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CHAPTER ONE: INTRODUCTION 

 
 Noonan syndrome with multiple lentigines (NSML) was first described in 1969 

and was named for the clinical features of the disease.1 The currently accepted 

nomenclature for the disease is NSML; since it was first reported the disease has been 

known by many different names, including LEOPARD syndrome, cardiocutaneous 

syndrome, and cardiomyopathic lentiginosis, and multiple lentigines syndrome. The 

acronym LEOPARD describes the clinical features of the disease, including multiple 

Lentigines, Electrocardiographic conduction defects, Ocular telomerism or wide-set eyes, 

Pulmonic stenosis, Abnormalities of the genitalia including cryptorchidism, Retardation 

of growth, and sensorineural Deafness.2  

NSML is classified as a rare disease; approximately 200 cases have been 

described since the original account.2 NSML is inherited as an autosomal dominant 

mutation with high penetrance and variable expression. It shares many overlapping 

features with Noonan syndrome (NS), which affects approximately 1:2500 live births and 

is transmitted in a similar fashion. Because of the subtle clinical differences between 

diseases, some of the early reports of NS may have been misclassified cases of NSML. 

Lentigines, one of the most conspicuous and common features of NSML, often does not 

develop until 4 – 5 years of age, and may not be present at all,3 making it easy to 

misclassify patients in the early years. 

Although neither described in original reports nor in the descriptive acronym for 

the disease, left ventricular hypertrophy is a more prevalent clinical disease feature than 

pulmonic stenosis. Among the patients with cardiac defects, approximately 80% have left 

ventricular hypertrophy, compared with estimates of pulmonic stenosis and pulmonary 
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valve dysplasia varying between 10 – 40%.2 Cardiac hypertrophy is the most common 

and life limiting clinical manifestation of NSML.4 There is a wide range of severity of 

cardiac hypertrophy seen with NSML, ranging from mild to severe. One mutation in 

particular, the Q510E mutation has been linked to a particularly severe and aggressive 

form of cardiac hypertrophy and outflow tract obstruction.2, 5, 6 

Through the study of NS and NSML, the genetic mutation(s) behind the various 

phenotypic expressions have been discovered. As expected with a much more prevalent 

disease, the causative mutation and expressivity patterns for NS were discovered first in 

20017. The original NS mutation for which a genetic component was noted affected 

PTPN11, the gene encoding the non-receptor protein tyrosine phosphatase Shp-2. A 

molecular basis for NSML was discovered shortly thereafter, affecting the same gene at 

different loci.8 Since that initial discovery, several other mutations leading to an NSML 

phenotype have been identified in PTPN11 and other genes. 

The majority of patients with NSML have disease that stems from a germline 

mutation of PTPN11. Eleven different missense mutations have been discovered in exons 

7, 12, and 13. Two of the mutations, Tyr279Cys and Thr468Met, appear to be far more 

common than the others, accounting for approximately 65% of cases.2 Various 

phenotypic expressions can result depending on the exon affected, with a specific 

mutation in PTPN11 exon 13 stemming from a glutamic acid substitution for glutamine 

(Q510E) leading to a particularly aggressive form of cardiac hypertrophy that may 

manifest early in infancy, and even in utero9-11. Mutations in RAF1 and BRAF have also 

been reported and account for approximately 5 – 10% of NSML cases. NSML patients 
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without PTPN11 mutations have higher incidences of electrocardiographic abnormalities 

and sudden cardiac death.2, 12, 13  

The clinical outcome for NSML patients with minimal left ventricular 

hypertrophy is considered good, however some patients will be clinically affected by 

their cardiac complications. Some patients develop worsening clinical signs of congestive 

heart failure (lack of appetite, dyspnea, failure to thrive)4, ultimately requiring medical or 

surgical intervention.14 Implantable cardiac defibrillator-pacemakers have been placed in 

patients at high risk of sudden cardiac death in those with ventricular arrhythmias.15 As 

with genetic sarcomeric familial forms of hypertrophic cardiomyopathy, left ventricular 

hypertrophy, heart failure class, left ventricular outflow tract obstruction and evidence of 

nonsustained ventricular tachycardia on ambulatory electrocardiography are associated 

with the development with adverse cardiac events.12 Patients with an exon 13 mutations 

(Q510E) are also at an increased risk of adverse cardiac events when compared with 

more common mutations.12 

 The left ventricular hypertrophy seen with NSML and familial forms of 

hypertrophic cardiomyopathy (HCM) share very similar features; NSML has been 

described as a phenocopy disease of HCM. HCM is characterized by primary concentric 

cardiac hypertrophy without dilation in the absence of disease conditions that could lead 

to cardiac hypertrophy such as systemic hypertension and valvular stenosis.16 HCM is the 

most common cardiovascular disease secondary to a genetic mutation, affecting 

approximately 1:500 people each year. Over 1400 mutations in 11 different sarcomeric 

genes have been reported, and approximately half of patients with HCM have mutations 

stemming from mutations in beta-myosin heavy chain or myosin binding protein C.16, 17  
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Morphologically the disease is diverse, leading to diffuse or segmental cardiac 

hypertrophy affecting the left ventricle and interventricular septum. Hypertrophy 

ultimately leads to diastolic dysfunction and reduced ventricular compliance secondary to 

increased replacement fibrosis, varying degrees of hypertrophy and disorganized cellular 

structure.16 Diastolic dysfunction leads to increased left ventricular filling pressures, 

increased left atrial size and pressures and ultimately signs of congestive heart failure. 

Left ventricular outflow tract obstruction secondary to systolic anterior motion of the 

mitral valve can contribute to worsening of clinical signs of shortness of breath and 

weakness. Most clinical signs of heart failure are secondary to diastolic dysfunction; end-

stage HCM leading to a reduction in ejection fraction is relatively rare.16 In fact, 

hyperdynamic systolic function characterized by increased left ventricular torsion or 

increased ejection fraction is a common clinical feature in the early stages of HCM.18, 19   

There is also a wide range of clinical outcomes seen with HCM. Some patients 

have clinical signs such as shortness of breath or congestive heart failure, while sudden 

death may be the first and only clinical sign for others. Because different mutations may 

lead to different clinical outcomes, determining the patient genotype may be important in 

determining routes of early intervention as well as prognosis.17, 20 

 Studies evaluating the cellular mechanisms behind various familial HCM 

mutations have shown a variety of abnormalities in calcium handling, actin-myosin cross 

bridge cycling, and altered energy utilization.21 Mutations in calcium handling genes such 

as phospholamban (PLN), calreticulin (CALR3) and calmodulin (CALM) have also been 

implicated as direct causative mutations for familial HCM.22 Abnormal calcium handling 

has been noted in various forms of familial HCM, demonstrating increased calcium 
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sensitivity of force of the myofibers, altered calcium release from the sarcoplasmic 

reticulum, and abnormal calcium re-uptake.21, 23, 24 Excitation-contraction coupling and 

calcium release are tightly regulated by a variety of mechanisms including cyclic-AMP 

dependent protein kinase (PKA) post-translational modifications of troponin I (cTnI), 

PLNand the sarcoplasmic reticulum ATP-ase pump (SERCA).25 PKA has been shown in 

skinned fiber preparations to be an regulator of myocyte power generation, increasing 

power output and accelerating cross-bridge cycling.26, 27 

Little is known about the mechanisms underlying the cardiac hypertrophy seen in 

patients with NSML. NSML and HCM follow a similar disease course, but are the 

mechanisms underlying hypertrophy similar in nature? PTPN11, RAF1 and BRAF encode 

proteins that have been shown to be important in intracellular signaling and hypertrophy 

pathways such as Akt and MAPK. Shp-2 mutations resulting in NSML in particular lead 

to upregulated Akt and mTOR activities and hypertrophy can be rescued by blocking 

mTOR with rapamycin.28   

By evaluating the underlying mechanisms of hypertrophy in a transgenic mouse 

model of NSML stemming from a mutation that causes a particularly aggressive form of 

cardiac hypertrophy in humans (Q510E), we sought to critically evaluate the hypertrophy 

seen with NSML in hopes that mechanistic understanding of the disease can lead to early 

diagnosis and intervention for NSML and HCM patients. We hypothesized that NSML 

hearts demonstrate early hypercontractility secondary to an expanded contractile 

apparatus and that expansion of the contractile apparatus is due to increased transcription 

of mRNA and subsequent translation into protein. Additionally, we hypothesized that 
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Q510E mutants demonstrate increased PKA activity relative to non-transgenic 

littermates, which further augments hypercontractility. 
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CHAPTER TWO: THE MUTATION AND A MOUSE 

2.1 Shp-2 

 

The PTPN11 gene encodes a ubiquitously expressed non-receptor protein tyrosine 

phosphatase Shp-2. In its active form, Shp-2 hydrolyzes phosphorylated tyrosine 

residues. The Shp family of proteins have two N-terminal SH2 domains (N-SH2 and C-

SH2), a phosphatase domain and a C-terminal tail.29 When open and available, both the 

SH2 domain and the phosphatase domain can bind phosphorylated tyrosine residues. In 

the inactive state, the Shp-2 conformation is such that one of the two SH2 domains covers 

and inhibits the enzymatic cleft of the phosphatase site. Two theories explain the 

activation process of Shp-2. A binding protein with phosphorylated tyrosine residues 

comes into contact with the C-SH2 domain, causing an allosteric change in the N-SH2 

site and opening of the phosphatase site. This allows the substrate to bind and be 

dephosphorylated. Alternatively, phosphorylation of the C-terminus tyrosine residues 

allows binding to the N-terminus SH2 domains within the molecule, and opening of the 

phosphatase site to substrate.29 In either case, binding of the N-SH2 domain to a 

phosphorylated substrate will markedly stimulate catalytic function of the enzyme. 

Mutations at the binding site can result in perpetually open catalytic domains (so-called 

“gain-of-function” mutations) or altered and dysfunctional catalytic domains (so-called 

“loss-of-function” mutations). 

Many downstream targets of Shp-2 have been established and many more are 

likely yet to be uncovered. It is very important in development as evidenced by the fact 

that mutations in the N-terminus as well as complete Shp-2 knock out are embryonic 
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lethal.30, 31 Shp-2 is required for initiation and maintenance of receptor tyrosine kinase 

(RTK) activation and downstream signaling and is required for full activation of the 

ERK/MAPK pathway. Shp-2 acts upstream of Ras, as experiments with dominant 

negative Shp-2 cells exhibit abnormal Ras activation.29 Exactly how this is mediated 

remains unclear. Shp-2 binds directly to some growth factor receptors such as platelet-

derived growth factor.32, 33 In addition to RTK pathway modulation, Shp-2 may bind one 

or more scaffolding adapter proteins, which may serve to orient Shp-2 near to important 

substrates. In a knockdown model inducing Shp-2 silencing as well as in an NSML Shp-2 

transgenic mutation model, Shp-2 has been shown to regulate hypertrophy via the 

FAK/Src pathway and downstream Akt and mTOR signaling.34 The hypertrophic 

phenotype in both models mentioned above can be reversed by inhibiting FAK and 

mTOR, further substantiating the role of FAK and mTOR.28, 34  

In addition to its major importance in developmental and growth pathways, Shp-2 

has been localized to the mitochondria and is thought to play a role in reactive oxygen 

species formation and oxidative stress.35 Shp-2 has also been implicated in appropriate 

actin polymerization via the Rho/ROCK pathway.36, 37 

Experimental studies in NSML models have demonstrated that many mutations 

involve the phosphatase domain and enzymatic catalytic site. This location results in loss 

of function of the protein, with little or no phosphatase activity shown in vitro.32 NSML 

mutations also impair EGF, FRF and PDGF-evoked ERK activation in vitro, indicating a 

dominant negative or complete loss of function effect.32 Shp-2 deletion in an inducible 

knock out model has been described to cause dilated cardiomyopathy38, 39, while in vitro 

silencing leads to a hypertrophic phenotype32 and transgenic NSML models with 
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presumed decreased phosphatase activity also lead to hypertrophy32. Differences among 

models may account for variable reports of Shp-2 phosphatase in NSML. This 

discrepancy can be potentially resolved by enhanced downstream signaling because of 

loss of phosphatase activity in a pathway other than ERK/MAPK, prolonged interaction 

in certain protein complexes relative to normal Shp-2, or some residual function 

remaining in vivo.40 Shp-2 depletion in neonatal rat cardiomyocytes can induce the 

expression of β-myosin heavy chain and cardiomyocyte hypertrophy,34 suggesting that 

Shp-2 may negatively regulate pathways involved in controlling cell size. This would 

provide molecular support of a loss of function Shp-2 mutation causing a hypertrophic 

phenotype. 

Shp-2 mutations have been connected to the development of several different 

diseases, such as NS and NSML and the development of myeloid leukemias. Despite the 

loss of functional phosphatase activity in NSML, NSML and NS share very similar 

clinical features.  

 

2.2 Transgenic mouse model 

 

 There are significant advantages of an animal model over cell-based models and 

human studies to study cardiovascular diseases. Cardiac hypertrophy, microvascular 

changes, and heart failure are conditions that are global changes and are heavily 

influenced by circulating growth factors, cytokines and hormones. In a clinical patient 

with a spontaneous disease, longitudinal studies are lengthy, there is individual variation 

and are often costly. Several studies have aimed to evaluate changes in human patients by 
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evaluation of post-mortem myocardial specimens and septal myectomy samples. This 

provides extremely valuable information, but can limit longitudinal evaluation or changes 

associated with medical or surgical intervention. The evolving world of transgenics has 

made the creation of an in vivo model of a particular mutation not only possible but also 

relatively easy.  

 No spontaneous large animal model of this disease exists, thus creation of a 

transgenic mouse model was a logical step to further study the disease. Transgenesis 

describes the process of inserting an exogenous DNA element into the nucleus of a newly 

fertilized oocyte. The cDNA is inserted into the oocyte nucleus and is incorporated into a 

portion of the genome as a single copy or as a random number of multiple copies via non-

homologous recombination.41, 42 The copy number and site of insertion are random. The 

cDNA is often linked to a promoter, which drives tissue specific expression of the 

transgene. In this case a mutated form of Shp-2 with the glutamine at position 510 in 

exon 13 switched for a glutamic acid (Q510E) was linked to a β-myosin heavy chain 

promoter and inserted into fertilized FVB/N oocytes.43  

 The β-MHC promoter allows for cardiac specific overexpression of the transgene, 

in this case Q510E Shp-2. Because β-MHC is the fetal iso-enzyme of myosin heavy 

chain, the phenotype resulting from the mutation occurs developmentally and 

subsequently the mice are born with cardiac hypertrophy. Line 396 was chosen for the 

studies due to low expression of mutant Shp-2 Q510E and marked hypertrophic 

phenotype. The cardiomyocyte specific expression allows for study of the mutation 

without any potential influence of fibroblast or endothelial Shp-2 expression. 

Additionally the low expression of line 396 remove an effect of Shp-2 overexpression, 



 

11 

 

while still allowing study of a markedly abnormal phenotype. The mutant isoform in this 

model has been shown to be overexpressed throughout life with only a mild decline in 

adults as compared with neonates.43 It is important for sequencing and Western blot 

purposes to recognize that the normal gene and normal copies of the Shp-2 protein will 

also be present, but that mutant Shp-2 will be overexpressed. Overexpression of normal 

Shp-2 in cells and in mice does not result in cardiac hypertrophy.43 

 All mice were genotyped at approximately 10 – 14 days via tail clip. Briefly, 

DNA was extracted using the following protocol. 500 µl tail digest buffer (10 mM Tris 

pH 8.0, 25 mM EDTA, 100 mM NaCl, 1% SDS, millipore water) and 5 µl 10µg/ml 

proteinase K was added to the tail clipping. The mixture was allowed to digest overnight 

at 55°C, then centrifuged at room temperature for 1 minute at 17,000 x g. Following 

centrifugation, 400 µl phenol/chroloform/isoamyl alcohol was added and the sample 

vortexed. The mixture was centrifuged at 17,000 x g at room temperature for 10 minutes 

and the top layer transferred to a new tube. 400µl isopropanol was added and the sample 

gently shaken before being allowed to sit for 10 minutes at room temperature. Another 10 

minute centrifugation cycle was performed at 17,000 x g at room temperature. The 

supernatant was discarded and the pellet washed with 200 µl 70% ethanol. One final 10 

minute 17,000 x g centrifugation cycle was performed, the supernatant decanted and the 

DNA pellet allowed to dry before resuspension in 200 µl water. The sample was 

incubated for 30 minutes at 55°C and vortexed prior to use in the genotyping PCR.  

 Each PCR was completed using 1 µl sample DNA and 21µl master mix  (1x 

Buffer, 2.5 mM MgCl2, 200 µM dNTPs, 0.5 µM primer Shp2 forward 

(AGCGCTTTGACTCTCTGACAGACCTG), 0.5 µM primer Shp2 reverse 
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(CCAAAAGCCCTGCTTGACTTTATCTG), TAQ polymerase 0.05 U/µl). The samples 

were then allowed to anneal with the following heat cycle conditions: 1. 95°C for 4 

minutes 2. 95°C for 30 seconds 3. 65°C for 30 seconds 4. 72°C 30 seconds 5. Repeat 

steps 2 – 4 for 30 cycles 6. 72°C for 7 minutes. Amplified PCR products along with a 

positive and negative control were then separated by gel electrophoresis and the gel 

photographed using a Bio-Rad ChemDoc imaging system and QuantityOne software 

(Bio-Rad). 

Because the cDNA construct used to make the transgenic mouse does not contain 

non-coding introns, the transgenic PCR product contains fewer base pairs than the non-

transgenic Shp-2. Mice were considered transgenic (TG) if the approximately 200 bp 

product mutant Q510E Shp-2 DNA was identified, and non-transgenic (NTG) if one 

larger bp product was identified. Figure 1 is an example genotype analysis. 

 

2.3 Western Blot analysis 

 

 Shp-2 was isolated from mouse ventricle homogenates. Flash-frozen mouse 

ventricles from TG and NTG littermates were homogenized in ice cold extraction buffer 

[150 mM NaCl, 10 mM Tris, pH 7.4, 1% Triton X], and centrifuged for 10 minutes at 

4°C at 13,300 rpm. The supernatant was decanted and the pellet discarded. The samples 

were examined for protein concentration via spectrophotometry using a Bradford assay 

protocol. 30 µg of protein from transgenic and non-transgenic littermate mouse hearts 

was loaded into a 10% SDS acrylamide gel. Proteins were separated by gel 

electrophoresis for 2 hours at 80V and then transferred to polyvinylidene difluoride 
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(PDVF) membrane over 2 hours at 80V. PDVF membranes were blocked with 10% milk 

for 1 hour and proteins were probed with anti-Shp2 antibodies (C-18, Santa Cruz 

Biotechnologies) at a 1:1000 dilution for 2 hours at room temperature to determine 

transgene expression. Membranes were rinsed three times for five minutes each in 1X 

TBS-T (20 mM Tris, 150 mM NaCl, pH 7.6, 0.1% Tween-20). Anti-rabbit alkaline 

phosphatase bound antibodies were diluted 1:5000 in 5% milk solution and applied to the 

membrane for 2 hours at room temperature. The membrane was again rinsed three times 

for five minutes in 1X TBS-T. ECF™ substrate (GE Lifesciences) was then applied to 

the membrane and allowed to rest for 2 minutes prior to photographing the membrane 

using Quantity One software (BioRad). The membranes were stripped with 1X re-blot 

solution (EMD Millipore) and allowed to soak for 30 minutes before the process repeated 

using anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Cell Signaling 

Technologies) antibodies to probe for GAPDH as a loading control. GAPDH is stable and 

ubiquitously expressed, making it a good loading control.  

 The blots were analyzed and Shp-2 protein bands quantified using Bio-Rad 

ChemDoc imaging and QuantityOne software (Bio-Rad). Shp-2 protein levels were 

standardized to GAPDH to control for minor differences in gel loading.  

Statistics were performed using an unpaired Student’s t-test. Significance was set 

at p < 0.05. Figure 2 illustrates that transgenic mice show a significantly increased 

expression of Shp-2 when compared with non-transgenic littermates.  
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CHAPTER THREE: STRUCTURE AND FUNCTION 

3.1 Gross morphology 

 The fetal myosin isoform is primarily β-MHC in the mouse leading to 

overexpression of Shp-2 in the developing fetus, thus the mice express the cardiac 

phenotype of hypertrophic cardiomyopathy at birth. Figure 3 shows hematoxylin and 

eosin stained cut axial sections of hearts from a non-transgenic and transgenic littermate. 

There is significant hypertrophy of the left ventricular free wall and in particular the 

interventricular septum of the transgenic mouse when compared with the normal heart of 

the non-transgenic littermate. The phenotype is fully developed early in development; 

hearts from adult mice demonstrate similar findings to the young mice (Figure 4). There 

is a double-apex appearance secondary to marked interventricular septal and right 

ventricular hypertrophy. The right ventricular outflow tract is prominent, and the left 

auricle is mildly dilated. The left ventricle is rounded in comparison to that of the non-

transgenic mouse. These findings recapitulate clinical features seen in infants carrying the 

Q510E mutation.12, 44, 45  

 Interstitial fibrosis is an important component of HCM, and although an increase 

in interstitial fibrosis does occur in this model43, the marked hypertrophy is due to 

cardiomyocyte hypertrophy. To assess cellular hypertrophy cell border staining with 

wheat germ agglutinin (WGA) was performed. WGA will bind to glycoproteins on the 

cell surface, thereby highlighting cell borders. Whole hearts were embedded in optimum 

cutting temperature (O.C.T) compound and frozen at -80°C after fixation in 4% 

paraformaldehyde. Hearts were sectioned at -20°C into 7 µm sections using a Leica 

cryostat. Slides were frozen at -20°C until further use. Prior to staining, slides were 
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allowed to warm to room temperature. They were then washed with phosphate buffered 

saline (PBS) for 5 minutes at room temperature in a humidity chamber. After the wash 

cycle, 1 mg/ml WGA (Alexa 594 conjugated, Molecular Probes) was diluted 1:10 in PBS 

and 250 µl was applied to the section and covered with an incubation chamber. Slides 

were kept in a humidity chamber at 4°C overnight. The slides were then washed three 

times in PBS for 5 minutes each in a humidity chamber at room temperature. Upon 

completion of the wash cycle, an anti-photobleaching mounting media (Vectashield®) 

was applied to the slides to protect the immunofluorescence from fading and a coverslip 

applied. The slides were illuminated with a broad spectrum UV light and photographed 

with a filter appropriate for detection of an emission wavelength of 617 nm. Multiple 

randomly chosen fields from the right and left ventricle of TG and NTG littermate hearts 

and were photographed (Olympus IX51). Randomly chosen cardiomyocytes were 

outlined with Image J (NIH, Bethesda, MD) and measured using planimetry. Figure 5 

demonstrates successful WGA staining and significantly larger cells in the TG heart 

samples. 

 

3.2 Ultrastructure 

A combination of gross pathology, histopathology and immunohistochemistry 

targeting cell borders demonstrated a consistent pattern of marked hypertrophy in the TG 

mice. A hallmark feature of classic forms of familial HCM is myocyte disarray, often 

with an increase in interstitial fibrosis. Although previous work has shown that our 

NSML model mimics the gross and histopathologic features of HCM including cellular 

hypertrophy and myocyte disarray, little is known about subcellular organization.43 
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Electron microscopy was utilized to examine ultrastructural morphological differences in 

NTG and TG cardiomyocytes. This approach was chosen to closely examine the 

sarcomere structural organization as well as number of sarcomeres present. 

Hearts were perfused with phosphate-buffered saline containing 25 mM KCl and 

5% dextrose, fixed in 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M 

NaCacodylate, and processed for thin sectioning. A high potassium solution was chosen 

to achieve maximal relaxation prior to processing. Photomicrographs were obtained using 

a JEOL 1400 transmission electron microscope (JEOL, Peabody, MA). Photos were 

taken from each section at 3000X magnification in random fashion.  To determine 

sarcomere length, 4-5 sarcomeres per heart were measured using Image J (NIH, 

Bethesda, MD) (n = 3 NTG, n = 3 TG).  For assessment of the relative area per visual 

field occupied by sarcomeres, 30 – 35 randomly chosen, non-overlapping photos were 

evaluated using Image J. Sarcomeres were identified and measured. Sarcomere length, 

width, and percentage of photomicrograph section containing sarcomeres were measured. 

Sarcomere organization was also qualitatively scrutinized.  

Representative electron microscopy images prepared from 4 week-old hearts are 

shown in Fig. 6, A and B. There were no significant differences in sarcomere organization 

or sarcomere length between the NTG and TG hearts (p = 0.22, Fig. 6C). However, the 

relative area per visual field occupied by sarcomeres was significantly increased in TG 

compared to NTG myocardium (Fig. 6D). This suggests that more thin and thick 

filaments per cardiomyocyte width are available for force generation. 
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3.3 Function: Echocardiography and cMRI 

 Echocardiography is the least invasive diagnostic test to assess cardiac function in 

vivo and can even be performed in utero to detect cardiac abnormalities. The Q510E 

NSML mutation leads to an early and particularly severe form of hypertrophic 

cardiomyopathy that has been noted in several cases to cause clinical signs in infants.4, 6, 

12, 14, 44-49 Echocardiographic findings include septal hypertrophy that may or may not 

include dynamic left or right ventricular outflow tract obstructions. In many cases of 

HCM, early hypercontractile cardiac function is present.20 To evaluate in vivo cardiac 

function in early stage disease, echocardiography in 4-6 week-old mice was performed 

under isoflurane anesthesia.  

Echocardiograms were performed under inhalation anesthesia (1.2-1.8% 

isoflurane, 0.6 L flow of O2) using a Vevo 2100 ultrasound system (Visualsonics, 

Toronto, Canada). The echocardiographer was blinded to the mouse genotype. M-mode 

echocardiography was performed using the parasternal short-axis view of the left 

ventricle (LV). The guidelines of the American Society of Echocardiography were used 

for measurement of the LV end-diastolic and end-systolic diameters, and septal and 

posterior wall thickness. Images were captured digitally and 6 consecutive cardiac cycles 

were measured and averaged for each animal. 

Representative M-mode scans are shown in Fig. 7, A and B. In contrast to our 

previous data obtained in 3 month-old mice, 4-6 week-old TG hearts from female mice 

contracted very well. In particular, TG hearts displayed significantly increased ejection 

fraction and fractional shortening compared to NTG littermates (Fig. 7, C and D), 

indicating hypercontractile function. 
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Cardiac magnetic resonance imaging (cMRI) is becoming more available as a 

clinical and research tool. Algorithms can be applied to the heart to assess specific areas 

of deformation, and may be a more sensitive tool for evaluating systolic and diastolic 

function.17, 50 One male 4-week-old TG and one male NTG littermate were anesthetized 

with 1 – 1.8% isoflurane in 100% oxygen and subjected to cMRI. The mice were placed 

into a prone position and electrocardiographic (ECG) electrodes attached to the right 

front paw and left leg for ECG gating. A respiratory sensor was placed on the abdomen 

for respiratory gating. A 7T Varian Unity INOVA horizontal bore MRI system (Varian 

Inc., Palo Alto, CA) equipped with a gradient insert (400 milliteslas/m, 115 mm inner 

diameter) was used and a quadrature-driven birdcage radiofrequency coil (38 mm inner 

diameter) was employed for the imaging of mice. Physiological monitoring and gating 

were performed using a Physiological Monitoring System (SA Instruments, Inc., Stony 

Brook, NY). cMRI findings support the echocardiographic findings, showing 

hyperdynamic systolic function in the TG when compared with the NTG littermate.51 

cMRI findings support the echocardiographic findings, showing hyperdynamic systolic 

function in the TG when compared with the NTG littermate. 

 

3.4 Electrocardiograms (ECGs) 

 ECG abnormalities are common in human patients with NSML. Arrhythmic 

changes, axis deviations and markers of hypertrophy have all been noted in humans.2 

These changes can be benign markers of disease, or can result in serious complications 

such as sudden cardiac death or the need for implantable cardiac defibrillator devices. TG 

mice in this model do not appear to die suddenly in higher frequency than NTG mice 
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(personal observation), however most animals are euthanized as adults and do not die of 

natural causes. Perhaps a higher frequency of sudden death would be seen in TG mice if 

cohorts were observed until death by natural causes. 

ECG abnormalities have not previously been reported in this model. TG and NTG 

littermates from a one high and one low β-MHC Q510E expressing lines were 

anesthetized with 1.5% isoflurane in 100% oxygen and placed in dorsal recumbency.  

ECG leads were placed according to the hexaxial lead system using 30-gauge platinum 

subdermal needle electrodes. Isolated atrial premature complexes (APCs) were noted in 

2/5 NTG mice. A mild right axis deviation was demonstrated in 1/5 NTG mice.  In TG 

mice, ventricular arrhythmias were noted in 4/8, ST segment depression in 4/8 and 

marked right axis deviation in 2/8. A subgroup of animals had ECGs performed 11 weeks 

later to document an age effect.  One NTG which previously had arrhythmias developed 

atrial premature complexes on repeat ECG evaluation. 2/5 β-MHC mice had arrhythmias, 

both had been previously documented.  

Q510E-Shp-2 is only expressed in cardiomyocytes. Because mutant Shp-2 expression 

leads to hypertrophy, interstitial fibrosis, and ventricular remodeling, lack expression of 

mutant Shp-2 in other cells within the heart may not be important in the pathogenesis of 

arrhythmia formation but mutant Shp-2 in the myocyte may rather promote remodeling 

and the creation of a substrate and environment appropriate for arrhythmia formation and 

propagation. These findings indicate there is an abnormality in impulse formation and/or 

conduction resulting in arrhythmias in a subset of Q510E mutants that closely parallels 

the electrocardiographic abnormalities seen in humans with NSML. 
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CHAPTER FOUR: MOLECULAR EVALUATION 

4.1 Immunohistochemistry 

We know from previous work that Shp-2 plays an important role in ERK/MAPK 

signaling and NSML loss of function mutations lead to hypertrophy at least in part 

through increased downstream signaling of Akt and mTOR.29, 34, 38, 52-54 The link between 

hypertrophy and the hypercontractile phenotype noted in skinned myofiber preparations 

and echocardiograms remain unclear. 

Immunohistochemical staining for various sarcomeric proteins was performed to 

further elucidate Shp-2 intracellular distribution. Whole hearts were prepared for 

cryosectioning in the same manner as described for WGA staining and evaluation of 

myocyte hypertrophy. Frozen slides were warmed to room temperature, and rinsed once 

for 5 minutes with PBS in a humidity chamber at room temperature. The slides were then 

blocked for 1 hour in blocking solution (0.05% NaN3, 1% BSA, 0.1% cold water fish 

skin gelatin, 0.1% Tween20 in PBS) in a humidity chamber at room temperature. 

Following blocking, antibodies to cardiac troponin I (cTnI), the heavy chain of myosin 

light meromyosin fragment (MF20), α-actinin, and Shp-2 were applied to the sections to 

evaluate for Shp-2 co-localization at the thin filament (cTnI) or thick filament (MF20). 

Antibodies against MF20 and Shp-2 were diluted 1:100 and 1:30 respectively in PBS and 

120 µl applied per incubation chamber to samples from transgenic mice. Antibodies 

against Shp-2 and cTnI were also diluted 1:100 in PBS and 120 µl applied per incubation 

chamber. The combinations were chosen to demonstrate co-localization of Shp-2 with 

representative thick or thin filament proteins. The slides were allowed to incubate at 4°C 



 

21 

 

overnight. Slides were then washed three times in PBS for 5 minutes each in the humidity 

chamber at room temperature. The appropriate secondary antibodies (anti-mouse 

Alexa488 or anti-rabbit Alexa594) were diluted 1:100 in PBS to 120 µl and added to the 

incubation chamber and allowed to incubate at room temperature for 2 hours. One final 

wash cycle of PBS 3 times for 5 minutes each in the humidity chamber at room 

temperature was performed prior to mounting cover slides. 

The slides were photographed (Olympus IX51) and the photomicrographs 

overlayed. Black and white photomicrographs were taken in red-green-blue (RGB) color 

channels, and filters chosen based on light emission characteristics of the secondary 

antibodies. Red and green channel photomicrographs were overlayed and areas of overlap 

between red and green pixels of similar intensity were color coded yellow. Figure 8A 

shows immunohistochemistry staining for cTnI and Shp-2 demonstrating co-localization 

of the two proteins. MF20 staining did not show co-localization with Shp-2 (Figure 8B). 

This indicates that Shp-2 localizes specifically to the I band of the sarcomere, together 

with cTnI.  

 

4.2 Cyclic-AMP dependent protein kinase (PKA) enzymatic activity 

PKA is known to phosphorylate cTnI and myosin binding protein C (c-MyBPc).26 

Phosphorylation of cTnI and c-MyBPc leads to an increase in shortening velocity and 

power output of cardiomyocytes.26, 55 In keeping with PKA activity as a possible 

contributor in NSML for hypercontractile function, in vitro examination of the skinned 

myofibers did show an increase in shortening velocity and power output. Previous work 

has shown that Shp-2 interacts at the cell membrane with PKA and is thought to be 
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another pathway promoting hypertrophy.56 Shp-2 may also interact with PKA at cTnI, 

resulting in improved power generation and co-localization of Shp-2 and cTnI seen via 

immunohistochemistry. PKA enzymatic activity was subsequently evaluated using a non-

radioactive kit for quantification of PKA activity. 

PKA was obtained from whole heart cell lysate and the enzymatic activity 

assessed by incubation with a fluorescent peptide substrate (PepTag® assay, Promega, 

Madison, WI) according to the manufacturer directions. Phosphorylation by PKA alters 

the net charge of the substrate (L-R-R-A-S-L-G) from +1 to –1. This allows the 

phosphorylated and non-phosphorylated peptides to be separated on an agarose gel. The 

phosphorylated species migrates toward the positive electrode (cathode), while the non-

phosphorylated substrate migrates toward the negative electrode (anode). The gels were 

photographed using the Bio-Rad GelDoc imaging system and fluorescent bands 

quantified with QuantityOne software (Bio-Rad, Berkeley, CA).  

PKA activity assays were conducted using myocardial tissue samples from NTG 

and TG hearts. The samples were examined for protein concentration via 

spectrophotometry using a Bradford assay protocol and equal concentrations of protein 

sample were used in the reaction. No significant difference was noted in PKA activity as 

assessed by the relative degrees of phosphorylation of the fluorescently tagged PKA 

specific peptide (p = 0.45, Fig. 9, A and B). Therefore we concluded that the 

hypercontractile changes seen are not likely due to PKA post-translational modification 

of the sarcomere. 
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4.3 Quantitative real time polymerase chain reaction (qRT-PCR) 

The sarcomere structure relies on a strict stoichiometry of thick and thin filament proteins 

and is tightly regulated.57 The appearance of the sarcomeres between NTG and TG was 

no different, but there were more sarcomeres in the TG hearts compared with the NTG 

hearts. Because of the strict stoichiometric balance and continued turnover of the 

sarcomere, an increase in sarcomeric protein mRNA would be expected with the increase 

in sarcomere density seen in the TG mice in our earlier TEM experiments. Specific 

mRNA sequences from representative sarcomere segments were chosen as candidates for 

screening. α-myosin heavy chain (α-MHC) was chosen to represent the thick filament 

and also to evaluate for isoform switching with heart disease; cTnI was chosen as a thin 

filament representative and also because of the previously noted co-localization with 

Shp-2 and cTnI; finally c-MyBPc, a linking protein between the thick and thin filaments 

that is responsible for several different forms of familial hypertrophic cardiomyopathy in 

humans and in cats. GAPDH was used as a housekeeping gene. 

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) for first-strand 

DNA synthesis (Superscript® III First-Strand Synthesis System, Invitrogen) according to 

manufacturer instructions Briefly, fresh hearts were homogenized in ice cold TRIzol and 

transferred to sterile tubes. 200 µl chloroform was added and vortexed, then incubated on 

ice for 15 minutes. Samples were then centrifuged at 12,000 x g for 15 minutes at 4°C. 

The upper phase was transferred to a new sterile tube and 500 µl chloroform was added, 

sample mixed, and then centrifuged at 12,000 x g for 15 minutes at 4°C. The upper phase 

was transferred to a new sterile tube and 500 µl isopropanol was added. The sample was 

mixed and allowed to incubate for 10 minutes at room temperature prior to 10 minutes of 
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refrigerated centrifugation at 12,000 x g. The supernatant was poured off, taking care not 

to disturb the RNA pellet. The pellet was washed in 75% ethanol and centrifuged at 7,500 

x g for 5 minutes at 4°C. The supernatant was again poured off and the pellet allowed to 

air dry prior to suspension in ddH2O. RNA concentration was measured using a 

Nanodrop (Thermo Scientific, Wilmington, DE) prior to cDNA amplification. 5 µg total 

RNA, 50 µM oligo(dT)20, 10 mM dNTP mix and DNA- and RNase free water were 

incubated at 65°C for 5 minutes, then placed on ice for at least 1 minute. 10X RT buffer, 

25 mM MgCl2, 0.1 M DTT, 40 U/µl RNaseOUT™, and 200 U/µl SuperScript III RT 

were added to the RNA/primer mixture. Samples were allowed to incubate for 50 minutes 

at 50°C prior to reaction termination at 85°C for 5 minutes. 1µl RNase H was added for 

residual RNA removal and incubated at 37°C for 20 minutes. The final product yielded 

cDNA for amplification in the quantitative real time PCR that followed. 

SYBR Green-based quantitative real time PCR was carried out on a Bio-Rad MyiQ 

iCycler. The SYBR green assay allows for the detection of PCR product via measuring 

the increase in fluorescence caused by binding of the SYBR green dye to double stranded 

DNA. Primer sequences were obtained from Roche’s Universal Probe Library: α-MHC 

left cgc atc aag gag ctc acc, right cct gca gcc gca tta agt; cTnI left gca ggt gaa gaa gga gga 

ca, right cga tat tct tgc gcc agt c; cMyBP-C left gca tga agc agg atg aaa aga, right tct tgt 

ggc cct tgt tta cc; GAPDH left agc ttg tca tca acg gga ag  right ttt gat gtt agt ggg gtc tcg. 

cDNA samples were diluted 1:1000 prior to RT-PCR reactions. The relative expression 

levels were determined using the 2-∆∆CT method with GAPDH as the housekeeping 

gene.58 
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There were no significant differences in mRNA expression of α-MHC, cTnI, or 

cMyBP-C when comparing ventricular tissue samples from NTG (n = 5) and TG (n = 4) 

mice (Fig. 10), although there was a trend toward significance with increased cMyBP-C 

mRNA expression in TG (p = 0.07). GAPDH expression was used as a reference and did 

not differ between groups. Despite the increased sarcomere density seen in the Q510E 

mutants, mRNA transcription was not increased as was hypothesized. This finding 

suggests differences in mRNA translation between non-transgenic and transgenic mice, 

or alterations in protein turnover or incorporation into sarcomeres between groups. 
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CHAPTER 5: DISCUSSION 

NSML patients suffer from significant left ventricular hypertrophy. This 

component of their disease can lead to significant morbidity and mortality. While much is 

known about the genetic aspects of the disease, we are now just starting to understand 

and reveal the mechanisms of the hypertrophy. We hypothesized that the left ventricular 

hypertrophy seen with NSML would mimic the early findings in HCM with regards to 

early hypercontractility and that this augmented function was secondary to an expanded 

contractile apparatus. Through the work described here, we have shown that the cardiac 

specific overexpression of Q510E mutant Shp-2 indeed leads to global and cellular 

cardiac hypertrophy secondary to an expanded contractile apparatus. This manifests as 

increased sarcomere density and an increase in contractile proteins arranged in parallel. 

The increased sarcomere density leads to hypercontractility in young 4 – 6 week old 

Q510E transgenic mice. Interestingly, the increased sarcomere density is not secondary to 

increased mRNA transcription as hypothesized, suggesting alternate routes of increased 

sarcomere formation or decreased turnover. Finally, we investigated PKA activity due to 

prior studies demonstrating the contribution of PKA to augmented myocyte power 

generation. PKA activity was not increased in the TG mice when compared with NTG 

littermates, thus is unlikely to contribute to augmented systolic function. 

It is well documented that cardiac hypertrophy results from the addition of 

sarcomeres either in series or in parallel59 and results in increased sarcomere 
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organization. We used TEM to evaluate sarcomere structure and organization in the 

Q510E mutant mice. The TEM findings showed an increase in sarcomere density in 

addition to increased individual cell size. The increase in sarcomere number and cell size 

is consistent with a previous study involving a different PTPN11 NSML mutation that 

found an increase in myofibril size in NSML mutant mice.60 To the author’s knowledge, 

an increase in sarcomere density has not been previously reported.  

Although sarcomere structure is governed by strict stoichiometry57, alterations in 

myosin/actin ratios and specific fiber density secondary to pathologic conditions are not 

unprecedented. Aging related skeletal muscle sarcopenia has been shown to result in 

decreased sarcomere density61 and studies of disuse and unloading atrophy in skeletal 

muscle show alterations in the thick/thin fiber ratios, as well as alterations in the 

sarcomere volume to total cell volume ratio.62, 63 The sarcomere is a dynamic structure 

and damaged myofilaments are continually turned over.64 Distinct myofilament proteins 

have different half-lives65, 66 and the process of turnover is orchestrated through various 

chaperone proteins that aid in protein integration as well as ubiquitinases which aid 

proteasomal degradation.64  

Because sarcomere turnover is strictly regulated, it would fit that any increase in 

the number of sarcomeres would be secondary to an increase in mRNA transcription and 

subsequent protein translation. We hypothesized that any expansion in contractile 

apparatus that was noted would be secondary to increased mRNA transcription. Several 

candidate protein mRNA concentrations were evaluated and mRNA levels were not 

increased in TG relative to NTG mice. Increased mRNA transcription would be the 
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expected finding given the expanded contractile apparatus and the strict adherence to 

stoichiometric balance.57  

The lack of increased mRNA transcription suggests modifications downstream, 

such as altered sarcomere assembly or protein turnover. Specific protein turnover 

mechanisms called autophagy exist within the cell to dispose of senescent or abnormal 

proteins, maintain organelle quality control and recycle organelles and proteins for 

energy storage.67, 68 Autophagy has been identified as an important regulator of sarcomere 

turnover.69 mTOR has been established as a key player in autophagy pathways, with 

various signals such as energy deprivation, growth factors or stress modulating the 

activation of mTOR and mTOR complexes.67 mTOR activation negatively regulates 

autophagy.67 The study of NSML caused by mutations in Shp-2 has established clear 

evidence that NSML Shp-2 mutations result in upregulation of Akt and mTOR 

activities.43 Upregulation of mTOR in these cases may not only lead to hypertrophy due 

to an increase in growth pathway signaling, but may also lead to inhibition of autophagy 

and decreased sarcomere turnover. The possibility of Shp-2 interplay in sarcomere 

turnover dynamics is intriguing. 

In further support of the involvement of Shp-2 in sarcomere dynamics is the 

colocalization of Shp-2 at the sarcomere I band. Using immunohistochemistry, we 

established the presence of Shp-2 at the sarcomere. Shp-2 co-localizes with cTnI and 

does not co-localize with myosin, suggesting interaction at the level of the thin filament. 

In addition to varying half-lives, each filament type has its own chaperone protein and 

protein governing degradation.64 Shp-2 has previously been shown to be important for 

Rho/ROCK signaling36, 37 and proper actin polymerization in the cytoskeleton. The close 
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association of Shp-2 and cTnI as well as the connection to actin suggests that Shp-2 may 

be a chaperone for thin filament organization. 

This implication of Shp-2’s importance in thin filament organization is interesting 

considering the disease progression seen with the NSML Q510E mice. The young mice 

have a hypercontractile phenotype as shown here, and previous work has demonstrated 

an end-stage phenotype with systolic dysfunction in older mice.43 Recent clinical studies 

in humans have shown that patients with HCM secondary to thick and thin filament 

mutations have different long-term outcomes. Patients with thin filament mutations are 

more likely to undergo remodeling that results in systolic dysfunction than those with 

thick filament mutations.20 Although the Q510E-Shp-2 mutation is not a mutation 

specifically of a thick or thin filament, it does alter sarcomere structure likely upstream at 

the level of turnover or degradation kinetics. We have shown here that Shp-2 colocalizes 

with at least one thin filament protein. It is possible that Shp-2 also exerts influence in 

that location.  

Although patients with thin filament mutations are more likely to develop end-

stage disease than those with thick filament mutations, all patients with HCM typically 

have hyperdynamic function in the early stages of disease. Previous work has shown that 

structurally the hearts in this mouse model recapitulate hypertrophic disease seen in 

humans with the Q510E NSML mutation.43 In this study we found that NSML heart 

disease and HCM are similar from a functional perspective as well. Echocardiographic 

and MRI studies in young mice demonstrated hyperdynamic function in the early stages 

of the disease, a finding that has not yet been reported in patients with NSML.70 The 

clinical evaluation of echocardiographic function in NSML patients has been limited to 
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those already showing signs of heart failure. It is possible that a hypercontractile state 

was missed in those patients.4, 48, 71 Many patients with HCM can be identified early in 

the disease course even prior to the development of left ventricular hypertrophy due to 

the availability of genetic screening. The disease course of HCM is widely variable, and 

specific genetic mutations have not been shown to date to reliably lead to a worse 

prognosis.17  Hyperdynamic global systolic function is commonly observed early in the 

spectrum of HCM secondary to sarcomeric mutations.70 Hyperdynamic function can be 

demonstrated as an increased ejection fraction, altered left ventricular twist or torsion, 

findings which have been identified in human patients with HCM18, 19 and in mouse 

models.72 Early global hyperdynamic function may be common to HCM and phenocopy 

diseases like NSML, regardless of etiology.  

Due to the positive influence of c-AMP dependent protein kinase on contractile 

function and myocyte power generation, PKA was chosen as a candidate to evaluate post-

translational modification of the sarcomere. The immunohistochemistry imaging 

demonstrated Shp-2 colocalization with cTnI. PKA phosphorylates many target proteins, 

including the sarcomere proteins cTnI and cMyBP-C, thus it was a logical choice for 

investigation. PKA phosphorylation of cTnI and cMyBP-C has been shown to lead to an 

increase in power generation, cross-bridge cycling, and altered calcium sensitivity of 

force.26, 55 Because of the lack of difference in PKA activity between TG and NTG, PKA-

induced posttranslational modifications are unlikely to have contributed to the 

hypercontractile phenotype observed in this NSML model. However, modifications 

induced by other protein kinases cannot be excluded at this point as contributors to 

hypercontractility. 
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In addition to hypercontractile function, another feature that NSML patients and 

HCM patients share is the risk for arrhythmia development. As suggested by the acronym 

originally used to describe the human disease (LEOPARD syndrome), patients with 

NSML frequently have electrocardiographic changes. Axis deviations, supraventricular, 

and ventricular arrhythmias have all been described; some human patients have 

implantable cardiac defibrillators placed to control particularly malignant arrhythmias 

and for sudden cardiac death prevention.13, 15 Conditional knock out of Shp-2 within 

neural crest derived peripheral nervous system cells in mice leads to failure to develop 

appropriate sympathetic control of heart rate, displaying sinus bradycardia and first 

degree heart block despite normal beta receptor function and responsivity.73 ECG 

abnormalities had not previously been specifically evaluated in the Q510E-Shp-2 model. 

Arrhythmias and axis deviations were documented in TG mice, although statistical 

evaluation was not performed due to the small number of mice evaluated. TG mice in our 

model do not appear to die suddenly with increased frequency relative to NTG littermates 

(personal observation). Sudden death has not been specifically evaluated in our model, 

however a previous study involving a knock-in model of a different NSML mutation has 

documented an increased frequency of sudden death in mice with the induced mutation.60 

The precise mechanisms underlying sudden death in that model was not clear, but hearts 

from mice that had died demonstrated an increase in interstitial fibrosis and marked 

myofiber disarray, similar to what is found in older mice in our model. The increased 

interstitial fibrosis may be the substrate for arrhythmia formation or other mechanisms 

such as altered sympathetic innervation or increased diastolic intracellular calcium may 

contribute. Further electrophysiologic studies using signal averaged ECGs and evaluation 
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of calcium handling may help elucidate the underlying cause of the arrhythmias and/or 

sudden death. 

NSML has many similarities to the much more common familial HCM. NSML is 

a phenocopy disease, leading to parallel clinical signs of weakness, shortness of breath, 

chest pain, and collapse or sudden death.3, 13-15, 47 Risk factors for sudden cardiac death 

appear to be similar between familial HCM and NSML induced cardiac hypertrophy, 

with left ventricular hypertrophy, heart failure class, left ventricular outflow tract 

obstruction and evidence of nonsustained ventricular tachycardia on Holter associated 

with the development with adverse cardiac events.12.12, 17 Discovering more about the 

pathomechanisms behind NSML and the similarities underscoring both diseases may help 

to pave the way toward treatment in the early stages.  

 

5.1 Future directions 

Given the increase in sarcomere density seen in the TG mice, it would be 

interesting to further explore this avenue and evaluate the actin/myosin ratios in the TG 

mouse sarcomere. As the disease progresses, does the actin/myosin ratio drop due to 

alterations in the thin filament? Measurement of specific levels of protein transcribed 

from mRNA that was quantitatively evaluated would help to elucidate sarcomere kinetics 

and turnover in these mice. It is possible to evaluate not only total protein levels, which 

one would expect to be increased given the increased sarcomere density, but also the 

amount of total protein that is assembled into sarcomeres. No obvious differences in 

sarcomere organization were noted between TG and NTG mice, however it is possible 

than minor or subtle changes were overlooked. Some studies of skeletal muscle disuse 
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atrophy have shown that thin filaments of different lengths can be incorporated into the 

sarcomere.62, 63 Repeat transmission electron microscopy at a higher magnification from a 

cross-sectional rather than a longitudinal view would aid in evaluation of the thin/thick 

fiber ratio. Serial cross-sectional analysis in different planes such as at the level of the Z-

disk and mid-I band would demonstrate different lengths of the thin filaments.62 The 

alteration in total thick/thin ratio and increase in number of short filaments can alter the 

amount of force put on each fiber and even bring thick and thin filaments into different 

spatial arrangements, thereby altering force and shortening kinetics. 

It is well established that normal Shp-2 functions in the growth factor mediated 

Ras pathway, and interacts with PIK3, Akt, and FAK.34, 38, 53 Scientists have struggled to 

reconcile the strikingly similar phenotypes between patients with NSML and NS when 

the mutations lead to loss and gain of phosphatase function respectively. The Shp-2 

molecule has been shown to have phosphatase independent effects, which may account 

for the similarities in NS and NSML phenotypes despite different Shp-2 phosphatase 

activity.74, 75 Recent studies of Shp-2 function in NSML have shown that mutations in 

Shp-2 can lead to hyper-reactivity to growth factor stimulation. In those models, Shp-2 

was postulated to stay longer at their sites of activity, prolonging substrate turnover 

which compensates for reduced phosphatase activity.76, 77 Alternatively, Shp-2 regulation 

of sarcomere turnover and assembly may be a phosphatase independent activity and 

longer dwell times allow for increased activation of those functions. Further investigation 

into phosphatase independent activity as it relates to sarcomere turnover is warranted. 

Dysregulation of Ca2+ handling is a common finding in HCM that appears to be 

mutation independent.78 Calcium homeostasis is altered in familial HCM, with reduced 
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SR Ca2+ release in response to caffeine and reduced expression of ryanodine receptors 

(RYR2), calsequestion and anchoring proteins.24, 78 Changes in calcium handling and 

phosphorylation can be seen early in life prior to structural changes.23 Mutations in 

calcium handling genes can also directly cause HCM.  

Calcium handling in the Q510E mutation has not been directly evaluated as part 

of this project, but may prove useful in the full understanding of the NSML phenotype 

including contractility and arrhythmia formation. NSML mutations in Shp-2 are 

associated with increased Akt and mTOR signaling, and the phenotype can be rescued by 

the administration of rapamycin, an mTOR antagonist.28, 34, 60, 79 Hyperactivation of Akt 

has been shown to increase intracellular calcium availability and enhance cardiac 

contractility.80 More specifically, enhanced Akt activity leads to enhanced SERCA 

expression and enhanced contractile function.81 A RAF1 mutation causing NSML was 

shown to cause altered SERCA levels, the protein responsible for reuptake of calcium 

into the sarcoplasmic reticulum.82 An increased availability of calcium in our TG NSML 

model could lead to augmented sarcomere function, leading to a hypercontractile 

phenotype and predisposing patients to arrhythmia formation due to delayed 

afterdepolarizations. 

The work incorporated as part of this Master’s project has paved the way for new 

studies involving the Q510E NSML mutation, some of which are currently being 

performed. The information gleaned from this work can hopefully be translated into early 

recognition and treatment of cardiac hypertrophy in NSML patients, improving quality of 

life and clinical outcomes. 
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FIGURES 

 

 

Figure 1. Representative ethidium bromide gel demonstrating PCR products from TG and 
NTG mice. Each column contains mouse DNA. Animals with PCR products in the 
bottom row are TG, whereas animals with PCR products in the top row are NTG. The – 
represents the NTG control and + the TG control. 
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Figure 2. Western blot demonstrating overexpression of Shp-2 in TG when compared 
with NTG littermates. A: Representative gel showing Shp-2 overexpression. B: 
Quantification of degree of Shp-2 overexpression normalized to GAPDH as loading 
control. N = 6 for each group. 
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Figure 3. Hematoxylin and eosin stained sections from 6 week old mice. The TG mouse 
demonstrates marked hypertrophy of the interventricular septum and left ventricular free 
wall. The NTG mouse heart is normal in appearance. 
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Figure 4. Gross pathology photo from 8-month-old mice, demonstrating continued 
hypertrophy and limited disease progression from 6 weeks of age. Note the double apex 
appearance in the TG heart. 
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Figure 5. Q510E-SHP2 expressing hearts demonstrate cardiomyocyte hypertrophy. A: 
representative photomicrographs showing increased cell cross-sectional area in TG 
compared with NTG. B: quantification of cell cross-sectional area; TG cells are 
significantly larger than NTG. N = 2 for each group. 
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Figure 6. The contractile apparatus is expanded Q510E-SHP2-expressing hearts. A: 
representative electron micrographs showing sarcomeres in NTG and TG 
cardiomyocytes. B and C: quantification of sarcomere length and relative area per 
random visual field occupied by contractile fibers. 
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Figure 7. Cardiac contractile function is increased in 4-6 week-old mice expressing 
Q510E-SHP2. A and B: end-systolic and end-diastolic LV diameter measurements are 
indicated by arrows in representative M-mode scans. C and D: LV ejection fraction and 
fractional shortening were significantly increased in TG mice. *P < 0.05 vs. NTG. 
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Figure 8. Immunohistochemistry photographs demonstrating A: co-localization of Shp-2 
with cTnI at the I band of the sarcomere and B: no co-localization of Shp-2 with MF20. 
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Figure 9. PKA activity is normal in Q510E-SHP2-expressing cardiomyocytes. A: 
ventricular tissue lysates were incubated with a PKA-specific peptide substrate and 
subsequently the degree of substrate phosphorylation assessed by gel el phosphorylated 
species migrates toward the positive electrode (cathode), while the nonphosphorylated 
substrate migrates toward the negative electrode (anode). B: quantification of the relative 
degree of PKA substrate phosphorylation.  
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Figure 10. Transcription of contractile proteins is not generally upregulated in hearts 
expressing Q510E-SHP2. mRNA levels were quantified using qRT-PCR using GAPDH 
as a house keeping gene (A: α-MHC; B: cTnI; C: cMyBP-C). There were no significant 
differences in mRNA expression, although was a trend towards increased cMyBP-C 
mRNA expression in TG compared to NTG. 
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