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Abstract Elevated serum urate (hyperurice-
mia) promotes crystalline monosodium urate tissue
deposits and gout, with associated inflammation and
increased mortality. To identify modifiers of uric
acid pathologies, we performed a fly Genome-Wide
Association Study (GWAS) on purine metabolites
using the Drosophila Genetic Reference Panel strains.
We tested the candidate genes using the Drosophila
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melanogaster model of hyperuricemia and uric acid
crystallization (“concretion formation™) in the kid-
ney-like Malpighian tubule. Medusa (mda) activity
increased urate levels and inflammatory response
programming. Conversely, whole-body mda knock-
down decreased purine synthesis precursor phos-
phoribosyl pyrophosphate, uric acid, and guanosine
levels; limited formation of aggregated uric acid
concretions; and was sufficient to rescue lifespan
reduction in the fly hyperuricemia and gout model.
Levels of mda homolog FAM214A were elevated in
inflammatory M1- and reduced in anti-inflammatory
M2-differentiated mouse bone marrow macrophages,
and influenced intracellular uric acid levels in human
HepG2 transformed hepatocytes. In conclusion,
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mdal/FAM214A acts in a conserved manner to regu-
late purine metabolism, promotes disease driven by
hyperuricemia and associated tissue inflammation,
and provides a potential novel target for uric acid-
driven pathologies.

Keywords GWAS - Drosophila - Purines -
Lifespan - Hyperuricemia - Inflammation

Introduction

An increase in uric acid body burden, reflected in ele-
vated circulating levels of urate (termed hyperurice-
mia), promotes the development of tissue monoso-
dium urate crystallization and uric acid urolithiasis in
gout [1]. Gout and hyperuricemia prevalence are ~4%
and ~21%, respectively, in the USA adult population,
and increase with aging, and gout is a substantial
global public health problem [2—-4]. Moreover, with
or without gout, hyperuricemia is associated with
chronic kidney disease and several other disorders
associated with aging, including hypertension, meta-
bolic syndrome, type 2 diabetes, and coronary artery
disease [5]. In addition, gout and hyperuricemia are
positively correlated with and have been linked, as
independent risk factors, with premature death and
higher cardiovascular and all-cause mortality in clini-
cal cohort studies [6—17].

Aging-related decline and hyperuricemia affect
similar processes, including the interconnected gen-
eration of reactive oxygen species (ROS) and inflam-
mation [18-22]. Xanthine oxidase, which is respon-
sible for the direct enzymatic generation of uric
acid, contributes to aging by promoting oxidative
stress [23, 24]. However, the mechanisms by which
hyperuricemia contributes to aging are incompletely
defined. Since uric acid is the end product of purine
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degradation in humans, specifically defining the
effects and regulation of uric acid in aging and aging-
related diseases could provide novel targets for spe-
cific diseases of aging and healthspan.

We sought to identify novel genes which could
impact uric acid metabolism and determine their role
in purine metabolism and aging. Drosophila mela-
nogaster has been a useful model for this type of anal-
ysis, as we have developed an in-house hyperuricemia
fly model that takes advantage of the highly con-
served purine metabolic pathway that includes mul-
tiple enzymes involved in de novo synthesis, salvage,
and degradation of purine intermediates [25]. This
model inhibits the conserved enzyme, urate oxidase
(Uro), which catalyzes one of the final steps in purine
degradation, the conversion of uric acid to allantoin,
and demonstrates that Drosophila melanogaster is
ideally suited to study both hyperuricemia and crys-
tallopathies. Crystallopathies and elevated uric acid
can be achieved through either dietary supplementa-
tion or inactivation of the gene for the interconvert-
ible enzymatic forms of xanthine oxidase/xanthine
dehydrogenase [25-32]. Yet, there is currently no
study utilizing the power of Drosophila genetic tools
to identify genes regulating the pathological pheno-
types caused by these changes to purine metabolism.

Here, we tested the hypothesis that specific natural
genetic variants are responsible for variation in levels
of purine metabolites including uric acid. To do so,
we used lines from the Drosophila Genetic Reference
Panel (DGRP) [33]. Applying a Genome-Wide Asso-
ciation Study (GWAS) approach, we assessed purine
metabolite levels from DGRP lines raised under con-
ditions under which purine metabolism was differen-
tially regulated by two different dietary conditions.
We identified 5 genes that are associated with at least
one purine metabolite [34]. We showed that the can-
didate gene CG9005, which we rename as a medusa
(mda), is involved in purine regulation, the inflam-
matory process, uric acid crystallization-induced
concretion formation in the Malpighian tubule, and
shortened fly lifespan. Little is known about mda,
beyond it being previously identified as regulating the
lifespan response to tunicamycin-induced ER stress
in flies [35]. mda was also identified via ChIP-Seq of
3rd-instar fly larvae as a target of the known ER stress
response transcription factor xbpl [36-38]. mda
shares two domains, a domain of unknown function
DUF4210 and the C-terminal of protein FAM214/
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SPAC3HS8.04, with its human ortholog, Family With
Sequence Similarity 214 Member A (FAM214A);
functions have not yet been defined for both domains
and the ortholog [39—41].

Investigating how mda regulates lifespan in
our hyperuricemia model, we identified its role
as a regulator of the uric acid—induced innate
immune inflammatory response downstream of
xbpl. Moreover, we demonstrate the regulation
of FAM214A in M1-differentiated mouse inflam-
matory macrophages and its capacity to regulate
intracellular urate in transformed human HepG2
hepatocytes. The work raises new questions about
the roles of altered purine metabolism and hyper-
uricemia in aging and aging-related patholo-
gies. The results presented in this study suggest
mdalFAM214A is a novel and major component
of the conserved uric acid pathway that is relevant
for metabolic diseases and aging. Importantly,
mda/FAM214A is a potential target to ameliorate
the negative side effects of elevated uric acid bur-
den, without the detrimental consequences of tar-
geting upstream genes with pleiotropic effects.

Methods
Fly lines, husbandry, and diet composition

We generated a hyperuricemia fly model by recom-
bining the RU486-inducible ubiquitous Gal4 driver
daughterless-GeneSwitch-Gal4 with a uricase RNAi
transgenic line (Da-GS, Uro), and this fly line was
crossed with either RNA inhibition (RNAi) or UAS
overexpression of the gene of interest for various
experiments. All fly lines were maintained on a stand-
ard fly yeast extract medium containing 1.55% yeast,
5% sucrose, 0.46% agar, 8.5% cornmeal, and 1% acid
mix (a 1:1 mix of 10% propionic acid and 83.6%
orthophosphoric acid) prepared in distilled water. To
prepare the media, cornmeal (85 g), sucrose (50 g),
active dry yeast (16 g, “Saf-instant”), and agar (4.6 g)
were mixed in a liter of water and brought to boil
under constant stirring. Once cooled down to 60 °C,
10 ml of the acid mix was added to the media. The
media were then poured in vials (~ 10 ml/ vial) or bot-
tles (50 ml/bottle) and allowed to cool down before
storing at 4 °C for later usage. These vials or bottles

were then seeded with live yeast just before the flies
are transferred and used to maintain lab stocks, col-
lect virgins, or set up crosses.

For each cross, 12—15 virgin females of the Da-
GS, Uro RNAI, or another driver line were mated
with 3-5 males of the altered expression line
in bottles containing an intermediate diet with
1.55% yeast as a protein source. Flies mated for
5 days, and then were removed. Nine days later,
non-virgin female progenies were sorted onto an
AL diet. Four to 8 vials of 25 mated female flies
per vial are collected for each diet, maintained
at 25 °C and 65% relative humidity, and were
on a 12-h light/dark cycle. For gene knockdown
experiments, we used RNAI lines from FlyORF,
Vienna Drosophila Resource Center, and Bloom-
ington Stock Center® (Table S1). To investigate
effects, we employed the Gal4-UAS driver sys-
tem for RNAi in specific tissues, as well as the
drug-inducible GeneSwitch system?. Crosses
utilizing the GeneSwitch system were sorted
onto AL + (standard diet with 5% yeast+ RU486
in 95% ethanol for a final RU486 concentration
of 200 pM) or AL - (5% yeast+95% ethanol)
diets. Flies were maintained under these con-
ditions and concretion formation and lifespan
were tested. Except strains created by Bloom-
ington in the valium background, all other fly
strains were routinely outcrossed 6 times into the
w1118 background to achieve genetic background
homogeneity among different strains and provide
isogenization. Due to the difficulty in backcross-
ing appropriate TRiP control lines, BL35785 and
36,303 empty vector strains were used as back-
ground controls for the Bloomington lines in
these backgrounds.

Concretion assay

Flies were maintained on an AL+or AL —diet for
14 days. They were transferred to fresh media bi-
daily, at which point dead flies were removed. The
following transfer on day 14, living flies were fro-
zen. Frozen flies were then placed on an agar plate
with abdomens and anal plates within droplets of
water, and guts were dissected using surgical pliers
to pull the anal plate. Flies were marked as having a
concretion if at least one concretion of any size was
observed [25].

@ Springer
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Lifespan analysis

Flies developed on standard fly 1.5% yeast extract
medium were transferred to the necessary diet within
72 h after eclosion. For survivorship analysis, vials
with 25 mated females were transferred to fresh
food every other day, and fly survival was scored by
counting the number of dead flies. Each lifespan was
repeated at least once to generate independent bio-
logical replicates [34, 42-45]. We used Cox propor-
tional hazards analysis implemented in the R package
“survival” to analyze the significance of the interac-
tion between two variables in several of the survival
outcomes. We report the probability that B1,2=0,
from fitting the formula phenotype=B1 X varia-
blel + B2 X variable2 + B1,2 X (variable1 X variable2).
The respective p values can be found in Table S2.

Genome-wide association mapping

We used DGRP release 2 genotypes, and FlyBase R5
coordinates for gene models. As in Nelson et al., we
used only homozygous positions and a minor allele
frequency of R 25% to ensure that the minor allele
was represented by many observations at a given pol-
ymorphic locus [43, 46]. The collected phenotype and
genotype data were used as input into an association
test via ordinary least-squares regression using the
StatsModels module in Python [47]. The linear model
was phenotype =1 X genotype + 2 x diet + 33 X gen-
otype X diet+intercept. Nominal p values denoted
as “genotype” in Fig. la report the probability that
p1#0, and those denoted as “interaction” report the
probability that 3 #0. Additional GWAS of purine
metabolites that accounted for Wolbachia infection
status was performed with the linear model being
phenotype = 1 X genotype + 2 X diet + 3 X geno-
type x diet+ Wolbachia +intercept. Raw data can be
found in the online data repository.

To avoid the potential for false positives at a given
nominal cutoff owing to p value inflation, we calcu-
lated false discovery rates (FDR) via permutation as
follows: for given permutation i, we randomized all
strain-metabolite value associations across DGRP
lines, retaining the true diet assignment, and on this
permuted dataset we carried out association tests for
each marker in turn as above. To account for multiple
testing across the 111 metabolites (14 purine metabo-
lites), we kept the 111 metabolite values for a strain

@ Springer

together by randomizing the strain assignments. The
effect size was the coefficient for variables in each
linear regression analysis. FDR values were calcu-
lated by taking the ratio of the number of permutation
p values below a real p value, divided by the number
of permutations run, over the total number of real p
values below that same real p value and multiplying
by 100, i.e., ((sum(permpvalues < =sortedrealpvalue
s[pvalue])/PERMs)/(sum(realpvalues < = sortedrealp
values[pvalue])) x 100).

High-performance liquid chromatography (HPLC)
mass spectrometry (MS)

High-performance liquid chromatography (HPLC)
was performed using an Agilent 1260 UHPLC system
and connected to a Phenomenex Luna NH2 column
(2% 100 mm, 3 pm, 100 A)and a SecurityGuard NH2
guard column (4X2 mm ID). Mass spectrometry
(MS) was performed using a 5500 Triple-Quadru-
pole LC-MS/MS mass spectrometer from Sciex fit-
ted with a Turbo VTM ion source. Sciex’s Analyst
v1.6.1 [68] was used for all forms of data acquisition,
development of HPLC method, and optimization of
analyte-specific MRM (multiple reaction monitor-
ing) transitions. Skyline v4.1 was used for LC-MS/
MS data analysis. For whole fly analysis, 5 flies (in
sextuplicates) per condition were flash-frozen over
liquid nitrogen and subsequently homogenized ultra-
sonically using a Fisher Scientific’s 550 Sonic Dis-
membrator with 50 pl of an 8:2 mixture of methanol/
water (v/v), containing 2.5 pM of 2-chloroadenosine
as internal standard. Three 20-s pulses at amplitude
setting 3 of the instrument (on ice) were sufficient to
completely homogenize fly specimens. The homogen-
ates were then vortexed 5 times throughout~30 min
(each 1 min long). Subsequently, the samples were
centrifuged at 10,000 rpm for 10 min, the supernatant
was filtered, and 3 pl of each was injected for HPLC-
MRM analysis (vide infra) without any additional
processing. For the analysis of fly deposits, samples
were collected as described above and prepared for
HPLC-MRM analysis (vide infra) as described above
for whole flies.

Optimization of analyte-specific MRM transitions,
such as determination of suitable precursor and pro-
ductions and optimal MS parameters for each tran-
sition (Q1, precursor ! Q3, product), was achieved
by isocratic flow injection of the 1-10 pM solution
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(final) for each standard, diluted in 80% methanol.
The most intense transition was used as a quantifier,
whereas one or more additional transitions were used
as a qualifier for each compound [25]. A final stand-
ard mixture of all compounds at 5 pM (containing the
internal standard 2-chloroadenosine at 2.5 pM) was
prepared before analysis and injected at the onset of
each biological sample set.

Based on previous reports [48], the following
HPLC program was developed: a solvent gradient
of 20 mM ammonium acetate+20 mM ammonium
hydroxide (pH=~9.5)+5% acetonitrile (aque-
ous)—acetonitrile (organic) was used with 0.4 ml/min
flow rate, starting with an acetonitrile content of 85%
for 1 min, which was decreased to 30% over 3 min
and then to 0% over 7 min and held at 0% for 2 min.
The HPLC column was subsequently reconstituted to
its initial condition (acetonitrile content of 85%) over
the next 1 min and re-equilibrated for 7 min. Metabo-
lome extracts from whole flies or deposits were ana-
lyzed by HPLC-MRM with positive/negative switch-
ing of source ion modes [48]. Source conditions
were as follows: curtain gas (CUR) 20, collision gas
(CAD) 7, ion source gas 1 (GS1) 30, ion source gas 2
(GS2) 30, ionspray voltage (IS)+4500 V, and source
temperature (TEM) 450 °C. Quantification was based
on the integration of analyte-specific peaks obtained
from HPLC-MRM runs.

Gene expression analysis

To determine gene expression in a normal system,
we sampled 3 biological replicates of 3-5 whole
mated female flies after 2 weeks on both diets. We
isolated RNA using Zymo Quick RNA MiniPrep
kit (R1054) (Zymo Research, Irvine, CA). cDNA of
isolated RNA was synthesized using the iScript™
cDNA Synthesis Kit from Bio-Rad (Bio-Rad
1,708,890) following the manufacturer’s protocol.
For gRT-PCR, we quantified C,, values for 3 techni-
cal replicates per sample using the FastStart SYBR
Green qPCR mix (Sigma-Aldrich 04,673,484,001)
and followed the manufacturer’s instructions with
a Roche LightCycler 480 II machine. Primer infor-
mation can be found in Table S3. Bar plots show
AL + values for all biological and technical replicates
normalized to the respective AL-control group and
the standard error. To validate the effects of RNAi
or mutation on gene expression, we collected 3-5

whole females following 2 weeks on their diet. We
then isolated RNA from these samples, synthesized
cDNA, and performed qRT-PCR on the perturbed
genes as described.

Western blot

Cells were lysed in RIPA buffer with 2 mM sodium
vanadate and protease inhibitor cocktails (Roche,
Mannheim, Germany). Cell lysates (10-15 pg) were
separated by gradient 4-20% SDS-PAGE and trans-
ferred onto PVDF membranes (Sigma, St. Louis,
MO). The blots were blocked with Odyssey Block-
ing buffer (LI-COR 927-50,000, Lincoln, NE) for
1 h at room temperature and then incubated with pri-
mary rabbit antibodies against FAM214A (1:1000
dilution, #HPAO039369, Sigma-Aldrich, St. Louis,
MO) overnight at 4 °C. Washes were performed with
TBS 0.1% Tween-20 (TBST) before the addition of
IRDye 680RD goat anti-rabbit IgG secondary anti-
body (1:10,000 dilution, LI-COR, Lincoln, NE) for
1 h at room temperature. For loading control, the
blots were incubated with primary mouse monoclonal
antibody against B-actin (1:5000 dilution, #A2228,
Sigma-Aldrich, St. Louis, MO) followed by washing
and incubating with IRDye 800CW anti-mouse IgG
secondary antibody (1:10,000 dilution, LI-COR, Lin-
coln, NE). All blots were imaged on the Odyssey®
CLx imaging system using 680 nm and 780 nm chan-
nels. Protein detection was performed using Image
Studio Ver. 5.2. Expression of FAM214A was nor-
malized to B-actin.

Cell transfection

HepG2 cells were cultured in the DMEM+10%
FBS + 1% pen-strep. Cells were transfected with (A)
plasmids of pCMV3-hFAM2I4A and the empty vec-
tor using X-tremeGENE HP DNA transfection rea-
gent (Sigma) or (B) siRNAs of human FAM2I4A
siRNA and non-targeted (Thermo Fisher) con-
trol using X-tremeGENE siRNA transfection rea-
gents (Sigma) for 48 h, and following manufacturer
protocols.

Intracellular uric acid measurement

The intracellular wuric acid levels were deter-
mined using Uric Acid Assay Kit (Sigma-Aldrich

@ Springer



GeroScience

MAKO77). Raw data are included as Online Resource
2.

Mouse bone marrow—derived macrophage (BMDM)
differentiation

BMDMs were differentiated from bone marrows iso-
lated from 10-week-old C57BL/6 mice in the pres-
ence of 20% 1.929 cell-conditioned media for 7 days,
which represented MO macrophages. These cells were
subsequently treated with LPS (20 ng/ml) and INFy
(10 ng/ml) or IL-4 (20 ng/ml) for 24 h to polarize to
M1 and M2 macrophages, respectively. Raw data are
included as Online Resource 2.

Mouse liver explant IL-1f treatment

C57BL/6 J male mice were housed in static, poly-
sulfone, microisolation cages and maintained on a
12:12-h light:dark cycle with caging, food (regu-
lar chow), and water bottles changed weekly. Mice
at 10 weeks of age were sacrificed and livers were
removed and cut into small pieces and placed in a
DMEM culture medium containing 10% FBS for
2 days. The liver tissue explants were then treated
with IL-1p (2 ng/ml) in fresh DMEM media con-
taining 1% FBS for 6 h. The tissues were collected
and washed with PBS 3 times and subjected to RNA
extraction followed by quantitative RT-PCR analysis
for FAM214A expression. Raw data are included as
Online Resource 2.

Quantification and statistical analysis

Significance was determined between different gene
expression (QRT-PCR) data and phenotypic data at
specific time points using the Wilcoxon test of the
pcr_test() function from the PCR package in R unless
otherwise specified. The significance of differences
between survival curves was assessed by the Cox pro-
portional hazards test. p<0.05 was considered sta-
tistically significant. Significant differences between
experimental groups and controls were indicated by
* *p<0.05, **p<0.005, ***p<0.0005, nc=no
change, and ns=not significant. Correlation between
traits was determined using the cor() function in R
on all data points and calculating Pearson correlation
coefficients. Data and scripts used for analysis are
provided in Online Resources.

@ Springer

Results

Identifying variants associated with regulating purine
metabolism

To identify regulators of purine metabolism, we used
a previously published metabolomic dataset in female
flies from the Drosophila Genetic Reference Panel
(DGRP) on either high yeast extract food (AL, 5%
yeast extract in food) or low yeast extract food (DR,
same composition except 0.5% yeast extract in food)
for GWAS. This form of DR, which restricts nutri-
ents without causing malnutrition, has been shown
to robustly extend lifespan and healthspan, as well
as improve phenotypes associated with hyperurice-
mia [25, 49]. This allowed the discovery of genetic
markers which associate with purine levels across
multiple genotypes under standard or hyperuricemia-
easing dietary conditions [34]. The screen identified
5 candidate genes that were associated with at least
one purine metabolite (Fig. 1a). Three genes, cacoph-
any (cac), the transcription factor hamlet (ham), and
medusa (mda), associated with guanosine, while
stathmin (stai) and CG10362 were both associated
with urate, which can act as a toxic product of the
purine degradation pathway (Fig. 1a). None of the
genes was previously known to participate in purine
metabolism, with cac, stai, and ham having neuron-
related functions, and CGI10362 being involved in
intracellular signal transduction. Addition of Wol-
bachia infection status to the linear model did not
remove the above candidates at the top of the can-
didate list, and added an additional candidate gene,
sulfateless (sfl), to the top candidates with human
orthologs (Table S5).

mda reduced guanosine in both a wild-type
background and the hyperuricemia fly model

To validate the GWAS candidates, we measured the
impact of whole-body RNAi using the driver line Da-
GS on the candidate genes’ associated metabolite lev-
els in mated female flies of a wild-type background
using HPLC mass spectrometry (Fig. 1b). Inhibition
of mda significantly decreased levels of its associated
metabolite, guanosine (p=1.59x107%%), validating
the GWA result. We also used a fly model of elevated
urate levels to determine if the candidate genes could
impact their associated metabolite in a model of
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Fig. 1 Whole-body mda RNAIi reduces guanosine levels in
wild-type and alters purine metabolism in model, preventing
increased uric acid levels, and rescuing the concretion pheno-
type. a Purine GWAS candidate genes and associated metabo-
lites. b Fold change of associated metabolite with inhibition
(RNAI) or over expression (OE) of candidate gene in wild-type
background compared to uninhibited isogenic control flies
fed food with ethanol instead of RU486 (indicated by dashed
line). Fly strains used, each crossed with Da-GS: mda RNAi—
BL33362, cac RNAi—v104168/kk, ham OE—BL22209, and
stai RNAi—BL53925. n=5 biological replicates of 5 flies per
condition. ¢ Purine metabolites with significant fold changes
in model with concurrent mda RNAi (BL33362) compared
to background control, each crossed with Da-GS, uro RNAI.
(TRiP empty vector control strain BL35785 represented by
dashed black line.) d Proportion of flies with concretions in
flies with Da-GS, uro RNAIi crossed with TRiP BL35785 con-

1

trol or with concurrent candidate gene RNAi. Fly strains used
same as in b, except ham RNAi—BL22209 (number of flies
from left to right, n="71, 38, 82, 73, and 43). Multiple com-
parisons made using Dunnett’s one-way ANOVA, with direct
comparisons using two-tailed Student’s ¢ test for first rep-
etition, and one-tailed for subsequent repeats, in excel, with
raw data and all repeats in Online Resource 23 and Table S4.
e Model of purine metabolism, with metabolites in black
and genes significantly altered with concurrent mda RNAi
(BL33362) in the Da-GS, uro RNAi model in red, with arrows
indicating direction of metabolite level or expression change.
Mated females used for all experiments due to stronger phe-
notypic responses. Comparisons made using Student’s ¢ test
unless otherwise indicated. Significant differences for all
tests are indicated by *: *p<0.05, *¥p<0.01, ***p<0.001,
*#k*%p <0.0001. Whiskers on boxplots drawn to largest or
smallest values if within 1.5 times inter-quartile distance
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elevated uric acid (UA) levels [25]. In this hyperurice-
mia fly model, uricase (uro) is inhibited in the whole
body using the driver line Da-GS to elevate uric acid
and simulate human purine metabolism (Da-GS, uro
RNAi recombinant line). This model recapitulates
some hyperuricemia health outcomes, making it ideal
for testing human genes associated with this condi-
tion [25]. The model exhibits a burden of concretions
(stone-like deposits) in the kidney-like Malpighian
tubule excretory system, triggered by a rich diet that
associates with a significantly shortened lifespan. As
in the wild-type background, when mda was inhibited
in our hyperuricemia fly model, it also significantly
decreased guanosine (p=1.65x 107%%; Fig. 1c). Addi-
tionally, mda inhibition nearly completely prevented
the model’s increase in uric acid (p=4.96x10~%;
Fig. 1c). The modulation of other purine metabolites,
in both the wild-type and our model, revealed mda
to be a regulator of purine metabolism, particularly
in a hyperuricemia context (Fig. 1c; Sup Fig. 1a, b).
In addition to regulating purine metabolite levels,
mda regulates expression of Xanthine dehydroge-
nase ortholog rosy (p=6.37x10"%), GART ortholog
ade3 (p=10x10"2), aprt (p=4.29%x10"9),
and the 5'-nucleotide transferase ortholog veil
(p=2.9%10"%) (Sup Fig. 1c). Furthermore, inhibi-
tion of stai expression significantly altered its associ-
ated metabolites’ level in our hyperuricemia model
(Sup Fig. 1a).

Inhibition of mda rescues the concretion and
shortened lifespan phenotypes of the hyperuricemia
fly model

While mda inhibition altered purine metabolism,
we determined whether it rescued the hyperurice-
mia model phenotypes of a shortened lifespan and
concretion formation in the Malpighian tubules
and hindguts [25] (Sup Fig. 1). Despite most can-
didates rescuing the concretion phenotype, with
ham as the exception, only cac and mda also res-
cued the lifespan reduction (Figs. 1d and 2a; Sup
Fig. 2). The transcription factor ham was the only
candidate whose knockdown increased the forma-
tion of concretions, yet it still did not significantly
impact the model’s lifespan phenotype (Fig. 1d;
Sup Fig. 2). Since mda RNAI significantly altered
its associated metabolite, as well as its impact on
the model’s concretion and lifespan phenotypes,
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we focused on elucidating the mechanisms of
mda. To identify the tissue where mda expression
contributes to the shortened lifespan, we exam-
ined the role of mda expression in a wild-type
background. Inhibiting mda in a wild-type back-
ground had minimal effects on lifespan, regard-
less of which tissue it was inhibited (Fig. 2b; Sup
Fig. 3). Considering that mda significantly res-
cued the hyperuricemia model traits, we decided
to further characterize the mechanisms by which
it functions.

mda expression is regulated by xbp 1

To identify transcriptional regulators of mda, we
used a transcription factor (TF) analysis utilizing
publicly available ChIP-Seq data from fly larvae
[36-38]. This analysis showed mda to be a target
for the endoplasmic reticulum (ER) stress response
TF Xbpl during development. We confirmed that
xbpI®NA inhibited adult mda expression in our
hyperuricemia model; however, xbpl overexpres-
sion (OE) did not have a significant effect (Fig. 3a;
Sup Fig. 4a). Further, xbpI®NA! significantly res-
cued the concretion phenotype (Fig. 3b), while xbp1
OE did not tend to increase concretions. Despite
these effects, neither inhibiting nor overexpressing
xbp1 significantly impacted the model’s shortened
lifespan (Fig. 3 ¢ and d, respectively). To rule out
pleiotropic effects of xbpl inhibition, we tested
whether xbpl inhibition was sufficient to shorten
lifespan in a wild-type background. Indeed, whole-
body inhibition in a wild-type background sig-
nificantly shortened lifespan (p <2.00x 107'%; Sup
Fig. 4), and its inhibition in the model did not sepa-
rately increase the hazard ratio (p:4.61><10‘01;
Table S3). The lifespan effects of xbpl inhibition
are also confounded by prior results demonstrating
that its inhibition can be detrimental to longevity
[50]. Together these results show that xbp! is neces-
sary but not sufficient to induce mda expression and
the knockdown of either of these genes rescues the
concretion phenotype in the hyperuricemia model,
but its pleiotropic effects confound any interpreta-
tion of its lifespan effects. Furthermore, mda is a
more specific target for the downstream effects of
hyperuricemia that is less likely to disrupt other key
stress response pathways.
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Fig. 2 mda RNAIi is sufficient to rescue the hyperuricemia
model’s decreased lifespan phenotype. a Lifespan rescue of
whole-body mda RNAi (BL33362) crossed with hyperurice-
mia model (Da-GS, uro RNAi, TRiP empty vector control
strain BL36303; number of flies from top of legend to bottom,
n=1264, 1334, 561, and 585). b Breakdown of mda RNAi
(BL33362) lifespan effects in hyperuricemia model back-

mda is necessary for innate immune response in the
hyperuricemia model

Next, we sought to identify the pathways by which
mda expression impacts lifespan and concretion
phenotypes. To do so, we performed qPCR of genes
shown to be upregulated in the hyperuricemia model
[25]. We sought to determine if mda acts through
reactive oxygen species gene NADPH-oxidase (NOX),
inhibition of which has previously been shown to

374516 77 -18.39

358182 57 1.16

29.4031

28.808

36.705

35.5644 72 -34.64 2.17E-159 5 1160 1125

7.40E-26 5 924 847
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63 -1.65  4.79E-03 1 212 202
50 12.06  3.51E-03 1 191 200
64 9.16  3.50E-03 2 428 448
64 -9.77  2.87E-02 1 399 200

ground (shaded red) or tissue-specific inhibition in wild-type
backgrounds (shaded gray). AL —/+indicates flies fed etha-
nol or RU486, respectively. All p values from coxph() func-
tion in survival package in R (survival curves and cox propor-
tional hazards results can be found in Sup Figs. 2 and 3, and
Table S2, respectively)

rescue the hyperuricemia phenotypes [25]. Since an
inflammatory response was also seen in the fly model
and connected with hyperuricemia, we also tested the
role of innate immunity, using diptericin A (diptA)
and attacin B (attB) as readouts of an activated
inflammatory response. We found that inhibiting mda
in our model almost completely negated the increased
expression of diptA and a#B in the hyperuricemia
model but did not significantly prevent the increase
in NOX (Fig. 4a). Furthermore, inhibition of diprA
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Fig. 3 xbpl regulates mda expression, but its modulation does
not rescue lifespan. a mda expression levels with RNAi of
xbpl (BL36755) or mda RNAi (BL33362) crossed with hyper-
uricemia background (Da-GS, uro RNAIi) relative to unin-
hibited isogenic control flies fed food with ethanol instead of
RU486. 3 biological replicates of 3 flies, each, per condition.
b Proportion of flies with concretions with xbpl or mda RNAi
in hyperuricemia background. (direct comparisons using two-
tailed Student’s ¢ test for first repetition, and one-tailed for sub-
sequent repeats, in excel, with raw data and all repeats in File
S1 and Table S4; TRiP empty vector control strain BL.35785;
number of flies from left to right, n=61, 55, 75, and 48). ¢

alone was sufficient to rescue the model’s concretion
(p=6.63x10"") and lifespan (p=3.10x10""7) phe-
notypes (Fig. 4 b and c, respectively). This suggests
that mda’s mechanism of action is through regulat-
ing the immune response in a hyperuricemia context,
independently of the NOX pathway.

mda homolog FAM214A regulates intracellular urate
in HepG2 cells

To determine whether the effects of mda are con-
served, we probed the ability of mda to regulate
intracellular urate (UA) in human cells known to
produce uric acid. We first looked for changes in
cell urate level when FAM214A was overexpressed
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Time (Days)

Lifespan with over expression (UAS) of xbpl (BL60731) in
hyperuricemia background. Number of flies from top of legend
to bottom, n=115, 124, 129, and 138. d Lifespan with inhibi-
tion of xbpl in hyperuricemia background (Cox proportional
hazards results can be found in Table S2; TRiP empty vector
control strain BL35785; number of flies from top of legend to
bottom, n=90, 117, 248, and 246). Significant differences for
all tests are indicated by *: *p <0.05, **p <0.01, ***p <0.001,
**%%p <0.0001. AL —/+indicates flies fed ethanol or RU486,
respectively. Error bars of a and b represent SEM between rep-
licates

or knocked down in human hepatocyte cancer cell
line HepG2. Cells with overexpression of FAM214A
had a significant increase in urate (p=1.60x 107%%),
while FAM2I14A knockdown led to a significant
decrease (p=9.00x107%) (Fig. 5a). To deter-
mine whether the immune function of mda might
potentially be conserved in mammals, we then
assayed FAM214A levels in a murine immune cell
model, bone marrow—derived monocytes (BMDM),
employing SDS-PAGE/Western Blot. FAM2I14A
was low in resting macrophages (MO), increased
in cells differentiated to be pro-inflammatory (M1
macrophages), and FAM214A protein was sparse in
macrophages differentiated to be anti-inflammatory
(M2 macrophages) (p=3.9x 107" and 2.2x 107%,
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Fig. 4 mda inhibition dampens hyperuricemia model’s
immune response, which is sufficient to rescue fly model’s
concretion accumulation and decreased lifespan. a Diptericin A
(diptA), Attacin B (attB), or NADPH-oxidase (NOX) expression
levels in hyperuricemia model (Da-GS, uro RNAI crossed with
TRiP empty vector control BL35785) alone or with concur-
rent mda RNAi (BL33362) normalized to uninhibited isogenic
control flies fed food with ethanol instead of RU486 (indicated
by dashed line). 3 biological replicates of 3 flies, each, per
condition. b Proportion of flies with concretions in flies with
Da-GS, uro RNAIi crossed with TRiP empty vector control
BL35785 or with concurrent inhibition of diptA (BL67221)

respectively, when compared to M0O) (Fig. 5b). To
determine if FAM2I4A expression is responsive to
inflammatory signals, we treated mouse liver tis-
sue explants with IL-1p ex vivo. Treated livers had
significantly higher levels of FAM2I14A expression

30

(direct comparisons using two-tailed Student’s ¢ test for first
repetition, and one-tailed for subsequent repeats, in excel, with
raw data and all repeats in File S1 and Table S4; number of
flies from left to right, n=61 and 45). ¢ Lifespan with inhibi-
tion of diptA in hyperuricemia background (TRiP empty vector
control strain BL35785; Cox proportional hazards results can
be found in Table S2; number of flies from top of legend to
bottom, n=123, 86, 115, and 78). AL —/+indicates flies fed
ethanol or RU486, respectively. Significant differences for all
tests are indicated by *: *p<0.05, **p<0.01, ***p<0.001,
##%%p <0.0001. Error bars represent SEM between replicates

(p=3.00x107%; Fig. 5c). These results suggest
that mda/FAM214A regulates uric acid metabolism
and the innate immune response can be conserved
in flies and mammals.
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Fig. 5 mda homolog FAM214A expression influences intra-
cellular uric acid (UA) levels, is differentially expressed in
bone marrow—derived macrophages (BMDM), and is upregu-
lated in response to IL-1B. a Both “gain-of-function” and
“loss-of-function” approaches were used to overexpress and
knockdown FAM214A expression in human HepG2 cells via
transient transfection. The data were presented as fold changes
relative to the vector control or control siRNA (bottom panels).
FAMZ214A protein expression was examined by Western blot
analysis (top panels). Unpaired Student’s ¢ test was used for
the statistical analysis. b Top panel shows FAM214A protein
expression in mouse BMDMs that were undifferentiated (MO)

Discussion
The end product of purine metabolism is uric acid in

humans and closely related primates, as opposed to
allantoin in the majority of organisms. This is due to

@ Springer

or differentiated to pro-inflammatory (M1) or anti-inflamma-
tory (M2) states, and here examined by Western blot analysis.
Bottom panel shows fold of changes of FAM214A expression
(normalized to B-actin by semi-quantitative densitometry anal-
yses of Western blot images from 9 different mouse donors)
in M1 and M2 relative to MO BMDMs. Kruskal Wallis with
Dunn’s multiple comparisons test was used for the statistical
analysis. ¢ Upregulation of FAM214A mRNA expression by
IL-1B ex vivo in mouse liver tissue explants (n=4). Unpaired
Student’s ¢ test was used for the statistical analysis. Error bars
represent SD between replicates

the lack of human expression of a functional urico-
lytic uricase gene [51, 52]. The evolutionary benefits
of humans losing the uricase gene remain speculative
[52-54]. However, the detrimental health outcomes
arising from a pathological elevation of circulating
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urate burden given the current epidemic of obesity, in
over 20% of Americans, render this an important area
for drug discovery [5, 55]. Beyond the more acute
impacts of related pathologies due to crystallization
of sodium urate and uric acid, the shortened maxi-
mum fly and human lifespan caused by elevated urate
burden incentivize pursuing new drug targets [25].
Many recently identified genes that impact hyper-
uricemia in the fly, such as IGF-1, FOXO, and NOX,
have pleiotropic effects [56-58]. As such, identify-
ing downstream “effector” genes offers the potential
to treat not only the pathological outcomes but also
the effects of human purine metabolism on aging pro-
cesses and lifespan.

Our findings raise new questions on the connec-
tions between lifespan, hyperuricemia, and patholo-
gies due to the deposition of crystalline monosodium
urate in the synovial joint or as uric acid in the renal
urine collecting system. In this study, all the GWAS
candidate genes examined significantly altered the
concretion phenotype. However, all but two failed to
rescue shortened lifespan in the fly model of hyper-
uricemia. Interestingly, despite only mda significantly
changing the levels of its associated metabolite,
guanosine, all candidate genes altered other purine
metabolites in the fly model. These results support
new approaches to studying and potentially treating
hyperuricemia. Treatments that target transporter

Fig. 6 mda regulates
hyperuricemia model
phenotypes through alter-
ing purine metabolism
and upregulating immune
response

medusa

gene candidates from GWAS of human gout patients,
such as SLC2A9 and its gene product GLUT9, may be
impacting only limited health aspects of the disease
[7]. Furthermore, since uric acid is the end product of
human purine metabolism, these observations point
to the existence of alternative lifespan-specific path-
ways of purine metabolites, potentially through treat-
ments that abrogate uric acid—induced inflammatory
responses.

The gene that we focused on, mda, has been
uncharacterized except for its linkage to tunicamycin-
induced ER stress [35]. medusa was also identified in
a ChIP-Seq of 3rd-instar fly larvae as a target of the
known ER stress response transcription factor Xbpl,
providing further support for its role in ER stress
[36-38]. We discovered that mda regulates purine
metabolism in a hyperuricemia context in vivo in the
fly, modulating the levels of guanosine and certain
other purine metabolites, at least partly by effects on
expression of the Xanthine dehydrogenase ortholog
rosy, GART ortholog ade3, aprt, and the 5'-nucleotide
transferase ortholog veil. We demonstrated that mda
is an “effector” gene in the xbpl ER stress response
pathway which regulates purine metabolism changes
and the inflammatory response in a hyperuricemia
context (Fig. 6). Despite inhibition of xbpl being
sufficient to rescue the concretion phenotype of our
model, we did not see a similar rescue of the model’s

medusa regulates purine metabolism
and immune response
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shortened lifespan. This could be due to the lifespan
shortening effects of inhibiting xbp/ in a wild-type
background, which would confound any rescue of the
model lifespan. Studies of the human mda ortholog
FAM214A, which had an unknown function, suggest
that mda also regulates intracellular urate levels, that
mda contributes to the fly pro-inflammatory response
to hyperuricemia, and that FAM2I4A could impact
pathophysiology in gout. Our results further sug-
gested that the mda human ortholog FAM214A could
function in regulating purine metabolism.

Precisely how FAM2I4A regulates urate lev-
els has not yet been determined, but we speculate
cytoskeletal functions play a role. Human FAM214A
Q32MHS has binary interactions with 6 proteins,
including keratin, type I cytoskeletal 40, and ADIP
and afadin- and alpha-actinin-binding protein, which
localizes at and is required for the formation of the
leading edge of moving cells and promotes cell move-
ment, potentially through activation of Rac signal-
ing [59-63]. Importantly, one mechanistic theory of
uric acid generation in some cells is that it occurs in
a “purinosome” structure of multiple purine metabo-
lism enzymes macroaggregated at the leading edge of
moving cells [64, 65]. Whether FAM214A is centrally
involved as a scaffolding protein or chaperone in puri-
nosome assembly and function remains to be tested.

Rescue of the fly hyperuricemia model concretion
phenotype by mda knockdown, changes to purine
metabolite levels in the fly model, and partial rescue
of shortened fly lifespan compared to little impact on
wild-type lifespan mark mda as an intriguing poten-
tial drug target. Indeed, mda may be a novel example
of a gene involved in hyperuricemia that facilitates
purinosome formation and promotes tissue damage.
Since closely related primates and humans have rel-
atively high levels of circulating urate compared to
most other species, our findings may shed new light
on approaches to lengthen and improve the health
quality of human lifespan.
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