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Department of Bioengineering 

Decades of research has shown significant energetic crisis in failing hearts. It has been 

proposed that impaired mitochondrial biogenesis greatly contributes to energy deficiency and 

thought to be a pivotal player in disease progression. Strategies aimed at improving 

mitochondrial biogenesis in failing heart are urgently needed. Previously, we uncovered a 

significant defect in the processing of mitochondrial RNA in failing heart that is sensitive to the 

NAD+/NADH redox state. We speculate that downregulation of one of the critical subunits of 

mitochondrial RNase P, mitochondrial ribonuclease P protein 2 (Mrpp2), is the culprit. Mrpp2 is 

encoded by the HSD17B10 gene. It is well known that RNase P is NAD+ dependent, but the 

exact role of this subunit and its catalytic activity is currently unknown. It has been 

hypothesized, however, that mrpp2 serves a scaffolding function allowing for the enzymatic 

activity of the other two subunits: Mrpp1 and Mrpp3. We have found that in cases of reduced 

Mrpp2 levels, cardiac hypertrophy was present, and methylation of mitochondrial RNA was also 

downregulated in these hypertrophic cardiac cells. Knowing that downregulation of Mrpp2 levels 

and the presence of cardiac hypertrophy are closely linked, we hypothesized that the 

overexpression of the Hsd17b10 gene would help rescue cardiac health. Using an established 

murine model of heart failure, we were able to see a restoration of fractional shortening 



percentage, a reduction of the left ventricular diameter, and lowered presence of lung edema 

when delivering a viral vector carrying the Hsd17b10 gene specifically to failing cardiac muscle, 

indicating restored cardiac health.   
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Introduction 

Pathogenesis of Heart Failure 

Heart failure remains a leading cause of death in the United States and globally[2]. Heart failure is 

a complex syndrome caused by many pathologic conditions that damage the heart muscle 

resulting in an inability of the heart to pump sufficient blood to meet the needs of the body[2]. 

Heart failure is caused by many co-morbidities, with hypertension, ischemic heart disease, 

diabetes, and cardiomyopathies being the leading causes[3]. Genetic cardiomyopathies are also a 

common cause of heart failure. The exact cause of cardiac myopathy is unknown, however, the 

dysfunction of mitochondria transcription/translation as well as electron transport chain (ETC) 

abnormalities may lead to the failure of mitochondria within heart muscle. There is also evidence 

that the buildup of reactive oxygen species may lead to oxidative stress and further damage to 

mitochondria and other cellular components[4].  

The onset of heart failure is preceded in most cases by pathologic cardiac hypertrophy or 

enlargement of the heart. Cardiac hypertrophy results in an increase in cardiomyocyte size and 

genetic reprogramming of metabolism, calcium signaling, protein synthesis, and gene 

transcription[5]. Cardiac metabolism reverts to a more fetal like state relying more on glucose 

utilization and ketone catabolism over fatty acid oxidation[6]. Initially, the hypertrophic response 

is adaptive but over time becomes maladaptive and the heart ultimately fails. Heart failure is 

associated with altered energy metabolism and failing heart is often referred to as an “engine out 

of fuel”[2, 7]. Failing hearts have been shown to have up to 30% less ATP content than healthy 

hearts[8]. It appears mitochondrial oxidative metabolism is the culprit, but the exact mechanisms 

are still heavily debated[2]. Impaired mitochondrial function in failing heart is multifaceted. It can 

occur due to dysregulated transcriptional and translational processes that regulate both nuclear 



DNA (nDNA) encoded and mitochondrial DNA (mtDNA) encoded mitochondrial protein 

expression[9-11].  Altered NAD+ biosynthesis and imbalanced NAD+/NADH redox have also 

been implicated in causing mitochondrial dysfunction in failing heart[11-13]. Imbalanced redox can 

lead to alterations in post-translational modifications of mitochondrial protein such as 

hyperacetylation due to sirtuin inactivity. Calcium overload and high reactive oxygen species 

(ROS) can also compromise mitochondrial integrity and function. It is clear from decades of 

research that mitochondrial dynamics/biogenesis and metabolism are severely altered in failing 

heart[9, 14]. Decades of research has shown significant energetic crisis in failing hearts. It has been 

proposed that impaired mitochondrial biogenesis greatly contributes to the energy deficiency and 

thought to be a pivotal player in the disease progression. Strategies aimed at improving 

mitochondrial biogenesis in failing heart are urgently needed. 

Mitochondria biogenesis is impaired in the failing heart, which often is attributed to the 

downregulation of the nuclear transcription factor peroxisome proliferator-activated receptor γ 

coactivator alpha (PGC-1α)[9, 10]. However, it was found that PGC-1α downregulation does not 

account for decreases in the expression of mitochondrial DNA (mtDNA) encoded proteins in 

human failing heart, and moreover, promoting PGC-1α driven mitochondrial biogenesis in 

animal models of HF does not rescue the mitochondrial dysfunction or improve the outcome[10, 

11]. Recently, we uncovered a significant defect in the processing of mitochondrial RNA in 

failing heart that is sensitive to the NAD+/NADH redox state[11]. We hypothesize that 

downregulation of one of the critical subunits of mitochondrial RNase P, mitochondrial 

ribonuclease P protein 2 (Mrpp2), is the culprit. Mrpp2 serves a scaffolding function in the 

RNase P splicing complex that allows subunit 1 (Mrpp1) to methylate mitochondrial precursor 

transfer RNA and subunit 3 (Mrpp3) to cleave the 5’ end of precursor transfer RNA releasing the 



adjacent mature messenger RNAs (mRNA). The mature messenger RNA (mRNA) encodes the 

thirteen ETC proteins responsible for mitochondrial oxidative phosphorylation. We plan to test 

our hypothesis by replenishing Mrpp2 levels in pathologic cardiac hypertrophy and determine if 

mitochondrial RNA methylation and RNase P activity is restored. 

 

Figure 1: The balancing act between energy supply and demand in heart function and 
mitochondrial factors that contribute to keeping supply up with demand[5]. 

 

 

 

 



Mitochondria structure and function: 

The mitochondrion is a double membraned organelle essential for energy production in 

eukaryotic cells[2]. Most energy requirements for mammals are met by catabolism of 

carbohydrates and fatty acids to produce adenosine triphosphate (ATP). ATP powers many 

reactions throughout the body including muscle contraction and relaxation[14]. Oxidative 

metabolism supplies 90% of the ATP needed for muscle contraction and requires a constant 

supply of oxygen and carbon fuel sources such as glucose, fatty acids, ketones, and amino 

acids[15-17]. The outer mitochondrial membrane (OMM) is composed of a lipid bilayer and 

contains specific channels that allow diffusion of molecules into and out of the mitochondria. 

The inner mitochondrial membrane (IMM) and OMM of mitochondria are separated by the 

intermembrane space (IMS)[18]. The IMS plays a role in oxidative phosphorylation as protons 

build up in the IMS creating a proton gradient established across the IMS and the mitochondrial 

matrix. The inner membrane is a folded complex called cristae which is essential for increasing 

the surface area of the membrane for reactions involved in oxidative phosphorylation. The 

mitochondrial respiratory complexes are in the mitochondrial cristae forming the ETC[19]. There 

are four ETC complexes (I-IV) that pump protons out of the mitochondrial matrix into the IMS. 

The protons then diffuse back through the inner membrane via ATP synthase (Complex V) 

thereby coupling electron transfer through ETC for ATP synthesis[20]. The matrix is the 

innermost space of the mitochondrion. The matrix contains soluble protein, ribosomes, and the 

mtDNA[21].  Enzymes that are crucial for beta fatty acid oxidation and citric acid cycle are 

contained in the mitochondrial matrix. The citric acid cycle produces NADH and FADH2 energy 

carriers that are oxidized by the ETC protein for ATP synthesis[22].  



For energy yielding reactions to proceed the mitochondrial proteome must be constantly 

maintained by both nuclear and mitochondrial specific factors. Proper transcription and 

translation of the mtDNA is required for oxidative ATP production in the heart[23].  

 
Figure 2: Structure of mitochondria. 
 Created in BioRender. Billings, T. (2025) https://BioRender.com/y4qnrwm 
 

Mitochondrial genome transcription: 

Mitochondria are constantly in need of new proteins that allow them to function. As 

mentioned above, mitochondria have their own genome, however, 95% of the genes needed for 

synthesis of mitochondrial proteins are encoded by the nDNA[24]. Nuclear-encoded 

mitochondrial proteins that are synthesized via the nuclear genome include intermembrane space, 

matrix, outer, and inner membrane proteins as well as all the transcription factors used in 

mitochondrial gene expression[25]. Proteins destined to locate to mitochondria contain 

mitochondrial localization sequences (MLS) that allow for import into the mitochondria after 



synthesis in the cytosol. MLS are short peptides that are around 15-70 amino acids long and 

positively charged located on the N-terminus of proteins. The MLS is cleaved upon entry into the 

mitochondrial matrix by mitochondrial processing peptidase (MPP). The small mitochondria 

genome encodes for 13 proteins, 2 rRNAs, and 22 tRNAs that are needed for mitochondrial 

respiratory function. The process of transcription in the mitochondrial genome starts at the L-

strand (LSP) and H-strand (HSP) promoters within the major non-coding region of the genome. 

Transcription of mtDNA occurs when the cell needs to respond to differing energy and 

metabolism demands[26]. Transcription of the mitochondrial genome is initiated by mitochondrial 

RNA polymerase (POLRMT), an enzyme responsible for transcribing mitochondrial DNA 

(mtDNA) into RNA. To ensure proper execution of the transcription process, coordinated action 

of transcription factor A (TFAM) transcription factor B2 (TFB2M), transcription elongation 

factor (TEFM) and transcription termination factor (MTERF1) are necessary. To begin 

transcription, the POLRMT associates with the TFB2M and TFAM transcription factors which 

catalyzes the transcription events[27]. TFAM works by binding to the DNA and packaging the 

DNA in the nucleoid of the mitochondria. The TFB2M then works to melt the DNA at initiation 

and modifies the structure of the POLRMT to open the promoter. This then begins the elongation 

phase of transcription[28]. For elongation to occur, TEFM must be present. This transcription 

factor protein increases the affinity of POLRMT to the DNA. This affinity allows for the RNA 

polymerase to stay attached to the DNA and appropriately synthesize the correct base pairs for 

messenger RNA that will be later used in translation and the synthesis of the proteins needed by 

the mitochondria[29]. The final step of transcription is the termination step. The exact 

mechanisms of this process are still unclear within mitochondria; however, it has been found that 

MTERF1 plays a role in this process. Evidence from various studies has led to a belief that 



MTERF1 binds to a termination site on the mtDNA and blocks the polymerase from synthesizing 

more mRNA and therefore the chain is released for the RNA processing step which we discuss 

below[27].  

Mitochondrial RNA Processing 

Expression of the mitochondrial genome is a tightly regulated process that relies on post-

transcriptional RNA processing.  In the mitochondrial genome, RNA is transcribed into a long 

premature polycistronic RNA transcript[30]. This transcript includes all 13 protein coding genes 

that are necessary for synthesizing components of the electron transport chain along with an 

additional 24 genes that encode for tRNAs and rRNAs[31]. This transcript is organized in a way 

that the tRNA genes are interspersed between the other protein coding and rRNA genes within 

the transcript. This model allows the tRNAs to act as spacers that separate adjacent coding 

sequences and allows for efficient processing of the individual transcripts within the chain. This 

model is what is often referred to as the tRNA punctuation model[32]. For the mature genes to be 

translated into protein the tRNA punctuations must be excised[33]. Two enzymatic complexes are 

responsible for cleaving the tRNAs from the polycistronic RNA. Mitochondrial RNase P cleaves 

the 5’ end and RNase Z cleaves the 3’ end[34].  

Mature mitochondrial tRNAs (mt:tRNAs) are crucial for both the translation step and the 

maturation of the other RNA transcripts from which the tRNA originated from. Mature 

mt:tRNAs must be folded into a cloverleaf structure containing a D-loop and anticodon loop, a 

structure that is necessary for translation of the genome[35]. Improper processing at the 5’ end of 

the immature tRNA can lead to misfolding of the molecule which will impair the ability of 

mt:tRNAs to recognize codons and deliver amino acids necessary for creating proteins[36]. As a 

result, any defections within the processing of tRNAs can compromise the translation of the 



mitochondrial genome into proteins necessary for the ETC and thus lead to mitochondrial 

defects[37]. Mitochondrial RNase P plays a crucial role in the initiation of tRNA maturation and 

better understanding its function, regulation, and possible defects can help in maintaining gene 

expression and bioenergetic homeostasis of patients with energetic imbalance due to defective 

mitochondria[38].   

 

 
Figure 3: On the left is the human mitochondrial genome before processing. The top right shows 
the raw polycistronic transcript before excision. The bottom right shows the transcript post 
excision of tRNAs[33]. 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Structure of Mitochondrial Rnase P 

 
 The mitochondrial RNase P complex in mammals is unique in that it is made up of a 

complex of three protein subunits (Mrpp1, Mrpp2, and Mrpp3)[39-41]. Mrpp1 or tRNA 

methyltransferase 10 homolog C (Trmt10c) is responsible for the N1-methylation if adenosine 

and guanosine at position 9 in mitochondrial tRNAs[42]. This step is crucial to form a stable 

tRNA that can properly decode mRNA sequences during translation. The exact role of Mrpp2 

also called short-chain dehydrogenase/reductase 5c1 (Sdr5c1) in the RNase P complex is 

unknown, however, it is hypothesized that it may act as a scaffolding protein important for the 

methylase function of Mrpp1 and the endonuclease activity of Mrpp3. Mrpp3 also called Protein 

Only RNase P Catalytic Subunit (Prorp) is responsible for cleaving the 5’ end of precursor 

mitochondrial tRNAs from the immature RNA releasing the mature coding RNA and tRNA[43]. 



  

Figure 4: 3D depiction of human mitochondrial RNase P[40] 

Role of RNase P in Disease 

 The proper functioning of mitochondrial RNase P is crucial for the post-transcriptional 

processing of mitochondrial RNAs. Faults in RNase P complex have been linked to primary 

mitochondrial disease indicated by severe impairment in energy production and early death[34]. 

Patients with dysfunctional RNase P experience developmental delays, neurological disorders, 

cardiomyopathy, and metabolic abnormalities. In severe cases, these defects can be fatal[44].  

There are several diseases that are due to the dysfunction or absence of subunits in the RNase P 

complex. Missense mutations in the TRMT10C gene encoding MRPP3 disrupt the normal 

processing of tRNAs, impairing the rate at which ETC proteins are produced[45]. Affected 

patients experience developmental delays, liver dysfunction, respiratory complexities, hypotonia, 

feeding difficulties, and cardiomyopathy. Mutations in TRMT10C lead to early infantile death 

due to the failure of mitochondria and insufficient energy production[46].  

Among the subunits of mitochondrial RNase P, the subunit that is most often linked to 

severe disease is MRPP2. These diseases are often fatal and especially prevalent in infants and 

young children. The severity and manifestations of the disease vary depending on the mutation 

found within the HSD17B10 gene, which encodes the Mrpp2 protein[47]. Mutations that disrupt 

MRPP2 tetramerization and the catalytic activity of the mtRNase P complex are most severe[34]. 

The patients have impaired 5’ cleavage of mitochondrial tRNAs and decreased synthesis of 

mitochondrial proteins[34]. Clinical symptoms within these patients include loss of cognitive 

function, cardiomyopathy, epilepsy, blindness, and neurodegeneration. Due to the lack of 



sufficient energy production within mitochondria, patients usually succumb to the disease, often 

in early childhood[47].  

One such disease that arises due to mutations in the HSD17B10 gene is HSD10 disease. 

This disease is an X-linked neurodegenerative disorder with detrimental effects on muscle, 

vision, neurological communications, and the heart. HSD10 disease is associated with the 

HSD17B10 gene which is located on the X chromosome. Since males only have one X 

chromosome, they are more severely affected by the disease and likely will not live past 

childhood[48].  

Mutations within the Mrpp3 subunit of human mitochondrial RNase P has been linked to 

biallelic PRORP mutations. These mutations primarily affect the processing of mitochondrial 

tRNAs and lead to a diminished processing of the mitochondrial genome[49]. Individuals who are 

affected present a large array of symptoms including developmental delay, hearing loss, 

hypotonia, insulin resistance, seizures and cardiomyopathy[34, 49]. Perrault syndrome is an 

example of a disease that has links to mutations within the Mrpp3 subunit which in turns causes 

mutations in proteins synthesized from the mitochondrial genome. In severe cases, the 

dysfunction of Mrpp3 can be fatal to the patient[34].  

 

 

 

 
 



AAV Vector for gene therapy in heart muscle 

Adeno-associated virus (AAV) is used as a delivery mechanism of functional genes into 

cells to treat diseases[50]. AAVs are made up of a protein shell which surrounds a small, single 

stranded genome. This genome is then delivered into target cells to express the genes they 

carry[51]. To deliver the gene into cells, the virus must first bind to specific cellular receptors and 

co-receptors that initiate endocytosis. Once the vector is inside the cell, the viral particle is 

brought to the trans-Golgi network. Once inside the nucleus, the single DNA is converted into 

double-stranded DNA and expression of the recombinant genome can occur[52]. AAV therapies 

are being investigated as treatments relating to a variety of diseases including cancers, 

neurological diseases, blood diseases, immune diseases, and cardiovascular diseases[53].  Adeno-

associated virus serotype 9 (AAV9) has shown to increase viral delivery to cardiac muscle and 

can enhance the delivery of genetic material to myocardium[54]. 

Gene therapies could provide new innovative treatment for heart failure. AAVs are 

effective and have potential to be less invasive than other types of heart therapy. Recently, 

clinical trials have been conducted testing the effectiveness of AAV gene therapies in treating 

hyperlipidemia, cardiac amyloidosis, and heart failure[55]. Infusion of AAV/SERCA2a into 

patients with heart failure was beneficial and no safety concerns or negative effects were noted in 

the patients receiving the AAV gene therapy[56]. Similarly, viral gene therapies using rAAV9 

have helped reverse the effects of cardiomyopathy by improving cardiac capacity, improving 

skeletal muscle function, aiding in cardiac regeneration, and reducing cardiac hypertrophy[53]. By 

using information from past pre-clinical studies and AAV research we have designed a novel 

AAV to deliver the Hsd17b10 gene specifically to heart muscle with the aim of improving 

mitochondrial RNA processing in failing heart. 



Hypothesis and Aims 

We hypothesize that reduced Mrpp2 protein level in failing hearts causes impairment of 

mitochondrial biogenesis and function and that replenishing Mrpp2 levels rescues the heart 

failure phenotype by improving RNase P splicing complex activity. Therefore, we propose the 

following aims to test the hypothesis: 

Aim 1: To test the hypothesis that pathologic cardiac hypertrophy causes downregulation 

of the Hsd17b10 gene and impaired mitochondrial RNase P activity in differentiated H9c2 

cells. 

Aim 2: To test if replenishing Mrpp2 levels in failing heart improves mitochondrial RNase 

P activity in vivo and rescues the heart failure phenotype. 

 

 
 
 
 
 
 
 
 
 
 

 

 
 



Materials and Methods 

Animal Care and Mice used 

All procedures involved were approved by the Institutional Animal Care and Use Committee of 

the University of Washington. Wildtype C57BL/6 mice were purchased from Charles River 

Laboratories. All mice used were housed at 22C with a 12-hour light and a 12-hour dark cycle 

with access to water and chow. Male mice were used throughout this study.  

Transverse Aortic Constriction Surgery 

 Male mice underwent transverse aortic constriction (TAC) or SHAM surgery in order to 

induce hart failure through pressure overload. Mice were anesthetized with an intraperitonial 

injectioon of 130 mg/kg of ketamine and 8.8 mg/kg of xylazine in saline. After the 

administration of anesthesia, the mice were intubated with a 20 gauge cannula and ventilated 140 

breaths per minute by a small-animal TOPO ventilator (Kent Scientific). The aortic arch was 

then exposed through a left thoractomy and separation of the thymus. The transverse aorta was 

constricted by tying a 6-0 Ethilon ligerature against a 27-gauge blunt needle around the aorta. 

The needle was quickly removed after this step and the skin and chest region were closed woth a 

5-0 polypropylene suture. After surgery, the mice were removed from ventilation and placed on a 

heating pad while they recovered. Sustained release buprenorphine (0.5 mg/kg) was 

subcutaneously administered for analgesia. The SHAM operated mice underwent all the same 

procedures as the TAC operated mice besides the aorta constriction. This is to ensure that any 

complications are not from surgical practices. All mice were monitored every 12 hours for the 

first 72 hours of surgery with daily visits for the following 4 weeks post-operation.  

 
 



 
 
 

 

 

 

 

 

Retroorbital Injection of AAV9s 

Hsd17b10 cDNA and GFP were separately cloned into ITR-containing AAV9 plasmid harboring 

the chicken cardiac TNT promoter to yield constructs AAV9.cTnT.Mrpp2 and AV9.cTnT.GFP, 

respectively. The AAV9 production and quality control was done by the Penn Vector Core. 

AAV9 virus (1 × 1012 virus genome per animal) was injected the mice and their control 

littermates by retro-orbital injection under isoflurane. 

Mouse Heart Harvest 

All procedures involving animal use were approved by the Institutional Animal Care and 

Use Committee of the University of Washington. All mice were housed at 22 °C with a 12-hour 

light, 12-hour dark cycle with free access to water and standard chow. Male mice were used for 

experiments in this study. Mice were anesthetized by intraperitoneal injection with sodium 

pentobarbital and weighed. The heart was promptly removed from the chest cavity and washed 

in cold PBS. The heart was then drained of any blood and the any remaining aorta, fat and lung 

was removed from the heart. The heart was then weighed and clamped with a flash frozen clamp 

Figure 5: Diagram of TAC surgery with constriction of the aorta.  
Created in BioRender. Billings, T. (2025) https://BioRender.com/swfng7o 



and stored in liquid nitrogen. Once all hearts and organs were harvested, the heart tissue was 

stored in -80ºC until further analysis was performed.  

Heart Weight/Body Weight (HW/BW) Ratio 

This ratio is used to help assess cardiac hypertrophy in the mouse models. A normal heart 

HW/BW ratio around 4-5 mg/g, with elevated levels indicating pathological hypertrophy due to 

the heart being heavier than normal. This ratio is calculated by weighing both the whole-body 

weight of the mouse and just the weight of the heart and dividing the heart weight by the body 

weight. This tells how much of the total body weight comes from the heart.  

Lung Edema (Tissue Wet/Dry Ratio Measurement) 

A weigh boat was labeled with permanent marker and placed into a drying oven for 4 

hours. The weigh boat was handled carefully with tweezers. After the 4-hour time, the weigh 

boat was pulled from the oven with tweezers and weighed. This weight was recorded as W1. A 

20-40 mg piece of lung tissue was then harvested from male mice and blotted dry with tissue 

paper and weighed on the labelled weigh boat. This measurement was recorded as W2. The 

weigh boat and tissue were then placed into the drying oven for 72 hours at 56ºC. After 72 hours, 

the tissue and weigh boat were measured together, and the weight was recorded as W3. To 

determine the dry/wet ratio, the calculation is as follows: (W2-W1)/(W3-W1). 

 

 

 

 



Western Blot Sample Preparation 

 
Preparation of Lysate (Heart Tissue) 

Eppendorf tubes were prepared with 1 volume of 0.5mm homogenization beads. RIPA 

buffer was then prepared by adding 1 protease inhibitor tablet to 25 mL RIPA. Once RIPA+PI 

buffer was prepared, 250 µl of the mixture was added to the 1.5 mL tubes and placed on ice for 

10 minutes. After 10 minutes, 20-30 mg of heart tissue extracted from male mice was added to 

the RIPA+PI buffer in the 1.5 mL tubes. The sample tubes were then placed into a “bullet 

blender” and homogenized for 5 minutes at the maximum speed of the unit. An additional 250 µl 

of the RIPA+PI buffer was then added to the sample tubes and vortexed for 15 seconds. The 

samples then sat on ice for 30 minutes. After 30 minutes on ice, the samples were centrifuged at 

10,000 g at 4ºC for 20 minutes. After centrifuging, the supernatant was transferred to a new 1.5 

mL Eppendorf tube and mixed via pipet. 5 µl of this supernatant was then added to 55ul of di 

H2O for protein assay.  

 

Cell Harvesting (Adherent Cells) 

On ice, cold media was aspirated off cells and cold PBS was added to each well to wash 

the cells. PBS was aspirated and the process repeated. Ice cold lysis buffer (RIPA with fresh 

protease inhibitors) was added to each well of the cell plate at a volume of the plate size in cm x 

0.018/cm2. The plate was incubated at 4ºC for 30 minutes with a gentle rocking motion then 

scraped from the surface using a rubber spatula. The cells were then transferred to a microfuge 

tube and spun for 10 minutes at 12,000 RPM at 4ºC. Supernatant was transferred to a fresh tube 

and a BCA protein assay was performed.   

 



BCA Protein Assay 

Protein concentration was determined using the Pierce ™ BCA Protein Assay Kit. 

Standards were first prepared in 1.5 mL Eppendorf tubes according to the following table: 

Vial Volume of Diluent (µl) Volume and Source of BSA (µl) Final BSA Conc. (µg/mL) 

A 0 300 of Stock 2000 

B 125 375 of Stock 1500 

C 325 325 of Stock 1000 

D 175 125 of vial B dilution 750 

E 325 325 of vial C dilution 500 

F 325 325 of vial E dilution 250 

G 325 325 of vial F dilution 125 

H 400 100 of vial G dilution 25 

I 400 0 0=Blank 

Reagents A and B were then mixed in a 50:1 ratio in a 15 mL conical tube to create working 

reagent. 25 µl of sample or standards were then added to a well plate followed by 200 µl of 

working reagent into each well containing sample or standard. The plate was than incubated for 

30 mins at 37ºC. After incubation, protein concentration was read at 562 nm. 

 

Preparation of Loading Samples 

Samples were prepared in Laemmli buffer at a 1:1 ratio. 200 µl of sample and 200 µl of 

buffer were added to a new 1.5 mL Eppendorf tube and stored at -20ºC for western blot analysis. 

The amount of protein to be added to the well was calculated based on results from a BCA 

protein assay.  



Western Blot Analysis 

 
Electrophoresis and Protein Transfer 

Samples were loaded and ran on a 10% SDS-PAGE gel for 20 minutes at 75V then 

changed to 100V and ran until the dye reached the bottom. The entire run took around 2 hours. 

When the electrophoresis portion was finished, the gel was placed in an electroblotting cassette 

along with transfer buffer. The equipment was then place in a bucket of ice to prevent 

overheating during the transfer process. The gel was then transferred onto the membrane for 1 

hour at a constant current of 110V. When the transfer was complete, the cassette was 

disassembled and the membrane was placed in ponceaus stain for about 10 minutes, rinsed, then 

a scan of the membrane was taken via a scanner.  

 

Antibody Detection 

The membrane was washed with TBST for 5 minutes then blocked with BSA for 1 hour. 

After 1 hour, the primary antibody that was diluted in TBST was added onto the membrane and 

incubated overnight at 4ºC with gentle agitation. The following day, the membrane was then 

washed 3 times with TBST for 5 minutes each then the diluted secondary antibody was added. 

The secondary antibody was left on the membrane with gentle agitation at room temperature for 

1 hour. ECL was then added to the membranes for 2 minutes to allow for signal detection. The 

membranes were then imaged and put into ImageJ for further analysis.  

 

 
 



Echocardiography 

 
Using the ultrasound system 

Mice were subject to isoflurane anesthesia to reduce motion but sustain cardiac function 

to around 400-450 bpm. The mouse was first sedated in a chamber and then restrained on a 

heated stage with a continuous flow of isoflurane. Body temperature, ECG and respiratory 

monitoring was used to prioritize the safety of the mouse as well as keeping consistency among 

all the subjects. Hair removal was then applied to the chest and removed after a few minutes to 

remove hair from the chest region. Ultrasound gel was then placed on the chest and the probe 

was positioned over the heart to find papillary muscles using B-mode. Once the papillary 

muscles of the left ventricular were identified, the machine was switched to M-mode to take 

video of the systole and diastole function within the left ventricular. After measurement, the 

mouse was cleaned off and removed from isoflurane and placed back in their cage.  

 

 

 

Figure 6: Diagram of echocardiography setup on the left and B-mode photograph 
on the right. [1] 



Fractional Shortening (FS%) 

To assess contractional functionality of the left ventricular, the fractional shortening 

percentage was collected for each mouse. Measurements of the left ventricle were taken in M-

mode echocardiography. Fractional shortening measures contractility by comparing how much 

the left ventricular decreases during systole in comparison to diastole. When analyzing a frozen 

picture in m-mode, the left ventricular internal diameter at end diastole and the left ventricular 

internal diameter at end systole are measured. The fractional shortening was assessed using the 

following formula: !!"#$%&!"#$'
!"#$%

" 𝑥100. A normal FS% for mouse is 30-40%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: M-mode echocardiography snapshot indicating FS% 
measurements.[1] 



Left ventricular Internal Diameter in Diastole LVID:d 

To assess the LVID:d, the measurement of the distance between the distance from the 

endocardial edge of the septum to the endocardial edge of the posterior wall was measured in 

millimeters from a still image in M-mode. This was measured over 3 cycles and averaged. This 

measurement is taken when the ventricle is most expanded and filled with blood. LVID:d is 

measured to assess how dilated the left ventricle is and to assess cardiac function. The normal 

range for mice is around 2.5-3.5mm. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: M-mode echocardiography snapshot indicating LVID:d 
measurements.[1] 
 



Quantitative Polymerase Chain Reaction (qPCR) 

 
RNA Extraction 

Small (10-30mg) pieces of frozen heart tissue were placed in a cold 1.5 mL 

microcentrifuge tube. 600 µl of lysis buffer (LB) was then added to the microcentrifuge tubes, 

followed by 0.2 mg/mL proteinase K. This step was crucial to degrade the proteins in the tissue. 

The samples were then incubated at 55ºC overnight. The next day, 100 ug/mL of RNase Awas 

added to the tubes to degrade the RNA in the samples. The samples were then incubated for 

another 30 minutes at 37ºC. After incubation, 250 µl (7.5 M) of ammonium acetate and 600 µl of 

isopropanol (0.7 v/v) were added and the solution was mixed well to give a visual DNA 

structure. The samples were then centrifuged at 15,000xg for 10 min at 4ºC and the supernatant 

removed. Pellets were then washed with 500 µl of 70% ethanol and the pellets were dried. After 

the pellets dried, they were resuspended in 100 µl of TE buffer. Once resuspended, the 

concentration of the samples was read on a nanodrop and diluted to 10 ng/ DNA/ul with double-

distilled water. The samples were then ready for qPCR. 

 

Quantitative PCR 

Primers that were used for analysis were identified and the appropriate forward and 

reverse primers were diluted to a stock concentration of 100 µM with double-distilled water. 

Each gene was then prepared into a working stock master mix of forward and reverse primers to 

have a concentration of 10 µM each. In PCR tubes, a total volume of 5 µl of the following 

components were added each gene: 2 µl DNA, 3 µl Syber green mix +forward/reverse primers 

(2.5 µl and 0.5 µl respectively). The tubes were then spun down at a high speed and put into a 

thermocycler under the following conditions: 95ºC for 5 min (preamplification). 45 cycles of 



95ºC for 10 seconds, 60ºC for 10 seconds, and 72ºC for 20 seconds (amplification step). A 

melting curve was then identified to confirm PCR products using a fluorescence acquisition of 

95ºC for 5 seconds, 66ºC for 1 minute, and a gradual increase of temperature to 97ºC. 

Differentiating H9C2 Cells 

Differentiation of H9C2 cells was induced at 80-90% confluence. Cells were harvested 

using 2 mL of a trypsinization solution (4.5 mL PBS + 0.5 mL trypsin). Cells were then pelleted 

using centrifugation (1,200 rpm, 3 min) and the supernatant removed. Cells were resuspended in 

regular growing medium (10% FBS DMEM) and counted so the cells were plated in 10 cm 

plates at a final density of 100K/mL. After incubating at 37ºC for 48-hours, differentiation was 

induced by changing the medium to 1% FBS DMEM and 1 µM retinoic acid for 5-7 days. 

Differentiation was confirmed using troponin markers in western blot assay.  

 

 

 

 

 
 
 
 

 

 

Figure 9: Differentiation Process of H9C2 cells into Cardio myoblasts.  
Created in BioRender. Billings, T. (2025) https://BioRender.com/hy5k14m 
 



ELISA method for determination for mitochondrial RNA N1 methylation 

Mitochondria were isolated from H9C2 cells after ISO or control treatment. RNA was 

purified from the isolated mitochondria and secondary structure removed by incubating at 95°C 

for 5 minutes. RNA was digested by nuclease P1 then incubated with alkaline phosphatase and 

m1A levels determined by competitive ELISA. 

Complex IV activity assay 

Enzymatic activity of cytochrome C oxidase (complex IV) was determined using frozen 

heart tissue that was previously harvested as mentioned above. First, 25 mg of cardiac tissue was 

homogenized at 4ºC in 50 mM potassium phosphate buffer containing 1 mM EDTA and 0.1% 

Triton X-100. The samples were incubated on ice for 30 minutes then centrifuged at 10,000 g for 

10 minutes at 4ºC and the protein concentration was collected. The enzymatic activity of 

complex IV was analyzed in 50 mM potassium phosphate buffer as described in a previously 

published method[57]. 

 

 

 
 
 
 
 

 

 
 

Figure 10: Complex IV Activity Assay Workflow.  
Created in BioRender. Billings, T. (2025) https://BioRender.com/io1vntf 



RNAiMAX Transfection Procedure 

Differentiated H9C2 cells were plated in a 24-well plate at a confluency of 60-80% (0.5-

1x105 cells) in serum free DMEM. After 24 hours, the lipofectamine and siRNA complex was 

mixed. First, 50 µl of Opti-MEMâ medium and 1.5 µl of Lipofectamineâ RNAiMAX reagent 

were mixed. Next, 50 µl and 1 µl of the siRNA were mixed. The diluted siRNA and diluted 

Lipofectamineâ RNAiMAX were mixed in a 1:1 ratio and incubated for 5 minutes at room 

temperature. Finally, 25 u	µl of the siRNA-lipid complex was added to each well and the plat 

incubated for 24 hours before analysis took place. The siRNAs used were the ambionÒ by life 

technologies HSD17B10 SilencerÒ pre-designed silencing RNA and the ambionÒ by life 

technologies Negative control SilencerÒ pre-designed silencing RNA. These acted as the 

experimental and negative controls respectively.  

Statistical Analysis 

All data are presented as ± SEM. Statistical analysis was performed using GraphPad 

Prism 8.3 (GraphPad Software, Sand Diego, CA). Normal distribution of data was analyzed 

using a Shapiro-Wilk test. Comparisons between 3 or more groups were conducted by 1-way or 

2-way ANOVA followed by a Tukey post hoc analysis. Comparison between 2 groups was done 

by using an unpaired, 2-tailed t test. All results were tested with the P<0,05 significance.  

 
 
 
 



Results 

Isoproterenol induced cardiomyocyte hypertrophy suppresses Hsd17b10 gene expression and 
mitochondrial RNase P activity 

 
 To determine if the expression of the gene that encodes Mrpp2 is suppressed in cardiac 

hypertrophy, we used cardiomyocytes derived from H9c2 rat myoblasts and incubated them in 

100 µM of isoproterenol (ISO) for 24 hours to induce a cardiac hypertrophic model. We utilized 

rtpcr analysis on extracted RNA to determine expression levels of Hsd17b10, the gene that 

encodes Mrpp2. Expression levels of known markers of cardiac hypertrophy Nppa and Nppb 

were elevated in the ISO treated samples in comparison to control (Figure 5A). Expression of 

Serca2 which is known to decrease in pathologic cardiac hypertrophy was suppressed in our 

model[58]. The results suggested to us that the differentiated H9c2 cells developed pathologic 

hypertrophy with the ISO treatments. Expression of Hsd17b10 was significantly downregulated 

in ISO treated cells in comparison to controls (Figure 5B). Finally, we determined the levels of 

N1 adenosine methylation (m1A) on extracted mitochondrial RNA. The N1 methylation 

modification is catalyzed by the Mrpp1 subunit of the mitochondrial RNase P and is a marker of 

its catalytic activity. It has previously been shown that Mrpp2 binding to Mrpp1 is required for 

the m1A reaction to be catalyzed[42]. We found mitochondrial RNA m1A levels to be significantly 

down in the ISO treated cardiomyocytes in comparison to the control (Figure 5C). The results 

suggest to us that downregulation of the Hsd17b10 gene in pathologic cardiac hypertrophy can 

disrupt RNase P catalysis. We, therefore, hypothesized that overexpression of the Hsd17b10 

gene would blunt the progression of pathologic cardiac hypertrophy to heart failure. We decided 

to test our hypothesis in more clinically relevant model of pathologic cardiac hypertrophy; the 

chronic pressure overload mouse model of transverse aortic constriction (TAC). 



 

 

 

 

 

 

 

 

 

 
 

Mrpp2 treatment helps to restore cardiac function and mitochondrial protein synthesis 

To test if overexpression of the Hsd17b10 gene would blunt the progression of heart 

failure, we sought to increase the expression of Mrpp2 in the myocardium of mice via retro-

orbital injection of an adeno-associated virus serotype 9 vector carrying Mrpp2 directed by the 

cardiac-specific chicken troponin T (cTNT) promoter (AAV9.cTNT.Mrpp2). Therefore, we 

injected AAV9.cTNT.Mrpp2 virus or a control AAV9 carrying green fluorescent protein (GFP) 

(AAV9.cTNT.GFP) to mice 1 week after sham or transverse aortic constriction (TAC) surgery at 

a dosage of 1 X 1012 virus genomes per animal by retro-orbital injection. After 8 weeks, we 

performed echocardiography and harvested tissue for further analysis (Figure 6A). Our findings 

revealed a significant decrease in the expression of Mrpp2 in the TAC AAV9.cTNT.GFP treated 

hearts (Figure 6B & 6C) compared to Shams. Heart weight to body ratio and lung edema were 

increased while echocardiography revealed decreases in fractional shortening % (FS%) 

compared to Shams (Figure 6D & 6F). Nppa gene expression was found to be up in the GFP 

treated TAC models with reductions in Mrpp2 protein level and impaired mitochondrial RNase P 

Figure 11: Isoproterenol induces cardiomyocyte hypertrophy that suppresses 
HSD17B10 gene expression. (A) H9c2 cells were incubated with ISO (100μM) for 48 hours 
and RNA extracted for real-time PCR analysis. The mRNA expression levels of Nppb, Nppa 
and (B) HSD17B10 and Serca2 were determined by real-time PCR analysis normalized to 
Gapdh. (C)Mitochondrial RNA N1-methyladenosine levels determined after ISO treatment. 
All data are presented as mean±SEM. P values were determined by one-way ANOVA 
followed by Tukey multiple comparison test. * p < 0.05 vs. controls.  
 



activity (Figure 7B). Taken together, the mice treated with the AAV9.cTNT.GFP developed 

pathologic cardiac hypertrophy, mitochondrial dysfunction, and heart failure. We found the 

AAV.cTNT.Mrpp2 treatment to robustly increase Hsd17b10 levels in failing hearts (Figure 7A). 

Restoration of Mrpp2 levels enhanced RNase P activity, improved mtRNA processing, and 

blunted the progression of heart failure. Decreases in lung edema, pathologic hypertrophy, and 

increases in systolic heart function were found in mice that received AAV.cTNT.Mrpp2 

compared to the control AAV.cTNT.GFP (Figure 6E-6G). 

      

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 12: Mrpp2 treatment helps to restore cardiac function. (A) Experimental diagram 
and time points. Male Bl/6 mice underwent either SHAM/TAC surgery and after 1 week were 
treated with either AAV.cTNT.GFP or AAV.cTNT. Mrpp2 and after 8 weeks were analyzed. 
(B&C) Western blot data showing Mrpp2 protein expression in experimental groups. Protein 
was normalized to vinculin. (D) Heart weight to body weight ratio (HW/BW);  n=3 mice per 
group. (E) Wet/Dry ratio of lung tissues (Lung Edema); n=3 mice per group. (F) Fractional 
shortening percentage (FS%); n=3 mice per group. (D) Left Ventricular Internal Diameter at 
end-diastole (LVID:d); n=3 mice per group, All data are presented as mean±SEM.  
   
 



 
 
 Nppa gene expression was lower in the AAV.cTNT.Mrpp2 treated TAC models (Figure 7B). 

Levels of Nd1:Nd2 expression were lowered in AAV.cTNT.Mrpp2 treated TAC models 

compared to the control AAV.cTNT.GFP indicating enhanced processing within the 

mitochondrial genome of the AAV.cTNT.Mrpp2 treated TAC models (Figure 7C). Levels of Mt-

Nd1 and complex IV were restored indicating improvements in mitochondrial function. (Figure 

7D-7F).  

  

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 13: Mrpp2 restoration reduces cardiac hypertrophy and restores mitochondrial 
protein synthesis. (A) mRNA expression levels of HSD17B10. (B) mRNA expression levels of 
Nppa. (C) mRNA expression levels of Nd1:Nd:2. (D) mRNA expression levels of Mt-Nd1. All 
data was collected via cardiac tissue that was extracted from mouse models and RNA extracted for 
real-time PCR analysis. (E) Absorbance levels from activity assay of CIV. (F) CIV activity relative 
to control vector.  N=3 mice per group. All data are presented as mean±SEM. 
 



Discussion 

We demonstrate in various models of pathologic cardiac hypertrophy and heart failure 

that the Hsd17b10 gene is downregulated which correlates with impaired mitochondrial RNase P 

activity. Restoring Mrpp2 levels with our gene therapy in TAC hearts allowed us to determine 

the cause-effect relationship between Mrpp2 downregulation and mitochondrial 

dysfunction/heart failure. Our evidence suggests that disruption in the expression of Hsd17b10 

gene causes impaired function of mitochondrial RNase P splicing complex. Impaired RNase P in 

failing heart results in accumulation of immature mitochondrial RNA and reduced translation of 

the 13 ETC subunits encoded by the mtDNA. The evidence points to a dysregulation of the 

translation of the mitochondrial proteome that is intrinsic to mitochondria.  By using the ISO 

induced pathologic cardiac hypertrophy model in differentiated H9c2 cells, we were able to 

demonstrate the pathologic hypertrophy induces downregulation of the Hsd17b10 gene and 

impairs RNase P activity in mitochondria as indicated by decreased mitochondrial RNA m1A 

levels. By using AAV9 directed gene therapy in vivo we were able to effectively restore 

mitochondrial RNase P activity and blunt the progression of heart failure in the TAC mouse 

model. Expression levels of the uncleaved Nd1:Nd2 transcript being high in the GFP treated 

TAC models indicates that improper processing of the mitochondrial polycistronic RNAs are 

taking place. Our evidence indicates this is insufficient to translate the mitochondrial genome to 

protein. With the treatment of an AAV9 carrying the Hsd17b10 gene to TAC models, we were 

able to effectively lower the symptoms of cardiac hypertrophy. This indicates that the 

overexpression of the Hsd17b10 gene specifically in cardiac muscle helps the post-

transcriptional processing steps of mitochondrial genome and that tRNAs were cleaved at a 

higher rate than in TAC control models. There was also a downregulation of the NADH 



dehydrogenase subunit 1 (Mt-Nd1) gene in the GFP treated TAC models which indicates a 

lowered expression of a mtDNA encoded subunit of ETC complex I. The level of Mt-Nd1 was 

restored to normal levels in the AAV9.cTNT.Mrpp2 treated TAC models. Finally, activity levels 

of complex IV were lowered in the GFP treated TAC models which indicates a lowered activity 

likely due to the absence of crucial complex IV proteins needed for proper activity within the 

respiratory chain. The AAV9.cTNT.Mrpp2 treated TAC models were able to restore activity in 

complex IV which indicates that AAV9.cTNT.Mrpp1 treatment was effective mtDNA encoded 

protein.  

There were limitations to the study that are worth noting. First, the study had a small 

number of mice which reduces statistical power and making results not as reliable as they would 

be in a higher sample size cohort. Preliminary results show that AAV9.cTNT.Mrpp2 

administration into cardiac tissue serves as a promising therapy in failing heart, however, it is 

necessary to include a larger cohort before drawing a strict conclusion. We also did not include 

any females in the study which is necessary to rule out any sex differences in treatment. 

Although we did not detect any toxicity with the gene therapy more work is required to 

completely rule out any unwanted side effects. 

Future work could be done on this study to further improve the reliability of the results 

from the murine study. The study could first be redone with a larger cohort of mice along with a 

diverse set of male and female mice to account for sex differences as well as a longer timeframe 

of treatment to determine unwanted side effects. It would also be necessary to look at the gene 

expression and the enzymatic activity of all subunits of the ETC to see how mrpp2 treatment 

affects all enzymatic subunits of the ETC. Finally, investigations of gene therapy in diseases 



such as HSD10 disease using transgenic mouse models would be a valuable next step in 

determining how well this gene therapy could treat genetic diseases leading to heart failure.   

Conclusion 

 
 Our results support the idea that the Hsd17b10 gene is crucial for the overall cardiac 

health of an individual. It is well known that when the gene expression is down, the critical 

RNase P subunit Mrpp2 is missing from RNase P splicing complex, resulting incomplete 

processing of the mtRNA transcript[34]. Our work with our hypertrophic cell model supported 

this statement by showing reduced mtRNA processing due to reduced RNaseP activity. The 

improper processing of the mitochondrial genome is detrimental to oxidative metabolism need 

for heart function and can lead to cardiac hypertrophy due to the energy imbalance caused by the 

damaged mitochondria. Once we demonstrated that the Hsd17b10 gene was down in the 

hypertrophic models, we were able to support the hypothesis that overexpressing Hsd17b10 in 

the heart failure models would help restore cardiac function. We were able to use SHAM/TAC 

mouse models to show that recuing cardiac activity with the administration of the Mrpp2 gene 

into cardiac tissue may be an effective therapy in helping to restore cardiac function of patients 

experiencing cardiac hypertrophy. 
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