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Abstract
Fragile X mental retardation protein (FMRP) plays an important role in heart
development and disease. Here we set out to create a Drosophila model of heart disease
that will complement the existing mouse model based on Fragile X protein deficiency.
Proteins within the Fragile X family are RNA binding proteins that control the translation
of specific RNAs. Previous studies have shown that loss of Fragile X mental retardation
protein, autosomal homolog 1 (FXR1) leads to heart phenotypes in the mouse. The
Drosophila model will allow us to perform rapid genetic rescue experiments to identify
specific targets of FMR1, the only type of FMR expressed in the fly, that are responsible
for creating the structural and functional defects when FMR1 is repressed. To create a
model of heart disease in the fly, we knocked down FMR1 and examined its effects by
measuring the heart rate in early pupae. We discovered that the total loss of function for
FMR1 leads a decreased heart rate. Interestingly, heterozygous loss of function (LOF)
mutants exhibited a significant decrease in heart rate that could be partially rescued by
inserting hFXR1, a human homolog of FMRP.
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Introduction
Overview and Aims
Fragile X mental retardation protein (FMRP), an RNA binding protein, has been shown
to play an important role in many biological processes including the development and
function of the cardiovascular system. In mammals, there are three distinct types of
FMRP: FMR, FXR1, and FXR2.1 Previous studies have shown that fragile X mental
retardation protein, autosomal homolog 1 (FXR1) is the only homolog that is heavily
expressed in cardiac and skeletal muscle.2 With this information known, it has been
possible to study the role that FXR1 plays in the mammalian heart. Invertebrates,
however, only possess one type of the Fragile X protein family, which will be referred to
throughout this paper as FMR1. By exploring different expression levels of FMR1, we
hope to see what properties and targets of FXR1 are conserved in the fly, if any, and we
ultimately aim to create a Drosophila model of heart disease that can be used in
correlation with the existing mouse model.
FXR1 in Mammals
Previous research has shown that complete elimination of FXR1 leads to perinatal
lethality in mice, and that reduction of FXR1 in leads to muscular dystrophy and
cardiomyopathy in zebrafish.3,4 Recently, in collaboration with the Gregorio lab in the
UA Medical School, we have further examined the role of FXR1 in mice.5 When FXR1
function is lost in the mouse model, specific structural phenotypes can be observed.
Looking at the sarcomeres, the spacing between the them appears to be shortened and
erratic (Figure 1B).5 The lateral adherence of myofibrils also appears to be disturbed
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(Figure 1C, F) and the Z-discs appear to be broader, unorganized, and unevenly spaced
(Figure 1E).5 These structural phenotypes clearly show that FXR1 is important for
proper cardiovascular development and function.

Figure 1 Loss of FXR1
leads to defects in
sarcomere spacing and
structure.5

Drosophila Model System and Drosophila Heart Structure
While the overall physical structure of the Drosophila heart is significantly different than
the mammalian heart, many of the genes that control heart development have been
conserved from flies to mammals.6 Thus, it is our aim to create a Drosophila model of
heart development and disease that can be used in conjuction with the existing mouse
model. The Drosophila model has the advantage (over the mouse model) that it will us to
perform rapid genetic rescue experiments to identify specific targets of FXR1 that are
responsible for creating the structural and functional defects when FXR1 is repressed. In
order to perform and correctly interpret these experiments in the fly, it is important to be
familiar with the basic structure of the Drosophila heart. As shown in Figure 2 below,
the Drosophila heart is a simple linear tubular organ that spans the anterior-posterior
length of the fly.6 The cardiac tube can be distinguished into two separate domains: the
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heart, which is located in the posterior abddominal segment, and the aorta, which can
further be divided into the posterior aorta and the anterior aorta, which are respectively
located in the thoracic and rostral abdominal segments.7 With the simplicity of the tube
structure, the Drosophila heart differs significantly from the vertebrate heart, which is
comprised of multiple chambers, however the main function of the Drosophila heart is is
the same as it pumps hemolymph, a nutrient-rich fluid, to the surrounding tissues.7 Like
the vertebrate

Figure 2 Structure and
morphology of larval cardiac
tube. Figure adapted from 7.

heart, the fly heart contracts via automatic and autonomic muscle activation and the
structure of the sarcomere, the basic contractile unit of muscle, appears to be very
similar.7
Targets of FXR1
Using RNA-immunoprecipitations, we have previously identified two targets of FXR1 in
the mouse heart: desmoplakin and talin2, whose cognate proteins localize to the
desmosome and costamere, respectively.5 Using Western blot anaylsis and RNA binding
assays, we have previously determined that FXR1 directly binds the desmoplakin and
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talin2 RNAs and negatively regulates their translation.5 Thus, as shown in Figure 3,
when FXR1 is knocked-out of
the mouse, there is greater
translation of desmoplakin and
talin2.
Figure 3. (A) Western blots for wildtype (WT) and knock-out (KO) lysates
for candidate targets enriched in the
FXR1 protein complex. (B)
Quantification shows the percentage increases in protein expression in the KO mouse hearts. Figure
adapted from 5.

With the Drosophila model, it is our goal to determine which targets, if any, are
conserved from the mouse model. We hypothesize that FMR1 behaves as shown in
Figure 4 and we have already begun examining the following targets: talin2, ZO-1, a
protein found in tight
junctions8, and EP300, a
transcription factor that has
been linked to proper heart
development9.
Figure 4 A model of FMRP for
both the Drosophila heart and the
mouse heart. FMR1 (blue circles) is transported from the nucleus and is localized in the different parts of
the sarcomere
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By analyzing a Western blot (performed by Stefanie Novak), we have discovered that
these proteins are downregulated in the FMR1 knock out. Translational activation by
FMR1 may be a possible mechanism to explain this finding, but more research needs to
be done (Figure 5).
Figure 5 Ponceau
membrane and
Western blot of
FMR1 candidate
targets. Tubulin
serves as a control.
Performed by
Stefanie Novak.

Materials and Methods
Drosophila Stocks and Genetics
All Drosophila melanogaster stocks used in these experiments were raised at 25°C on
standard media of cornmeal, molasses, yeast and agar. Table 1 below shows the crosses
we used to study the heterozygous and homozygous loss of FMR1, their respective
rescues using human FXR1 (hFXR1), as well as RNAi expression and overexpression of
FMR1. All of the crosses were set up using 1-2 virgin females and 3-5 males and were
brooded everyday to produce sufficient offspring.
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Controls

Heterozygous
Loss of
Function

Heterozygous
Rescue

New
White

New White x
dFMR3

24BGal4 x
hFXRdFMR50

24BGal4
x New
White

New White x
dFMR50M

Homozygous
Loss of
Function

Homozygous
Rescue

RNAi GFP

RNAi

FMR1
Overexpression

dFMR3 x
dFMR50M

24BGal4dFMR3
x
hFXRdFMR50M

24BGal4 x
dFMRRNAiGFP

24BGal4 x
dFMRRNAi

24BGal4 x
YF2V

dFMR50M x
dFMR3

24BGal4dFMR3
x dFMR50M

24BGal4 x
dFMR50M

24BGal4dFMR3
x New White

Table 1 The crosses used in these experiments.

Video Acquisition
Videos of early pupae were captured using a Carl Zeiss Stemi SV 6 microscope and a
FinePix S9000 digital camera. Videos were taken at a magnification of 5X and a
brightness setting of 6 (rough) and 70 (fine). Early pupae were that were opaque and
motionless with antennae present were selected for and then imaged. The pupae were
positioned with their dorsal side up and they were filmed for approximately 2 minutes.
The videos focused on the white fat bodies surrounding the heart to indicate the measure
of the heartbeat.
Figure 6 The heart in early pupae. The heart is a transparent structure
surrounded by opaque fat bodies and tracheal branches, which deliver
oxygen to the tissues. Anterior – left, posterior – right. The fat bodies
move bi-directionally as shown.
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Quantitative Analysis of Videos
Once the videos were transferred to a computer they were opened using the Quicktime
player and then analyzed. Playing the videos back at half-speed, the heartbeats were
manually counted using a ticker. We began the counts 30 seconds into the video and
ended the counts a minute later at 1:00 into the video. To visualize the number of
heartbeats, we counted the number of vertical movements of the white fat bodies
surrounding the heart. We then multiplied our counts by two to give us the total number
of heartbeats per minute.

Results
Complete Loss of FMR1 in White Background Leads to a Decrease in Heart Rate
As illustrated by Figure 7, in comparison against the white control, we found that there
was a decrease in heart rate for one of the homozygous loss of function (LOF)
transgenics, but that

HM'LOF'
(2)'

HM'LOF'
(8)'

HET'LOF'
(10)'

the reverse
transgenic showed

**'
HET'LOF'
(3)'

CONTROL'(10)'

Heart&Rate&(bpm)&

Heart&Rate&(White&Control)&

no significant
difference.

**<0.01'
Figure 7 Heart Rate Comparisons against the White Control

. ** = Pvalue<0.01
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Heterozygous Loss of Function in 24BGal4 Background Leads to a Decreased Heart
Rate
In contrast, when analyzing the mutants in the 24BGal4 background, we found that the
heterozygous mutants exhibited a decrease in heart rate (Figure 8). However, the
homozygous mutants did not appear to have any significant difference in heart rate in
comparison with the control. As for the RNAi lines, it appears that they behave similarly
to the heterozygous loss of function flies, as both RNAi lines also experienced a decrease
in heart rate. The flies containing UAS-dFmr1 YFP, an overexpression of FMR1, do not
show any significant change in heart rate.

Figure 8 Heart Rate Comparisons against the 24BGal4 x White Control

Partial Rescue of Heterozygous Mutant with hFXR
As seen in Figure 8, when hFXR1 is introduced into the heterozygous mutant
background, there appears to be a partial rescue.
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Discussion
By measuring the heart rate we were able to quantify the phenotypic effects of knocking
down FMR1 in Drosophila hearts . In comparing each control from Figure 7 and Figure
8, we found that the flies expressing the 24BGal4 driver had a heart rate that was much
higher than the flies without the Gal4 driver. It appears that the flies in the 24BGal4
background are much more sensitive to phenotypic changes in heart rate. This difference
in sensitivity could explain why the heterozygous loss of function and homozygous loss
of function lines behave differently in the White background.

Heterozygous mutant can be rescued using hFXR1
The heterozygous loss of function flies showed a decrease in heart rate, which indicates
that FMR1 is required for proper heart function. Expression of human FXR1 (hFXR1) in
the heterozygous loss of function mutant leads to an increase the heart rate. However, the
heart rate does not fully reach that of the wild type flies, indicating that hFXR1 only
partially rescues these flies. Like other mammalian forms of FXR1, hFXR1 is specific to
cardiac and skeletal muscle. In contrast, FMR1 is present in all tissues of Drosophila.
While the mechanism of this rescue is not yet known, it is possible that the remaining
copy of FMR1 interacts with hFXR1 in vivo.

RNAi Lines and Overexpression Line
The RNAi lines exhibited a similar phenotype to the heterozygous loss of function line,
as both RNAi lines experienced a decrease in heart rate. The data appears to follow the
typical trend of RNAi as the severity of the heart rate phenotype fell in between that of
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the heterozygous and homozygous loss of function lines. The flies expressing UASdFmr1 YFP, or an overexpression of FMR1, appear to have a heart rate that is higher than
the control, however this increase does not appear to be statistically significant. We will
need to record more heart rate counts in order to make an accurate statement.

Future Directions
To strengthen these findings, we will need to analyze more videos and obtain more heart
rate counts of additional samples. To further examine the partial rescue of the
heterozygous mutant, further examine the sarcomeric structure of the heterozygous loss
of function flies as well as the localization of hFXR1 and FMRP in vivo .
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