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Vero cells gain renal tubule markers
in low-calcium and magnesium
chemically defined media

Megan Logan®3, Karsten Rinas*3, Brendan McConkey? & Marc G. Aucoin'*!

In this study, a chemically defined, animal component-free media was developed to promote

Vero growth in suspension. Key media compounds were screened using Plackett-Burman styled
experiments to create a media formulation to support suspension growth. Vero cells remained viable
in suspension, but their growth rate was extremely low, conversely, other cell types such as CHO-K1,
MDCK and HEK293T were able to grow in single cell suspension in the same media. To investigate

the slow growth of Vero cells, RNA-seq analysis was conducted. Vero cells were cultured in three
different conditions: adherently in serum-containing medium, adherently in in-house medium, and in
suspension in low calcium and magnesium in-house medium. This study illustrates that adherent cells
maintain similar gene expression, while the suspension phenotype tends to overexpress genes related
to renal tubules.

Vero cells have been used for vaccine production because they are permissible to a plethora of viruses and are
approved in over 60 countries for biomanufacturing'. Unfortunately, one of the major limitations of Vero cells
is that they are almost exclusively cultured adherently. For large scale manufacturing, cells can be grown adher-
ently in roller bottles, cell stacks, or on microcarriers; however, their ability to be cultured to a high cell density
is limited by the available surface area. Large gains in productivity for protein and virus production have been
made by adapting cells to suspension?. This allowed researchers to increase the maximum cell density and to
eliminate the cost of microcarriers®, not to mention reducing the complexity of the overall process. To improve
virus production for vaccines, cells grown in suspension culture would ease scale up, remove the cost associ-
ated with the microcarriers or roller bottles, and has the potential to maximize productivity per volume. For
example, Rourou et al., were able to show that suspension Vero cells could produce more rabies virus (3 x 107
FFU) compared to adherent cells grown on Cytodex 1 microcarriers (1 x 10’ FFU)* Ideally, Vero cells could
be grown in single cell suspension in bioreactors with animal component free (ACF) media, without reducing
product quantity or quality.

Previous work by Litwin in 1992 has demonstrated that Vero cells can be grown in suspension as aggregates in
a serum-free medium®. Since then, other cell lines such as CHO, MDCK, BHK-21, HEK and HeLa cells have been
successfully grown as single cell suspension, but researchers were not able to culture Vero cells in suspension until
2019. Two groups published the ability to grow Vero cells around the same time. Rourou et al., used an in-house
medium to culture Vero cells in suspension and were able to replicate rabies virus®. Shen et al., were also able to
culture Vero cells, using a separately developed in-house medium and produced vesicular stomatitis virus (VSV)
in a 3 L bioreactor®. While this is a major triumph for vaccine manufacturing, the cells grew at approximately
half the rate of serum-containing medium, and both media contained undefined plant hydrolysates. Ideally,
Vero cells could be grown in suspension using a chemically defined media that is also animal component-free.
Chemically defined medium (CDM) is formulated such that all the components and their respective concentra-
tions are known. CDM formulations may contain proteins and serum-derived components, and therefore are
not guaranteed to be protein-free or animal-component-free. The knowledge of every component and their
concentration allows for better control during the biomanufacturing process. It also has the benefit of simplify-
ing the downstream purification process since it reduces the complexity of removing unknown components’.

Designing a chemically defined medium is no easy task. Although basic formulations have been published,
most media development remain as trade secrets. The number of components that can be added to a formulation,
and their concentration ranges, make the design space almost impossible to tackle. The use of design of experi-
ments (DoE) can help somewhat. Ideally, one would want to use full factorial DoEs, as these types of design can
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Figure 1. (a) Box plots that show the effect of each media component for a Plackett-Burman experiment
with 23 factors in 24 runs. This experiment used a basal media with low calcium and magnesium to encourage
suspension growth. The growth rate was use as the dependent variable to compare the influence of each media
component. (b) The adherent chemically defined media (CDM) formulation was compared to commercial
media. The arrows indicate when media was exchanged. CDM2, CDM3, and CDM4 were formulated based on
the results from Plackett-Burman experiments 4, 6 and 7, respectively.

shed light on interactions between medium components; however, the number of experimental conditions can
become impossible to run. One option is to use a Plackett-Burman DoE. With the Plackett-Burman design, one
can test the greatest number of factors in the least number of experimental runs by accounting for only main
factor effects. In other words, this style of experiment will not lead to understanding whether the main factor
effects change because of changing levels of other factors. This is the limitation of the design; however, it does
provide a rational for maintaining or removing compounds in the development of a medium.

Although the medium in which a cell is cultured will impact transcriptional regulation, understanding what
genes are being transcribed can also inform the formulation of the medium. RNA-Seq and proteomic work
has been done to identify changes between adherent and suspension cells for cell lines such as CHO-K1, HeLa,
MDCK, and HEK293#-!1. The aim of this work was to examine the transcriptional changes of Vero cells adapted to
amedium that can sustain Vero cells in a single-cell suspension phenotype. First, the development of the medium
is described, followed by a transcriptomics analysis of the cells maintained in this medium compared to those
maintained in DMEM/F12 + 10% FBS and a version of the CDM with higher levels of Mg and Ca. Insights from
this work provide a novel reason for why it has been difficult to culture Vero cells in suspension.

Results and discussion

Plackett-Burman media screening for chemically defined medium development. Four
Plackett-Burman styled experiments were conducted to rapidly screen media components to support suspen-
sion growth in Vero cells starting from a DMEM/F12 base. The major carbon source was glucose, which was
increased from 17.5 to 25 mM, and the r-alanyl-L-glutamine concentration was increased to 4 mM. In total,
62 compounds were tested over 96 formulations in the four different Plackett-Burman experiments (see Sup-
plementary Table S1). From this, a chemically defined adherent and suspension medium formulations (CDM)
were made for Vero cells. The medium formulations were improved iteratively with each subsequent Plack-
ett-Burman experiment, and the base formulation for the next experiment was designed from the previous
set of results. An example of the results from a Plackett-Burman experiment designed for suspension media is
illustrated in Fig. 1a, where the effect of each component on growth rate is shown. Through this experiment, the
effect of purines and pyrimidines (adenine, guanosine, uridine, and HT supplement) can be seen having overall
a positive effect on growth rate, with the exception of the HT supplement which was supplemented at too high
of a concentration for the highest factor level. Another category of compounds that improved the growth rate
was metals. In addition to metals such as calcium, magnesium, iron, copper and zinc, various trace metals were
added to the medium formulation. Specifically cobalt, maganese, molybdenum, silicate, selenite, nickel, tin,
and vanadium, which are normally excluded from basal media, but can be found in serum, were critical for cell
viability and growth'?. Trace metals are important cofactors in various enzymes, and these metals can be found
in deionized water, but not in ultra pure water. One of the drawbacks of adding metals to protein-free media,
is that metals are pro-oxidants and can lead to the oxidation of media if antioxidants or metal chelators are not
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present. Antioxidants such as a-tocopherol (Vitamin E), ascorbic acid (Vitamin C), glutathione, citric acid, and
pyruvate were added to the medium. Of these compounds, all of them were beneficial at high concentrations,
with the exception of glutathione, which had a detrimental effect on cell growth at concentrations greater than
3.3 uM (Supplementary Fig. S3). All the experiments and the concentration of each factor level can be found in
the Supplementary Figs. S1-54.

Growth factors, polyamines, vitamins and steroids were investigated to increase the growth rate. Surprisingly,
not all growth factors had a positive effect on the growth rate of Vero cells, insulin-like growth factor (IGF) had
no poistive effect, while recombinant epidermal growth factor (rfEGF) was required for growth (Fig. 1 and Sup-
plementary Fig. S1). More recent media formulations developed for Vero cells have used rEGF'>' rather than
fibroblast growth factor (FGF). Cinatl et al., found that Vero cells could grow well on polyvinyl formal flasks in
a protein free media that contained progesterone'. It is likely that rEGF could be replaced by a combination of
steroids to create a protein-free medium for Vero cells.

The adherent chemically defined medium contained 10 ng/mL of rEGF as the only protein present in the final
formulation and achieved a doubling time of 32 h, compared to OptiPRO SFM (35 h) and NutriVero Flex10 (34 h)
(Fig. 1b). Epidermal growth factor (EGF) is commonly added to chemically defined cell culture media because
the EGF receptor (EGFR, also known as ErbB1) is expressed on almost all cell types. Plant hydrolysates have been
known to mimic growth factor-like effects for many different cell types at low cost and is animal component-free
(ACF), which makes them a good alternative to supplementing with individual growth factors'*"*%. OptiPRO
SEM was chosen as a comparison because it is commonly used in industry as a medium to produce vaccines
using Vero cells. This medium is animal component-free but it does contain a very low protein concentration
of plant hydrolysates (< 10 pg/mL)". NutriVero Flex10 is another Vero cell medium that is commercially avail-
able, and unlike OptiPro, it is chemically defined, as well as ACF, making it a better comparison to the medium
developed in this paper.

Overall, none of the ACF media formulations (NutriVero Flex 10, OptiPRO SFM, or CDM2) grew as fast as
serum-containing DMEM/F12 with 10% FBS. Therefore, one could infer that there are still some components
missing from ACF media such as cell signaling molecules that are in low concentrations, or growth factors that
are missing from serum-free media. A study conducted by Desai et al.,, tracked the growth factors that were pro-
duced by Vero cells?®*!. They found that Vero cells excreted platelet derived growth factor (PDGF), interleukin 6
(IL-6) and leukemia inhibitory factor (LIF), but were unable to detect EGF or active TGF-p. Interestingly, Guo
et al., were only able to find EGFR on Vero cells when they conducted a proteomic analysis of the membrane
proteins??. This may have been due to the limited annotation of the Vero genome and surface proteins, or that
the EGFR in Vero cells can interact with many different ligands. Nevertheless, rEGF did stimulate proliferation
of Vero cells adherently in the chemically defined medium, but the literature suggests that other growth factors
could be used in addition, or to replace rEGE.

Suspension medium development. Cells were slowly adapted from DMEM/F12 + 10% FBS medium in
adherent culture to the new medium formulations, and as the amount of calcium and magnesium decreased,
the cell growth rate was also observed to decrease dramatically. At the lowest concentration range of 0.1 mM
calcium, Vero cells were still able to adhere to the tissue-culture treated Tflasks; therefore, cells were transferred
to non-treated Tflasks. Tissue culture treated Tflasks are commonly coated with polylysine, but Tflasks can also
be coated with collagen, laminin or Matrigel to encourage cell attachment*?*. Through subsequent passaging in
non-treated Tflasks, Vero cells detached and formed large aggregates (Fig. 2a). After 90 days of culturing in non-
treated Tflasks, the cells were moved onto a shaker at 40 rpm in an effort to break up the cell aggregates. Only
one formulation supported viable single cells (Formula 17).

Sodium bicarbonate (NaHCOj3) had a large effect on the doubling time, which can be seen in Fig. 2b. There
are two major groups in Fig. 2b, one group has a large doubling time (> 1000 h), and one with a shorter doubling
time (~ 500 h). The faster growing group contained 2.2 g/L of sodium bicarbonate, while the slower group had
1.2 g/L. For 5% CO, incubators, the concentration of NaHCO; should be between 1.2 and 2.2 g/L, and 3.7 g/L
for 10% CO, incubators®. For our medium formulation, 2.2 g/L of sodium bicarbonate provided extra buffering.
Even with the improvements seen from adding more NaHCOj3, the doubling time of these cells was very lengthy
(doubling time of 20 days), therefore further medium formulations focused on decreasing the doubling time.

One of the major differences between adherent media and suspension media is the concentration of calcium
and magnesium. These two ions are important for cell adhesion proteins such as cadherins, which require a cer-
tain concentration (>55 puM) of calcium to maintain the correct rigid conformation to remain active?. Calcium
is also involved in many cellular processes besides cell adhesion?, such as cell signaling®, enzyme activity, and
apoptosis®. Healthy cells maintain a large concentration gradient between the cytosol (0.1 uM) and extracellular
space (1-2 mM)*. Magnesium is the second (after potassium) most abundant cation inside the cell and ranges
from 17 to 20 mM in most mammalian cells®’. Most of the magnesium is bound to various cellular structures,
and only about 0.8-1.2 mM is free Mg***’. It is essential for the most basic functions in the cell, for example,
for ATP to be biologically active. Low Mg** concentration has also been linked to accelerated differentiation of
bone-marrow-derived mesenchymal stem cells (MSCs) into osteoclasts through increased reactive oxygen species
(ROS) generation®'. While for adipose-derived MSCs the 10 x reduction (1 mM Mg, versus 0.1 mM Mg) of Mg
in reprogramming medium caused the cells to have increased expression of genes associated with MSCs (gata-
4, nkx-2.5, hgf, kdr, nerog, nanog)®*. It is most likely that the reduction of these ions in the suspension medium
(Formula 17) had detrimental effects on cell signaling, DNA replication, RNA transcription, and enzymatic
activity. Potentially, the low magnesium levels could be causing transcriptional differences in the suspension cells
that are causing them to differentiate. Subsequently, Formula 17 was modified to have the same concentration of
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Figure 2. (a) Brightfield images of Vero cells as they adapt to low-calcium and magnesium media over the
course of 180 days. Vero cells grown in DMEM/F12 +10% FBS is used as a reference for normal morphology,
compared to the cells growing in the chemically defined media (top right image). Vero cells were unable to
adhere to non-treated T-flasks in the chemically define media, and with the addition of shaking (40 rpm, bottom
right image) single cells and small aggregates were achieved. (b) The doubling time of Vero cells increased
dramatically as they were adapted to the low-calcium and magnesium media over the course of 118 days. The
shortest doubling time at the end of the experiment was approximately 20 days (500 h).

calcium and magnesium ions as DMEM/F12 for comparison purposes, and was called CDM2. Formula 17 was
thus renamed ‘CDM2 low calcium/low magnesium’ henceforth.

Growth with other cell lines. To investigate if CDM2 could support growth of other cell lines, MDCK,
CHO-K1 and HEK293T cells were sequentially adapted to CDM2 from serum-containing basal medium using
static Tflasks. HEK293T and MDCK cells were adapted over 2 weeks, while CHO-K1 cells took 3.5 weeks to
adapt to CDM2. Given that CDM2 contains the same amount of calcium and magnesium as basal DMEM/
F12, this indicated that cells could still grow in suspension with higher levels of the divalent cations. Figure 3
demonstrates how the cells grew in CDM2 compared to commercial media, and serum-containing basal media,
along with the maximum cell densities achieved when culturing the cells in suspension. For CHO-K1, HEK293T
and MCDK cells grown in CDM2, cells started to lose their viability after approximately 4 days. After day 3, a
significant color change in the medium could be seen indicating that the media was becoming acidic. Given
that this medium was developed for adherent Vero cells, the ability to grow 3 other cell lines in suspension was
a surprising result that led to the question of what is different about Vero cells that prevents them from growing
well in suspension.

RNA-seq experiment to cellular expression changes. To identify the reasons for the reduced growth
of the Vero cells in suspension in a defined medium, a transcriptomic analysis was performed to identify expres-
sional changes. This data helped to identify metabolic processes and transcription factors that could lead to
a decreased doubling time in the chemically defined medium. The RNA-seq dataset comprised three groups
of cells; (1) Vero cells grown adherently in DMEM/F12+10% FBS, (2) Vero cells grown adherently in CDM2
with added calcium and magnesium, or (3) Vero cells grown in suspension in CDM2. Cells grown adherently
in DMEM/F12 medium (Control, or ‘Cor’) and cells grown adherently in CDM2 with additional calcium and
magnesium (Adherent, or ‘Adh’) were sequenced and compared to cells grown in suspension in CDM2 (Suspen-
sion, or ‘Sus’). A summary of the alignment statistics is provided in Supplementary Table S2. Over 96% of the
reads for each sample were uniquely aligned to the Chlorocebus sabaeus (C. sabaeus) genome. After filtering the
identified genes for an expression of at least 1 CPM in four samples, 11,135 genes were considered as expressed
for further analysis (Supplementary Table S3). Due to the limited information about cellular pathways in C.
sabaeus, the Ensembl database was used to identify H. sapiens homologs for the expressed genes. This allowed a
more detailed gene set enrichment analysis. The complete results of the differentially expressed gene analysis are
in Supplementary Tables S4-S7.

The variability within the dataset was analyzed with: (1) a principal component analysis (PCA) of the 500
most variable genes; and (2) a Pearson correlation of 3122 known, expressed housekeeping genes (Supplemen-
tary Fig. S5). The Pearson correlation of housekeeping genes controlled for outliers with unanticipated changes
in housekeeping gene expression. The PCA showed a clear separation between all three conditions with Adh
samples being grouped between Con and Sus samples as predicted.
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Figure 3. The chemically defined media that was formulated from the series of Plackett-Burman experiments
was modified to include 1 mM Ca*"and 2 mM Mg?* (called CDM2) to support a higher growth rate in Vero
cells. CHO-K1, HEK293T and MDCK cells were slowly adapted to CDM2 from serum-containing basal media.
All three cell types were able to grow in suspension (triangle) when they were fully adapted to CDM2 and were
cultured in shaker flasks. Vero cells remained adherent for all media formulations. Suspension (filled triangle),
adherent (open circle).

Changes in regulation of proliferation and apoptosis. GSEA analysis was used to identify the most
consistent expression changes in gene sets. An enrichment map of the significant down-regulated GO-terms
in biological processes with a stringent FDR threshold of 5% can be seen in Fig. 4 (Supplementary Table S8).
Overall, 151 gene sets were significantly down-regulated, and 91 were identified as significantly up-regulated.
Most down-regulated gene sets were related to cell cycle regulation, mitosis, DNA-replication and DNA organi-
zation which is consistent with the observation of the long doubling time of Vero in suspension (Fig. 5a)**~%.
Suspensions cells had down-regulated genes from each part of cell cycle progression compared to adherently
grown Vero cells in CDM2 (Fig. 5b). The gene c-myc is down-regulated in suspension Vero cells, and this gene
has been associated with cell cycle progression, along with tumorogenesis®. The overexpression of this gene
has been shown to allow quiescent cells to reenter the cell cycle and begin to proliferate®. Up-regulated genes
were linked to inflammation, fluid shear stress, migration and endothelial barriers, indicating a stress response
during cell adaption to suspension. Importantly, gene sets related to regulation of programmed cell death were
not detected as either down- or up-regulated. Genes sets regulating apoptosis were not detected as differentially
expressed by GSEA, as seen by the expression patterns of positive regulatory (GO:0043065) and negative regu-
latory (GO:0043066) gene sets related to apoptotic processes (Fig. 5¢). Despite a wider log fold-change (LFC)
range for pro-apoptotic genes and anti-apoptotic genes, the average LFC for both sets of genes is approximately
zero for Adh samples, and only slightly positive for Sus samples.

The highest LFC for anti-apoptotic genes Irp2, pkhdl and tmigd]l have been shown to specifically protect renal
cells from apoptosis”’~*. On the other hand, for the top up-regulated pro-apoptotic genes, t11f5f10 has been proven
to trigger apoptosis in renal cells. The expression of apoptogenic genes like bax, bakl, or bad were unaffected,
whereas, anti-apoptic genes are either unchanged like mcl1 or bcl2I2 or increase like bcl2*. Overall, the pattern
does not seem conclusive for the Sus samples to indicate a change in the rate of apoptosis due to the widespread
expression changes of both pro- and anti-apoptosis regulating gene sets.

Mitochondrial fatty acid metabolism. The fatty acid (FA) beta oxidation pathway is the main up-regu-
lated gene set in the GSEA amino acid and lipid metabolism cluster (Fig. 4). The product of this pathway, acetyl-
CoA, is further converted in the Krebs cycle for energy production. The expression changes of FA beta oxidation
in Sus samples are presented in Supplementary Fig. S6. The heatmap in Fig. S6b illustrates the upregulation of
29 beta oxidation associated genes. The schematic diagram in Fig. S6a illustrates that for each step in fatty acid
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Figure 4. Enrichment map for significant downregulated GO-terms in biological processes for the comparison
of Sus_CDM?2 against Adh_CDM2 (threshold at FDR of 0.05). The size of the node is proportional to the
number of identified genes annotated to the GO-term. The thickness of edges represents the level of overlap
between the GO-terms. A: DNA templated transcription termination, B: Aerobic respiration, C: Response to
increased oxygen levels, D: Protein peptidyl prolyl isomerization, E: Cofactor transport, F: positive regulation
of inflammatory response, G: Cellular response to fluid shear stress, H: Regulation of ubiquitin protein

ligase activity, I: Establishment of endothelial barrier, J: Hyperosmotic response, K: Regulation of protein
oligomerization, L: Excitatory synapse assembly, M: Regulation of calcineurin mediated signaling, N: Modified
amino acid transport, O: Cell migration involved in sprouting angiogenesis, P: Low density lipoprotein receptor
particle metabolic process, Q: Endosome organization, R: Pyrimidine nucleotide triphosphate biosynthetic
process, S: Water soluble vitamin metabolic process, T: Collagen catabolic process, U: Drug metabolic

process. NES: Normalized enrichment score; The complete gene set list with group association is shown in
Supplementary Table S8.

beta oxidation at least one gene is up-regulated. This upregulation of enzymes for each main step might relate to
an increased energy consumption. One key regulator of fatty acid metabolism in renal cells is tgfbI*! (encodes
for transforming growth factor-B1 protein), which is down-regulated in Sus cells whereas its receptor tgfblr is
up-regulated. The expression of the tgfbl gene inhibits beta oxidation and promotes dedifferentiation, along
with the epithelial-to-mesenchymal transition*’. Differentiated tubular epithelial cells use FA beta oxidation
as their main method to produce energy*'. Interestingly, in non-cancerous cells the addition of transforming
growth factor beta (TGF-p) will cause the down-regulation of c-myc and stop cell proliferation®, but once the
cancerous phenotype is already established, TGF-f is unable to stop them from proliferating. In summary, this
data supports the idea that suspension Vero cells are becoming quiescent or senescent cells by using fatty acid
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M: mitosis phase. (c) LFC for genes linked to positive (positive) or negative (negative) regulation of apoptosis
according to gene ontology.

beta oxidation, along with the large doubling times and down-regulated cell cycle genes. A possible method to
overcome this senescence may be to up-regulate key genes such as c-myc®®, bcl2*, or the addition of TGF-p*.

Upregulation of kidney related genes. An enrichment map for up-regulated GO-terms for biological
processes showed three large clusters of upregulated gene sets (Fig. 4). These gene sets are related to ion and
small organic molecule transport as well as amino acids and lipid metabolism. To identify if the changes in the
Sus group were connected to tissue specific pattern and tissue profiles for enriched genes were defined from the
human protein atlas (HPA, available from http://www.proteinatlas.org) RNA-seq data®. The significant profiles
(p-adj <0.05) of the gene set enrichment analysis with the tissue profiles can be seen in Fig. 6a, which shows that
kidney and liver enriched genes were up-regulated. There were 17 genes associated with the liver expression pro-
file and 12 of them contributed to the enrichment score, while the liver profile from HPA contains 242 enriched
genes. The kidney profile contains 59 genes from which 25 were identified in the dataset and 22 contributed
to the enrichment score. The 25 genes are further shown in the mean-difference (MD) plot in Fig. 6b. Except
for slc13a3, npr3, and Ihx1, all genes were significantly up-regulated with an FDR <0.001. Since Vero cells were
originally derived from a kidney, and the expression profile appears to specifically match the HPA kidney profile,
further analysis was done on kidney-related genes.

Based on this up-regulation of renal tubule associated genes, expression changes were investigated to see if
they may be related to even more specific segments of the renal tubule. To build profiles for the different segments
bulk RNA-seq of dissected rat kidneys were used*. Thirteen segment profiles were built with TissueEnrich of
which eight passed the threshold of three detected genes in the RNA-seq dataset. The results are summarized
in Fig. 6¢ (FDR threshold of 0.1). The complete results are in Supplementary Table S9. The enrichment analysis
presents an up-regulation of multiple sets referring to different parts of the renal tubule with proximal tubule
segment S3, cortical thick ascending limb which is part of the Loop of Henle as well as the inner medullar part
of the collecting duct (IMCD). In contrast, only the glomerulus related gene set was detected as downregulated.
From the 25 genes that were identified from the dataset, twelve of these genes are specific for renal tubule accord-
ing to HPA (red points in Fig. 6b). Together, these findings suggest a cellular change towards renal tubule like
expression patterns during the adaption to suspension conditions used in this study.

Additionally, the analysis of transcription factor target gene sets revealed the up-regulation of multiple kid-
ney associated transcription factors (Supplementary Table S10). The three strongest enriched genes sets were
foxil, pax2, and hnf4a. The foxil gene is known to be important in regulating the expression of vacuolar-type
H*-ATPase subunits in the kidney collecting duct*’; while, pax2 is an important factor for nephron differentiation
in kidney development*. The main function of hnf4a is the control over the expression of drug metabolizing
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Figure 6. (a) HPA tissue related gene set enrichment analysis of Sus_CDM2 samples compared to Adh_CDM?2
samples (FDR <0.05). Tissue profiles were developed with the package TissueEnrich. Only tissue enriched
genes were selected for the profiles, and only profiles with size of at least 5 specific genes were considered for
the analysis. The proportion of the genes related to that profile and contributing to the enrichment scores are
annotated at the side of the bars. The coloring of the bars depicts the FDR values according to the legend on the
right side of the figure. (b) MD plot of identified kidney enriched genes with LFC and log(CPM) values. Green
and red labels renal tubules or kidney associated genes according to Human Protein Atlas database, respectively.
(c) Identification of renal tubule segment specific expression pattern. Segment related gene set enrichment
analysis of Sus_CDM2 samples compared to Adh_CDM2 samples (FDR<0.1).

enzymes and transporters in the proximal tubule*’. The regulatory network of these transcription factors strongly
supports the directed changes towards renal tubule cells.

Vero transition to renal tubule-like cells. Membrane transporter. A closer investigation of common
renal tubule functions reveals even more similarities with the Sus samples. Membrane transport proteins like
those from the solute carrier (SLC) superfamily are important in renal tubule cells to transport diverse mol-
ecules, from ions to lipids or amino acids, to and from the bloodstream or tubular lumen. 246 genes of this
superfamily were identified as expressed. The heatmap in Fig. 7a shows the changes for solute carriers. The
increased expression of many SLC genes indicate a change of the Sus cells to increased absorption and secretion
like renal tubule cells.

V-ATPases form another group of transporters whose expression increased. V-ATPase are proton pumps,
which contain two domains. The heatmap in Fig. 7b emphasizes the strong up-regulation of subunits for these
domains in Sus samples, especially for atpv6v1, which is an ATP hydrolysis domain. For atp6v1, five of seven
subunits are upregulated whereas for atp6v0, two of the eight are up-regulated. The clustering of the samples
shows again a strong difference between Sus samples against the other samples. V-ATPase is important for pro-
ton secretion into the tubular lumen and thus urine acidification, and it is located in the apical membrane®®°!,

A similar pattern can be seen for drug secreting ATP-binding cassette (ABC) transporters. Ten members,
including abca, abcb, and abec were upregulated. Again, the transporters are strongly upregulated in Sus samples
as can be seen in Fig. 7c. The heatmap also shows that the increase in expression occurred progressively from Con
to Adh to Sus cells. In renal tubules, ABC transporters help to secrete drugs as well as a range of macromolecules
from lipids to bile salts or insulin into the tubular lumen*->*,

To study the transport direction, the renal tubule associated carriers are represented in Fig. 7d with substrate
and orientation. The diagram shows a strong direction for transport from many molecules into the cell and from
there into the blood stream. The transported target molecules that are facilitated from the highly expressed genes
that are also associated with transport from the lumen are diverse and include bicarbonate, uric acid, magne-
sium ions and amino acids. Although the Sus samples had no separation between a potential blood stream and
a tubular lumen, the RNA-seq data show an up-regulation of direction-specific transmembrane transporters for
Mg?* or amino acids (Fig. 7d). This suggests that when these Vero cells were placed in suspension, the physi-
ological conditions caused the cells to revert to a more kidney-like cell that focused on filtering the medium
rather than proliferating.

Barrier function between tubular lumen and blood stream. To promote single cell suspension, CDM2 had low
amounts of calcium and magnesium to prevent calcium-dependent cell adhesion molecules from properly func-
tioning. Many cell adhesion molecules require calcium or magnesium to be functional such as cadherins, inte-
grins and selectins. Although, even with lower calcium and magnesium concentrations, this did not prevent all
cell adhesion since there are other adhesion molecules that do not require calcium or magnesium like claudins
and vascular adhesion molecules (VCAM-1). Claudins are transmembrane proteins that specifically bind cells
together at tight junctions. Vero cells that were grown adherently had down-regulated expression of various
claudins, whereas suspension Vero cells up-regulated many cell adhesion proteins including claudins (except
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cldn15) (Fig. 8). Tight junctions are especially important in the kidney tubule to control passive reabsorption of
particular compounds between the blood stream and the tubular lumen, which also indicates that the suspen-
sion Vero cells were behaving more like senescent kidney cells®. The upregulation of these proteins, along with
other cell adhesion molecules such as itgh2, vcamI and jam1 may be the reason why even with low calcium and
magnesium levels, the cells would still form aggregates (Fig. 2a).

Conclusion. A chemically defined media was designed that supports the growth of various mammalian cell
lines in suspension. Vero cells were unable to effectively proliferate in suspension in this medium, and tran-
scriptomic work revealed that these cells were behaving more as mature kidney cells. Overall, the RNA-seq data
shown here demonstrated that suspension Vero cells became senescent rather than apoptotic, and that genes
associated with cell-cycle progression were down-regulated and genes associated with fatty acid beta oxidation
were up-regulated. In addition to the arrest in growth, suspension Vero cells up-regulated kidney tissue-associ-
ated genes. Suspension Vero cells specifically up-regulated genes associated with solute membrane transporters
and proteins that form tight junctions which is important for the epithelial barrier and function of the tubule of
the kidney for filtering blood. This work offers insights as to why Vero cells have been troublesome to adapt to
suspension in the past and elucidates some possible avenues to establish a robust suspension cell line to support
vaccine production using Vero cells.

Materials and methods

Cell culture. Vero cells (CCL81 n + 51, ATCC, USA) were thawed from liquid nitrogen and maintained
in DMEM/F12 (Corning, USA) + 10% FBS (Hyclone, USA) + 4 mM GlutaMax (Gibco, USA) in a humidified,
5% CO, incubator at 37 °C. Cells were passaged every 2-3 days to keep confluence below 90%. CHO-KI cells
(gift from Dr. Pu Chen, University of Waterloo, Canada) were thawed from liquid nitrogen and maintained in
DMEM/F12 + 10% FBS in a humidified, 5% CO, incubator at 37 °C. Cells were passaged every 4-5 days to keep
confluence below 90%. MDCK cells (gift from Dr. Matthew Miller, McMaster University, Canada) were thawed
from liquid nitrogen and maintained in DMEM + 10% FBS in a humidified, 5% CO, incubator at 37 °C. Cells
were passaged every 2-3 days to keep confluence below 90%. HEK293T cells (gift from Dr. Matthew Miller,
McMaster University, Canada) were thawed from liquid nitrogen and maintained in DMEM + 10% FBS in a
humidified, 5% CO, incubator at 37°C. Cells were passaged every 2-3 days to keep confluence below 90%.

Media development. Unless otherwise stated, all compounds were obtained from Sigma-Aldrich. All
media formulations used a DMEM/F12 base with 15 mM HEPES, without L-glutamine, L-leucine, L-lysine,
L-methionine, CaCl, MgCl,, MgSO,, sodium bicarbonate, and phenol red (cat #D9785, Sigma-Aldrich, USA).
The HT supplement was purchased from Gibco. To screen compounds, a Plackett-Burman style of experiments
was used with 24 media samples that tested 23 different compounds. To make the media, first stock solutions of
the compounds were made and then 1 L of the calcium and magnesium-free DMEM/F12 was made. 40 mL of
each media sample was made by supplementing DMEM/F12 with the various compounds, without increasing
the volume more than 10%. All media formulations used 0.1 mM calcium and 0.1 mM magnesium, to ensure
suspension growth of the Vero cells, unless otherwise stated.

Vero cells were slowly adapted to the new media samples over 90 days in treated T25 flasks (VWR, Canada)
by exchanging serum-containing media (DMEM/F12 + 10%FBS) with the new formulation in 25% increments.
Once the cells were fully adapted, they were then cultured in non-treated T25 flasks (VWR, Canada) for an
additional 90 days. After 180 days, the flasks were slowly shaken (40 rpm) to break up clumps. Media samples
that were able to support viable cells were cultured and all others were discontinued.

RNA Seq analysis. Vero cells were maintained in DMEM/F12 + 10% FBS, Formula 17, and Formula 17
+ 1 mM calcium and 1 mM magnesium. Cell samples were collected for RNA extraction from approximately
3 x 10° cells to 10° cells. The RNA was extracted using a Total RNA Tissue Kit (Roche) and samples were stored
at — 80 °C. The cDNA libraries were prepared and sequenced at the Centre for Applied Genomics, Sick Kids Hos-
pital, Toronto, Canada. The sequenced reads were received in FASTQ format with > 15 Million paired end reads
of 125-bp length per sample. Reads were aligned with the STAR aligner v2.6.0*° to the Vervet-AGM genome
assembly 43 (ChlSabl.1: GCA_000409795.2) from Ensembl release 96.1. The gene expression level was quanti-
fied with RSEM v1.3.1% using default settings. The quantified reads for each gene per sample were then further
analyzed in RStudio®® with the package edgeR®. For pathway analysis, the Vervet-AGM gene annotations from
Ensembl were changed to human homologs with HGNC symbols annotation using biomaRt*.

Gene set enrichment analysis.  Gene set enrichment was performed using the gene set enrichment analy-
sis (GSEA) application®!. The gene list from edgeR was ordered by the — log10(p-values) multiplied with the sign
of the LFC. The first tested gene sets were from biological processes from Gene Ontology (GO)® The enrich-
ment results for GO sets were visualized in Cytoscape® with the package Enrichment map®'. For the enrichment
map, a false discovery rate (FDR) threshold of 5% was applied to filter the enriched gene set list, and the overlap
of the gene sets was calculated with a combination of Jaccard and Overlap similarity coefficient of 20 to 80 and a
threshold of 0.6. To obtain tissue type specific gene sets, RNA-seq data from Human Protein Atlas (HPA)* for 35
tissues were analyzed with TissueEnrich. For the GSEA of both sets, the minimum identified numbers of genes
were set to five. Transcription factor target gene sets from GTEx** were tested for enrichment to identify regula-
tory patterns in the data sets. The gene sets contained 1607 transcription factors, each with 300 target genes. The
GSEA was performed using default settings.
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Housekeeping gene expression for quality control. A Pearson correlation of housekeeping genes was
performed for all samples against all samples. Housekeeping genes were defined based on the investigation by
Eisenberg and Levanon® with 3122 housekeeping genes identified as expressed in our RNA-seq data. The corre-
lation was calculated with the R package corrplot®. A positive expression correlation of r > 0.90 between samples
is indicative of biologically intact samples. The high correlation value shows that the cells in each treatment had
similar expression levels of housekeeping genes.

RNA-seq heatmaps. Heatmaps were generated with the package heatmap3®. The weighted trimmed mean
of M values (TMM) standardized, normalized log2 counts per million (CPM) gene list were filtered with an FDR
threshold of 0.1%. The Pearson distance matrix was calculated and clustered by an agglomerative hierarchical
clustering algorithm with the complete-linkage method.

Received: 27 August 2021; Accepted: 28 March 2022
Published online: 13 April 2022

References
1. Sheets, R. History and characterization of the vero cell line. Open Sess. 1, 1-12 (2000).
2. Rodrigues, A. E, Alves, P. M. & Coroadinha, A. S. Production of retroviral and lentiviral gene therapy vectors: Challenges in the
manufacturing of lipid enveloped virus. Viral Gene Ther. 1, 15-40. https://doi.org/10.5772/18615 (2010).
3. Sinacore, M. S., Drapeau, D. & Adamson, S. R. Adaptation of mammalian cells to growth in serum-free media. Mol. Biotechnol.
15, 249-258 (2000).
4. Rourou, S., Ben Zakkour, M. & Kallel, H. Adaptation of Vero cells to suspension growth for rabies virus production in different
serum free media. Vaccine 37, 6987-6995 (2019).
. Litwin, J. The growth of Vero cells in suspension as cell-aggregates in serum-free media. Cytotechnology 10, 169-174 (1992).
6. Shen, C. F. et al. Development of suspension adapted Vero cell culture process technology for production of viral vaccines. Vaccine
37,6996-7002 (2019).
7. Spearman, M. et al. Components of yeast (Sacchromyces cervisiae) extract as defined media additives that support the growth and
productivity of CHO cells. J. Biotechnol. 233, 129-142 (2016).
8. Lee, N. et al. Targeted gene deletion using DNA-free RNA-guided Cas9 nuclease accelerates adaptation of CHO cells to suspension
culture. ACS Synth. Biol. 5,1211-1219 (2016).
9. Jaluria, P., Betenbaugh, M., Konstantopoulos, K., Frank, B. & Shiloach, J. Application of microarrays to identify and characterize
genes involved in attachment dependence in HeLa cells. Metab. Eng. 9, 241-251 (2007).
10. Malm, M. et al. Evolution from adherent to suspension: Systems biology of HEK293 cell line development. BioRxiv https://doi.
0rg/10.1101/2020.01.29.924894 (2020).
11. Kluge, S., Benndorf, D., Scharfenberg, K., Rapp, E. & Reichl, U. Monitoring changes in proteome during stepwise adaptation of a
MDCK cell line from adherence to growth in suspension. Vaccine 33, 4269-4280 (2015).
12. Mohammed Nawi, A., Chin, S. F. & Jamal, R. Simultaneous analysis of 25 trace elements in micro volume of human serum by
inductively coupled plasma mass spectrometry (ICP-MS). Pract. Lab. Med. 18, €00142 (2020).
13. Rourou, S., van der Ark, A., van der Velden, T. & Kallel, H. Development of an animal-component free medium for vero cells
culture. Biotechnol. Prog. 25, 1752-1761 (2009).
14. Petiot, E., Fournier, E, Gény, C., Pinton, H. & Marc, A. Rapid screening of serum-free media for the growth of adherent vero cells
by using a small-scale and non-invasive tool. Appl. Biochem. Biotechnol. 160, 1600-1615 (2010).
15. Cinatl, J. Protein-free culture of vero cells: A substrate for replication of human pathogenic viruses. Cell Biol. Int. 17, 885-896
(1993).
16. Franek, E, Hohenwarter, O. & Katinger, H. Plant protein hydrolysates: Preparation of defined peptide fractions promoting growth
and production in animal cells cultures. Biotechnol. Prog. 16, 688-692 (2000).
17. Schlaeger, E. J. The protein hydrolysate, primatone RL, is a cost-effective multiple growth promoter of mammalian cell culture in
serum-containing and serum-free media and displays anti-apoptosis properties. J. Immunol. Methods 194, 191-199 (1996).
18. Ummadi, M. & Curic-Bawden, M. Protein Hydrolysates in Biotechnology: Protein Hydrolysates in Biotechnology (Springer, 2010).
https://doi.org/10.1007/978-1-4020-6674-0
19. Gibco. OptiPRO ™ SFM. https://www.thermofisher.com/document-connect/document-connect html?url=https%3A%2F%2Fassets.
thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FOptiPRO_SFM_man.pdf%7B%5C&%7Dtitle=T3B0aVBSTyAgU0OZN
(2014).
20. Desai, N. N. & Goldfarb, J. M. Growth factor/cytokine secretion by a permanent human endometrial cell line with embryotrophic
properties. J. Assist. Reprod. Genet. 13, 546-550 (1996).
21. Desai, N. & Goldfarb, J. Co-cultured human embryos may be subjected to widely different microenvironments: Pattern of growth
factor/cytokine release by vero cells during the co-culture interval. Hum. Reprod. 13, 1600-1605 (1998).
22. Guo, D,, Zhu, Q., Zhang, H. & Sun, D. Proteomic analysis of membrane proteins of vero cells: Exploration of potential proteins
responsible for virus entry. DNA Cell Biol. 33,20-28 (2014).
23. Barnes, D. & Sato, G. Methods for growth of cultured cells in serum-free medium. Anal. Biochem. 102, 255-270 (1980).
24. van der Valk, J. et al. Optimization of chemically defined cell culture media: Replacing fetal bovine serum in mammalian in vitro
methods. Toxicol. Vitr. 24, 1053-1063 (2010).
25. ATCC. Animal Cell Culture Guide. 39, NP (2014).
26. Prasad, A. & Pedigo, S. Calcium-dependent stability studies of domains 1 and 2 of epithelial cadherin. Biochemistry 44, 13692
13701 (2005).
27. Lodish, H. et al. Cell-Cell Adhesion and Communication. in Molecular Cell Biology vol. 29, 126-128 (W.H. Freeman, 2000).
28. Berridge, M. J., Bootman, M. D. & Roderick, H. L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol.
Cell Biol. 4, 517-529 (2003).
29. Orrenius, S., Zhivotovsky, B. & Nicotera, P. Regulation of cell death: The calcium-apoptosis link. Nat. Rev. Mol. Cell Biol. 4, 552-565
(2003).
30. Romani, A. M. P. Cellular magnesium homeostasis. Arch. Biochem. Biophys. 512, 1-23 (2011).
31. Mammoli, E et al. Magnesium is a key regulator of the balance between osteoclast and osteoblast differentiation in the presence
of vitamin D 3. Int. J. Mol. Sci. 20, 1-17 (2019).
32. Sargenti, A. et al. Magnesium deprivation potentiates human mesenchymal stem cell transcriptional remodeling. Int. J. Mol. Sci.
19, 1410 (2018).

w

Scientific Reports |

(2022) 12:6180 | https://doi.org/10.1038/s41598-022-10221-z nature portfolio


https://doi.org/10.5772/18615
https://doi.org/10.1101/2020.01.29.924894
https://doi.org/10.1101/2020.01.29.924894
https://doi.org/10.1007/978-1-4020-6674-0
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FOptiPRO_SFM_man.pdf%7B%5C&%7Dtitle=T3B0aVBSTyAgU0ZN
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FOptiPRO_SFM_man.pdf%7B%5C&%7Dtitle=T3B0aVBSTyAgU0ZN

www.nature.com/scientificreports/

33. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

34. Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947-1951 (2019).

35. Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M. & Tanabe, M. KEGG: Integrating viruses and cellular organisms.
Nucleic Acids Res. 49, D545-D551 (2021).

36. Bretones, G., Delgado, M. D. & Leon, J. Myc and cell cycle control. Biochim. Biophys. Acta Gene Regul. Mech. 1849, 506-516 (2015).

37. Caruso-Meves, C., Pinheiro, A. A. S., Cai, H., Souza-Menezes, ]. & Guggino, W. B. PKB and megalin determine the survival or
death of renal proximal tubule cells. Proc. Natl. Acad. Sci. USA. 103, 18810-18815 (2006).

38. Arafa, E. et al. TMIGD1 is a novel adhesion molecule that protects epithelial cells from oxidative cell injury. Am. J. Pathol. 185,
2757-2767 (2015).

39. Mai, W. et al. Inhibition of Pkhd1l impairs tubulomorphogenesis of cultured IMCD cells. Mol. Biol. Cell 16, 4398-4409 (2005).

40. Carrington, E. M. et al. Anti-apoptotic proteins BCL-2, MCL-1 and A1 summate collectively to maintain survival of immune cell
populations both in vitro and in vivo. Cell Death Differ. 24, 878-888 (2017).

41. Kang, H. M. et al. Defective fatty acid oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat.
Med. 21, 37-46 (2015).

42. Kalluri, R. & Weinberg, R. A. The basics of epithelial-mesenchymal transition. J. Clin. Invest. 120, 1786-1786 (2010).

43. Astley, K. & Al-Rubeai, M. The role of Bcl-2 and its combined effect with p21CIP1 in adaptation of CHO cells to suspension and
protein-free culture. Appl. Microbiol. Biotechnol. 78, 391-399 (2008).

44. Hao, Y., Baker, D. & ten Dijke, P. TGF-B-mediated epithelial-mesenchymal transition and cancer metastasis. Int. J. Mol. Sci. 20,
2767 (2019).

45. Uhlén, M. et al. Tissue-based map of the human proteome. Science 347, 6220 (2015).

46. Lee, J. W,, Chou, C. L. & Knepper, M. A. Deep sequencing in microdissected renal tubules identifies nephron segment-specific
transcriptomes. J. Am. Soc. Nephrol. 26, 2669-2677 (2015).

47. Vidarsson, H. et al. The forkhead transcription factor Foxil is a master regulator of vacuolar H+-ATPase proton pump subunits
in the inner ear, kidney and epididymis. PLoS ONE 4, e441 (2009).

48. Narlis, M., Grote, D., Gaitan, Y., Boualia, S. K. & Bouchard, M. Pax2 and Pax8 regulate branching morphogenesis and nephron
differentiation in the developing kidney. J. Am. Soc. Nephrol. 18, 1121-1129 (2007).

49. Martovetsky, G., Tee, J. B. & Nigam, S. K. Hepatocyte nuclear factors 4o and la regulate kidney developmental expression of drug-
metabolizing enzymes and drug transporters. Mol. Pharmacol. 84, 808-823 (2013).

50. Brown, D, Sabolic, I. & Gluck, S. Polarized targeting of V-ATPase in kidney epithelial cells. J. Exp. Biol. 172, 231-243 (1992).

51. Brown, D., Paunescu, T. G., Breton, S. & Marshansky, V. Regulation of the V-ATPase in kidney epithelial cells: Dual role in acid-
base homeostasis and vesicle trafficking. J. Exp. Biol. 212, 1762-1772 (2009).

52. Lee, T. & D'’Amore, T. Membrane separation theoretical and applicable considerations for optimum industrial bioprocessing. J.
Bioprocess. Biotech. 01, 1-8 (2011).

53. Maher, J. M, Slitt, A. L., Cherrington, N. J., Cheng, X. & Klaassen, C. D. Resistance-associated protein (Mrp) family in mice. Drug
Metab. Dispos. 33, 947-955 (2005).

54. Wellington, C. L. et al. ABCA1 mRNA and protein distribution patterns predict multiple different roles and levels of regulation.
Lab. Investig. 82, 273-283 (2002).

55. Enck, A. H,, Berger, U. V. & Yu, A. S. L. L. Claudin-2 is selectively expressed in proximal nephron in mouse kidney. Am. J. Physiol.
Ren. Physiol. 281, 966-974 (2001).

56. Dobin, A. et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

57. Li, B. & Dewey, C. N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinformatics 12, 323 (2011).

58. RStudio Team. RStudio: Integrated Development Environment for R. (2016).

59. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: A Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26, 139-140 (2009).

60. Durinck, S. et al. BioMart and bioconductor: A powerful link between biological databases and microarray data analysis. Bioin-
formatics 21, 3439-3440 (2005).

61. Subramanian, A. et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. USA 102, 15545-15550 (2005).

62. Ashburner, M. et al. Gene ontology: Tool for the unification of biology. Nat. Genet. 25, 25-29 (2000).

63. Smoot, M. E., Ono, K., Ruscheinski, J., Wang, P. L. & Ideker, T. Cytoscape 2.8: New features for data integration and network
visualization. Bioinformatics 27, 431-432 (2011).

64. Ardlie, K. G. et al. The genotype-tissue expression (GTEx) pilot analysis: Multitissue gene regulation in humans. Science 348,
648-660 (2015).

65. Eisenberg, E. & Levanon, E. Y. Human housekeeping genes, revisited. Trends Genet. 29, 569-574 (2013).

66. Wei, T. & Simko, V. The corrplot package. R Core Team (2016).

67. Zhao, S., Guo, Y., Sheng, Q. & Shyr, Y. Advanced heat map and clustering analysis using heatmap3. Biomed Res. Int. 2014, 1-10
(2014).

Author contributions

M.L. developed the chemically defined medium, performed all the experiments, and analyzed the growth data.
K.R. performed the RNA-seq analysis and created the figures associated with the dataset. M.L. and K.R. wrote
the manuscript. B.M. and M.A. supervised and edited the manuscript.

Funding
Funding was provided by Natural Sciences and Engineering Research Council of Canada [Canada Collaborative
Research and Development Grant (519884-17)].

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-10221-z.

Correspondence and requests for materials should be addressed to M.G.A.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2022) 12:6180 | https://doi.org/10.1038/s41598-022-10221-z nature portfolio


https://doi.org/10.1038/s41598-022-10221-z
https://doi.org/10.1038/s41598-022-10221-z
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:6180 | https://doi.org/10.1038/s41598-022-10221-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Vero cells gain renal tubule markers in low-calcium and magnesium chemically defined media
	Results and discussion
	Plackett–Burman media screening for chemically defined medium development. 
	Suspension medium development. 
	Growth with other cell lines. 
	RNA-seq experiment to cellular expression changes. 
	Changes in regulation of proliferation and apoptosis. 
	Mitochondrial fatty acid metabolism. 
	Upregulation of kidney related genes. 
	Vero transition to renal tubule-like cells. 
	Membrane transporter. 
	Barrier function between tubular lumen and blood stream. 
	Conclusion. 


	Materials and methods
	Cell culture. 
	Media development. 
	RNA Seq analysis. 
	Gene set enrichment analysis. 
	Housekeeping gene expression for quality control. 
	RNA-seq heatmaps. 

	References


