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CD133, also known as prominin-1, was first identified as
a biomarker of mammalian cancer and neural stem cells.
Previous studies have shown that the prominin-like (promL)
gene, an orthologue of mammalian CD133 in Drosophila,
plays a role in glucose and lipid metabolism, body growth,
and longevity. Because locomotion is required for food
sourcing and ultimately the regulation of metabolism, we
examined the function of promL in Drosophila locomotion.
Both promL mutants and pan-neuronal promL inhibition
flies displayed reduced spontaneous locomotor activity.
As dopamine is known to modulate locomotion, we also
examined the effects of promL inhibition on the dopamine
concentration and mRNA expression levels of tyrosine
hydroxylase (TH) and DOPA decarboxylase (Ddc), the
enzymes responsible for dopamine biosynthesis, in the heads
of flies. Compared with those in control flies, the levels
of dopamine and the mRNAs encoding TH and Ddc were
lower in promL mutant and pan-neuronal promL inhibition
flies. In addition, an immunostaining analysis revealed
that, compared with control flies, promL mutant and pan-
neuronal promL inhibition flies had lower levels of the TH
protein in protocerebral anterior medial (PAM) neurons, a
subset of dopaminergic neurons, Inhibition of promL in these

PAM neurons reduced the locomotor activity of the flies.
Overall, these findings indicate that promL expressed in PAM
dopaminergic neurons regulates locomotion by controlling
dopamine synthesis in Drosophila.
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INTRODUCTION

Locomotion is a fundamental activity of most animals, in-
cluding Drosophila, and is required for navigation, mating,
food sourcing, and escape from predators (Jordan et al.,
2007). Sensory receptors in animals transform external visual
(Creamer et al., 2018), olfactory (Tao et al., 2020), and ther-
mal (Soto-Padilla et al., 2018) stimuli into internal informa-
tion, which the central nervous system converts into an ap-
propriate motor output (Gowda et al., 2021). In Drosophila,
locomotion is affected by alteration of the internal metabolic
status caused by time-restricted feeding (Villanueva et al.,
2019), or by high sugar (Lee et al., 2021), high fat (Huang et
al., 2020), or high salt (Xie et al., 2019) levels. The relatively
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simple and well-characterized central nervous system of Dro-
sophila makes it an excellent model for studying locomotion
(Scheffer et al., 2020). In addition, the evolutionarily con-
served biological processes of mammalian behavior (Pandey
and Nichols, 2011) facilitate the dissection of this complex
process.

To date, genetic studies of Drosophila have identified sev-
eral molecules and pathways involved in locomotion, many
of which have conserved roles in regulating mammalian lo-
comotion. The adult Drosophila brain contains approximately
130 dopaminergic neurons, which are organized into several
clusters responsible for various functions (Yamamoto and
Seto, 2014). In addition to its role in locomotion (Fuenzali-
da-Uribe and Campusano, 2018; Mao and Davis, 2009; Rie-
mensperger et al., 2013), dopamine signaling in Drosophila is
also involved in food-seeking (Landayan et al., 2018), learn-
ing and memory (Berry et al., 2012), addiction (Perry and Bar-
ron, 2013), courtship (Alekseyenko et al., 2010), and sleep
(Kim et al., 2017, Liu et al., 2012; Ueno et al., 2012). Dopa-
mine is synthesized from tyrosine by two enzymes, namely,
tyrosine hydroxylase (TH) and DOPA decarboxylase (Ddc) (Se-
kine et al., 2011; Ueno et al., 2012; Wittkopp et al., 2002).
TH converts tyrosine into L-3,4-dihydroxyphenylalanine
(L-DOPA, also known as levodopa), a well-known medication
used to treat Parkinson’s disease (Poewe et al., 2010), and
then Ddc converts L-DOPA into dopamine. Loss of the gene
encoding TH, the rate-determining enzyme in dopamine
biosynthesis, results in decreased dopamine biosynthesis and
locomotor activity in Drosophila and mice (Riemensperger
et al, 2011; Zhou and Palmiter, 1995). In addition, several
studies have demonstrated a role of dopaminergic protocere-
bral anterior medial (PAM) neurons in regulating locomotion
and startle-induced climbing ability in Drosophila (Bou Dib et
al., 2014; Fuenzalida-Uribe and Campusano, 2018; Riemen-
sperger et al., 2013).

CD133, also known as prominin-1, is a pentaspan mem-
brane glycoprotein that was first identified as a cell surface
marker of neuroepithelial cells (Weigmann et al., 1997) and
hematopoietic stem cells (Miraglia et al., 1997). Since then,
CD133 has been used widely as a biomarker of solid tumors,
including pancreatic, prostate, liver, brain, and colon cancers
(Keysar and Jimeno, 2010). In this regard, previous studies
have focused on the functions of CD133 in cancer, and sev-
eral groups have shown that CD133 is involved in metastasis
induction (Ding et al., 2014) and the maintenance of stem-
ness (Lan et al., 2013) of cancer cells. However, given that
CD133 binds to cholesterol (Roper et al., 2000) and is con-
centrated in plasma membrane protrusions such as microvilli
(Corbeil et al., 1999), it is likely to be involved in membrane
organization and signal transduction. Notably, CD133 is ex-
pressed in rod and cone photoreceptor cells, and disruption
of the outer segment morphogenesis of photoreceptor cells
induced by CD133 mutation or knockout results in retinal de-
generation in humans (Zhang et al., 2007), mice (Zacchigna
etal., 2009), and Drosophila (Nie et al., 2012). In Drosophila,
the prominin-like (promL) gene encodes the mammalian
counterpart to CD133. The promL gene is involved in the
maintenance of mitochondrial function (Wang et al., 2019)
at the cellular level, as well as the regulation of glucose me-
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tabolism, longevity (Ryu et al., 2019), lipid metabolism, and
body growth (Zheng et al., 2019) at the organismal level.
While metabolism and locomotion are closely related, the
function of promL as a metabolic regulator in locomotion is
not well known.

Here, we used the Drosophila model system to investigate
the role of promL in locomotion. Mutation of promL reduced
both locomotion and TH immunoreactivity in PAM dopami-
nergic neurons, suggesting that promL in PAM neurons regu-
lates locomotion by controlling dopamine biosynthesis.

MATERIALS AND METHODS

Drosophila strains

Flies were cultured in cornmeal-based standard food under
a 12:12 h light-dark cycle, at 25°C with 40%-60% relative
humidity. The w''® (BDSC 3605), Elav-Gal4 (BDSC 458),
and PAM-Gal4 (BDSC 41347) fly stocks were obtained from
Bloomington Drosophila Stock Center (USA), and the UAS-
promL RNAi (VDRC v51957) fly stock was obtained from the
Vienna Drosophila Resource Center (Austria). The promL*’
and prom[*"® mutant fly lines have been described previously
(Ryu et al., 2019).

RT-gPCR

After culture under a 12:12 h light-dark cycle at 25°C for 10
days, the heads of 20 adult flies were collected and total RNA
was isolated using easy-BLUE reagent. Subsequently, RNA
samples were treated with RNase-free Dnase | (TAKARA, Ja-
pan), and cDNA was synthesized using the SuperScript Il First-
Strand Synthesis System. Quantitative reverse transcription
polymerase chain reaction (qRT-PCR) analysis was performed
with the StepOnePlus Sequence Detection System (Applied
Biosystems, USA) and SYBR Green PCR Core Reagents (Ap-
plied Biosystems). Each experiment was performed at least
three times, and the comparative cycle threshold was used to
generate a fold-change for each specific mRNA after normal-
izing to rp49 levels. The primer sequences were as follows:
TH-forward, 3-CGCCTACAAGTACGGAGACC-5; TH-reverse,
3-AGTCGGACATCTCCTGCAAC-5’; Ddc-forward, 3-TGG-
GATGAGCACACCATCT-5; Ddc-reverse, 3-CGCGTAGAAGG-
GAATCAAAC-5; Rp49-forward, 3-AGATCGTGAAGAAGCG-
CACC-5’; Rp49-reverse, 3-CACCAGGAACTTCTTGAATC-5.

Immunohistochemistry

Adult fly heads were fixed in 4% paraformaldehyde and
washed with phosphate-buffered saline (PBS). The brains
were then blocked with 5% normal goat serum in PBS con-
taining 0.1% Triton-X 100 (PBST) and incubated with a mu-
rine anti-TH antibody (1:200, NB300-109; Novus Biologicals,
USA) for 48 h at 4°C. After washing with PBST, the samples
were incubated with an antimouse secondary antibody con-
jugated with Alexa Fluor 488 (1:400, A21441; Invitrogen,
USA) overnight at 4°C. After further washing, the brains were
mounted using Vectashield (Thermo Fisher Scientific, USA),
and images were acquired via confocal microscopy (Carl Zeiss
Microscopy, USA). Fluorescence intensity was analyzed using
Image) software.
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Dopamine ELISA

After culture of Drosophila under a 12:12 h light-dark cycle at
25°C for 10 days, the heads of adult male flies of the indicat-
ed genotypes were collected and snap-frozen in liquid nitro-
gen. The fly heads were homogenized in 0.01 N hydrochloric
acid containing T mM EDTA and 4 mM sodium metabisulfite,
and then the homogenate was centrifuged at 12,000 g for
30 min at 4°C. The supernatant was collected, and the dopa-
mine content was determined using an ELISA kit, according
to the manufacturer’s instructions (LDN, Germany).

Locomotion analysis

Seven-day-old male flies were collected and transferred into
glass tubes (3 mm diameter) containing food at one end. The
flies were maintained in an incubator under a 12:12 h light-
dark cycle at 25°C, and were monitored for 3 days using the
Drosophila Activity Monitoring System (TriKinetics, USA). Lo-
comotor activity was recorded at 30 min intervals during the
second day, and data were analyzed using GraphPad Prism
software.

Climbing assay

A single 7-day-old male fly of each genotype was placed in a
vial (1.5 cm diameter, 20 cm length) without CO, anesthesia.
The flies were gently tapped to the bottom of the vial, and
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the height to which each fly climbed was measured after 10
s. The data acquired were analyzed using Prism 9 software
(GraphPad Software, USA).

Statistics

All experiments were performed at least three times. Statis-
tical analyses were conducted by using Microsoft Excel 2016
(Microsoft, USA) and Prism 9 software (GraphPad Software,
USA). Boxplots were generated using the standard style, with
the exception that the whiskers represent the minimum and
maximum values. In bar charts, data are presented as the
mean * SD. Comparisons of two groups were conducted
using a Student’s t-test, with P < 0.05 considered statistically
significant. Comparisons of multiple groups were performed
via one-way ANOVA followed by pairwise t-tests using the
Bonferroni method to adjust the P value threshold for signifi-
cance.

RESULTS

promL regulates locomotion in Drosophila

First, we analyzed the locomotion phenotypes of control
(W'""®) and promL mutant flies using the commercially avail-
able Drosophila Activity Monitoring System (TriKinetics),
which measures the spontaneous movement of a single adult
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Fig. 1. promL regulates
- locomotion in Drosophila. (A) A
locomotion analysis showing that
the spontaneous locomotion of
proml*” and promL*"® mutants
was lower than that of the w''’®
control flies. (B-D) Quantification
of the data shown in (A). (B) The
total locomotor activities of promL
mutants were lower than those
of the control flies. (C and D) The
daytime and night-time locomotor
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activities of promL mutants were
lower than those of the control
flies. Data are presented as the
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fly. Compared to that of control flies, the spontaneous loco-
motor activities of two promL mutants (promL*” and promL
419) were reduced (Figs. 1A and 1B). Notably, locomotion of
the promL mutants was reduced in both the daytime and
night-time periods (Figs. 1C and 1D). These findings indicate
that promL regulates locomotion in Drosophila.

Neuronal promL is required for locomotion

Since the brain is the control tower for various physiological
processes and behaviors, including locomotion, we used
the pan-neuronal Elav-Gal4 driver to determine whether
neuronal promL is responsible for controlling Drosophila lo-
comotion. RT-gPCR analyses confirmed that the expression
level of promL mRNA was reduced in Elav>promL RNAI flies
compared with control (Elav-Gal4/+) flies (Supplementary
Fig. S1). The Elav>promL RNAI flies showed reduced total
locomotion when compared to the control (Figs. 2A and 2B),
and, as seen for the promL mutants, this reduction was seen
in both the daytime and night-time periods (Figs. 2C and
2D). These results indicate that neuronal promL is required
for locomotion in Drosophila.
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promL loss-of-function mutants show reduced dopamine
biosynthesis

To determine whether the locomotion defect seen in promL
mutants was due to reduced dopamine signaling, we used
an ELISA to measure the dopamine concentration in adult fly
heads. The dopamine concentration in both promL mutants
(promL*” and promL*"®) was lower than that in the control
(Fig. 3A). Since dopamine is synthesized from tyrosine by two
enzymes, TH and Ddc, we examined the mRNA expression
levels of these two enzymes and found that they were lower
in the promL mutants than in the control flies (Figs. 3B and
30).

As seen for the promL mutants, the dopamine concen-
tration in Elav>promL RNAI flies was lower than that in the
control flies (Fig. 3D), and the mRNA expression levels of TH
and Ddc were also reduced in Elav>promL RNAI flies (Figs. 3E
and 3F). Overall, these findings suggest that the reduced lo-
comotor activity in promL mutants and pan-neuronal promL
inhibition flies resulted from reduced dopamine biosynthesis.

promL mutants have reduced TH expression in PAM neu-
rons
Previous studies have shown that Drosophila dopaminergic
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Fig. 2. Neuronal promlL is
required for locomotion. (A) The
locomotion of Elav>promL RNAi
flies was lower than that of the
control (Elav-Gal4/+) flies. (B-D)
Quantification of the data shown
in (A). (B) The total locomotor
activity of Elav>promL RNAI flies
was lower than that of the control
v’,\ flies. (C and D) The daytime and
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Fig. 3. promL loss-of-function
mutants show reduced dopamine
biosynthesis. (A) The dopamine
concentration in the head was
lower in promL mutants than
in control flies. (B and C) The
expression levels of the mRNAs
encoding TH (B) and Ddc (C) were
lower in promL*” and promL*"
mutants than in w''"® control flies.
(D) The dopamine concentration
in Elav>promL RNA:I flies was lower
than that in control (Elav-Gal4/+)
flies. (E and F) The expression levels
of the mRNAs encoding TH (E) and
Ddc (F) were lower in Elav>promL
RNAI flies than in control flies.
Data are presented as the mean *
SD. *P < 0.05; **P < 0.01; x**P <
0.001.

Fig. 4. promL mutants show
reduced TH expression in PAM
neurons. Dopaminergic neurons
in the adult fly brain were stained
with an anti-TH antibody. (A, C,
and E) Dashed boxes indicate PAM
neurons, a subset of dopaminergic
neurons. TH immunostaining of
the anteriorly located PAM neurons
was lower in promL mutants than
in the control flies. (B, D, and
F) TH immunostaining of other
clusters of dopaminergic neurons
located in the posterior region of
the brain, showing similar patterns
and intensity of TH staining
between promL mutant and
control flies. (G) The fluorescence
intensities of PAM neurons in (A),
(C), and (E) (n = 10-13). PAM,
protocerebral anterior medial; PPL,
protocerebral posterior lateral;
PPM, protocerebral posterial
medial. Data are presented as the
mean + SD. ***P <0.001.



neurons are classified into 13-15 different clusters, each of
which has a different physiological role. To identify the specif-
ic dopaminergic neurons that regulate locomotion, we per-
formed an immunohistochemical analysis of TH in the adult
Drosophila brain. TH immunostaining in PAM neurons from
promL mutants was significantly lower than that in PAM neu-
rons from control flies (Figs. 4A, 4C, 4E, and 4G), while TH
immunostaining in other clusters of dopaminergic neurons
located in the posterior region of the brain showed similar
patterns and intensity between control and promL mutant
flies (Figs. 4B, 4D, and 4F). These results suggest that promL
regulates dopamine biosynthesis by controlling TH produc-
tion in dopaminergic PAM neurons.

promL in PAM neurons regulates locomotion

Several studies have demonstrated that inactivation or dis-
ruption of dopaminergic PAM neurons disrupts locomotion in
Drosophila. Therefore, we examined whether the reduction
in locomotion seen in promL mutant flies was attributable
to a dopaminergic PAM neuron-specific effect. We first con-
firmed expression pattern of PAM neuron-specific Gal4 by
crossing PAM-Gal4 (R58E02-Gal4) with UAS-mCD8 GFP
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(Supplementary Fig. S2). The GFP expression pattern clearly
showed that PAM-Gal4 was appropriate for the experiment.

Like the promL mutant and PAM>promL RNAI flies (dis-
playing PAM neuron-specific promL inhibition) also showed
reduced locomotion when compared with the control (Figs.
5A and 5B), and this reduction was seen in both the daytime
and night-time periods (Figs. 5C and 5D).

Inhibition of promL in PAM neurons reduces startle-in-
duced climbing

First, we examined whether inhibition of promL in PAM neu-
rons results in reduced expression of the TH protein. As seen
for the promL mutants, immunostaining of TH in PAM neu-
rons was lower in PAM>promL RNA:I flies than in control flies,
whereas the numbers of GFP-positive PAM neurons were
similar in both groups (Figs. 6A-6C).

Previous studies have shown that PAM neurons regu-
late startle-induced climbing ability as well as spontaneous
locomotion in Drosophila. Then, we examined whether
mutation or inhibition of promL in PAM neurons causes a
startle-induced climbing deficit. Compared with those of the
controls, the climbing abilities of both the promL mutant

1500 -

1000 -

B Total C Day
2000 - 1500 -
m k%%
2 1500
® 10004 -
3
5 1000 - ’
e
S 500- :
0 T T 0 1 L
x ?.\ b‘\x ?.\
0’»“ ?§ (,0\ ?’é
Q& \/ Q’ \’
& ° & °
* v
P N

- Fig. 5. promL in PAM neurons
regulates locomotion. (A)
PAM>promL RNAI flies showed
reduced locomotion compared
. with PAM-Gal4/+ control flies.
(B-D) Quantification of the
data shown in (A). (B) The total
edee locomotor activity of PAM>promL
. RNAI flies was lower than that of
the control flies. (C and D) The
daytime and night-time locomotor
activities of the PAM>promL RNAi
4 \ flies were lower than those of the
© control flies. Data are presented
as the mean = SD. **P < 0.01;
*%xP<(0.001.
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and PAM>promL RNAI flies were reduced (Figs. 6D and 6E).
These data suggest that promL in PAM neurons regulates
spontaneous locomotion and startle-induced climbing.

DISCUSSION

Since its discovery in 1997, CD133 (also known as promi-
nin-1) has been used primarily as a stem cell biomarker. Most
previous studies have focused on the functions of CD133
at the cellular level, especially in stem cells, rather than its
effects on physiology and behavior at an organismal level.
Recent studies in mice and Drosophila have shown that
knockout of CD133 or its fly homolog, promL, results in met-
abolic defects. CD133-knockout mice show increased body
weight and circulating glucose levels (Karim et al., 2014),
and promL-knockout flies show increased lipid storage, body
weight (Zheng et al., 2019), circulating glucose levels, and
life span (Ryu et al., 2019). These studies on the physiological
functions of CD133 have suggested that it may regulate oth-
er behaviors related to metabolism at an organismal level.
The results presented here provide evidence that promL
is required for locomotion in adult Drosophila. Drosophila
exhibits morning and evening peaks in locomotor activity,
which are regulated by clock neurons. Previous locomotion
studies in Drosophila have focused on this rhythmic behavior,
and have identified several genes and neuronal networks
regulating morning- or evening-specific locomotion. Here,
we found that, unlike circadian rhythm regulator genes,
inhibition of promL induced a locomotion defect without

646 Mol. Cells 2022; 45(9): 640-648

(E) PAM>promL RNAI flies showed
reduced startle-induced climbing
ability compared with control flies.
Data are presented as the mean *
SD. **P<0.01; ***P<0.001; n.s,
not significant.

disrupting the bimodal peaks, suggesting that the function
of promlL is to regulate locomotion rather than circadian
rhythmic behavior. Our findings suggest that the decreased
locomotion in promL inhibition flies was caused by reduced
dopamine biosynthesis in the brain.

In Drosophila, dopamine signaling in the different subsets
of dopaminergic neurons regulates locomotion in different
ways. Dopamine signaling in the mushroom body (Landayan
etal, 2018; Sun et al., 2018), fan-shaped body (Ueno et al.,
2012), and PAM (Fuenzalida-Uribe and Campusano, 2018)
neurons regulates locomotion by controlling startle-induced
negative geotaxis, arousal, and spontaneous movement,
respectively. Consistent with previous reports that PAM do-
paminergic neurons are responsible for spontaneous locomo-
tion, we found that TH protein expression in PAM neurons
was reduced dramatically in promL mutants. When promL
was inhibited in PAM neurons, locomotor activity was de-
creased, but rhythmic behavior was not affected. The latter
finding may be explained by the fact that dopamine signaling
was reduced in PAM neurons only, and not in the other circa-
dian-regulating dopaminergic neurons.

Loss of dopaminergic neurons induces Parkinson’s dis-
ease (Dauer and Przedborski, 2003; Won et al., 2021), and,
in humans, degeneration of dopaminergic neurons in the
substantia nigra pars compacta causes serious motor dys-
functions (Shulman et al., 2011). Overexpression of human
a~synuclein, a key protein involved in Parkinson’s disease, in
PAM neurons results in locomotor dysfunction in Drosoph-
ila (Riemensperger et al., 2013). The lack of appropriate



biomarkers has made Parkinson’s disease research difficult.
Our discovery that promL regulates dopamine biosynthesis
in PAM dopaminergic neurons suggests that mammalian
CD133 could be used as a biomarker for motor defects of
Parkinson’s disease.

Despite the evidence that promL plays a role in locomo-
tion, additional studies are required to elucidate the mech-
anism underlying this phenomenon. Recent studies have
demonstrated that promL regulates glucose metabolism
and life span through AKT signaling. Drosophila promL mu-
tants display reduced levels of pAKT caused by inhibition of
the insulin signaling pathway (Ryu et al., 2019). In addition,
studies using in vitro tumor models have shown that phos-
phorylation of the tyrosine 828 residue of CD133 activates
AKT signaling through interaction with the p85 protein (\Wei
etal, 2013). AKT is involved in various signaling mechanisms
and is reduced in dopaminergic neurons in Parkinson’s dis-
ease patients (Timmons et al., 2009). Since AKT was reduced
in promL mutants, we speculate that promL may regulate
locomotion through an AKT cascade, which in turn regulates
dopamine synthesis; however, this hypothesis requires further
investigation.

In summary, the results presented here demonstrate that
promL, the fly homolog of the cancer stem cell biomarker
CD133, plays an important role in controlling locomotion
through dopamine biosynthesis in PAM dopaminergic neu-
rons. Our work may help to elucidate the function of mam-
malian CD133 in dopamine signaling and Parkinson’s disease.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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