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Abstract: 

The sarcomeric dilated cardiomyopathy caused by the tropomyosin mutation 

Asp230Asn (D230N) shows a “bimodal” distribution of disease severity. A potential explanation 

for this change in severity is the shift of cardiac Troponin T from its fetal (cTnT1) to adult (cTnT3) 

isoform because of its binding and proximity to tropomyosin. To explore this, a mouse model 

was generated that constitutively expresses cTnT1. 

To test the role of temporal isoform switching in vivo an inducible Tet-Off fetal mouse 

was generated. This gives us the ability to see if D230N mouse hearts recover of systolic 

function in response to changing presence of fetal cTnT. In the Tet-OFF system, doxycycline is 

used to control the expression of a gene of interest, fetal cTnT. Mice founders of different fetal 

expression levels, were treated longitudinally to observe their responsiveness to doxycycline. 

Mice were also treated with doxycycline and then removed from the drug to test the recovery 

of the cardiac protein. To ensure no confounding levels of endogenous fetal were present 

expression level testing, levels of endogenous fetal were characterized in non-transgenic mice 

in early life. This research will allow us to further test the effect of cTnT1 in altering disease 

severity in sarcomeric dilated cardiomyopathies.  
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Introduction: 

The cardiac sarcomere (Figure 1) is the base unit that makes up heart muscle. It is 

comprised of the enzymatic thick filament, which mostly consists of actin, and the 

regulatory thin filament that consists of actin, tropomyosin (Tm), and the troponin complex. 

The troponin complex is a bundle of regulatory proteins made up by cardiac troponin T 

(cTnT), cardiac troponin C (cTnC), and cardiac troponin I (cTnI). Repeating units of the 

cardiac sarcomere compose the cardiac myofibril.  

 

Figure 1: Cardiac Sarcomere 

Representation of the cardiac sarcomere with tropomyosin and the troponin complex 

identified. 

 

Initial research into cardiomyopathies such as hypertrophic cardiomyopathy (HCM) and 

dilated cardiomyopathy (DCM) found a mutation in a sarcomeric protein to be responsible. 

Since then, more than one hundred mutations in sarcomeric proteins have been found to 

have roles in HCM and DCM [1-3]. Interestingly, mutations within the same sarcomeric 
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protein can be linked to both HCM and DCM depending on the location. It is estimated that 

up to 30% of genetic DCMs may result from sarcomeric protein mutations within the genes 

encoding beta-myosin heavy chain (MYH6), troponin T (TNNT2), and alpha-tropomyosin 

(TPM1) [4-5]. 

In 2010, a D230N-Tm mutation was identified in two large, unrelated multigenerational 

families via linkage analysis to be causative for DCM [6]. This sarcomeric point mutation 

within the Tm protein results in a switch from aspartic acid at the 230 residue to an 

asparagine, creating a charge loss (Figure 2). 

Figure 2: Atomistic Model of Cardiac Thin Filament 

Generated model of thin filament created by Williams et al [7]. Actin depicted in grey. 

Tropomyosin colored in green and blue. The red balls indicate the position of the D230N-Tm 

mutation. The troponin complex is the structure comprised of yellow TnT, blue TnI, and red 

TnC. 

 

 

The DCM presents itself in affected family members as reduced ejection fraction and 

enlargement of the left ventricle. Interestingly enough, there is a bimodal severity curve 

observed in families that have this D230N-Tm mutation. Young children, under the age of one, 

would present with severe, often fatal, dilated cardiomyopathy but would regain significant 

systolic function after the age of one year if they were treated with standard care by a 

physician. Then, later on in mid-life, adults with this same mutation presented with a worsening 

of heart function leading to a categorization of mild to moderate cardiomyopathy. Our lab 

proposed that this bimodal severity curve was a result of the temporal isoform switching of 

cardiac troponin T because it overlaps with tropomyosin near the D230N point mutation. In 
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early life, fetal troponin T (cTnT1) is expressed, and later in life adult troponin T (cTnT3) is 

expressed which could account for the variant disease severity. Troponin T isoform switching is 

accomplished by alternative splicing after gene transcription (Figure 3). 

 

Figure 3: Alternative Splicing of Cardiac Troponin T 

Figure and legend adapted from Gomes et al [8]. The four main splice variants of cTnT shown 

based on high to low molecular weight. In blue are the exons that are alternatively spliced. The 

numbers below correspond to amino acid residues in human cTnT. The X indicates the deletion 

of an exon.  

 

To test the effect of fetal cTnT on the D230N-Tm mutation, transgenic mice expressing 

the D230N-Tm mutation and transgenic mice expressing cTnT1 constitutively were bred 

together. The resulting double transgenic (D230n-Tm, cTnT1) mice were found to have worse 

cardiac function than just D230N transgenic mice alone (Figure 4). 

 



6 
 

Figure 4: Cardiac Morphology 

Gross morphology of 4 month old hearts, mixed male and female. Fetal cTnT – constitutive 70% 

expression, D230N Tm - 60% constitutive expression. Double-Tg – cross of Fetal and D230N 

constitutive lines. Ruler is in mm.  

 

 

Moving forward, the goal was to test if the function of a DCM heart could be improved 

when the expression of fetal TnT was suppressed. This necessitated a cTnT1 inducible mouse 

model, which was created using the Tet-off system. To use the Tet-off system two mouse lines 

are needed: a driver line, expressing cardiac specific tetracycline transactivator (tTa), and a 

responder line, expressing the target transgene (cTnT1) behind a cardiac tissue specific 

promotor (attenuated alpha-myosin heavy chain) and multiple tet-operators. When bred 

together, mice expressing both tTa and the cTnT1 can be placed on doxycycline, a tetracycline 

analog, which inhibits tTA and therefore the expression of the transgene (Figure 5).  
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Figure 5: Tet-Off System for Tissue Specific Inducible Transgenesis 

Figure and legend adapted from Davis et al. [9]. The driver line was obtained from Prof. J.D. 

Molkentin. When bred to the responder line with the target transgene, doxycycline treatment 

can inhibit expression of target transgene. 

 

After the successful creation of an inducible fetal cTnT mouse model, it can be bred to 

the D230N-Tm mutation line (Figure 6). Those triple transgenic (Ttg) mice (tTa - cTnT1 – D230N-

Tm) can be used to test the effect of temporally varying fetal TnT expression on the function of 

a D230N-Tm DCM heart. If the varying presence of fetal TnT does affect the severity of the 

DCM, it could be a future clinical target for treatment.  

Figure 6: Breeding Schematic for Generation of Inducible Fetal cTnT Mice 

Red box denotes the mice that were used to generate the results for this thesis. 
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However, before triple transgenic mice can be produced, founder mice expressing both 

tTA and cTnT1 transgenes need to be tested to determine their baseline expression levels of 

fetal TnT, the effects of treatment with doxycycline needs to verified, and endogenous fetal TnT 

needs to be quantified as a factor of baseline expression.  

 

Methods and Materials: 

Quantification of Baseline Expression, Dox Response, and Endogenous Fetal cTnT Levels 

Myofibrillar Protein Preparation  

To extract myofibrils that would contain the expressed target transgene, fetal TnT, a 

total myofibrillar protein was prepared as previously described with slight modification [10].  

Hearts were excised quickly and atria were dissected off in relax buffer (standard rigor buffer 

(SRB) + 4mM Creatine Phosphate, 1 mM ATP. 50mM BDM, 1% Triton X-100). Ventricles were 

homogenized in rapid rigor buffer (SRB + 25 mM EDTA) and myofibrils were collected by 

centrifugation. Myofibrils were then washed in SRB (75 mM KCl, 10 mM imidazole, 2 mM 

MgCl2, 2 mM EGTA, 1 mM sodium azide, 1 mM DTT, 5g/ml Leupeptin, 1g/ml Pepstatin, 0.1 

mM PMSF, 1 mM Benzamidine-HCl) + 1% Triton X-100. The spin/wash steps were repeated with 

SRB + 1% Triton X-100, then twice with SRB. Finally, myofibrils were resuspended in SRB. 

Protein concentration was quantified using Pierce BCA™ Protein Assay Kit with bovine serum 

albumin as a standard.  

Myofibrils were used rather than total heart homogenate because the target proteins 

are found to be in higher concentrations in myofibrils. During the washing steps excess heart 

material is removed from the myofibrils leaving only the sarcomeric proteins and thus a higher 

concentration of the target protein. 
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Quantitative Western Li-Cor Blot 

Quantitative immunoblotting of whole cardiac homogenates was carried out as previously 

described [11]. The Western blots of cardiac homogenates were first treated with Li-Cor 

REVERT™ Total Protein Staining to quantify the amount of protein present as a way to 

normalize between lanes and gels. The blots were then incubated with a primary antibody 

specific to fetal cardiac TnT, or a primary antibody that binds all isoforms of troponin T, called 

CT3. Blots were then incubated with Near Infrared secondary antibodies (IRDye) and 

fluorescence was imaged using the Li-Cor Odyssey Imagining system. 

Results: 

Baseline Expression Levels of Fetal cTnT/ Testing of Doxycycline Responsiveness 

Different mouse founder lines (4A, 4B, 5B) were tested against a tTa- cTnT1 (Founder 1) 

of known expression (45%) to determine their baseline expression of cTnT1. The quantification 

of fetal cTnT expression was normalized to the amount of total protein present using the 

REVERT™ Total Protein Stain. It was found that only 4A had a lower expression than Founder 1, 

while 4B and 5B both had a higher fetal cTnT expression level. These founder lines were then 

treated with doxycycline at 2mg/kg/day over 1 month to test responsiveness to doxycycline. 

Founders 1, 4A and 5B responded to the transgene suppression with 5B being the most 

responsive. Founder 4B was not responsive to doxycycline treatment.  
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Figure 7: Baseline Expression and Effect of Dox Treatment 

Top - Image of Li-Cor western showing baseline fetal cTnT expression and doxycycline 

responsiveness in founders, using Fetal cTnT and Total cTnT (CT3)[green], above their 

corresponding total protein stain [red]. The last lane was a non-transgenic negative control. 

Bottom - Quantification of baseline expression and responsiveness to treatment with 

doxycycline. 
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Recovery from Doxycycline  

Mice from the Founder 1 line were treated with doxycycline for 1 month, then removed 

from doxycycline for 2 weeks before myofibrils were harvested to test fetal cTnT expression 

recovery. At 2 weeks there is some recovery of fetal cTnT protein expression. 

Figure 8: Recovery of Fetal cTnT Expression 

Top - Li-Cor western showing recovery after removal of doxycycline from two mice within the 

Founder 1 line (green), and its corresponding total protein stain (red). A non-transgenic 

negative control was included in the second from the right lane. The far right lane was the same 

Founder 1 sample from above to be used for normalization between gels. Bottom - 

Quantification of recovery after removal of doxycycline (n=2). 
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Quantification of Endogenous Fetal cTnT Expression 

In order to make sure that endogenous fetal cTnT was not being included in the 

quantification of the baseline expression levels of Founders 4A, 4B, and 5B, endogenous levels 

were quantified using the same western techniques. Non-transgenic mice were used for this 

quantification, as all mice express endogenous fetal cTnT early in life. The amount of 

endogenous fetal cTnT present based on fluorescence was normalized to the 45% expression of 

Founder 1. At 2 weeks mice express 0.3% fetal cTnT. At 1 month and 4 months the number 

drops to 0.09% and 0.08% respectively.  

 

Figure 9: Endogenous Fetal cTnT Expression in Non-Transgenic 

Left - Li-Cor western showing expression of endogenous fetal TnT at 2 weeks, 1 month, and 4 

months (green) above its total protein stain (red). 40μg of protein was loaded in an attempt to 

visualize the minimal levels of endogenous fetal cTnt. Right - Quantification of endogenous fetal 

TnT expression in non-transgenic mice at time points 2 weeks, 1 month, and 4 months (n=1-2).  
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Discussion: 

Baseline Expression Levels of Fetal cTnT 

The baseline expression of cTnT1 were successfully analyzed using Near IRDye fluorescence. The 

quantification of percent expression is arbitrary because it comes from fluorescence normalized 

to the known Founder 1 fetal cTnT expression quantified previously at 45%. The goal of 

determining the baseline expression was to identify founders whose expression levels are 

different than the original 45% in order to titrate the dosage of fetal cTnT. All the founders 

tested fit this criteria with 4B and 5B having a greater expression and 4A having a lower 

expression. 

Testing of Doxycycline Responsiveness 

Western blotting on the founder’s myofibrils, repeating units of the cardiac sarcomere 

obtained from mouse hearts, was completed in order to test the doxycycline response, and 

show proof of concept of an inducible cTnT1 transgene. This was successful as exhibited in 

Figure 7. While founders 4A and 5B were both had successful cTnT1 suppression, founder 5B is 

the most desirable mouse model to use because of its response to doxycycline. It had a higher 

baseline expression than the 45% founder, and had a greater drop in expression after equal 

time on doxycycline. Moving forward, founder 5B would be an excellent candidate to breed 

with the D230N-Tm mutation transgenic mice for the creation of triple transgenic mice with 

DCM and inducible cTnT1  in order to test the effect of cTnT1  suppression on disease severity. 

Founder 4B was found to be completely unresponsive to doxycycline. Given that the 

mouse was exposed to food containing doxycycline, it is unlikely that the mouse consumed a 

significantly smaller amount of doxycycline than its littermates. A more probable explanation 

comes from creation of the inducible cTnT1 mouse with the insertion/location of the transgene. 

When linearized DNA containing a transgene is inserted into a mouse embryo, the insertion is 

random with different efficiencies. This can result in varied expression of the target gene [12]. 

However, given that there are multiple founders who successfully exhibit the Tet-Off system, 

the founder 4B line will not be used for experimentation, or pursued for further explanation as 

to the lack of transgene suppression.  



14 
 

One issue that was identified during the treatment with doxycycline was that the 

dosage, while sufficient for testing proof of concept for using the tet-off system, was too high 

for mice that already have cardiomyopathies as doxycycline is known to cause 

cardiomyopathies. The next step will be to perform dose response profiles on founders 1 and 

5B to determine safe levels of doxycycline to use for testing of inducible cTnT1 in conjunction 

with D230N-Tm. 

Recovery from Doxycycline  

Mice from the Founder 1 line were found to have some recovery of fetal cTnT 

expression after they were removed from exposure to doxycycline. At a time point of two 

weeks without doxycycline, levels of fetal cTnT expression do not return to the original baseline 

expression levels seen in the founder. Further testing would be to extract myofibrils from mice 

who have been off of the doxycycline at later time points such as 1 month and 2 months to see 

if expression improves over time. Because the turnover rate of endogenous cTnT is 3-5 days, a 

two week time window only allows for 2-3 cycles for the replacement of fetal cTnT. If there is a 

significant recovery of expression, this would be helpful during the testing of triple transgenic 

mice. The cardiac function of triple transgenic mice could then be tested when they express 

fetal cTnT, when it is suppressed, and then when/if its levels recover. 

Quantification of Endogenous Fetal cTnT Expression 

During the quantification of baseline expression of exogenous fetal cTnT, the expression 

of endogenous fetal cTnT was also tested to ensure the baselines did not have any endogenous 

fetal cTnT bolstering their percentage of expression. It was found that at 2 weeks non-

transgenic mice expressed 0.3% endogenous fetal (normalized to the 45% expression of 

Founder 1). At 1 month this dropped to 0.09% and at 4 months this dropped to 0.08%. Given 

that all of the baseline expression levels were taken from 6 month old mice, it can be concluded 

that any endogenous fetal expression was not significant in the quantification of baseline 

expression of the inducible transgene. To be safe, future baseline expression testing for cTnT1 

should occur after 1 month, preferably after 2 months to ensure that there is no significant 

amount of extra fetal cTnT being quantified. 
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