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1. INTRODUCTION: We recently identified that two transcription factors, estrogen related
receptor alpha (ERRa) and gamma (ERRY), are critical transcriptional regulators of
mitochondrial biogenesis and function. Loss of both cardiac ERRa and ERRy in mice results in
severe mitochondrial cardiomyopathy, heart failure and death within the first month of life. This
is because that ERRa and ERRYy are both sufficient and required to induce the transcription of
many genes crucial for normal mitochondrial function and biogenesis. Overexpression of ERRa
and ERRy increases mitochondrial biogenesis and function in cells. Therefore, we hypothesize
that induction of the ERRo/ERRY signaling pathway (with both genetic and pharmacological
approaches) can enhance mitochondrial function in both cells and tissues, thus providing a
general approach for treating a broad spectrum of mitochondrial diseases. We propose to test
our hypothesis using novel animal models of mitochondrial disease we recently developed.

2. KEYWORDS: Mitochondria, mitochondrial disease, cardiomyopathy, estrogen related
receptor, transcriptional regulation, mitochondrial biogenesis, signaling, iPSCs, heart disease

3. ACCOMPLISHMENTS:

= What were the major goals of the project?

Specific Aim 1 (specified in proposal) Timeline % complete

Major Task 1 Months

Subtask 1: Treat mitochondrial cardiomyopathy in | 1-36 60%; Wallace lab has

ND6 mutant mice generated mice;
Pei lab has generated
virus

Subtask 2: Treat mitochondrial cardiomyopathy in | 1-36 60% Wallace lab has

CO1 mutant mice generated mice;
Pei lab has generated
virus

Milestone(s) Achieved: Successful completion of | 36 On track

subtasks 1 and 2.

IACUC Approval 1 100% August 09, 2016
Wallace and Pei

Milestone Achieved: HRPO/ACURO Approval 1 100% October 24, 2016
Wallace and Pei




Specific Aim 2 (specified in proposal)

Major Task 2
Subtask 1: Treat mitochondrial cardiomyopathy in | 1-36 60% Wallace lab has
Antl1-/- mice generated mice; Pei lab
has generated virus
Milestone(s) Achieved: Successful completion of | 36 On track
subtask 1.

Specific Aim 3 (specified in proposal)

Major Task 3

Subtask 1: Improve mitochondrial and cellular 13-36 50% Pei lab
functions in human Ant1-/- patient iPSCs-derived

cardiomyocytes

Milestone(s) Achieved: Successful completion of | 36 On track
subtask 1

= What was accomplished under these goals?
1) Major activities: Overall we are on track to achieve our major research goals.
Aims 1 and 2: the Wallace lab recently published the detailed comparison of the different

mitochondrial disease animal models (Mitochondrial DNA Variation Dictates Expressivity and

Progression of Nuclear DNA Mutations Causing Cardiomyopathy. McManus MJ, Picard M,
Chen HW, De Haas HJ, Potluri P, Leipzig J, Towheed A, Angelin A, Sengupta P, Morrow RM,
Kauffman BA, Vermulst M, Narula J, Wallace DC. Cell Metab. 2018 Aug 23. pii: S1550-
4131(18)30503-5. PMID: 30174309 also see Appendices). Based on these latest results we

decided to prioritize our research efforts on the compound Ant1-/-ND6 mutant mouse model,

because this model exhibited the earliest and strongest mitochondrial cardiomyopathy
phenotype and therefore provided the best therapeutic window for our proposed intervention
research strategy. We devoted our efforts in this model in Year 1 and 2. The Wallace lab have
maintained breeding colonies that have generated the several cohorts of compound Ant1-/-ND6
mutant mice for our experiments. The Pei lab has generated the AAV9-ERRYy virus and the Pei
lab has injected Ant1-/-ND6 mutant mice with AAV9-ERRYy virus. We are currently measuring
cardiac functions in these mice. We are also injecting more mice to reach to cohort number as

we originally planned.



In order to determine the most reliable and earliest outcome measure for treatment, detailed

analysis of the Antl1-/-ND6 mutant heart has been performed in mice between 1.5 and 9 months

of age. Results from echocardiography are shown in Table 1 and Figure 1.
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Table 1. Echocardiography Results. A) Results from Antl-/-ND6 mutant mice at given ages.

B) Results from control mice (C57B6J) at given ages. IVS;d=interventricular septal end

diastole, IVS;s=interventricular septal end systole, LVID;d=left ventricular internal diameter end

diastole, LVID;s= left ventricular internal diameter end diastole, LVPW;d=Left ventricular

posterior wall end diastole, LVPW,;s=Left ventricular posterior wall end systole, CO=cardiac

output, EF=ejection fraction, FS=fraction shortening, LV Vol;d= left ventricular volume diastolic, ,

LV Vol;s= left ventricular volume systolic, SV= Stroke volume
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Figure 1. Echocardiography of Antl-/-ND6 mutant mice. IVS;d=interventricular septal end
diastole, IVS;s=interventricular septal end systole, LVID;d=left ventricular internal diameter end
diastole, LVID;s= left ventricular internal diameter end diastole, LVPW;d=Left ventricular
posterior wall end diastole, LVPW;s=Left ventricular posterior wall end systole, CO=cardiac
output, EF=ejection fraction, FS=fraction shortening, LV Vol;d= left ventricular volume diastolic,

LV Vol;s= left ventricular volume systolic, SV= Stroke volume



These experiments demonstrate that the Antl-/-ND6 mutants present with cardiac changes by

three months of age. These results have informed the therapeutic experiments, and the Pei lab
is now injecting AAV9-ERRY into control and Ant1-/-ND6 mutant mice at 2 time points: 1 month
of age via ultrasound-assisted injection, and 3 days of age via direct pericardial injection. We

expect to complete all studies in Aim 1 and 2 by end of Year 3.

Aim 3: Pei lab has initiated studies in Aim 3 using Antl-/- iPSC-derived cardiomyocytes. We
have measured and evaluated mitochondrial functions in control and ERRy overexpressed
cardiomyocytes. Our initial results show that ERRy increases mitochondrial membrane potential
(Figure 2) and calcium signaling (Figure 3), supporting our hypothesis that ERRy may increase
mitochondrial functions in Antl-/- cells. We are currently completing experiments to measure
other aspects of mitochondrial functions (respiration, morphology, etc) as we originally

proposed. We expect to complete all studies in Aim 3 by end of Year 3.
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Figure 2. Membrane potential in Antl-/- iPSCs transduced with AAV9-ERRy. Membrane
potential in Antl-/- iPSCs was measured using JC-1 dye.
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2) Specific objectives: In addition to aforementioned progress in major activities, Pei and
Wallace together have successfully achieved milestones of institute IACUC protocol and
ACURO approvals on time.

3) Significant results and key outcomes:

0 Pei lab has previously discovered that GDF15 is a heart-derived hormone that regulates
body growth. Circulating GDF15 level correlates positively with the severity of mitochondrial
cardiomyopathy and can be used as a serum biomarker for our mitochondrial disease
studies. Pei lab has further identified the molecular mechanism of GDF15 upregulation in
mitochondrial cardiomyopathy. This work was just published (see appendices) and the
DOD grant support was acknowledged. We will take advantage of these new findings and
monitor serum GDF15 level as an additional, more convenient and less invasive method to
determine whether mitochondrial cardiomyopathy was ameliorated by ERRy
overexpression and activation (Aims 1 and 2). Pei lab has also published a paper
discovering that ERRYy is important to maintain mitochondrial functions in the kidney,
another organ often affected in mitochondrial disease (see appendices).

0 Wallace lab recently published results of the different mitochondrial disease animal models
(see Appendices). We found that the compound Ant1-/-ND6 mutant mouse model exhibited
the earliest and strongest mitochondrial cardiomyopathy phenotype and therefore provided

the best therapeutic window for our proposed intervention research strategy.



4) Other accomplishments: Our recent publications in Year 2 that are supported by this DOD

grant are attached in the appendices.

What opportunities for training and professional development has the project

provided?

o Training: Dr. Zhao has received one-on-one training in iPSC technology, gene editing and
single cell or nucleus RNA-Seq.

o Professional Development: Dr. Pei attended the United Mitochondrial Disease Foundation

annual meeting in Nashville, June 27-30, 2018. He met with many fellow researcher in

mitochondrial disease. He also met many mitochondrial disease patients and family

members and learned more about their life. He is eager to continue to contribute to our

cause to cure mitochondrial disease one day.

How were the results disseminated to communities of interest?

First, the Pei and Wallace labs have published series of papers on or related to ERRy and
mitochondrial functions:

0 The Pei lab has published several papers:

« Zhao J, Lupino K, Wilkins BJ, Qiu C, Liu J, Omura Y, Allred AL, McDonald C,
Susztak K, Barish GD, Pei L. (2018) Genomic integration of ERRy-HNF1p regulates
renal bioenergetics and prevents chronic kidney disease. Proceedings of National
Academy of Sciences 115, E4910-E4919. PMID: 29735694.

% LiJ, Liu J, Lupino K, Liu X, Zhang L, Pei L. (2018) GDF15 maturation requires
proteolytic cleavage by PCSKS3, 5 and 6. Molecular and Cellular Biology. PMID:
30104250.

< Hu P, Liu J, Zhao J, Wilkins BJ, Lupino K, Wu H, Pei L. (2018). Single-nucleus
transcriptomic survey of cell diversity and functional remodeling in the postnatal
developing hearts. Genes & development 32, 1344-1357. PMID: 30254108.

0 The Wallace lab has published a manuscript in Cell Metabolism that described the cardiac
phenotype of mice with combined mutations in mitochondrial and nuclear genes.

+« Mitochondrial DNA Variation Dictates Expressivity and Progression of Nuclear DNA

Mutations Causing Cardiomyopathy. McManus MJ, Picard M, Chen HW, De Haas
HJ, Potluri P, Leipzig J, Towheed A, Angelin A, Sengupta P, Morrow RM, Kauffman
BA, Vermulst M, Narula J, Wallace DC. Cell Metab. 2018 Aug 23. pii: S1550-
4131(18)30503-5. PMID:30174309



o Drs. Pei and Wallace together published a review of mitochondria and disease:
« Pei L, Wallace DC (2018). Mitochondrial Etiology of Neuropsychiatric Disorders.
Biological psychiatry 83, 722-730. PMID: 29290371. PMCID: PMC5891364

In addition, Drs. Pei and Wallace have been invited to give talks in numerous

national/international meetings and in academic institutions about their work on this topic
(please see below in “6. PRODUCTS)

= What do you plan to do during the next reporting period to accomplish the goals?

We plan to finish all proposed goals and experiments in all research aims. For Aims 1 and 2,
the Pei lab will complete injecting AAV9-ERRY to all Antl-/-ND6 mutant mice as planned, and
the Pei lab will measure their cardiac functions periodically to determine whether
overexpression of ERRy improves cardiac function in these mice. For Aim 3 the Pei and
Wallace labs will complete studies to determine whether ERRy overexpression has improved

mitochondrial functions in Antl-/- iPSC-differentiated cardiomyocytes.

4. IMPACT:

= What was the impact on the development of the principal discipline(s) of the project?

The Pei lab has recently discovered that GDF15 is a heart-derived hormone that regulates body
growth. Circulating GDF15 level correlates positively with the severity of mitochondrial
cardiomyopathy and can be used as a serum biomarker for our mitochondrial disease studies.
The Pei lab has further identified the molecular mechanism of GDF15 upregulation in
mitochondrial cardiomyopathy. This work was just published (see appendices) and the DOD
grant support was acknowledged. We will take advantage of these new findings and monitor
serum GDF15 level as an additional, more convenient and less invasive method to determine
whether mitochondrial cardiomyopathy was ameliorated by ERRy overexpression and activation
(Aims 1 and 2). Pei lab has also published a paper discovering that ERRy is important to
maintain mitochondrial functions in the kidney, another organ often affected in mitochondrial

disease (see appendices).

= What was the impact on other disciplines?

The Pei lab recently discovered that GDF15 is a heart-derived hormone that regulates body
growth. Pediatric heart disease induces GDF15 synthesis and secretion by cardiomyocytes.
Circulating GDF15 in turn acts on the liver to inhibit growth hormone (GH) signaling and body
growth. We demonstrate that blocking cardiomyocyte production of GDF15 normalizes

circulating GDF15 level and restores liver GH signaling, establishing GDF15 as a bona fide



heart-derived hormone that regulates pediatric body growth. Importantly, plasma GDF15 is
further increased in children with concomitant heart disease and failure to thrive (FTT). Together
these studies reveal a new endocrine mechanism by which the heart coordinates cardiac
function and body growth. Our results also provide a potential mechanism for the well-
established clinical observation that children with heart diseases often develop FTT. The Pei lab
has further identified the molecular mechanism of GDF15 upregulation in mitochondrial
cardiomyopathy. This work was just published (see appendices) and the DOD grant support
was acknowledged. We will take advantage of these new findings and monitor serum GDF15
level as an additional, more convenient and less invasive method to determine whether
mitochondrial cardiomyopathy was ameliorated by ERRy overexpression and activation (Aims 1
and 2). The Pei lab has also published a paper discovering that ERRy is important to maintain
mitochondrial functions in the kidney, another organ often affected in mitochondrial disease (see

appendices).

= What was the impact on technology transfer?

Nothing to Report

= What was the impact on society beyond science and technology?

Johnson & Johnson named Douglas Wallace, Ph.D. winner of the 2017 Dr. Paul Janssen Award
for Biomedical Research, and launched a campaign for champions of science as part of the Dr.
Paul Janssen Project — a new year-long, multi-faceted program to recognize the impact of
science on humanity. Dr. Wallace won for his pioneering work in the field of mitochondrial
genetics, and joined 14 other scientists who have received the Dr. Paul Janssen Award in the
past 13 years, including two who went on to win the Nobel Prize. The ceremony included a talk

by Dr. Wallace on the importance of the mitochondria in health and disease.

5. CHANGES/PROBLEMS:

= Changes in approach and reasons for change

As detailed above, we have prioritized the compound Ant1-/-ND6 mutant mouse model based
on our latest research results. This model exhibited the earliest and strongest mitochondrial
cardiomyopathy phenotype and therefore provided the best therapeutic window for our
proposed intervention research strategy. We devoted our efforts in this model in Year 2 and

moving forward. We also prioritized AAV9 to deliver ERRy using two different approaches



(ultrasound guided injection in adult mice, or pericardial injection in newborn mice) against the

pharmacological activation of ERRy as we are still determining the optimal dose.

= Changes that had a significant impact on expenditures

Nothing to report

= Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents

Nothing to report

= Significant changes in use or care of human subjects

Nothing to report

= Significant changes in use or care of vertebrate animals.

Nothing to report

= Significant changes in use of biohazards and/or select agents

Nothing to report

6. PRODUCTS:
= Publications, conference papers, and presentations
o Journal publications.
The Pei lab has published several papers:
+« Zhao J, Lupino K, Wilkins BJ, Qiu C, Liu J, Omura Y, Allred AL, McDonald C, Susztak
K, Barish GD, Pei L. (2018) Genomic integration of ERRy-HNF1p regulates renal
bioenergetics and prevents chronic kidney disease. Proceedings of National Academy
of Sciences 115, E4910-E4919. PMID: 29735694.
< LiJ, Liu J, Lupino K, Liu X, Zhang L, Pei L. (2018) GDF15 maturation requires
proteolytic cleavage by PCSK3, 5 and 6. Molecular and Cellular Biology. PMID:
30104250.
< Hu P, Liu J, Zhao J, Wilkins BJ, Lupino K, Wu H, Pei L. (2018). Single-nucleus
transcriptomic survey of cell diversity and functional remodeling in the postnatal
developing hearts. Genes & development 32, 1344-1357. PMID: 30254108.
The Wallace lab has published a manuscript in Cell Metabolism that described the cardiac
phenotype of mice with combined mutations in mitochondrial and nuclear genes.
++ Mitochondrial DNA Variation Dictates Expressivity and Progression of Nuclear DNA

Mutations Causing Cardiomyopathy. McManus MJ, Picard M, Chen HW, De Haas HJ,
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Potluri P, Leipzig J, Towheed A, Angelin A, Sengupta P, Morrow RM, Kauffman BA,
Vermulst M, Narula J, Wallace DC. Cell Metab. 2018 Aug 23. pii: S1550-
4131(18)30503-5. PMID:30174309
Drs. Pei and Wallace together published a review of mitochondria and disease:
% Pei L, Wallace DC (2018). Mitochondrial Etiology of Neuropsychiatric Disorders.
Biological psychiatry 83, 722-730. PMID: 29290371. PMCID: PMC5891364

= Books or other non-periodical, one-time publications.

Nothing to report

= Other publications, conference papers, and presentations.
0 Liming Pei presentations

% 09/2017, Inaugural Canadian Mitochondrial Disease Conference, Toronto,
Canada. “A heart-derived hormone that connects failure to thrive to
mitochondrial disease”

% 10/2017, Institute for Diabetes and Obesity (IDO), Helmholtz Zentrum Minchen,
Munich, Germany, “Listen to your heart — a heart-derived hormone that regulates body
growth”

% 01/2018, Department of Biochemistry & Molecular Medicine, University of California,
Davis. Sacramento, CA. “Listen to your heart — a heart-derived hormone that regulates
body growth”

% 06/2018, Center for Pharmacogenetics, Department of Pharmaceutical sciences,
University of Pittsburgh, Pittsburgh, PA. “Listen to your heart — a heart-derived hormone
that regulates body growth”

¢ 06/2018, Gordon Research Conference — Cardiac Regulatory Mechanism, New
London, NH. “Single-nucleus transcriptomic survey of cell diversity and functional
maturation in the postnatal mammalian hearts”

+» 08/2018, Department of Molecular Biology, UT Southwestern Medical Center, Dallas,
TX. “Cardiac endocrinology — heart-derived hormones in physiology and disease”

% 09/2018, Molecular Metabolism Seminar Series, David Geffen School of Medicine at
UCLA, Los Angeles, CA. “Cardiac endocrinology — heart-derived hormones in
physiology and disease”

% 09/2018, Department of Medicine, Northwestern University, Chicago, IL. “Listen to your
heart — a heart-derived hormone that regulates body growth”

Doug Wallace presentations
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X/
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X/
L X4

Sept, 2017 “Mitochondrial DNA Variation in Human Evolution and Disease”,
Mitochondrial Evolutionary Genomics Conference Keynote Speaker, Ein Gedi, Israel
Sep, 2017 “The Mitochondrion: Our Origins — Our Diseases”, 2017 Dr. Paul Janssen
Award Symposium, New York City, NY

Sep, 2017 “A Mitochondrial Etiology of Metabolic and Degenerative Diseases”, The
Canada Mitochondrial Network and MitoCanada Foundation, Toronto, Canada

Oct, 2017 “The Mitochondrion: Our Origins — Our Diseases”, Genetics and Complex
Diseases, Harvard Chan School, Boston, MA

Oct, 2017 “A Mitochondrial Etiology of Complex Diseases”, University of
Pennsylvania Perelman School of Medicine, Department of Cardiovascular Institute
Seminar Series, Philadelphia, PA

Oct, 2017 “Mitochondria: Our Origins-Our Diseases”, Cornell University, Ithaca,
NY

Oct, 2017 “Our Origins-Our Diseases: The Mitochondrial Perspective”, Golden
Sages Lecture, Bryn Mawr College, Bryn, Mawr, PA

Oct, 2017 “A Mitochondrial Etiology of Complex Diseases and Associated
Inflammation”, University of Pennsylvania Perelman School of Medicine, Penn
Transplant Institute Research Lecture, Philadelphia, PA

Oct, 2017 “Mitochondria: Our Origins-Our Diseases”, the 12" Annual International
Conference in Genomics, Shenzhen, China

Nov, 2017 “Mitochondrial Variation in Metabolic and Degenerative Diseases,
Cancer, & Aging”, University of Chicago Cancer Biology Seminar Series, Chicago,
IL

Nov, 2017 “Mitochondrial Genetic Variation in Human Evolution and Disease”,
Cleveland Clinic, Cleveland, OH

Dec, 2017 “Mitochondrial Genetics and Disease Risk: What Is the Current
Evidence?”, Nutrigenomics and the Future of Nutrition-Food Forum Meeting at the
National Academy of Sciences, Washington, DC

Jan, 2018 “A Mitochondrion Etiology of the Common “Complex” Diseases”,
Rutgers Cancer Center, New Brunswick, NJ

Jan, 2018 “A Mitochondrial Etiology of Neuroophthalmological Diseases”, Basic
Science Course in Ophthalmology at Columbia University

Jan, 2018 “A Mitochondrion Etiology of the Common “Complex” Diseases”, 2018
Inaugural Mitochondrial Medicine Distinguished Lecture at Columbia University
Feb, 2018 “A Mitochondrial Etiology Of The Common ‘Complex’ Diseases”,
University of California San Diego at the Rady Children’s Hospital of San Diego, San

Diego, CA

March, 2018 “The Enigma of Traditional Eastern Medicine”, Bench to Bedside
Research Symposium, University of California, Irvine Medical School, Irvine, CA
April, 2018 “Why Can’t We Understand and Cure the Common Diseases? An

Energyomics Perspective”, Keynote Speaker at the American Council of Life Insurers
Genetics Symposium (ACLI), Washington, DC

April, 2018 “Mitochondrial Genetic Variation in Human Evolution and
Disease”, the First AsiaEvo Conference, Shenzhen, China
April, 2018 “Mitochondria from Evolution to Disease: It’s in the Genes”, the

2018 AUA-IARS Joint Symposium: Mitochondria and Bioenergetics in Health and
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Disease: It’s Not Just a Power Failure, Chicago, IL

¢ May, 2018 “Mitochondrial Etiology of Common Diseases”, the University of
Arkansas Seminar, Fayetteville, AR

¢ May, 2018 “Mitochondrial in the Etiology of Traumatic, Acute, and Chronic
Disease”, the Center for Injury Research and Prevention Guest Lecture at Children’s
Hospital of Philadelphia, Philadelphia, PA

% May, 2018 “Mitochondrial biology in disease and modern medicine”, the American
Thoracic Society International Conference, San Diego, CA

% May, 2018 “A Mitohcondrial Etiology of Common “Complex” Diseases”, the
International Conference on Subcellular Organelles 2018 at the Shanghai
International Convention Center, Shanghai, China

¢ May, 2018 “A Mitochondrial Etiology of Common Disease”, Institute of Genetics
Zhejiang University, Huanzhou, China.

% June, 2018 “Mitochondrial Biophysics and the Etiology of Disease”, Britten Chance
Symposium, U. Pennsylvania

«» June, 2018 “A Mitochondrial Etiology of Common Diseses”, Marsh Lecture in
Molecular Medicine, Feinstein Institute of Biomedical Research, Northwell Hospital
System, Manhasset, NY.

% June, 2018 “A Mitochondrial Etiology of Common Diseases” 2018 International
Symposium in Biomedical Sciences, China Medical University, Taichung, Taiwan.

% June, 2018 “Clinical Implication of Mitochondrial Medicine” Changhua Christian
Hospital, Taichung, Taiwan.

% July, 2018 “Clinical Implication of Mitochondrial Medicine” 60th Anniversary
Celebration of the Department of Genetics, Stanford University, Palo Alto, CA.

% August, 2018 “A Mitochondrial Etiology of Cardiovascular Disease”, “Clinical

Implication of Mitochondrial Medicine”, NHLBI, Bethesda, MD

August, 2018 “A mitochondrial Etiology of Common Diseases”, 20th European

Bioenergetics Conference (EBEC2018), Budapest, Hungary.

X/
L X4

o]
= Website(s) or other Internet site(s)

www.mitomap.org. MITOMAP reports published and unpublished data on human

mitochondrial DNA variation. Currently our variant tables report frequencies from 30589

human mitochondrial DNA sequences.

= Technologies or techniques

nothing to report

* Inventions, patent applications, and/or licenses

nothing to report

= Other Products

nothing to report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
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= What individuals have worked on the project?

Name: Douglas C. Wallace, Ph.D.
Project Role: No change

Name: Liming Pei, Ph.D.

Project Role: No change

Name: Deborah G. Murdock, Ph.D.
Project Role: No change

Name: Jesus Tintos Hernandez, Ph.D.
Project Role: Postdoctoral fellow

Nearest person

month worked:

Contribution to

Dr. Hernandez has been instrumental in creation and

Project: maintenance of iPSCs
Name: Juanjuan Zhao, Ph.D.
Project Role: Postdoctoral fellow

Nearest person

month worked:

12

Contribution to

Dr Zhao has been responsible for designing and producing

AAV9-ERR viruses and evaluating cardiac function both in animal

Project: , _ _ o
(Aims 1 and 2) and cell (Aim 3) models of mitochondrial disease.
Funding
Support:
Name: Katherine Lupino
Project Role: Research technician

14



Nearest person 10
month worked:

Contribution to || Miss Lupino has provided technical support in maintain mouse

Project: colonies and cell cultures. Miss Lupino replaced Caitlin McDonald
Funding

Support:

Name: Arrienne Butic

Project Role: Research technician

Nearest person

month worked:

Contribution to || Ms Butic has replaced D Rittenhouse as the research technician

Project: responsible for mouse husbandry.
Funding

Support:

Name: Jian Liu

Project Role: Postdoctoral fellow

Nearest person

month worked:

Dr. Jian Liu has been responsible for working with and assisting
Dr. Juanjuan Zhao in designing and producing AAV9-ERRy
viruses and evaluate cardiac function both in animal (Aims 1 and
Project: 2) and cell (Aim 3) models of mitochondrial disease.

Contribution to

= Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

No changes for other active research support for Dr. Liming Pei



Changes for other active research support for Dr. Douglas are:
+ 5R01-NS021328-30 (PI D. Wallace) 04/01/13 —03/31/18 1.2 calendar months
National Institutes of Health (NIH) $261,528
Mitochondrial Inborn Errors of Metabolism
This project will investigate the genetics of maternally inherited neurological diseases.
Role: PI
There is no scientific or budgetary overlap. This grant has ended since the last reporting

period.
% 100041003 (PI D. Wallace)  10/01/14 — 12/31/17 0.24 calendar months
GlaxoSmithKline $119,048

Mitochondria and Chronic Obstructive Pulmonary Disease: A LHON Connection
This project will investigate how mtDNA cybrids can be used to test the efficacy of
increasing antioxidant defenses by activation of Nrf2 of reducing mtDNA oxidative damage
by over expression of OGGL1.

Role: PI

There is no scientific or budgetary overlap. This grant has ended since the last reporting

period.

« N/A (Pl Atif Towheed/D. Wallace) 07/01/15-07/31/18 1.2 calendar months
United Mitochondrial Disease Foundation $35,000

Allotopic RNA Rescue of LHON Mouse Models

This project will investigate the use of a novel gene therapy approach in correcting the
mutant phenotype in a LHON mouse model

Role: Fellowship Grant

There is no scientific or budgetary overlap. This grant has been extended

= What other organizations were involved as partners?

Nothing to Report
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Growth Differentiation Factor 15 Maturation Requires
Proteolytic Cleavage by PCSK3, -5, and -6

Jing Jing Li,®®* Jian Liu,>* Katherine Lupino,®* Xueyuan Liu,< Lili Zhang,© Liming Pei2.*-¢

2Center for Mitochondrial and Epigenomic Medicine, Children's Hospital of Philadelphia, Philadelphia,
Pennsylvania, USA

bDepartment of Pathology and Laboratory Medicine, Children's Hospital of Philadelphia, Philadelphia,
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cResearch Vector Core, Center for Cellular and Molecular Therapeutics, Children's Hospital of Philadelphia,
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Philadelphia, Pennsylvania, USA

ABSTRACT Growth differentiation factor 15 (GDF15) is a secreted protein with pleo-
tropic functions from the transforming growth factor B (TGF-B) family. GDF15 is syn-
thesized as a precursor and undergoes proteolytic cleavage to generate mature
GDF15. The strong appetite-suppressing effect of mature GDF15 makes it an attrac-
tive therapeutic agent/target for diseases such as obesity and cachexia. In addition,
clinical studies indicate that circulating, mature GDF15 is an independent biomarker
for heart failure. We recently found that GDF15 functions as a heart-derived hor-
mone that inhibits liver growth hormone signaling and postnatal body growth in
the pediatric period. However, little is known about the mechanism of GDF15 matu-
ration, in particular the enzymes that mediate GDF15 precursor cleavage. We investi-
gated which candidate proteases can cleave GDF15 precursor and generate mature
GDF15 in cardiomyocytes in vitro and mouse hearts in vivo. We discovered that
three members of the proprotein convertase, subtilisin/kexin-type (PCSK) family,
namely, PCSK3, PCSK5, and PCSK6, can efficiently cleave GDF15 precursor, therefore
licensing its maturation both in vitro and in vivo. Our studies suggest that PCSK3, -5,
and -6 mediate a crucial step of GDF15 maturation through proteolytic cleavage of
the precursor. These results also reveal new targets for therapeutic application of
GDF15 in treating obesity and cachexia.

KEYWORDS GDF15, PCSK, heart disease, cardiomyocytes, cardiac endocrinology

rowth differentiation factor 15 (GDF15; also known as MIC-1, NAG-1, PTGFB, PDF,

and PLAB) is a distant member of the transforming growth factor 8 (TGF-B) family
(1-7). Basal tissue expression of Gdf15 is low except in the placenta and prostate, but
its expression can be induced in pathological conditions (5, 8). In particular, an elevated
serum GDF15 level has been found in heart disease patients and is associated with
increased morbidity and mortality. GDF15 is therefore used as an independent bio-
marker for heart disease, especially heart failure (9, 10). We recently discovered GDF15
as a heart-derived hormone that regulates postnatal body growth (11). Cardiac Gdf15
expression is highly induced in pediatric heart disease, and circulating GDF15 acts on
the liver to inhibit growth hormone signaling and body growth. Plasma GDF15 is
increased in children with concomitant heart disease and failure to thrive (FTT),
providing a potential explanation for the well-established clinical observation that
children with heart diseases often develop FTT. In addition, it was recently shown that
GDF15 suppresses appetite via activating its receptor GFRAL in the brain stem (12-17).
GDF15 is currently being explored as a potential therapeutic agent or target for a
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FIG 1 pro-GDF15 is cleaved by the PCSK family of proteases. (A) Schematic diagram of pre-pro-GDF15 with its canonical RXXR
cleavage site shown. (B and C) Representative Western blot images showing pro-GDF15 and mature GDF15 in media of HL1
cardiomyocytes (B) and HEK293 cells (C) transfected with GDF15-mf plasmid and treated with different protease inhibitors.
GDF15-mf, C-terminal myc-FLAG-tagged pre-pro-GDF15; ¢, control; PepA, pepstatin A; GM, GM-6001; Benza, benzamidine;
CMK, decanoyl-RVKR-CMK.

variety of indications, including obesity, metabolic disease, anorexia, and cancer ca-
chexia.

So far, most studies on GDF15 have focused on its biological function and disease
biomarker implications. The biochemical properties of the GDF15 protein itself remain
little understood. Like many other protein hormones, GDF15 protein is synthesized as
a biologically inactive precursor protein (pre-pro-GDF15), with an N-terminal signal
peptide important for its intracellular trafficking and secretion (Fig. 1A). After removal
of the signal peptide, the remaining GDF15 propeptide (pro-GDF15; ~30 kDa) under-
goes proteolytic cleavage to yield the C-terminal mature GDF15 (~13 kDa), which forms
a homodimer as the major secreted form of GDF15 found in serum (18). However, the
enzymes responsible for the proteolytic processing and generation of mature GDF15
remain elusive.

The mammalian proprotein convertase, subtilisin/kexin-type (PCSK) proteins are a
family of serine proteinases that share homology with bacterial enzyme subtilisin and
yeast enzyme kexin (19, 20). Among the nine mammalian PCSK enzymes, PCSK9 is well
known for its role in cleaving and degrading low-density lipoprotein receptor (LDLR),
which is crucial in cholesterol metabolism (21). Antibodies targeting PCSK9 (Praluent
and Repatha) constitute the latest therapy for hypercholesterolemia and heart disease
by significantly reducing serum LDL and the risk of cardiovascular events (22). The
substrates of PCSK8 (also known as SKI-1/S1P) include sterol-regulated element
binding proteins (SREBPs), brain-derived neurotrophic factor (BDNF), and soma-
tostatin. PCSK1 to -7 recognize and cleave right after the basic residues Arg/Lys-
X,n-Arg/Lys | (R/KX,,R/K, where X is any amino acid and n = 0 to 3). They are
essential for the cleavage and maturation of many secreted proteins, including
important hormones (i.e., insulin, glucagon, and adrenocorticotropic hormone
[ACTH]I). Intriguingly, PCSK3 (also known as furin) has been reported as the major
enzyme for TGF-B family proteins TGF-B and bone morphogenetic protein 10 (23,
24). In addition, GDF15 contains the canonical RXXR sequence right before the
cleavage site, which can be recognized by PCSK1 to -7. These observations raised
the possibility that one or more of the PCSK enzymes are responsible for the
cleavage and maturation of GDF15.

In this study, we investigated the mechanisms of GDF15 maturation in cardiomyo-
cytes, in which it is highly induced under the condition of heart disease. We found that
PCSK3, PCSK5, and PCSK6 can efficiently cleave pro-GDF15 for maturation both in vitro
and in vivo. These results revealed the long-sought identity of the enzymes responsible
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for GDF15 maturation and uncovered novel means for therapeutic application of
GDF15 in treating metabolic disease, anorexia, and cachexia.

RESULTS

PCSK3, -5, and -6 cleave pro-GDF15 into the mature form in vitro. To determine
the enzyme class that cleaves pro-GDF15, we expressed mouse C-terminal myc-FLAG-
tagged pre-pro-GDF15 (GDF15-mf) in HL1 mouse cardiomyocytes or HEK293 human
embryonic kidney cells. These cells expressed little endogenous GDF15, making them
a good system for analysis. We then treated the cells with different classes of protease
inhibitors: cysteine protease inhibitor E-64, aspartyl protease inhibitor pepstatin, broad-
spectrum matrix metalloprotease inhibitor GM-6001, serine protease inhibitor benz-
amidine, and pan-PCSK inhibitor decanoyl-RVKR-CMK. Western blot analysis revealed
that both benzamidine and CMK could inhibit the processing of pro-GDF15 (decreased
ratio of mature GDF15 to pro-GDF15), while the other classes of protease inhibitors had
no effect (Fig. 1B and C). These results suggest that GDF15 is cleaved by one or more
PCSK family members in these cells.

To determine the specific PCSK protein that cleaves GDF15, we expressed individual
PCSK proteins together with pre-pro-GDF15 in HL1 or HEK293 cells. Western blot
analysis showed that only PCSK3, PCSK5, and PCSK6 (also known as PACE4) effectively
processed pro-GDF15 into mature GDF15 (Fig. 2A). All the other PCSK members
exhibited no GDF15-processing capability. To ensure that all PCSK proteins are ex-
pressed at comparable levels, we also performed these experiments using tagged PCSK
vectors, and we obtained the same results (Fig. 2B). These results suggest that PCSK3,
PCSKS5, and PCSK6 are cell-type-independent enzymes that process pro-GDF15 into the
mature form.

We next investigated whether the PCSK recognition sequence RXXR in pro-GDF15
(ending at position 188 in mouse and position 193 in human pre-pro-GDF15) is
essential for its processing. We mutated the last Arg to GIn (R188Q) to disrupt this RXXR
motif. While coexpression of PCSK3, PCSK5, or PCSK6 could cleave wild-type (WT)
pro-GDF15 into mature GDF15 in both HL1 cell lysate and culture medium, all three
PCSK proteins were ineffective against this RXXR motif mutant pro-GDF15 (Fig. 3).
These results suggest that PCSK3, PCSK5, and PCSK6 cleave pro-GDF15 at its canonical
RXXR sequence.

PCSK3, -5, and -6 catalytic activities are essential for pro-GDF15 cleavage. The
so-called catalytic triad Asp-His-Ser forms the catalytic active sites of PCSK enzymes and
is conserved from bacterial subtilisin and yeast kexin to mammal PCSK (19, 20). We next
investigated whether the catalytic triad of PCSK3, -5, and -6 is essential for pro-GDF15
cleavage. We mutated the individual essential amino acid (Asp to Ala, His to Lys, and
Ser to Ala) in the catalytic triad of PCSK3, PCSK5, and PCSK6. These mutations seem to
increase the stability of PCSK3 and PCSK6 but not PCSK5 (Fig. 4). While WT PCSK3,
PCSKS5, or PCSK6 could cleave pro-GDF15 into mature GDF15 in both HL1 cell lysate and
culture medium, none of the mutant forms were able to cleave pro-GDF15 (Fig. 4).
These results suggest that the catalytic activities of PCSK3, -5, and -6 are essential for
pro-GDF15 processing.

PCSK3, -5, and -6 license GDF15 maturation in vivo. We next investigated
whether PCSK3, PCSK5, or PCSK6 was able to cleave pro-GDF15 in the mouse heart in
vivo. We generated and performed pericardial injection of adeno-associated virus 9
(AAV9) encoding a cardiac troponin (cTnt) promoter-driven pre-pro-GDF15, in combi-
nation with AAV9-cTnt-green fluorescent protein (GFP) (as a control), PCSK3, PCSK5, or
PCSK6 into postnatal day 3 to 5 C57BL/6 WT mice and collected the hearts 10 days after
injection. We and others have previously shown that pericardial injection of AAV9
achieves stable and cardiac tissue-specific expression of transgenes (11, 25). Quan-
titative PCR (qPCR) results confirmed the expression of individual genes in the
mouse heart (Fig. 5A). GDF15 overexpression alone resulted in increased pro-GDF15
but little change of mature GDF15 protein in the WT mouse hearts (Fig. 5B). In
contrast, coexpression of PCSK3, PCSK5, or PCSK6 significantly increased both
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A
GFP GDF15-mf GFP  GDF15-mf
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GFP GDF15-mf GFP GDF15-mf
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*
B GFP GDF15-mf
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FIG 2 PCSK3, -5, and -6 cleave pro-GDF15 in vitro. Representative Western blot images show pro-GDF15 and mature GDF15 in media of
HL1 cardiomyocytes and HEK293 cells transfected with GDF15-mf and different PCSK plasmids. (A) Nontagged PCSK; (B) V5H6-tagged
PCSK. In panel B, cellular PCSK protein levels were also determined by Western blotting using V5 antibody. B-Actin served as a loading
control. *, nonspecific bands.
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B GFP GDF15-mf GDF15-mf mut
PCSK5 - - + - +
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mature GDF15—

c GFP GDF15-mf GDF15-mf mut
PCSK6 - - + - +
pro-GDF15 —
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Molecular and Cellular Biology

Cell lysate
GFP GDF15-mf GDF15-mf mut
PCSK3 - - + - +
pro-GDF15 —

mature GDF15—

BActin—

GFP GDF15-mf GDF15-mf mut
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GFP GDF15-mf GDF15-mf mut

PCSK6
pro-GDF15 —

mature GDF15—

BActin—

FIG 3 RXXR motif of pro-GDF15 is crucial for PCSK3, -5, and -6-mediated cleavage. Representative Western blot images of HL1 medium and cell
lysates are shown. HL1 cardiomyocytes were transfected with WT or R188Q mutant GDF15-mf, with or without an equal amount of plasmid
encoding full-length PCSK3 (A), PCSK5 (B), or PCSK6 (C). B-Actin served as a loading control.

pro-GDF15 and mature GDF15, and importantly, the ratio of mature/pro-GDF15.
Furthermore, the presence of PCSK3, PCSK5, or PCSK6 doubled the amount of
circulating, mature GDF15 (18) (Fig. 5C). Together, these results suggest that PCSK3,

PCSK5, and PCSK6 license GDF15 maturation in vivo.

We last examined PCSK3, -5, and -6 expression in a mouse model of heart disease.
We have previously shown that cardiac loss of two transcription factors essential for
normal cardiac metabolism and function, estrogen-related receptor alpha (ERRa) and
gamma (ERRYy), results in postnatal cardiomyopathy, heart failure, and FTT (11, 26).
Gdf15 transcription is highly induced in cardiac ERRa/7y knockout (KO) mice, resulting in
increased pro-GDF15 and mature GDF15 production in the heart. Circulating GDF15, in
turn, inhibits liver growth hormone signaling and pediatric body growth, thereby
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FIG 4 PCSK3, -5, and -6 catalytic activities are essential for pro-GDF15 cleavage. Representative Western blot images of HL1 medium and cell
lysates are shown. HL1 cardiomyocytes were transfected with WT GDF15-mf and an equal amount of plasmids encoding WT or mutant PCSK3
(A), PCSK5 (B), or PCSK6 (C). B-Actin served as a loading control.

coordinating body growth rate with cardiac function. We found that PCSK3, -5, and -6
proteins are present in multiple tissues important in metabolism (heart, liver, brown fat,
and gastrocnemius muscle [Fig. 6A]). Although PCSK3 and PCSK6 abundance were little
changed, both the RNA and protein levels of PCSK5 were significantly increased in
cardiac ERRa/y KO mouse hearts, further supporting significant GDF15 maturation (Fig.
6B and Q). Although further investigations are required to determine whether the
activities of these PCSK enzymes alter under other physiological or pathological con-
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FIG 5 PCSK3, -5, and -6 license GDF15 maturation in vivo. (A) Cardiac Gdf15, Pcsk3, Pcsk5, and Pcsk6 mRNA levels in mice receiving AAV9 pericardial
injection. (B) Representative Western blot images of pro-GDF15 and mature GDF15 (framed) in AAV-injected heart lysates. —, negative control
(GDF15 KO heart lysate); +, positive control (heart lysates from cardiac ERRa/y KO mice). B-Actin served as a loading control. Quantification of
mature GDF15 band density (normalized to B-actin) and mature versus pro-GDF15 ratio is shown at the bottom. (C) Plasma GDF15 levels in
AAV9-injected mice (n = 12 to 18 per group). #, P < 0.0001 versus AAV9-GFP; *, P < 0.01 versus AAV9-GDF15.
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FIG 6 PCSK3, -5, and -6 expression in mouse models of heart disease. (A) Representative Western blot images of PCSK3, PCSK5, and PCSK6
proteins in the heart (H), liver (L), brown fat (B), and gastrocnemius muscle (M) of 16-day-old control aHet/yWT mice. (B) Expression of

Pcsk3, Pcsk5, and Pcské in the hearts of control aHet/yWT and cardiac ERRa/y KO (aKO/yKO) mice (n =

6 to 8). *, P < 0.05. (C)

Representative Western blot images of GDF15, PCSK3, PCSK5, and PCSK6 proteins in the hearts of littermate control aHet/yWT and cardiac
ERRa/y KO mice (n = 4). (D) Diagram summarizing findings of pro-GDF15 cleavage by PCSK3, -5, and -6. B-Actin served as a loading

control in panels A and C.

ditions, these results suggest that PCSK3, -5, and -6 can support GDF15 maturation in
heart disease in vivo.

DISCUSSION

Like most hormones and many other TGF-B family member proteins, GDF15 is
synthesized as a precursor protein and undergoes proteolytic processing to release the
mature form as a secreted hormone. However, little is known about the protein
enzymes that mediate this critical cleavage step. This issue becomes more important
considering the current strong therapeutic interest in GDF15 for treating obesity and
cachexia and its implication in cardiovascular disease. Although a recent report that
focused on PCSK6 in prostate cancer touched on GDF15 as one of the substrates of
PCSK6 (27), this study took a more systematic approach and identified three enzymes
that effectively process pro-GDF15 to maturation. PCSK3, -5, and -6 (but not other PCSK
proteins) can all recognize and cleave the canonical substrate sequence of pro-GDF15
in vitro and in vivo (Fig. 6D). We also showed that the catalytic triad Asp-His-Ser of
PCSK3, -5, and -6 is essential for the members’ enzymatic activities and GDF15 matu-
ration. Together, these studies provided novel mechanistic insights into our under-
standing of GDF15 biology.

We showed that PCSK3, -5, and -6 can all cleave pro-GDF15 in multiple cell types
in vitro and in the mouse heart in vivo. Whether they are essential for GDF15 in vivo
maturation remains unclear at this moment, as inactivation of all three PCSK
enzymes is likely needed to definitively address this question. It remains possible
that one particular PCSK is critical for pro-GDF15 processing in certain cell types or
tissues due to its much higher abundance than other PCSKs. In addition, it is also
possible that in a complex organ (such as the heart) composed of many cell types,
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Gene Species Forward Reverse

Pcsk1 Mouse AGTTGGAGGCATAAGAATGCTG GCCTTCTGGGCTAGTCTGC
Pcsk2 Mouse AGAGAGACCCCAGGATAAAGATG CTTGCCCAGTGTTGAACAGGT
Pcsk3 Mouse TAGCAGGCAATTATGACCCTGG TAAGCTACACCTACGCCACAG
Pcsk4 Mouse CTTTCGCTCTCCTACAGCCG AGTTGTTGTAGCCTTGGCCG
Pcsk5 Human GAGGGACCCACAGTTTCATTTC TGGGCACGACTGAAGTCATAA
Pcsk6 Mouse CAGGCGCGAAGTGACTCTC GACCGACAGCGACTGTTCTT
Pcsk7 Mouse AGAGAGTCTGACGCAACAGG TATGCCCAGTAGGCTGGACAA
Pcsk8 Mouse CTGGTGGTTTTGCTCTGTGG GGCTGTGAAGTATCCGTTGAAAG
Pcsk9 Mouse GAGACCCAGAGGCTACAGATT AATGTACTCCACATGGGGCAA
Gdf15 Mouse CTGGCAATGCCTGAACAACG GGTCGGGACTTGGTTCTGAG
36b4 Mouse AGATGCAGCAGATCCGCAT GTTCTTGCCCATCAGCACC

different PCSKs are essential for pro-GDF15 processing in distinct cell types. Future
studies will address these possibilities. On the other hand, how cellular PCSK3, -5,
and -6 activities are regulated remains little understood. It is possible that certain
physiological stimuli or pathological conditions promote specific PCSK abundance
and/or activity, thereby regulating mature GDF15 availability, as we showed for
PCSK5 in heart disease.

MATERIALS AND METHODS

Animal studies and AAV injection. All animal studies were approved by and performed under the
guidelines of the Institutional Animal Care and Use Committee of the Children’s Hospital of Philadelphia
(CHOP) and comply with the ARRIVE guidelines. The WT C57BL6/) mice were from the Jackson
Laboratory. Cardiac ERRa/y KO mice in the C57BL6/J background were previously described (26). Mice
were maintained in a pathogen-free environment on a 12/12-h light/dark cycle with ad libitum access to
food and water. Both sexes were included in studies. The mouse pups and dams were fed a breeder diet
(LabDiet 5058), while weaned mice were fed a standard chow diet (LabDiet 5L0D). AAV9-cTnt-GFP,
mouse pre-pro-GDF15, mouse PCSK3, human PCSK5, and mouse PCSK6 were generated at the CHOP
Research Vector Core. Pericardial injection of mice at 3 to 5 days of age with 3 X 10'" vector genomes
of AAV9 was performed as previously described (11). Mice were returned to their home cage after AAV
injection and maintained for an additional 10 days before being euthanized.

Cell culture, plasmids, and transfection. HEK293 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) with L-glutamine, 4.5 g/liter of glucose, sodium pyruvate (Corning; 10013CV), and 10%
fetal bovine serum (FBS; Sigma; F2442). HL1 cardiomyocytes were maintained in Claycomb medium
(Sigma; 51800C) supplemented with FBS (Sigma; F2442), 0.1 mM L-(—)-norepinephrine bitartrate (Cay-
man Chemical; 16673), and 2 mM L-glutamine (Gibco; 25030) as previously described (26). Plasmid
encoding mouse pre-pro-GDF15 was from Origene (MR204247). Plasmids encoding full-length mouse
PCSK1 to -4 and PCSK7 to -9 were generated by PCR cloning from mouse cDNAs into the pcDNA3.1
vector. Plasmid encoding full-length human PCSK5 was from GeneCopoeia (Ex-T3161-M98). Plasmid
encoding full-length mouse PCSK6 with FLAG tag was from Nanopro Biosciences (751729-1). The
V5H6-tagged PCSK1 to -9 vectors were generated by PCR cloning into the pcDNA3.1D-V5H6 vector. The
mutant plasmids GDF15 R188Q, PCSK3 H194L, S368A, and D153A, PCSK5 H212L, S386A, and D171A, and
PCSK6 H236L, S410A, and D195A were generated by site-directed mutagenesis as previously described
(26, 28, 29). HEK293 and HL1 cells were transfected using 1.5:1 and 5:1 ratios of FUGENE 6 (Promega),
respectively.

Protease inhibitors and Western blot analysis. Protease inhibitors used in this study include E-64
(10 wM; Cayman Chemical; 10007963), pepstatin A (10 uwM; Cayman Chemical; 9000469), GM-6001 (50
uM; Enzo Life Sciences; BML-EI300), benzamidine (5 mM; Sigma; B6506), and decanoyl-RVKR-CMK (25 uM;
Cayman Chemical; 14965). Twenty-four hours after transfection, cells were treated with aforementioned
protease inhibitors for 24 h. The culture medium was then collected and briefly centrifuged to remove
cell debris; cells were lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors (Roche; 4693159001). Western blot analysis was performed as previously described
(26, 28, 29) using the following antibodies: GDF15 (Abcam; ab189358), PCSK3 (Santa Cruz; sc-133142),
PCSKS5 (Thermo Fisher; PA5-42378), PCSK6 (Abcam; AB151562), FLAG (Sigma; F1804), V5 (Thermo Fisher;
MA1-81617), and B-actin (Cell Signaling; 4967). Image quantification was performed using ImageJ from
films scanned at 1,200 dots per inch (dpi) in TIFF format by selecting uniform rectangles that enclose the
bands. We separated peaks corresponding to different bands using ImageJ, which allowed accurate
calculation of mature and pro-GDF15 band densities from closely located, nonspecific bands. Relative
ratio was calculated by dividing the value of each band by that of its corresponding control band.

qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) was performed as previously described
(26, 30). Primers sequences are listed in Table 1.

ELISA. Mouse blood was collected using a lithium heparin-coated microvette (Sarstedt; CB300LH)
and centrifuged at 3,000 X g for 5 min at 4°C. Plasma GDF15 levels were measured with an enzyme-
linked immunosorbent assay (ELISA) kit (R&D; DY6385) by following the manufacturer’s instructions.
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Statistics. Data are presented means plus standard errors of the means (SEMs). Two-tailed, two-

sample unequal-variance Student’s t test was used to determine the statistical significance. A P value of
<0.05 was considered statistically significant.
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A fundamental challenge in understanding cardiac biology and disease is that the remarkable heterogeneity in cell
type composition and functional states have not been well characterized at single-cell resolution in maturing and
diseased mammalian hearts. Massively parallel single-nucleus RNA sequencing (snRNA-seq) has emerged as a
powerful tool to address these questions by interrogating the transcriptome of tens of thousands of nuclei isolated
from fresh or frozen tissues. snRNA-seq overcomes the technical challenge of isolating intact single cells from
complex tissues, including the maturing mammalian hearts; reduces biased recovery of easily dissociated cell
types; and minimizes aberrant gene expression during the whole-cell dissociation. Here we applied sNucDrop-seq,
a droplet microfluidics-based massively parallel snRNA-seq method, to investigate the transcriptional landscape
of postnatal maturing mouse hearts in both healthy and disease states. By profiling the transcriptome of nearly
20,000 nuclei, we identified major and rare cardiac cell types and revealed significant heterogeneity of cardio-
myocytes, fibroblasts, and endothelial cells in postnatal developing hearts. When applied to a mouse model of
pediatric mitochondrial cardiomyopathy, we uncovered profound cell type-specific modifications of the cardiac
transcriptional landscape at single-nucleus resolution, including changes of subtype composition, maturation
states, and functional remodeling of each cell type. Furthermore, we employed sNucDrop-seq to decipher the
cardiac cell type-specific gene regulatory network (GRN) of GDF15, a heart-derived hormone and clinically
important diagnostic biomarker of heart disease. Together, our results present a rich resource for studying cardiac
biology and provide new insights into heart disease using an approach broadly applicable to many fields of
biomedicine.

[Keywords: single-nucleus RNA-seq; GDF15; ERRy; postnatal heart maturation; mitochondrial cardiomyopathy]
Supplemental material is available for this article.
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Significant genetic and functional heterogeneity exist
among individual cells and contribute to overall organ
development, physiology, and plasticity (Altschuler and
Wu 2010). For example, there are many different cell
types, including cardiomyocytes, fibroblasts, endothelial
cells (ECs), epicardial cells, blood cells, and others, in
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both developing and adult hearts, with significant ana-
tomical, genetic, and functional heterogeneity among
the same cell type (Paige et al. 2015; Potente and Makinen
2017; Tallquist and Molkentin 2017). Of particular inter-
est are early postnatal hearts, in which the cell type
composition and metabolic states undergo significant
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changes and remodeling for functional maturation. How-
ever, the postnatal period is significantly underexplored
compared with the embryonic period or adulthood. In
addition, cell type-specific metabolic and transcriptional
remodeling often occurs in the disease state. Many forms
of heart disease, such as mitochondrial cardiomyopathy, a
disease of heart muscle due to primary mitochondrial dys-
function, are well recognized to exhibit significant hetero-
geneity in disease genetics, symptoms, and outcomes
(Meyers et al. 2013; Burke et al. 2016b; Ritterhoff and
Tian 2017). However, the precise cell type composition
and molecular underpinnings of such cellular and func-
tional heterogeneity in maturing and diseased postnatal
hearts remain poorly understood.

Single-cell RNA sequencing (RNA-seq) approaches
empower genome-wide gene expression analysis at the
single-cell resolution and have provided novel insights
into many important biological questions, such as cellu-
lar identity and heterogeneity (Tanay and Regev 2017;
Woodworth et al. 2017). Recent technological advances
in droplet microfluidics have enabled massively parallel
single-cell transcriptome analysis of tens of thousands
of cells (Klein et al. 2015; Macosko et al. 2015) and nuclei
(Lake et al. 2016; Habib et al. 2017; Hu et al. 2017). Al-
though single-nucleus RNA-seq (snRNA-seq) often de-
tects a lower number of RNA than single-cell RNA-
seq, as it excludes transcripts outside the nucleus, it
holds several technical advantages when applied to tis-
sues that are difficult to dissociate, such as mammalian
hearts. First, snRNA-seq bypasses preparation of intact
single-cell suspension and thus can be used to study fro-
zen and archived primary tissues. Second, snRNA-seq
can minimize the bias of recovering only cells that are
easily dissociated or cells of a certain size optimal for
platform-specific cell capture and reduce the impact of
aberrant transcriptional changes induced by enzymatic
dissociation. To date, massively parallel snRNA-seq has
been used only to study brain cell type compositions
and functional states (Lake et al. 2016; Habib et al.
2017; Hu et al. 2017). Further applications of massively
parallel snRNA-seq to study cardiac biology and disease
will provide novel insights into physiologically and clin-
ically significant questions that cannot be satisfactorily
addressed with population-based genome-wide profiling
methods.

Here we applied our recently developed massively par-
allel snRNA-seq method, sNucDrop-seq (Hu et al. 2017),
to investigate the transcriptional landscape of postnatal
mouse hearts in both healthy and disease states of mito-
chondrial cardiomyopathy. Our transcriptome analysis
of nearly 20,000 nuclei offered new insights into several
key questions in cardiac biology: cell type composition,
and functional heterogeneity in normal postnatal hearts
and changes of transcriptional landscape of each cell
type in disease state. We also used our single-nucleus
transcriptome data set to reveal cell type-specific gene
regulatory networks (GRNs) exemplified by heart dis-
ease-associated Gdf15 transcription. Our approach is ap-
plicable to study similar questions in many areas of
biology and disease.

2 GENES & DEVELOPMENT

Results

sNucDrop-seq for single-nucleus transcriptome analysis
of postnatal mouse hearts

We optimized a mouse heart nucleus isolation protocol
based on sucrose gradient ultracentrifugation that helps
minimize cytoplasmic contamination and protect nucleus
integrity (Supplemental Fig. S1A; Hu et al. 2017). We per-
formed sNucDrop-seq in normal developing postnatal
hearts as well as hearts from a mouse model of pediatric
mitochondrial cardiomyopathy. In this model, cardiac ge-
netic inactivation of two transcription factors essential for
normal cardiac metabolism and function (estrogen-related
receptor a [ERRa] and ERRy) results in rapid postnatal
development of dilated mitochondrial cardiomyopathy,
heart failure, and death within a month of birth (Wang
et al. 2015). ERRa and ERRy directly regulate expression
of hundreds of genes important in mitochondrial fatty
acid oxidation and oxidative phosphorylation (OxPhos)
as well as cardiac contraction and conduction (Alaynick
et al. 2007; Dufour et al. 2007; Huss et al. 2007; Wang
et al. 2015). Cardiac ERRa/y knockout (referred to here as
knockout) mouse hearts exhibited loss of mitochondrial
structure and function as well as defects of myocardial
contraction and conduction, accompanied by significantly
reduced expression of mitochondrial and cardiac function
genes (Wang et al. 2015). To optimize and validate the
sNucDrop-seq assay for postnatal heart tissues, we per-
formed sNucDrop-seq analysis of dissected ventricles
from control and knockout mice (n=3 littermate pairs)
of 9-10 d of age—an early stage of disease development
in knockout, when significant gene expression and func-
tional changes could be readily detected (Wang et al.
2015, 2017).

We performed sNucDrop-seq of both freshly isolated
(control 1 and knockout 1) and frozen (control 2 and 3
and knockout 2 and 3) heart samples and obtained highly
concordant results within the same genotype (Supple-
mental Fig. S1B,C). Overall, 78% of reads aligned to geno-
mes, among which 77% mapped to exons, 16% mapped
to introns, and 7% mapped to intergenic regions. This rel-
atively lower percentage of reads mapped to the intronic
region in the nuclear transcriptomic profiles of heart sam-
ples (compared with ~50% intronic reads in mouse brains)
(Hu et al. 2017) suggests that the relative composition of
nascent transcripts varies significantly among cell types
and organs. After quality filtering (>500 genes detected
per nucleus), >15,000 nuclei were retained from three
pairs of control and knockout littermates (Supplemental
Table S1) for further analysis (7760 nuclei for control
and 7323 nuclei for knockout). We obtained similar num-
bers and distributions of transcripts and genes per nucleus
between samples (Supplemental Fig. S1B; Supplemental
Table S1). In addition, sNucDrop-seq results showed high
concordance when compared with bulk RNA-seq from
control and knockout hearts (Supplemental Fig. S1D), fur-
ther validating the sNucDrop-seq approach. sNucDrop-
seq also provided additional, previously inaccessible in-
sights into these transcriptional changes at single-nucleus
resolution: Differential gene expression changes (e.g.,
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Nppa and Cox7al) between control and knockout hearts
could result from changes in both the percentage of posi-
tive-expressing cells and average gene expression per nu-
cleus (Supplemental Fig. S1E).

Unbiased cell type identification and study of cellular
heterogeneity in healthy postnatal hearts

We assigned 7760 nuclei from healthy hearts into 14 dis-
tinct clusters using principal component analysis (PCA)
dimension reduction followed by graph-based clustering,
which was visualized by spectral t-distributed stochastic
neighbor embedding (tSNE) (Fig. 1A). Numbers of detect-
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ed transcripts (unique molecular identifiers [UMIs]) and
genes were comparable among all clusters (Supplemental
Fig. S2A,B). Each cluster contained nuclei from all heart
samples, indicating overall reproducible transcriptional
identities across biological replicates. Each of these 14
clusters displayed distinct nuclear transcriptional signa-
tures, including both protein-coding and noncoding RN As
(Fig. 1B; Supplemental Fig. S2C,D; Supplemental Table
S2). Based on pathway analysis and cell type-specific
markers (Fig. 1C,D), we identified all of the major cardiac
cell types—including cardiomyocytes, fibroblasts, and
ECs—that express cell type-specific marker genes and
together constituted >90% of all nuclei. Cardiomyocytes
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Figure 1. Unbiased cell type identification in the postnatal heart. (A) tSNE plot of 14 clusters of a P10 control heart. Cell identity and
percentage are labeled. (B) Heat map showing clustering and gene expression of the 14 clusters. (C,D) Violin plot (C) and feature plot
(D) illustrating the expression patterns of selected marker genes of each cluster. (p)CM) Proliferating cardiomyocytes; (LEC) lymphatic
ECs; (Fb) fibroblasts; (Epi) epicardial cells; (BC) blood cells; (PC/SMC) pericytes/smooth muscle cells.
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could be divided into two major groups based on mito-
chondrial content, muscle fiber type, and key markers:
less mature or developing cardiomyocytes (dCMs) with
fewer mitochondria and positive for immature cardio-
myoctye markers such as Myocd (also known as myo-
cardin) and more mature cardiomyocytes (mCMs) with
abundant mitochondria and positive for muscle fiber
markers such as Actcl (also known as cardiac a-actin). Im-
portantly, the relative cell type composition uncovered by
sNucDrop-seq agreed well with the results defined by or-
thogonal approaches, including immunohistochemistry,
FACS, and lineage tracing (Banerjee et al. 2007; Doppler
et al. 2017). For instance, it was reported previously that
15-d-old (postnatal day 15 [P15]) mouse hearts contained
63% cardiomyocytes and 18% fibroblasts (Banerjee et al.
2007); we identified 59% cardiomyocytes and 19% fibro-
blasts in P10 mouse hearts.

Importantly, sNucDrop-seq revealed significant cellu-
lar heterogeneity within each major cell type. We were
able to identify three populations of dCMs as well as
two populations of mCMs, fibroblasts, and ECs. To deter-
mine whether these are distinct clusters, we performed
differential expression tests to identify cell subtype-
specific marker genes, which revealed subtle but signifi-
cant differences between cell subtypes (Supplemental Ta-
ble S3). Among dCM subpopulations, dCM3 was more
mature, as it expressed more mitochondrial genes (e.g.,
Cox6a2, Ndufa5, and Atp5j), while dCM1 expressed fibro-
blast-enriched markers (e.g., Colla2, Col3al, and Dcn).
Interestingly, some mCMs, such as those in the mCM1,
also expressed these fibroblast-enriched markers. There
was also a small population of presumably proliferat-
ing cardiomyocytes (pCMs) that expressed cell cycle
genes (e.g., Mki67, Cenpp, and Kif15). Over 50% of these
cells also expressed Gata4 and Myocd, transcription fac-
tors critical for cardiomyocyte development (Fig. 1C,D).
Indeed, Gata4™ or Myocd* nuclei were significantly en-
riched only in dCMs (dCM1-3; odds ratio=7.96; P<2.2 x
107! by Fisher’s exact test) but not in mCMs or non-
myocyte cells. Overall, these results reveal significant
heterogeneity among dCMs, mCMs, and fibroblasts, with
many subtypes that exhibited intermediate molecular
signatures.

Through sNucDrop-seq analysis, we also identified two
distinct EC populations not reported in previous single-
cell RNA-seq studies of mouse embryonic (DeLaughter
et al. 2016; Li et al. 2016) or adult (Gladka et al. 2018;
Skelly et al. 2018) hearts. Analysis of subtype-enriched
genes uncovered that EC2 expressed relatively more mito-
chondrial and muscle fiber genes (e.g., Cox6a2, Mybpc3,
and Mhrt) (Supplemental Table S3). ECl-enriched genes
included Npr3 as well as Tiel and Tie2 (receptors for an-
giopoietins critical for angiogenesis) (Supplemental Fig.
S3A). As a proof of principle for using our cardiac cell atlas
as a resource to identify and characterize these EC sub-
types, we used immunohistochemistry to show that these
EC subtypes represent anatomically distinct populations
of cardiac ECs (Supplemental Fig. S3B). While general
EC marker PECAMI stained all ECs in the endocardium,
arteries, veins, and capillaries, EC1-specific NPR3 marked

4 GENES & DEVELOPMENT

only some capillary and endocardium but few arteries or
veins. We also used confocal microscopy to examine these
ECs with double immunostaining. PECAM1 and NPR3
double staining revealed that many NPR3 cells are
PECAMI1-positive and therefore ECs (Supplemental Fig.
S3C). PECAMI and cardiac troponin I (TNNI3) double
staining revealed that there are some cells that coexpress
PECAMI1 and TNNI3 (Supplemental Fig. S3D), suggesting
that a subpopulation of ECs can express muscle fiber
genes.

The sNucDrop-seq analysis also identified relatively
rare cell types. These included pericytes or smooth mus-
cle cells, blood cells, epicardial cells, and pCMs, which
express related specific marker genes and together consti-
tute 8.8% of the total nuclei (Fig. 1A-D). Historically,
these rare cardiac cell types were often defined by a few
cell markers. Our unbiased approach not only validated
known markers (Fig. 1C,D; Supplemental Table S2) but
also revealed transcriptomic signatures based on the ex-
pression patterns of hundreds of genes for these cell types.
Based on our sNucDrop-seq data, we identified unbiased
lists of highly cell type-specific genes that can be used
to classify cardiac pericytes/smooth muscle cells, epicar-
dial cells, and lymphatic ECs (LECs), respectively (Supple-
mental Table S4). For example, although Wt1 and Thx18
are well-established epicardium markers, our study un-
covered >30 additional high-confidence markers for epi-
cardial cells, including both known (e.g., Upk3b and
Upk1b) and novel (e.g., II118r1 and Msln) genes (Supple-
mental Fig. S3E; Bochmann et al. 2010). Moreover, these
new marker genes may reveal previously unrecognized bi-
ological functions of these less studied cell types; for ex-
ample, mechanosensitive ion channel Piezo2 and genes
important in neurodevelopment (e.g., Shank3 and Reln)
were highly expressed and specifically enriched in LECs
(Supplemental Fig. S3F). Indeed, 62% of the Flt4* (Vegfc
receptor, which is a marker for lymphatic vessel) cells
coexpressed Piezo2, suggesting potential functions of
some LECs in sensing blood pressure or other mechanical
signals. This significantly expanded list of potential mark-
er genes highlights the value of our study as a resource
for future research investigations of these relatively rare
cardiac cells.

Transcriptomic dynamics of cardiomyocyte maturation
in postnatal hearts

To investigate transcriptome dynamics during postnatal
heart development, we also performed sNucDrop-seq in
P6 control mouse ventricles (n=3 mice) and compared
the results with those of P10 control mice. Using the
same analysis settings, we obtained 4560 nuclei with sim-
ilar numbers of transcripts and genes per nucleus among
the three biological replicates (Supplemental Table S1).
Ten distinct clusters were identified based on their tran-
scriptomic signatures (Fig. 2A; Supplemental Table S5).
All of the cell types identified in P10 hearts were found
in P6 hearts except for LEC, likely because it is relatively
rare (0.2% or 19 nuclei in P10) and therefore harder to
detect, with fewer total nuclei studied (4560 nuclei in P6
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Figure 2. Transcriptomic dynamics of cardiomyocyte maturation in postnatal hearts. (A) tSNE plot of 10 clusters of a P6 control heart.
Cell identities are labeled. (B) Pairwise comparison of all clusters between P6 and P10 control hearts. (C) Cell type compositions in P6 and
P10 control hearts. (D) The top 10 enriched pathways in P6 and P10 pCMs. (E) Confocal microscopy shows that Ki67 staining (red) colo-
calizes with nucleus Hoechst staining (blue). (F, left panel) Workflow for PCA analysis. (Right panel) Plot of PC1 cell-loading scores
(Y-axis). On the X-axis, cells are ordered by library size (largest to smallest) within each cell type (color-coded). (G) Heat map of the top
loading genes. Nuclei are ordered by PC1. (Fb) Fibroblasts; (Epi) epicardial cells; (BC) blood cells; (PC/SMC) pericytes/smooth muscle cells.

vs. 7760 nuclei in P10). While two populations each of ECs corresponding increase of mCMs in P10 hearts, while
and fibroblasts were also detected in P6 hearts, only one the percentages of other cell types changed little (Fig.
population each of dCMs and mCMs was found in P6 2C). Notably, pCMs were much more abundant in P6
hearts. Pairwise comparison of all clusters between P6 hearts than in P10 hearts (5.5% in P6 vs. 1.8% in P10).
and P10 hearts indicated that the cell types and subtypes P6 and P10 pCM marker genes are highly overlapping,
identified in P6 hearts were counterparts of those in P10 with 78% (101 out of 130) of P6 pCM marker genes also
hearts (Fig. 2B). Comparative analysis of cell type compo- enriched in P10 pCMs. P6 and P10 pCMs exhibit similar
sition between P6 and P10 revealed that the biggest differ- gene signatures, dominated by essential cellular processes
ence was the substantial decrease of pCMs and the and pathways required for cell proliferation, such as
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mitotic cell cycle and chromosome segregation, and, in
particular, cytokinesis for cell division (Fig. 2D). Ki67 (a
pPCM and proliferating cell marker) immunostaining con-
firmed the existence of these pCMs in mouse hearts, and
their percentage declined during postnatal development
(Fig. 2E), consistent with our sNucDrop-seq data. These
results suggest that cardiomyocyte differentiation and/or
maturation represents a major biological event during
this period of postnatal heart development in mice (be-
tween P6 and P10).

To further dissect the developmental/transitional tran-
scriptional changes within pCMs and dCMs, we per-
formed PCA analysis on 5429 cardiomyocyte nuclei
combined from |P6 (2205 nuclei) and P10 (3224 nuclei) us-
ing 1276 highly variable genes (Fig. 2F, left panel). The top
PCA component, which accounted for 3.99% of total var-
iation, separated all nuclei into overlapping stepwise
clusters ordered by age (from P6 to P10) and cell type
(from pCMs to dCMs), indicating the temporally progres-
sive maturation of cardiomyocytes (Fig. 2F, right panel).
We identified the top genes associated with PC1. These
included cell cycle markers (i.e.,, Ckap2, Top2a, and
Mki67) highly expressed in pCMs and muscle contraction
genes (i.e., Ttn and Ryr2) highly enriched in dCMs (Fig.
2G). These results suggest that these pCM and dCM
clusters may represent different stages along the postnatal
cardiomyocyte maturation process.

Cell type-specific transcriptional remodeling of pediatric
mitochondrial cardiomyopathy

We next applied sNucDrop-seq to investigate the cell type-
specific transcriptional landscape in the cardiac ERRa/y
knockout mouse model of pediatric mitochondrial cardio-
myopathy. Analysis of the 7323 nuclei from three P10
knockout hearts revealed 13 clusters (Fig. 3A) with largely
comparable numbers of detected transcripts and genes for
each cluster (Supplemental Fig. S4A). As in control hearts,
each cluster contained a unique transcriptome, including
protein-coding and noncoding RNA signatures (Fig. 3B,
C; Supplemental Fig. S4B,C; Supplemental Table S6).
Pathway analysis and marker genes revealed the identities
of these clusters (Fig. 3A-C; Supplemental Table S6). Pair-
wise comparison of all control and knockout clusters
showed that there was generally a one-to-one correlation
of the same subtype of cardiac cells between control and
knockout (Fig. 3D).

While knockout hearts retained most of the major and
rare cell types except pPCMs and LECs, their relative abun-
dance exhibited cell type-specific changes (Fig. 4A). There
remained significant heterogeneity among cardiomyo-
cytes, fibroblasts, and ECs. However, each knockout cell
type or subtype exhibited significant transcriptome-level
changes (Fig. 4B). Subtypes of cardiomyocytes, fibroblasts,
and ECs exhibited larger transcriptional changes than
epicardial cells, pericytes/smooth muscle cells, or blood
cells, suggesting that distinct cardiac cell types undergo
differential levels of transcriptional remodeling during
heart disease progression. Pathway enrichment analysis
revealed that mitochondrial OxPhos and TCA cycle
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(e.g., Cox7al, Ndufal, Sdha), fatty acid degradation/oxi-
dation (e.g., Acadm and Hadh), extracellular matrix asso-
ciated with fibrosis (e.g., Post and Fbn1), and ribosome
genes (e.g., Rplp1 and Rps3) were among the most affected
pathways in knockout hearts (Fig. 4C,D). However, they
also displayed cell type-specific and subtype-specific path-
way changes. This suggests that individual cell types or
subtypes adopted differential metabolic and functional
adaptations to disease state.

It has often been observed that mitochondrial functions
and gene expression are decreased in mitochondrial car-
diomyopathy and many other forms of heart disease,
including our knockout mouse model (Huss and Kelly
2005; Abel and Doenst 2011; Harvey and Leinwand
2011; Wang et al. 2015). However, previous RNA-seq stud-
ies were based on whole hearts/chambers or focused
only on cardiomyocytes that possess the most abundant
mitochondria. Our sNucDrop-seq analysis revealed cell
type-specific mitochondrial gene expression changes in
diseased hearts for all major cell types at the single-
nucleus resolution. Consistent with bulk RNA-seq and
our previous report (Wang et al. 2015), most subtypes
of dCMs and mCMs exhibited significantly decreased
expression of mitochondrial OxPhos genes (Fig. 4C,D),
reflecting the direct effects of loss of ERRa/y in these cells.
Reduced OxPhos gene expression was also observed in
fibroblasts and the EC1 subtype of ECs in knockout hearts
but not in blood cells, pericytes/smooth muscle cells,
or epicardial cells. In contrast, expression of mitochondri-
al OxPhos genes was significantly increased in a putative
population of activated fibroblasts, consistent with a
metabolic profile of increased mitochondrial respiration
reported recently in these cells (Bernard et al. 2015; Neg-
madjanov et al. 2015). These mitochondrial gene expres-
sion changes in noncardiomyocytes are likely secondary
due to the progression of mitochondrial cardiomyopathy.

It is generally appreciated that the heart switches from
mainly catabolizing fat in the healthy state to predo-
minantly using glucose in the heart failure stage (Huss
and Kelly 2005). In addition, defective branched chain
amino acid (BCAA) catabolism has been identified recent-
ly as a metabolic hallmark of heart failure and contributes
to disease development (Sun et al. 2016; Li et al. 2017). Our
sNucDrop-seq results revealed that only mCMs, not
dCMs or other cell types, showed a significant decrease
in gene expression related to fatty acid oxidation, BCAA
catabolism, and associated pyruvate metabolism (Fig.
4C,D; Lietal. 2017). This was in contrast to a more univer-
sal decrease in mitochondrial TCA and OxPhos. There-
fore, the general concept of mitochondrial dysfunction in
heart disease occurs in a more intricate cell type-specific
manner: Defective fatty acid oxidation and BCAA catabo-
lism are mCM-specific, but a decrease in mitochondrial
OxPhos takes place in a broader spectrum of cardiac cell
types. These results suggest that targeting metabolic re-
modeling for heart disease treatment needs to consider
these cell type-specific mitochondrial pathways.

Increased expression of fibrosis-associated extracellular
matrix genes (e.g., Postn and Fbnl) was observed across
most cell types in knockout hearts compared with wild-
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Figure 3. Cell type identification and correlation in a mouse model of pediatric mitochondrial cardiomyopathy. (A) tSNE plot of 13 clus-
ters of P10 knockout hearts. (B,C) Violin plot (B) and feature plot (C) illustrating the expression patterns of selected marker genes of each
cluster. (D) Pairwise comparison of all clusters between P10 control and knockout hearts. (aFb) Activated fibroblasts; (Fb) fibroblasts; (Epi)
epicardial cells; (BC) blood cells; (PC/SMC) pericytes/smooth muscle cells.

type hearts (Fig. 4C,D). This suggests that cardiac fibrosis
may occur in a much broader scope than generally be-
lieved: It affects the whole heart and is not limited to fibro-
blasts. Notably, we also observed an increase of ribosome
genes expression in many cell types of diseased hearts.
Increased protein synthesis or ribosome RNA abundance
was reported previously in animal models of dilated or hy-
pertrophic cardiomyopathy (Moroz 1967; Morgan et al.
1985; Burke et al. 2016a). Our results suggest that such a
potentially compensatory response in protein synthesis
occurs in mitochondrial cardiomyopathy and involves
all major cardiac cell types.

Increased fibrosis is a hallmark of many forms of
heart disease, including mitochondrial cardiomyopathy.

Although knockout hearts retained a comparable percent-
age of total fibroblasts, a putative population of activated
fibroblasts was identified based on known fibrosis marker
genes in addition to the inactive fibroblast population.
Activated fibroblasts exhibited transcriptional profiles
of enriched fibrosis-related extracellular matrix as well
as endoplasmic reticulum and mitochondrial OxPhos
pathways, consistent with known phenotypes of acti-
vated fibroblasts (Supplemental Table S5; Bernard et al.
2015; Negmadjanov et al. 2015; Tallquist and Molkentin
2017). Indeed, a significantly increased level of fibrosis
was observed in knockout hearts at this age, as revealed
by Sirius Red staining (Fig. 4E). Detailed examination of
the activated fibroblast transcriptional signature revealed
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Figure 4. Cell type-specific transcriptional remodeling of pediatric mitochondrial cardiomyopathy. (A) Cell type compositions in P10
control and knockout hearts. (B) Volcano plot showing differentially expressed genes in correlated clusters of control and knockout hearts.
(C) Cellular pathways significantly changed in knockout versus control hearts between correlating clusters. (D) Violin plot showing rep-
resentative gene expression changes across different cell types. (E) Sirius Red stain of fibrosis in control and knockout hearts and quanti-
fication. n =2 mice per genotype. Bar, 100 pum. (*) P <0.05 by t-test. (Fb) Fibroblasts; (aFb) activated fibroblasts; (Epi) epicardial cells; (BC)
blood cells; (PC/SMC) pericytes/smooth muscle cells; (BCAA) branched chain amino acid.

that they contained few genes involved in cell prolifera-
tion (Supplemental Table S6). Considering that knockout
hearts contained similar percentages of total fibroblasts
(fibroblasts and activated fibroblasts) (Fig. 4A) and lacked
distinct populations of proliferating cells, this suggests
that the increased fibrosis in knockout hearts results
from fibroblast activation rather than proliferation.
While knockout hearts retained two EC populations
(EC1 and EC2) and the total percentage of ECs remained
unchanged between control and knockout, the relative
composition of these EC subtypes likely changed in re-
sponse to disease states. EC1 showed a significant expan-
sion (8.6% compared with 4.8% in control) in knockout
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hearts, which was validated by immunostaining of the
EC1-specific marker NPR3 (Supplemental Fig. S5A). Ex-
pression of Tiel and Tie2 remained higher in ECI than
in EC2 (Supplemental Fig. S5B), suggesting that EC1 abun-
dance might increase in knockout hearts due to increased
angiogenesis.

GRNSs associated with the transcriptional activation
of Gdf15

GRN refers to a network of molecular regulators that
functionally interact to modulate a gene expression pro-
gram critical to specific cellular states and functions
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(Wyrick and Young 2002). Single-cell transcriptome
analysis enables the inference of cell type-specific or
developmental stage-specific GRNs (Moignard et al.
2015; Wagner et al. 2016). Based on sNucDrop-seq re-
sults, we next investigated the GRNs underlying the
transcriptional activation of Gdfi5 in heart disease.
GDF15 (also known as MIC-1, NAG-1, PLAB, or PTGFB)
is a protein of the transforming growth factor p (TGFp)
family with pleiotropic functions (Unsicker et al. 2013).
GDF15 has recently gathered strong interest for its
pharmaceutical potential in treating obesity and its im-
plication in cardiovascular disease. GDF15 suppresses
appetite through activating its receptor, GFRAL, in the
brain stem (Johnen et al. 2007; Emmerson et al. 2017;
Hsu et al. 2017; Mullican et al. 2017; Xiong et al. 2017;
Yang et al. 2017) and is currently being investigated as
a potential therapeutic agent/target for obesity, metabol-
ic disease, anorexia, and cachexia. In addition, many
clinical studies have found that plasma GDF15 is signifi-
cantly elevated in various heart diseases and is associat-
ed with increased morbidity and mortality; it is therefore
used as an independent biomarker for heart disease, espe-
cially heart failure (Baggen et al. 2017; Wollert et al.
2017). However, how GDF15 level is regulated at the mo-
lecular level in heart disease remains unclear (Wollert
et al. 2017).

A control

C control KO

78
. 80
2 M control
E o 58
c B Ko
E’ 43
S 40
c 28
21
3 18
= 1 g 12
3 20 1) S 2 J 3 4
0 l - u -
o~ ] 2 -] o~ it
s £ 5 3 £ &£ o 0 @8 ¢ &
O O O = © w w *
E E © O o
© a

Single-nucleus RNA-seq of postnatal mouse hearts

We demonstrated recently that cardiac Gdf15 transcrip-
tion is markedly activated during the progression of heart
failure in our cardiac ERRa/y knockout mouse model,
and, in the pediatric period, GDF15 acts as a heart-derived
hormone to inhibit liver growth hormone signaling,
thereby coordinating cardiac function and postnatal
body growth (Wang et al. 2017). Our previous quantitative
PCR (qPCR) analysis showed that average Gdf15 mRNA
level increased ~10-fold in P10 ERRa/y knockout mouse
hearts (Wang et al. 2017). GDF15 protein immunostaining
and quantification further showed that, in contrast to
very few GDF15" cells in control mouse hearts, ~1.5%
of cells in knockout mouse hearts express detectable
GDF15 protein at 10 d of age (Fig. 5A,B). However, the
exact cell types expressing Gdf15 and how Gdf15 tran-
scription is activated in these specific cell types remain
incompletely understood.

sNucDrop-seq allowed us to address these questions in
a cell type-specific manner. Overall, there was a 10-fold
increase in the number of Gdf15" nuclei reaching ~3%
in P10 knockout hearts (Fig. 5C,D). The majority (72%)
of Gdfi5* nuclei was cardiomyocytes (mCMs and
dCMs) (Fig. 5E; Supplemental Table S7). This is consistent
with our previous immunostaining result showing that
GDF15 protein colocalizes with TNNI3 (Wang et al.
2017). Small numbers of Gdf15" nuclei were also found

Figure 5. Gdf15 expression in control and

GDF15+ % knockout hearts. (A) Representative pic-

2.0% 7 tures of GDF15 immunostaining in P10
e hearts. (B) Quantification of Gdf15" cells

1.5% 1 based on immunostaining in A. n=2 mice
per genotype. (C) Feature plot showing

1.0% 4 Gdf15" nucleus distribution in P10 hearts.

(D) Quantification of Gdf15" nuclei in con-
trol and knockout hearts based on sNuc-
Drop-seq. (E) Distribution of Gdf15*
nuclei in each cell type. (**) P<2.2x 10716
by x* test in B and D.
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in other cell types, notably fibroblasts (both fibroblasts
and activated fibroblasts) and ECs. This raises the ques-
tion of cell type specificity of GRNs that control Gdf15
expression.

To define cell type-specific GRNs that activate Gdf15
transcription in knockout hearts, we reasoned that the
core network components (i.e., transcription factors, co-
factors, and chromatin modifiers) should be coexpressed
in Gdf15* cells. We therefore searched for transcription
factor, cofactor, and chromatin-modifying genes that (1)
were statistically enriched in Gdf15* nuclei compared
with Gdf15™ nuclei in either control or knockout hearts
in the same cell type and (2) showed strong positive corre-
lation of expression with Gdf15 in the same cell type.
This analysis resulted in a list of candidate genes that
constitute cell type-specific GRNs of Gdf15 (Fig. 6A;
Supplemental Table S8). Expression of Gdf15 and these
cell type-specific candidate GRN genes are highly corre-
lated in cell types where both are present (Supplemental
Fig. S6). For example, Gata4 was revealed as a candidate
cardiomyocyte and fibroblast GRN component, and
Gata4 and Gdf15 expression was positively correlated in
both cardiomyocytes and fibroblasts. Notably, Gata4 is

well known for its essential role in embryonic heart devel-
opment, and mutations of the Gata4 gene are known to
cause congenital heart disease in humans. In addition,
the transcriptional activity of Gata4 is enhanced by pres-
sure overload, angiotensin, and other signals that induce
adult cardiomyopathy or heart failure through post-
translational modification or increased expression (Oka
et al. 2007). We next screened the mouse Gdf15 pro-
moter (within 2 kb upstream of the transcription start
site) and candidate enhancer regions (high H3K4mel
and H3K27ac histone marks close to the Gdf15 gene lo-
cus) and found that there were canonical binding motifs
for almost all of the transcription factors of the candidate
Gdf15 GRNs (Supplemental Table S9). Therefore, these
transcription factors may directly bind to the Gdf15 pro-
moter or enhancer to activate its transcription. Further
analysis revealed the subset of genes with extensive
known physical and functional interactions. Together,
these genes form the nodes of the cell type-specific cardiac
Gdf15 GRNs (Fig. 6B).

As a proof of principle, we next validated the biological
significance of these findings by focusing on Gata4. We
found that adenoviral-mediated Gata4 overexpression
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induced Gdf15 expression in HL-1 cardiomyocytes in vi-
tro (Fig. 6C) and, importantly, in wild-type postnatal
mouse hearts in vivo (Fig. 6D). Chromatin immunopre-
cipitation (ChIP) studies showed that GATA4 bound to
a canonical GATA site in the mouse Gdf15 promoter
(Fig. 6E). GATA4 increased activity of the Gdf15 pro-
moter but not one with the GATA site mutated (Fig. 6F).
Together, these results reveal the molecular mechanism
of Gdf15 induction in heart disease and demonstrate
the utility of snRNA-seq analysis in inferring cell type-
specific GRNs.

Discussion

Here we applied massively parallel snRNA-seq to interro-
gate the transcriptional landscape in postnatal mouse
hearts associated with either healthy or mitochondrial
cardiomyopathy disease states. By resolving in vivo cellu-
lar heterogeneity in hearts with sNucDrop-seq, our study
provided novel insights into several areas of cardiac biol-
ogy that were underexplored. First, we showed that our
unbiased approach could identify almost all cell types
(abundant or rare), determine cell type composition of
the heart, and resolve significant cellular heterogeneity
associated with different developmental stages or func-
tions in healthy postnatal hearts. Second, we investigated
a pediatric mitochondrial cardiomyopathy mouse model,
revealing distinct changes in organ composition and cell
type-specific transcriptional remodeling with functional
implications. Finally, we used the single-nucleus tran-
scriptome results to uncover cell type-specific GRNs asso-
ciated with transcriptional activation of Gdf15 in heart
disease. Importantly, our approach is generally applicable
to studying many areas of cardiac biology and disease.
The high throughput of sNucDrop-seq enabled tran-
scriptomic analysis of ~20,000 cardiac nuclei isolated
from maturing postnatal hearts. Recent single-cell RNA-
seq methods based on Fluidigm or flow cytometry plat-
forms studied single heart cell transcriptome ranging
from tens to ~1000 cells per age/developmental stage dur-
ing mouse embryonic heart development (DeLaughter
et al. 2016; Li et al. 2016; Gladka et al. 2018). Another re-
port also used the Fluidigm platform for snRNA-seq anal-
ysis of isolated adult cardiomyocytes with 13-64 nuclei
per sample (See et al. 2017). Our study complemented
these previous studies by focusing on the early postnatal
period, when the heart is rapidly maturing. In addition,
sNucDrop-seq overcame the technical challenges associ-
ated with isolating intact single cells from mammalian
hearts, thus empowering many new insights: (1) We iden-
tified several relatively rare cell types, including blood
cells, pericytes/smooth muscle cells, LECs, epicardial
cells, and pCMs, and determined their relative abundance
in postnatal hearts. (2) We discovered significant heteroge-
neity within cardiomyocytes, fibroblasts, and ECs. Previ-
ous single-cell RNA-seq studies identified in mouse
embryonic hearts heterogeneous cardiomyocyte popula-
tions, with one cardiomyocyte subpopulation that ex-
pressed fibroblast genes (DeLaughter et al. 2016). Our

Single-nucleus RNA-seq of postnatal mouse hearts

results suggest an even broader degree of cellular hetero-
geneity, possibly due to higher throughput and the nature
of the postnatal stage. (3) We revealed the transcriptome-
wide changes of all cell types and subtypes in the disease
state of mitochondrial cardiomyopathy, which exhibited
significant subtype-specific remodeling.

The transcriptome-wide insights obtained by sNuc-
Drop-seq also informed new insights into cardiac biology
in both healthy and disease states. For example, we uncov-
ered numerous new marker genes for rare cell types or
heterogeneous cell subtypes. Compared with previous
methods that depended on a few cell markers, our method
is likely more accurate because it is based on transcrip-
tome-level information. These new gene signatures are
potentially associated with previously unrecognized
functions of these cells and will facilitate future studies.
We also resolved distinct transcriptional signatures be-
tween cell subtypes, such as EC1 and EC2, and validated
the result by immunostaining. Our results presented
here as a resource should assist future endeavors to inves-
tigate potential functional, anatomical, or developmental
differences between cardiac cell subtypes. sNucDrop-seq
also has the ability to capture ongoing transcriptional
events compared with steady-state transcriptome analysis
by whole-cell RNA-seq.

We identified populations of presumable pCMs in both
P6 and P10 control hearts. It is thought that mouse hearts
continues to grow by means of cardiomyocyte prolifera-
tion in the early postnatal period (Eschenhagen et al.
2017). These two pCM populations are enriched for
cardiomyocyte development genes such as Gata4* or
Myocd*, suggesting that they are cardiomyocytes. In
addition, these two pCM populations share the same tran-
scriptional signature of cell proliferation: mitosis, G2/M
transition, chromosome segregation, and, in particular,
cytokinesis for cell division (Fig. 2D). Ki67 immunostain-
ing corroborated the presence of these pCMs in mouse
hearts (Fig. 2E). Furthermore, the abundance of these
pCMs declines from P6 (5.5%) to P10 (1.8%), consistent
with the notion that mouse cardiomyocytes progressively
lose their ability to proliferate shortly after birth. Howev-
er, it remains possible that at least some of these cells are
simply undergoing DNA synthesis and mitosis without
cell division, such as multinucleation. Therefore, caution
is warranted regarding the exact nature of these cells, and
additional studies are needed to definitively address the
question of to what extent these pCMs are proliferating.

We were able to reveal cell type-specific and subtype-
specific transcriptional remodeling in a mouse model of
mitochondrial cardiomyopathy. Overall, cardiomyocytes,
fibroblasts, and ECs exhibited profound metabolic and
functional changes, while fewer changes were observed
in other cardiac cell types. A common theme to most cells
is the down-regulation of the mitochondrial OxPhos
pathway (but more limited for fatty acid oxidation and
BCAA catabolism pathways) and an increase of ribosome
related genes. Increased fibrosis gene expression was also
observed in many nonfibroblast cells, suggesting that
tissue fibrosis might involve a broader range of cell
types than simply fibroblast activation—at least at the
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transcriptional level. Intriguingly, we could not find signs
of a distinct pCM population in knockout hearts any more.
It is possible that mitochondrial cardiomyopathy had
more profound impacts on cardiac health by impairing
postnatal cardiomyocyte proliferation capacity (Naqvi
et al. 2014; Eschenhagen et al. 2017).

The sNucDrop-seq data set allowed us to deduce candi-
date cell type-specific GRNs that activate Gdf15 transcrip-
tion in heart disease, and we experimentally validated
key nodes of these GRNSs. Intriguingly, different cell types
seem to use both overlapping (i.e., Gata4 for cardiomyo-
cytes and fibroblasts) and cell type-specific (i.e., Gata6
for cardiomyocytes) transcription factors to regulate
Gdf15 expression. One explanation is that these transcrip-
tion factors exhibit cell type-specific expression patterns
or their expression is induced only in specific cell types
during heart disease progression. This raises the question
of how these upstream regulators are transcriptionally
activated in a cell type-specific manner (i.e., cell type-
specific Gata4 GRNs). Based on our current study of
Gdf15 GRNs, we anticipate that future time-course
snRNA-seq studies covering multiple stages of heart dis-
ease progression will help address this question and shed
light on the molecular underpinnings of heart disease pro-
gression. In summary, while future studies are needed to
continue validating our current findings, our results dem-
onstrate the value of large-scale snRNA-seq analysis in
studying multiple areas of cardiac biology and disease.

Materials and methods

Animal studies

All animal studies were approved by and performed under the
guidelines of the Institutional Animal Care and Use Committee
of the Children’s Hospital of Philadelphia (CHOP). All mice
were in the C57BL6/] background. Cardiac ERRa/y knockout
mice were described previously (Wang et al. 2015).

snRNA-seq and data analysis

We performed sNucDrop-seq and data analysis as described previ-
ously (Hu et al. 2017) with optimizations for the heart tissue. De-
tailed methods and analysis are in the Supplemental Material.
The data were deposited in the Gene Expression Omnibus
(GEO) database under accession number GSE118545.

Whole-heart RNA-seq

RNA-seq of hearts from P16 littermate control and knockout was
as described previously (Wang et al. 2017). The data were depos-
ited in the GEO database (GSE88761).

RNA and protein analysis

qRT-PCR, luciferase reporter assay, and immunohistochemistry
were performed as described previously (Pei et al. 2006, 2011,
2015; Wang et al. 2017; Zhao et al. 2018). We isolated total
RNA from mouse tissues or HL-1 cells using RNAzol RT (Molec-
ular Research Center) following the manufacturer’s instructions.
The antibodies used were PECAMI1 (Santa Cruz Biotechnology,
sc-46694; and BD Biosciences, 550274), NPR3 (Santa Cruz Bio-
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technology, sc-515449), TNNI3 (Abcam, ab47003), Ki67 (Vector
Laboratories, vp-RM04), and GDF15 (Abcam, ab189358). Sirius
Red staining was performed using the Picrosirius Red stain kit
(Polysciences). Adenovirus construction and pericardial injection
were performed as described previously (Pei et al. 2006, 2011;
Wang et al. 2017).

Statistical analysis

Fishers’ exact test, x> test, correlation test, and Student’s t-test
were performed in R to determine the statistical significance,
with P<0.05 deemed as statistically significant.

See the Supplemental Material for additional Materials and
Methods.
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Mitochondrial dysfunction is increasingly recognized as a critical
determinant of both hereditary and acquired kidney diseases.
However, it remains poorly understood how mitochondrial me-
tabolism is regulated to support normal kidney function and how
its dysregulation contributes to kidney disease. Here, we show
that the nuclear receptor estrogen-related receptor gamma (ERRy)
and hepatocyte nuclear factor 1 beta (HNF1p) link renal mitochon-
drial and reabsorptive functions through coordinated epigenomic
programs. ERRy directly regulates mitochondrial metabolism but
cooperatively controls renal reabsorption via convergent binding
with HNF1p. Deletion of ERRy in renal epithelial cells (RECs), in
which it is highly and specifically expressed, results in severe renal
energetic and reabsorptive dysfunction and progressive renal fail-
ure that recapitulates phenotypes of animals and patients with
HNF1p loss-of-function gene mutations. Moreover, ERRy expres-
sion positively correlates with renal function and is decreased in
patients with chronic kidney disease (CKD). REC-ERRy KO mice
share highly overlapping renal transcriptional signatures with hu-
man patients with CKD. Together these findings reveal a role for
ERRy in directing independent and HNF1B-integrated programs for
energy production and use essential for normal renal function and
the prevention of kidney disease.

nuclear receptor | ERRy | mitochondria | kidney | renal reabsorption

Mitochondria are organelles that generate the majority of
cellular energy through oxidative phosphorylation (OxPhos)
and fatty acid oxidation (FAO). Their optimal function is central
to health. Mutations of mitochondrial DNA and proteins directly
cause mitochondrial disease, with severe defects often observed in
organs of high mitochondrial content and energetic demand, in-
cluding the kidney (1-3). Mitochondrial dysfunction in general has
been recognized to broadly contribute to heart disease, obesity,
diabetes, neurodegeneration, aging, and many kidney diseases
including acute kidney injury, polycystic kidney disease, and
chronic kidney disease (CKD) (1, 4-8). CKD is characterized by
gradual loss of kidney function with various etiologies, incom-
pletely understood pathophysiology, and no cure. CKD features
both glomerular and tubular cell dysfunction as well as metabolic
dysregulation (9). Transcriptomic and metabolomic studies have
implicated impaired mitochondrial OxPhos in many kidney dis-
eases including CKD (10, 11). A recent study also shows that
renal mitochondrial OxPhos and FAO are among the top dysre-
gulated cellular pathways in both patients with CKD and animal
models (12).

Among all kidney cells, the tubule and collecting duct renal
epithelial cells (RECs) have a very high density of mitochondria.
The main physiological function of RECs is to maintain whole-
body homeostasis of osmolality, acid-base balance, and extracel-
lular fluid volume through reabsorption of water, critical nutrients,
and electrolytes. Mechanistically, these reabsorptive functions are
achieved by the work of many membrane transporters and channels

www.pnas.org/cgi/doi/10.1073/pnas.1804965115

specific for water, glucose, amino acids, sodium, chloride, bicarbonate,
and other biomolecules on the REC apical and basolateral sur-
faces, using cellular ATP as the ultimate energy source. Accord-
ingly, RECs are densely packed with mitochondria and depend on
mitochondrial OxPhos and FAO to generate energy to support
their reabsorptive functions. However, it remains poorly under-
stood how mitochondrial metabolism is coordinated with kidney
reabsorptive functions, and how mitochondrial dysfunction con-
tributes to kidney disease.

Recent work has revealed nuclear receptor estrogen-related
receptor gamma (ERRY) as a critical transcriptional regulator of
mitochondrial OxPhos and FAO (13-15). Studies using cell type-
specific ERRy KO mice bypassed the perinatal lethality of
whole-body ERRy KO mice and provided definitive evidence for
an essential role of ERRy in neuronal metabolism and learning/
memory, cardiac metabolism and contraction/conduction, func-
tional maturation of pancreatic p cells, brown adipocyte ther-
mogenic function, and skeletal muscle fiber type determination
and function (16-22). Genomic studies show that ERRy directly
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Renal epithelial cells (RECs) contain abundant mitochondria
that are essential to support renal reabsorption of electrolytes,
glucose, and amino acids. However, it remains poorly un-
derstood how mitochondrial metabolism is coordinated with
kidney reabsorptive functions. Here we show that deletion of
estrogen-related receptor gamma (ERRy) in RECs results in se-
vere renal mitochondrial and reabsorptive dysfunction with
fluid-filled cysts. ERRy directly regulates mitochondrial metab-
olism and cooperates in regulating renal reabsorption genes
with hepatic nuclear factor 1 beta (HNF1p), mutations of which
cause strikingly similar renal dysfunction and cysts in animals
and humans. These findings reveal a role for ERRy in simulta-
neously coordinating a transcriptional program of renal energy-
generating mitochondrial and energy-consuming reabsorptive
functions relevant to kidney disease.
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binds to and activates the transcription of hundreds of genes
important in mitochondrial OxPhos in neurons, and OxPhos,
FAO, and cardiac contraction genes in heart cells (17, 23). In
addition, ERRy is highly expressed in the kidney and is essential
for normal embryonic kidney development (24). Notably, human
genetic studies reveal that a de novo reciprocal translocation at
(1, 2)(q41; p25.3) involving the ERRYy locus is associated with
bilateral renal agenesis/hypoplasia/dysplasia (25).

Here we generated REC-ERRy KO mice and show that they
develop renal mitochondrial and reabsorption dysfunction. Ge-
nomic studies suggest that ERRy regulates mitochondrial me-
tabolism and renal reabsorption through distinct mechanisms:
although ERRy alone regulates mitochondrial OxPhos/FAO
functions, ERRy cooperates with HNF1p to activate the expres-
sion of renal reabsorption genes. In addition, human patients with
CKD show decreased kidney ERRy expression and share highly
overlapping renal transcriptional signatures with REC-ERRy KO
mice. Together, these results uncover a mechanism for coordi-
nated regulation of renal mitochondrial and reabsorption func-
tions and identify ERRy signaling as an important link to
mitochondrial dysfunction associated with kidney disease.

Results

Loss of ERRy in RECs Results in Kidney Disease with Cysts. We first
determined where ERRy is expressed in postnatal kidneys by
analyzing an ERRy heterozygous mouse strain in which LacZ
was knocked into the ERRy locus (16). X-gal staining revealed
that ERRy was highly and specifically expressed in the RECs of
all of the segments of tubules and collecting ducts, but barely
detectable in any other cells, including those in the glomeruli (S
Appendix, Fig. S14). Furthermore, ERRy protein was found
exclusively in the nucleus but not in mitochondria or cytosol, in
line with its function as a nuclear transcription factor (SI Ap-
pendix, Fig. S1B).

To determine the importance of ERRy in postnatal kidney
biology and disease, we generated REC-ERRy KO mice by
crossing mice harboring a floxed allele of ERRy (17) with Sim1-
Cre strain. Strong renal Cre expression occurred at birth and
resulted in rapid postnatal loss of kidney ERRy expression with
only 15% ERRy mRNA remaining by 1 wk of age (SI Appendix,
Fig. S1C). Using a double fluorescent Cre reporter mouse strain
(26), we further found that this Sim1-Cre line mediated re-
combination specifically in all segments of the tubule and col-
lecting duct epithelium within the kidney (SI Appendix, Fig.
S1D), exactly where ERRy is normally expressed (SI Appendix,
Fig. S14). We used both male and female REC-ERRy KO mice
for all subsequent studies.

Both male and female REC-ERRy KO mice (Cre*) were born
and survived perinatally at the expected Mendelian ratio. Their
kidneys were of normal weight and histological appearance at
birth and at 3 wk of age, suggesting no developmental defects
(Fig. 1 A-C). Consistent with the histological observations,
electron microscopy showed that renal ultrastructure, including
mitochondria in the glomeruli, proximal tubules, and distal tu-
bules, was comparable to controls at 3 wk of age (SI Appendix,
Fig. S2). Subsequently, however, both male and female REC-
ERRy KO mice developed progressive renal abnormalities (Fig.
14). Kidneys of REC-ERRy KO mice were significantly heavier
than controls by 1 mo of age, and threefold heavier by 3 mo of
age (Fig. 1 B and D). Histological examination showed that
REC-ERRy KO mouse kidneys contained multiple fluid-filled
cysts of variable sizes (Fig. 1E), resulting in the disruption of
overall kidney organization and structure. Glomeruli were pre-
sent and appeared histologically normal based on H&E staining.
The carbohydrate-rich basement membranes of glomeruli in-
cluding capillary loops responsible for renal filtration function
also remained intact, as evaluated by periodic acid-Schiff staining
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(Fig. 1E). These findings suggest that ERRy is critical for main-
taining normal kidney structure and function in vivo.

ERRy Directly Regulates Mitochondrial Metabolic and Renal Reabsorptive
Function. To further understand the molecular mechanisms un-
derlying the observed kidney disease phenotype, we used RNA-Seq
to quantify the transcriptomic changes between control and REC-
ERRy KO mouse kidneys (n = 4 each) at 3 wk of age, just before
morphological abnormalities became observable. We found that
expression levels of 1,018 genes were significantly decreased and
1,406 genes were significantly increased in REC-ERRy KO mouse
kidneys (Fig. 24; P < 0.01; fold change > +1.5). Pathway analysis
revealed that the down-regulated 1,018 genes were enriched for two
cellular functions: mitochondrial metabolism (OxPhos, FAO, etc.)
and transmembrane transport associated with renal reabsorption
(Fig. 2B). Decreased mitochondrial metabolism (OxPhos, FAO and
amino acid metabolism) was recently identified as a genetic sig-
nature of human CKD (12). Pathways enriched in the up-regulated
1,406 genes included inflammatory response (SI Appendix, Fig.
S3A4), which has also been implicated in human CKD (12). We
validated expression changes for many of these genes, using qRT-
PCR. For example, renal expression of genes important in OxPhos
(CS, Ndufa4, Sdhb, Cox5b, and Atp5b) and FAO (Cptlb, Cpr2,
Acadm, and Hadha) were reduced in REC-ERRy KO mice (Fig.
2C). Further, transcripts implicated in renal reabsorption were
significantly decreased in REC-ERRy KO kidneys, including
Slc5a2/Sglt2 (Na*/glucose cotransporter), Atplal, and Aplbl
(Na™/K* ATPases, genetic variations of which are associated with
hypertension), Slc34al (Na*/phosphate cotransporter, mutations
of which cause Fanconi Renotubular Syndrome 2 in humans),
Slc12al (Na*/K*/Cl™ cotransporter, mutations of which cause
Bartter syndrome type 1 featuring renal tubular hypokalemic al-
kalosis), Slc6al9 (neutral amino acid transporter, mutations of
which cause Hartnup Disease because of blocked reabsorption of
neutral amino acids in humans), Sgk2 (a regulator of renal trans-
port), and Pkd2 (mutations of which cause autosomal dominant
polycystic kidney disease in humans; Fig. 2C).

We next investigate whether the renal transcriptome changes
in REC-ERRy KO mice are gender-dependent. Both male and
female REC-ERRy KO mice exhibited similar pathway changes
for both down- and up-regulated genes (SI Appendix, Fig. S3B).
This is consistent with the fact that both sexes of REC-ERRy KO
mice develop kidney disease. To determine whether these mo-
lecular defects of mitochondrial and renal functions persisted in
the later stage of kidney disease, we performed RNA-Seq analysis
in 3-mo-old male control and REC-ERRy KO mice and com-
pared it with RNA-Seq data of 3-wk-old male mice. All the down-
regulated and most of the up-regulated cellular pathways were
maintained in 3-mo-old REC-ERRy KO mice (SI Appendix, Fig.
S3C). A few additional up-regulated cellular pathways were found
at 3 mo of age, likely reflecting secondary changes at the later stage
of kidney disease.

To determine whether expression of these genes was directly
regulated by ERRy, we performed chromatin immunoprecipi-
tation sequencing (ChIP-Seq) of ERRYy, using two biological
replicates of WT mouse kidney samples. Because ERRYy is spe-
cifically expressed in RECs, this effectively mapped the ERRy
cistrome in RECs. ERRy binding peaks were distributed mainly
in introns, intergenic and promoter regions (SI Appendix, Fig.
S4A). Eighty-six percent (7,463/8,702) of the ERRy peaks con-
tain the consensus ERR binding motif (AAGGTCA). Pathway
analysis revealed that mitochondrial metabolism, including
OxPhos pathway genes that comprise most of the lists for Hun-
tington’s disease and Alzheimer disease, and renal reabsorption
are among the most enriched pathways of genes annotated to the
kidney ERRy cistrome (Fig. 2D). This is nearly the same pattern
seen among down-regulated RNA-Seq pathways in REC-ERRy
KO kidneys (Fig. 2B). We validated these ERRy ChIP-Seq results
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Fig. 1. REC-ERRy KO mice develop kidney disease with fluid-filled cysts. (A and B) Representative pictures (A) and weight (B) of control and REC-ERRy KO
kidneys at different ages (n = 12-19). (C) Three-week-old control and REC-ERRy KO kidney morphology. (Top) H&E stain. (Scale bar, 1,000 pm.) (Middle) H&E
stain. (Scale bar, 100 pm.) (Bottom) Periodic acid-Schiff stain (Scale bar, 100 pm.) Arrowheads point to glomeruli. (D) Kidneys (red arrows) of 3-mo-old control
and REC-ERRy KO mice, illustrating their relative sizes to the body. (E) Three-month-old control and REC-ERRy KO kidney morphology. Staining and scale bars
are the same as in C. Error bar indicates SEM. *P < 0.05 between Cre™ and Cre™ by t test. Both male and female mice were included.

using ChIP-qPCR which showed that ERRy directly bound to the
same set of OxPhos, FAO, and renal reabsorption genes (Fig. 2F).
By comparing the ChIP-Seq and RNA-Seq datasets, we found that
53% (537 of 1,018) of the genes down-regulated in REC-ERRy
KO mice were bound by ERRy (Fig. 2F). These genes are again
highly enriched for mitochondrial metabolism (OxPhos, FAO,
etc.) and renal reabsorption pathways (Fig. 2G). In contrast, only

Zhao et al.

19% (271 of 1,406) of the up-regulated genes were bound by
ERRYy (SI Appendix, Fig. S4B). Inflammatory pathway was again
enriched in this list, but to a lesser extent than was observed in the
ERRYy transcriptome as a whole (SI Appendix, Fig. SAC). These
results suggest that the major biological function of ERRy in
REG:s is transcriptional activation of mitochondrial metabolism
and renal reabsorption.
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ERRy is essential for maintaining normal expression of REC mitochondrial metabolic and renal reabsorptive genes. (A) Volcano plot showing genes
differentially expressed in 3-wk-old control and REC-ERRy KO kidneys by RNA-Seq (n = 4). Filtering criteria is fold change >+1.5 and P < 0.01 (dotted lines). (B)
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graph of down-regulated genes with or without annotated ERRy binding peaks. (G) Top enriched pathways of down-regulated genes with annotated ERRy
binding peaks. Error bar indicates SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 between Cre~ and Cre™ by t test. Both male and female mice were
included.

4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1804965115


www.pnas.org/cgi/doi/10.1073/pnas.1804965115

L T

/

1\

=y

Next we investigated whether mitochondrial metabolism and
renal reabsorption function were impaired in REC-ERRy KO
mice. Enzymatic activities of multiple mitochondrial electron
transport chain complexes were found decreased in 3-wk-old
REC-ERRy KO kidneys (Fig. 34), consistent with their re-
duced RNA expression. In addition, mtDNA content was significantly
reduced (Fig. 3B), despite normal mitochondrial ultrastructures,
indicating mitochondrial dysfunction. Importantly, all these mi-
tochondrial metabolic defects were present at 3 wk of age, before
any morphological or functional renal defects were observed,
suggesting that mitochondrial dysfunction is a genesis for renal
defects in REC-ERRy KO mice.

The Sim1-Cre line also mediates recombination in nonrenal
tissues such as the hypothalamus (27). We next studied whether
ERRy regulates REC mitochondrial functions in a cell-
autonomous manner. We found that adenoviral-mediated ERRy
overexpression increased expression of mitochondrial metabolic
genes (Fig. 3C), leading to increase in both basic and stimulated
mitochondrial respiration in human tubular REC HKC-8 cells
(Fig. 3D). In addition, siRNA-mediated knockdown of ERRy
resulted in decreased mitochondrial respiration, which was res-
cued by reintroduction of ERRy (SI Appendix, Fig. S4D). These
results indicate that the mitochondrial defects in REC-ERRy KO
mice occur as a result of kidney intrinsic functions of ERRy.

A central function of the kidney is the reabsorption of water,
essential nutrients, and electrolytes. For example, in normal
health, almost all urine glucose is reabsorbed, mostly through the
high-capacity sodium-glucose cotransporter 2 (SGLT2/Slc5a2)
on the apical membrane of the proximal tubule RECs. Loss or
inhibition of SGLT2 in humans leads to significant loss of glucose
reabsorption and glucosuria (28). The almost complete depen-
dence of renal Sglt2 expression on ERRY is particularly interesting
because a new class of SGLT?2 inhibitors (Gliflozins) have become
the latest class of potent, FDA-approved medications to treat type
2 diabetes (29, 30). We found that ERRy increased Sglt2 ex-
pression (Fig. 3E) and significantly elevated cellular glucose up-
take in human RECs (Fig. 3F).

SGLT?2 inhibitors are clinically used to treat diabetes through
inhibiting renal glucose reabsorption, resulting in glucosuria. Al-
though REC-ERRy KO mice showed similar, very low urine
glucose levels compared with controls under normal conditions (S/
Appendix, Fig. SAE), likely because of a small amount of remaining
SGLT2, they decompensated in the setting of streptozotocin
(STZ)-induced diabetes. In this model, STZ induced acute di-
abetes with very high plasma glucose and low plasma insulin levels
in both control and REC-ERRy KO mice (Fig. 3G). However, as
seen in patients with diabetes treated with SGLT2 inhibitors,
REC-ERRy KO mice exhibited strong glucosuria with urine glu-
cose levels soaring more than 100-fold above controls because of
the loss of SGLT2 and renal glucose reabsorption function. To-
gether, these results demonstrate that ERRy is an essential reg-
ulator of renal glucose reabsorption through control of Sglt2
transcription.

ERRy Regulates Mitochondrial and Renal Reabsorption Genes Through
Distinct Mechanisms. Genomic approaches including ChIP-Seq and
ChIP-on-chip have been used to unambiguously demonstrate that
ERRY activates mitochondrial metabolic genes by directly binding
to their promoters or enhancers in neurons and hearts (17, 23). It
is therefore not surprising that ERRy binds to and regulates mi-
tochondrial metabolic genes in the kidney, another organ with
abundant mitochondria and high energetic demand. It is, however,
unexpected that ERRy also directly binds to and activates the
transcription of reabsorption genes, which was not the case in
neurons or heart cells (17, 23). To understand whether these two
sets of molecular signatures are regulated by ERRy via similar
mechanisms, we further examined the ERRy binding patterns
around mitochondrial and renal reabsorption genes. Notably, de
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novo motif analysis of kidney ERRy binding peaks revealed that
the second most enriched motif after ERR is HNF1§ (Fig. 44), a
homeodomain-containing transcription factor known to cause
maturity onset diabetes of the young (MODYS5) (31). HNF1p is
highly expressed in both tubule and collecting duct RECs and is
critical for kidney development and function (32-34). Mutations
of HNF1p are the most frequent monogenic cause of develop-
mental kidney disease. The most common features of HNF1p-
associated kidney disease include fluid-filled renal cysts, renal
hypoplasia, and electrolyte abnormalities (34), the very same
symptoms seen in humans with chromosome translocation
mapped to ERRy locus (25) or in our REC-ERRy KO mice. In
addition, perinatal deletion of HNF1p in mouse kidneys results in
similar cystic renal disease (33, 35). The common pathological
features of HNF1p and ERRy loss-of-function prompted us to
investigate further a possible role for HNF1p in ERRy’s regula-
tion of kidney metabolism and function.

We performed HNF1p ChIP-Seq in biological duplicate WT
mouse kidney samples and compared these results with our
ERRy genome-wide binding datasets. The renal ERRy and
HNF1p cistromes shared 1,109 common peaks, representing
about 13% of the total ERRy peaks and 9% of the total HNF1p
peaks (Fig. 4B). Pathway analysis showed that ERRy-only peaks
annotate to mitochondrial metabolic pathways (OxPhos, FAO,
and neurodegenerative diseases in which mitochondrial dys-
function is known to contribute), but are not associated with any
renal reabsorption pathway (Fig. 4C). In sharp contrast, ERRy/
HNF1p overlapping peaks had stronger representation of the
renal absorption pathway compared with ERRy- or HNF1p-only
peaks (Fig. 4C and SI Appendix, Fig. S54), and importantly,
lacked association with mitochondrial metabolic pathways (Fig.
4C). This complete separation of mitochondrial metabolism and
renal reabsorption through pathway analysis was further con-
firmed by visualization of ChIP-Seq peaks near these genes (Fig.
4D and SI Appendix, Fig. SSB) and validated by ChIP-qPCR (Fig.
4F and SI Appendix, Fig. S5C). These results suggest that ERRy
regulates the transcription of mitochondrial and renal reab-
sorption genes through distinct mechanisms: mitochondrial
metabolic genes are bound by ERRy, as seen in neurons and
heart cells (17, 23), whereas renal reabsorption genes are bound
by both ERRy and HNF1§.

ERRy and HNF1p Functionally Cooperate to Regulate Renal Reabsorption
Genes. Our ChIP-Seq results clearly suggest that ERRy and HNF1p
bind to a common set of genes important in renal reabsorption.
However, it could not yet be excluded that ERRy and HNF1p may
bind to these genes in different cells or, rarely, occupy their com-
mon binding regions at the same time in the same cell because
ChIP-Seq results represent an average binding signal from millions
of cells. To address this, we next used HNF13 ChIP-ERRy reChIP-
Seq to determine whether ERRy and HNF1 bind to any of these
common peaks simultaneously in the same cells. By applying
similar statistical and filtering parameters used in our ChIP-Seq
studies, ChIP-reChIP-Seq identified a total of 1,892 peaks (Fig.
5A4). Of these peaks, 1,725 (91%) colocalize with HNF1p ChIP-Seq
peaks (related to the first ChIP step of the ChIP-reChIP-Seq),
validating the reproducibility of our ChIP and sequencing assay.
Importantly, 20% (341) of these peaks colocalize to previously
found ERRy/HNF1p overlapping peaks. This 20% is a significantly
higher percentage than would be expected by the overlap of single
ERRy and HNF1§ ChIP-seq results (9%, P = 5 x 107 by
hypergeometric test). These 341 peaks are highly likely to be si-
multaneously bound by both ERRy and HNF1§ in the same cells,
and they annotate to many renal reabsorption genes, including
Atplbl. These peaks are enriched for renal reabsorption-related
pathways compared with the other 1,384 peaks, but not for any
mitochondrial metabolic pathways (Fig. 54). We validated this
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(n = 12) kidneys. (C) ERRy and mitochondrial OxPhos genes expression in HKC-8 cells by qPCR. (D) Oxygen consumption rate (OCR) in HKC-8 cells measured by
Seahorse XF24 analyzer. n = 7 for control and n = 8 for ERRy. (E) SIc5a2/Sglt2 expression in HKC-8 cells by qPCR. (F) Glucose transport into HKC-8 cells. (F, Left)
Representative pictures visualizing fluorescent 2-NBDG uptake. (F, Right) Quantification (n = 10). (G) Plasma and urine glucose and plasma insulin levels in 10—
13-wk-old control (n = 16) and REC-ERRy KO (n = 13) mice 2 wk after STZ treatment. Error bar indicates SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by t test. Both
male and female mice were included.

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1804965115

Zhao et al.


www.pnas.org/cgi/doi/10.1073/pnas.1804965115

L T

z

1\

BN AS  DNAS P

A Motif p-value | Best Match B
EETICACCTAZA sz | ERR
CTTAATSATTAA| 1E4122 | HNF1b s

[T
GRALr15605CT| w | wm | %
CCTCACCTCGA | 1E-82 | HLH (E-box)
ITGCACTITG | 1e65 HNF4a
C ERRYy only peaks

TCA cycle and respiratory electron transport
Electron transport/ATP synthesis/heat
Huntington's disease

Oxidative phosphorylation

Fatty acid/triglyceride/ketone metabolism
Mitochondrial Protein Import

Pyruvate metabolism and TCA cycle
Alzheimer's disease

Respiratory electron transport

Parkinson's disease

-log1q(p-value)

0

8

6 + ERRYy only peaks

4 « ERRy/HNF1p overlapping peaks
2

0 ¢ HNF1p only peaks

024 6 810
ERRy

ERRy/HNF1p overlapping peaks
Proximal tubule bicarbonate reclamation
Peroxisome
Phase Il conjugation
PPAR signaling
Biological oxidations
PTEN cell cycle arrest & apoptosis
Integrin Signaling
Glutathione conjugation
C-MYC transcriptional repression

Amino acid & derivative metabolism -log4(p-value)

0 10 20 30 40 50 0 5 10
D ERRy only E ERRy only
h Sdhb 5kb L Acadm —— 5kb Sdhb Acadm
ERR
! vy e o 0.5 T 0.4
0.4 0.3
HNF1p " L a 03 o
RNA-Seq ‘ | | l | | | ' l £ o2
control | i | | || M | I S 04 0.1
RNA-Seq 0 - 0 |
ERRy KO | L LI gl ol
f | . Bt R [ - } H | ] D |gG | ERR’Y | HNF1B
ERRYy/HNF1p both ERRy/HNF1p both
Atp1b1 —— 5kb Sgk2 —— 5kb Atp1b1 Sgk2
ERRY 0.4
W N
HNF1p l l 5 03
: _g— 0.2 0.05
RNA-Seq | | W I =
control il J | EEINTRTENI . ° 01
RNA-Seq i & 0 0
ERRy KO L | ] | Ll L f
o i ot - I e
Fig.4. ERRy cooperates with HNF1p to regulate the transcription of renal reabsorptive genes. (A) Top 5 de novo motifs near ERRy ChIP-Seq peaks. (B) Overlap

of renal ERRy and HNF1p ChiP-Seq peaks. Axis is log, tags/10’ reads. (C) Top 10 pathways of genes annotated to ERRy and/or HNF1p ChIP-Seq peaks. (D)
Representative ERRy and HNF1p ChIP-Seq peaks. y axis is peak reads. Same scale for control and ERRy KO RNA-Seq tracks. (E) Binding of ERRy and/or HNF1p

near OxPhos, FAO and renal reabsorption genes by ChiP.

result on Atplbl using reciprocal ERRy and HNF1f ChIP-
reChIP-gPCR (Fig. 5B).

We next investigated whether ERRy and HNF1p functionally
cooperate to regulate the transcription of renal reabsorption
genes. We were unable to detect a physical interaction between
ERRy and HNF1§ in lysates from kidney cells or mouse kidneys,
using coimmunoprecipitation followed by Western blot (S Ap-
pendix, Fig. S5D). This suggests that they either do not interact
directly or their interaction is not strong enough to be detected
by this method, as previously reported in cases of transcription
factor tethering (36). The expression of ERRy and HNF1p
cobound genes such as Atp1lbl was activated by either ERRy or
HNF18, and further increased with both ERRy and HNF1p (Fig.
5C). Together, these results suggest that ERRy and HNF1p
functionally cooperate to regulate renal reabsorption genes.

Zhao et al.

Human Patients with CKD Show Decreased Kidney ERRy Expression
and Share Highly Overlapping Renal Transcriptional Signatures with
REC-ERRy KO Mice. To relate these findings of ERRy to human
kidney diseases beyond congenital disorders (25), we measured
renal ERRy expression in 95 human kidney tubule samples from
patients with CKD and control cohorts. We found that ERRy
expression positively correlated with glomerular filtration rate
(GFR), a well-established clinical index for kidney function (Fig.
6A4). In addition, kidney ERRy expression was significantly re-
duced in patients with CKD (GFR < 60) compared with healthy
controls (GFR > 60; Fig. 6B). We next compared the renal
transcriptomes between REC-ERRy KO mice and human pa-
tients with CKD (12). About 25% of down-regulated and 19% of
up-regulated genes in REC-ERRy KO mice were shared in hu-
man patients with CKD (Fig. 6 C and D). There is a significant
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overlap of affected pathways between REC-ERRy KO mice and
human patients with CKD. In particular, pathways down-regulated
are nearly identical in mouse and human and include many mi-
tochondrial function and renal reabsorption pathways that are
regulated by ERRy. These results suggest a broad and critical role
for ERRy in human kidney disease.

Discussion
Mitochondrial dysfunction has been increasingly recognized as
an important determinant of kidney diseases including CKD (4-
7, 10, 11). ERRy has recently emerged as a key transcriptional
regulator of mitochondrial biogenesis and function, and human
genetic studies have linked ERRYy to kidney disease (13-15, 25).
However, definitive evidence linking regulation of mitochondrial
function and kidney biology/disease is still missing. Here we show
that ERRy is an essential transcriptional coordinator of kidney
mitochondrial and reabsorptive functions relevant to human
kidney disease. Renal ERRy expression correlates with kidney
function in humans. Mice lacking REC ERRy develop kidney
mitochondrial and reabsorptive dysfunction with similar signs
and molecular signatures as seen in human CKD. Mechanisti-
cally, we demonstrate that ERRy directly regulates mitochon-
drial metabolism and renal reabsorption, but through distinct
mechanisms. The functional cooperation between ERRy and
HNF1p, another transcriptional regulator important in kidney
biology and disease, further uncovers the transcriptional network
optimized to coordinate kidney mitochondrial and reabsorptive
functions. Together, these results improve our understanding of
how mitochondrial function is coordinately regulated to support
normal kidney function and how its dysregulation contributes to
kidney disease (Fig. 6F).

The near complete dependence of SGLT2 expression and
renal glucose reabsorption on ERRy is particular noteworthy
because of the recent clinical use and efficacy of SGLT2 inhib-
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itors in treating type 2 diabetes, and their therapeutic potential in
treating obesity, kidney disease, and cardiovascular disease. We
further demonstrated that ERRy can increase Sglt2 expression
and REC glucose uptake in a cell-autonomous manner. Under
STZ-induced diabetic conditions, REC-ERRy KO mice faithfully
recapitulated glucosuria seen in patients treated with SGLT2 in-
hibitors. However, this did not result in lower blood glucose, as
observed clinically. One possible explanation for this is there re-
mains a small amount of SGLT2 and intact SGLT1 in the REC-
ERRy KO animals. This incomplete glucose excretion phenom-
enon has also been observed in Sglt2 KO mice (37), as well as
in SGLT2 inhibitor-treated patients with diabetes in whom only
40-50% of the expected glucose reabsorption inhibition can be
achieved with a full dose (30). Another possible explanation is that
STZ destroys pancreatic p cells, causing type 1 diabetes and very
high plasma glucose levels. Loss of insulin production and in-
complete glucose excretion may explain the lack of blood glucose
normalization in REC-ERRy mice, similar to what was reported
in Sglt2 KO mice (37). Notably, SGLT2 inhibitors are not cur-
rently approved for type 1 diabetes.

ERRy has been shown to promote energy-generating mito-
chondrial functions in several energy-demanding cell types, in-
cluding neurons, cardiomyocytes, skeletal myocytes, brown
adipocytes, and now in RECs (17-23, 38). In three of these cell
types (neurons, cardiomyocytes, and RECs) ChIP-Seq or ChIP-
on-chip has been used to demonstrate that ERRy directly binds
near mitochondrial OxPhos genes (17, 23). However, ERRy
cistromes also exhibit cell-type-specific features that match the
metabolic profile and energy-intensive cellular functions of in-
dividual cell types. Neurons depend on aerobic catabolism of
glucose, including OxPhos as an energy source, and they cannot
metabolize fat. Accordingly, the neuronal ERRy cistrome in-
cludes many glycolysis and OxPhos genes but is depleted of FAO
genes (17). Cardiomyocytes, in contrast, use both glucose and fat
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Fig. 6. Human patients with CKD show decreased kidney ERRy expression and share highly overlapping renal transcriptional signatures with REC-ERRy KO
mice. (A) ERRy expression positively correlates with GFR across 95 human kidney tubule samples, by Pearson correlation. (B) ERRy expression is significantly
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regulated (D) kidney genes between 3-wk-old REC-ERRy KO mice and human

patients with CKD. Statistical analysis was performed using Fisher’s exact test. (F)

Model illustrating that ERRy coordinates energy-generating mitochondrial metabolism and energy-consuming renal reabsorption functions through distinct

mechanisms.

as fuel. As a consequence, cardiac ERRy binds to and activates
the transcription of FAO genes in addition to OxPhos genes
(23). Here in RECs, we demonstrate that ERRy directly regu-
lates both OxPhos and FAO, key metabolic pathways used by

Zhao et al.

these cells (12). Therefore, ERRYy is a key transcriptional regu-
lator of cell-type specific metabolic functions. In addition, ERRy
has been shown to directly bind to and activate genes for cardiac
contraction and conduction, two major cellular energy utilization
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processes specific to the heart (18, 23). Here, we show that
ERRy directly regulates the major energy consumption process
in another cell type; namely, reabsorption in RECs, via func-
tional cooperation with the REC-related transcription factor
HNF1p. Together these studies reveal a common theme of cel-
lular metabolic regulation: cellular energy production and con-
sumption must be coordinated because most cells do not have an
extensive capacity to fully store energy. Our studies thus dem-
onstrate that ERRy is a central transcriptional coordinator of
cell-type specific energy production and utilization.

Materials and Methods

All mouse studies were approved by and performed under the guidelines of the
Institutional Animal Care and Use Committee of the Children’s Hospital of
Philadelphia. Adenoviruses were generated as previously described (39, 40).
Transmission electron microscopy, gene expression, Western blot, cellular ox-
ygen consumption measurement, mitochondrial DNA, and enzyme activity
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analysis were performed as previously described (18, 41). Please see S/ Ap-
pendix, SI Materials and Methods for detailed description of mouse studies,
cell culture, glucose uptake, histological analysis, RNA-Seq, ChIP-Seq, and ChlIP-
reChIP-Seq experiments. Statistical analysis was performed using Student’s
t test, Pearson correlation, or Fisher's exact test. Microarray data were de-
posited in ArrayExpress database (E-MTAB-2502). RNA-Seq, ChIP-Seq, and
ChlIP-reChIP-Seq data were deposited in the GEO database (GSE104907).
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