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Abstract

Down syndrome (trisomy 21) is characterized by genome-wide imbalances that result in a range of
phenotypic manifestations. Altered expression of DYRK1A in the trisomic context has been linked
to some Down syndrome phenotypes. DYRKZ1A regulates the splicing of cardiac troponin
(7TNNT2) through a pathway mediated by the master splicing factor SRSF6. Here, we documented
the expression of the DYRK1A-SRSF6-TNNT?2 pathway in a collection of myocardial samples
from persons with and without Down syndrome. Results suggest that “gene dosage effect” may
drive the expression of DYRKIA mRNA but has no effect on DYRKZ1A protein levels in trisomic
myocardium. The levels of phosphorylated DYRK1A-Tyr321 tended to be higher (~35%) in
myocardial samples from donors with Down syndrome. The levels of phosphorylated SRSF6 were
2.6-fold higher in trisomic myocardium. In line, the expression of fetal 7AVNT72 variants was
higher in myocardial tissue with trisomy 21. These data provide a representative picture on the
extent of inter-individual variation in myocardial DYRK1A-SRSF6-TNNT2 expression in the
context of Down syndrome.
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1. Introduction

Down syndrome is caused by the presence of an extra total or partial copy of chromosome
21 (trisomy 21) (Patterson, 2009). Down syndrome is characterized by genome-wide
imbalances that result in a range of phenotypic manifestations (Ait Yahya-Graison et al.,
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2007). Individuals with Down syndrome exhibit various degrees of neurological, skeletal,
immunological, and cardiovascular abnormalities (Freeman et al., 1998; Roper and Reeves,
2006). The altered expression of certain chromosome 21 genes may be responsible for a
subset of Down syndrome traits that includes cardiovascular phenotypes (Barlow et al.,
2001; Shapiro, 1999). For example, DYRK1A (dual specificity tyrosine phosphorylation
regulated kinase 1A) participates in the control of cardiomyocyte proliferation and
differentiation during fetal and early neonatal development (Hille et al., 2016). DYRK1A
also participates in suppression of myocardial hypertrophy through a mechanism involving
the calcineurin/nuclear factor of activated T cells (NFAT) signaling pathway (Arron et al.,
2006; da Costa Martins et al., 2010; Grebe et al., 2011). A recent study showed that
DYRKZ1A impacts the splicing of cardiac troponin transcript variants (7AVNT72, alternative
name: ¢7nT) in human cell lines and hearts from Ts65Dn mice - a murine model of Down
syndrome - (Lu and Yin, 2016). Increased expression of DYRK1A promotes the inclusion of
exon five into the 7TAMN/T2transcript through phosphorylation of the splicing factor SRSF6
(alternative name: SRp55). This is relevant because cardiac myofibrils containing protein
troponin isoforms with exon 5 insertion - i.e. the fetal isoforms ¢TnTy and ¢TnT> - are more
sensitive to Ca2* (Briggs et al., 1994; Gomes et al., 2002; Gomes et al., 2004). The
coexistence of fetal cTnTy and adult cTnT isoforms (e.g., cTnT3) in ventricular muscle with
dilated cardiomyopathy has been linked to decreases in myocardial contractility and
pumping efficiency (Anderson et al., 1995; Biesiadecki et al., 2002).

There is a paucity of studies documenting the expression of DYRK1A and its prominent
targets SRSF6 and TNNT?2 in trisomic myocardium. Thus, the goal of this study was to
document the expression of the DYRK1A-SRSF6-TNNT2 pathway in a collection of
myocardial tissue samples from subjects with and without Down syndrome.

Material and Methods

Human heart samples

The Institutional Review Board of the State University of New York at Buffalo approved this
research. Heart samples from donors with (n = 14) and without Down syndrome (n = 16)
were procured from The National Disease Research Interchange (NDRI, funded by the
National Center for Research Resources), The Cooperative Human Tissue Network (CHTN,
funded by the National Cancer Institute), and the National Institute of Child Health and
Human Development (NICHD) Brain and Tissue Bank. The postmortem to tissue recovery
interval was <10 h. Samples (2 — 20 g, myocardium, left ventricle only) were frozen
immediately after recovery and stored in liquid nitrogen until further processing. Down
syndrome status was confirmed by array comparative genomic hybridization (aCGH) as
described (Quinones-Lombrana et al., 2014). Heart samples were processed following
standardized procedures to isolate DNA and RNA as described (Quinones-Lombrana et al.,
2014). The main demographics from donors with and without DS are summarized in Table
S1.
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2.2. Quantification of myocardial MRNA expression

The expression of DYRKIA mRNA and 7NMNT2transcript variants was analyzed by
quantitative real time polymerase chain reaction with specific primers (Table 1) following
the MIQE guidelines (Bustin et al., 2009). The stability of four candidate reference genes:
185 rRNA, ACTB, BZ2M, and SNORD47was evaluated in a subset of myocardial samples
using GeNorm V3. According to GeNorm, the most stably expressed genes were AC7B and
18s rRNA. However, variability analysis showed unacceptable Cq value variability for 78s
rRNA (22.02 £ 0.96), B2ZM (22.10 £ 1.34), and SNORD47 (24.89 £ 1.26) when compared to
the Cq variability of AC7B(23.59 + 0.51. Figure 1). Thus, AC7B was considered a suitable
normalizer based on comparatively low Cq variability in myocardial tissue. Total RNA (50
ng) was reverse transcribed and amplified with the iTaq Universal SYBR Green One-Step
Kit (Bio-Rad, Hercules, CA). TNNTZ2transcript variants, DYRK1A, and the reference gene
ACTB were amplified in parallel in a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad) with the following cycling parameters: 50°C for 10 min (reverse transcription), 95°C
for 1 min, followed by 40 cycles of 95°C for 10 s, 58°C for 30 s and 72°C for 30 s. The
expression of DYRKIA mRNA in individual myocardial samples was expressed relative to
the averaged expression of DYRKIA mRNA in the group of myocardial samples from
donors without Down syndrome (n = 16), which was assigned an arbitrary value of 1.00.

For the absolute quantification of 7AMN/T2transcript variants, cloned PCR products were
serially diluted to generate standards for calibration curves. In all cases, the regression
coefficients were r2 > 0.96. The amplification efficiencies for 7AMN/T2transcript variants and
ACTB were comparable and ranged between 96 and 110%. Experimental samples and
standards for calibration curves were analyzed in triplicate. For each myocardial sample, the
copy number of each 7AMNTZtranscript variant and AC7B were calculated using the average
of Cq values and direct extrapolation from calibration curves. Specificity was evaluated by
electrophoresis analysis (2% agarose gels stained with SYBR safe, Thermo Fisher Scientific,
Waltham, MA), melting curve analysis, and DNA sequencing of 7AVNTZ2amplicons. In all
cases, myocardial mRNA levels were expressed as copy humber ratios using the following
expression:

TNNT?2 variant copy number
ACTB copy number

Copy number ratio =

2.3. Quantification of DYRK1A protein expression

Total DYRKZ1A protein content in homogenates of myocardium was measured with the
human DYRKZ1A ELISA kit (Lifespan Biosciences, Seattle, WA) as per the manufacturer’s
instructions.

2.4. Immunoblotting

For the analysis of TNNT2, SRSF6, and DYRKZ1A phosphorylation status, myocardial tissue
was homogenized as described (Quinones-Lombrana et al., 2017). Myocardium lysates (20
ug) were denatured with NUPAGE LDS sample buffer (Thermo Fisher Scientific) containing
NUuPAGE sample reducing agent (Thermo Fisher Scientific), protease inhibitor cocktail
(Thermo Fisher Scientific), and Halt phosphatase inhibitor (Thermo Fisher Scientific), and
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boiled at 70°C for 10 min prior to use. Proteins were separated by gel electrophoresis using
NUPAGE Novex 4 — 12% Bis-Tris precast gels (Thermo Fisher Scientific) and transferred
onto PVDF membranes using the iBlot Gel Transfer Device (Thermo Fisher Scientific).
Membranes were blocked with 5% non-fat milk in 0.2% Tween 20-PBS for 1 h at room
temperature and then probed with specific antihuman antibodies for SRSF6 (Santa Cruz
Biotechnology, Dallas, TX), TNNT2 (Santa Cruz Biotechnology) or Tyr321 phosphorylated
DYRK1A (Thermo Fisher Scientific) overnight at 4°C. Next, membranes were incubated
with a secondary mouse or rabbit anti-IgG antibody conjugated with horseradish peroxidase
(Santa Cruz Biotechnology) for 1.5 h at room temperature. To normalize for protein loading,
membranes were stripped with Restore Western Blot Stripping Buffer (Thermo Fisher
Scientific) and re-probed with anti-ACTB antibody (Santa Cruz Biotechnology).
Immunoreactive bands were visualized with the ECL Plus Western blotting substrate
(GEHealthcare, Chicago, IL) in a ChemiDoc MP gel imaging system (Bio-Rad).
Densitometric analysis was performed using Image Lab software (Bio-Rad).

2.5. Phosphatase treatment

SRSF6 phosphorylation status was assessed by incubating myocardial lysates (15 pg) with
25 units of calf intestine alkaline phosphatase (Promega, Madison, WI1) in a 20 pl reaction
volume containing 50 mM Tris/HCI (pH 9.3) for 1 h at 37°C. Changes in banding patterns
due to SRSF6 de-phosphorylation were detected by immunoblotting as described.

2.6. Data analysis

Statistics were computed with Excel 2013 (Microsoft Office; Microsoft, Redmond, WA) and
GraphPad Prism version 4.03 (GraphPad Software Inc., La Jolla, CA). The D’Agostino-
Pearson test was used to analyze the normality of datasets. The Mann-Whitney U test or
Student’s t-test were used to compare group means. Cohen’s d test was used to calculate the
effect size. Spearman’s coefficient of correlation (rs) was used to analyze data sets with non-
normal distributions. Data are expressed as the mean + standard deviation (SD). Differences
between means were considered significant at p<0.05.

3. Results and Discussion

The myocardial expression of DYRKIA mRNA and DYRKZ1A protein was examined in
samples from donors with and without Down syndrome. Myocardial DYRK1IA mRNA
expression displayed considerable interindividual variability (DS pyrxz4mRNA range: 0.22 —
6.05 relative fold; non-DS pyrkz4amRNA range: 0-20 — 3.88 relative fold). On average, the
expression of DYRKIA mRNA was 74% higher in samples from donors with Down
syndrome (DS pyrkzamRrNA: 1.74 = 1.86 relative fold vs. non-DS pyrxzamrna: 1.00 + 0.93;
Mann-Whitney test p=0.547; Cohen’s d = 0.502. Fig. 1A). Although the difference
between means did not reach statistical significance at p < 0.05 due to interindividual
variability, the effect size is consistent with tissular “gene dosage effect” due to trisomy 21
(Ait Yahya-Graison et al., 2007; Arron et al., 2006; Duchon and Herault, 2016; Guimera et
al., 1999). The expression of DYRKZ1A protein was similar in myocardial tissue from donors
with and without Down syndrome (DSpyRrk1aprotein: 6-44 + 4.80 pg/ug total protein vs. non-
DSpyRk1Aprotein: 5-44 = 4.92 pg/ug total protein; Mann-Whitney test p= 0.454; Cohen’s d
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= 0.206. Fig. 1B). There were no significant correlations between DYRKZA mRNA and
DYRKI1A protein levels in myocardial samples from subjects with and without DS (Table
2). The expression of DYRKZ1A protein in trisomic myocardium is variable and does not
exhibit a trend consistent with gene dosage effect. Previous reports based on the analysis of
transcriptomes and proteomes from aneuploid cells showed that while global transcriptional
levels in trisomic and tetrasomic cells tended to reflect copy number changes (i.e., “gene
dosage effect™), the expression of some proteins was reduced towards diploid levels by
compensatory mechanisms such as autophagy activation (Aivazidis et al., 2017; Spellman et
al., 2013; Stingele et al., 2012).

Phosphorylation of DYRKZ1A in Tyr321 impacts protein kinase activity (Becker and Sippl,
2011; Duchon and Herault, 2016; Walte et al., 2013). The expression of Tyr321-
phosphorylated DYRK1A was variable (DS pyrk 14 range: 0-12 — 3.48 relative fold; non-
DSpyrkiArange: 009 — 2.00 relative fold) and tended to be higher (~35%) in myocardial
samples from donors with Down syndrome (DS: 1.17 £ 1.15 vs. non-DS: 0.72 + 0.65;
Mann-Whitney test p=0.208; Cohen’s d = 0.488. Fig. 2A and 2B). There were no
significant correlations between DYRKZ1A and Tyr321-phosphorylated DYRK1A in samples
from subjects with and without DS (Table 2). In the cell nucleus, DYRK1A maodifies the
splicing pattern of target genes through selective phosphorylation of members of the SR
family of splicing factors (Alvarez et al., 2003; Naro and Sette, 2013). For example,
phosphorylation of SRSF6 by DYRK1A suppresses the inclusion of exon 10 in transcripts
encoding the neuronal microtubule-associated protein Tau, and the resulting imbalance of
Tau isoforms has been linked to the development of tauopathies (Shi et al., 2008; Yin et al.,
2012). Interestingly, Lu et al. showed that phosphorylation of SRSF6 by DYRK1A promotes
the inclusion of exon 5 into 7AVNT72transcripts (i.e., increased expression of fetal TWNNT2
transcripts) (Lu and Yin, 2016). Thus, we investigated the expression of myocardial SRSF6
by immunoblotting with an anti-SRSF6 antibody and alkaline phosphatase treatment (Fig.
2C). The levels of phosphorylated SRSF6 relative to total SRSF6 in myocardium from
subjects with Down syndrome were higher in comparison to the levels of phosphorylated
SRSF6 in samples from donors without Down syndrome (DSgphosphosrsFe: 12.09 + 18.03
Vs. NoN-DSygphosphosrsFe: 4-73 + 8.10; Mann-Whitney test p = 0.016; Cohen’s d = 0.527.
Fig. 2D and 2E).

Next, we examined the myocardial expression of adult 7AWN T2 splicing variants (i.e., cTn73
and ¢7nT,) and the fetal variants ¢c7n7;and ¢7nT,(Mesnard-Rouiller et al., 1997). A
forward PCR primer targeting exon 5 was used to analyze the expression of ¢7n7;and
cTnT,(Fig. 3). The expression ratios of the fetal ¢c7n7;and ¢7nT,variants was 50% higher
in myocardial tissue with trisomy 21 (DS;7,77 anrna: 0.09 + 0.12 vs. non-DS ;77,77 amrNA:
0.06 + 0.13; Mann-Whitney test p=0.026; Cohen’s d = 0.278 Fig. 4A). The expression of
cTnTzwas similar in samples from donors with and without Down syndrome
(DSc7n7amrNA: 2.59 £ 2.12 vs. non-DS 7, 73mrNA: 2.44 + 2.49; Mann-Whitney test p=
0.497; Cohen’s d = 0.067 Fig. 4B). The expression of c7n7,was 44% higher in myocardial
samples from donors with Down syndrome (DS -7y 74nmma: 4-58 £ 4.86 vs. non-

DS :rnvramrna: 3.19 £ 3.60; Mann-Whitney test p= 0.350; Cohen’s d = 0.389 Fig. 4C), but
the difference between means did not reach statistical significance at p<0.05. The most
abundant 7AWVNTZ2transcript variant in myocardial tissue from subjects with and without
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Down syndrome was ¢7nTy cTnTyrepresented ~60% of the total TAVNTZtranscript
variants while both fetal variants represented ~1% of the total variants (Fig. 4D). There were
no significant correlations between myocardial levels of phosphorylated SRSF6 and the
expression of fetal 7AVNTZvariants in samples from subjects with and without DS (Table 2).
In terms of protein expression, the adult isoform cTnT3 showed the highest average
expression in myocardial tissue from both groups, representing ~60% of the total TNNT2
protein. The expression levels of cTnT3 and ¢cTnTy isoforms did not differ between
myocardial samples from donors with and without Down syndrome. Expression of the fetal
cTnTy and cTnT, protein isoforms of TNNT2 was not detectable in myocardium from
subjects with and without Down syndrome (Fig. 4E). This result is in line with previous
studies reporting low to undetectable levels of fetal TNNT2 protein isoforms by
immunoblotting in adult myocardium (Anderson et al., 1995; Anderson et al., 1991; Nassar
et al., 2005).

4. Conclusions

Research on fundamental issues concerning the pathobiology of DS continues to be
hampered by the scarcity of good quality tissue samples from donors with DS. Our
observations are limited by the relatively small number of myocardial tissue samples and the
extent of interindividual variability. Sample size limitations also precluded evaluating the
impact of age and/or gender on myocardial mRNA and protein expression. This set of
samples is representative of the current life span for persons with Down syndrome (Table
S1), and the data may reflect the range of variation in myocardial DYRK1A- SRSF6-
TNNT2 expression in the context of Down syndrome (Head et al., 2016). Our findings
suggest that relatively subtle increases in the levels of phosphorylated DYRK1A and
phosphorylated SRSF6 may impact the splicing pattern of 7AWVNT72in trisomic myocardium.
In this regard, a recent analysis of the role of SRSF6 in pancreatic p-cells showed that
SRSF6 is involved in the splicing of over 4,000 genes (Juan-Mateu et al., 2018). Thus, it will
be of interest to examine whether altered SRSF6 expression in trisomic myocardium results
in alternative splicing alterations in gene networks associated to cardiac structure and
function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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cTnT cardiac muscle troponin T

DS Down syndrome

DYRKI1A dual specificity tyrosine phosphorylation regulated kinase 1A
ELISA enzyme linked immunosorbent assay

NFAT nuclear factor of activated T cells

PBS phosphate buffered saline

PCR polymerase chain reaction

PVDF polyvinylidene difluoride

SRSF6 serine and arginine rich splicing factor 6

TNNT2 troponin T2 cardiac type
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Highlights
. SRSF6 phosphorylation levels were higher in trisomic myocardium.
. Expression of fetal 7ANT72splicing variants was higher in trisomic

myocardium.

. Subtle increases in DYRK1A and SRSF6 may impact 7ANTZ2 splicing.
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Fig. 1. DYRKZ1A expression in myocardium from donors with and without Down syndrome.
(A) DYRK1A mRNA expression. (B) DYRKZ1A protein expression. Each symbol depicts the

average of individual samples. Horizontal lines indicate group means. Samples were

analyzed in triplicates.
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Fig. 2. Analysis of DYRK1A and SRSF6 phosphorylation status in myocardium from donors

with and without Down syndrome.

(A) Representative immunoblots for Tyr321-phosphorylated DYRK1A and ACTB. (B)
Tyr321-phosphorylated DYRK1A expression ratios in myocardial samples. (C) Detection of
phosphorylated SRSF6 by alkaline phosphatase treatment and immunoblotting. Arrows
indicate phosphorylated SRSF6 (D) Analysis of myocardial SRSF6 expression by
immunoblotting. (E) Expression of phosphorylated SRSF6 in myocardial samples. Each
symbol depicts the average of individual samples. Horizontal lines indicate group means.
Samples were analyzed in triplicates.
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Fig. 3. Schematic representation of TNNT2 transcript variants (cTnTq, cTnTp, cTnT3, and
cTnTy) expressed in human myocardium.

Arrows indicate the locations of specific forward and reverse PCR primers.
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Fig. 4. Expression of TNNT2 splicing variants in myocardium from donors with and without
Down syndrome.

(A) Expression of the fetal 7AMNT2transcript variants ¢7n7; and ¢7nT,. (B) Expression of
the ¢7nT3 variant. (C) Expression of the ¢7nT, variant. Each symbol depicts the average of
individual samples. Horizontal lines indicate group means. Samples were analyzed in
triplicates. (D) Relative abundance of 7ANT72transcript variants in myocardial tissue (E)
Analysis of TNNT2 protein expression by immunoblotting.
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Table 1

List of primers for real time quantitative PCR

Linearity  Efficiency

Forward 5’-GGAGGACTGGAGAGAGGAC-3’
cTnT1/cTnT, 0.96 96%
Reverse 5’-CACCAAGTTGGGCATGAACG-3’

Forward  5’-CTGTTGAAGAGCAGGAGGAG-3’
cTnT; 0.98 110%
Reverse 5’-CCGACGTCTCTCGATCCTG-3’

Forward  5’-AGCAGGAAGAGCAGGAGGAG-3’
cinTy 0.99 96%
Reverse 5’-CCGACGTCTCTCGATCCTG-3’

Forward 5’-GGACAGGTTGTAAAGGCATATG-3’
DYRKIA 0.99 104%
Reverse  5’-GCGTTTCAAATGCACTATGTAG-3’

Forward 5’-GGACTTCGAGCAAGAGATGG-3’
ACTB 0.96 103%
Reverse 5-AGCACTGTGTTGGCGTACAG-3’
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Table 2

Linear regression analysis of DYRK1A-SRSF6-TNNT2 expression in myocardium from subjects with and
without DS

non Down syndrome Down syndrome

Spearmanr pvalue Spearmanr pvalue

DYRK1A mRNA vs DYRK1A protein 0.326 0.222 0.119 0.686
DYRK1A protein vs Tyr321-phosphorylated DYRK1A -0.495 0.072 -0.163% 0.577
Phosphorylated SRSF6 vs ¢7nT; , copy number ratio 0.118 0.664 -0.323 0.256

*
coefficient Pearson’s
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