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Abstract

Background—~Cardiac hypertrophy is classically regarded as a compensatory response, yet the
active tissue remodeling processes triggered by various types of mechanical stress can enhance or
diminish the function of the heart. Despite the disparity in outcomes, there are similarities in the
hypertrophic responses. We hypothesized that a generic genetic response that is not dependent upon
the particular nature of the hypertrophic stimulus exists. To test our hypothesis, we compared the
temporal evolution of transcriptomes measured in hearts subjected to either adaptive (exercise-
induced) or maladaptive (aortic banding-induced) hypertrophy.

Methods and Results—Generic hypertrophy-associated genes were identified and distinguished
from stimulus-dependent transcripts by coupling a metric of cardiac growth with a dynamic time
warping algorithm to align transcriptome changes with respect to the hypertrophy response. The
major differences in expression between the adaptive and maladaptive hypertrophy models were
centered around genes involved in metabolism, fibrosis, and immune response. Conversely,
transcripts with common expression patterns in both hypertrophy models were associated with signal
transduction, cytoskeletal development and muscle contraction. Thus, despite the apparent
differences in the expression response of the heart to either athletic conditioning or pressure overload,
there is a set of genes that display similar expression profiles.

Conclusions—This finding lends support to the notion of a generalized cardiac growth mechanism
that is activated in response to mechanical perturbation. The common and unique genetic signatures
of adaptive and maladaptive hypertrophy may be useful in the diagnosis and treatment of pathological
myocardial remodeling.
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Introduction

Many risk factors associated with cardiovascular disease, such as high blood pressure, diabetes
and obesity, increase the workload on the heart and can lead to gross and microscale
morphological changes associated with a decrease in overall cardiac performance.! Athletic
conditioning also intensifies demand on the heart, but cardiac function is usually sustained or
enhanced by this form of hypertrophic growth.? At the micro-anatomical level, adaptive and
maladaptive cardiac hypertrophy elicits distinct morphological changes in the cardiac tissue.
Maladaptive cardiac remodeling is characterized by alterations in myocyte size, rarefaction in
the myocardial vasculature, expression of fetal genes, and apoptotic loss of myocytes that leads
to fibrosis.3 In contrast, adaptive hypertrophy entails sustained or increased capillary density
in the myocardium, and an enhanced metabolic profile with no fetal gene expression and no
sign of fibrosis.* Nevertheless, the relative magnitude of overall myocardial growth observed
in adaptive and maladaptive remodeling is remarkably similar.3 This suggests that at its core,
cardiac growth may be driven in part by a generic mechanism, regardless of the nature of the
hypertrophy stimulus.

Genome-scale analyses have provided “snapshots” of differential gene expression between
normal and hypertrophied myocardium.>:8 In a detailed study, 1zumo and colleagues looked
at gene expression in mice subjected to either swim training as a model for exercise or
transverse constriction of the aorta (“banding”) as a model for hemodynamic stress due to
pressure overload.” Mice subjected to regular bouts of swim exercise of increasing intensity
over a period of four weeks experienced an increase in heart mass of up to 45%. Resting heart
rate in these mice decreased with respect to non-exercised mice and no apoptosis or fibrosis
was observed in the myocardium.” Thus, changes in gene expression in these conditioned hearts
were considered an “adaptive” hypertrophic response. In the same study, transverse aortic
constriction induced pressure overload in the left ventricle that resulted in a subset of mice
progressing to heart failure. Therefore, the changes in gene expression in this model represent
a “maladaptive” hypertrophy response.

We hypothesized that a comparison of the respective gene expression patterns would
differentiate genes whose expression was associated with a decrease in cardiac function from
those associated with enhancement of cardiac performance, as well as identify non-specific
transcriptional activity intrinsic to cardiac remodeling. The comparative dynamics of such an
endeavor is complicated by the differences in the time courses of the different hypertrophy
processes, where it is inappropriate to simply match up expression values collected at equal
measurement intervals.2 However, a commonly varying feature between the two response
profiles may serve as a reference frame for comparisons despite the differing time scales.
Therefore, instead of the chronological time elapsed after stress application, we used the change
in relative cardiac mass to register the genomic profiles of adaptive and maladaptive
hypertrophy. This was achieved by employing dynamic time warping, an algorithm commonly
used in studies of speech pattern recognition.® In fact, the expression patterns of many genes
activated in response to pressure overload hypertrophy were recently shown to exhibit a strong
correlation to gross parameters of cardiac growth.19 Thus, we compared the two hypertrophy
gene expression time courses based on heart weight to body weight ratio (HW/BW) as a
surrogate time line. Despite the differences in the transcriptomes of these two hypertrophy
responses, we uncovered several transcripts associated with cytoskeletal development and
regulation of muscle contraction that displayed similar expression profiles when the profile
data were compared relative to cardiac mass. In contrast, several fibrosis and immune response-
related transcripts demonstrated significant changes in expression level only in the pressure
overload model. Expression levels of transcripts associated with metabolism were significantly
changed in the swim training model representing the adaptive response, but not in the pressure
overload model representing the maladaptive response.
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Materials and Methods

Selection of Hypertrophy Model Datasets

A query of the Gene Expression Omnibus (GEO) revealed a pair of time course microarray
gene expression datasets published by the CardioGenomics Program for Genomic Applications
by 1zumo and colleagues’ collected on mice subjected to swim training (GEO series GSE77)
and pressure overload induced by transverse aortic constriction (GEO series GSE76) suitable
for this study. In their study, FVB wild-type mice were subjected to a modified version of a
previously described swim training protocol! to stimulate cardiac hypertrophy with enhanced
cardiac function and pressure overload was induced using a published transverse aortic
constriction surgical procedurel? to represent cardiac hypertrophy associated with diminished
cardiac function. Sedentary mice served as a control for exercise-induced hypertrophy. Mice
that underwent a sham operation without aortic constriction served as the control condition for
the pressure overload-induced hypertrophy model. Affymetrix mgu74A GeneChips® were
used to measure gene expression levels in ventricular tissues isolated at ten minutes, two days,
one week, two weeks, three weeks, and four weeks post-training in the exercise-induced
hypertrophy model, and one hour, four hours, one day, two days, one week, and eight weeks
post-surgery in the pressure overload-induced hypertrophy model. Gene expression
measurements were collected in triplicate at each time point sampled in both models. To
analyze this data, we downloaded normalized signal values and probe set “detection calls”
computed by Affymetrix Microarray Suite (MAS) 5.0 software, as well as heart weight (HW)
and body weight (BW) values made by the investigators and available from the
CardioGenomics website.’

Pre-Processing of Gene Expression Data

Pre-processing of the data requires for both hypertrophy models to be evaluated relative to the
sham and sedentary control conditions. Detection calls calculated by the Affymetrix MAS 5.0
software at the default cutoff of p < 0.05 were used to eliminate transcripts that were judged
not significantly expressed at all time points in either of the time series being compared.
Specifically, detection call scores from the three replicate arrays for each time point were
evaluated and probe sets whose detection call was “marginal” or “absent” in two of the three
replicate measurements at all time points were excluded from analysis. This resulted in a dataset
with 5,153 transcripts. The MAS 5.0 signal values for these genes were averaged, log,-
transformed, and analyzed with Significance Analysis of Microarrays (SAM) 3.00
software®3 to identify the sets of these genes that demonstrated statistically different expression
values between the band and sham (control) conditions in the banding model and between the
exercise and sedentary conditions in the exercise model. The two-class, paired response format
was used for the SAM analysis. The delta value for determining the false discovery rate cut-
off was set at 0.379 for the exercise-induced hypertrophy model, resulting in a dataset of 511
genes with a false discovery rate (FDR) of 0.96%. For the banding-induced hypertrophy model,
the delta value was set at 0.119, yielding 544 significant genes with an FDR of 31.63%. The
delta values were chosen to create symmetrical data sets for the Gene Warp program, where
the symmetry is defined by the same set of genes for both sets of experiments. In further
analyses, the 511 significant genes from the exercise model and the 544 significant genes from
the banding model were combined into a dataset consisting of 963 genes that were present in
the SAM results for both hypertrophy models. The remaining 92 transcripts consisted of genes
that were present in the SAM results for the maladaptive hypertrophy model, but not the
adaptive model, and vice versa.

Analysis of Cardiac Growth

Post-mortem heart weight and body weight values for the set of mice used at each measurement
interval in the time series were averaged and used to compute the HW/BW ratio representative
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of each time point. Linear regression analysis was used to compare the HW/BW ratios
calculated for the adaptive and maladaptive time courses.

Alignment of Time Course Expression Data

Log,-transformed signal ratios (SLR) were calculated for the transcripts whose expression
levels were significantly changed in response to the adaptive and maladaptive hypertrophy
stimuli. The time course expression data for the adaptive and maladaptive models were then
aligned based on the similarity of the HW/BW associated with each time point. Finally, the
aligned expression data were input into genewarp, a program implementing the classic dynamic
time warping algorithm modified for analyzing global gene expression?, to assess the
alignment. The quality of the alignment was determined by measuring the weighted Euclidean
distance D(a,b) along the warping path between the global expression profiles of the two
models. For comparison, the hypertrophy expression data was also evaluated with the genewarp
program with the expression data aligned with respect to the order of the measurement intervals
rather than HW/BW. All analyses were conducted with the program'’s parameters set to their
default values.

Global Analysis of Differences in Gene Expression

The adaptive and maladaptive models were evaluated relative to each other to identify their
differences. We used SAM to identify the set of transcripts among the 963 transcripts that were
found to be significantly expressed in both the exercise and banding hypertrophy models whose
expression significantly differed between the exercise and banding hypertrophy models. For
this analysis, the SLR values from the exercise and banding datasets were input into SAM, and
the two-class, unpaired response format was used. The delta threshold was set at 0.424, yielding
an FDR of 5.28%. This analysis resulted in a list of 314 genes with significantly different
expression between the exercise and banding models. The expression values for these
differentially expressed genes were then subjected to cluster analysis and visualization using
Gene Expression Dynamics Inspector (GEDI) 2.1 software.14 SLR values for these transcripts
aligned based on change in HW/BW were input into GEDI. Grid size was set to nine by eight
and all other parameters were set to their default values.

Global Analysis of Commonalities in Gene Expression

The adaptive and maladaptive models were evaluated relative to each other to identify their
commonalities. Transcripts with similar expression profiles in the adaptive and maladaptive
hypertrophy models were identified with a novel analysis program designated Statistical
Investigator of Transcriptional Homology (SITH). This software utilizes a modified form of
the dynamic time warping algorithm used in the global analysis to identify individual genes
within a pair of genes in the expression datasets that exhibit comparable temporal expression
patterns. A score (d;) for gene i is computed by summing the Euclidean distances calculated
for the expression measures taken at each pair of aligned time points multiplied by a time
weight that adjusts for the length of the path through the distance table. This distance score
indicates how closely the temporal expression profiles of gene i in the two experiments match.
A cutoff value can then be set to limit the range of distance scores that represent similarly
expressed transcripts. The distance score dj was set to 0.45 in this study, meaning those
transcripts that received distance scores less than or equal to 0.45 were considered to have
matching temporal expression profiles. Transcripts determined to have matching expression
profiles were visualized using Cluster and Treeview software.1> Functional classification and
enrichment analysis of the set of commonly expressed genes was conducted using the web-
based DAVID bioinformatics resources.1® Enrichment was assessed using a “heuristic fuzzy
multiple linkage” algorithm that assigns enrichment scores to functional groups based on the
geometric mean of a modified Fisher Exact statistical test.16
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Statistics
Data are presented as mean+SEM. Pearson product moment correlation was used to test for
similarity between the HW/BW values observed over time in the adaptive and maladaptive
models. Significant differences were revealed to exist at p < 0.05.

Results

Exercise and Banding Stimuli Elicit a Similar Magnitude of Myocardial Growth

To achieve time warping based on relative progression of hypertrophy, we first plotted the
average HW/BW for each time point in the exercise and aortic banding hypertrophy data sets
to compare the changes in cardiac mass over time (Fig. 1A). While the rate of change in cardiac
mass differed between the two hypertrophy models, the magnitude of overall growth appeared
to be similar. This was compared quantitatively with linear correlation analysis of the change
in HW/BW observed in the adaptive (exercise) and maladaptive (aortic banding) models (Fig.
1B), which showed a strong correlation between the control (r2=0.97, p<0.01) and hypertrophy
(r2=0.87, p<0.01) conditions. This analysis indicated that the exercise training and aortic
banding stimuli elicited an analogous increase in cardiac mass albeit with disparate
characteristic time scales. Closer inspection of the temporal evolution of HW/BW in response
to the hypertrophy stimuli identified the time points in the adaptive and maladaptive
hypertrophy models with nearly identical HW/BW values (Fig. 1C). Since alignment of these
time points via HW/BW could be achieved without violating their temporal order, it was
postulated that this metric of cardiac growth might serve as a common feature to facilitate
comparison between the time series gene expression data of the adaptive and maladaptive
hypertrophy models. In other words, the gene expression values could be mapped from the
time space into the cardiac growth (HW/BW) domain, or mass space, as a new reference system
for comparing the hypertrophy models. When the data sets are examined in mass space, this
registration results in five different mass points, versus the six time points in the traditional
comparison. This does not imply a loss of fidelity, but rather a shift of the data points over a
defined mass range for comparison.

Alignment of Hypertrophy Gene Expression Time Series Using HW/BW

Gene expression data sets downloaded from the Cardiogenomics website” were subjected to
low-level processing to remove genes that were not considered to be expressed significantly
above noise (see MATERIAL AND METHODS). This produced a dataset of 963 genes that
were present in both hypertrophy models after the SAM analyses. To assess the benefit of using
HW/BW as an alignment system to study the gene expression profiles we compared the
distance scores D(a,b) [= a high-dimensional distance in gene expression space between two
profiles at (warped) time t ] between the profiles of adaptive and maladaptive hypertrophy time
series microarray data aligned based on temporal progression alone to that computed for time
series data aligned based on HW/BW. The alignment based solely on temporal progression
resulted in a high distance score of 1001.25, indicating that the global expression profiles were
not well aligned between the hypertrophy model datasets (Fig. 1D). In contrast, the alignment
that utilized HW/BW rather than time as an alignment parameter produced a much lower
distance score of 31.34, demonstrating a markedly better alignment of the datasets (Fig. 1E).
Thus, the alignment based on the common feature of HW/BW drastically reduced the distance
between gene expression profiles and hence removed noise in gene expression differences due
to the disparity of the characteristic time scales.

Differential Gene Expression between Exercise and Banding Models

The mass aligned hypertrophy gene expression data was subjected to SAM2 analysis to
identify transcripts that exhibited differential expression between the adaptive and maladaptive
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hypertrophy models. This yielded 314 significantly differentially expressed genes. To assess
global patterns in the transcriptome, this set of differentially expressed genes was analyzed and
visualized using the program Gene Expression Dynamics Inspector (GEDI).14 The GEDI
mosaics representing these transcripts indicate that as the HW/BW surpasses 5 mg/g, the global
expression profiles in each hypertrophy model approach a steady state. They also reveal that
these transcripts cluster into two large, oppositely-regulated groups over the course of the
growth processes initiated in the compared hypertrophy models (Fig. 2A). Closer inspection
of the most distinctive mini-clusters in the GEDI mosaics showed that transcripts up-regulated
in response to aortic banding pertain primarily to cell adhesion, immune response, and
transcriptional regulation processes (Fig. 2B). In contrast, genes that were up-regulated
primarily in response to the exercise stimulus were associated with metabolism and regulation
of muscle contraction.

Commonalities in Gene Expression between Exercise and Banding Models

To identify genes that may be involved in a generic hypertrophy, we next examined the HW/
BW aligned exercise and banding gene expression data to find individual genes that exhibited
similar expression profiles in both datasets after application of the dynamic time warping
algorithm (Fig. 3). The similarity of the temporal expression patterns of individual transcripts
in the two mass-aligned profiles was determined using SITH (see MATERIALS and
METHODS) which computes a distance scores d; for gene i. Values for d; ranged from d; 0.089
for i = tubulin a6 to 2.65 for i = connective tissue growth factor, with lower scores dj
representing a greater degree of similarity between the temporal expression profiles of a gene
i observed in the hypertrophy models. A cut-off score of 0.45 was chosen to distinguish
transcripts with similar expression profiles in the exercise and banding time courses. That is,
all genes with d; < 0.45 were considered to have similar temporal patterns of expression in both
types of hypertrophy. Between the HW/BW aligned hypertrophy models, 136 transcripts (14.5
%) displayed distance scores less than 0.45. The vastly different expression profiles for the
connective tissue growth factor gene observed in the adaptive and maladaptive responses,
coupled with the previous association of increased connective tissue growth factor expression
with heart failurel’, suggest that the SITH analysis correctly distinguished transcripts with
common expression patterns in response to the adaptive and maladaptive stimuli from those
that embody a stimulus-specific response. Additionally, comparison of the time-aligned and
mass-aligned profiles for genes with distance scores less than the selected cut-off value, such
as voltage-gated calcium channel subunit a2/81 (Fig. 4A, D), a-actinin 1 (Fig. 4B, E), and
procollagen C-proteinase (Fig. 4C, F), showed that the similarities in the expression profiles
revealed by the SITH analysis for the mass-aligned hypertrophy models was not evident when
they were aligned based on time. The transcripts identified as having common temporal
expression profiles (low d;) were subjected to functional enrichment analysis to identify the
cellular processes they participate in (Fig. 5). The results suggest that the functional categories
to which the generic hypertrophy associated genes belong include primarily cytoskeletal
organization, extracellular matrix, metabolism, ion transport, cell adhesion, proteolysis, and
regulation of transcription.

Discussion

Previous studies have used expression profiling to identify genes contributing to hypertrophic
growth. Friddle, et al., did expression profiling of pharmacological models of cardiac
hypertrophy in mice and reported groups of known and novel genes whose expression was
transiently regulated distinctly during induction and regression of hypertrophy.18 Several
models of experimentally induced-hypertrophy in rats have identified a group of 139 genes
with consistent differential expression, suggesting a common genetic program that underlies
pathogenic hypertrophic growth.19 Zhao, et al., used aortic constriction to induce hypertrophic
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growth in the hearts of mice to identify individual genes that were either uniquely up-, or down-
regulated, over the course of days at three unique time points.2° In an examination of adaptive
and maladaptive hypertrophy, Kong et al., conducted microarray profiling of physiological and
pathological hypertrophic growth in Dahl salt-sensitive rats.2! This study reported increases
in stress response and inflammation-related genes in pathological processes but not in
physiological hypertrophy. In the case of the latter, differential expression of genes associated
with metabolic function and protein synthesis were observed. These studies are important,
because they documented changes in expression in a variety of experimentally-induced cardiac
hypertrophy, however, they illustrate the lack of analytical strategies and tools for looking at
hypertrophic growth as a dynamic event and the means of comparing and contrasting adaptive
versus maladaptive growth.

Our study differed from previous work because our comparison of adaptive and maladaptive
hypertrophic growth was in mass space, thus allowing us to compare disparate timescales of
different studies as the growth occurred. We hypothesized that the concordant change in cardiac
mass observed in mouse models of these hypertrophic stimuli was in part the product of a
generic tissue remodeling program that is activated regardless of the nature of the inciting
stimulus. The average HW/BW values associated with each time point in the hypertrophy time
courses revealed that certain time points exhibited similar values, and hence could be used to
align the time courses without violating the temporal order of the time points. We postulated
that it may be possible to use this metric of cardiac growth as a common feature between these
dissimilar hypertrophy models to facilitate comparison of the gene expression changes
associated with each. This comparison allowed us to distinguish between stimulus-dependent
and -independent hypertrophic gene expression.

In spite of the pronounced differences in the stimulus-dependent responses of the heart to
adaptive and maladaptive stimuli, several transcripts had similar expression profiles between
the contrasting hypertrophy models. Functional enrichment analysis revealed that transcripts
coding for components of the sarcomere, such as a-actinin, were observed to have similar
expression patterns in response to the adaptive and maladaptive stimuli. Likewise, transcripts
coding for ion transport-related transcripts, particularly one associated with L-type calcium
channels, were also commonly expressed in the adaptive and maladaptive models. Also of
note, an enrichment of proteolysis related transcripts was also observed in the list of commonly
expressed genes, such as the transcript for procollagen C-proteinase enhancer protein. Taken
together, the cellular processes represented in the list of genes found to have similar expression
patterns in the exercise and banding hypertrophy models suggest that a baseline level of
remodeling occurs in the myocytes and extracellular matrix comprising the myocardium to
enhance its performance in response to hypertrophic stimuli.

Genes whose expression was perturbed primarily by the exercise stimulus were transcripts
associated with metabolic processes and muscle contraction. Notably the expression of myosin
light chain, regulatory 7 and angiotensinogen transcripts were significantly up-regulated in
response to exercise training. Angiotensinogen plays a role in the renin-angiotensin system as
the substrate that angiotensin converting enzyme (ACE) converts into angiotensin | during the
process of blood pressure regulation. Studies have shown that the heart possesses an intra-
cardiac renin-angiotensin system associated with various initiators of cardiac hypertrophy.22
Additionally, enhanced expression of transcripts coding for proteins involved in lipid and
glucose metabolism observed in the adaptive hypertrophy model corresponded well to those
reported in the literature.#23 As expected, these transcripts expressed specifically in response
to the adaptive stimulus contrast sharply with the genes expressed exclusively in response to
the maladaptive stimulus.
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Fibrosis and immune response related transcripts dominated the list of genes whose expression
was explicitly modulated in response to the maladaptive stimulus, consistent with previous
reports.20:24:25 Among the transcripts that were highly expressed only in response to aortic
banding were several well characterized clinical biomarkers for heart failure, such as brain
derived neutrophic factor, natriuretic peptide precursor type A, and natriuretic peptide
precursor type B.26 Several isoforms of collagen, such as procollagen type I, a1 and procollagen
type I11, a1, as well as the genes for secreted phosphoprotein 1 (a.k.a. osteopontin), fibronectin
1, and the fibronectin receptor integrin a5, were also highly up-regulated exclusively in
response to the maladaptive stimulus. It is not surprising that the expression of these particular
transcripts is significantly altered exclusively in response to the maladaptive stimulus because
they are involved in augmenting the extracellular matrix of the myocardium, a hallmark of
fibrosis.3 The cell surface antigen CD44 and the fibronectin receptor integrin a5 were both
highly expressed with similar expression profiles in response to the maladaptive stimulus and
are associated with osteopontin. It has been hypothesized that osteonpontin is a component of
the mechanism that regulates the cardiac response to increased pressure or volume load on the
heart because cardiac fibroblasts and/or cardiac myocytes demonstrate radically increased
osteopontin expression in response to angiotensin Il stimulation associated with the onset of
heart failure.2” As shown in this study and widely reported in the literature, fibrosis plays a
major role in the heart's response to maladaptive, but not adaptive stimuli.

Traditionally, the genetic differences between the diseased and healthy heart are mined for
therapeutic opportunities. In this study, we have identified similarities between the expression
profiles of adaptive and maladaptive hypertrophy which may be generally involved in cardiac
growth. Most of these commonly expressed genes code for proteins which support the structure
and function of cardiomyocytes, yet, the architectural differences between the conditions are
profound. This suggests that overlapping molecular signatures in the responses to beneficial
and pathological stimuli may result in disparate outcomes, This offers a starting point to
investigate the cause of the divergent development to better understand the disease course and
how it might be reversed.

Limitations of this Study

While the vast majority of gene expression studies focus on finding genes differentially
expressed in various pathological situations we used a new analysis technique to identify
common elements in two distinct models of cardiac hypertrophy, for commonalities can
provide a deeper understanding of fundamental processes that do not depend on specific
mechanistic aspects.

In doing so we first uncovered a relationship between HW/BW and the gene expression profiles
in adaptive or maladaptive hypertrophy. However, HW/BW may not be the best physiological
indicator of cardiac hypertrophy. HW/BW was chosen for this study because the values for
these physiological parameters are commonly reported in studies of cardiac hypertrophy.
Nonetheless, body weight can fluctuate independently of heart weight due to perturbations in
diet and/or exercise, leading to false-positive or false-negative reporting of hypertrophy. A
more stable parameter, such as tibia length instead of BW may provide a more reliable
comparison against heart weight for determining the incidence of cardiac hypertrophy.

In addition, artifactual differences in the experimental protocols often hard to avoid when
comparing physiological and pathological manifestations of the same process. The sham
operation and sedentary control groups against which the aortic banding- and exercise-induced
hypertrophy groups were compared consisted of mice with slight differences in age, weight,
and the manner in which they were treated. This may introduce unspecific differences in the
transcriptomes of the mice. However, since our emphasis is on the characterization of
commonalities between two hypertrophy models, technical (non-relevant) differences will not
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have affected the specificity of our findings albeit the sensitivity could have been reduced
(omission of interesting, commonly altered genes).

Finally, the analysis algorithms utilized in this study required that the gene expression datasets
be “symmetrical”, that is for every transcript in the banding dataset, the same transcript had to
be present in the exercise dataset as well. This symmetry was created by using different
stringency criteria in the SAM analyses initially conducted on the banding and exercise-
induced hypertrophy expression datasets. While we attempted to account for this discrepancy
by applying more restrictive standards in our characterization of the differences and similarities
between the banding and exercise datasets, the criteria used for the selection of the genes were
established subjectively. Therefore, the results presented in this study provide what we feel is
a representative, but incomplete sampling of the differences and commonalities in gene
expression between these models of hypertrophy.
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Fig. 1.

(A) Average heart weight to body weight ratios (HW/BW) for the adaptive hypertrophy
experimental (Exercise, O) and control (Sedentary, A) conditions, as well as the maladaptive
hypertrophy experimental (Banding, ®) and control (Sham, A) conditions plotted against time.
Error bars represent standard error of the mean (SEM). (B) HW/BW for the adaptive and
maladaptive hypertrophy experimental (e) and control (O) conditions were plotted against
each other and subjected to Pearson correlation analysis (C) HW/BW from selected time points
in the adaptive and maladaptive hypertrophy models were plotted to visualize their similarity
over the time courses (D) Average Log, signal ratios (SLR) for the distinct set of significantly
expressed genes from the adaptive (A ) and maladaptive (o) models were calculated at each
time point in the time series and aligned based on the order of the measurement intervals or
(E) based on heart weight to body weight ratio. AU = arbitrary units.
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Fig. 2.

(A) Genes expressed primarily in either the adaptive or maladaptive model were input into
GEDI to produce mosaics of global gene expression with respect to HW/BW. Scale bars
indicate the centroid SLR value associated with each tile color in the mosaics. (B) Inspection
of the gene clusters comprising the GEDI mosaics reveals the identities of genes differentially
expressed in the hypertrophy models. Heat maps of gene clusters from mosaic tiles with solid
and dashed outlines provide examples of genes demonstrating this expression pattern.
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Transcripts with comparable expression profiles between the adaptive and maladaptive
hypertrophy models were subjected to 2 group K-means clustering and their expression profiles
visualized using a heat map.

Circ Cardiovasc Genet. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sheehy et al.

Avg. SLR (AU) >

Avg. SLR (AU) OJ

Page 14
Voltage-dependent
02 calcium subunit a2/51 B 18 a-actinin 1 C 14 Procollagen C-proteinase
0.0 S5 16 5 12
02 < ]‘21 < 10
o % i « o
08 »w 06 2] 8‘21'
1.0 ® 03 2 00
-1.2 < 0.0 < -02
-1.4 -0.2 -0.4
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (Days) Time (Days) Time (Days)

0.2 E j]g F 1.0
0.0 S 1 S o8
02 < 13 <,
- | -
_0.6 f 7 812 7 04
0.8 . .

0.4 0.2
-1.0 2 02 g
-1.2 < 00 < 00
-1.4 -0.2

42444648505254565.8 4244464.85.05254565.8 424446485.05254565.8
HW/BW (mg/g) HW/BW (mg/g) HW/BW (mg/g)

Fig. 4.

Average Log, signal ratios (SLR) were plotted against time (A, B, C) and heart weight to body
weight (HW/BW) (D, E, F) for the adaptive (exercise, O) and maladaptive (banding, e)
hypertrophy experimental conditions to compare the gene expression profiles for voltage-
dependent calcium channel 02/81 (A, D), a-actinin 1 (B, E), and procollagen C-proteinase
enhancer (C, F) before and after mass alignment. AU = arbitrary units.
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A Functional Categories of Generic Hypertrophy Genes
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Fig. 5.

(A) Gene ontology biological process terms were used to identify the cellular processes
represented in the list of similarly expressed genes and the proportion of genes that fell into
each category was plotted. (B) Functional enrichment analysis provided by the NIH's DAVID
Bioinformatics Resources (see MATERIALS & METHODS) identified the biological
processes terms that were over-represented in the list of similarly expressed genes. Segment
sizes represent the enrichment scores with geometric means > 0.05, with larger segments
indicating higher enrichment.
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