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ABSTRACT: Lanthanides are a series of elements essential to a wide
range of applications, from clean energy production to healthcare.
Despite their presence in multiple products and technologies, their
toxicological characteristics have been only partly studied. Recently, our
group has employed a genomic approach to extensively characterize the
toxicity mechanisms of lanthanides. Even though we identified
substantially different behaviors for mid and late lanthanides, the
toxicological profiles of early lanthanides remained elusive. Here, we
overcome this gap by describing a multidimensional genome-wide
toxicogenomic study for two early lanthanides, namely, lanthanum and
praseodymium. We used Saccharomyces cerevisiae as a model system since its genome shares many biological pathways with humans.
By performing functional analysis and protein−protein interaction network analysis, we identified the main genes and proteins that
participate in the yeast response to counter metal harmful effects. Moreover, our analysis also highlighted key enzymes that are
dysregulated by early lanthanides, inducing cytotoxicity. Several of these genes and proteins have human orthologues, indicating that
they may also participate in the human response against the metals. By highlighting the key genes and proteins in lanthanide-induced
toxicity, this work may contribute to the development of new prophylactic and therapeutic strategies against lanthanide harmful
exposures.

■ INTRODUCTION
Lanthanide metals are employed in a multitude of human-driven
activities, with some essential uses in energy generation and
medical diagnosis.1,2 As a series of chemical elements, metals in
the 4f block display rather similar physicochemical properties as
they primarily adopt the +3 oxidation sate in aqueous solutions,3

have similar ionic sizes (even though those decrease steadily
with atomic number),3,4 and precipitate in the form of oxides at
neutral pH.5 Although their homogeneous properties represent
a challenge during their isolation, promoting renewed interest in
developing more efficient separation techniques,6−9 several key
industries rely on lanthanides,1,10 which has prompted
governing agencies such as the U.S. Department of Energy to
declare most of them “critical materials”.11 Among specific
features of these metal ions are their characteristic narrow
emission bands12−14 that are commonly used in optoelec-
tronics15−17 and luminescent probes18−22 or their magnetic
properties, which motivate a rather prevalent use of gadolinium
in contrast agents for magnetic resonance imaging.23,24 Other
applications may be less publicized but still pervasive, such as in
the use of low concentrations of lanthanides to increase
agricultural productivity, mostly in China.25,26

Over the past few decades, the ever-growing use of
lanthanides has increased human exposure to these metals,
prompting the need for a better understanding of their biological

chemistry to help minimize adverse health effects. To date, the
toxicological profiles of metals within the f-element series have
only been partially characterized, with most published studies
focusing on either their acute toxicity (by identifying median
lethal doses in different models)27−30 or their in vivo
biodistribution after different exposures.31−33 In addition,
some studies have highlighted some key proteins that participate
in lanthanide uptake and endogenous circulation.34−36 Never-
theless, these studies did not identify the biological mechanisms
disrupted by the metals that induce toxicity.
To overcome this knowledge gap, we recently started applying

functional toxicogenomics to explore toxicity mechanisms
associated with exposure to lanthanides. While conventional
toxicogenomic methods measure variations on gene expression
in cells or animal models after chemical exposure,37,38 our
approach employs Saccharomyces cerevisiae as a model organism
as it presents many biological functions conserved in humans
and its genome can be easily characterized by commercial
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methods.39 Thus, we exploit variations on growth rates between
deletion pools of yeast mutants to identify the relations between
chemical exposures and genes.40,41 Following this approach, in
the past, we observed distinctive yeast cellular responses to mid
and late lanthanides when deleting key genes, which provided
insights into their toxicity mechanisms.42 Nevertheless, our
previous work was not sufficient to acquire mechanistic
information for early lanthanides under the experimental
conditions used as these metals showed low biological impact
despite their known cytotoxic properties. Because our previous
study screened the whole lanthanide series (except for Pm), it
used one metal dose and one exposure time for each lanthanide.
However, it is worth noting that the information obtained by
functional toxicogenomics is dependent on the conditions
employed as those can strongly affect the genes and biological
paths activated after chemical exposure.43 Hence, genome-wide
studies that screen the effects of multiple parameters on the
toxicogenomic profile of yeast, known as multidimensional
studies, can potentially identify both condition-specific and
universal biological effects that otherwise can go unnoticed.41

Here, we report a genome-wide toxicogenomic study that
characterizes the interaction mechanisms between two early
lanthanides, namely, La(III) and Pr(III), and S. cerevisiae. An
additive effect was observed between the metal concentration
and time of exposure, and only when these two parameters were
above a certain value was the biological impact of the lanthanides
significantly increased. Functional and protein−protein inter-
action (PPI) network analyses showed that the yeast response to
ameliorate lanthanide toxicity relied on vesicle-mediated
transport through the Golgi apparatus. Moreover, network
analysis also revealed that La(III) and Pr(III) toxicity was
partially caused by the disruption of key enzyme functions,
particularly ATP sulfurylases. Finally, multiple genes and gene
products highlighted by our analyses are conserved in humans,
which suggests that they may also mediate in the interactions
between early lanthanides and the human body.

■ METHODS
Materials. Lanthanum(III) chloride hexahydrate 99%,

praseodymium(III) chloride hexahydrate 99%, magnesium(II)
chloride 98%, sodium hydroxide 97%, hydrogen chloride 6 N,
potassium sorbitol di-potassium hydrogen phosphate 98%, and
phosphate monobasic 98% were purchased from Sigma-Aldrich
(St. Louis, MO). Lanthanide solutions were prepared in 2 M
HCl. Milli-Q water was obtained from the Millipore Milli-Q
Integral 15 water purification system (Millipore Sigma,
Burlington, MA).

Yeast Mutant Strains and Cultures. A pool of 4291
diploid yeast deletion strains (BY4743 background, Life
Technologies, Carlsbad, CA) were grown in yeast extract−
peptone−dextrose media (YPD, containing 1% yeast extract, 2%
dextrose, and 2% peptone) with continuous 200 rpm shaking at
30 °C. Under these conditions, the doubling time (one
generation) of S. cerevisiae is 85 min.44

First, to determine the required growth inhibitory concen-
trations (IC), wild-type yeast was grown to the mid-log phase
followed by dilution down to an optical density at 600 nm
(OD600) of 0.0165. Different lanthanide treatments (ranging
from 0.000 to 0.500 mM) were added to the yeast cells and
media, and each concentration was transferred to a well in
transparent 96-well plates (Grenier Bio-One, Monroe, NC).
The 96-well plates containing the yeast cells were incubated with
continuous 200 rpm shaking at 30 °C inside a microplate reader

(Tecan Genios from Tecan Group Ltd., Man̈nedorf, Switzer-
land). The OD600 of each well was recorded every 15 min for 24
h. The area under the growing curves were used to determine
IC5 and IC10 concentrations.

Screening of the Yeast Genome. The pool of deletion
mutants (4291 strains) were grown for 10 or 15 generations in
700 μL of YPD media with no lanthanide (control group) and
with IC5 or IC10 concentrations of lanthanides at 30 °C in the
microplate reader attached to an automated liquid dispensing
system built in-house.45 The 48-well plates containing the
strains in YPD were continuously shaken (200 rpm), and their
OD600 was recorded every 15 min. To avoid growth saturation
and keep the strains in the log phase of growth, at every 5
generations, an inoculant of 23 μL was taken from the growth
well and added by the dispensing system to a fresh well of YPD,
and its respective lanthanide IC was also added to the well. The
volumes were used to ensure a statistically significant
representation of each deletion mutant strain. After the strains
were grown for 10 or 15 generations, their growth was inhibited
by transferring them to a cold plate, and then they were
centrifuged to remove the supernatant, frozen down to −80 °C,
and stored.
When required, the frozen yeast samples were thawed for 10

min, and the strain pool pellets were resuspended in autoclaved
spheroplast buffer (4.75 g of KH2PO4, 2.62 g of K2HPO4, 109.3 g
of sorbitol, and 250 μL of 1 M MgCl2). Next, the strains were
incubated with 1 mg/mL Zymolyase (Zymo Research, Irvine,
CA) for 2 h at 37 °C in order to lyse the yeast cell walls.
The barcode DNA embedded in each strain, which identifies

each strain type with a given gene deletion, was extracted with a
Corbett Robotics Xtractor-Gene robot and Qiagen DX regents
(Qiagen, Hilden, Germany). The quality of the extracted DNA
was evaluated with a NanoQuant module (Tecan, Man̈nedorf,
Switzerland), which corroborated that the concentrations of
extracted DNA ranged between 20 and 100 ng/μL and the 260/
280 nm ratios were between 1.7 and 2.1.
The extracted DNA was amplified by polymerase chain

reaction, where 5 μL of genomic DNA, 2 μL of primer mixtures,
and 22.5 μL of Platinum SuperMix (Thermo Fisher Scientific,
Waltham, MA) were combined in sealed 96-well plates. The
polymerase chain reaction was programmed with the following
cycles: 95 °C for 3min; 25 cycles of 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 30 s; followed by 72 °C for 10 min and holding at
10 °C. After the amplification steps were completed, the DNA
was purified and concentrated with a ZR-96 DNA clean and
concentrator-5 kit (Zymo Research, Irvine, CA), respectively.
The resulting DNA was quantified with a Quant-iT dsDNA
Assay Kit (Thermo Fisher Scientific, Waltham, MA).
The primers were removed from the purified and concen-

trated DNA solutions by running them in 2% agarose gels for 2
h. The DNA was then cut in a UV box and extracted with a
GeneJet Gel Extraction Kit (Thermo Fisher Scientific, Waltham,
MA). The resulting DNA was finally sequenced at the Vincent J.
Coates Genomics Sequencing Laboratory.
It is worth noting that the results obtained by the genome-

wide screening based on the automated liquid dispensing system
built in-house had been previously validated via non-competitive
assays.43,46 For the validation tests, the growth of the strains with
the largest log2 ratio variations was compared under competitive
and non-competitive conditions.

Differential Strain Sensitivity Analysis and Functional
Analysis. Differential strain sensitivity analysis (DSSA) was
performed as described elsewhere.42 Briefly, DSSA was carried
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out by amplifying the up and down tag barcode sequences
associated to each knockout gene. Next-generation sequencing
was performed with aHiSeq 2500 Sequencing System (Illumina,
San Diego, CA), which was employed to count the unique
barcodes associated to each mutant (gene knockout). The log2
ratio values of up and down tags were averaged, and the p-values
were determined using Fisher’s method. The barcode sequences
that were significantly depleted in the treatment pools compared
to the control one at a given concentration and time point (log2
ratio value < 0) identified the genes whose mutation likely led to
sensitive mutants, while those barcode sequences that were
significantly enriched (log2 ratio value > 0) were associated to
the genes whose knockdown promoted increased mutant
resistance to the treatment. A summarizing table (Dataset 1)
of resistant and sensitive mutants under the different
experimental conditions (IC5 × 10 g, IC5 × 15 g, IC10 × 10 g,
and IC10 × 15 g) was obtained by establishing a cutoff of 0.05 for
false discovery rate (FDR)-adjusted p-values.
It is worth highlighting that the mutations themselves can

affect cell viability. Therefore, we evaluated the effects of each
treatment (and removed the contributions of specific muta-
tions) by comparing each strain (4291 in total) under the
specific treatment to the same strain under control conditions
(in the absence of lanthanide).
Gene ontology (GO) analysis of the data obtained by DSSA

was performed with theDavid tool 6.747 and an FDR-adjusted p-
value cutoff of 0.05 (Dataset S2). The FDR was employed to
correct the p-values in order to account for multiple-hypothesis
testing.48 Protein−protein interaction network analysis was
carried out by mapping the gene products of the deleted genes in
the DSSA-identified mutants onto the STRING S. cerevisiae
functional interaction network.49 STRING provides a score
(ranging between 0.00 and 1.00) for every single interaction
mapped, which correlates to the likelihood of that interaction
being a true positive. The analysis was performed with a score
cutoff of 0.70, which was defined by the software as “high-
confidence”.49 The intracellular localizations of the proteins
identified in the protein−protein network analysis were
screened in two databases, namely, Compartments50 and
UniProt.51 Finally, the human orthologues of genes and gene
products highlighted in our analyses were identified by screening
the Alliance of Genome Resources database.52

■ RESULTS AND DISCUSSION
Differential Strain Sensitivity Analysis Identified

Genes Required for Sensitivity and Tolerance to

Lanthanum and Praseodymium. The La(III) and Pr(III)
concentrations that resulted in 5% (IC5) and 10% (IC10) growth
inhibition of the wild-type strain were determined (Table S1) as
these concentrations allow identification of specific toxicological
responses to chemicals rather than overall non-specific cytotoxic
effects.40,41 Next, a pool of 4291 homozygous diploid deletion
strains were grown in the presence of IC5 or IC10 concentrations
of La(III) or Pr(III) for 10 or 15 generations, yielding eight
experimental conditions in total. These different times of
exposure are commonly used in toxicogenomics because they
allow determination of time-dependent responses and delayed
onset effects.40,41 Sensitive and resistant mutants to the metal
treatments were identified by DSSA,46 with their growth
variations reported in the log2 scale in Dataset S1 and the total
number of mutants affected under each treatment plotted
(Figure 1a). The growth of only a few mutants (between 1 and
40) was disturbed at low lanthanide concentrations (IC5) or low
exposure time (10 generations). Nevertheless, under IC10 and
15 generations, high numbers of strains were affected, e.g., 507
and 86 for La(III) and Pr(III), respectively. Hence, these results
seem to suggest that the metal concentration and time of
exposure have an additive effect, and only when these two
parameters are above a certain value does the biological impact
of the lanthanides significantly increase. Similar results were
observed when comparing the percentage of resistant and
sensitive strains for each treatment. The percentage of resistant
mutants in comparison to the total number of disrupted strains
was the highest at IC10 and 15 generations (30 and 28% of
resistant strains for La(III) and Pr(III), respectively). In
resistant strains, deleting a gene caused lower growth inhibition,
suggesting that the product of the missing gene was being
targeted by the metal, and when removed, the growth of the
resulting mutant was less inhibited. Hence, resistant strains
highlight genes and gene products that need to be studied as
they may be related (directly or via secondary effects) to metal-
induced toxicity. In contrast, for sensitive strains, deleting the
gene caused higher growth inhibition, suggesting that the
function coded by the absent gene was involved in ameliorating
metal toxicity. The fact that resistant strains peaked at IC10 and
15 generations may indicate that at a high concentration and
long exposure time, the pathways that decrease lanthanide
harmful effects started to saturate, and the number of toxicity
mechanisms (i.e., indicated by resistant strains) associated with
the metals increased. Figure 1b corroborates the additive
hypothesis as the majority of strains were disrupted only at IC10
and 15 generations.

Figure 1. Resistant and sensitive strains to La(III) and Pr(III) identified by DSSA. (a) Total number of mutants determined by DSSA after being
exposed to IC5 and IC10metal concentrations for 10 and 15 generations (10 and 15 g, respectively). (b) Venn diagrams of strains with disrupted growth
under different experimental conditions.
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Functional Analysis Identified the Biological Func-
tions Required for Lanthanum and Praseodymium
Sensitivity and Resistance. GO enrichment analysis53 was
performed with the mutants highlighted by DSSA in order to
identify enriched group of genes that share common biological
characteristics (known as GO terms) for each experimental
condition (Dataset S2). GO analysis allows determination of
biological processes, cellular locations, and molecular functions
disrupted by the chemicals studied. The majority of over-
represented GO attributes (FDR-adjusted p-value < 0.01) were
sensitive terms (Figure 2), and these were associated primarily

to protein transport and localization, vesicle-mediated transport,
and the Golgi apparatus. Sensitive GO terms highlight
detoxification mechanisms used by yeast to decrease metal
toxicity. Hence, these results seemed to suggest that S. cerevisiae
decreases metal toxicity by using protein- and vesicle-mediated
transport to the Golgi apparatus as part of the lanthanide
discharge path. These results were consistent with the known
role of the Golgi apparatus as storage of biologically relevant
metals and transient recipient of metals during their discharge by
exocytosis.54,55 Regarding resistant GO terms, which identify
metal-inducing toxicity mechanisms, they were only observed
under IC10 and 15 generations for La(III). These observations
likely indicated that at high La(III) concentrations and long
exposure times, the detoxification pathways saturated, and
metal-induced toxicity started to become significant. The
resistant GO terms were associated with biological processes
in different organelles, including vesicles, ribosomes, and

mitochondria. These results agreed with the previous literature,
which reported that heavy metals disrupt the biological
functions of proteins and enzymes as well as the processes
that these biomolecules regulate.56 It is worth noting that these
results are substantially different from what was observed and
previously reported with later lanthanides for which a similar
analysis was performed: neither europium43 nor gadolinium46

displayed such significant metal-induced toxicity even under the
greater IC10 exposure conditions at 15 generations.

Protein−Protein Interaction Network Analysis High-
lighted the Mechanisms Responsible for Lanthanum
and Praseodymium Sensitivity and Resistance. After
identifying the main functional groups disrupted by La(III) and
Pr(III), we carried out protein−protein interaction network
analysis to discern whether the toxicological effects of the
lanthanides could be associated with specific protein inter-
actions and protein clusters. The proteins encoded by the
knockdown genes in the strains highlighted by DSSA (in at least
two experimental conditions) were mapped to the STRING
database of S. cerevisiae.49 The proteins associated with sensitive
and resistant mutants were screened separately to distinguish
between detoxification responses (sensitive networks) and
metal-induced toxicity mechanisms (resistant networks). The
sensitive networks of both metals were made of a main cluster
and a few linear sub-networks (Figure 3). The two protein
clusters contained COG5, COG6, and COG8, which form the
conserved oligomeric Golgi (COG) complex and mediate in the
fusion of vesicles to the Golgi apparatus as well as intra-Golgi
trafficking.57 Furthermore, COG7 (another component of the
COG complex) was also present in the La(III) cluster. Both
clusters also contained GTPase enzymes (ARL1 and/or ARL3),
which in cooperation with SYS1 (another protein found in both
clusters) participate inGolgi trafficking.58,59 Furthermore, ARL1
is also a key component in the osmoregulation of potassium
cations. The last protein observed in both clusters was TRS85, a
component of the transport protein particle (TRAPP) complex
III, which regulates endosome-to-Golgi traffic.60 These results
are consistent with our previous GO analysis (Figure 2), which
highlighted functional groups associated with vesicle-mediated
transport andGolgi apparatus as part of the yeast response to the
lanthanides. In addition to the proteins described above, the
La(III) cluster also displayed the following: VPS51, a
component of the GARP protein complex, which together
with the YPT6 (also found in the La(III) sensitive network)
mediates in traffic from endosomes to the Golgi apparatus,61,62

and CDC50 and DRS2, which regulate vesicle formation,
including endosomes and exosomes via the trans-Golgi
network.63,64 Thus, CDC50 and DRS2 may participate in
transporting the metal to the Golgi apparatus and discharging
the lanthanides outside the yeast cell after Golgi processing via
vesicle-mediated transport. These results are consistent with the
known role of CDC50 and DRS2 in the yeast response to
transition metals, such as zinc.65

Outside of the main clusters, both La(III) and Pr(III)
networks contained SSO2 and MSO1, which participate in the
vesicle fusion with membranes during exocytosis,66,67 and
VPS30, a protein that is part of the endosomal sorting complexes
required for transport (ESCRT) system.68 This protein complex
participates in vesicle formation and is strongly involved in
regulating calcium homeostasis.69 Yeast using responses to
regulate calcium to mitigate lanthanide toxicity is consistent
with the similar coordination chemistry of these metals.70

Moreover, lanthanides have been reported to outcompete

Figure 2.GO enrichment analysis of strains highlighted by DSSA. Heat
map of over-represented sensitive and resistant GO terms and their
corresponding FDR-adjusted p-values. The two GO domains
represented in the heat map are biological process (BP), and cellular
component (CC).
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calcium for protein binding sites.36,71,72 Overall, the PPI
network analysis identified 17 proteins related to vesicle-
mediated transport to (or from) the Golgi apparatus as part of
the yeast response to La(III) and Pr(III). These observations are
consistent with the role of this organelle as storage of biologically
significant cations and transient recipient of metals during their
discharge from the cell.54,55 Furthermore, several of the protein
complexes identified in the analysis (ESCRT, COG, and GARP)
also have an active role in the yeast response to other metals,
including aluminum, cobalt, zinc, and manganese, since mutants
lacking some of the proteins show higher sensitivity to themetals
and can show compromised metal excretion capabilities.73,74 In
addition to proteins related to vesicle-mediated transport and
Golgi apparatus, the La(III) sensitive network also contained a
protein pair made by TOP1 and HHT2 (two proteins that
participate in DNA replication and repair),75,76 which likely
reflects the yeast response to lanthanide-induced DNA damage.
Regarding the PPI network analysis of knockdown genes that

induced yeast resistance to the metals, it only yielded a small
network for La(III) (Figure S1), which was made of two protein
pairs, including two ATP sulfurylases (APS1 and APS377,78).
Although the exact mechanism by which La(III) disrupts APS1
and APS3 functions is unknown, heavymetals are known to bind
to enzymes (primarily through cysteine residues), compromise
their biological activity, and cause cytotoxicity.56

By mapping the intracellular locations of the main proteins
highlighted by PPI network analysis, we obtained an overview of
the proposed yeast response to La(III) and Pr(III) (Figure 4).
The main response we identified likely relies on vesicle-
mediated transport of La(III) and Pr(III) to theGolgi apparatus,
where the metals are stored and potentially processed before
they are discharged through vesicle-mediated exocytosis. Lastly,
29 human orthologues of the genes and gene products
highlighted by the network analysis were determined (Table
S2), which may also play a significant role in human response

against the metals through similar mechanisms to the ones
identified in our study.

Figure 3. PPI network analysis provides insights into the mechanisms of the La(III) and Pr(III) interaction with yeast. The PPI network was built with
the proteins coded by the knockdown genes of the sensitive strains. All mutants disturbed in at least two treatments were considered during the
analysis. Single proteins without connections are not displayed in the figure for clarity. The PPI network analysis was performedwith STRING software
and a confidence cutoff of 0.70 (defined by STRING as high confidence).

Figure 4. Intracellular yeast localizations of proteins that mediate in the
yeast response to La(III) and Pr(III). E, V, and G stand for endosome,
vacuole, and Golgi apparatus, respectively. The scheme was obtained
with the Compartments software.50
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■ CONCLUSIONS
In summary, we have characterized the toxicological profile of
La(III) and Pr(III) in S. cerevisiae. The multidimensional
genome-wide approach demonstrated that the metal concen-
tration and time of exposure have an additive effect, and when
both parameters are maximized, the lanthanides cause higher
biological impact. GO analysis identified terms associated with
vesicle-mediated transport and Golgi apparatus as the main
components of the yeast response against the metal. Key protein
groups (including COG, TRAPP, ESCRT, andGARP) as well as
other proteins involved in membrane fusions, particularly
between vesicles and Golgi apparatus, were highlighted by PPI
network analysis, likely suggesting that yeast used vesicles to
transport the metal to the Golgi to later be discharged through
exocytosis. Moreover, PPI network analysis also identified
several enzymes, such as ATP sulfurylases, that were disrupted
by the metals, causing cytotoxicity. Finally, multiple proteins
highlighted by PPI network analysis are conserved in humans,
suggesting that those may also be involved in the interaction
between early lanthanides and humans. The identification of
these key gene products may contribute to the development of
future prophylactic and therapeutic strategies.
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