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Abstract:

Gadolinium is a metal used in contrast agents for magnetic resonance imaging. Although
gadolinium 1s widely used in clinical settings, many concerns regarding its toxicity and
bioaccumulation after gadolinium-based contrast agent administration have been raised and
published over the last decade. To date, most toxicological studies have focused on identifying
acute effects following gadolinium exposure, rather than investigating associated toxicity
mechanisms. In this study, we employ functional toxicogenomics to assess mechanistic
interactions of gadolinium with Saccharomyces cerevisiae. Furthermore, we determine which

mechanisms are conserved in humans, and their implications for diseases related to the use of
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gadolinium-based contrast agents in medicine. A homozygous deletion pool of 4291 strains
were screened to identify biological functions and pathways disturbed by the metal. Gene
ontology and pathway enrichment analyses showed endocytosis and vesicle-mediated transport
as the main yeast response to gadolinium, while certain metabolic processes, such as
glycosylation, were the primary disrupted functions after the metal treatments. Cluster and
protein-protein interaction network analyses identified proteins mediating vesicle-mediated
transport through the Golgi apparatus and the vacuole, and vesicle cargo exocytosis as key
components to reduce the metal toxicity. Moreover, the metal seemed to induce cytotoxicity
by disrupting the function of enzymes (e.g. transferases and proteases) and chaperones
involved in metabolic processes. Several of the genes and proteins associated with gadolinium
toxicity are conserved in humans, suggesting that they may participate in pathologies linked to
gadolinium-based contrast agent exposures. We thereby discuss the potential role of these
conserved genes and gene products in gadolintum-induced nephrogenic systemic fibrosis, and

propose potential prophylactic strategies to prevent its adverse health effects.

KEYWORDS: gadolinium, gadolinium-based contrast agent, GBCA, toxicity,

toxicogenomics.
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Introduction

Gadolinium is a metal that stands in the middle of the lanthanide series.! As with most
lanthanides, it adopts the +3 oxidation state in aqueous solution and tends to form complexes
with high coordination numbers (between 8 and 10), primarily through binding with hard-
donor oxygen and nitrogen atoms.! Gadolinium is paramagnetic at room temperature, and it is
used in contrast agents for magnetic resonance imaging (MRI),>? a widely-applied diagnostic
tool that often requires additional pharmacological agents to enhance the image contrast.*
Gadolinium-based contrast agents (GBCAs) can improve the image quality by relaxing water
molecules near the metal-ligand complex, helping to clarify the outlines of soft tissue and
improving MRI diagnostic performance.’> Although 25% of MRI procedures employ GBCAsS,°
gadolinium is not a ubiquitous element and several adverse effects have been associated with
its use. For instance, there is a strong correlation between GBCA administration and
development of nephrogenic systemic fibrosis in patients with renal dysfunction.”® Moreover,
gadolinium has been detected in the brain of healthy individuals who received GBCA.%10
Consequently, the U.S. Food and Drug Administration has issued a warning regarding retention
of gadolinium after administration of GBCA (particularly with linear chelators, as opposed to
macrocyclic chelating structures),!! and the European Medicines Agency has recommended
the suspension of another widely-used linear contrast agent, Magnevist, which is the N-
methylglucamine salt of the gadolinium complex of diethylenetriamine pentaacetic acid.!? As
a result of these health concerns, new work has focused on improving the detection of
gadolinium and GBCAs, !4 as well as on developing decorporation protocols to enhance their
in vivo excretion.!® Limited research, however, has been performed to understand the molecular
origins of gadolinium toxicity: some studies characterized the inhibition growth of model
organisms (e.g. bacteria, microalga and crustacean) under increasing metal concentrations, '

while other studies focused on identifying the acute effects after exposure to gadolinium or
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GBCAs, in vivo.'18 To the best of our knowledge, none have studied toxicity molecular

mechanisms, which can be explored by genomic-based techniques.

Yeast functional toxicogenomics is a genomic-based tool that allows the characterization
of cytotoxic mechanisms through the use of yeast deletion libraries generated by the Yeast
Deletion Project, a consortium of researchers across the U.S. and Canada.!® This strategy uses
the differential growth rates among homozygous or heterozygous deletion mutants to infer
relationships between genes and fitness upon exposures to metals, pharmaceutical drugs, or
other chemicals.?-2> Saccharomyces cerevisiae is one of the best-characterized model
organisms because its genome can be easily analyzed by multiple commercial tools. Moreover,
as eukaryotes, yeasts share many cellular pathways and biological functions with humans.
Hence, functional toxicogenomics not only allows to identify cytotoxicity mechanisms in S.
cerevisiae, but also to explore potentially-conserved biological features in humans.
Nevertheless, the mechanistic information obtained by functional toxicogenomics depends on
the experimental conditions, where chemical dose and exposure time have strong effects on the
set of genes and paths involved in the cellular response to exposure. Thus, multidimensional
studies that systematically screen multiple conditions can identify both universal and

condition-specific biological effects.?!

Here, we report a multidimensional toxicogenomic study that identifies the mechanisms
involved in gadolinium interaction with S. cerevisiae. The biological effects of the metal were
generation dependent, with the yeast response to gadolinium increasing with the number of
growth generations. Although only minor disruptions were observed at ICs concentrations, a
large number of cellular functions were altered at IC,, and 1C,, concentrations. Gene ontology
and pathway enrichment analyses indicated that genes and gene products related to endocytosis
and vesicle-mediated transport were required for tolerance to the metal. Moreover, gadolinium

may promote cytotoxicity by disrupting enzyme and chaperone functions involved in metabolic
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95  processes. Network analysis highlighted several yeast proteins that were conserved in humans,
96  suggesting that they may play a role in human health issues and disease associated with
97  gadolinium and GBCA exposures.

98
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METHODS

Materials

Gadolinium (IIT) chloride hexahydrate 99%, magnesium (II) chloride 98%, sodium
hydroxide 97%, hydrogen chloride 0.1 N and 6 N, sorbitol di-potassium hydrogen phosphate
98%, and potassium phosphate monobasic 98% were purchased from Sigma-Aldrich (St.
Louis, MO). Milli-Q water was obtained from Millipore Milli-Q Integral 15 water purification

system (Millipore Sigma, Burlington, MA). All metal solutions were prepared in 2 M HCI.
Yeast strains and cultures

Diploid yeast deletion strains (BY4743 background, Life Technologies, Carlsbad, CA)
were grown in yeast extract-peptone-dextrose media (YPD, containing 1% yeast extract, 2%

peptone, and 2% dextrose) at 30 °C with 200 rpm shaking.

For ICs, IC;( and IC,, determinations, wild-type yeast was grown to mid-log phase and then
diluted to 0.0165 optical density at 600 nm. The gadolinium treatments were added to diluted
yeast strains, which were then transferred into different wells in transparent 96-well plates
(Grenier Bio-One, Monroe, NC). Plates containing the yeast pools were incubated in a Tecan
Genios microplate reader (Tecan Group Ltd., Minnedorf, Switzerland) at 30 °C with
continuous 200 rpm shaking. Optical density of each well at 600 nm was recorded for a period
of 24 h in 15 min intervals. The area under the curve was used to calculate the ICs, IC;, and

1C,( concentrations.

Functional screening of the yeast genome

Homozygous diploid deletion pools (4291 mutants in total) were cultured for 10 and 15
generations in YPD medium at ICs, ICo and IC,y gadolinium concentrations in an automated
dispensing system robot built in-house.?* Forty-eight well plates containing the yeast strains in

700 ml of YPD were continuously shaken and their optical density at 600 nm was recorded in
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15 min intervals. To avoid saturation and maintain the yeast in the log phase of growth, at each
5 generations, an inoculant of 23 ml was dispensed by the robot to a fresh well of YPD. After
the yeast were grown for 10 or 15 generations, they were dispensed by the robot to a cold plate
to inhibit yeast growth, then centrifuged to remove the remaining supernatant, and frozen at -

80 °C until next protocol step was performed.?*

The samples were thawed for 10 min, and the yeast pool pellets were re-suspended in
autoclaved spheroplast buffer (4.75 g KH,PO,, 2.62 g K,HPO,, 250 uL. 1M MgCl,, and 109.3
g sorbitol), and incubated with 1 mg/ml Zymolyase (Zymo Research, Irvine, CA) for 2 hours

at 37 °C in order to lyse the cell wall.

DNA was extracted with the Corbett Robotics Xtractor-Gene robot (Qiagen, Hilden,
Germany) and Qiagen DX regents. The quality of the extracted DNA was assessed with a
NanoQuant module (Tecan, Mannedorf, Switzerland), which corroborated that the extracted
DNA 260/280 nm ratios were between 1.7 and 2.1 and the oligonucleotide concentrations

ranged between 20 and 100 ng/uL.

The extracted DNA was amplified by polymerase chain reaction (PCR), where 22.5 uL of
Platinum PCR SuperMix (Thermo Fisher Scientific, Waltham, MA), 5 uLL genomic DNA, and
2uL primer mixtures were combined in sealed 96-well plates. The cycle conditions of the PCR
program were the following: 95°C / 3min; 25 cycles of 94 °C / 30s, 55 °C / 30s, 72 °C / 30s;
followed by 72°C / 10 min and hold at 10°C. After the amplification was finished, the ZR-96
DNA clean and concentrator-5 kit (Zymo Research, Irvine, CA) were employed to purify and
concentrate the DNA obtained from the PCR, and the Quant-iT dsDNA Assay Kit (Thermo

Fisher Scientific, Waltham, MA) was used to quantify it.

The primers were removed from the DNA solutions by running them for 2 h in a 2% agarose

gel, which was then cut in a UV box, and the DNA extracted with GeneJet Gel Extraction Kit
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(Thermo Fisher Scientific, Waltham, MA). Lastly, the DNA was sequenced at the Vincent J.

Coates Genomics Sequencing Laboratory.

Differential strain sensitivity analysis

Differential strain sensitivity analysis (DSSA) was performed by amplifying the up tag and
down tag barcode sequences corresponding to each knockout gene with primers that bind to
common regions of the cassette. The readout primers contained adapter sequences from
[llumina (San Diego, CA) and a unique 8 base-pair long index sequence that labeled each
sample and enabled the multiplexing analysis. Next generation sequencing with an HiSeq 2500
Sequencing System (Illumina, San Diego, CA) was used to count the unique barcodes
corresponding to each gene knockout. The FASTQC tool was used to evaluate the sequencing
quality and the CASAVA-1.8 filter (Illumina, San Diego, CA) was applied to filter the reads,
which were further processed to include only the unique 20 base-pair barcode sequence by
employing the FASTX-Toolkit.?6 Biostrings R package?’ was used to count reads matching
each defined barcode, with the down and up tags being counted separately. Up and down tag
Log,-ratio values were averaged while the corresponding p-values were combined using
Fisher’s method. Counts were normalized and differential barcode abundance analysis between
treatment samples and controls based on a negative binomial distribution model was performed
with DESeq 2 package.?® Barcode sequences that were significantly depleted in the treatment
compared to the control pool at a given time point (Log,-ratio value < 0) identified genes whose
mutation led to sensitive strains, whereas those that were significantly enriched (Log,-ratio
value > 0) corresponded to genes whose deletion induced increased strain resistance to the
treatment. A summary of sensitive and resistant strains was obtained by establishing a cutoff

of 0.05 for false discovery rate (FDR) adjusted p-values.
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Gene ontology analysis, KEEG pathway enrichment analysis, and cluster analysis were
performed to the data sets identified by DSSA with the David tool 6.7, setting a p-value cutoff
of 0.05. FDR was applied to the p-values to account for the multiple-hypothesis testing.3? The
analyses were performed for sensitive and resistant mutants separately in order to obtain better
biological information. Functional annotation clustering was performed with DAVID 6.7
software, and it relies in Kappa statistics to characterize the degree of common genes between
two annotations, and fuzzy heuristic clustering to classify groups with similar annotations
according to Kappa values. The software calculates an enrichment score for each group to rank
its biological significance. This score is the geometric mean in log scale of the p-values of the
members in each cluster. Hence, top ranked annotation groups most likely show lower p-values
for their annotation members. An enrichment score cutoff of 1.0 was set during the analysis.
The intracellular localization of the gene products identified in the cluster analysis were
screened in the UniProt*! and Compartments3? databases. Interactions between gene products
identified by DSSA were analyzed by protein-protein interaction network analysis. Caution
must be taken when drawing conclusions from protein-protein interaction network analysis,
however, as the databases used to draw relationship conclusions are heterogeneous, and may
contain errors, which may result in proteins displaying more apparent interactions than in
reality. In our case, protein-protein interaction network analysis was performed by mapping
DSSA identified strains onto the STRING S. cerevisiae functional interaction network (a
database considered the gold standard in the field for known and predicted protein-protein
interactions).?> STRING provided a score (ranging from 0.00 to 1.00) for every interaction
mapped, which was associated with the likelihood of that interaction being true-positive. We
performed the analysis with a score cutoff of 0.90, which was defined as “highest confidence”
by the STRING software, and the network was displayed with the edges indicating both

functional and physical protein associations.’* The networks were built only with proteins
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195  identified by DSSA. No higher-order interactions were considered. Lastly, human orthologues
196  of genes associated with gadolinium toxicity were identified with the Alliance of Genome

197  Resources database.3*
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Results and Discussion
Functional profiling of genes required for sensitivity and tolerance to Gadolinium

The concentrations at which wild-type yeast growth was inhibited by 5% (ICs), 10% (IC,y),
and 20% (IC,) were initially determined (Figure S1). ICs, IC;( and I1C, are the concentrations
most commonly used in yeast functional toxicogenomics as they allow to identify compound-
specific biological responses.?’?! At higher concentrations, non-specific cell-death effects take
over, and mechanistic information is more challenging to obtain. Pools of yeast homozygous
diploid deletion mutants (n = 4291) were grown with 1Cs, IC;, and 1C,, concentrations of
gadolinium for 10 and 15 generations (six conditions in total) in an in-house built automated
dispensing system robot.?* These two generation numbers were chosen because they allow to
distinguish biological effects that may be corrected over time or show delayed onset after
exposure.?®?! The strains whose growth was promoted (resistant strains) or inhibited (sensitive
strains) were identified by differential strain sensitivity analysis (DSSA),?’ and their log,-fold
growth change compared to controls determined (Dataset S1). Figure 1a shows two different
trends when comparing numbers of strains affected under the different experimental
conditions: at low gadolinium concentrations (ICs), the growth of only 14 strains was disrupted
after 10 and 15 generations; at IC,y and IC,y, however, the number of disrupted strains
increased between 141 and 205 depending on metal concentration and generation number.
Furthermore, many of the same strains were disturbed under IC,, and IC,, concentrations
(Figure 1b). The similarities observed between IC;, and IC,, compared to ICs suggested that
there might have been a concentration threshold, above which, the biological effects of

gadolinium did not change dramatically.
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The number of growth generations affected the proportion of resistant strains, where 10
generations showed higher percentage of resistant strains (36.9 + 11.4%) than 15 generations
did (16.7 + 3.4%). Because resistant strains showed less inhibition growth (as compared to the
pool of other mutants) in the presence of gadolinium, we inferred that the biological function
coded by the deleted gene in the resistant mutant was directly or indirectly targeted by the metal
causing toxicity, and when removed, the strain growth was less inhibited. On the other hand,
sensitive strains identified genes whose deletion resulted in increased growth inhibition by the
metal, and thus likely represented gene products involved in biological responses that
ameliorate the metal toxicity. The larger proportion of resistant strains identified at 10

generations of exposure compared to 15 generations suggested that those toxicity-related genes

300 b

a Ic, Ic,
B B Resistant
i)
= 250 r IC IC
2 B Sensitive 8 2
=
@
(]
£
[ v v v v
‘a
ks
8 39 52
E
= IC,, Ic,, IC, IC,,
109 159 10g 15 10g  15g 10g 15g
Cc 1C, IC, IC,,
Name g g g 159 g g Description
SUR1 . . . - . . Mannosylinositol phosphorylceramide synthase catalytic subunit
SYS1 D . [:I . D I:] Integral membrane protein of the Golgi
COG5 D . . . D - Cytosolic complex that functions in protein trafficking to mediate fusion of vesicles to Golgi
LCL1 . . . . . . Protein of unknown function
COG6 . . - . D D Cytosolic complex that functions in protein trafficking to mediate fusion of vesicles to Golgi
LCB3 |:| . . . |:| . Protein involved in incorporation of exogenous long chain bases in sphingolipids
SS02 . D . . . . Protein involved in fusion of secretory vesicles at the plasma membrane
VPS61 . |:| . . . . Vacuolar protein sorting
COG8 I:‘ . D - I:‘ D Cytosolic complex that functions in protein trafficking to mediate fusion of vesicles to Golgi
CSG2 l:‘ . . . . D Endoplasmic reticulum membrane protein
Log, value
HE Tl
-8 0 8

Figure 1. Sensitive and resistant strains to gadolinium identified by DSSA. (a) Total
number of strains identified after being exposed to concentrations of gadolinium equivalent to
ICs, ICy9, and ICyq for 10 and 15 generations. (b) Venn diagrams of disturbed strains under
different conditions. (c¢) Top genes affected by gadolinium and their growth variation in log,
scale.
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(and gene products) played important roles early on. Figure 1¢ highlights the top 10 mutants
that showed growth disruption to the greatest number of experimental conditions. Although
there was some variation on the biological functions of the deleted genes, four of them were
related to vesicles and vesicle-mediated transport. The significance of this finding is discussed

in the following sections.

We confirmed the screen results of four representative strains highlighted by DSSA (e.g.
SUR1, COGS, FIS1 and SSO2) under non-competitive conditions on a plate reader under 1C,,
gadolinium concentrations. The mutants showed similar growth inhibitions (i.e. log,-fold
growth variations) after gadolinium treatment under non-competitive and competitive

conditions (Figure S2).

Biological attributes required for gadolinium sensitivity and resistance identified by gene

ontology (GO).

GO enrichment analysis was performed with the strains highlighted by DSSA in order to
identify overrepresented gene groups (known as GO terms) based on their biological
characteristics.® Fewer numbers of overrepresented (FDR adjusted p-value < 0.05) GO terms
were observed at ICs concentrations of gadolinium compared to IC;, and 1C,, concentrations
(Figure 2), confirming that the amount of metal under ICs conditions was too low to trigger
significant biological responses. Notably, even though Figure 1a showed a large number of
resistant strains under some specific conditions (e.g. IC, and 10 generations), sensitive GO
attributes were the predominant ones in all tested conditions (Figure 2). This observation
suggested that sensitive mutations were clustered around specific biological functions, while
resistant mutants were associated with a wide range of processes, since only a few resistant GO
terms were statistically overrepresented. All six tested conditions were enriched with sensitive

GO terms associated with transport and localization (Dataset S2), which was consistent with
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Figure 2. GO enrichment analysis of strains highlighted by DSSA. Heat map of
overrepresented GO terms based on their FDR adjusted p-value. BP, CC and MF refer to the
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104 10¢ 10 104 104
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three GO domains: biological process, cellular component and molecular function. The cutoff

was set at FDR adjusted p-value < 0.05

the top disturbed mutations highlighted in Figure 1c. Regarding resistant GO terms, only a few

were observed, primarily associated with metabolic processes, such as glycosylation.

The predominance of transport and localization attributes was also observed among the 18
most-overrepresented GO terms, of which 7 were related to transport and 9 to localization

categories (Figure S3). Moreover, four of these terms involved transport to or from the Golgi

apparatus.



Page 15 of 31

262

263

264
265
266
267
268
269
270
271
272
273
274
275
276
277
278

279

Molecular Omics

Pathway enrichment analysis highlighted endocytosis as the main path disturbed by

gadolinium.

Pathway enrichment analysis based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database’” was performed to further understand the impact of gadolinium on S.
cerevisiae biological functions. This analysis took into account the functional relationships
between genes and how they acted together to form specific biological pathways.3® Three
different KEGG pathways were enriched (FDR adjusted p-value < 0.05) among the genes
highlighted by DSSA (Figure 3). Endocytosis was overrepresented as a sensitive pathway for
all IC,y and IC,, treatments (both 10 and 15 generations), which matched the GO analysis that
identified transport and vesicle-mediated transport as some of the most significant terms. The
enrichment of endocytosis in the sensitive mutants indicated that disruption of endocytosis
perturbed the yeast response to gadolinium toxicity. The statistical significance of this pathway
became stronger (lower p-value and larger number of strains involved) at 15 generations,
suggesting an increased importance of endocytosis with prolonged exposure. Ribosomal
translation was also enriched as sensitive pathway for one treatment (IC;y and 10 generations)
but to a lesser extent than endocytosis. KEGG pathway enrichment analysis only identified one
resistant category, namely N-glycan biosynthesis, which was consistent with the resistant terms

highlighted by GO analysis: organic substance metabolic process and glycosylation.

Ic, Ic,, [
10g 159 10g 15g 10g 15g

% Endocytosis e O o ©

2

s

P Ribosome @

o

& | N-glycan biosynthesis o o o)

Number of strains

Sensitivity (p - value) Resistance (p - value)
XY X ) o o—
<5 >20 10° 10° 107 10°  10° 107

Figure 3. Pathway enrichment analysis of strains disturbed by gadolinium. The cutoff
was set at FDR adjusted p-value < 0.05.
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Clustering analysis identified the mechanism of yeast response to gadolinium, and the

origin of metal toxicity

Even though GO and pathway enrichment analyses determined transport, vesicle-mediated
transport, and endocytosis as some of the main functional processes required for the cellular
response to gadolinium, they did not identify the corresponding action mechanism. Thus, we
performed functional clustering analysis to improve the biological interpretation of our results.
All genes identified by DSSA in at least two experimental conditions were grouped based on
shared functional annotations (i.e. GO terms and KEGG pathways). The analysis was
performed separately for the sensitive and the resistant strains to distinguish their contributions,
and the resulting clusters displayed a list of genes with similar functionalities and their
relationships with the enriched GO and KEGG terms. Three clusters that contained sensitive

strains were obtained after the analysis.

The largest matrix (cluster 1 in Figure 4a) was a broad cluster associated with transport-
related terms, while clusters 2 and 3 were more specific with functional categories related to
endosome and transport to organelles (i.e. Golgi and vacuole), respectively. Eight of the top
genes with most positive associations within the clusters 1 and 2 (i.e. VPS20, SNF7, SRN2,
STP22, VPS28, SNF8, VSP25, and VPS36) encoded proteins that form the endosomal sorting
complexes required for transport (ESCRT) system. This protein complex participates in the
formation of multi-vesicular bodies (a sub-class of endosome) and protein sorting.?’
Furthermore, ESCRT machinery has also a key role in preserving yeast homeostasis by

activating different responses to high concentrations of calcium;*>#! and the deletion of certain
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Figure 4. Cluster analysis identified the mechanisms of yeast response to gadolinium. (a)
Clusters of sensitive genes related to vesicle-mediated transport. The following abbreviation
was used in the figure: MVSP (multivesicular body sorting pathway). (b) Subcellular location
of proteins involved in the vesicle-mediated response to gadolinium that were highlighted in
clusters 1, 2 and 3. The yeast scheme was obtained with Compartments software.3?
301 ESCRT proteins results in strong yeast sensitivity to calcium and higher intracellular
302  accumulation of the cation.**4! Our observation that yeast used biological processes associated
303  with calcium homeostasis in response to gadolinium treatments was consistent with lanthanides
304  having similar coordination chemistry to calcium,*” and competing with the cation for
305  endogenous receptors.*-46 Moreover, previous studies had reported that ESCRT also mediate
306 in the yeast response to high concentrations of other metals, such as copper, cadmium, and

307  iron.*7*8 Clusters 1 and 2 also highlighted two genes (i.e. VPS51 and VPS52) coding proteins

308 ofthe GARP system, a tethering complex that mediates the retrograde traffic from endosomes



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

Molecular Omics

to the Golgi apparatus.*® For instance, VPS51 in collaboration with other proteins, such as
TLG?2 (the gene coding this protein is also in clusters 1, 2 and 3), plays a role in the membrane
fusion between vesicles and the Golgi, and vesicle formation in the cytoplasm to vacuole
targeting pathway.>® Thus, part of the yeast response to gadolinium likely involved GARP-
mediated trafficking of the metal to the Golgi and the vacuole, which was consistent with the
reported role of these two organelles in storage and detoxification of biologically relevant
cations.’'? Similar results had been observed in S. cerevisiae exposed to other metallic cations,
such as those of aluminum, manganese, zinc, and cobalt, since mutants lacking VPS51 or
VPS52 were more sensitive to the metals,>3* and the deletion of VPS51 compromised the
yeast ability to discharge intracellular aluminum.>3 In addition to the aforementioned TLG2,
the cluster 1 also had another gene (i.e. MSO1) coding a protein from the SNARE family,
which mediates in vesicle membrane fusion.>® Particularly, MSO1 function includes regulation
of membrane fusion in exocytosis sites.’® Thus, MSO1 might have decreased the gadolinium-

induced stress by contributing to the metal release from the yeast cell.

Clusters 1 and 2 were also enriched with genes coding ARL proteins (e.g. ARL1 and
ARL3), GTPases that regulate Golgi trafficking and cytoplasm to vacuole targeting pathway.>’
Moreover, ARL1 also participates in regulation of potassium influx. ARL3 activity in the Golgi
requires the protein SYS1,°® whose coding gene was also highlighted in the cluster analysis.
Another group of genes associated with transport from or to the Golgi apparatus are COGS,
COG6, COG7 and COG8, which code proteins of the conserved oligomeric Golgi (COG)
complex. This multiprotein tethering complex (structurally similar to the GARP system) is
responsible for vesicle trafficking to the Golgi, and intra-Golgi trafficking.’® Clustering
analysis highlighting the ARL proteins and COG complex in the yeast response to gadolinium
reinforced the hypothesis of the Golgi apparatus being a prominent organelle in the storage and

discharge of the metal. Furthermore, mutants lacking one of the COG proteins had been
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reported being highly sensitive to other metals, such as cobalt and manganese.>* Mapping the
subcellular locations of the main gene products identified in clusters 1, 2 and 3 suggested some
of the paths involved on the yeast response to gadolinium relied on vesicle-mediated transport

through the Golgi apparatus and the vacuole prior metal discharge (Figure 4b).

Protein-protein interaction network analysis highlighted the protein connections

involved in yeast sensitivity and resistance to gadolinium

Next, we performed protein-protein interaction network analysis to understand whether the
effects of the different gadolinium treatments could be correlated to specific protein
interactions. The proteins coded by the deleted genes from the strains identified by DSSA were
mapped to the S. cerevisiae STRING database,>* which provided clusters of protein-protein
interactions. In order to distinguish the different biological effects of gadolinium, we carried
out the network analysis of the top genes that promoted sensitivity (Dataset 3a) and resistance

(Dataset 3b) separately.

The protein network associated with sensitive mutants was made of two sub-networks
(Figure Sa, Table S1) and several protein pairs (Figure S4). KEGG pathway enrichment
analysis of the whole network identified endocytosis as overrepresented pathway (p-value of
2.0-10%), confirming the previous GO and pathway enrichment analyses. 8 out of the 10
proteins associated with endocytosis (i.e. VPS20, VPS25, VPS28, VPS36, SNF7, SNFS,
STP22, and RIM20) were in the highly interconnected sub-network 1, and they were part of
the endosomal ESCRT system, which as previously described we identified as part of the
vesicle-mediated transport response to gadolinium. Moreover, sub-network 1 also included
other proteins, such as RIM8 and RIM20, which are required for the ESCRT complex

function,®® and VPS60, which mediates on the late endosome to vacuole transport.®!
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357 The second sub-network associated with sensitive mutants was constituted by proteins
358 located in the Golgi apparatus (sub-network 2). These included proteins that participate in
359 membrane fusion between vesicles and the Golgi, such as the proteins forming the COG
360 (COGS5, COG6, COG7, and COGS8)* complex. Sub-network 2 also included two Golgi
361  GTPases required for endosome-to-Golgi and intra-Golgi transport (YPT6),5? and membrane
362 trafficking and control of potassium influx (ARL1).%64 The last two proteins of the sub-
363  network were a GTPase activating protein (GLO3),% and a membrane protein of the Golgi
364  apparatus (SYS1).%¢ Thus, protein-protein network analysis identified the Golgi apparatus as a
365  main organelle in the yeast response to gadolinium, corroborating our previous cluster analysis
366  (Figure 4), and it highlighted proteins involved in the fusion between vesicles and the Golgi,

367 and in the control of cation influx as key components of the yeast detoxification pathways.

a Sensitivity Network b  Resistance Network

Sub-network 1

ScJ1
COG5 Sub-network 2

CcOoGs

CNE1
COG7

SYS1

ALGS8

0OsTs

e Endocytosis 6 Glycosylation

e Golgi - vesicle transport C Other functions

Figure 5. Protein-protein interaction network analysis identified mechanisms of
gadolinium interaction with yeast. (a) Network of proteins coded by genes whose deletion
promoted sensitivity to gadolinium. All genes affected in at least 3 experimental conditions
were considered (n = 63). (b) Network of proteins coded by genes whose deletion promoted
resistance to gadolinium. All genes affected in at least 2 experimental conditions were
considered (n = 30). Proteins without connections were not displayed for clarity. The network
analysis was performed with STRING and a cutoff for confidence interactions of 0.90 (highest
confidence). For type of interaction evidence, refer to Figure S5.

368 Two protein pairs associated with sensitive mutants were related to sphingolipid

369  Dbiosynthesis (Figure S4). Sphingolipids are a class of lipids with sphingosine backbone that
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participate in multiple regulatory mechanisms (e.g. endocytosis, exocytosis, calcium signaling,
and environmental stress resistance) beyond their structural function as cell membrane
components.%” For instance, SUR2, one of the proteins in Figure S4 that regulates sphingolipid
biosynthesis, also mediates in the trans-Golgi trafficking and exocytosis pathway.®
Furthermore, two of the proteins in Figure S4, namely CSG2 and SLMI1, interact directly or
indirectly with calcium ions: CSG2 is a regulatory protein that has a binding site for calcium,%’
and mediates in the cation translocation across cell membranes, and its release;’” SLM1, is a
substrate of the Ca?"-dependent calcineurin, which promotes yeast survival in environmental
stress conditions through sphingolipid-mediated processes.”! Hence, protein-protein network
analysis suggested that the yeast response to gadolinium through sphingolipid-related
processes might have included the modulation of vesicle-mediated transport and the

repurposing of calcium regulatory processes to promote metal efflux.

The network of proteins whose deletion of corresponding genes promoted resistance
(Figure Sb) contained 4 interconnected nodes (SCJ1, CNE1, ALG8 and OSTS5), which
participated in glycosylation, a biosynthetic process where oligosaccharides are attached to
proteins’? that had been highlighted in our GO and pathway enrichment analyses. SCJ1 and
CNEI1 are both chaperones that assist in the folding and quality control of proteins’3. SCJ1 has
a Zn**-binding motif,’47> and CNEI] is the homolog of the mammalian Ca’*-binding proteins
calnexin and calrecticulin.’® Because lanthanides have been reported to outcompete
biologically-relevant metals for protein binding sites,*3-*¢ we hypothesized that gadolinium
might have interacted with the metal binding sites of SCJ1 and CNE], interfering with their
functions and causing cytotoxicity. Furthermore, the resistant network also included two
transferases (ALG8 and OST5).”7 This finding was noteworthy since gadolinium disrupting
enzyme functions was consistent with previous studies that reported heavy metals binding to

enzymes, mainly through cysteine residues, leading to function inhibition and yeast toxicity.”®
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Hence, network analysis suggested that gadolinium toxicity was caused by disruption of

protein functions, such as enzymes and chaperones, after metal binding.

Connections between the toxicogenomic results and the pathologies associated with

GBCA administration during MRI procedures

Lastly, we explored whether the genes and proteins identified in our toxicogenomic
analysis could be correlated with the clinical pathologies associated with GBCA use in people.
Nephrogenic systemic fibrosis (NSF) is a rare form of fibrosis, where the connective tissues of
skin and internal organs thicken and scar.”” NSF has been linked to the use of GBCAs in
patients with renal dysfunction,® since their excretion pathways are compromised.®! Although
the exact underlying mechanism of NSF is unknown, the pathology onset is believed to be
triggered by the release of the gadolinium cation from the GBCA, and its subsequent

interaction with endogenous receptors.8283

The top genes associated with gadolinium toxicity (highlighted in DSSA analysis as
resistant strains) were screened in the Alliance of Genome Resources database,’* and their
human orthologues identified (Table S2). 32 conserved genes and their proteins were obtained,
suggesting that they may play a role in gadolinium toxicity in humans. Moreover, alterations
in 12 of these genes have been correlated to different types of fibroses (please refer to Table
S2 for the full list). For instance, functional disruptions in the genes coding the Ca?*-binding
proteins calreticulin (CALR) and calmegin (CLGN) are linked to myelofibrosis and kidney
fibrosis, respectively.®48 Mutations of AP1S1 (i.e. a gene that codes a subunit of the AP1
protein that is involved in endocytosis and Golgi processing) affect intracellular copper
metabolism, resulting on MEDNIK syndrome and hepatic fibrosis.¢ In addition, the functional
loss of AP1S3, a gene coding another AP1 subunit, is associated with skin autoinflammation
by keratinocyte autophagy disruption.?’” YPEL 4 is another human orthologue highlighted in

our analysis that contains a putative zinc-finger-like metal-binding site, whose mutation has
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been linked to lung fibrosis through signal transduction pathway malfunction.®® Although
fibrosis can occur in a wide range of organs with different pathological origins, several of the
ones previously described involve disruptions of cation-binding proteins and metal
metabolism. Thus, those may also be involved in the onset of NSF after GBCA administration

in patients with renal dysfunction.

Identifying gadolinium endogenous targets may also offer opportunities for developing
prophylactic and therapeutic strategies against NSF. As an example, our analysis identified
TORI1 and its gene product as gadolinium targets associated with metal toxicity in yeast (Table
S2). Its human orthologue is mTOR, whose overactivation has been linked to heart and
pulmonary fibroses, among others.?>% Experiments with transgenic mice that had
overactivated mTOR showed the in vivo models developing heart fibrosis.’! Nevertheless,
administration of sirolimus, a mTOR inhibitor, suppressed interstitial fibrosis in the heart
tissues. A subsequent study compared sirolimus with everolimus (another mTOR inhibitor),
and both chemicals decreased fibrosis up to 70% after 5 weeks in rats.”> Hence, if the genes
and proteins shown in Table S2 are confirmed to play a role in gadolinium-induced toxicity in
humans, as we proved they do in yeast, prophylactic treatments using function modulating

drugs, such as inhibitors, may decrease the metal toxicity and prevent NSF development.

Conclusions

In summary, we have identified the biological functions involved in gadolinium toxicity in
S. cerevisiae, as well as the cellular response mechanisms. Gadolinium effects had a
concentration threshold, with a low number of strains identified at ICs concentrations, while a
larger number of mutants were identified at IC;y and 1C,y concentrations. Multidimensional

analysis showed that the yeast response to the metal was time dependent, involving more gene
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product as the time of exposure increased. Vesicle-mediated transport and endocytosis were
highlighted by GO and pathway enrichment analyses as the main biological responses involved
in protection against gadolinium toxicity, while cytotoxicity was likely related to the disruption
of metabolic processes, such as glycosylation. Cluster analysis and protein-protein interaction
network analysis linked the yeast response to different proteins involved in vesicle-mediated
transport through the Golgi apparatus and the vacuole, and subsequent exocytosis. Several of
these proteins were involved in the regulation of biologically-relevant cations, such as calcium
ions, suggesting that the yeast repurposed these regulatory processes to promote gadolinium
efflux. Network analysis also supported our hypothesis that gadolinium disrupted the function
of specific metabolic enzymes and chaperones, which may underlie yeast cytotoxicity. Lastly,
several of the genes and proteins highlighted in our analyses are conserved in humans and their
disruption has been linked to fibrosis, suggesting that they may also participate in gadolinium-
induced NSF onset. Therefore, identification of gadolinium targets is critical in the future
development of therapeutic and prophylactic strategies to decrease NSF adverse health effects

in patients.
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