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A B S T R A C T   

The present work aimed at investigating Zn alterations as a response to an inflammatory process in an in vitro 
human retinal pigment epithelial (RPE) cell model mimicking aging process. Cells were subjected to acute in-
flammatory stress with and without Zn supplementation and the effects of such exposure were evaluated by 
studying alterations at the transcriptome level and in the Zn concentration and its isotopic composition using 
single-collector and multi-collector ICP-mass spectrometry, respectively. The in vitro RPE model strongly 
responded to pro-inflammatory events (caused using 100 U/mL Interleukin-1α) at the RNA level by inducing 
immune and cytokine responses, while Zn supplementation (100 µM Zn) partially attenuated the aforementioned 
inflammatory effects. Interestingly, the Zn isotope ratios were correlated with the transcriptome, as inflammation 
was demonstrated to lead to a lighter Zn isotopic composition. This change in the isotopic composition of Zn 
signaling inflammation, which could also be avoided by short-term zinc supplementation, is probably indicating 
the modulation of the cellular immune function via cytokine signaling.   

1. Introduction 

The retinal pigment epithelium (RPE) is a monolayer of pigmented 
cells, contributing to the homeostasis of the neurosensory retina by 
removing by-products of the visual cycle. Retina and RPE aging lead to 
uncontrolled inflammation, resulting in cell damage, which disrupts its 
immune-privilege and contributes to the onset of age-related macular 
degeneration (AMD), an irreversible eye disease [1,2]. Zinc deficiency 
or excess triggers the development of different neurodegenerative dis-
eases, e.g. Alzheimer, Ischemic stroke or Parkinson [3,4]. Zn also plays 
an important role in aging-related eye disorders as a regulator of the 
antioxidant pathway and as an anti-inflammatory agent [5–8]. It has 
been shown that Zn supplementation reduces AMD progression at in-
termediate and late stages [9]. Specifically, this essential trace metal, 
involved in retinal functions such as phototransduction and 

neurotransmission [10,11], modulates the cellular immune function of 
T-cells via cytokine signalling [12,13]. 

Zn homeostatic fluctuations are mediated by cytosolic zinc-binding 
proteins and cell influx and efflux cellular transport mechanisms, 
involving metallothioneins (MTs) and the two families of zinc trans-
porters, ZnT (Zinc Transporter) involved in its export and ZIP (Zinc 
Importer), promoting its influx from the extracellular compartment into 
the cytoplasm [8,14,15]. Both MTs and Zn transporters are expressed by 
RPE cells, which are altered during aging and disease, suggesting a 
pathological consequence for the health and function of the retina [5]. 
Still, the link between Zn and inflammation in the RPE is not well un-
derstood and very little is known about the metabolic pathways for Zn 
transport and its relevance in the physiology and pathophysiology of the 
eye. 

These biochemical mechanisms may be accompanied by isotope 
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fractionation effects due to a slightly different behaviour of isotopes of 
the same element [16]. The heavier isotope(s) of a given element shows/ 
show a preference for the stronger chemical bonds, whereas the lighter 
isotopes show a higher reaction rate [17]. High-precision isotopic 
analysis has been demonstrated to be an outstanding tool for identifying 
changes in metabolic processes, while isotope ratios of essential mineral 
elements are increasingly suggested as potential biomarkers for early 
diagnosis of diseases [18–20]. In this context, alterations in the Zn iso-
topic composition of biological fluids and tissues have been found in 
glaucoma and cancer; glaucoma patients showed a significantly lighter 
Zn isotopic composition in their aqueous humor compared to that of 
healthy subjects [21]. Breast cancer tumour tissue displays a lighter Zn 
isotopic composition than that of the blood, serum and healthy breast 
tissue [22]. Also the urine Zn isotopic composition of patients suffering 
from pancreatic or prostate cancer or from benign breast disease was 
lighter than that of healthy subjects [23]. 

The study of isotope fractionation in vitro has been shown to provide 
further insights in the molecular pathways of trace elements under 
different experimental conditions. In this line, an intestinal Caco-2 cell 
line was used to experimentally demonstrate isotope fractionation 
favouring the lighter Fe isotopes during intestinal absorption. After 24 h 
of exposing the cell line to an Fe-containing solution in a bicameral 
experiment, the isotopic composition in the apical chamber had become 
isotopically heavier than at the start, while the basal solution was 
demonstrated to contain isotopically lighter Fe, evidencing a preferen-
tial uptake and transport of the lighter isotopes [24]. In another study 
using the hepatic cell line HepG2, it was reported that hypoxia induces a 
heavier cellular Cu isotopic composition [25]. The same trend was 
observed for the HepG2 cell line under oxidative stress conditions [26]. 
Conversely, a preferential uptake of the lighter Cu and U isotopes was 
observed in cultured human neuronal cells (SH-SY5Y) upon exposure to 
U [27]. Using the same neuronal cell line, it has been shown that cells 
were systematically enriched in the light 63Cu isotope with increasing 
intracellular metal content, with the mitochondria being isotopically 
lighter than the cell lysate [28]. Surprisingly, for the breast cancer MDA- 
MB-231 cell line, a preferential cellular uptake of the heavier Zn isotopes 
was observed, i.e. Zn isotope fractionation in the opposite direction to 
that observed for in vivo breast cancer tissue. This difference was hy-
pothetically attributed to differences in Zn transporter levels or inter-
cellular Zn storage mechanisms [29]. 

Research on high-precision isotopic analysis via multi-collector 
(MC)-ICP-MS in cell cultures is still limited due to analytical chal-
lenges, mainly caused by the low amount of analyte available for anal-
ysis, and potential contamination, particularly in the context of Zn 
isotopic analysis. The control of blank levels is crucial to get reliable Zn 
isotope ratio results for in vitro cell cultures. 

The main goal of the present investigation was to study Zn alterations 
as a response to an inflammatory process by using a RPE cell model 
mimicking aging and inflammatory processes. The experiments per-
formed aim at improving the understanding of the metabolic processes 
involving Zn and their relevance in the physiology and pathophysiology 
of neurodegenerative diseases resembling AMD disease. In particular, 
such aim has been pursued by investigating Zn alterations in response to 
inflammation and Zn supplementation at three different levels: differ-
ential gene expression, Zn concentration and Zn isotopic composition. 

2. Material and methods 

2.1. Reagents 

Ultrapure water was obtained from a Milli-Q Element water purifi-
cation system (Merck Millipore, USA). Trace metal analysis grade 14 M 
HNO3 (Fisher Chemicals, UK) and 12 M HCl (Fisher Chemicals, UK) were 
used throughout this work, after further purification by sub-boiling 
distillation in a PFA purification system (Savillex Corporation, USA). 
Ultrapure TraceSELECT® 9.8 M H2O2, used for sample digestion and 

isolation of the target element, was purchased from Sigma Aldrich 
(Belgium). Polypropylene chromatographic columns and AG® MP-1 
resin (100–200 mesh, chloride form, Bio-Rad, Belgium) were used for 
Zn isolation from the sample matrix. 

Single-element standard stock solutions used for quantification and 
mass bias correction were purchased from Inorganic Ventures (The 
Netherlands). The isotopic certified reference material IRMM-3702 
(Institute of Reference Materials and Measurements, Belgium) was 
used for external mass bias correction. A single-element Zn standard 
solution (Inorganic Ventures, USA), previously characterized for its 
isotopic composition, was used as in-house isotopic standard for quality 
assurance/quality control (QA/QC). 

For cell culture treatments, zinc sulphate monohydrate was pur-
chased from Sigma-Aldrich (Spain), while pro-inflammatory Inter-
leukin-1 alpha (IL1α) was purchased from GoldBio® (USA). 

2.2. Cleaning protocol 

The manipulation of the cell cultures was carefully optimized with 
the aim of avoiding contamination from both an analytical and biolog-
ical point of view. In this vein, all material (tips and Eppendorf tubes) 
was previously cleaned with 1.2 M HCl + 0.001 % H2O2, rinsed with 
Milli-Q water and carefully stored after drying. This material was used 
for sample collection, whereas Zn and IL1α supplementation was carried 
out with sterilized pipette tips. Before use, this material was also sub-
jected to UV light for 30 min to assure sterilization. 

From an analytical point of view, it is well known that proper 
cleaning with the aim of minimizing Zn contamination is mandatory. 
For such purpose, cell culture experiments were performed in a laminar 
flow hood under sterilized conditions at the Fernandez-Vega Ophthal-
mological Research Foundation (Oviedo, Spain), ensuring maximum 
control over the Zn blank levels, whereas sample preparation for Zn 
quantification and isotope ratio measurements was carried out inside a 
class-10 clean lab (at the A&MS facilities, Ghent University, Belgium). 
Teflon Savillex® beakers were pre-cleaned with 7 M HNO3 and 6 M HCl 
in several steps and the polyethylene material was cleaned with 1.4 M 
HNO3 and ultrapure water. 

2.3. RPE cell culture 

The primary human fetal RPE cells (hfRPE) were commercially ob-
tained from ScienCell Research Laboratories (USA) at passage 1 (P1). 
Cells were propagated and frozen as P2 cells. For our experiments, un-
frozen cells (P3) were seeded at a density of 142,900 cells/cm2 onto 12- 
well Transwell® inserts (10 µm thick polyester inserts with 0.4 µm pore 
size, Corning, Thermo Fisher Scientific, USA), previously coated with 
Geltrex™ extracellular matrix (Thermo Scientific, USA). The main 
feature of the Transwell® inserts is the design of a bicameral chamber, 
which mimics in vivo conditions. The 0.4 µm pores in the insert mem-
brane hinder the movement of microparticles between chambers, but 
nanoparticles released by cells can pass from the upper (apical side) to 
the lower compartment (basal side). Cultures from three 12-well 
Transwell® plates were used for the experiments (i.e., Plates 1, 2 and 
3). The cells were grown in EpiCM (Epithelial Cell Medium, ScienCell 
Research Laboratories) supplemented with 2 % fetal bovine serum 
(FBS), 1 % penicillin–streptomycin and 1 % epithelial cell growth sup-
plement (EpiCGS) and incubated at 37 ◦C with 5 % CO2. After seven 
days, the culture medium was replaced by MEM-α modifications (Min-
imum Essential Medium Eagle Alpha Modification; Sigma-Aldrich) as 
previously described [30]. This culture medium, which contributes to 
the differentiation of the RPE cells, was replaced 2–3 times a week and 
cellular differentiation was monitored through the observation of the 
increase of cell pigmentation and the acquisition of cobblestone 
morphology, evaluated by means of the inverted microscope LEICA DM 
IL LED (Leica Microsystems). Moreover, the monolayer integrity was 
regularly checked prior to change of culture medium by measuring the 
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transepithelial electrical resistance (TEER), using the Minicell ERS-2 
Epithelial Volt-Ohm Meter and STX01 electrodes (Millipore Corpora-
tion, MA, USA) [30,31]. 

2.4. Cell experiments 

After 31 days, when the cell cultures showed characteristics of a 
mature RPE, the cells in Plates 1, 2 and 3 were apically incubated for 24 
h with either: 1) Miller medium (further referred to as control); 2) 100 
U/mL IL1α in Miller medium (further referred to as IL1α-treatment) or 
3) 100 μM Zn, prepared from ZnSO4⋅H2O (Sigma-Aldrich) in Miller 
medium (further referred to as Zn-treatment), whereas only Miller me-
dium was added to all the basal compartments (see Fig. 1). Incubation 
time and concentrations of Zn and IL1α were similar to those used in 
previous works in corneal, lens and RPE immortalized cell lines 
[15,32,33]. All incubations were carried out at 37 ◦C in a humidified 
atmosphere with 5 % CO2. After incubation, each plate was processed as 
follows:  

• Plate 1: The apical and basal media from the cultures of Plate 1 were 
separately collected, the cell cultures were washed three times with 
Dulbeccós phosphate-buffered saline (DPBS, Sigma Aldrich) and the 
wash solutions of each culture were also collected. Then, the Plate 1 
containing the cells, the apical and the basal media, and wash so-
lutions were stored at − 80 ◦C until elemental and isotopic analysis.  

• Plate 2: The apical and basal media from the cultures of Plate 2 were 
separately collected. Cell cultures of Plate 2 were maintained for an 
additional 24 h to be incubated in Miller medium with or without 
supplementation as follows: those cultures previously incubated with 
100 U/mL IL1α were supplemented with 100 μM Zn (further referred 
to as IL1α + Zn-treatment), while those previously incubated with 
100 μM Zn were exposed to 100 U/mL IL1α (further referred to as Zn 
+ IL1α-treatment). The rest of the cultures of this plate were incu-
bated with Miller medium only (as controls). After 24 h of 

incubation, the apical and basal media were separately collected, the 
cells were washed as previously described, and media, wash solu-
tions and Plate 2 were stored at − 80 ◦C until elemental and isotopic 
analysis.  

• Plate 3, the culture media were removed and RNA was isolated from 
two untreated cell cultures (control), two IL1α-treated cell cultures 
(IL1α-treatment) and another two cell cultures incubated with Zn 
(Zn-treatment). Later, the remaining two cell cultures from Plate 3, 
incubated previously with 100 μM Zn, were incubated for an addi-
tional 24 h with 100 U/mL IL1α (Zn + IL1α-treatment). Then, the 
culture media were removed and RNA was isolated and stored at 
− 80 ◦C until analysis. 

2.5. RNA isolation and sequencing 

The RNA of 8 cell cultures (see Fig. 1) from Plate 3 was extracted 
with a RNeasy Mini Kit (Qiagen). After removing the culture media, lysis 
buffer was added to the cells. Subsequently, the lysed cells corre-
sponding to each culture were transferred to RNase-free Eppendorf 
tubes. RNA isolation was performed according to the manufacturer’s 
protocol. RNA sequencing and bioinformatics analysis were performed 
at the BGI Corporation (Beijing Genomics Institute, Shenzhen, China), 
which uses its own Next Generation Sequencing platform, designated as 
BGISEQ-500. Differential expression between condition groups (Con-
trol, Zn-treatment, IL1α-treatment and Zn + IL1α-treatment), each made 
up of two biological replicates, was conducted using the DESeq2 analysis 
method [34,35]. Differentially expressed genes (DEGs) were identified 
with a threshold value for padj (adjusted p-value) ≤ 0.05 and fold- 
change ≥ 2 or ≤ 0.5. Gene ontology (GO) enrichment analysis of DEGs 
was carried out to determine the most significantly enriched biological 
process terms. 

Fig. 1. Experimental design. Medium in the apical compartment: ◆ Miller medium added to the control cells; x Miller medium added to the Transwell® insert 
without cells (procedural blank); * 100 µM Zn in Miller medium, Δ 100 U/mL IL1α in Miller medium. Medium in the basal compartment: Miller medium in all 
chambers. x Transwell® insert without cells (procedural blank). 
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2.6. Sample preparation for isotopic analysis 

Culture media (apical and basal) and wash solutions from each 
Transwell® (Plates 1 and 2) were acid digested in Teflon Savillex® 
beakers using a mixture of 3 mL 14 M HNO3 and 500 μL of 9.8 M H2O2 
during 18 h at 110 ◦C. The same procedure was applied for the digestion 
of the cells from same Plates, although 500 μL of 14 M HNO3 and 150 μL 
of 9.8 M H2O2 were used instead. For such purpose, the cells were first 
defrosted and directly removed from the porous membrane by addition 
of a small amount of 14 M HNO3 (about 200 µL in two steps) to the 
Transwell®. The acid was then transferred to Savillex® beakers and 
digestion accomplished. This procedure (direct freezing of the cell 
grown on the porous membrane and later removal of the cells using 
HNO3) allowed to avoid contamination. It is noteworthy that when cells 
were collected from the Plate using the conventional trypsinization 
procedure, reliable isotopic analysis was no longer possible due to Zn 
contamination. 

The digests obtained were evaporated to dryness at 90 ◦C and, sub-
sequently, reconstituted in 0.5 mL of 8 M HCl. An aliquot of this solution 
(20 μL) was used for Zn quantification by means of a sector-field 
inductively coupled plasma-mass spectrometry (using an Element XR 
instrument, Thermo Scientific, Germany). The Zn concentration ob-
tained was not always sufficient to allow reliable Zn isotopic analysis (in 
case of a Zn concentration < 100 µg/L in the digest). In such case, sample 
replicates were combined to obtain a higher amount of Zn. Then, sam-
ples were taken up in 5 mL (final volume) of 8 M HCl with 0.001 % H2O2. 
Zn isolation was performed using anion exchange chromatography with 
1 mL of AG® MP1 resin (Bio-Rad), as described elsewhere [36]. After 
isolation, the final solution was dried and reconstituted in 500 μL of 
0.28 M HNO3. An aliquot of 20 μL of this solution further diluted with 
0.28 M HNO3 was used for Zn quantification with the aim of assuring 
quantitative recovery, assuring that the Zn fraction did not show evi-
dence of on-column isotope fractionation. The rest of the solution was 
used for Zn isotope ratio measurements. Throughout the entire experi-
ment (digestion and isolation), two procedural blanks were included in 
each batch of samples for QC purposes. 

2.7. Instrumentation and Zn isotope ratio measurements 

Zn elemental determination was accomplished using an Element XR 
single-collector sector-field ICP-MS unit (Thermo Scientific, Germany), 
operated at medium mass resolution (R = 4,000). The instrument, in 
operation at Ghent University, was equipped with a 200 μL/min quartz 
concentric nebulizer and a cyclonic spray chamber for sample intro-
duction. Quantitative Zn determination was performed via external 
calibration with Ga as an internal standard (10 μg/L) to correct for 
matrix effects, signal drift and instrumental instability. Elemental 
determination was accomplished before and after Zn isolation to assure 
quantitative recovery of the target element. 

Zn isotope ratio measurements were performed using a Neptune XT 
multi-collector (MC)-ICP-MS instrument (Thermo Scientific) equipped 
with a high transmission Jet interface (Jet-type Ni sampling cone and X- 
type Ni skimmer cone), also in operation at Ghent University. The 
sample introduction system consisted of a PFA C-type nebulizer (100 μL/ 
min) and a heated spray chamber, combined with a PTFE membrane 
desolvator unit (Aridus II unit, Teledyne Cetac Technologies, USA). 
Measurements were performed at medium (pseudo) mass resolution and 
the ion beams of interest were monitored using 6 Faraday cups, all 
connected to 1011 Ω amplifiers. Samples were run in a sample-standard 
bracketing sequence (SSB). The isotopic certified reference material 
IRMM-3702 (Institute of Reference Materials and Measurements, 
Belgium) was used as external standard and Cu was added for internal 
correction according to Baxter et al. (revised Russellś model) [37]. The 
solutions (samples and standards) were adjusted to 20 μg/L Zn and 20 
μg/L Cu (within ± 3 %) to avoid mass bias variation. For those samples 
where the Zn concentration was sufficiently high, the Zn isotope ratio 

measurements were also performed in wet plasma conditions for com-
parison purposes. In such cases, the measurement solutions were 
adjusted to 200 μg/L Zn and 200 μg/L Cu in 0.28 M HNO3 and the 
sample introduction system consisted of a PFA concentric nebulizer 
(100 μL/min) mounted onto a tandem spray chamber (with a cyclonic 
and a Scott-type sub-unit). An in-house standard (previously charac-
terized for its isotopic composition) was measured at the beginning of 
each measurement sequence and every-five samples for monitoring the 
quality of the isotopic analysis in both dry and wet plasma conditions. 

3. Results and discussion 

3.1. Characterization of primary RPE cell cultures 

Thirty RPE cell cultures were grown on Transwell® inserts and their 
maturation in terms of morphology, pigmentation and TEER was fol-
lowed for 31 days (Fig. 2). Culture conditions under which RPE cells 
develop characteristics similar to those of mature RPE in vivo [38–40] 
were selected. After 11 days, our cultures developed cobblestone 
morphology and small groups of pigmented cells were observed; these 
increased in size and number over time (see Fig. 2a). Additionally, an 
increase in TEER was observed from day 10 onwards in all cultures, 
indicating the establishment of tight intercellular junctions, enabling the 
formation of the epithelium barrier function. Fig. 2b shows the evolution 
of the average TEER with cell culture time, reaching the maximum value 
at 31 days, i.e. TEER = 103 ± 48 Ohm cm2. The high standard deviation 
of the TEER values shows the biological heterogeneity of the cultures. In 
the native tissue, TEER values reach 150 Ohm cm2, while securing 
reproducible TEER values in cellular models of RPE are still a difficult 
task, although values close to 100 Ohm cm2 guarantee cell culture for-
mation of single monolayers [30]. 

Also the gene expression of the matured RPE cells was checked and 
characteristic gene expression indicated the differentiation aimed at. As 
shown in Table 1, transcriptome analyses (Plate 3) confirmed that 
cultured cells expressed genes codifying RPE-specific proteins, including 
bestrophin-1 (BEST-1), cellular retinaldehyde-binding protein 
(CRALBP), retinoid isomerohydrolase RPE65 (RPE65) and retinal G 
protein coupled receptor (RGR), which are all related with the visual 
cycle, and tyrosinase (TYR), melanocyte inducing transcription factor 
(MITF) and tyrosinase related protein 1 (TYRP1), which are involved in 
melanogenesis process. 

3.2. Transcriptome analysis and differential gene expression 

We studied the effects of exogenously supplemented zinc, in the form 
of ZnSO4, and/or pro-inflammatory IL1α treatment on hfRPE cells, by 
determining their entire transcriptomic profile, along with specific 
changes in the gene expression of metallothioneins (MTs) and cytokines 
[32] as shown in Table 2 and Table 3, respectively. In addition, the 5 
most altered biological processes between the different experimental 
conditions have been compiled in Table 4. To this end, DEGs were 
identified via comparisons between the following cellular treatment 
conditions: 1) Zn-treatment vs control, 2) IL1α-treatment vs control, 3) 
Zn + IL1α-treatment vs control and 4) Zn + IL1α-treatment vs IL1α- 
treatment. No transcriptome data were obtained for the IL1α + Zn- 
treatment. 

Zn-treatment vs control: The 24 h Zn-treatment had neither a signifi-
cant effect on the entire gene expression profile of hfRPE cell cultures 
(data not shown), nor on the MT isoforms (see Table 2), when compared 
to control conditions. There was a slight increase in the expression of 
MT1E, MT1F and MT1G isoforms after Zn-treatment (fold-change = 1.7, 
with p-adj values < 0.05), but these expression differences were not 
statistically significant as in all cases the obtained fold-change was<2. 
The absence of an effect from Zn supplementation on the gene expres-
sion is striking, because the same Zn concentration (100 µM) and in-
cubation time (24 h) previously exerted a systematic upregulation of the 
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gene expression of the MT isoforms in corneal (HCEsv) and lens (HLEsv) 
epithelial cell lines [32–34]. Moreover, upon exposure to the same Zn- 
treatment conditions, an in vitro model of human RPE (HRPEsv cell 
line) also responded with a significant increase in total MTs protein 
levels [41]. Probably, the optimal Zn-treatment conditions able to pro-
duce a response at the transcriptomic level in the hfRPE cell cultures are 
different than those previously assayed for immortalized human eye cell 
lines. In fact, matured RPE cells, with the observed tight junctions and 
characteristics of a functionally polarized monolayer, may respond in a 
less specific way to culture treatments, possible requiring a longer-term 
Zn treatment to see gene expression variations [40]. Along with MTs, 
other relevant molecules in Zn homeostasis are both ZnT (SLC30), and 
ZIP (SLC39) transporters, responsible for reducing and increasing the 

concentration of cytoplasmic Zn, respectively. Similarly, the gene 
expression of all ZnT and ZIP transporters remained unaltered during 
the Zn-treatment, when compared to control conditions, thus further 
suggesting that a longer Zn exposure is probably required for inducing 
alterations in Zn-related genes and transporters. 

IL1α-treatment vs control: Likewise, upon exposure of primary hfRPE 
cells to IL1α, there were no statistically significant variations in MTs 
gene expression (see Table 2), similar as observed for the HCEsv cells 
[32] and in contrast to what happened in an HLEsv cell line [33], where 
there was an significant increase in their gene expression. Conversely, 
the 24 h IL1α-treatment induced statistically significant overexpression 
of the specific pro-inflammatory cytokines IL1α itself, IL1β and IL32. 
Moreover, overexpression of IL6 was also observed, which has both pro- 
and anti-inflammatory properties (Table 3). Additionally, IL1α-treat-
ment induced a significant increase in complement factor B (CFB) (fold- 
change = 9.5, p-adj = 0) and complement C3 (fold-change = 17.3, p-adj 
= 0) gene expression, activating proteins playing a role within the 
alternative pathway of the complement system. The increased expres-
sion of both CFB and C3 could be, at least in part, mediated by IL6, the 
expression of which has been strongly induced by IL1α. It has been 
shown that IL6 induced increased levels of CFB and C3 at mRNA and 
protein levels in human skin fibroblast [42]. 

Also the increased gene expression of the Zn importer SLC39A8 (4.98 
fold-change, p-adj = 1.04⋅10-95) during pro-inflammatory conditions 
should be stressed. NF-κB (Nuclear Factor Kappa B) dependent upre-
gulation of SLC39A8 expression, in response to TNFα (Tumor necrosis 
factor alpha) or LPS (lipopolysaccharide) was described earlier for pri-
mary human lung epithelia, monocytes and macrophages. In turn, 

A) B)

Fig. 2. A) Cobblestone morphology and pigmentation development over time. B) Mean value of TEER reached by the cultures over time.  

Table 1 
Canonical gene expression of RPE markers obtained for the samples from Plate 3. 
Expression levels are given as fragments per thousand bases of gene per million 
bases mapped (FPKM).  

RPE 
markers 

Control 
(FPKM) 

Zn-treatment 
(FPKM) 

IL1α- 
treatment 
(FPKM) 

Zn þ IL1α- 
treatment 
(FPKM) 

BEST1 138 226 130 333 
CRALBP 20 31 15 24 
RPE65 8 16 9 15 
RGR 17 29 41 81 
TYR 256 260 196 259 
MITF 62 64 58 63 
TYRP1 2,101 2,144 1,797 2,242  

Table 2 
Comparisons of gene expression for MTs isoforms between experimental conditions. Significant differences* correspond to an adjusted p < 0.05 and a fold change ≥ 2.0 
or ≤ 0.5.  

Gene symbol Zn vs Control IL1α vs Control Zn-IL1α vs Control Zn-IL1α vs IL1α 

Fold-change p-adj Fold-change p-adj Fold-change p-adj Fold-change p-adj 

MT1E  1.75  1.14⋅10-9  1.33  0.2676  1.33  0.1914  1.14  0.5372 
MT2A  1.07  0.9997  1.32  0.2811  1.13  0.9374  0.64  1.16⋅10-4 

MT1X  1.43  0.0008  1.24  0.6678  1.25  0.6525  0.96  0.8432 
MT1F  1.75  1.95⋅10-12  1.35  0.0874  1.38  0.1811  0.98  0.9559 
MT1A  1.00  0.9997  0.99  0.9996  0.98  0.9437  0.34  0.5917 
MT3  1.00  0.9997  1.14  0.5367  1.05  0.9419  0.46  0.2925 
MT1M  1.04  0.9997  1.03  0.9996  1.05  0.8843  1.03  0.9796 
MT1G  1.67  3.99⋅10-12  1.05  0.9471  1.19  0.3127  2.93  0.1902  

M. Aranaz et al.                                                                                                                                                                                                                                



Microchemical Journal 183 (2022) 108033

6

SLC39A8 is a negative regulator of the NF-κB signalling pathway 
through zinc-mediated suppression of IKK (I Kappa B Kinase) [43]. 

Zn + IL1α-treatment vs control: No up-regulation of MTs gene 
expression was induced in hfRPE cells treated with IL1α after Zn- 
exposure (Table 2), again probably because the high Zn internaliza-
tion in the matured RPE cultures, characterized by the polarized traffic 
of ions and metabolites across the monolayer, requires long-term culture 
supplementation, in contrast to the increased expression of MTs 
observed in simplified cellular models [32,34]. Only significant over-
expression of the pro-inflammatory cytokine IL32 (6.03 fold-change, p- 
adj = 2.63⋅10-50), and of the pro- and anti-inflammatory IL6 (9.79 fold- 
change, p-adj = 2.63⋅10-73) was observed. Finally, the genes encoding 
the activation of proteins involved in the complementary alternative 
pathway, CFB and C3, and the Zn importer protein SLC39A8, also 
showed increased expression after IL1α-treatment of cultures previously 
treated with Zn (9.38 fold-change, p-adj = 3.53⋅10-178, 5.41 fold-change, 
p-adj = 1.88⋅10-94 and 3.39 fold-change, p-adj = 7.22⋅10-38, 
respectively). 

Zn + IL1α-treatment vs IL1α-treatment: Interestingly, the comparison 
between Zn supplementation followed by the 24 h pro-inflammatory 
IL1α-treatment and the IL1α-treatment alone showed no significant 
changes in MTs gene expression but revealed that Zn supplementation 
induced a statistically significant attenuation of the inflammatory effects 
of IL1α. Hence, as shown Table 3, significant down-regulation of IL1α, 
IL1β and IL1R1 was observed, demonstrating the anti-inflammatory 
effects of Zn in cultured hfRPE cells. This effect was not previously 
observed in the ocular cell lines HCEsv and HLEsv [32,33]. Moreover, 

the pre-treatment of cells with Zn prevented IL1α-induced up-regulation 
of CFB and C3 gene expression (0.561 fold-change, p-adj = 1.08⋅10-14 

and 0.578 fold-change, p-adj = 3.82⋅10-12, respectively) and conse-
quently, the activation of the alternative complementary pathway. IL1α- 
treatment after Zn supplementation also did not induce an increase in 
SLC39A8 gene expression (0.67 fold-change, p-adj = 5.98⋅10-6). All 
together, these data point towards an anti-inflammatory effect exerted 
by Zn in hfRPE cells. 

Gene Ontology analysis identified the most significantly altered 
biological processes (DEGs) between the different treatments performed 
(Table 4). No comparisons with Zn-supplementation are shown, since, as 
mentioned above, this specific treatment did not induce DEGs. As ex-
pected, upon IL1α treatment, the DEGs were mainly associated with 
biological processes related to the response to cytokines and the most 
significantly dysregulated process was “immune system process”. Simi-
larly, comparison of the Zn + IL1α-treatment with the control conditions 
showed that the defence and immune response biological processes were 
very significantly affected. Moreover, when the DEGs induced by Zn +
IL1α-treatment were compared with those induced by IL1α alone, the 
third most altered biological process was “inflammatory response”, 
supporting the possible attenuation of the inflammatory response to-
wards IL1α due to the previous supplementation with Zn. More detailed 
results about the most altered biological processes between conditions 
are shown in Figures S1 and S2 of the Supplementary Material. 

Inflammation is a protective process induced by cells to fight 
dangerous stimuli and restore normal homeostasis [44]. Neurodegen-
erative diseases, including Alzheimer’s disease, Parkinson’s disease, 

Table 3 
Comparisons of gene expression for cytokines between treatment conditions. Significant differences * correspond to an adjusted p < 0.05 and a fold-change ≥ 2.0 or ≤
0.5.  

Gene symbol Zn vs Control IL1α vs Control Zn-IL1α vs Control Zn-IL1α vs IL1α 

Fold-change p-adj Fold-change p-adj Fold-change p-adj Fold-change p-adj 

IL1α  1.00  0.9997  *2.78  *7.35⋅10-14  1.76  0.0014  *0.33  *3.36⋅10-05 

IL1β  1.00  0.9997  *2.54  *3.44⋅10-12  1.45  0.0258  *0.22  *3.30⋅10-06 

IL6  1.04  0.9997  *16.79  *1.95⋅10-175  *9.79  *2.63⋅10-73  0.59  1.34⋅10-06 

IL10  1.00  0.9997  0.99  0.9996  0.98  0.9413  0.69  0.8232 
IL11  1.00  0.9997  1.43  0.0746  1.18  0.8435  0.65  0.1326 
IL12A  0.97  0.9997  0.97  0.9996  0.87  0.8921  0.76  0.4776 
IL16  1.00  0.9997  0.88  0.9996  1.06  0.9625  1.83  0.1124 
IL18  0.86  0.9997  0.66  0.0001  0.72  0.0463  1.11  0.4186 
IL32  1.02  0.9997  *6.24  *5.89⋅10-69  *6.03  *1.74⋅10-50  0.96  0.6852 
TNF  1.00  0.9997  1.00  0.9996  1.09  0.7822  1.86  0.5610 
TGFB1  1.03  0.9997  0.94  0.9996  0.83  0.2524  0.89  0.1744 
TGFB2  0.94  0.9997  1.01  0.9996  0.94  0.9413  0.93  0.4016 
TGFB3  0.83  0.5491  1.72  1.00⋅10-8  1.16  0.6216  0.65  5.51⋅10-05 

TGFBI  0.89  0.8268  1.02  0.9996  0.98  0.9710  0.96  0.6808 
IL1R1  0.95  0.9997  1.87  2.95⋅10-5  1.19  0.8081  *0.47  *1.50⋅10-04 

IL18R1  1.00  0.9997  1.03  0.9996  1.08  0.8114  1.38  0.7551  

Table 4 
Five most altered biological processes between experimental conditions.  

Comparison Gene Ontology Term Corrected p-value 

IL1α vs Control GO:0002376 Immune system process 4.88e-23 

GO:0006952 Defense response 6.19e-23 

GO:0019221 Cytokine-mediated signaling pathway 6.47e-23 

GO:0034097 Response to cytokine 1.04e-20 

GO:0071345 Cellular response to cytokine stimulus 8.83e-20 

Zn-IL1α vs Control GO:0006952 Defense response 3.25e-25 

GO:0006955 Immune response 2.47e-22 

GO:0019221 Cytokine-mediated signaling pathway 6.32e-22 

GO:0034097 Response to cytokine 2.06e-20 

GO:0051707 Response to other organism 1.23e-19 

Zn-IL1α vs IL1α GO:0010469 Regulation of signaling receptor activity 4.06e-05 

GO:0019221 Cytokine-mediated signaling pathway 2.08e-04 

GO:0006954 Inflammatory response 6.65e-04 

GO:0035234 Ectopic germ cell programmed cell death 9.98e-04 

GO:0008284 Positive regulation of cell proliferation 1.67e-03  
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amyotrophic lateral sclerosis, glaucoma and age-related macular 
degeneration (AMD), are associated with cell-mediated immune re-
sponses sharing neuroinflammatory features [45–47]. The immune- 
privilege of the retina and its RPE can be compromised during aging, 
which contributes to the onset of neurodegenerative eye diseases. Spe-
cifically, the chronic immune process in the RPE leads to uncontrolled 
inflammation, resulting in cell damage as a result of the production of 
neurotoxic factors [1,2,48]. In this vein, Zn is an essential element 
involved in important cellular processes, including inhibition of cyto-
kine expression by blocking the dimerization of Stat3 (signal transducer 
and activator of transcription 3) proteins or activating NF-κB [49,50]. 

In this work, the use of an in vitro cell culture model representative of 
the human RPE and mimicking the gene expression profiling of the 
matured tissue permitted the study of the simultaneous effects of Zn and 
IL1α in the absence of immune T and B lymphocytes. Overall, tran-
scriptomic data provided evidence of altered inflammatory pathways of 
the in vitro model of matured RPE cells, reflecting changes in molecular 
processes associated to altered immune system processes and the 
cellular response to cytokines. At RNA level, the pro-inflammatory 
cytokine IL1α strongly induced immune processes, defense response 
and cellular response to cytokine stimulus in a cell culture of matured 
RPE cells. In addition, although Zn supplementation during 24 h did not 
show evident gene expression alterations, the subsequent attenuation of 
inflammation supports the capability of RPE cells responding to cyto-
kines and the consequent reduction of the inflammatory damage. 

3.3. Zn levels in cultured RPE cells 

The total Zn content in the cells, and the Zn concentrations in the 
apical and basal solutions from Plates 1 and 2 were determined by 
means of single-collector sector-field ICP-MS for each Transwell® insert 
used throughout the experiment. For the control conditions (Plate 1), 
after 24 h, the average Zn content was 55.8 ± 8.8 µg/L for the apical 
solution, 37.6 ± 3.3 µg/L for the basal solution and 88 ± 23 fg/cell. 
Similar values were obtained after IL1α-treatment (apical solution: 45.1 
± 8.8 µg/L; basal solution: 41.5 ± 3.6 µg/L; cells: 119 ± 43 fg/cell), 
whereas in the case of Zn-treatment, the cellular amount (260 ± 45 fg/ 
cell) and, in particular, the basal Zn concentration (1400 ± 210 µg/L) 
were increased, which reflects enhanced Zn internalization and 
increased diffusion across the tight monolayer constituted by the 
matured RPE (due to Zn addition, the concentration in the apical solu-
tion reached 3410 ± 200 µg/L Zn). In addition, the Zn content was also 
measured in the wash solutions. The negligible concentrations thus 
obtained demonstrated actual internalization and diffusion of Zn across 
the cell monolayer and allows the possibility of adsorption to the cell 
culture to be discarded. In Plate 2, the average Zn content in cells was 
126 ± 50 fg/cell, 221 ± 34 fg/cell and 164 ± 36 fg/cell in case of the 
control conditions (48 h), IL1α + Zn-treatment and Zn + IL1α-treatment, 
respectively. These values showed higher intracellular incorporation of 
Zn after pro-inflammatory stress (IL1α + Zn-treatment), whereas no 
difference in terms of Zn incorporation was appreciated when Zn 
treatment was performed before the pro-inflammatory process (with 
respect to the control cells). 

In addition, the apical and basal Zn concentrations were also eval-
uated for Plate 2 after 24 h under control conditions (apical solution: 
57.8 ± 9.7 µg/L; basal solution: 44.9 ± 5.8 µg/L), after IL1α-treatment 
(apical solution: 68.1 ± 8.1 µg/L; basal solution: 44.5 ± 4.6 µg/L) and 
after Zn supplementation (apical solution: 3860 ± 210 µg/L; basal so-
lution: 1314 ± 66 µg/L), showing a good reproducibility between plates. 
In order to assess repeatability within plates, the Zn content was 
assessed in all control cell cultures. For the 4 wells used as controls in 
Plate 1, the Zn content was: 16.2 ng, 11.8 ng, 17.9 ng and 10.4 ng per 
160,000 hfRPE cells per insert, respectively), showing decent repeat-
ability. The same trend was observed for Plate 2. 

In terms of mass balance, it is crucial to verify that the Zn content 
added to the Transwell® plates remains constant after 24 h. This means 

that the sum of the amounts of Zn added to apical solution after Zn- 
treatment (800 µL of 6423 µg/L, resulting in 5138 ng), the original 
content in Miller solution (1600 µL of 39.3 µg/L, resulting in 63 ng) and 
in the control cells (14 ng) should correspond to the sum of the Zn 
contents in the apical solution, basal solution and cell layer after 24 h 
treatment. The values thus obtained were 2730 ng, 2237 ng and 42 ng, 
respectively, showing a recovery of 96 %. These data indicate absence of 
Zn contamination and loss along the experiments. 

3.4. Assessment of the experimental conditions for Zn isotopic analysis via 
MC-ICP-MS 

Under the optimized conditions, the reproducibility between both 
experiments was also assessed in terms of isotope ratios. As previously 
mentioned, cell layer replicates from the same Transwell® plate were 
combined prior to target element isolation. The Zn isotope ratios thus 
obtained for the cell monolayer determined for controls in Plate 1 were 
− 0.24 ‰ for δ66Zn, − 0.32 ‰ for δ67Zn and − 0.39 ‰ for δ68Zn. In Plate 2, 
the Zn isotopic composition was − 0.25 ‰ for δ66Zn, − 0.34 ‰ for δ67Zn 
and − 0.40 ‰ for δ68Zn, showing a good reproducibility. Under these 
conditions, it was not possible to evaluate the repeatability within plates. 

Direct removal of the cells by the addition of 14 M HNO3 to the 
Transwell® inserts followed by transfer of the solution to a Savillex 
beaker for subsequent mineralization turned out to a better approach to 
achieve reliable Zn isotopic composition data than trypsinization fol-
lowed by acid digestion. This assumption was confirmed by means of 
elemental and isotopic analysis carried out in a parallel experiment in 
which cells were trypsinized instead of being directly frozen. The values 
obtained after trypsinization clearly show irreproducibility between 
replicates. As an illustration, the δ66Zn values as obtained after IL1α- 
treatment are reported. The δ66Zn values in the apical compartments 
were 0.08 ± 0.02 ‰; 0.33 ± 0.01 ‰ and 0.34 ± 0.02 ‰, whereas values 
of 0.27 ± 0.04 ‰; 0.09 ± 0.02 ‰ and − 0.05 ± 0.03 ‰ were obtained in 
the basal solutions. 

For evaluation of the instrumental precision on the Zn isotope ratios, 
both internal and external precision were evaluated in dry plasma 
conditions (using solutions containing 20 µg/L Zn and 20 µg/L Cu). The 
external precision was determined as the standard deviation (SD) for 8 
measurements of the in-house standard within a measurement session, 
thus resulting in 0.03 ‰ for δ66Zn, 0.05 ‰ for δ67Zn and 0.04 ‰ for 
δ68Zn, whereas the internal precision was calculated considering the 
internal precision (2se, 45 cycles) of those 8 measurements of the in- 
house standard during the same measurement session and provided 
values of 0.03 ‰ for δ66Zn, 0.07 ‰ for δ67Zn and 0.04 ‰ for δ68Zn, 
(Tables S1 and S2). Experimental precision related to the sample prep-
aration procedure, including digestion and Zn isolation, was also 
assessed. The precision, expressed as the standard deviation (SD) on the 
isotopic composition of 3 replicates (in this case using the apical me-
dium collected 24 h after Zn addition from three different Transwell® 
inserts) was evaluated within a measurement session, resulting in values 
of 0.02 ‰ for δ66Zn, 0.04 ‰ δ67Zn and 0.08 ‰ δ68Zn. To estimate the 
expanded uncertainty, the precision related to sample preparation and 
measurement were combined (see Table S1 and Table S2). A coverage 
factor k = 2 was used, resulting in an expanded uncertainty of 0.08 ‰ for 
δ66Zn, 0.15 ‰ for δ67Zn and 0.18 ‰ for δ68Zn. Moreover, the average Zn 
isotope ratio results and corresponding standard deviations for the in- 
house standard (measured 68 times during 10 different sessions) were 
also reported, resulting in − 7.00 ± 0.09 ‰ (2SD) for δ66Zn, − 10.43 ±
0.16 ‰ for δ67Zn and − 13.85 ± 0.14 ‰ for δ68Zn. The standard de-
viations thus obtained show the reproducibility of the measurement 
values. The δZn values obtained also nicely plot on a mass-dependent 
fractionation line, further demonstrating reliability of the data. In 
addition, the δ66Zn ± 2se values obtained for the in-house standard 
replicates determined within each measurement session and the mean 
value ± 2SD for n replicates measured in each session, are also indicated 
(Fig. S3). 
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The instrumental precision on the Zn isotope ratios was also assessed 
under wet plasma conditions (using a solution containing 200 µg/L of Zn 
and 200 µg/L of Cu). The internal precision thus obtained was 0.02 ‰ 
for δ66Zn, 0.04 ‰ for δ67Zn and 0.03 ‰ for δ68Zn, whereas the external 
precision was 0.02 ‰ for δ66Zn, 0.05 ‰ for δ67Zn and 0.02 ‰ for δ68Zn. 
Moreover, the average Zn isotope ratio data and standard deviations for 
the in-house standard (measured 25 times during 3 different sessions) 
was − 7.04 ± 0.05 ‰ for δ66Zn, − 10.50 ± 0.11 ‰ for δ67Zn and − 13.92 
± 0.09 ‰ for δ68Zn, in excellent agreement with previously published 
results (-7.03 ± 0.05 ‰ for δ66Zn, − 10.50 ± 0.21 ‰ for δ67Zn and 
− 13.90 ± 0.20 ‰ for δ68Zn) [51]. 

3.5. Zn isotopic analysis in primary RPE cell cultures by MC-ICP-MS 

Alterations in the Zn isotopic composition caused by inflammation 
induced in a mature RPE cell culture forming a monolayer that mimics 
native tissue were investigated. Also, protective effects associated to Zn 
have been assessed via short-term Zn supplementation. 

Fig. 3 shows the isotopic composition, expressed as δ66Zn (‰) for the 
apical solution, basal solution and cells after incubation in a) Miller 
medium for 24 h (control 24 h), b) IL1α for 24 h, c) 100 μM Zn for 24 h, 
d) Miller medium for 48 h (control 48 h), e) IL1α for 24 h followed by 
100 μM Zn for another 24 h, and f) 100 μM Zn for 24 h followed by IL1α 
for another 24 h. Results obtained for δ66Zn, δ67Zn and δ68Zn (‰), have 
been gathered in Table 5. Panels A and D (Fig. 3) show the isotopic 
composition of Zn in control conditions (i.e., Miller medium) at 24 h and 
48 h, respectively, in both the apical and basal compartment, as well as 
the Zn isotopic composition measured in the cells. It can be seen that a 
similar Zn isotopic composition was found when comparing the results 
for the apical compartments at 24 h and 48 h and for the basal com-
partments at 24 h and 48 h. Furthermore, a similar isotopic composition 
was reported for the apical and basal sides at 24 h (Panel A) and for the 
apical and basal compartments in Panel D. However, the cellular Zn 

composition showed a lighter isotopic composition of − 0.24 (‰) and 
− 0.25 (‰) at 24 h and 48 h, respectively, which is significantly different 
from that of the culture Miller medium (0.58 ± 0.02 ‰). It can be also 
seen that the Zn isotopic composition measured in the apical and basal 
media after Zn supplementation (Panel C) or after Zn following IL1α 
treatment (Panel E) is similar to that measured in the Zn-supplemented 
Miller solution (− 0.15 ± 0.03 ‰), evidencing a high diffusion of Zn 
throughout the RPE monolayer. However, when Zn-supplementation is 
performed before the IL1 α treatment, the Zn isotopic compositions 
found in apical and basal media were 0.15 ± 0.04 ‰ and − 0.02 ± 0.09 
‰, respectively (0.43 ± 0.01 ‰ was measured in IL1 α solution). Mass 
balance in this last case reflected that probably some Miller medium 
from the Zn supplementation was left in the Transwell® before adding 
the IL1 α, being 266 ng Zn more as compared to added Zn and therefore 
affect the isotopic composition of apical and basal media when the IL1 α 
treatment is performed. Still, when considering contribution of the 
remanent solution in both sides of the Transwell® results obtained ev-
idence a trend towards a lighter Zn isotopic composition in the basal 
compartment with respect to the apical one. Last, when comparing Panel 
B (IL1 α treatment) and Panel F (Zn + IL1 α treatment), the δ66Zn values 
found in the basal and apical media were different, with the δ66Zn values 
similar to those found in the media added at the basal and apical sides of 
the Transwell® inserts. 

For isotope ratio measurements in the cultured cells, it should be 
accounted first that the Zn isotopic composition in the control cells 
(Panel A: − 0.24 ± 0.03 ‰ & Panel D: − 0.25 ± 0.03 ‰) was similar to 
that of the Zn used for supplementation, i.e. − 0.15 ± 0.03 ‰. Therefore, 
detection of variations in the isotopic composition of Zn in the cells as a 
consequence of supplementation is hindered. Nevertheless, when 
comparing the Zn isotopic composition in the control cells to those for 
the IL1α treatment (Panel B) and IL1α treatment followed by Zn- 
supplementation (Panel E), differences can be observed. In particular, 
despite the IL1 α medium is enriched in the heavier isotopes, after 24 h 

Fig. 3. δ66Zn values (expressed in ‰) in cells, apical 
and basal solutions for A) control at 24 h, B) IL1α- 
treatment, C) Zn-treatment, D) control at 48 h, E) 
IL1α + Zn-treatment and F) Zn + IL-1α-treatment. 
Uncertainties, calculated whenever possible, were 
expressed as the standard deviation (SD) of the mea-
surement replicates. For those cases without sample 
replicates, as a result of their combination for the 
isotope ratio measurements due to the low amount of 
Zn (cells A-D), the SD (indicated with *) was deter-
mined based on the relative standard deviation (RSD) 
for the cells replicates (cells E and F).   
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of treatment, the Zn isotopic composition in the cells shifted in favour of 
the lighter isotopes in comparison to control cells. Also, the Zn isotopic 
composition in the cells after 48 h of treatment (Panel E) was equal to 
that of the Zn-supplemented Miller solution, thus probably due to the 
higher intracellular incorporation of Zn after pro-inflammatory stress 
(Panel B: 19.0 ± 6.8 ng & Panel E: 35.3 ± 5.4 ng). 

4. Conclusions 

We demonstrated, at RNA level, that the in vitro model of RPE 
strongly responded to pro-inflammatory events by inducing immune 
and cytokine responses, while Zn supplementation was able to partially 
attenuate the inflammatory effects thus prompted. Interestingly, the 
established RPE model also showed changes in the isotopic composition 
of Zn with a cellular enrichment in the lighter isotopes, indicating 
altered homeostasis during inflammation, which has been partially 
compensated for via short-term zinc supplementation, probably indi-
cating modulation of the cellular immune function via cytokine 
signaling. Although IL1α triggered the expression of pro-inflammatory 
cytokines and SLC39A8 Zn importer, and lighter intracellular Zn iso-
topic compositions were observed, there is no evidence for Zn uptake 
into or release from the intracellular space. 

5. Data availability 

All data generated or analyzed during this study are included in this 
article and supplementary information files. Additionally, RNA se-
quences data have been deposited in ArrayExpress database under 
accession number E-MTAB-11891. 
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