Grand Rapids, Michigan.
Make sure to check out the article on the last page of this booklet to learn
about this growing city with a big personality, but be warned: you may find
yourself packing your bags and starting a new life in a grand place that does
serious science.

Erika Gebel Berg, Ph.D.
Director and Senior Editor
Science/AAAS custom publishing
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Introductions

Collaboration and innovation are
the catalysts for discovery

t the heart of science is the drive to discover, to more clearly understand
A our world and ourselves. The resulting breakthroughs are the bricks

that help us build a better future, one in which “eureka!” moments in the
lab are translated into life-changing prevention, diagnostic, and treatment
strategies.

Improving health for generations to come has been Van Andel Institute’s
mission since it was founded by the Van Andel family more than 25 years
ago in Grand Rapids, Michigan. Our strategy is simple: provide the support
and infrastructure required for our scientists and collaborators to ask bold
questions, conduct rigorous research, and unleash innovation.

The fundamental mechanisms that drive health and disease are
immensely complex and require us to combine expertise from multiple fields
to make substantive advances. Science cannot—and should not—be siloed.
Instead, we must work together to ask the big questions, challenge our
assumptions, and explore critical problems from every angle.

We are at a transformative new frontier in science. New technologies,
and the immense data sets they generate, are illuminating insights at a
rapid pace. At the same time, discoveries across the basic, translational,
and clinical realms are refining—and sometimes upending—longstanding
knowledge. We must continue to work together across disciplines to realize
the promise that these opportunities provide: a healthier future for all.

In this supplement, you'll learn more about our team-focused approach
and the collaborative, impactful research it enables across our areas of
focus: epigenetics, neurodegeneration, metabolism, cell biology, and
structural biology. We also share the blueprint for what makes Van Andel
Institute uniquely suited to supporting truly transformational research.

We are growing, both in size and impact. In the coming years, our
upward trajectory is bound to accelerate as we recruit new talent and
enhance our areas of strength, all with an eye toward translating promising
discoveries into new therapies. We hope that sharing our story will reinforce
the importance of collaboration and shine a spotlight on interdisciplinary
innovation. Through this supplement, we invite you to learn more about us
and join our collective mission toward a better tomorrow.

Peter A. Jones, Ph.D., D.Sc. (hon)
Chief Scientific Officer
Van Andel Institute

SCIENCE sciencemag.org
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Q&A with Van Andel Institute
CSO Peter Jones

Can you say a bit about what first brought you to

Van Andel Institute?

Joining Van Andel Institute offered a rare opportunity to build an
epigenetics-focused research program. The Institute was doing
great work and had strong foundations—I arrived with the goal
of taking all of that to the next level.

What impressed you about VAI?

One of the great things about the Institute that we've continued
to build over the years is the close relationship between
research and operations. Our Ops team is second to none and
ensures our scientists have everything they need to succeed.
Dr. Jana Hall, the chief operating officer—who, by the way, has
a Ph.D. in human genetics—really understands the function of
operations as a means to support great science.

The Institute also is fortunate to have a wonderful building
and an exceptional philanthropic foundation from the founding
family, the Van Andels. Their commitment ensures the Institute
has the resources needed to be nimble and leading-edge.

What are your priorities as CSO?

| came to VAl with the express goal to develop the best
epigenetics program in the world. Today I'm confident saying
that we are among the best. We started with the premise that
we wanted to recruit more senior investigators to help build the
program—and that strategy proved to be immensely successful.
And then, of course, we recruited exceptional, rising-star junior
faculty to further build the program. Epigenetics is a big field—if
you really want to understand how it works, you need broad
representation of disciplines to see how it all fits together.

What do you think makes Van Andel Institute appealing

from a recruiting perspective?

We have a strong infrastructure that supports great science.
The alignment between research and operations means that
we can shift the administrative burden off our faculty while

still ensuring everything is done correctly and to the letter.

We also pay investigator salaries and provide each lab with
annual funding, which enables more focus on research. Our
investigators still are expected to obtain external grant funding,
which validates the work we do and allows us to direct internal
funds to support broader initiatives and lab funding.
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Dr. Peter Jones, holding a 3D model of a nucleosome, meets with scientists at Van Andel Institute.

And what about resources like core facilities?

More than a third of experiments at institutes like ours are done
in collaboration with core facilities. Far less experimentation is
done at your own bench, where the focus is often on producing
samples that are then analyzed by core facilities. Many of those
are foundational things like the vivarium, for example, or the
genomics facility. Optical imaging is very strong. But we're also
an early adopter of cryo-electron microscopy—we set up a
suite here about 6 years ago that gives us atomic-scale imaging
capabilities. We have a world-class Pathology and Biorepository
Core. Many of these big national activities like the Cancer
Moonshot or the Cancer Proteomic Tumor Analysis Consortium
program require a consolidated collection of biospecimens,
and we are a contractor to those activities. Our staff has deep
expertise in developing, managing, and processing sample kits
to ensure samples are collected and stored under appropriate
conditions.

How has Van Andel Institute been extending

opportunities for aspiring and early-career scientists?
We deeply value our early career scientists and our actions
reflect that. A positive postdoctoral fellowship goes far beyond
research experience. Dr. Erica Gobrogge established and runs
our Office of Postdoctoral Affairs. Her full-time job is to support
postdocs through their fellowships and help us recruit postdocs
to the Institute. We also recognize the challenges that impact
early career scientists and are committed to mitigating these
issues. For example, we were among the first institutes in the
U.S. to raise postdoctoral starting salaries to $70,000 a year.

We also have Van Andel Institute Graduate School, which
leverages a training approach called problem-based learning.
We're excited to welcome a new dean, Dr. Eric Swindell, who
was associate dean at Baylor College of Medicine, Houston.
He's an outstanding addition to our faculty and will continue
elevating the graduate school.

PHOTO: VAN ANDEL INSTITUTE

What is your take on how VAl has grown during your

time there?

VAl has essentially doubled in size since | arrived nearly a
decade ago. It's quite remarkable. | think we're an institute

with extremely strong basic science that has the resources—
intellectual, physical, and core—and the will to work with people
all over the world to answer important questions that impact
human health. That willingness to think big, to think globally,
has made a huge difference. | can’t wait to see what the next 10
years bring.
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Original Content

Starting small, thinking big

How strategy and collaboration made Van Andel Institute an epigenetics epicenter
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When epigenetics pioneer Peter Jones initially visited Van Andel Institute in 2013, one of the first
things he noticed was the striking blown-glass DNA helix adorning its lobby. Tucked in amidst the
blue orbs that comprised the helix’s structure were a few red ones. They reminded Jones of the way
methyl groups—epigenetic marks that annotate and regulate DNA—often are depicted in figures.

“It was a sign of sorts,” said Jones, who went on to join VAl as
chief scientific officer soon after. “As | learned more about the
Institute, | realized that there was an incredible opportunity to
create something truly transformative here in the epigenetics
space.”

Now, more than a decade later, Jones and his colleagues have
built VAl into an epigenetics powerhouse, with complementary
strengths in neurodegenerative science, metabolism, cell biol-
ogy, and structural biology. Faculty routinely publish leading-
edge epigenetics breakthroughs and contribute expertise to
large-scale, federally led projects. The Institute is home to one of
only two National Cancer Institute T32 grants that support post-
doctoral training in cancer epigenetics and the only thematic
SPORE grant focused on cancer epigenetics, a project co-led by
Coriell Institute for Medical Research. On the translational front,
VAl supports a consortium that brings together scientists, physi-
cians, and organizations to move promising epigenetic combina-
tion therapies for cancer into clinical trials.

VAl's rapid ascent is no accident. It is the result of strategic
vision, a commitment to catalytic collaboration, and a laser
focus on ensuring its scientists and collaborators have the sup-
port and infrastructure needed to succeed. This ambitious drive
has been present since the Institute’'s founding in 1996, with
Chairman and CEO David Van Andel building on his parents’
vision for a wellspring of innovation in Grand Rapids, Michigan
that improves health for people around the globe. Its robust
endowment, collaborative atmosphere, and nimble organiza-
tional structure have enabled the Institute to punch well above
its weight in terms of scientific output. This progress is spurred
on by VAl's ability to implement state-of-the-art technologies
and draw top-notch scientific talent.

Jones is proud of how much the Institute has accomplished
in a relatively short time. Since he joined in 2014, VAI has nearly
doubled in size and grown in reputation. “I think we've hit a
critical mass, and we're ready to go to the next level,” he says.

Compared to many larger academic operations, VAl remains a
relatively small research institute—with more than 500 scien-
tists, educators, and support staff. Its size is part of a visionary
institutional strategy that emphasizes cooperation, funding
support, and operational efficiencies to fuel exciting interdisci-
plinary collaborations at VAl and beyond.

An eye on epigenetics

Building an epigenetics program from scratch was no small feat.
One of Jones’ first steps after arriving at VAI was to assemble an
all-star team of scientists focused on understanding how diverse
biological processes interact with epigenetics, with the goal of in-
forming novel therapies that save lives. The Institute has contin-
ued to recruit heavily and now the epigenetics faculty comprise
its largest department.

As a foundational “on-off” switch for the genome, epigenetic
processes are coupled to virtually every system in the body.
Although epigenetics is studied in organizations around the
world, few have committed resources across the epigenetics
research continuum—from basic to translational and clini-
cal—like VAI has. This full-spectrum approach has resulted in a
gravitational pull that only continues to increase. For example,
Yvonne Fondufe-Mittendorf joined VAI due in large part to its
critical mass of scientists in the field. “I was the only epigeneti-
cist at my previous institution,” she says. “Here at Van Andel
Institute, every day | talk to people about epigenetics and hear
new things that could enhance my science.”

Fondufe-Mittendorf’s work principally focuses on understand-
ing how environmental factors, particularly toxic heavy metals
like arsenic, impact cellular function via epigenetic mechanisms.
Arsenic is already well known for its ability to cause damaging
and potentially carcinogenic mutations in the genome. “But
at the levels that most people are exposed to, it doesn't really
cause a mutation or causes very low levels of mutations,” says
Fondufe-Mittendorf. Arsenic remains harmful and toxic even
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at these levels, and her group has shown that cells undergo-

ing arsenic-induced carcinogenesis exhibit striking changes in
their pattern of DNA methylation—one of the most important
subtypes of epigenetic modification. Some of her current work
is exploring how arsenic directly influences the binding of a pro-
tein called CTCF that ultimately governs methylation patterns in
the genome, which could give this toxicant far-reaching effects
on global gene expression.

Epigenetics research at VAl is not confined to a single depart-
ment. Rather, it is a common thread that winds through all the
Institute’s research areas. Metabolic processes, for example,
directly influence epigenetics in a number of ways, including
providing the raw building blocks that are subsequently used
to enzymatically mark DNA and histones. “All of the ‘ink’ to
lay down those marks comes from metabolism,” says Russell
Jones, chair of VAI's Department of Metabolism and Nutri-
tional Programming. Russell Jones collaborates closely with his
VAI colleague Connie Krawczyk to investigate how epigenetic
factors inform the interplay between diet, metabolism, and
immune function. In one recent study, Russell Jones, Krawczyk,
and collaborators showed that the accumulation of molecules

Dr. Yvonne Fondufe-Mittendorf

known as ketone bodies, which are a metabolic byproduct of
fasting, promotes epigenetic changes that boost the function of
pathogen- and tumor cell-killing T cells. Russell Jones believes
this could be an evolutionary mechanism that helped protect
our ancestors during times of food scarcity, but also sees clear
advantages for fighting infections in the present day.

Another area ripe for exploration is the relationship between
epigenetics and genetics—and detangling their effects from one
another. This is especially important in diseases that develop
over long periods of time, such as neurodegenerative disorders
like Parkinson’s and dementia. The etiology of these diseases
is frequently rooted in a complex mix of epigenetic, genetic,
and environmental factors. There are exceptions, however. Five
to 10% of Parkinson's cases have a wholly genetic origin and
understanding how these cases arise versus sporadic Parkin-
son's is crucial to sparking potentially life-changing advances,
says Darren Moore, chair of VAI's Department of Neurodegener-
ative Science.

VAl's research areas are far from siloed—instead, the Institute
encourages investigators to think outside the box and lever-
age interdisciplinary collaborations to tackle pressing research
questions.

For example, Fondufe-Mittendorf has been in discussion with
her colleagues working on neurodegenerative diseases at VAI to
pursue a study investigating the epigenetic factors that contrib-
ute to the neurological damage seen in people with Gulf War
Syndrome. “l wouldn't have done that in any other place, but
because everyone here is so close, unexpected collaborations
arise,” she says. The still-enigmatic syndrome, identified among
veterans of the 1990-1991 war in Iraq and Kuwait, is associ-
ated with a spectrum of debilitating symptoms including pain,
fatigue, and deficits in memory and cognition. While trauma
is thought to play a role in Gulf War Syndrome, it may not be
the only factor. “Now we are seeing that they were exposed to
things that they burned, and all of those contain heavy metals,”
she says.

Similarly, when an unexpected finding pops up in a lab's
routine research, the right partner for a collaboration could
be directly down the hall. Krawczyk's lab has been studying a
protein called KDM5C, which selectively strips methyl modi-
fications off chromosomal proteins. To aid in their work, her
lab generated a mouse strain that lacks the gene encoding
KDMS5C. “My postdoc, Lukai, was very observant and he noticed
the bones of these mice looked kind of weird,” she says. This
prompted her group to team up with the lab of Tao Yang, a
colleague in VAI's Department of Cell Biology who specializes
in skeletal development. Their collaboration revealed that
KDM5C introduces epigenetic changes that stimulate the
activity of bone-degrading cells known as osteoclasts. KDM5C
is expressed by a gene on the X chromosome, and thus exerts
a stronger effect in women. Krawczyk and Yang are looking
into opportunities to avert osteoporosis in older women with
treatments that modulate KDM5C.

Another example of collaborative connection may be found
in @ 2020 paper from Peter Jones and colleagues in the Insti-
tute’s Department of Structural Biology, which visualized the
structure of nucleosome-bound DNMT3A and DNMT3B, both
critical DNA methyltransferases that are often dysregulated in
cancer. The project was a serendipitous mix of VAl's expertise
in both epigenetics and structural biology coupled with its

PHOTO: VAN ANDEL INSTITUTE
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leading-edge technology, namely its state-of-the art cryo-elec-
tron microscopy (cryo-EM) suite. Additional studies are under-
way, thanks in part to Jones' recently renewed NCI Outstanding
Investigator Award, which includes cryo-EM as a key method
for parsing the relationship between epigenetic markers like
DNMT3A and cancer.

All these projects share another common thread: collabora-
tion. Teamwork is at the heart of VAI's strategy, and the Institute
fosters it both inside and outside of its walls.

Catalyzing clinical collaboration

At their most impactful, collaborations span laboratories, fields,
technologies, and organizations, combining strengths and exper-
tise from across disciplines. Perhaps the most mature example
of VAl's commitment to fostering extensive collaborations, ac-
cording to Peter Jones, is the Institute’s clinical trial programs to
accelerate the evaluation of promising new therapies in cancer
and Parkinson’s disease.

Since 2014, the Van Andel Institute-Stand Up To Cancer
Epigenetics Dream Team has brought together scientists, phy-
sicians, medical centers, and companies to evaluate potential
cancer treatments that combine epigenetic drugs with other
agents. Establishing the team, which was the first of its kind to
be self-funded, was a key factor in Jones' decision to come to
VA, in part because it provided a way to translate discoveries in
epigenetics into potential cancer treatments.

One recently concluded phase 1/2 trial supported by the
team demonstrated that pairing an epigenetic drug known as
a hypomethylating agent with an immune system-activating
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drug called atezolizumab extended the survival of people with
relapsed or refractory myelodysplastic syndrome (MDS) by an
average of 10 months compared to historical controls. Patients
receiving this combination experienced a median overall sur-
vival of 15 months, compared to five months for the historical
control cohort.

VAl also collaborates with the UK research charity Cure
Parkinson's on the International Linked Clinical Trials Program,
which pursues disease-modifying treatments for Parkinson's
by exploring drugs developed for other conditions. To date, the
consortium has supported a host of trials, including a phase 3
trial of the diabetes drug exenatide and the impending phase 3
trial of the respiratory drug ambroxol.

“One of the strengths of International Linked Clinical Trials
is the collaboration,” says Moore, who is a member of the iLCT
Scientific Committee. “It brings together scientists, physicians,
and people with Parkinson’s toward one unified goal—find a
treatment that slows or stops Parkinson’s progression. It's an
urgent mission and collaboration is our best chance of
getting there.”

Smaller, better, faster, stronger
Collaboration and rigorous research require a supportive infra-
structure that enables innovation. At VAI, that research-focused
architecture is the domain of its expansive operations team.
“We have a much higher ratio of operations to research than
a big academic institution,” says Moore, and this means that
labs can quickly get personalized support for preparing grant
applications, setting up research protocols, and taking care of

Dr. Russell Jones (right) with graduate students Brandon Oswald (center) and Shelby Compton (left) ‘
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other processes that could take valuable time away from the
lab. Critically, this agility does not mean cutting corners. “The sci-
entists work closely with operations and compliance staff, which
enables scientists to spend more time focusing on science,” says
Peter Jones, citing in particular the Institute’s robust research
protections infrastructure.

This operational efficiency also translates to greater speed in
building out the technological capabilities that makes modern
research possible. VAl is currently home to nine core facilities,
which provide easy access to instrumentation that would be far
too expensive, complicated, or labor-intensive for any individual
lab to operate on its own.

But it isn't just the access to technology and staff expertise
that's important. It's also the Institute’s flexibility and respon-
siveness when new needs arise.

When he joined VAI, Russell Jones was deeply excited about
the prospect of building out a dedicated mass spectrome-
try facility, but he was also concerned about managing his
expectations. Such a facility would be a boon not only for
his personal work, but such versatile instrumentation could
elevate science across the Institute. Mass spectrometers are
powerful tools for profiling the biochemical fingerprints of
human physiology and metabolism—a central component of
Russell Jones's research—but they require lots of specialized
infrastructure, and this takes time. At another academic insti-
tution, Russell Jones recalls, “I waited a year and a half to have
a wall removed to put in a new mass spec.” Accordingly, he was
cautiously optimistic that VAl would get things up and running
within 5 years.

Instead, it took just two, a remarkable feat of institutional
agility and efficiency. VAl's cryo-EM suite followed a similar
storyline: faculty identified a need and VAl leadership and staff
moved quickly to develop a sound strategy to make it happen.

“Ideas for new cores, for example, have started in faculty
meetings,” Moore says. This was how the mass spectrometry
facility plan got off the ground so quickly. And in addition to
providing a valuable resource for VAI researchers, Russell Jones
notes that this facility has been a big draw for talented faculty in
the metabolism research space, including recent hires Evan Lien
and Sara Nowinski.

The next frontier

This rapid growth in expertise, technical capabilities, and re-
search impact has not escaped the scientific community’s notice.
“At metabolism conferences, people’s eyes light up because we
have the most spectacular mass spec core you could imagine,”
says Krawczyk. Likewise, Peter Jones recalled a recent conference
in which VAI's epigenetics faculty comprised a substantial portion
of the speaker roster.

While staying true to the values that made it a world-class
institution, VAI continues to grow, adapt, and collaborate. This
will inevitably include building on the Institute’s core strengths
in epigenetics, neuroscience, metabolism, structural biology,
and cell biology. But otherwise, CSO Peter Jones is keeping an
open mind regarding what comes next and will only commit to
tackling future research endeavors with the same agility, cre-
ativity, and focus that have already brought VAI this far. “We're
all aligned behind our mission to improve human health—and
everything we do reflects that,” he says. “That's what makes this
institute special.”

VAI at a glance

* VAl was founded by the Van Andel family

in 1996 in Grand Rapids, Michigan.

The Institute is home to more than 500
scientists, educators, and support staff.

VAl ranks #27 in the Nature index
Biological Sciences category for NGOs/
nonprofits and #46 overall.

Between 2014 and 2023, the number of
publications from VAl researchers in high-
impact journals (>7) rose more than 200%.

VAl is among the top 5 highest funded
research organizations in Michigan.

As of September 2023, VAI has supported
the launch of more than 40 clinical trials in
cancer and Parkinson’s disease.

The Institute is set into a steep hill at the heart of Grand
Rapids’Medical Mile. VAl's iconic glass-roofed research
building design drew inspiration from the city’s river rapids.
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Articles

NEUROSCIENCE

Computational modeling of tau pathology spread
reveals patterns of regional vulnerability
and the impact of a genetic risk factor

Eli J. Cornblath™?, Howard L. Li3, Lakshmi Changolkar3, Bin Zhang3, Hannah J. Brown?,
Ronald J. Gathagan3, Modupe F. Olufemi?, John Q. Trojanowski3, Danielle S. Bassett

Virginia M. Y. Lee3, Michael X. Henderson®*

Copyright © 2021
The Authors, some
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exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
1,4,5,6,7,8 under a Creative

Y Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Neuropathological staging studies have suggested that tau pathology spreads through the brain in Alzheimer’s
disease (AD) and other tauopathies, but it is unclear how neuroanatomical connections, spatial proximity, and
regional vulnerability contribute. In this study, we seed tau pathology in the brains of nontransgenic mice with AD
tau and quantify pathology development over 9 months in 134 brain regions. Network modeling of pathology
progression shows that diffusion through the connectome is the best predictor of tau pathology patterns. Fur-
ther, deviations from pure neuroanatomical spread are used to estimate regional vulnerability to tau pathology
and identify related gene expression patterns. Last, we show that pathology spread is altered in mice harboring a
mutation in leucine-rich repeat kinase 2. While tau pathology spread is still constrained by anatomical connectiv-
ity in these mice, it spreads preferentially in a retrograde direction. This study provides a framework for under-

standing neuropathological progression in tauopathies.

INTRODUCTION

Neurodegenerative diseases, including Alzheimer’s disease (AD)
and Parkinson’s disease (PD), are estimated to affect over 60 million
people worldwide (I, 2). Neurological symptoms and the presence
of pathological protein inclusions are used to categorize the two dis-
eases. However, there exists substantial overlap in both symptoms
and pathologies, especially as these diseases progress (3, 4). Tau
pathology, while diagnostic of AD and other primary tauopathies,
appears prominently in PD, PD dementia (PDD), and dementia
with Lewy bodies, where it correlates with a-synuclein pathological
burden and cognitive decline (5, 6). These data suggest that multiple
pathologies may act additively to influence disease progression and
that underlying risk factors for one pathology may confer risk for
additional pathologies.

Postmortem neuropathology studies have demonstrated that
patients with more severe clinical AD and PDD have elevated levels
of pathological tau in an increasing number of regions of the brain
(5-8). The stages of observed tau pathology (beginning in the locus
coeruleus, then transentorhinal and entorhinal cortex, and moving
through the hippocampus and cortical regions) are suggestive of
pathology “spreading” (7, 8). Pathological tau from human brains
injected into nontransgenic (NTG) mice can be internalized into
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nearby neurons, initiating misfolding and hyperphosphorylation of
endogenous mouse tau in a prion-like manner into intraneuronal
inclusions resembling those from human disease tissue (9-11). Over
time, tau pathology can be found in more regions of the mouse brain
connected to the injection site (9-11), suggesting that tau is spread-
ing. How tau pathology spreads has been a matter of debate because
it has not been possible to disambiguate the contribution of neuro-
anatomical connectivity, spatial proximity of regions, and intrinsic
neuronal vulnerability. Recent studies based on mathematical mod-
eling of human brain suggest that anatomical connectivity serves as
a strong predictor of brain atrophy or general pathology patterns in
neurodegenerative diseases (12-17).

In the current study, we investigated processes underlying the
development and spread of tau pathology. We developed a method-
ology for reproducibly quantifying tau pathology in 134 regions of
the mouse brain following an intracranial injection of pathogenic
tau. Tau pathology in this model begins slowly, first affecting the
injection site and highly connected regions. As time progresses,
more regions are affected. Once affected, regions show a nearly lin-
ear increase in tau pathology over time. While this atlas of patholo-
gy is informative, it is still not possible to discern mechanisms of
pathology spread without considering the brain as a network of in-
terconnected regions. We therefore used computational analysis of
spatiotemporal tau pathology patterns. We found that tau pathol-
ogy spread is best explained by diffusion along neuroanatomical
connections in a bidirectional manner. Residual variance in the data
that was not well explained by connectivity was used to generate
estimates of differential vulnerability to tau in measured regions.
Comparison of regional vulnerability to regional gene expression
identified several previously unidentified candidate genes that may
control susceptibility to tau pathology. To further assess the utility of
quantitative pathologg and network modeling, we analyzed a mouse ex-
pressing the LRRK2°2*"® mutation. This mutation is a risk factor for
PD, but many of these patients exhibit tau pathology. LRRK2%°'® mice
exhibit a bias toward retrograde spread of tau pathology, providing
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insight into the network-level impact of cell biology events. This
work provides a framework for understanding the spread of patho-
logical tau throughout the brain and investigating the impact of ge-
netic risk factors on pathology progression.

RESULTS

Quantitative immunohistochemistry to evaluate
pathological tau spread

To investigate mechanisms underlying the spread of tau pathology,
we used a recently developed seed-based model of tauopathy in
which injection of AD brain-derived tau into NTG mice can induce
the misfolding of endogenous tau into hyperphosphorylated tau
inclusions in a time- and region-dependent manner (9). Previous
studies have suggested that this spatiotemporal pattern of tau pa-
thology induction is consistent with spread along neuroanatomical
connections (9, 10), although these patterns were not quantitatively
evaluated. Biochemical sequential detergent extraction of gray matter
from AD patient brains was used to obtain an enriched fraction of
paired helical filament (PHF) AD tau (Fig. 1A) (9). This extraction
method yielded a final purity of 22.6 to 35.7% tau, with 0.01% or less
o-synuclein and amyloid B (table S1). The purified tau fraction re-
tains the pathogenic conformation present in human disease and
induces the misfolding of tau in mice without the overexpression of

tau (9). To investigate how tau pathology spreads through the brain,
we injected NTG mice with PHF tau from individual extractions in
the hippocampus and overlaying cortex (Fig. 1B). Mice were allowed
to age 1, 3, 6, or 9 months post-injection (MPI) to capture the tem-
poral dynamics of tau pathology spread (Fig. 1C). Brains were then
sectioned, and representative sections (Fig. 1D) were selected and
stained for phosphorylated tau pathology throughout the brain. We
manually annotated 194 areas from 134 anatomical regions on the
selected sections (Fig. 1E and fig. S1) so that pathology could be
quantified as the percentage of each area occupied by pathology
(Fig. 1, F and G). Brain region annotations were based on the Allen
Brain Atlas (ABA) Common Coordinate Framework (CCF v3,
2017, brain-map.org), although smaller subregions with minimal
pathology were grouped to minimize error and annotation time. To
mitigate overinterpretation of individual sections, we similarly
annotated and quantified a second set of nearby sections (16,684
annotations in total), and the average for each region was used for
subsequent analyses.

Quantitative pathology mapping reveals dynamic patterns
of tau pathology spread over time

Because imaging of tau pathology in these mice can only be done after
death, data are pseudo-longitudinal. That is, different time points
are represented by separate groups of mice. Despite this fact, tau
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Fig. 1. Quantitative immunohistochemistry to evaluate pathological tau spread. (A) AD brain with a high burden of tau pathology was chosen for extraction of
pathological tau. Brains went through sequential extraction of tau PHFs as noted in the schematic. Final tau PHF preparations were used for all subsequent steps. PBS,
phosphate-buffered saline. HS, high salt. (B) NTG mice were injected unilaterally with AD PHF tau in the hippocampus and overlaying cortex as shown at 3 to 4 months of
age. (C) Mice were euthanized 1 (n=4), 3 (n=8), 6 (n=6), or 9 (n = 6) months following injection. (D) Mouse brain was sectioned, and the sections representing the regions
shown were stained for pathological tau. (E) Representative sections were selected, and 194 regions were annotated for each brain. A second set of nearby sections was simi-
larly annotated to reduce selection bias. Scale bar, 1 mm. Annotation colors are arbitrary. (F) An enlarged image of the annotated supramammillary nucleus (SUM) is
shown with the inclusions stained for pS202/T205 tau. (G) Annotations allow automated quantification of percentage of area occupied with pathology in specific re-
gions of the brain. An analysis mask is overlaid on the image in (F) to demonstrate this quantification of pathology. Scale bar, 100 um.
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pathology patterns were highly reproducible across cohorts and time
points (Fig. 2). One remarkable finding from this analysis was that
once pathology seeds a region, it continues in an almost linear fashion
over time in most regions (Fig. 2), suggesting that the process of
pathology formation is similar across the brain. The lack of a pla-
teau in most regions also suggests that this model is recapitulating
the early disease process, before the saturation of pathology and
profound neuron death. While the process of pathology formation
was similar across regions, the delay between injection and pathol-
ogy formation varied widely. Regions at the injection sites or with
high connectivity to the injection sites developed pathology by 3 MPI
(Fig. 2, A and B). Other regions showed a further delay, with only
minimal pathology before 6 MPI (Fig. 2, C and D). Last, some regions

did not develop pathology until 9 MPI (Fig. 2, E and F), and some
regions did not develop substantial pathology during the course of
the study (fig. S10).

While patterns of pathology in individual regions are informa-
tive, overall patterns throughout the brain are best observed as a
heatmap overlaid on the mouse brain (Fig. 3) or as a region-by-time
matrix (fig. S2). Several whole-brain patterns were apparent. At 1 MPI,
there was minimal tau pathology outside of the injection sites. At 3 MPI,
more pathology accumulated ipsilateral to the injection site includ-
ing hippocampal and entorhinal regions. By 6 MPI, pathology
spread to the contralateral hippocampus and associated cortical areas.
By 9 MP], pathology continued to spread, affecting more rostral re-
gions, although certain rostral cortical and contralateral thalamic
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Fig. 2. Brain regions show progressive accumulation of tau pathology. The percentage of area occupied with tau pathology is plotted as a function of time demon-

strating three distinct onsets of pathological tau accumulation: 3 MPI (A and B), 6 MP

I (Cand D), and 9 MPI (E and F). Most of the other regions also fall into one of these

patterns. Green arrows denote the time point with initial substantial pathology accumulation. (A) The ipsilateral supramammillary nucleus accumulates pathology by
3 MPI as demonstrated by the quantitative pathology plot and images at right. (B) Additional regions that show a similar onset of pathology at 3 MPI (iCA1, field CA1 of
the hippocampus; iCA3, field CA3 of the hippocampus; iENTI, entorhinal area, lateral; cDG, dentate gyrus; cVTA, ventral tegmental area). (C) The ipsilateral perirhinal area
(iPERI) accumulates pathology by 6 MPI as demonstrated by the quantitative pathology plot and images at right. (D) Additional regions that show a similar onset of pa-
thology at 6 MPI (iMS, medial septal nucleus; iPAR, parasubiculum; cCA1, field CA1 of the hippocampus; cECT, ectorhinal area; iPRN, pontine reticular nucleus). (E) The
ipsilateral accessory olfactory bulb (iIAOB) accumulates pathology by 9 MPI as demonstrated by the quantitative pathology plot and images at right. (F) Additional regions
that show a similar onset of pathology at 9 MPI (cPAR, parasubiculum; cPRE, presubiculum; cVISC, visceral area; cCA2, field CA2 of the hippocampus). Data are represent-

ed as means + SEM. Scale bars, 50 um.
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Fig. 3. Quantitative pathology mapping reveals dynamic patterns of tau pa-
thology spread over time. Regional pathology measures plotted on anatomical
maps as a heatmap, with blue representing minimal pathology, white representing
moderate pathology, and red representing substantial pathology. Note that tau
pathology was not quantified in white matter regions, and these regions are gray.
Representative images for all regions can be found in the Supplementary Materi-
als.n=NTG-1 M: 4, NTG-3 M: 8, NTG-6 M: 6, and NTG-9 M: 6.

regions show minimal pathology. Representative images of all regions
are available in the Supplementary Materials (fig. S10). Together,
these patterns are highly suggestive of tau pathology spread through-
out the brain, which may involve transmission along neuroanatomi-
cal connections or other regional factors.

Tau pathology spread is predicted by diffusion through

the neuroanatomical connectome

There is substantial evidence that tau can be released from neurons
(18-20) in an activity-dependent manner (21, 22) and internalized by
other neurons (23-26), likely leading to the spread of tau pathology
throughout the brain. However, it is still unclear precisely how spread
occurs. The main hypotheses are that tau pathology spreads between
anatomically connected regions of the brain, between physically
contiguous regions, or to selectively vulnerable populations of
neurons. Of course, these mechanisms of spread are not mutually
exclusive; thus, we sought to assess how each of these putative
routes contributes to the observed pathology spread in mice.

We evaluated the ability of a network diffusion model with neuro-
anatomical connectivity (brain-map.org) (27) as a scaffold to predict
the empirical measures of tau pathology over time. ABA regions at
the injection sites (iDG, iCA1, iCA3, iRSPagl, and iVISam) were used
as seed regions for initiation of the model. Direct connectivity of these
regions was highest in hippocampal, septal, and entorhinal regions
of the brain (fig. S3A), and direct connectivity to the injection site
was highly correlated with tau pathology measures in those regions
(fig. S3, B and C). Our model posits that tau spreads from the in-
jection site along anatomical connections both in retrograde and
anterograde directions, with the final amount of regional pathology
determined by a weighted sum of these two independent processes.
This bidirectional anatomical connectivity model weakly predicted

tau pathology at 1 MP], likely due to minimal spread at this time
point, and strongly predicted tau pathology at 3, 6, and 9 MPI
(Fig. 4A). In addition, this bidirectional anatomical connectivity
model outperformed a model in which tau spread was proportional
to the Euclidean distance between regions (Fig. 4B). In the Euclidean
distance plots, the five outlying regions in the upper right were the
injection sites, as noted (Fig. 4B); however, inclusion or exclusion of
these sites during model optimization did not measurably affect the
fit of the Euclidean distance model (fig. S4, A and B). Excluding
the injection sites from the bidirectional model did not impair its
predictivity over the Euclidean distance model (fig. S4C). Rewiring
the network to disrupt the connectome but preserve basic network
properties such as in-degree (fig. S5A) or out-degree connectivity
(fig. S5B) also reduced model performance. To further validate the
anatomical connectivity model, we ensured that the model’s perfor-
mance was specific to the choice of the experimental injection site,
compared with 500 randomly chosen sets of five regions with mean
spatial proximity similar to that of the experimental injection sites
(Fig. 4C). Models using the experimental seed regions were among the
best performing models at all time points (Fig. 4C), confirming the
specificity of our model to the experimental injection site. The per-
formance of models using random sites could be partially explained
by a generalized additive model relying on three variables: in-projection
similarity between actual and alternate seeds, out-projection simi-
larity between actual and alternate seeds, and Euclidean distance
between actual injection sites and alternate seed sites (fig. S5C).

Last, we rigorously evaluated the out-of-sample performance of
the bidirectional anatomical connectivity model compared to three
other models in which spread was based on either Euclidean dis-
tance, anterograde spread alone, or retrograde spread alone. To
compare the distributions of out-of-sample fits between each of the
four models, we generated 500 train-test splits of the mice used
in the study. Next, we obtained model parameters (diffusion rate
constants and regression weights for anterograde and retrograde
spread) in the training set and evaluated model performance in the
test set at each time point. Our measure of performance was the
spatial Pearson correlation coefficient between the observed pathology
in the test set and the predicted pathology estimated by each model.
This analysis revealed that the bidirectional model was superior
to both the anterograde and retrograde models and that all three
connectivity-based models were superior to the Euclidean distance
model by 6 and 9 MPI (Fig. 4D). To understand whether the inclusion
of Euclidean distance could improve predictivity of the bidirectional
model, we evaluated a combined model that integrated bidirectional
connectivity and Euclidian distance. We found that the bidirectional-alone
model performed at least as well as the combined model at all time
points (fig. S5D). To understand the contribution of anterograde and
retrograde connections to the bidirectional model, we estimated the
diffusion rate constant (fig. S5F) and standardized B (fig. S5G)
from the model. We found a stronger contribution of retrograde
connectivity to the spread model in both measures. In summary,
these findings provide strong support for the notion that both antero-
grade and retrograde spread along anatomical connections inde-
pendently contribute to the propagation of tau pathology, with
retrograde spread being predominant.

Model residuals as an estimate of regional vulnerability
A third possible mediator of tau pathology spread is intrinsic neu-
ronal vulnerability. While this concept is less easily parsed for
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Fig. 4. Tau pathology spread is predicted by diffusion through neuroanatomical connectivity. (A and B) Predictions of log tau pathology (x axis) from spread mod-
els based on (A) retrograde and anterograde anatomical connections or (B) Euclidean distance, plotted against log actual regional tau pathology values (y axis) at 1, 3, 6,
and 9 MPI. The solid lines represent the lines of best fit, and the shaded ribbons represent the 95% prediction intervals. The r and P values for the Pearson correlation
between model-fitted values and observed pathology are noted on the plots. In (B), the injection site regions are noted but did not affect model fit (fig. S4). (C) To evaluate
the specificity of the seed sites to predict the pathology spread pattern, 500 alternate combinations of five seed sites (purple dots) were evaluated for their ability to
predict pathology spread at 1, 3, 6, and 9 MPI. Using the actual five injection regions (black diamonds) produced among the best fits at all time points (1 MPI, P=0.042; 3 MPI,
P <0.002; 6 MPI, P <0.002; and 9 MPI, P < 0.002. (D) Distributions of model fits in 500 held-out samples using Euclidean, anterograde, retrograde, and bidirectional models.
Fit differences were analyzed by pairwise two-tailed nonparametric tests for different models. All connectivity models outperform Euclidean distance after 3 MPI, and a
bidirectional model outperforms either a retrograde or anterograde model alone (*P < 0.05 and ***P < 0.002). In box plots, box edges represent the 25th and 75th percentiles,
the middle line shows the median, and whiskers extend from the box edges to the most extreme data point value that is at most 1.5x interquartile range (IQR). Data beyond

the end of the whiskers are plotted individually as dots.

tauopathies than for a-synucleinopathies where dopaminergic neu-
rons appear particularly vulnerable, our network model of tau pa-
thology spread can be used to infer regional vulnerability. We have
previously validated this approach by showing that residuals from
network model predictions of a-synuclein pathology correlated with
o-synuclein gene expression, which was expected to contribute to
regional vulnerability (28). Here, we estimated regional vulnerability
to tau pathology spread by taking the residuals from the bidirectional
anatomical connectivity model and averaging them over 3, 6, and 9 MPI
(Fig. 5A). We excluded 1 MPI because of the low model predictivity
and dissimilarity to residuals from other time points (fig. S6A). This
estimate of regional vulnerability revealed that amygdalar, thalamic,
and rostral cortical nuclei were resilient, while septal, mesencephalic,
and caudal cortical regions were more vulnerable (Fig. 5A). We then
tested whether tau gene (Mapt) expression from ABA in situ hybrid-
ization data was associated with vulnerability. Mapt is expressed quite
broadly in the brain, including most gray matter and white matter
regions, and showed no association with regional vulnerability esti-
mates (fig. S6B), suggesting that tau expression is not a major limiting
factor in the spread of tau pathology.

We sought to further investigate gene expression patterns asso-
ciated with regional vulnerability by performing a genome-wide search
for genes whose expression patterns measured by the ABA were spatial-
ly similar to our regional vulnerability measure. Many gene expression
patterns correlated with regional vulnerability. After adjusting false
discovery rate (FDR) to g < 0.05 (29), we found that 20 genes had
expression patterns with a statistically significant spatial correlation with
relative regional vulnerability to tau pathology (Fig. 5B). Twelve of
these genes showed expression patterns that were negatively associated
with regional vulnerability, and 8 of these genes showed expression
patterns that were positively associated with vulnerability. Plotting
the gene expression versus vulnerability of individual genes (Fig. 5, C
and D, and fig. S6C) demonstrates that this association is not driven by
outliers. In the future, gene expression patterns may be useful pa-
rameters of regional vulnerability in computational models of pa-
thology spread.

In silico seeding from alternate sites
In addition to inferring mechanisms of spread through network
modeling, we can also extend the value of our validated network
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models by generating predictions of tau spread patterns from al-
ternate injection sites, assuming that the rates of spread and con-
tributions of anterograde versus retrograde spread are the same
for those injection sites. For example, one of the earliest sites with
tau pathology outside of the brainstem in humans is the entorhinal
cortex (7). However, this site is difficult to inject reproducibly in
mice because of its lateral location. In silico modeling of tau pathology
spread from this injection site shows a more lateralized spreading
pattern that largely affects hippocampal and parahippocampal

A Hantranggenic B

regions, with spread to contralateral regions occurring relatively
late (Fig. 6A). We chose to also model a caudoputamen injection
site (Fig. 6B) to compare tau pathology spread to previously pub-
lished data modeling a-synuclein pathology spread. While tau
pathology is predicted to spread to some conserved regions, includ-
ing the substantia nigra and frontal cortical regions, there is also
more engagement of thalamic and mesencephalic regions and less
engagement of contralateral regions by tau than with a-synuclein
pathology.
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Fig. 5. Model residuals as a predictor of regional vulnerability. (A) Residuals between actual tau pathology levels and pathology levels predicted by the bidirectional
model were averaged for each region over time and across hemispheres to give an average regional vulnerability to tau pathology. Here, those values are plotted as an
anatomical heatmap. (B) Gene expression patterns that were statistically significantly associated with regional vulnerability (FDR-corrected P < 0.05 cutoff for inclusion) are
plotted here with heatmap values indicating the similarity of these gene expression patterns to each other. The genes cluster into two groups, one associated with vulnera-
bility and one associated with resilience, as noted by brackets at the bottom of the plot. (C) Normalized relative regional vulnerability is plotted as a function of normalized
Elovl5 expression. (D) Normalized relative regional vulnerability is plotted as a function of normalized Inpp1 expression. For (C) and (D), the solid line represents the line of
best fit, and the shaded ribbons represent the 95% prediction intervals. The rand P values for the Pearson correlation between vulnerability and gene expression are noted

on the plots.
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spreading patterns that arise after injection into alternate sites in the entorhinal area (A) and caudoputamen (B). Estimated spread is plotted as a heatmap in anatomical
space with blue indicating regions with minimal estimated pathology and red indicating regions with elevated pathology. *Sites of injections.
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LRRK262°% mice have altered tau pathology patterns

The quantitative pathology-network modeling approach established
in NTG mice allows the assessment of dynamics of tau pathology
spread. To further investigate the utility of this approach, we per-
formed similar analysis in mice expressing the G2019S mutation in
LRRK2. This mutation is the most common cause of familial PD
and a common risk factor for idiopathic PD (30). Although these
patients show similar symptoms to idiopathic PD, neuropathologi-
cally, 21 to 54% of patients lack the hallmark a-synuclein Lewy
bodies exhibited by patients with idiopathic PD (31-33). Notably,
most of the LRRK2 mutation carriers exhibit tau pathology (33, 34).
To assess alterations in tau pathology distribution and spread related
to LRRK2, we performed quantitative analysis of pathology in

LRRK2%%""® mice [B6.Cg-Tg(Lrrk2*G2019S)2Yue/J]. We first estab-
lished that in the absence of pathological tau injection, LRRK2%2"1%
mice do not accumulate detectable tau pathology up to 12 months
of age (fig. $7). Following pathological tau injection, LRRK252°'%
mice accumulate tau pathology in similar regions as NTG mice
(Fig. 7A), suggesting that overall spreading is constrained by ana-
tomical connectivity. However, there are clear differences in the
regional distribution of tau pathology in LRRK2“**'® mice (Fig. 7B
and figs. S8 and S9). In some regions, like the injected iDG and
highly connected iSUM, tau pathology is almost identical in NTG
and LRRK292""® mice (Fig. 7, C and D). In contrast, other regions,
especially those that require extended periods of time to exhibit pathol-
ogy, show elevated pathology in LRRK2%%°'% mice (Fig. 7, C and D).
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Fig. 7. LRRK252°1%S mice have altered tau pathology patterns. (A) Regional pathology measures for LRRK

262019 mice plotted on anatomical scaffolds as a heatmap,

with blue representing minimal pathology, white representing moderate pathology, and red representing substantial pathology. (B) The fold change between NTG and
LRRK2°2°"%5 mice is plotted on anatomical maps as a heatmap, with blue representing regions with higher pathology in NTG mice and red representing regions with
higher pathology in LRRK22%'% mice. (C) The percentage of area occupied with tau pathology is plotted as a function of time for four different regions (iSUM, cCA1, iAOB,
and iDG) demonstrating four distinct patterns of pathology propagation in NTG and LRRK252°'% mice. Some regions, like the iSUM and iDG, show similar tau pathology
progression in NTG and LRRK2%2°'% mice. In contrast, the cCA1 and iAOB, although similar at 1 and 3 MPI, show enhanced pathology in LRRK2°2°'° mice, especially at
9 MPL. (D) Representative images of the regions plotted in (C) stained for p-tau and directly adjacent to the plots demonstrating the pathology patterns. Representative
images for all regions can be found in the Supplementary Materials. n = NTG-1 M: 4, G2019S5-1 M: 3, NTG-3 M: 8, G20195-3 M: 7, NTG-6 M: 6, G20195-6 M: 5, NTG-9 M: 6, and
G2019S-9 M: 4. Scale bar, 50 um.
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These results suggest that LRRK25201%

pathology spread.

alters some aspect of tau

The LRRK262°°% genetic risk factor alters network dynamics
of tau pathology spread

To gain a deeper understanding into what parameters of tau pathol-
ogy spread may be altered, we assessed spread in LRRK2%2""® mice
using network modeling. As suggested by the overall quantitative
patholo({;zy pattern (Fig. 7A), tau spread can be well explained in
LRRK2%*°"™S mice by anatomical connectivity (Fig. 8A). Similar
to NTG mice, tau pathology spread in LRRK2?°"* mice is only
moderately well fit at 1 MPI but shows improved fit at 3, 6, and 9 MP],
suggesting that anatomical connectivity is also a major factor driving
tau pathology spread in LRRK2%2"'* mice. We next sou§ht to ex-
plain the regional differences in pathology in LRRK2%"'% mice.
We first assessed the relationship of estimated regional vulnerabili-
ty in NTG mice to the difference in pathology in LRRK2%2"'® mice

(Fig. 8B). There is a negative correlation between NTG vulnerability

and the difference in pathology at 1 and 3 MPI, suggesting that at
those time points, there is a shift in pathology in LRRK2%**'® mice
from vulnerable regions to more resilient regions. At 6 and 9 MP],
the relationship between NTG vulnerability and pathology differ-
ence is diminished. Given the low levels of pathology in NTG and
LRRK2%'% mice at 1 and 3 MPI, the inverse relationship between
the difference in pathology in LRRK2%***® mice and NTG vulnera-
bility may reflect not a shift in vulnerability of regions but early
changes in the directionality of pathology movement in the brain.
We next sought to determine whether the difference in regional
pathology distribution in LRRK2%2"'® mice is related to a difference
in spread in anterograde or retrograde directions. To infer the mecha-
nisms of network spread affected by the LRRK2%*°*® mutation, we
fit the bidirectional model on bootstrapped samples of NTG and
LRRK2%"S mice to obtain distributions of model parameters,
namely, the diffusion rate constants and regression weights that
measure the relative importance of anterograde and retrograde
spread. We observed no statistically significant difference in the overall
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Fig. 8. The LRRK2%2°"%S genetic risk factor alters network dynamics of tau pathology spread. (A) Predictions of regional log tau pathology (x axis) in LRRK

2620195 mice

from spread models based on retrograde and anterograde anatomical connections, plotted against log actual regional tau pathology values (y axis) at 1, 3, 6, and 9 MPI.
(B) Plots of the NTG vulnerability measure versus log G2019S/NTG pathology, showing a negative correlation between the two measures especially at early time points
(1 and 3 MPI) that levels off at later time points (6 and 9 MPI). Solid lines represent the lines of best fit, and the shaded ribbons represent the 95% prediction intervals.
The rand P values for the Pearson correlation between G2019S/NTG pathology ratio and NTG vulnerability are noted on the plots. (C) Distributions of model fit (Pearson r)

for fitting data to bootstrap samples of mice. NTG and G20 do not differ in model fit

(nonparametric, two-tailed test). (D) Distributions of diffusion rate constants reveal

greater intersample variability in retrograde constants compared to anterograde. LRRK2°?°'% and NTG do not differ in diffusion rate constants. (E) Anterograde and
retrograde betas differ between NTG and LRRK2°%'% mice, with LRRK252°'% preferentially spreading in the retrograde direction. In box plots, box edges represent the
25th and 75th percentiles, the middle line shows the median, and whiskers extend from the box edges to the most extreme data point value that is at most 1.5x IQR. Data

beyond the end of the whiskers are plotted individually as dots.
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fit of NTG and LRRK2%2%!%S mice over time (Fig. 8C), suggesting that
our network model adequately captures tau spread in LRRK26201%
mice. In addition, the overall diffusion rate constant along antero-
grade connections was no different than that along retrograde con-
nections (Fig. 8D), suggesting that the rates of anterograde and
retrograde spread are similar. The contribution of anterograde and
retrograde connections over time did show differences (Fig. 8E), such
that anterograde spread was less important and retrograde sgread
more important for explaining tau spread patterns in LRRK2 20198
mice. These findings suggest that the LRRK2°°'% mutation may
lead to increased shunting of misfolded tau into the already pre-
dominant retrograde pathways, which partially explains the differ-
ences in pathology patterns observed in these mice.

DISCUSSION

Neurodegenerative diseases progress symptomatically as pathologies
appear in previously unaffected regions of the brain. Identification
of the neuropathological proteins aggregated in these diseases and
subsequent staging studies demonstrated that symptom progression
is associated with the presence of aggregated proteins in more and
more regions (7). The stages of disease suggest that either there is a
fine gradient of regional vulnerability such that regions become
sequentially affected or pathology can spread through the brain by
transcellular means. The latter hypothesis is more parsimonious,
and mounting evidence has supported this explanation in recent
years. The current study demonstrates using an interdisciplinary
approach bridging quantitative pathology and network analysis
that tau pathology patterns can be predicted by linear diffusion
through the anatomical connectome with modulations of that spread
by regional vulnerability.

Our study is congruous with previous work using computational
modeling to understand the distribution of tau pathology and related
regional atrophy in tauopathies. These studies assessed the utility
of computational models to predict semiquantitative regional tau
pathology scores in transgenic mice (35), global atrophy magnetic
resonance imaging in AD and frontotemporal dementia (12, 13),
tau positron emission tomography signal in AD (14, 15), or general
histopathological patterns of AD (16, 17). While each of these studies
used different modeling parameters, each found that a model incor-
porating spread along anatomical connections was the most efficient
and accurate predictor of tau pathology or related atrophy patterns.
Our study has now extended these previous efforts in three important
ways. First, the current study used tau seeding in an NTG mouse,
giving our model a precise spatiotemporal starting point, as defined
by the site and time of pathogenic tau injection. Second, we used
quantitative measures of mouse tau pathology in 134 regions of the
mouse brain, providing several log-fold depth of data throughout
the brain. Third, mice were euthanized at four time points, follow-
ing injection of pathogenic tau, providing pseudo-longitudinal data
for model fitting. Our modeling of this data is consistent with pre-
vious studies, finding that tau pathology spreads in a pattern that is
well described by anatomical connectivity. Further, we were able to
delineate the contribution of anterograde and retrograde connec-
tions to this spread through a rigorous model comparison approach,
assess the kinetics of spread, understand regional vulnerability to
pathology, compare regional vulnerability to regional gene expres-
sion, and assess the impact of a genetic risk factor on the spread of
tau pathology. Future studies could test in silico whether deleting

connections would impact spread, which could be validated in vivo
with lesioning experiments.

This study has several limitations. One is the resolution of tau
pathology data and the reliance on mesoscale connectivity measures
to model tau pathology spread. Tau pathology was assessed at a meso-
scale to match the mesoscale connectivity atlas generated by the
Allen Institute (27). However, this scale obscures more granular in-
formation, such as the cortical laminar distribution of pathology.
The use of the connectivity atlas also imposes technical limitations of
connectivity tracing, including a potential bias in cell types infected
by tracer viruses, difficulty in distinguishing passing axons from
terminals, and possible underestimation of connectivity due to the
use of projection volume instead of fluorescence intensity (27).
Higher-resolution connectivity maps are currently being optimized,
and future studies would benefit from higher-resolution pathol-
ogy maps to match the higher-resolution connectivity maps. A sec-
ond limitation is the use of a transgenic mouse overexpressing
LRRK2. When this study began, this model was desirable because
LRRK2 is expressed on the endogenous mouse promoter, ensuring
that its regional expression matched that of endogenous LRRK2.
However, next-generation models with a knock-in of the LRRK2
mutation are now available (36-38), and future work should vali-
date the effects of LRRK2 on tau spread in these models.

Despite recent efforts, the neuropathological substrate of LRRK2
PD has been elusive. While LRRK2 mutation carriers all have de-
generation of substantia nigra neurons, many of them do not accu-
mulate a-synuclein Lewy bodies in the brain (31, 32). This fact has
left some question as to the neuropathological substrate of degener-
ation in these patients. In the search for an alternate pathology, it
has now been recognized that most LRRK2 mutation carriers have
tau pathology to varying degrees (31, 33, 34). Although it is not clear
that tau pathology is responsible for dopaminergic neuron death in
LRRK2 mutation carriers, it does raise the possibility that mutations
in LRRK2 can predispose patients to developing tau pathology.

Hyperphosphorylated tau is a well-cataloged feature present in
LRRK2 mutant mice (39, 40), flies (41), and induced pluripotent
stem cell-derived neurons (42). It has also been demonstrated that
LRRK2 mutations can lead to phosphorylation of tau (43-46).
Although it is not clear that this hyperphosphorylated tau is patho-
logical, it is possible that it represents a pool of tau that is more
rapidly recruited upon the introduction of a pathogenic tau seed.
The current stucgi was conducted in mice up to 12 months of age,
and the LRRK2°*""®® mice in this study showed no evidence of
phosphorylated tau accumulation without pathogenic tau injection.
This observation suggests that the changes in tau pathology spread
are likely due not to elevated phosphorylation but rather to alter-
ations in cellular mechanisms such as protein release, internalization,
transport, or degradation. This hypothesis is supported by another
recent study showing enhanced neuronal transmission of virally ex-
pressed tau (47). Other studies found that overall tau pathology was
not affected in transgenic mice that exhibit broad tau pathology
controlled by the transgene promoter (47, 48).

One possible cellular mechanism regulating the change in tau
pathology spread in LRRK2%%*"® mice is elevated presynaptic vesicle
release, a phenomenon that has been observed in LRRK2%2"'® mice
(38). Enhanced synaptic vesicle release is accompanied by enhanced
membrane internalization, which could provide an increased oppor-
tunity for extracellular tau to be internalized into presynaptic bou-
tons and thereby enhance retrograde transmission of pathology.
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Previous research has demonstrated that tau is readily released by
neurons (18-20) in proportion to neuronal activity (21, 22). Future
research incorporating functional connectivity strength and tau re-
ceptor distribution as regulators of tau spread may help clarify how
tau pathology spread is regulated.

In conclusion, the current study demonstrates that tau patholo-
gy spreads from an initial injection site through the brain via neu-
roanatomical connectivity. This spread can be modulated by a
genetic risk factor for PD. Future work should substantiate that this
alteration is related to LRRK2 kinase activity and explore whether
LRRK2 inhibitors would be a viable therapeutic treatment for
tauopathies.

MATERIALS AND METHODS

Mice

All housing, breeding, and procedures were performed according to
the National Institutes of Health (NIH) Guide for the Care and Use of
Experimental Animals and approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. C57BL/6 ] (NTG, the
Jackson laboratory 000664, Research Resource Identifier (RRID):
IMSR_JAX:000664) and B6.Cg-Tg(Lrrk2*G2019S)2Yue/] (G2019S,
the Jackson laboratory 012467, RRID: IMSR_JAX:012467) mice have
been previously described (49). The current G2019S bacterial artifi-
cial chromosome line was backcrossed to C57BL/6 ] mice for >10
generations and bred to homozygosity at loci as determined by quan-
titative polymerase chain reaction and outbreeding. The expression
level of LRRK29%°" was thereby stabilized in this line of mice. All
experiments shown use homozygous LRRK2%2"'*® mice. Both male
(n = 24) and female (n = 19) mice were used and were 3 to 4 months
old at the time of injection. No influence of sex was identified in the
measures reported in this study.

Human tissue

All procedures were done in accordance with local institutional re-
view board guidelines of the University of Pennsylvania. Written
informed consent for autopsy and analysis of tissue sample data was
obtained from either patients themselves or their next of kin. All
cases used for extraction (table S1) of PHF tau were Braak stage VI
and were selected on the basis of a high burden of tau pathology by
immunohistochemical staining. Cases used for extraction were bal-
anced by sex (female = 2; male = 2) and were frozen an average of
5 hours postmortem. Differences in sex were not assessed because
these cases were only used for protein extraction.

Human brain sequential detergent fractionation

Frozen postmortem human frontal or temporal cortex brain tissue
containing abundant tau-positive inclusions was selected for sequen-
tial extraction on the basis of immunohistochemistry examination
of these samples as described (50) using previously established
methods. These brains were sequentially extracted with increas-
ing detergent strength as previously described (9). After thawing,
meninges were removed, and gray matter was carefully separated from
white matter. The gray matter was weighed and suspended in nine
volumes (w/v) high-salt buffer [10 mM tris-HCI (pH 7.4), 800 mM
NaCl, 1 mM EDTA, 2 mM dithiothreitol, 1:1000 protease and 1:100
phosphatase inhibitors, and 1 mM phenylmethylsulfonyl fluoride]
with 0.1% sarkosyl and 10% sucrose, followed by homogenization
with a dounce homogenizer and centrifugation at 10,000g for 10 min

at 4°C. The resulting pellet was re-extracted with the same buffer
conditions, and the supernatants from all extractions were filtered
and pooled.

Additional sarkosyl was added to the pooled supernatant to reach
a final concentration of 1%, and the supernatant was nutated for 1 hour
at room temperature. The samples were then centrifuged at 300,000g
for 60 min at 4°C. The pellet, which contains pathological tau, was
washed once with phosphate-buffered saline (PBS) and resuspended
in 100 pl of PBS per gram of gray matter by passing through a
27-gauge/0.5-inch needle. The pellets were further suspended by brief
sonication (QSonica Microson XL-2000; 20 pulses; setting 2; 0.5 s
per pulse). The suspension was centrifuged at 100,000g for 30 min
at 4°C. The pellet was suspended in one-fifth to one-half the pre-
centrifugation volume, sonicated briefly (60 to 120 pulses; setting 2;
0.5 s per pulse), and centrifuged at 10,000¢ for 30 min at 4°C. The
final supernatant was used for all studies and is referred to as AD
PHEF tau. All extractions were characterized by Western blotting for
tau, sandwich enzyme-linked immunosorbent assay (ELISA) for tau,
o-synuclein and AR 1-40, AR 1-42, and validated by immunocyto-
chemistry in primary neurons from NTG mice. For the extractions
used in this study, tau constituted 22.6 to 35.7% of the total protein,
while a-synuclein and AP constituted 0.011% or less of total protein.

Sandwich ELISA

Characterization of tau, a-synuclein and AP 1-40, Ap 1-42 from AD
PHF preparations by sandwich ELISA has been previously described
(9). Assays were performed on 384-well MaxiSorp clear plates (Thermo
Fisher Scientific). Plates were coated with well-characterized cap-
ture antibodies (tau: Tau5; a-synuclein: Syn9027; Ap 1-40/AB 1-42:
Ban50) at 4°C overnight, washed, and blocked with Block Ace (AbD
Serotec) overnight at 4°C. AD PHF preparations were diluted at
1:100 and added to plates alongside serial dilutions of recombinant
o-synuclein, recombinant T40, or peptides for Ap 1-40 and AP
1-42 monomeric standards. Plates were incubated overnight at 4°C and
then washed and incubated with reporter antibodies (tau: BT2 + BT7;
o-synuclein: MJF-R1; AB 1-40: BA27; AP 1-42: BCO5) overnight at
4°C. Plates were washed and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 hour at 37°C. Plates
were developed with 1-Step Ultra TMB-ELISA Substrate Solution
(Thermo Fisher Scientific) for 10 to 15 min. The reaction was
quenched with 10% phosphoric acid and read at 450 nm on a plate
reader (M5, SpectraMax).

AD PHF stereotaxic injection

All surgery experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the
University of Pennsylvania. AD PHF tau from individual extractions
was vortexed and diluted with Dulbecco’s Phosphate Buffered Saline to
0.4 mg/ml. Tau was sonicated (QSonica Microson XL-2000; 60 pulses;
setting 1.5; 1 s per pulse). Mice were injected at 3 to 4 months old.
Mice were deeply anesthetized with ketamine/xylazine/acepromazine
and injected unilaterally by insertion of a single needle into the right
forebrain (coordinates: —2.5 mm relative to bregma and +2.0 mm from
midline) targeting the hippocampus (2.4 mm beneath the skull) with
1 ug of tau (2.5 ul). The needle was then retracted to 1.4 mm beneath
the skull, targeting the overlaying cortex, and another 1 pug of tau
(2.5 ul) was injected. The needle was left in place for 2 min following
the injection. Injections were performed using a 25-pl syringe
(Hamilton, NV) at a rate of 0.4 ul/min.
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Immunohistochemistry
After 1 to 9 months, mice were perfused transcardially with PBS;
brains were removed and underwent overnight fixation in 70% ethanol
in 150 mM NaCl (pH 7.4). After perfusion and fixation, brains were
processed into paraffin via sequential dehydration and perfusion with
paraffin under vacuum (70% ethanol for 2 hours, 80% ethanol for 1 hour,
95% ethanol for 1 hour, 95% ethanol for 2 hours, three times 100%
ethanol for 2 hours, xylene for 30 min, xylene for 1 hour, xylene for
1.5 hours, and three times paraffin for 1 hour at 60°C). Brains were
then embedded in paraffin blocks, cut into 6-um sections, and mounted
on glass slides. Slides were then stained using standard immunobhis-
tochemistry as described below. Slides were deparaffinized with two
sequential 5-min washes in xylenes, followed by 1-min washes in a
descending series of ethanols: 100, 100, 95, 80, and 70%. Slides were
then incubated in deionized water for 1 min before microwave anti-
gen retrieval in the BioGenex EZ-Retriever System. Slides were in-
cubated in antigen unmasking solution (Vector Laboratories, catalog
no. H-3300) and microwaved for 15 min at 95°C. Slides were allowed
to cool for 20 min at room temperature and washed in running tap
water for 10 min. Slides were incubated in 7.5% hydrogen peroxide
in water to quench endogenous peroxidase activity. Slides were washed
for 10 min in running tap water, 5 min in 0.1 M tris (diluted from
0.5 M tris made from tris base and concentrated hydrochloric acid
to pH 7.6), and then blocked in 0.1 M tris/2% fetal bovine serum
(FBS) for 15 min or more. Slides were incubated in primary anti-
body in 0.1 M tris/2% FBS in a humidified chamber overnight at
4°C. For pathologically phosphorylated tau, pS202/T205 tau (ATS,
Thermo Fisher Scientific, catalog no. MN1020) was used at 1:10,000.
Primary antibody was rinsed off with 0.1 M tris, and slides were
incubated in 0.1 M tris for 5 min. Primary antibody was detected
using a BioGenex Polymer detection kit (catalog no. QD440-XAK)
per the manufacturer’s protocol as outlined below. Slides were incu-
bated in 50% enhancer solution in 0.1 M tris/2% FBS for 20 min.
Enhancer was rinsed off with 0.1 M tris, incubated in 0.1 M tris for
5 min, and incubated in 0.1 M tris/2% FBS for 5 min. Slides were
then incubated in 50% poly-HRP in 0.1 M tris/2% FBS for 30 min.
Poly-HRP was rinsed off with 0.1 M tris; slides were then incubated
for 5 min with 0.1 M tris and then developed with InmPACT diami-
nobenzidine (DAB) peroxidase substrate (Vector SK-4105) for 10 min.
DAB was rinsed off with 0.1 M tris and incubated in distilled water for
5 min. Slides were then counterstained briefly with Harris hematoxy-
lin (Thermo Fisher Scientific, catalog no. 6765001). Slides were washed
in running tap water for 5 min, dehydrated in ascending ethanol for
1 min each (70, 80, 95, 100, and 100%), then washed twice in xylenes
for 5 min, and coverslipped in Cytoseal Mounting Media (Thermo
Fisher Scientific, catalog no. 23-244-256). Slides were scanned into
digital format on a Lamina scanner (PerkinElmer) using a 20x ob-
jective (0.8 numerical aperture) into .mrxs files. Digitized slides were
then used for quantitative pathology.

Quantitative pathology

All section selection, annotation, and quantification were done blinded
to treatment. For quantification of tau pathology, coronal sections
were selected to closely match the following coordinates, relative to
bregma: 3.20, 0.98, —1.22, —2.92, —3.52, and — 4.48 mm. The digitized
images were imported into HALO software to allow annotation and
quantification of the percentage area occupied by tau pathology.
Standardized annotations were drawn to allow independent quanti-
fication of 194 gray matter regions throughout the brain. Brain

region annotations were largely based on the ABA (CCF v3, 2017;
brain-map.org), although smaller subregions that are difficult to
annotate by eye and have minimal pathology were grouped to minimize
error and annotation time. For example, thalamic and midbrain nuclei,
which accumulate minimal pathology, were grouped into larger re-
gions (fig. S1). Each set of annotations was imported onto the desired
section and modified by hand to match the designated brain regions.
After annotation, the analysis scripts were applied to the brain to
make sure that no nonpathology signal was detected. After annotation
of all brains, analysis algorithms were applied to all stained sections,
and data analysis measures for each region were recorded.

The total pathology analysis detects total signal above a minimum
threshold. Specifically, the analysis included all DAB signal that was
above a 0.099 optical density threshold, which was empirically de-
termined to not include any background signal. This signal was then
normalized to the total tissue area. A minimal tissue optical density
of 0.02 was used to exclude any areas where tissue was split, and a
tissue-edge thickness of 25.2 um was applied to exclude any edge
effect staining. Quantitative pathology measures for the 48 regions
with substantial pathology were analyzed to determine whether there
was any overall genotype effect or a time-dependent effect of geno-
type on pathology, using a cumulative logistic model. For each region,
an interaction between genotype and months was initially investi-
gated via a likelihood ratio test (LRT); this interaction was dropped
for models with P > 0.15 based on the LRT. LRTs were again per-
formed to determine whether there existed statistically significant
genotype difference either across all time points or whether geno-
type differences changed over time. P values from these LRT's were
adjusted using the Benjamini-Hochberg FDR to account for multi-
ple testing of 48 regions. Post hoc tests were then performed via the
emmeans package in R with, again, an FDR adjustment for multiple
testing. Second-generation P values were generated, as described in
(51), with a null interval of odds ratio within 0.9 to 1.1, were also
calculated. In general, second-generation P values control the fami-
lywise error rate and FDR but can often identify additional differ-
ences when the number of comparisons is greater than 10. The null
interval of 0.9 to 1.1 (i.e., within 10% difference), was chosen as a
conservative range.

Computational models of pathological protein spread
Models of linear diffusion along white matter fibers have been used
to predict the spread of misfolded a-synuclein in mice (28), as well
as patterns of atrophy observed in various neurodegenerative dis-
eases (12, 52). In the present work, we extended these models to the
spread of tau between anatomically connected brain regions from
an injection site in the right hippocampus.

We model pathological spread of tau as a diffusion process on a
directed structural brain network G = {V, E} whose nodes V are
N, =426 cortical and subcortical gray matter regions and whose edges
e;j € E represent an axonal projection initiating in V;and terminating
in V}, where e;; > 0 for all E. Edge strength was quantified by the
Allen Brain Institute using measures of fluorescence intensity from
anterograde viral tract tracing (27). We define the weighted adjacen-
cy matrix of G as A = [A;j], such that row i contains the strengths of
axonal projections from region i to all other N, — 1 regions. We define
the current levels of simulated tau pathology of all N, nodes at time ¢
as the vector x(f). We make empirical measurements of tau pathology
att=1,3,6,and 9 MPIin an N, = 134 region vector y(t), which is a
spatially coarse-grained version of x(f). Note that y(f) = f{x(t)), where f is
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a linear transformation that sets each element (region) of y(f) equal
to the arithmetic mean of the elements (regions) of x(¢) that lie within
the regions of y(f). This transformation is needed to avoid quantifying
pathology in many of the smaller regions in the N,-dimensional space
used by the Allen Brain Institute (27), which are difficult to identify
reliably across mice in practice.

In the simplest case of our models of pathological network
spread, we simulated the spread of tau pathology throughout the N,
anatomically connected brain regions in A to compute the predicted
pathology ¥(t) in N, empirically assessed brain regions as a function
of a set of seed regions s € V using the form

P(t)=fle™ M x,)

where the retrograde, out-degree graph Laplacian

{ -Ajfori # j
Ly, = S
’ Z}ilAijorz =j

. = {Ofori ¢ s
os 1fori € s

¢, is a diffusion rate constant representing the global speed of ret-
rograde spread, fis the linear transformation described above that
converts the N, region space to the N, region space, and ¢ is in units
of months. In this manuscript, s contains the ABA regions DG,
CA1, CA3, VISam, and RSPagl, to account for experimental vari-
ability in targeting a hippocampal injection site. Note that ¢, tunes
the time scale of the system, which is necessary because of the fact
that the units of connection strength are arbitrary relative to the
units of pathology. To fit this model, we swept through values of c,
from 107 to 0.2 and chose the value of ¢, that maximized the aver-
age Pearson correlation coefficient between log;o y(t) and log;o y(f)
over t = [1 3 6 9]. Empirically, the value of this correlation plateaued
for values of ¢, larger than 0.2, justifying this upper bound on .. Note
that L is the out-degree Laplacian, a version of the well-characterized
graph Laplacian designed for directed graphs (53). Intuitively, this
model posits that pathology spreads retrogradely from region i
to other regions at a rate proportional to the number of synapses
projecting onto i from those regions, while pathology at region i
decays as a function of the sum of the strength of projections
into region i.

Recent studies by this group (28) and others (54) have suggested
that both anterograde and retrograde spread of pathology contrib-
ute to neurodegenerative disease progression. Thus, we expanded
the retrograde model described above to a bidirectional model includ-
ing anterograde spread, using the form

F(t)= b, + balogio(fle " 'x,) ) + blogio(fle “™'x,)) +e(1)

where the anterograde, out-degree graph Laplacian

-A'jfori # j
L, =
“ ZjI\iIA'ij fori = j

¢, is a diffusion rate constant representing the global speed of an-
terograde spread, b, is an intercept, b, is a weight for the importance

of anterograde spread, b, is a weight for the importance of retro-
grade spread, t is time, and € is an error term. We used the “optim”
function in R to solve for the combination of ¢, and ¢, that maxi-
mizes the average Pearson correlation coefficient between log;g
¥(t) and y(¢) over t = [1 3 6 9], with a linear regression inside of the
objective function to solve for b,, b,, and b, aggregating across all
time points for each ¢, and ¢,. The linear regression coefficients b,,
and b,, when standardized, capture the relative importance of an-
terograde and retrograde spread at time ¢, respectively, while con-
trolling for the potentially ambiguous overlapping contributions of
the two modes of transmission.

We also defined intrinsic regional vulnerability based on £(¢),
the error term in the model above. Intuitively, if €,(¢) is large, then
this model underpredicted pathology at region i such that region i is
more vulnerable to pathology than expected on the basis of bidirec-
tional linear diffusion and vice versa for regions with small values of
£(t). We hypothesized that both static, intrinsic regional vulnerabil-
ity and possible time-dependent vulnerability are captured by £(%).
Therefore, we averaged £(t) over hemispheres and over t = [3 6 9] to
capture static, intrinsic regional vulnerability as an = x 1 vector v;
and average out the effects of both time-dependent vulnerability and
unexplainable measurement error. We excluded 1 MPI because
pathology at this time point was poorly captured by the spread
model, and £(1) exhibited a distinct spatial pattern of vulnerability
from the patterns observed in (t) at t = [3 6 9] (fig. S6).
Quantification of model specificity
In a previous study (28), we found that the substantial variance ex-
plained in misfolded a-synuclein spread by connectome-based linear
diffusion models was specific to the use of ipsilateral caudoputamen
as the seed site s, which defines the vector x,, over nearly every
other region in the connectome. Here, we sought to replicate this
finding in the study of tau spread. However, because of the use of
multiple seed sites in the present study, additional considerations
applied in ensuring a rigorous test of the model’s specificity to the
experimentally motivated group of seed sites. The five chosen seed
sites in s (DG, CA1, CA3, VISam, and RSPagl) were relatively
close together (average distance of 1.96 mm), so we wanted to rule
out the possibility that (i) choosing multiple random sites would
trivially improve model performance and (ii) selecting multiple spa-
tially clustered random seed sites would trivially improve model
performance. Thus, we choose 500 random sets of five seed sites
Snutl € V, all of which had an average distance from one another with-
in 1.96 + 0.196 mm, and fit the bidirectional model detailed above
using each set of distance-constrained random points s, to define
the initial vector x,. We computed a one-tailed, nonparametric P
value for the specificity of s by computing the percentage of times
snull Yielded a better fit to the observed pathology data than s.
Model comparison
The data presented in the body of the paper use values for the diffu-
sion rate constants, ¢, and c,, and time-dependent weights on retro-
grade and anterograde spread, b,, b,, and b,, obtained using data
from all mice at every time point (yg(#)). To ensure that this ap-
proach did not result in overfitting and to rigorously test whether
including both anterograde and retrograde connections improved
model performance, we randomly sampled without replacement the
available mice at each time point to generate Yirin(t) and yres(t) for
each time point. These parameters were determined by applying the
model fitting procedure described above on Yirin(t), and the model
was evaluated on the basis of its fit with y(f). This process was
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repeated 500 times for models based on Euclidean distance, antero-
grade connections alone, retrograde connections alone, or both an-
terograde and retrograde connections, generating a distribution of
out-of-sample fits for each time point for each model, allowing us to
statistically compare the out-of-sample performance between each
of the candidate models. Using a similar approach, we generated
distributions of model parameters for the bidirectional model using
bootstrapped samples of NTG and LRRK2 G2019S mice.

Network null models

To ensure that our results were specific to the retrograde spread of
misfolded synuclein along neuronal processes, we repeated our anal-
yses using several network null models. To demonstrate a general
specificity of the model for the topology of the anatomic connectome
represented by A, we carried out a procedure that rewires the edges
of G while exactly preserving either the out-degree or the in-degree
sequence, i.e.,

1forA; > 0

ZjlilBijand ZﬁlBij,whereBij = { .
0 otherwise

This rewiring approach tests whether the model fit is due to a rela-
tively basic structural property of the graph, i.e., degree, as opposed
to unique, higher-order topological features of the synaptic connec-
tome. Last, we tested the null model that spread of misfolded protein
occurs simply because of diffusion through tissue based on closeness
in Euclidean space. To test this model, we reconstructed A = [A;]
such that the edges represented the inverse Euclidean distance be-
tween region i and region j. We used the initial procedure for retro-
grade model fitting to test this model, because Euclidean distance is
symmetric and thus the bidirectional model cannot be applied.

Assessment of regional gene expression patterns

To assess the cellular and molecular characteristics of intrinsically
vulnerable or resilient regions, we compared the spatial alignment
between our > x 1 vector of regional vulnerability measurements,
vs, with microarray gene expression levels obtained from the Allen
Mouse Brain Atlas (brain-map.org). After applying a previously
validated quality control approach to hone in on genes with the
most reliable expression measurements (55), we obtained G, an
% x 4277 matrix of gene expression values across each brain region.
Because of the non-normality of both v, and gene expression in G,
we applied a rank inverse normalization transform (56) to each column
of G to control type I error and maximize statistical power. Next, we
computed 4277 spatial Pearson correlations between v; and each
column of G. We performed multiple comparisons correction by

controlling the FDR at g < 0.05.

Quantification and statistical analysis

The number of animals analyzed in each experiment, the statistical
analysis performed, and the P values for all results <0.05 are reported
in the figure legends. In vivo pathological spread data were analyzed,
and all computations were performed in R (www.R-project.org/)
(57) as described.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabg6677/DC1

View/request a protocol for this paper from Bio-protocol.
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CANCER

Concordance of hydrogen peroxide-induced
8-oxo-guanine patterns with two cancer mutation
signatures of upper Gl tract tumors

Seung-Gi Jin, Yingying Meng, Jennifer Johnson, Piroska E. Szabé, Gerd P. Pfeifer*

Oxidative DNA damage has been linked to inflammation, cancer, and aging. Here, we have mapped two types of
oxidative DNA damage, oxidized guanines produced by hydrogen peroxide and oxidized thymines created by
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potassium permanganate, at a single-base resolution. 8-Oxo-guanine occurs strictly dependent on the G/C se-
quence context and shows a pronounced peak at transcription start sites (TSSs). We determined the trinucleotide
sequence pattern of guanine oxidation. This pattern shows high similarity to the cancer-associated single-base
substitution signatures SBS18 and SBS36. SBS36 is found in colorectal cancers that carry mutations in MUTYH,
encoding a repair enzyme that operates on 8-oxo-guanine mispairs. SBS18 is common in inflammation-associated
upper gastrointestinal tract tumors including esophageal and gastric adenocarcinomas. Oxidized thymines induced
by permanganate occur with a distinct dinucleotide specificity, 5T-A/C, and are depleted at the TSS. Our data
suggest that two cancer mutational signatures, SBS18 and SBS36, are caused by reactive oxygen species.

INTRODUCTION

Reactive oxygen species (ROS) from internal and external sources
represent a threat to genome integrity. Different types of ROS are
generated during cellular metabolism or from exposure to chemicals,
air pollution, ultraviolet (UV) radiation, or diet (1-6). These ROS
include hydrogen peroxide (H,O,) as a common oxidizing molecule
present in cells and molecules derived from H,O, in the presence of
transition metals, such as hydroxyl radicals (¢OH). Superoxide an-
ion (O,") produced by electron leakage from the electron transport
chain or by myeloperoxidase during inflammatory processes is con-
verted to H,O, by superoxide dismutase (7). Another relevant type
of ROS is singlet oxygen ('O,) formed by UVA radiation through
excitation of endogenous photosensitizers (2). Reactive nitrogen
species are produced during inflammatory processes (8). These
molecules react with guanine to form 8-oxo-7,8-dihydro-2'-deox-
yguanosine (8-0xo-dG). Guanine has the lowest oxidation potential
compared to the other DNA bases and is therefore oxidized prefer-
entially. 8-Oxoguanine (8-0xo-G) is the most prevalent DNA base
oxidation product, although more than 20 oxidatively damaged
DNA bases have been identified (1-3, 5). In addition to direct ox-
idation of guanine, 8-oxo-dG in DNA may arise from oxidation of
the nucleotide pool, i.e., by formation of 8-0xo-dGTP, which is then
incorporated into DNA during replication (9). Damage of pyrimi-

Department of Epigenetics, Van Andel Institute, Grand Rapids, Ml 49503, USA.
*Corresponding author. Email: gerd.pfeifer@vai.org

dines is a less efficient reaction produced by ROS. One exception is
the oxidizing agent potassium permanganate (KMnO,), which read-
ily oxidizes thymine to form mostly thymine glycol (10, 11).

8-0x0-G is repaired primarily by base excision repair initiated by
the 8-oxoguanine DNA glycosylase OGG1 (I). When this lesion is
not repaired and persists during replication, DNA polymerases may
incorporate cytosine or adenine across from 8-oxo-dG. A specialized
repair DNA glycosylase, MUTYH (MYH), is present in mamma-
lian cells to remove the misincorporated adenine from 8-oxo-G/A
mispairs (12). When these repair pathways fail, the most common
mutation induced by 8-oxo-G is the G to T transversion (13, 14).
Guanine oxidation may contribute to carcinogenesis. MUTYH mu-
tations have been associated with inherited colorectal polyposis and
colorectal cancer (15, 16) and possibly other cancers (17). In mouse
models, combined deficiency of Myh (encoding MUTYH) and
Oggl (encoding the OGG1 repair enzyme) predisposes the animals
to lung and ovarian tumors and lymphomas. In these mice, 75% of
the lung tumors carried G to T mutations in the Kras gene (18).

It has been difficult to unambiguously link ROS and oxida-
tive DNA damage to human cancer. The production of ROS is a
well-known process occurring in the setting of inflammation. An
estimated 25% of all human cancers have been linked to chronic
inflammation, which acts as a tumor-predisposing condition, and
many cancer risk factors have inflammation as a common mode of
action (19). These malignancies include cancers associated with in-
fections (for example, liver cancers and hepatitis viruses, cervical
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cancers and head and neck tumors and human papilloma virus, and
gastric cancers and Helicobacter pylori) or inflammatory conditions
(liver cancers and alcoholic and nonalcoholic steatohepatitis (fatty
liver disease), esophageal cancers and Barret’s esophagus, intestinal
tumors linked to inflammatory bowel disease, and several others].

As part of the Pan-Cancer Analysis of Whole Genomes (PCAWG)
Consortium, more than 84 million mutations from whole cancer
genomes and exomes were used to establish about 50 single-base
substitution (SBS) signatures (20). Some signatures occur in most
cancer types and in most individual tumors analyzed. An example
is SBS1, with typical C to T mutations at CpG dinucleotides. SBS1 is
thought to be derived from spontaneous hydrolytic deamination of
5-methylcytosine at methylated CpG sites in the genome (21). On
the other hand, many signatures are quite tumor type specific. For
example, lung cancers show a strong enrichment of SBS4, a signa-
ture in which G to T mutations are most prevalent. SBS4 is typical
for lung cancers in tobacco smokers (22). The patterns of these lung
cancer G to T mutations are best correlated with mutations induced
by polycyclic aromatic hydrocarbons, exemplified by benzo[a]
pyrene (22-26).

G to T signatures have been extracted from a few other specific
cancer types, in which they occur along with additional signatures.
From the signature collection of the COSMIC database (20), SBS18
has been suggested to be potentially caused by ROS. SBS18 is most
common in esophageal adenocarcinomas and in certain stomach
and colorectal cancers. Esophageal adenocarcinomas have a clear
preinflammatory condition, Barrett’s esophagus. Rare colorectal tu-
mors carry germline or somatic mutations in the oxidative damage
repair enzyme MUTYH (16). These mutations, which show a high
frequency of G to T events, have been characterized as SBS36 in the
COSMIC database (27).

One important goal is to have a clear understanding of the ex-
tent and genomic features of the oxidative DNA damage that may
cause the mutations. In most cases, DNA damage cannot be read
directly by standard DNA polymerase-based sequencing methods.
There are several methodologies available for mapping of oxidative
DNA damage (28). Using immunoprecipitation of DNA with anti-
bodies against 8-oxo-dG, followed by high-throughput sequencing,
it is possible to map 8-0x0-dG in the genome with a resolution of
150 to 250 base pairs (bp) (29, 30), which is analogous to resolution
achieved by chromatin immunoprecipitation (ChIP) sequencing.
Other affinity-based pulldown methods are 8-oxo-G-sequencing
(OG-seq) (31) and apurinic site-sequencing (AP-seq) (32), which
achieve similar levels of resolution.

However, it is most desirable to achieve single-base specificity for
mapping of oxidized DNA bases. One method developed for this
purpose is based on click chemistry (33). This approach involves
removing the damage with a repair enzyme and filling the gap with
an alkynylated deoxynucleoside, which can then be coupled to a
code sequence oligonucleotide. The resulting triazole-linked DNA
can be traversed and read by a DNA polymerase. This method has
been used to map 8-oxo-dG in the yeast genome (33). Nick-se-
quencing (nick-seq) has been used for mapping oxidative DNA
damage in Escherichia coli (34). 8-0x0-G can be further oxidized
and chemically labeled with biotin, which produces a polymerase
stop signal (35). However, to our knowledge, there is currently no
straightforward enzyme-based method to map oxidized DNA bases
genome-wide and at single-base resolution in mammalian cells.

We recently developed the circle-damage-sequencing (CD-seq)

method for base level mapping of UV-induced DNA damage in
human cells (36). This method relies on the efficient conversion of
DNA damage into strand breaks and bidirectional sequencing from
the break. Here, we have adopted CD-seq for mapping the sequence
distribution of 8-oxo-G and of oxidized thymine in human cells.
These damaged bases form with unique sequence specificities. The
patterns of 8-oxo-dG resemble two mutational signatures found in
cancer genomes.

RESULTS
Mapping of oxidized guanines at base resolution
We used hydrogen peroxide as the ROS with physiological rele-
vance and incubated human dermal fibroblasts with this oxidizing
agent at concentrations ranging from 5 to 25 mM for 30 min. We
isolated DNA from the treated cells and initially verified the forma-
tion of oxidized guanines by cleavage of the high-molecular weight
DNA with the Fpg DNA glycosylase. Fpg protein efficiently excises
8-oxo-G. It also releases ring-opened formamidopyrimidine (FAPY)
DNA adducts (37-39), which may form under reducing conditions
through one-electron reduction after free-radical reaction of gua-
nine (I, 40). After incubation of the DNA with Fpg protein, we pro-
duced DNA double-strand breaks at the incision sites using single-
strand-specific S1 nuclease. We separated the treated DNA mol-
ecules on nondena-turing agarose gels (fig. S1). Increasing con-
centrations of H,O, produced dose-dependently increasing levels
of strand breakage, consistent with formation of 8-0xo0-dG in the
treated cells at frequencies of about one modification per 10 kb at
the highest concentration used and less at the lower concentrations.
Having confirmed the formation of 8-oxo-dG, we selected the
samples treated with 5 and 10 mM H,0, and processed them for
modified base mapping using CD-seq (Fig. 1A) (36). After DNA
circularization, the 8-oxo-G bases were released with E. coli Fpg
protein, which also has AP lyase activity. We used APEI to remove
the modified sugar residues at the 3’ ends near the single-strand
breaks. Using S1 nuclease, we then produced ligatable DNA double-
strand breaks at the ring-opened molecules. After adapter ligation,
sequencing libraries were prepared and subjected to paired-end se-
quencing on Illumina flow cells (see Methods). In the CD-seq pro-
cedure, the aligned reads show a unique pattern in genome browser
views; they appear as divergent reads (due to opening of the rings)
with a single-nucleotide gap, whereby the gap position represents
the base that was eliminated by the DNA glycosylase enzyme
(Fig. 1, B to D). Considering all divergent gapped bases obtained,
we observed that guanine was the base in the gaps at a frequency of
over 70% of all bases. Adenine or thymine appeared in ~30% of the
divergent reads. The presence of adenine may be caused by adenine
oxidation or, alternatively, by the presence of abasic sites at adenine
positions, which are cleaved by the AP lyase activity inherent to Fpg
protein. However, in terms of the number of total divergent reads
normalized to the total number of all reads obtained, our untreated
control sample had 500 to 700 times fewer divergent reads with sin-
gle-base gaps, suggesting that most of the damaged sequence posi-
tions we mapped were due to the treatment with H,0, and were not
due to a background of such modifications in cells or due to artifac-
tual damage to the DNA during sample processing. The untreated
samples contained 54% A or T and 46% G or C bases in the gap. The
H,O,-treated cell samples had predominantly G or C in the gap at
frequencies of 67 to 77.5%. One technical challenge with mapping
oxidative DNA damage is its potential occurrence as background,
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Fig. 1. Mapping of oxidized guanines by CD-seq. (A) Outline of the CD-seq method. (B) Outline of the enzymatic cleavage procedure to map 8-oxo-dG at single-base
resolution. (C) Genome browser view of divergent DNA sequencing read pairs on chromosome 11 at the MICAL2 gene. Orange and lavender segments represent the
divergent read pairs. Red arrows indicate single-base gaps matching the excised DNA base. (D) Genome browser view of divergent DNA sequencing read pairs on

chromosome 17 at the EVPL gene. ds, double strand; DSB, double-strand break.

which could be induced in part by the DNA preparation methods,
most notably in the presence of phenol (41). Therefore, care needs
to be taken to minimize background oxidation.

Distribution of oxidized guanines along genes

Using 5 million to 6 million divergent single-base gapped reads from
cells treated with 5 or 10 mM H,0O, and much fewer reads from non-
treated cells (n = ~12,000), the reads were mapped to the hgl9 human
genome. The oxidized bases were most strongly enriched in intergenic
regions and in introns (Fig. 2A). Using gene-level (metagene) analysis,
we profiled the oxidized base signals along all genes from -3 kb up-
stream of transcription start sites (TSSs) and then binned them accord-
ing to gene length from the TSS to the transcription end sites (TESs)
and continuing 3 kb downstream of the TES (Fig. 2B). The H,0,-treated
samples showed similar profiles between the different concentrations,
which were characterized by strong peaks near the TSS and a dip near
the TES (Fig. 2, B to E). This distribution of signal roughly followed
the GC-content of the human genome as plotted in Fig. 2E. Sequences
near the TSS are generally GC rich and often include CpG islands, and
sequences near the TES are AT rich due to the presence of polyadenyla-
tion signals and their surrounding sequences (42, 43).

Relationship of guanine oxidation to gene expression

and chromatin features

Using publicly available gene expression data for human fibroblasts,
we examined whether 8-oxo-dG formation is correlated with gene
expression levels. Figure S2 shows that there is no correlation be-
tween transcript levels (FPKM, fragments per kilo base per million
mapped reads) and the extent of 8-oxo-dG formation in the region
covering 2.5 kb upstream of the TSS.

Using chromatin state descriptions from the ENCODE (The
Encyclopedia of DNA Elements) project (ChromHMM), we deter-
mined whether higher levels of 8-0xo-G bases accumulate in ge-
nomic regions that are associated with specific chromatin features
(fig. S3). The highest levels of oxidized guanines were found in in-
tragenic enhancer regions, in bivalent enhancers and TSS regions,
and in genomic regions targeted by the Polycomb complex. Regions
of heterochromatin and quiescent regions of the genome showed
the lowest levels of 8-0xo-dG formation (fig. S3). These data are
consistent with higher GC content of specific genomic segments
being associated with higher levels of guanine oxidation, with
limited contribution of gene expression state or specific chroma-
tin features.

www.scienceadvances.org

25


http://www.scienceadvances.org

A Grand Plan: How a visionary approach to collaboration is accelerating progress in epigenetics, neurodegenerative disease, metabolism, and cancer research

A

W Foproige (T8 @ S FUTHD & Deew S0 & FLUTH
- TR s -y FEe
i~ L]

¥, 0 %

Beomo-ai i bl Gk

Beomp-o | 40 il HaC)

o

B —l T T
- el 5l Ty
= e i | 1wl ROy

anf A
| PR
anp—_s .--._:_':;-" (e e -_;;—J—\IL-..-" A
@
i

.§
:

o |

as T LT

Fig. 2. Distribution of 8-oxo-dG along human genes. (A) Distribution of 8-oxo-dG in different compartments of the human genome. (B) Metagene profiles of 8-oxo-dG
distribution along all genes of the hg19 human genome. The signal was plotted from 3 kb upstream of TSSs and then binned over the entire gene length, continuing 3 kb
downstream of TESs. The y-axis scale is 0 to 0.8. (C to E) Heatmaps of 8-oxo-dG coverage are sorted from high (top, blue) to low (bottom, red). The signals were mapped
and binned in 50-bp windows from 3 kb upstream of the TSS and then normalized relative to gene length over the gene bodies to the TES and 3 kb downstream of the
TES. (C) No H,0, treatment. (D) Treatment of cells with 5 mM H,0,. (E) Treatment of cells with 10 mM H,0,. (F) GC content along hg19 genes.

A previous report, using an immunoprecipitation technique,
indicated that DNA in the nuclear periphery is more susceptible
to H,0,-induced guanine oxidation than DNA in the center of
the nucleus (29). The nuclear periphery-located DNA contains
lamin-associated domains (LADs), which are regions of heter-
ochromatin (44). We used published LAD data from an earlier
study of human fibroblasts (45) and determined the distribution
of 8-0x0-dG in LAD regions and in LAD-flanking regions, up to
100 kb from the border regions. 5-Ox0-dG was moderately de-
pleted in LADs and enhanced at the border and flanking regions
(fig. S4A). In addition, here, the distribution of the oxidized bases

largely followed the GC content of the genome, which is lower in
LADs (fig. S4B).

Distribution of oxidized guanines along specific DNA
sequences

We next analyzed the trinucleotide sequence contexts of guanine
oxidation in H,O,-treated human cells. Because the strands are
symmetrical, for example, AGC corresponds to GCT on the oppo-
site strand, we considered 48 combinations because we treated A
or T in the gap separately. The middle base is displayed as either
G, A, or T, and the 5’ and 3’ flanking bases can be any of the four
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in (D). (E) Sequence context of guanine oxidation by using logo plot analysis. Position 11 represents the base in the divergent read gaps. At each base position, the height

of each letter represents the relative frequency of that nucleic acid base.

bases, which leads to 48 combinations. For the nontreated con-
trol, the distribution of the different trinucleotides was relatively
flat, with some enhancement at the sequences 5" TGG, 5'AGG, and
5'GGG (Fig. 3A). However, for the samples treated with 5 or 10 mM
H,0,, trinucleotides with a central guanine were much enhanced
(Fig. 3, B to D, consider y-axis scales compared to Fig. 3A). Here,
we also included a sample derived from a 10 mM H202 treatment
that was run on the sequencer at 540 million reads (Fig. 3D). The
most highly damaged trinucleotide sequence always was 5'TGG.
Additional major damage sites were found at 5'AGA, 5'AGG, and
5'GGA. Two neighboring purines with G as the damaged base as

well as the sequence 5'TGC characterized the most frequent tri-
nucleotides harboring oxidized guanine in the center. Expanding
the analysis to a broader sequence context, we generated logo plots
(Fig. 3E). These sequence plots show guanine as the preferred base
in position 11 (the base in the gaps of divergent reads). The bases
most preferred in the 5" direction were T, A, and G. Cytosine was
clearly underrepresented, largely because 5'CG sequences are de-
pleted in mammalian genomes. The bases most preferred in the 3’
direction of the 8-oxo-G were G, A, and C, with T being strongly
underrepresented. Outside of this trinucleotide context, no further
sequence-specific enrichment of 8-oxo-G was apparent.
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Fig. 4. 8-Oxo-dG signature and cancer mutational signatures. (A) COSMIC signatures SBS18 and SBS36 in comparison to the 8-oxo-dG signature. For the cancer signatures,
only the C>A and T>A mutation windows are shown. The 8-oxo-dG DNA damage signature is displayed to reflect the style of cancer mutation signatures. (B) Heatmap
showing the cosine similarity scores for 8-oxo-dG mapping at the trinucleotide level and the COSMIC mutational signatures found in the COSMIC v3.2 mutation database.
We used the sum of all Cto N and T to N mutation windows for comparisons with the 8-oxo-dG trinucleotide signature. We excluded COSMIC signatures that are thought
to be sequencing artifacts. Darker green colors indicate higher similarity. Signatures SBS18 and SBS36 are indicated by dotted round rectangles.

It is of interest to compare this 8-oxo-dG DNA damage signature
with the set of mutation signatures collected in the COSMIC cancer
mutation database. We used cosine similarity analysis to establish
the relationship between our 8-oxo-dG signature (established from
540 million reads) and the various COSMIC signatures. The high-
est similarities between the 8-0xo-dG signature and COSMIC SBS
signatures were found for SBS4, SBS18, SBS36, and SBS39 (Fig. 4).
SBS4, which is enriched in G to T mutations, has been explained by
tobacco smoke-associated polycyclic aromatic hydrocarbons (25).
SBS39, a signature of unknown etiology, has predominantly G to C
transversions, in addition to C to A mutations, and would therefore
not qualify for a specific 8-oxo-dG signature. Those signatures that
are dominated by C to A (or G to T) transversions are of greater
relevance.

SBS18 has been proposed to be linked to ROS-induced DNA
damage (COSMIC database). SBS36 is thought to be due to defi-
ciency of the MUTYH DNA glycosylase known to excise adenines
from 8-oxo-G/A mispairs, is enriched in colorectal tumors from
patients with MUTYH mutations, and therefore should reflect a sig-
nature from oxidative DNA damage (27, 46). A similar signature
of mutations has been found in Mth1/Oggl/Mutyh triple knockout
mice (47, 48). The cosine similarity between the 8-oxo-dG signature
and SBS18 was highest at 0.91, and the cosine similarity between
8-0x0-dG and SBS36 was 0.85 (Fig. 4B). Our analysis suggests that
the trinucleotide patterns we established for oxidized guanines are

concordant with two G/C to T/A mutational signatures enriched in
human cancers.

Analysis of oxidized thymines in permanganate-treated cells
Potassium permanganate oxidizes thymine and produces thymine
glycol as the main DNA oxidation product (1I). The sequence
specificity and genomic preferences for thymine oxidation have re-
mained unknown due to a lack of available methodology.

To analyze permanganate-oxidized thymines, we treated human
U20S cells with potassium permanganate and isolated the DNA.
To test the global extent of thymine oxidation in the treated cells,
we initially used agarose gel electrophoresis after cleavage of the
DNA with two DNA glycosylases, Endo III and NEIL1. These en-
zymes remove oxidized DNA bases from DNA (49, 50). Whereas
Endo III prefers to excise oxidized bases from double-stranded
DNA, NEIL1 preferentially operates on single-stranded regions
(51), although there likely is overlap in their substrate preference
depending on enzyme concentrations and incubation conditions.
The enzyme Endo IV was used as an AP endonuclease to remove
ligation-blocking lesions from the 3’ ends. Double-strand cleavage
was achieved with S1 nuclease digestion. The data show that the
combined enzyme treatment produces double-strand breaks in a
KMnO, concentration-dependent manner (fig. S5) and that the
treatment with 10 mM KMnO, creates approximately one lesion
per 3 kb of DNA.
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Fig. 5. Mapping of oxidized thymines. (A) Outline of the CD-seq and enzymatic cleavage methods used to map oxidized thymines at single-base resolution. (B) Base
resolution view of oxidized thymines along the human NOD1 and CFAP77 genes. Orange and lavender segments represent the divergent read pairs. Green arrows indicate
single-base gaps matching the excised oxidized DNA base. (C) Heatmaps and metagene profiles of permanganate-oxidized thymines along human genes. DNA from
untreated cells produced very few divergent read pairs, and the data could not be used in similar displays. Different cleavage enzymes, Endo Ill or NEIL1, or a combination

of the two was used.

Following these initial experiments, we used NEIL1 or Endo III in
the CD-seq procedure (Fig. 5A). We also included samples in which
both enzymes were used in combination. Figure 5B shows high-
resolution genome browser views of the amplified libraries. As ex-
pected, we almost exclusively observed thymines in the single-base
gaps, consistent with the properties of permanganate oxidation and
DNA glycosylase specificity.

Distribution of oxidized thymines along genes

We created several million divergent reads with single-base gaps
and mapped them to the hgl9 genome. We analyzed the damage
detected with the different enzyme combinations along genes from
-3 kb upstream of TSSs and then binned according to gene length
from the TSS to the TES, and 3 kb downstream of the TES (Fig. 5).
These profiles show a pronounced reduction of oxidized thymine
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near TSS regions and a relatively flat profile along other parts of the
genes. It is likely that the reduced levels of oxidized Ts near the TSS
are a consequence of the GC richness of these sequences.

The levels of oxidized thymines in regions representing up-
stream gene promoters did not correlate with gene expression lev-
els (fig. S6). We then derived ChromHMM maps for human U20S
cells using published ChIP-sequencing (ChIP-seq) data for histone
modifications (fig. S7). We found the strongest enrichment of oxi-
dized thymines at zinc finger genes and at repeats (fig. S7A). The
enrichment of thymine glycol in zinc finger genes may be explained,
at least in part, by the relative AT richness (GC poorness) of these
genes relative to other hgl9 genes (fig. S7B). However, with regard

to LADs, the distribution of oxidized thymines was uniform along
those regions and flanking sequences and was not negatively cor-
related with GC content of the regions (fig. S8).

Distribution of oxidized thymines along specific

DNA sequences

We next analyzed the trinucleotide sequence contexts of thymine
oxidation damage in permanganate-treated cells. Because the
strands are symmetrical, for example, ATC corresponds to GAT on
the opposite strand, we considered 48 combinations. The middle
base is displayed as either T, C, or G, and the 5" and 3’ flanking bases
can be any of the four bases, which creates 48 combinations. For
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Fig. 6. Sequence-level distribution of oxidized thymines in permanganate-treated human cells. (A) Trinucleotide sequence specificity. Forty-eight trinucleotide con-
texts were analyzed, but the gapped reads occurred chiefly at trinucleotides with central thymine. Different enzymes (Endo Ill and NEIL1 in combination and alone) were
used to excise the oxidized bases. (B) Sequence context of thymine oxidation by permanganate using logo plot analysis. Position 11 represents the permanganate-oxidized
thymine base. At each base position, the height of each letter represents the relative frequency of that nucleic acid base. Note the enrichment of A or C 3’ to the thymine.
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non-treated cells, we obtained only 392 divergent reads with single-
base gaps. One reason for this very small number of background
reads is the low frequency of oxidized pyrimidines in untreated
cells. The number of reads was too low to establish a reliable trinu-
cleotide distribution list or gene profiles for nontreated cells. The
different enzyme treatments with Endo III, NEILI, or the combi-
nation of the two gave very similar trinucleotide sequence patterns.
The preferred sequence contexts of oxidized thymines were 5'CTA
and 5'TTA, followed by 5'GTA, 5'CTC, and 5'ATA (Fig. 6A).

A sequence logo plot analysis (Fig. 6B) revealed T as the over-
whelming base in position 11, the gapped position of divergent
reads. The position 5’ to the damaged T showed a minor preference
for pyrimidines. However, the position 3’ to the oxidized T showed
interesting characteristics, the common presence of A followed by
C and much fewer occurrences of G or T. The data reveal a hereto-
fore unknown DNA sequence specificity of permanganate-induced
thymine oxidation.

DISCUSSION

We applied the CD-seq method for comprehensive mapping of two
types of oxidative DNA damage. CD-seq is applicable for analysis of
any type of DNA damage or DNA modifications for which a specific
cleavage enzyme is available. In our study, we used DNA glycosylases
of the base excision repair pathway. These enzymes may have a nar-
row or broader selectivity for the damaged bases. In this case, Fpg
protein is known to excise 8-0xo0-G from DNA but also acts on other
oxidized bases, preferentially purines, such as FAPY-G or oxidized
adenines. The DNA damaging agent we used, H,0O,, is known to in-
duce 8-0xo-G as a major modified DNA base. Therefore, the signals
we mapped are expected to be mostly 8-oxo-G. For permanganate-
induced DNA damage, we used E. coli Endo III, which preferentially
recognizes oxidized pyrimidines. We also used the NEIL1 protein,
which has a broader specificity and can remove oxidized purines and
oxidized pyrimidines. The DNA damaging agent KMnO, oxidizes
thymine, preferentially leading to the formation of thymine glycol
(10, 11). Notably, the sequence patterns we obtained with Endo IIT
and NEIL1 cleavage were almost identical and consisted of almost
100% thymine, which suggests that the procedure mapped thymine
oxidation products. Our work revealed a previously unrecognized se-
quence specificity of permanganate oxidation, 5'TA/C.

Oxidized guanines obtained after treatment of cells with H,O,
formed with a defined sequence pattern in human cells. This oxi-
dizing agent is present endogenously in many cell types and tissues.
H,O, is generated as a product of white blood cells that are active
during immune responses and under inflammatory conditions. In
the presence of transition metal ions, hydroxyl radical and other ox-
idizing short-lived intermediates are formed, which damage guanine
preferentially. We found that guanine oxidation by H,0, is chiefly re-
lated to the GC content of the genome with GC-rich regions, such as
TSSs, acquiring the highest levels of 8-oxo-dG. This result is partially
consistent with previous results using DNA immunoprecipitation,
in which the authors observed the highest levels of 8-0x0-dG just
downstream of the TSS (52). However, Poetsch et al. (32) reported a
substantially decreased AP and 8-oxo-dG signal using their AP-seq
method near TSS regions. This contrasts with our observations, but
neither one of these two earlier publications used H,O, for treatment
of the cells. The base oxidation patterns were not noticeably depen-
dent on gene expression state and chromatin environments except
that such environments have differential GC content.

Oxidative DNA damage has long been suspected to have a caus-
ative role in cancer, aging, and other diseases such as neurodegen-
eration. However, definitive proof of this connection has been dif-
ficult to obtain. Regimens of diets rich in antioxidants are thought
to prevent cancer and promote longevity. Studies in mouse models
defective in DNA repair pathways that deal with oxidative DNA
damage are perhaps the best available evidence to support the ox-
idative damage and cancer relationship. These studies, for example,
with Oggl knockout mice, often do not lead to a major cancer phe-
notype, presumably because of effective antioxidant defense systems
and redundant DNA repair capacities (53, 54). However, mice dou-
ble-deficient in OGG1, which removes 8-o0xo-G from 8-0xo0-G/C
base pairs, and deficient in MUTYH, which removes adenine from
8-0x0-G/A mispairs, are clearly cancer prone (18).

For human cancers, a direct relationship between oxidative DNA
damage and cancer has been even more difficult to obtain. Although
inflammation is a cancer-predisposing condition, which has been sus-
pected to contribute to a large fraction of human tumors, the inflam-
matory process induces many other changes in addition to direct DNA
damage. For example, inflammation is contributing to altered signaling
pathways, altered immune responses, changes in gene expression, and
epigenetic changes such as DNA hypermethylation (55).

There has been great technical difficulty in precisely measuring
endogenous oxidative DNA damage in tissues. The methods used
are often confounded by artifactual damage introduced during
DNA isolation or sample processing (41, 56, 57). Therefore, it has
been challenging to determine DNA damage in human tissues in-
cluding precancerous lesions. With further improvements and ef-
fective precautions to prevent in vitro damage to DNA (such as in-
clusion of antioxidants during DNA isolation), the CD-seq method
may eventually achieve high enough sensitivity to measure oxidized
DNA bases in human tissue specimens. In a previous study, Kucab
et al. (25) used cell cloning and mutation sequencing as an end point
to measure mutagenesis induced by H,O, but did not observe clear
mutation patterns. This approach requires DNA replication, which
necessitates using a rather low concentration of hydrogen peroxide.
To produce sufficient DNA damage, in our hands required millimo-
lar concentrations of H,0,, which may not permit DNA replication
to occur due to cell cycle arrest.

Human cancer genome sequencing efforts have provided cata-
logs of cancer-specific mutational patterns for dozens of human tu-
mor types. Several of these mutational patterns give an indication
for what the premutagenic DNA damaging processes might be.
For example, sunlight-induced skin cancers carry a clear mutation
signature (referred to as SBS7a and SBS7b in the current COSMIC
database). This signature consists chiefly of C to T mutations at
dipyrimidine sequences, for example, at 5'TC. Using CD-seq, we
recently showed that this signature is highly similar to the distri-
bution of UVB irradiation-induced cyclobutane pyrimidine di-
mers that have undergone cytosine deamination (36). For oxida-
tive DNA damage, the signatures should be dominated by G to T
(or C to A) transversions, which are known mutations induced by
8-0x0-dG (13, 14). There are several COSMIC signatures that have
these required features. One is SBS4, which is smoking associated
and has been linked to tobacco-related polycyclic aromatic hydro-
carbons (22, 25, 58). SBS10c, SBS10d, SBS14, and SBS20, all en-
riched in G to T mutations, have been linked to DNA polymerase
mutations. SBS24 is linked to aflatoxin exposure, and SBS29 is
found in tobacco chewers.
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Another G to T mutation signature is SBS18, which is of un-
proven etiology. When we compared our 8-oxo-dG signature with
SBS18, we obtained a strong cosine similarity value of 0.91, which
was higher than that with any other signature (Fig. 4). We point out
that mutational signatures are not solely the product of a one-to-one
relationship between DNA damage and mutations. The mutations
are shaped by additional factors that are currently unknown such as
a potential sequence-specific repair of 8-oxo-G (46) or a sequence-
dependent bypass of the oxidized guanines by DNA polymerases.
Nonetheless, SBS18 is so similar to the 8-0x0-dG signature that they
are likely directly related. Because repair of 8-oxo-G follows rapid
kinetics with most damage removed within minutes (59, 60), our
measurements most likely reflect an equilibrium between ongo-
ing H,0,-induced damage formation and repair of this damage in
cells. We propose that this equilibrium is perhaps the best way of
reflecting mutational patterns because it is the equilibrium (unre-
paired) DNA damage that will translate into mutations. Knockout
of OGGI in human untreated induced pluripotent stem cells also
produced mutations resembling SBS18, albeit at lower similarity
levels (46). It is worth noting that SBS18 is most enriched and prev-
alent in gastrointestinal cancers that have a strong inflammatory
component, such as esophageal adenocarcinoma (linked to Bar-
ret’s esophagus), gastric adenocarcinoma (linked to gastritis), and
a few colorectal cancers (fig. S9). Colonic crypts from patients with
inflammatory bowel disease show an increase of SBS18 mutations
(61). Inflammation is strongly associated with ROS (5, 6).

SBS36 is also defined by G to T/C to A transversions (Fig. 4A) and
is quantitatively similar to SBS18 (cosine = 0.91 between the two
signatures). This signature is found in colorectal cancers of patients
that have biallelic germline mutations or somatic mutations in the
MUTYH gene (27). Lack of MUTYH activity will eliminate an im-
portant correction pathway that would otherwise remove mispaired
adenine opposite 8-oxo-G. When this adenine is not removed,
mutations at 8-oxo-dG will be created and fixed more readily. For
these reasons, SBS36 will be a good indicator of 8-oxo-dG-induced
mutations. Comparison of our 8-oxo-dG trinucleotide distribution
data with SBS36 indicated a cosine similarity value of 0.85, which is
among the highest observed for all available COSMIC signatures.
Another type of tumor in which a ROS-mediated mutagenesis path-
way seems to be at work is neuroblastoma with copy number loss of
OGGI or MUTYH as recently reported (62).

In conclusion, we present a method based on CD-seq, which can
be used to map various types of oxidatively damaged DNA bases at
single-base resolution in the human genome. We define a sequence-
specific pattern for oxidized guanines induced by H,O,and of oxidized
thymine induced by permanganate. The 8-oxo-dG trinucleotide dis-
tribution pattern closely resembled cancer mutation signatures SBS18
and SBS36, suggesting the involvement of guanine oxidation in specific
types of human cancers of the gastrointestinal tract.

METHODS

Cell culture

Human male skin fibroblast cells [human dermal fibroblast (HDF);
American Type Culture Collection (ATCC), PCS-201-012] with no
genetic modification and human osteosarcoma cells (U20S; ATCC,
HTB-96) were cultured in the Fibroblast Growth Kit (ATCC, catalog
no. PCS-201-041) supplemented with 2% fetal bovine serum (FBS) and
in Dulbeccos modified Eagle’s medium/high glucose supplemented
with 10% FBS, respectively, at 37°C in a 5% CO, standard incubator.

Oxidative DNA damage and genomic DNA isolation
To induce 8-o0x0-dGs, HDF cells at 80 to 90% confluence on 10-cm
culture plates were washed with 1x phosphate-buffered saline (PBS)
and treated in PBS with H,0, solution diluted to final concentra-
tions of 5, 10, and 25 mM for 30 min at 37°C in a 5% CO, incu-
bator. After treatment, the cells were immediately trypsinized and
pelleted, and then genomic DNA was isolated using the Quick-DNA
Miniprep Plus Kit (Zymo Research, Irvine, CA) according to the
manufacturer’s instruction manual. To evaluate 8-0xo-dG damage
in the isolated genomic DNAs, the DNAs were treated with Fpg
and APE1 [New England Biolabs (NEB), Ipswich, MA] followed by
S1 nuclease (Thermo Fisher Scientific) treatment, and then dam-
age-specific DNA cleavage events were observed on 1% agarose gels.
To induce oxidized thymines, 1 x 107 U20S cells were washed
with 1x PBS and treated with 10 or 40 mM KMnO, for 70 s at 37°C
in a solution with the following components: 15 mM tris-HCI (pH
7.5), 60 mM KCl, 15 mM NaCl, 5 mM MgCl,, and 300 mM su-
crose. The reaction was quenched by adding f-mercaptoethanol to
a final concentration of 700 mM and EDTA to a final concentra-
tion of 50 mM. SDS was added to 1%, and the DNA was purified
by proteinase K digestion, phenol-chloroform extraction, and eth-
anol precipitation. The quenching reaction and the proteinase K
digestion were carried out at 37°C for 30 min and 4 hours, respec-
tively. DNA base damage was evaluated by treatment with Endo
III (NEB) and/or NEIL1 (OriGene, Rockville, MD) DNA glycosy-
lases, followed by Endo IV and S1 treatment, and then observed
on a 1% agarose gel.

CD-seq mapping of 8-oxo-dGs

CD-seq library preparations were performed as previously de-
scribed (36) with slight modifications to generate damage-specific
DNA double-strand breaks. Briefly, 2 pg of the genomic DNAs pre-
pared from H,O,-treated cells was sheared to an average length of
300 bp by sonication with a Covaris E220 sonicator (Covaris, Wo-
burn, MA) and end-repaired to prepare blunt-ended DNA with ri-
bonuclease H, T4 DNA polymerase, and T4 polynucleotide kinase
(NEB). To circularize DNA fragments, 1 pg of the blunt-ended DNA
was incubated with T4 DNA ligase (NEB) in a final reaction vol-
ume of 200 pl by overnight incubation at 16°C. Then, to remove
noncircularized linear DNA from the circularized DNA pool, the
ligase-treated DNA was incubated with Plasmid-Safe ATP-Depen-
dent DNase (Lucigen, Middleton, WI).

To generate DNA double-strand breaks at 8-oxo0-dG sites, the
circularized DNA was incubated in 1x NEBuffer 1 reaction buffer
with 1 pl (8 U/ul) of Fpg protein (NEB) in a final volume of 40
ml for 1 hour at 37°C. The DNA was cleaned up with 72 pl (1.8%)
of AMPure XP beads (Beckman Coulter, Indianapolis, IN) and
eluted in 35 pl of 10 mM tris-HCI (pH 8.0). To remove the modi-
fied sugar residues at the 3" ends near the single-strand breaks, the
DNA from above was incubated in 1x NEBuffer 4 reaction buffer
with 1 pl (10 U/pl) of APE1 (NEB) for 20 min at 37°C. The DNA
was cleaned up and cleaved on the opposite strand of the nicked
positions using 1 pl (5 U/pl) of single strand-specific S1 nuclease
(Thermo Fisher Scientific) for 4 min at room temperature. Then,
the reaction was stopped by adding 2 pl of 0.5 M EDTA and 1 pl of
1 M tris-HCI (pH 8.0) to the reaction mixture, and DNA was fur-
ther incubated for 10 min at 70°C. The DNA sample was cleaned
up with 72 pl (1.8x) of AMPure XP beads and eluted in 48 pl of 10
mM tris-HCI (pH 8.0).
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The double-strand cleaved DNA was A-tailed with Klenow frag-
ment exo- (NEB) and subsequently ligated with 50 nM (final con-
centration) of T-overhang NEBNext hairpin adaptors (NEB):
5'-phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAUA-
CACTCTTTCCTACACGACGCTCTTCCGATC*T-3" and with 50
nM of C-overhang adaptors synthesized by Integrated DNA Tech-
nologies (Coralville, IA): 5’ -phos-GATCGGAAGAGCACACGTCT-
GAACTCCAGTCAUACACTCTTTCCTACACGACGCTCTTC-
CGATC*C-3’ (*; phosphorothioate linkage), and this reaction was
followed by incubation with USER enzyme (NEB). The polymerase
chain reaction (PCR)-amplified CD-seq library was sequenced as
150-bp paired-end sequencing runs on an Illumina Hiseq2500 plat-
form to obtain between 100 million and 540 million reads.

CD-seq mapping of oxidized Ts

To generate double-strand breaks at oxidized thymine sites, the
circularized DNAs prepared from KMnO,-treated cells were ini-
tially incubated in 1x reaction buffer [20 mM tris-HCI (pH 8.0),
1 mM EDTA, 50 mM NaCl, and bovine serum albumin (0.1 mg/
ml)] with 0.5 pl (10 U/pl) of Endo IIT (NEB) and/or 1 pl (0.24 pg/pl)
of NEIL1 (OriGene) in a final volume of 20 pl for 30 min at 37°C.
Then, the DNAs were cleaned up and treated with Endo IV (NEB)
to remove ligation-blocking lesions from the 3’ ends, followed by S1
nuclease digestion to achieve double-strand cleavage. The cleaved
DNAs were subjected to A-tailing, and this was followed by adaptor
ligation with 50 nM (final concentration) of T-overhang NEBNext
hairpin adaptors (NEB). The adaptor-ligated DNAs were treated
with USER enzyme and amplified by PCR. The CD-seq library was
sequenced as 150-bp paired-end reads on an Illumina Hiseq2500
platform to obtain 50 million reads.

Data analysis

Identification of oxidized DNA bases

To identify the positions of oxidized DNA bases, fastq files con-
taining the CD-seq reads were processed using the pipeline as pre-
viously described (36). Briefly, all reads were trimmed from the 3’
end to 2 x 80 nucleotide length after removal of sequencing adapt-
ers and low-quality reads (phred < 20) using Trim_Galore (https://
bioinformatics.babraham.ac.uk/projects/trim_galore/). BWA-MEM
(version 0.7.17) was then used to align the reads to the human ref-
erence genome (hgl9) and to remove duplicate alignments with the
“removeDups” SAMBLASTER (version 0.1.26) option. Only diver-
gently aligned pairs of reads with a single-nucleotide gap between
reads were retained by selecting SAM records with TLEN of 3 and
saved as bam files for downstream analyses. TLEN = 3 represents di-
vergently aligned reads with one nucleotide between mates. In addi-
tion, chromosome name, start position, stop position, and inferred
strand (+/-) for all damaged base loci were written to a BED file as
processed data, and this information has been deposited into the
Gene Expression Omnibus (GEO) database under accession number
GSE184820.

Visualization of read alignments using the IGV viewer

To view aligned reads on the Integrative Genomics Viewer (IGV)
downloaded from the Broad Institute (http://software.broadinstitute.
org/software/igv/), the TLEN = 3 filtered bam files were sorted by
genomic coordinates and indexed using SAMtools (version 1.11).
The bam files were loaded on IGV viewer (version 2.8.9), and the
tracks were displayed across the hg19 human genome with a “view
as pairs” option to show pairs together with a line joining the ends.

Metagene profiles and genomic region analysis
To analyze the distribution of oxidized DNA damage along the hg19
human reference genes, the TLEN = 3 filtered bam files were pro-
cessed on the Galaxy web platform (https://usegalaxy.org/). The bam
files were converted to bigwig files using bamCoverage at 20-bp res-
olution, and computeMatrix and plotHeatmap programs in deep-
Tools were then used to assess the oxidized bases over genic regions
that included 3 kb upstream of the TSS and 3 kb downstream of the
TES with average coverage calculated in nonoverlapping 50-nucle-
otide bins and normalized to gene length. For analysis of GC con-
tent of the hg19 human genome, we downloaded the hg19. gc5Base.
wigVarStep.gz file from the UCSC Genome Browser database and
converted it to bigwig file format. Then, the mean GC content dis-
tribution was analyzed using the same process as for metagene pro-
files above. The range of GC content was scaled to 35 to 70% GC
content. The TLEN = 3 filtered bam files were also processed using
the “Read Distribution” program in RseQC package provided on the
Galaxy web platform to analyze the distribution of oxidized DNA
bases over genomic features of the hgl9 human reference genes.
Trinucleotide sequence profiles and logo plots
Sequences for the trinucleotides representing the 5" and 3’ flank-
ing bases and the gapped base in the middle were identified and
counted using BEDtools (63). For 8-oxo-dGs, when there is a cyto-
sine as the gapped nucleotide, the damage would have occurred on
the (-) strand; thus, reverse complement trinucleotides with G or C
in the middle were combined. For oxidized thymine, an adenine as
the gapped nucleotide would indicate that the damage would have
occurred on the () strand; thus, reverse complement trinucleotide
sequences with T or A in the middle were combined, and the 48
possible trinucleotide combinations were used for trinucleotide
sequence profiles. Sequence logo plots for nucleotide frequencies
surrounding damaged bases (-10 to +10 positions relative to the
oxidized base) were drawn using the ggseqlogo package in R (64).
Cosine similarity analysis
SBS mutational signatures with trinucleotide frequencies (version
3.2) were obtained in numerical form from the COSMIC database
(http://cancer.sanger.ac.uk/cosmic/signatures/SBS/). We excluded
18 of the COSMIC signatures that are thought to be sequencing
artifacts. To directly compare the two datasets, cosine similar-
ity analyses were performed using the R (v. 4.0.2) package “coop”
(https://R-project.org/). Because the mutated base of SBS signatures
is represented by the pyrimidine of the base pair in the middle posi-
tion, reverse complement trinucleotide sequences from CD-seq were
combined and represented by the pyrimidine in the middle base. In
addition, we used the sum of all C to N and T to N mutation windows
for comparisons with the CD-seq trinucleotide sequence signature.
Chromatin state analysis
To determine the relative enrichment of oxidative DNA damage along
defined chromatin states, ChromHMM (65) was used to perform
genome annotations and to compute the fold enrichment scores of
each state for oxidized damage mapping data. Genomic segmentation
files for the chromatin states (core 18-state model) based on epig-
enomic data for human dermis fibroblasts were obtained from the
Roadmap Epigenomics Project (http://roadmapepigenomics.org)
(ENCODE accession no. ENCSR071BVW), and the scores showing
the relative enrichment of 8-oxo-dG were calculated using the “Over-
lapEnrichment” option in ChromHMM with default parameters.

To establish (“learn”) the chromatin state model for U20S cells,
the “LearnModel” option in ChromHMM with 200-bp bin size
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was used using histone modification ChIP-seq data obtained from
GEO database accession no. GSE141081 for H3K4mel, H3K4me3,
and H3K27ac, and from accession no. GSE31755 for H3K9me3
and H3K36me3. After annotation of 14 chromatin states using the
state emissions data and the TSS neighborhood data generated by
the ChromHMM LearnModel, the fold enrichment scores for ox-
idized thymine along defined chromatin states were obtained as
described above.

Lamin-associated domains

To determine the distribution of oxidized bases over LAD regions,
previously defined LAD data (n = 1302 LADs) for human fibro-
blasts were obtained from published sources (45) and U20S LAD
data (n = 1046 LADs) were downloaded from the GEO database
(GES87831) (66). The ComputeMatrix program in deepTools was
used to calculate the coverages of oxidized DNA bases over LADs
and 100-kb regions flanking LADs in nonoverlapping 1-kb bins.
The plotProfile program in deepTools was used to plot the average
coverages computed by computeMatrix.

Distribution of oxidized bases and gene expression profiles
Transcript levels (FPKM, fragments per kilo base per million
mapped reads) determined by RNA-seq for human dermis fibro-
blasts and for U20S cells were obtained from the GEO database
accession numbers GSE78610 and GES139190, respectively. The
transcript data were converted to bed file format and sorted in
descending order with FPKM value for downstream analysis. The
datasets were grouped into detectable (FPKM > 0) and nondetect-
able (FPKM = 0) transcripts. To determine the coverages of oxi-
dized bases in extended promoter regions (within 2.5 kb upstream
of the TSS) of detectable transcripts, the ComputeMatrix program
in deepTools was used to obtain matrices containing scores for cov-
erage of oxidized bases over promoter regions of each transcript.
Scatter plots showing the correlation between oxidized DNA bases
and gene expression levels were drawn using scores computed by
computeMatrix and corresponding FPKM values.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3815

View/request a protocol for this paper from Bio-protocol.
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The histone demethylase KDM5C controls female bone
mass by promoting energy metabolism in osteoclasts

Huadie Liu't, Lukai Zhai?*, Ye Liu', Di Lu’, Alexandra Vander Ark? Tao Yang'*,

Connie M. Krawczyk?*

Women experience osteoporosis at higher rates than men. Aside from hormones, the mechanisms driving sex-
dependent bone mass regulation are not well understood. Here, we demonstrate that the X-linked H3K4me2/3
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demethylase KDM5C regulates sex-specific bone mass. Loss of KDM5C in hematopoietic stem cells or bone
marrow monocytes increases bone mass in female but not male mice. Mechanistically, loss of KDM5C impairs
the bioenergetic metabolism, resulting in impaired osteoclastogenesis. Treatment with the KDM5 inhibitor
reduces osteoclastogenesis and energy metabolism of both female mice and human monocytes. Our report
details a sex-dependent mechanism for bone homeostasis, connecting epigenetic regulation to osteoclast me-
tabolism and positions KDM5C as a potential target for future treatment of osteoporosis in women.

INTRODUCTION

Bone mass in adults is controlled by the coordination and balance
between osteoclast (OC)—mediated bone resorption and osteoblast-
mediated bone formation. OCs are multinucleated cells of hemato-
poietic origin formed through the fusion of mononuclear OC pre-
cursors from bone marrow monocytes (BMM). Dysregulation of
OC-mediated bone resorption has been associated with bone
mass—related diseases, such as osteoporosis. Women have lower
average bone mass than men, conferring a two- to fourfold increase
in osteoporosis and age-related fractures (1). Systemic pathways—in
particular, the sex hormones—are prominent in regulating sex-de-
pendent bone mass and have been extensively studied (2). However,
ex vivo—cultured female OC progenitors are more potent in osteo-
clastogenesis than male OC progenitors, demonstrating a role for
factors intrinsic to OCs regulating sexually dimorphic responses
(3, 4). However, the identification of which intrinsic factors that
mediate sex-dependent bone homeostasis is still lacking.

Sex chromosomes are the fundamental genetic difference
between sexes. Discovering how X- or Y-linked genes contribute
to sex-dependent bone mass regulation has the potential to lead
to the development of promising therapeutics for osteoporosis in
women. An increasing number of studies have revealed that OC dif-
ferentiation and activity are controlled by epigenetic regulation,
largely through controlling the accessibility of transcriptional ma-
chinery on key OC genes (5, 6). However, until now, the epigenetic
factors that regulate OC differentiation and function have been
found to work similarly in both sexes (5, 6). KDM5C (JARID1C/
SMCX) is an X-linked lysine H3K4 demethylase that escapes X in-
activation, resulting in higher expression in females than males (7).
Males express a paralog of KDM5C from Chr-Y, KDM5D, which is
also a H3K4 demethylase (8). Global loss of KDM5C results in spu-
rious transcription of genes normally silenced during development
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(9, 10). KDM5C has been linked to several sex-dependent pheno-
types including X-linked intellectual disability (XLID), autism, X
inactivation, adiposity, immune response, and cancer (11-17). In
men and male mice, variants of KDM5C cause XLID with short
stature, aggressive behavior, and autism (18-20). Despite the
short stature observed in these individuals, a role for KDM5C in
bone homeostasis has not been reported. Here, we report that the
loss of KDM5C in BMM increases bone mass in female mice,
impairs osteoclastogenesis, and reduces bioenergetic metabolism
in OC precursors. Thus, KDM5C represents a cell-intrinsic, sex-de-
pendent epigenetic regulator of osteoclastogenesis and bone mass in
females, and its inhibition provides a potential therapeutic strategy
for preventing osteoporosis in females.

RESULTS

Loss of KDM5C in hematopoietic cells results in increased
trabecular bone mass in female mice

To investigate the function of KDM5C in the hematopoietic-OC
lineage, we generated Vav-iCre; Kdm5c¢™™ mice, which diminishes
KDMS5C expression in all hematopoietic cells including BMM that
give rise to OCs. No severe global developmental defects were ob-
served in either sex of the KDM5C-conditionally deficient mice.
However, upon closer examination, we noticed a marked increase
in macroscopic trabecular bone volume in female Vav-iCre;
Kdm5c™™ mice (fKdm5c*Y®). When analyzed for bone density
and microstructure by microcomputed tomography (micro-CT),
bones from fKdm5¢*¥* mice were found to have substantially in-
creased trabecular bone mass at 16 weeks of age (Fig. 1A), as indi-
cated by increased trabecular bone volume/total volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and de-
creased trabecular separation (Tb.Sp) (Fig. 1B) compared to
female control littermates (fCtrl). In contrast, the male Vav-iCre;
Kdm5c" mice (mKdm5¢2V®"Y) and female KDM5C heterozygous
conditional knockout mice (fKdm5¢2V*"X) have no obvious trabec-
ular bone architecture difference compared to mCtrl and fCtrl, re-
spectively (Fig. 1, A and B). Parameters of cortical bone did not
show significant changes between groups (Fig. 1C). These data
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Fig. 1. Increased trabecular bone mass in distal femurs of female Kdm5c*V®’ but not male Kdm5¢

AVa¥ mice. (A) Representative micro-CT images and (B and C)

quantitation of femur trabecular bone (top; scale bar, 1 mm) and cortical bone (bottom; scale bar, 200 pm) from 16-week-old mice of indicated genotypes/sex. Data
comparisons are conducted using one-way analysis of variance (ANOVA). Each data point represents an individual mouse. Data are presented as means + SEM.

reveal a sex-dependent role for KDM5C in regulating trabecular
bone mass.

KDM5C intrinsically regulates osteoclastogenesis

Bone mass in adults is regulated by the coordination and balance
between osteoclast-mediated bone resorption and osteoblast-medi-
ated bone formation. We examined bone slices for the presence of
OC using tartrate-resistant acid phosphatase (TRAP) staining. We
found that the bones from fKdm5c*"®" mice have significantly de-
creased OC surface/bone surface (Oc.S/BS) and OC number/bone
surface (Oc.N/BS) in trabecular bone compared to controls
(Fig. 2A), indicating that osteoclastogenesis and bone resorption

are impaired. Other hematopoietic cell types such as T and B
cells, which participate in bone mass regulation indirectly by affect-
ing the bone microenvironment (21), would also be affected in the
Vav-iCre mice. To elucidate whether KDM5C regulates bone for-
mation intrinsically in the myeloid lineage, including monocytes
and OCs, we isolated BMM from bone marrow of control and
fKdm5c*V* mice and analyzed their ability to generate OCs ex
vivo following RANKL (receptor activator of nuclear factor kB
ligand) treatment. OC formation was significantly impaired in
fKdm5c*V* BMM, as indicated by the reduced Oc.N and Oc.S
(Fig. 2B) and decreased expression of osteoclastogenic gene tran-
scripts (Fig. 2C). Furthermore, we generated LysM-Cre; Kdm5c™"
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Fig. 2. Impaired osteoclastogenesis in female Kdm5c“V®" mice. (A) TRAP staining of sectioned femurs from 16-week-old fCtrl and fkdm5c*V® mice. Oc.N/BS and Oc.S/
BS in trabecular bone area were measured and calculated (n = 4 per genotype). Scale bars, 500 um (top) and 50 um (bottom). (B) Ex vivo osteoclastogenesis on BMM of
fCtrl and fkdm5c2V® mice. OCs were visualized by TRAP staining 3 to 5 days after differentiation. Oc.N and Oc.S were measured and calculated (n = 3 per genotype). Scale
bar, 100 um. (C) mRNA levels of OC/osteoclastogenic genes in fCtrl and fkdm5c*V" BMM 48 hours after osteoclastogenic induction. mRNA levels were detected by
quantitative reverse transcription polymerase chain reaction (qRT-PCR). Relative mRNA levels are shown (n = 2 per genotype). All data comparisons are conducted by

Student's t test, two-tailed. Data are presented as means + SEM.

mice, which have Kdm5c deleted in myeloid cells. Similar to
fKdm5c2V® mice, female LysM-Cre; Kdm5c" mice (fKdm5c7M)
had significantly increased trabecular bone mass and decreased OC
activity, as indicated by increased BV/TV and Tb.N and decreased
Tb.Sp, Oc.S/BS, and Oc.N/BS (Fig. 3, A and B). Consistent with the
fKdm5c¢*V™ mice, we observed no significant differences in cortical
bone mass (Fig. 3A). Overall, the bone phenotypes in the
fKdm5c™"""™ were less severe compared to the fKdm5¢*V* mice.
We found that BMM isolated from fKdm5¢*™*™ mice show signifi-
cant reduction in osteoclastogenic potential ex vivo, however not to
the same extent as observed in the Kdm5¢*¥* BMM (Fig. 3, C and
D). This is likely due to reduced KDM5C deletion efficiency in
fKdm5c*""*™ BMM compared to fKdm5c*¥® BMM (fig. S1, A to
D). Together, these findings demonstrate that loss of KDM5C in-
trinsically in myeloid progenitor cells results in reduced
osteoclastogenesis.

Next, to investigate whether the intrinsic regulation of KDM5C
in osteoclastogenesis is sex dependent, we compared the osteoclas-
togenic ability between mCtrl (mKdm5c*"Y Cre*) and
mKdm5c*V™"Y BMM. KDM5C-deficient BMM had decreased os-
teoclastogenesis compared to controls (fig. S2A). The expression
of OC genes (Nfatcl, Dcstamp, and Acp5) also decreased in
mKdm5c¢*V™"Y cells compared with mCtrl, however to a lesser
degree compared to female cells (fig. S2B). This suggests that a com-
pensatory mechanism (e.g., KDM5D) is present in male BMM for

osteoclastogenesis. Thus, KDM5C controls bone mass in a sex-spe-
cific manner due to its differential ability to control osteoclastogen-
esis in male versus female BMM.

Mitochondrial respiration and energy metabolism are
impaired following the loss of KDM5C in BMM

KDMS5C not only represses transcription via demethylation of
H3K4me2/3 at gene promoters but also promotes gene expression
in mouse embryonic stem cells (10, 15) and ERa-positive breast
cancer cells (22) by converting H3K4me2/3 modifications into
H3K4mel or recruiting transcription factors on specific transcrip-
tional enhancers. Therefore, to investigate how KDM5C affects
transcriptional programming of BMM, we compared gene expres-
sion of fCtrl and fKdm5c*Y* BMM at different stages of osteoclas-
togenesis ex vivo (0, 16, and 32 hours). Significant transcriptomic
differences were observed between fCtrl and fKdm5¢*¥" at all three
stages (fig. S3). Using Gene Ontology analysis, we found that genes
that were increased in KDM5C-deficient BMM/OCs were related to
immune cell activity and inflammation, while genes with decreased
expression were enriched in metabolic and mitochondrial respira-
tion—related pathways (Fig. 4A). Notably, mitochondrial adenosine
triphosphate (ATP) synthesis and electron transport pathways are
repressed the most in KDM5C-deficient cells at early stages of
OC formation (Fig. 4B, 32 hours). These data demonstrate that
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Fig. 3. Increased trabecular bone mass and impaired osteoclastogenesis in fKdm5c*"*™ mice. (A) Representative micro-CT images and quantitation of femur tra-

becular bone (top; scale bar, 1 mm) and cortical bone (bottom; scale bar, 200 um) from 8-week-old fCtrl and fKdm5c2*M mice. (B) Representative TRAP staining images of
sectioned femurs from 8-week-old fCtrl and fkdm5c*™*M mice, used to calculate Oc.N/BS and Oc.5/BS (n = 4 for fCtrl; n = 5 for fkdm5c*™*M). Scale bars, 500 um (top) and
50 um (bottom). (C) Ex vivo osteoclastogenesis of BMM from fCtrl and fkdm5c“™* mice. OCs were visualized by TRAP staining 3 to 5 days after differentiation. Oc.N and
Oc.S were measured and calculated (n = 3 per genotype). Scale bar, 100 um. (D) mRNA levels of OC/osteoclastogenic genes were detected by qRT-PCR in fCtrl and fKdm5c
AlysM BMM 48 hours after induction. Relative mRNA levels are shown (n = 2 for fCtrl, n = 4 for fkdm5c*"*™). All data comparisons are conducted by Student's t test, two-
tailed. Data are presented as means + SEM.
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KDMS5C promotes the expression of genes related to mitochondrial
metabolism in BMM/OC.

Osteoclastogenesis and osteolysis are energy-consuming pro-
cesses (23), and preosteoclast differentiation and OC survival are
suppressed when mitochondrial metabolism is impaired (23-25).
We found that mitochondrial metabolism genes increased signifi-
cantly over the course of OC differentiation, supporting the essen-
tial role of mitochondrial metabolism in osteoclastogenesis (fig. 4,
A and B). Therefore, to test whether decreased gene expression
alters mitochondrial bioenergetic metabolism, we measured
oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) as surrogates of mitochondrial respiration and
glucose fermentation (conversion of pyruvate to lactate), respective-
ly (Fig. 4C). Notably, basal respiration, ATP-coupled respiration,
spare respiratory capacity, and maximal respiratory capacity were
all significantly reduced in KDM5C-deficient BMM compared to
controls (Fig. 4C). We also found that KDM5C-deficient BMM
have reduced glucose fermentation (Fig. 4C). These results demon-
strate that KDM5C positively regulates bioenergetic metabolism.
This was confirmed by the decrease in ATP production from oxida-
tive phosphorylation (OXPHOS) and glycolysis (Fig. 4D). Our
results also confirm previous results that OCs generate most of
their ATP via OXPHOS (Fig. 4D) (24). We examined the expression
of proteins involved in electron transport chain (ETC) assembly and
function and found that ATP5, UQCRC2, MTCOI1, SDHB, and
NDUEFB8 were all reduced in the KDM5C-deficient cells relative
to controls (Fig. 4E and fig. S5A). Consist with Vav-iCre genes in-
volved in ETC assembly and function including Atp6vod2, Ugcrc2,
Atp1b3, Cox6bl, Sdhb, and Sdha had lower expression in LysM-Cre
KDMS5C—deficient BMM (fig. S5B). Similar to OC genes (fig. S2B),
the expression of mitochondrial genes was decreased in male
KDM5C—deficient cells but to a lesser extent than observed in
females (fig.S5D). To examine whether specific complexes of the
ETC were differentially essential for osteoclastogenesis, we inhibited
complex I, II, or III, using piericidin, atpenin A5, or myxothiazol/
antimycin, respectively. We found that inhibition of any of the com-
plexes completely blocked OC formation with no TRAP-positive
cells compared to control group [dimethyl sulfoxide (DMSO) treat-
ment] (fig. S6). These results indicate that mitochondrial ETC is es-
sential for osteoclastogenesis. Overall, these data demonstrate that
KDMS5C is necessary for bioenergetic metabolism in female
BMM/OC, largely through promoting mitochondrial respiration.

KDM5C-regulated osteoclastogenesis is mediated in part
by PGC-1

Next, we investigated how KDM5C loss alters metabolic program-
ming in the BMM/OC population. PGC-1a and PGC-1p are tran-
scriptional coactivators that promote mitochondrial biogenesis and
the expression of mitochondrial metabolism genes (26). Previous
studies reported that PGC-1P supports OC formation (27, 28) by
enhancing mitochondrial biogenesis and cytoskeletal rearrange-
ment (29). We found that PGC-1p (Ppargclb), but not PGCl1-a
(Ppargcla), was highly expressed in control BMM and increased
during osteoclastogenesis (Fig. 5A). We found that PGC-1p expres-
sion did not increase to the same extent in KDM5C-deficient BMM/
OC (Fig. 5A and fig. S5C). To determine whether increasing the ex-
pression of PGC-1p in KDM5C-deficient BMM could rescue osteo-
clastogenesis, we overexpressed PGC-1p in control and KDM5C-
deficient BMM using retroviral expression. We found that the

osteoclastogenic potential of KDM5C-deficient BMM could be par-
tially restored by PGC-1p, as indicated by increased Oc.N and Oc.S
in an ex vivo osteoclastogenesis assay (Fig. 5B). PGC-1p—mediated
regulation of mitochondrial metabolism has been shown to be de-
pendent on iron uptake by the transferrin receptor protein 1 (TfR1)
(27), and iron itself is required for synthesis of cofactors essential to
the function of enzymes in the ETC. We examined the expression of
Tfrc (the gene encoding TfR1) in KDM5C-deficient BMM/OC and
found decreased expression relative to controls (fig. S7). These data
show that PGC-1p mediates KDM5C-regulated osteoclastogenesis,
but other factors, including iron uptake via TfR1 and/or the expres-
sion of other mitochondrial genes, are also likely contributing.

KDMS5 inhibition dampens osteoclastogenic potential of
both mouse and human monocytes

Next, we tested whether we could prevent osteoclastogenesis in fCtrl
BMM by using small-molecule inhibitors of KDM5C demethylase
activity. While no KDM5C-specific inhibitor exists, pan-KDMS5 in-
hibitors (KDMS5i) are available and have been used in clinical trials
for the treatment of cancer and hepatitis B (30, 31). Our RNA se-
quencing (RNA-seq) data show that Kdm5c is expressed more
highly than other KDMS5 family members in female BMM
(Fig. 6A), suggesting that KDM5C may have a greater role than
other KDM5 members in regulating osteoclastogenesis. We found
that KDM5i dose-dependently suppressed RANKL-induced osteo-
clastogenesis of female BMM, indicated by TRAP staining in an ex
vivo osteoclastogenesis assay, with a median inhibitory concentra-
tion (ICs) of 5.6 uM (Fig. 6B). Consistently, KDM5i treatment sig-
nificantly down-regulated key mitochondria OXPHOS complex
proteins (Fig. 6C) and mRNAs (Sdhb, Atp6v0d2, Sdha, Uqcre2,
and Ugqcrfsl), as well as mRNA expression of OC marker genes
(Destamp, Acp5, and Ctsk) and Ppargclb (fig. S8A). OCR, ECAR,
and ATP production were also impaired by KDM5i in a dose-de-
pendent manner (Fig. 6, D and E), demonstrating that the function
of KDM5C in regulating mitochondrial metabolism is dependent
on its demethylase activity. KDM5i increased H3K4me3 level in
CD14" monocytes of human peripheral blood mononuclear cells
(PBMCs) (fig. S8B). The effect of KDM5i on osteoclastogenesis
and energy metabolism is conserved in female mice and humans,
indicated by the reduction in the number and area of multinuclear
OCs (Fig. 6F) and the impairment in OCR, ECAR, and ATP pro-
duction (Fig. 6G and fig. S8C) in KDM5i-treated female peripheral
human blood monocytes under osteoclastogenic differentiation.
Thus, targeting KDM5C has the potential to reduce OC function
therapeutically, potentially mitigating bone loss in females.

DISCUSSION

Our work has identified KDM5C, an X-linked chromatin-modify-
ing enzyme, as a female-specific regulator of bone mass that pro-
motes OC differentiation and function. Females, without KDM5C
in BMM/OC, displayed increased bone mass comparable to control
or KDM5C-deficient males demonstrating that KDM5C uniquely
regulates bone mass in females. Mechanistically, we found that
KDMS5C promotes bioenergetic metabolism required for osteoclas-
togenesis. Thus, we have identified a mechanism linking epigenetic
and metabolic programming of OCs to sex-specific bone mass reg-
ulation. Females are at a higher risk than males for developing os-
teoporosis, mainly because of the inherent lower peak bone mass

www.scienceadvances.org

41


http://www.scienceadvances.org

A Grand Plan: How a visionary approach to collaboration is accelerating progress in epigenetics, neurodegenerative disease, metabolism, and cancer research

A
Ppasgels Ppargeth

30- -

izu- -

Em- 10-

e (S, S ST
m:muu:: CIRLE"] 0 1632 0 1832
Lihourt™icm  fiamact Crl | fKdmich

ST

SL00H <0 00

Fig. 5. Partial rescue of osteoclastogenesis by PGC-1p. (A) Ppargc1b and Ppargcila expression (RNA-seq) during ex vivo osteoclastogenesis assay at indicated time

points. (B) Ex vivo osteoclastogenesis measured by TRAP staining of BMM from fCtrl and fkdm5c¢

way ANOVA analyses). Scale bar, 100 um. Data are presented as means + SEM.

before menopause and a more aggressive bone loss at postmeno-
pause stage. Estrogen not only inhibits OC formation and function
and was used for osteoporosis treatment for women but also leads to
strong side effects, including cancers. Current treatment alterna-
tives to estrogen have been developed and successfully used to
treat osteoporosis; however, none of these therapeutics target a
mechanism specific to females. Our study showed that pharmaco-
logical inhibition of KDM5C blocks osteoclastogenesis of both
human and mouse monocytes, indicating that KDM5C is a viable
therapeutic target for osteoporosis, particularly for females.

While KDM5C predominantly functions as a transcriptional re-
pressor by removing active H3K4me2/3 marks from promoters, it
can also stimulate gene expression dependent on or independent of
demethylase activity (10, 15, 22). Our data show that KDM5C pro-
motes mitochondrial metabolism and related gene expression. In
Drosophila, the KDM5A-C ortholog KDM5 (Lid) also promotes
the transcription of genes important for mitochondrial function
(32). KDMS5 regulation of mitochondrial gene expression is medi-
ated by the PHD3 domain, a domain that is present in KDM5A/B
but not KDM5C/D (32). In our study, use of the KDM5-specific
histone lysine demethylase inhibitor reduces mitochondrial metab-
olism and related gene expression, demonstrating that KDM5C de-
methylase activity is critical for BMM/OC bioenergetic metabolism.
Demethylase-dependent positive regulation of gene expression by
KDMS5C occurs by trimming H3k4me2/3 for optimal enhancer

AVa¥ mice transduced with control or PGC-1 { overexpression vector (two-

activity (10). Thus, KDM5C may control the mitochondrial tran-
scriptional program in OCs through enhancer regulation. In partic-
ular, Ppargclb, which encodes PGC-1p, a master regulator of
mitochondrial metabolism and biogenesis, is significantly down-
regulated. While we found that PGC-1p ectopic expression partially
rescued osteoclastogenesis, PGC-1 is not a rate-limiting mediator
of KDM5C-mitochondrial metabolism on its own. Notably, expres-
sion of the iron transporter TfR1 (Tfrc) was reduced in the absence
of KDM5C; this suggests that the KDM5C-dependent iron uptake
mechanism and PGC-1p expression may synergize to promote mi-
tochondrial metabolism and osteoclastogenesis (27).

Our data showed that KDM5C-deficient male cells also have
reduced osteoclastogenesis and expression of mitochondrial metab-
olism genes but not to the same extent as females. However, these
differences did not translate into a difference in bone mass. These
data suggest that there may be a gene dosage effect of KDM5C on
gene expression and that KDM5D may play an important role in
osteoclastogenesis and bone mass in males. KDM5D is also a
lysine histone demethylase; however, it is less well-studied com-
pared to KDM5C.The functional discrepancy between KDM5C
and KDM5D paralogs was also found in other settings. For
example, males with X-linked immunodeficiency caused by
KDMS5C variants have a more severe phenotype compared to het-
erozygote females, although each of them carries one functional
copy of KDM5D and KDM5C, respectively. These observations
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Fig. 6. Pharmacological inhibition of KDM5 impairs mitochondrial metabolism and osteoclastogenesis of mice and human monocytes. (A) The gene expression
of KDM5 family members during osteoclastogenesis (analyzed by RNA-seq, as in Fig. 5A). (B) Representative TRAP staining images of BMM osteoclastogenesis following
treatments with different doses of KDM5 inhibitor (Ki) (top). The number of TRAP-positive cells per well was quantified and used to calculate ICs, of KDM5i in osteoclasto-
genesis (bottom). Scale bar, 100 um. (C) Western blots of mitochondrial OXPHOS proteins and H3K4me3 after Ki (10 uM) treatment. (D) OCR (left) and ECAR (right) of
RANKL-stimulated (72 hours) BMM treated with DMSO, 5.6 or 10 uM Ki. All parameters were calculated as in Fig. 4. (E) Oxidative and glycolytic ATP production of BMM
following Ki treatment. (F) Human PBMC osteoclastogenesis with Ki treatment. Monocytes cultured from human PBMCs were treated with RANKL for 7 days before TRAP
staining. Multinuclear (>3) OCs are indicated by red arrowheads. Total numbers (Oc.N) and total area (Oc.S) of OCs were quantified using ImageJ (n = 3 for each group).
Scale bar, 100 um. (G) OCR (left) and ECAR (right) of human PBMC monocytes treated with DMSO and 10 uM Ki 5 days after osteoclastogenic induction. Comparisons in (C)
and (F) are conducted by Student’s t test, two-tailed; in (D) and (E), by one-way ANOVA analyses. Data are presented as means + SEM.
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suggest that KDM5C and KDM5D are not completely redundant
(33). The unique and redundant roles of KDM5C/D and gene
dose effects in bone mass regulation deserve further studies. We
also did not see short stature on our KDM5C-deficient male
mice, as seen in patients and cytomegalovirus-Cre-drive deletion
of KDM5C (18), suggesting that the role of KDM5C in height is
in cells of nonhematopoietic origin.

Osteoclastogenesis requires robust mitochondrial metabolism
(23, 24). We found that expression of mitochondrial genes increases
during OC differentiation. PGC1-p promotes mitochondrial bio-
genesis and, coupled with iron transported by TfR1, increases mi-
tochondrial respiration. PGC1-f and mitochondrial respiration also
regulate actin cytoskeletal organization and therefore could also be
involved in organization of glycolytic pathway enzymes (23, 29).
Further, it has been shown that estrogens decrease Oc.N by reduc-
ing OXPHOS in OC precursors (25). Glucose metabolism, both fer-
mentation to lactate and oxidation in tricarboxylic acid (TCA) cycle,
is also necessary for OC differentiation (24). While our study here
was focused on ETC activity, it is possible that decreased flux of me-
tabolites through the TCA cycle also contributes to decreased
OXPHOS and ATP production. We did observe a decrease in
glucose fermentation (measured by ECAR), suggesting that
glucose metabolism is reduced. Future work examining the fates
of major carbon sources such as glucose, glutamine, and amino
acids will determine to what extent the metabolic defects we have
observed are due to altered metabolic wiring versus transcriptional
programming.

KDMS5C gene dose has been associated with increased adiposity
in females due to increased expression (13). Link et al. (13) found a
strong correlation in humans between body mass index (BMI) and
KMD5C expression and associations of noncoding variants with
adiposity traits. It is not known whether KDM5C affects cellular
metabolism in adipocytes. However, these findings, together with
ours, suggest that KDM5C may have a broader role in metabolism
beyond osteoclastogenesis.

Here, we find evidence that KDM5C is essential for monocyte
differentiation to OCs. Overall, our findings highlight an epigenetic
mechanism that controls osteoclastogenesis by governing the tran-
scriptional programming of energy metabolism, positioning
KDMS5C as a potential target for the treatment of osteoporosis
in females.

MATERIALS AND METHODS

Mice

The Kdm5c"™ mouse with C57BL/6 background was a gift from
Y. Shi's laboratory. Briefly, exons 11 and 12 of Kdm5c were
flanked by flox sequences to enable excision by Cre recombinase
(10, 17). Kdm5c" mice were crossed to Vav-iCre (strain 008610)
and LysM-Cre (strain 004781) mice, respectively, purchased from
The Jackson Laboratory to generate KDM5C knockout mice. Vay-
iCre is turned on at embryonic day 11.5 in almost all hematopoietic
cells (33). Whereas LysM-Cre is turned on in myeloid progenitors at
the granulocyte-monocyte progenitor stage (34). No reports have
ever shown that express which of these two Cre would affect bone
phenotypes (35-37). All mice were maintained following guidelines
of the Institutional Animal Care and Use Committee at Van Andel
Institute. Mice euthanization was conducted according to American

Veterinary Medical Association Guidelines for the Euthanasia
of Animals.

Bone histomorphometry

Bone histomorphometry was performed as described before (38).
Briefly, paraffin-embedded femurs from 2-month-old mice were
sent to Pathology and Biorepository Core at Van Andel Research
Institute for sectioning. TRAP staining on paraffin sections were
performed using an acid phosphatase, leukocyte kit (Sigma-
Aldrich, 387A) by following the standard protocol. N.Oc¢/BS,
Oc.S/BS, and Oc.S/N.Oc were quantified using BioQuant osteo soft-
ware (Nashville, TN, USA).

Microcomputed tomography

Mouse femurs were scanned following the Journal of Bone and
Mineral Research (JBMR)-recommended micro-CT guidelines as
previously described (39). Reconstruction of cross-sectional slices
was performed using NRecon software (SkyScan), while bone pa-
rameters were calculated through CTAN and CTVOL software.
Bone parameters calculated are BV/TV, Tb.Th, Tb.Sp, Tb.N, corti-
cal bone area (Ct.Ar), cortical thickness, the Ct.Ar/total cross-sec-
tional area (Tt.Ar) ratio, and Tt.Ar.

BMM isolation and culture

Bone marrow cells were collected from femurs and tibias and plated
in complete BMM media [a-minimum essential medium plus 10%
fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine,
and macrophage colony-stimulating factor (30 ng/ml)]. The next
day, nonadherent cells were transferred to new dishes for BMM
culture with fresh complete BMM media and expanded for
48 hours.

Human PBMC extraction and culture

Human blood collection was approved by the Internal Review
Board (IRB) of Calvin University (reference number: 20-023). All
participating donors have understood and signed IRB-approved
consent forms. PBMCs were obtained by centrifugation of blood
through a Ficoll-Hypaque density gradient at 300g for 60 min. Ad-
herent cells from PBMCs were cultured in BMM media for 1 to 3
days before use.

Ex vivo osteoclastogenesis assay

BMM or cultured human monocytes (3 x 10* or 6 x 10* cells per
well, respectively) were seeded into 96-well plates and cultured over-
night with complete BMM media. Differentiation was induced by
osteoclastogenic medium (50 ng/ml RANKL in complete BMM
media), and induction medium was changed every other day.
Cells were subjected to staining when OC fusion appeared (3 to 5
days for BMM and 7 to 9 days for human monocytes). TRAP stain-
ing was conducted to visualize OCs using an Acid Phosphatase Leu-
kocyte (TRAP) Kit (Sigma-Aldrich) by following the standard
protocol. Cells positive for TRAP staining and contain >3 nuclei
were counted as OCs. Osteoclast numbers and area were quantified
using Image].

Total RNA isolation and qRT-PCR

Total RNA from BMM were extracted using TRIzol reagent (Invi-
trogen) by following the standard protocol. Genomic DNAs were
removed by using the DNA-free DNA Removal kit (Thermo
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Fisher Scientific, AM1906) according to the manufacturer’s instruc-
tion. Five hundred nanograns of RNA was subjected to the synthesis
of first-strand cDNA using the SuperScript VILO cDNA synthesis
Kit (Invitrogen, 11754050). Quantitative polymerase chain reaction
(qQPCR) was performed on a StepOne PCR instrument using SYBR
Green qPCR Master Mix (Invitrogen, 4472908). Primers used for
quantitative reverse transcription PCR (qRT-PCR) in this study
are as follows: Kdm5c: 5'-GAGCAGTCTGTACTGTGCCA-3'
(forward), 5'-ATTCCCACATACAGCCACGG-3' (reverse); Nfatcl:
5'-TCATCGGCGGGAAGAAGATG-3' (forward), 5'-
GTCCCGGTCAGTCTTTGCTT-3' (reverse); Fos: 5'-TACTAC-
CATTCCCCAGCCGA-3' (forward), 5'-GCTGTCACCGTGGG-
GATAAA-3' (reverse); Oscar: 5'-CGTGCTGACTTCACACCAAC-
3" (forward), 5'-GGTCACGTTGATCCCAGGAG-3' (reverse);
Destamp: GCTGTATCGGCTCATCTCCT-3' (forward), 5'-ATG-
GACGACTCCTTGGGTTC-3' (reverse); Ocstamp: 5'-AGCCACG-
GAACACCTCTTTG-3' (forward), 5'-
TGGAACAACTGCCTTGCAGA-3' (reverse); Ctsk: 5'-GAAGG-
GAAGCAAGCACTGGA-3"  (forward), 5'-CCATGTTGG-
TAATGCCGCAG-3' (reverse); Acp5: 5'-
CTGGTATGTGCTGGCTGGAA-3' (forward), 5'-CGCAAACGG-
TAGTAAGGGCT-3' (reverse); Atp6v0d2: 5'-
GGGCCTGGTTCGAGGATG-3' (forward), 5'-GAAGTTGCCA-
TAGTCCGTGGT-3' (reverse); Ugcre2: 5'-GCAACTGCTAGAGC-
CATGAAG-3' (forward), 5'-TTAACCTTCGGGGCAACTTTGA-
3" (reverse); Aptlb3: 5'-TGCTGGAACCAGGAACCTAAA-3'

(forward), 5-CTAGGCTCGTGCTGTGACTT-3" (reverse);
Cox6bl: 5'-CGCTACTCCGGGACAATCTT-3" (forward), 5'-
TCTGGTTCTGGTTGGGGAAG-3"  (reverse); Sdhb: 5'-

CGTTCTCGGCAGAGTCGG-3' (forward), 5'-GGTCCCATCGG-
TAAATGGCA-3' (reverse); Sdha: 5'-TATGGTGCAGAAGCTCG-
GAAG-3' (forward), 5'-ACTCATCGACCCGCACTTTG-3'
(reverse); Ppargclb: 5'-CAGTACAGCCCCGATGACTC (forward),
5-TTCGTAAGCGCAGCCAAGA-3' (reverse); Ppia: 5'-AGCATA-
CAGGTCCTGGCATC-3' (forward), 5'- TTCACCTTCCCAAA-
GACCAC -3' (reverse). Ppia gene was used as the internal control
for normalization. The mRNA levels of genes of interest were nor-
malized to the average levels of Ppia, and relative expression was
calculated as the ratio to control (defined as 1).

RNA-seq and data processing

BMM from fCtrl and fKdm5¢*V® (n = 3) mice were seeded into 12-
well plates followed by RANKL treatment for 0 hours (untreated),
16 hours, or 32 hours. Total RNA was extracted using the same
method as described in qRT-PCR and sequenced by the Genomics
Core at Van Andel Research Institute. Raw reads of RNA-seq data
were mapped to Mus musculus (mm10). Subjunc v1.6.4 and featur-
eCounts v1.6.4 were used to estimate the read counts on transcripts/
gene exons. EdgeR v3.32.1 was used to identify differentially ex-
pressed genes. Genes with false discovery rate < 0.05 (Benjamini-
Hochberg-adjusted P values) were annotated as a differentially ex-
pressed gene between fCtrl and fKdm5¢*V* BMM. R package
enrichR v3.1 was used to identify gene sets (Gene Ontology
Biology Process 2021) enriched in the differentially expressed
genes. Terms with P < 0.05 were considered significant. The top
five terms ranked by combined score of up- and down-regulated
genes are listed in Fig. 4A. Combined score is computed using the
logarithm of Fisher exact test P value multiplex by z score.

Western blots

Cultured BMM were lysed in CHAPS buffer (Thermo Fisher Scien-
tific) containing protein inhibitors. Ten to 40 pg of protein per
sample was loaded to 10% SDS—polyacrylamide gel electrophoresis
gels followed by transfer to polyvinylidene difluoride membranes.
The membranes were then blocked with 5% nonfat milk in 1x
tris-buffered saline plus 0.05% Tween 20 for 2 hours at room tem-
perature and incubated with corresponding primary antibodies.
Primary antibodies are as follows: anti-KDM5C (A301-034A,
Bethyl Laboratories) or anti—B-actin (4967, Cell Signaling Technol-
ogy) and OXPHOS rodent Western blots antibody cocktail (45-
8099, Thermo Fisher Scientific). Blots were developed using the
SuperSignalt West Dura Extended Duration Substrate (Thermo
Fisher Scientific) and imaged using the ChemiDoc MP Imaging
System (Bio-Rad).

Extracellular flux assay

Seahorse assay and ATP calculations were performed as described
(37,40, 41). OCR and ECAR of cultured BMM were measured using
the Seahorse XF96 Extracellular Flux Analyzer. Briefly, 20,000
BMM were seeded to XF96 plates and treated with RANKL to
induce osteoclastogenesis. Three days after RANKL treatment, cel-
lular bioenergetics were assessed using the Seahorse XF Cell Mito
Stress Test Kit with sequential addition of 1.5 uM oligomycin (in-
hibiting ATP synthesis), 3 uM carbonyl cyanide 4-(trifluorome-
thoxy) phenylhydrazone (uncoupling), 0.5 uM rotenone/
antimycin A (inhibiting respiratory chain complexes I and III, re-
spectively), and 10 mM monensin (stimulating Na + pumps on
plasma membrane). Data were normalized to number of cells.

Mitochondrial ETC inhibition

Mitochondrial ETC complex I inhibitor piericidin A (#15379) and
complex II inhibitor atpenin A5 (#11898) were purchased from
Cayman Chemical, while complex III inhibitor myxothiazol
(T5580) was purchased from MilliporeSigma. Cultured BMM
were treated with DMSO (control group), piericidin A (0.2 uM),
atpenin A5 (0.4 pM), myxothiazol (0.2 pM), or antimycin
(0.2 pM) along with methyl-pyruvate (1 mM) and uridine
(400 uM) followed by RANKL stimulation. All concentrations
were referred to published papers (42, 43) and optimized for
BMM treatment. TRAP staining was performed when mature
OCs appeared in the control group.

BMM retroviral transfection

BMM were transduced with control (pMSCV-ires-Thyl.1; pMIT)
or PGC-1pB—expressing (pMiT- Pgcl-f) retrovirus, as previously de-
scribed (44, 45). Briefly, 293T cells were transfected with vectors and
Lipofectamine 2000 to generate retroviral supernatants. BMM were
cultured in six-well plates with complete BMM media until 70%
confluency was reached. Cells were then transfected with pMiT or
pMIiT-PgcI-P retrovirus containing supernatants by centrifuging
under 2500 rpm for 60 min at 30°C before being cultured in fresh
complete BMM media. Two days after transfection, cells were di-
gested with 0.5 mM EDTA, stained with phycoerythrin
(PE)-Thy-1.1 antibody (12-0900-81, Thermo Fisher Scientific),
and sorted using anti-PE microbeads (Miltenyi Biotec). Sorted
BMM were seeded in 96-well plates for osteoclastogenesis, in 12-
well plates for RNA extraction and Western blots, or in XF96
plates for Seahorse assays.
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KDMS inhibitor treatment

The KDM5i, KDM5A-IN-1, was purchased from MedChemExpress
(catalog no. HY-100014). The half maximal effective concentration
was defined as concentration at which the osteoclast numbers and
area are halved compared to the control group. Cultured BMM from
fCtrl mice or human monocytes were thereafter treated with DMSO
or KDM5i for osteoclastogenesis assay, Seahorse assay, or RNA
extraction.

Statistical analysis

All data were analyzed using GraphPad Prism software (version 9).
An unpaired or paired Student's ¢ test was performed for experi-
ments with two groups for statistical significance calculation. A
one-way or two-way analysis of variance (ANOVA) was performed
to determine statistical significance between multiple groups.
Actual P values are shown on each graph.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
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Scientists ¢
Grand Rapids

The city that has something
for everyone

A vibrant biomedical corridor. Diverse and extensive arts and
entertainment. White sand beaches and deep forest trails a short
drive away.

There's a lot to love—and discover—about Grand Rapids, Michigan. With
about 1 million people across its metro area, the state’s second largest city has for the
past decade experienced an economic and population boom, signaling to the world that
something special is found here.

It's why Van Andel Institute’s founding family resisted early calls to establish the Institute in a
larger, more well-known place outside of Grand Rapids. They knew the city was the right location
for VAl to thrive.

Founded in 1996 through a generous endowment by Jay and Betty Van Andel, VAI has steadily
grown under the leadership of Chairman and CEO David Van Andel to become a major
Midwestern hub for leading-edge biomedical research. The Institute spurred the emergence
of the Grand Rapids Medical Mile, a district that includes several major hospitals and
Michigan State University College of Human Medicine.

It takes more than good career opportunities to create a welcoming home,
however—and Grand Rapids has a great deal to deliver. “Grand Rapids has so many
things that big cities offer, but the pace and quality of life are much better,” says VAI
investigator Yvonne Fondufe-Mittendorf, noting that she can readily get from her
home to her lab at VAlI—or pretty much anywhere else in Grand Rapids—within 15
minutes or so.

VAl's Chief Scientific Officer Peter Jones says that the city’s appeal is particularly
strong for faculty and staff with children, who have access to affordable homes in
convenient locations. “This is a marvelous place to bring up a family,” he says. In fact, in 2023, US News & World Report ranked Grand
Rapids #20 on its roster of best places to live in the US, with housing costs below the national average and an excellent school system—
including City High School, which was ranked #1 in the state and #18 nationally in 2022.

Living in a smaller city doesn't necessarily require sacrifices in terms of access to entertainment and culture. Van Andel Arena brings
headliners to town and houses minor league hockey and basketball teams. In addition to major arts hubs like the Grand Rapids Art
Museum and the DeVos Performance Hall, the city also supports an extensive network of local artists and venues. “My youngest son
loves theater, and we've gone to see the Broadway shows that come through,” say VAl investigator Russell Jones. “We've already seen
‘Hamilton’ twice.”

And in 2012, Grand Rapids was crowned “Beer City USA” in recognition of the more than 40 breweries in the area. But
there’s more than just beer on tap, as the city is also home to multiple craft distillers. Oenophiles can enjoy
' Michigan's wine region near Traverse City and Old Mission Peninsula just two hours north.

Nearby, Lake Michigan is home to a number of beautiful waterfront spots within easy driving distance
from the city. There are numerous other inland lakes nearby, as well as myriad bike and hiking trails for
outdoors enthusiasts. Furthermore, the 4,800-mile North Country Trail, which spans eight states, runs right past Grand
Rapids. For those craving a trip to the big city, Detroit and Chicago are both only a few hours away. And for longer distance
excursions—either for work or fun—Gerald R. Ford International Airport is close by and has direct services to more than 30
North American cities.

Grand Rapids only continues to expand. A major redevelopment of the downtown riverfront to include more green
space and an open-air music venue is in motion. New hotels, restaurants, and entertainment venues are continually
springing up.

Given this wealth of offerings and amenities, Fondufe-Mittendorf has quickly become a strong advocate for
Grand Rapids. “It's beautiful,” she says. “I love it.”
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