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Abstract

Manganese (Mn), an essential metal, can be toxic at elevated levels. In 2012, the first inherited
cause of Mn excess was reported in patients with mutations in SLC30A10, a Mn efflux transporter.
To explore the function of SLC30A10 /n vitro, the current study used CRISPR/Cas9 gene editing
to develop a stable SLC30A10 mutant Hep3B hepatoma cell line and collagenase perfusion in live
mice to isolate primary hepatocytes deficient in Slc30a10. We also compared phenotypes of
primary vs. non-primary cell lines to determine if they both serve as reliable /n7 vitro models for
the known physiological roles of SLC30A10. Mutant SLC30A10 Hep3B cells had increased Mn
levels and decreased viability when exposed to excess Mn. Transport studies indicated a reduction
of >¥Mn import and export in mutant cells. While impaired >*Mn export was hypothesized given
the essential role for SLC30A10 in cellular Mn export, impaired >*Mn import was unexpected.
Whole genome sequencing did not identify any additional mutations in known Mn transporters in
the mutant Hep3B mutant cell line. We then evaluated >*Mn transport in primary hepatocytes
cultures isolated from genetically altered mice with varying liver Mn levels. Based on results from
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these experiments, we suggest that the effects of SLC30A10 deficiency on Mn homeostasis can be
interrogated /n7 vitro but only in specific types of cell lines.
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Introduction:

An essential trace metal, manganese (Mn) is important for human health (Aschner and
Aschner 2005; Avila et al. 2013; Balachandran et al. 2020). It is required for growth and
development, metabolism, and brain and immune function (Aschner and Aschner 2005). It
also serves as a co-factor for enzymes such as the antioxidant protein superoxide dismutase
2. Mn is acquired from dietary sources such as green leafy vegetables, nuts, legumes, grains,
and tea. Though dietary levels of essential trace metals such as Mn can vary substantially,
our body regulates and maintains stable metal levels via control mechanisms such as
absorption, excretion, compartmentalization, transport, and binding to cellular components
(Jan et al. 2015). Alterations in these mechanisms can be detrimental to human health,
leading to metal deficiency or toxicity, and Mn imbalance is no exception. Diseases of Mn
imbalance are typically diseases of excess and toxicity. Mn toxicity can occur due to
community (contaminated well water) and occupational exposures (welding and smelter
work), environmental emissions (fossil fuels), iatrogenic exposure (total parenteral
nutrition), and genetic deficiencies (mutations in Mn transport proteins SLC30A10 and
SLC39A14). In addition, Mn deficiency is reported in patients and mice with mutations in
the Mn transport protein SLC39A8 (Lin et al. 2017; Park et al. 2015).

Recently discovered inherited disorders of Mn imbalance in patients have extended our
understanding of Mn transport and toxicity (Park et al. 2015; Quadri et al. 2012; Tuschl et al.
2012; Tuschl et al. 2016). Studies of these novel diseases have established a key set of genes
that are essential for Mn transport and toxicity: SLC39A14, SLC30A10, and SLC39A8
(Jenkitkasemwong et al. 2018; Leyva-Illades et al. 2014; Lin et al. 2017). SLC39A14 and
SLC30A10 are required for liver Mn import and export respectively whereas SLC39A8 is
required for reclamation of Mn from bile into the liver. The interplay among these
transporters and their tissue-specific role in Mn disposition is an active area of study.
Recently, we and others have reported the /n vivorole of Slc30a10 in Mn homeostasis using
whole-body and tissue-specific gene knockouts in mice (Hutchens et al. 2017; Mercadante et
al. 2019; Taylor et al. 2019; Xia et al. 2017). Currently, there is a lack of /n7 vitro models to
study the functional impact of SLC30A10 deficiency on Mn homeostasis. Most studies have
used SLC30A10 overexpression in cell lines with no basal expression of SLC30A10. To
address this, in the current study we establish and characterize /n vitro models of SLC30A10
deficiency with the goal of using these models to better understand Mn transport and toxicity
and its implication in human disease. We employed CRISPR/Cas9-dependent genome
editing to develop a stable SLC30A10 mutant Hep3B hepatoma cell line and collagenase
perfusion in live mice to generate primary hepatocytes deficient in S/c30a10. We also
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evaluated primary vs non-primary cell lines to determine if both can serve as reliable /n vitro
models for the known physiological roles of SLC30A10.

Materials and Methods:

Hep3B cell culture:

Hep3B, a human hepatocellular carcinoma (HCC) cell line with epithelial morphology, a
modal number of 60, and subtetraploid mode of 82, was obtained from ATCC (HB-8064).
Cells were cultured in Eagle's Minimum Essential Medium (MEM, Corning 10009CV)
supplemented with 10% FBS (Gibco, 16000-044). Cells seeded on flasks or well-plates were
maintained at 37 °C in a humidified incubator containing 5% CO5. Upon confluency, sub-
culturing was carried out using 0.25% trypsin-EDTA (Gibco, 25200-056) with a subculture
ratio of 1:4 to 1:6 twice per week. All experiments were carried out using cultures in the log
phase of growth.

Generation of SLC30A10 mutant Hep3B cells:

CRISPR/Cas9-mediated biallelic SLC30A10 mutation was performed by GenScript
(Piscataway, NJ). Briefly, the guide RNA (gRNA) targeting SLC30A10exon 1 (forward
TGGCGAGATGGGCCGCTACT; reverse CGGCGCAGTCCTGGAAGATGA) was
designed and evaluated for on-target cleavage efficiency, then cloned into pGS-gRNA-CMV-
SpCas9-puro2 vector. Hep3B cells were transfected with the gRNA-Cas9 construct using
Lipofectamine 3000 (ThermoFisher, L3000-015). Transfected cells were enriched by
puromycin selection. Isogenic clones were generated and confirmed to carry biallelic
mutations at the targeted site by sequencing. To confirm SLC30A10 mutations, genomic
DNA was extracted from cells using PureLink genomic DNA isolation kit (ThermoFisher,
K1820-01), followed by PCR amplification of exon 1 (SLC30A10). The amplified DNA was
then cloned and transformed into competent cells using TOPO® TA Cloning® kit
(ThermoFisher, K4530-20). Cultures of transformants were used to isolate plasmid DNA
followed by Sanger sequencing (Genewiz, MA). DNA sequence files were analyzed using
Geneious (V10.2) software.

Growth analyses of Hep3B cell lines:

To determine population doubling time, parental (Hep3B) and SLC30A10 mutant Hep3B
cells were seeded at 150,000 cells per T75 flasks and allowed to grow at 37 °C and 5% CO»
in a humidified incubator. Triplicate flasks were counted every 24 hours for up to 7 days
using a hemocytometer. The total number of cells were plotted against days of incubation to
determine the population doubling time.

RNA analyses:

Total RNA was isolated using TRIzol reagent (Invitrogen, 15596026) as previously
described (Mercadante et al. 2019). One ug DNase-treated RNA was used for cDNA
synthesis using High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
4368813). gPCR was carried out on ViiA 7 Real-Time PCR System (Applied Biosystems)
using PowerUp SYBR Green Master Mix (Applied Biosystems, A25742). RNA
concentrations were determined using standard curve quantification approach followed by
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normalization using reference genes. Three separate reference genes (ACTB, GAPDH,
HPRTI) were used to normalize the data for the gene of interest. Data showed similar trends
with all three reference genes, therefore here we report normalized RNA data using HPRT1
as a reference gene. Primer sequences (Supplementary Table S3) (Quadri et al. 2012;
Shimokawa et al. 2008; Steinmann et al. 2011; Wang and Seed 2003) used for gPCR
analyses were tested for specificity using BLAST search and validated empirically by
agarose gel electrophoresis and DNA sequencing of amplicons. Primer concentrations were
optimized by testing a series of combinations of forward and reverse primer concentrations
followed by melt curve analyses.

Metal analyses of Hep3B cell lines:

Cells were seeded in 100 mm tissue culture plates. At 80% confluency, cells were treated
with MnCl, for 24 hours. Post-treatment, culture media was removed and cells were washed
with PBS, trypsinized, then pelleted. Cell pellets were washed twice with PBS containing 10
mM EDTA followed by a final PBS wash. Cells were then lysed using RIPA buffer on ice
for 30 minutes with occasional shaking. Lysed cells were centrifuged and supernatants were
used to determine total protein content by Lowry protein assay (BioRad, 5000112). Lysate
were then digested using trace metal grade nitric acid (Fisher A509P212) and overnight
incubation at 85 °C. Digested samples were analyzed by graphite furnace atomic absorption
spectroscopy (PerkinElmer, AAnalyst 600) as previously described (Mercadante et al. 2019).

Cytotoxicity assays of Hep3B cells:

Cells were grown to 80% confluency then treated with MnCly, CuCl, or ZnSQO,. Short-term
and long-term cytotoxicity assessments were carried out for 24 hours and 7 days
respectively. For long-term assessments, media containing metals were replenished on the
fourth day after initiating metal treatment. Post-treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, Sigma 475989) solution (prepared in PBS) was added
to the culture media at a final concentration of 0.5 mg/ml and incubated for 3 hours. Media
with MTT reagent was aspirated and the formazan crystals were solubilized in DMSO.
Quantity of formazan was measured by absorbance at 570 nm (SpectraMax, BioRad).

Transfection of SLC30A10 expression vector, fluorescent microscopy, and functional
characterization:

A human SLC30A10-mRuby3-3xFLAG fusion construct was cloned into dual promoter
PiggyBac (PB513B, System Bio) vector using In-Fusion HD EcoDry Cloning Kit (Takara
Bio). Sequence fidelity of the vector (referred to as “PB-SLC30A10”) was confirmed by
Sanger sequencing. In this vector, expression of SLC30A10is driven by a CMV promoter
and expression of GFP and a puromycin resistance gene by an EF1-alpha promoter. We
attempted to achieve stable integration of the SL.C30A10expression vector into the genome
of mutant Hep3B cells using PiggyBac Transposon System (System Bio) but were unable to
isolate any stable integrants after puromycin selection. We were also unable to isolate stable
integrants using transfection and puromycin selection in absence of transposase. For
transient transfections, mutant cells were transfected with empty vector (“PB”) or PB-
SLC30A10 Lipofectamine 3000 (Invitrogen). Transfection efficiency was checked by GFP
fluorescence. Twenty-four hours after transfection, cells were treated with 2 mM MnCl, for
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24 hours followed by cytotoxicity assay (described above). For the fluorescent microscopy,
24 hours post-transfection, cells were stained with Hoechst 33342 nuclear stain (Invitrogen)
and images were captured using a Nikon Ti-U Inverted Fluorescence Microscope and NIS-
Elements F Package imaging software 3.22.00 Build 710 (Nikon Instruments Inc, USA).
Images were processed using ImageJ software (NIH).

Generation, maintenance, and genotyping of animals:

Studies using animals were approved by the Institutional Animal Care and Use Committee
at Brown University. Mice with whole body Slc30a10 deletion (S/c30a10X9/K0) and
hepatocyte-specific S/c30a10deletion (S/c30a10/01X Alb+) were generated and maintained
as previously described (Mercadante et al. 2019). Mice carrying whole body Slc39a14
deletion were kindly provided by Dr. Knutson (University of Florida), who originally
obtained them from Drs. Shintaro Hojyo and Toshiyuki Fukada (Tokushima Bunri
University, Japan). Whole-body deletion for Slc39a14 was achieved by mating heterozygous
mutants (S/c39a14*/K0). Genotypes of mice were confirmed by PCR analysis of gDNA as
described earlier (Hojyo et al. 2011; Mercadante et al. 2019) or by commercial vendors
(Transnetyx, TN). Animals were bred and maintained on a 12-hour light/dark cycles at the
Center for Animal Resources and Education (CARE), Brown University. Animals were
housed in ventilated cages and provided with standard rodent chow (LabDiet 5010, 120 ppm
Mn) and water ad /ibitum. To delay the severity of phenotypes due to Slc30a10 deficiency,
Slc30a10""* and S/c30a10<9’KO mice were raised on LabDiet 5010 (Envigo Inc) until P14
then switched onto Mn-deficient diet (1 ppm Mn, Envigo Inc) until hepatocyte isolation at 6
weeks of age.

Primary hepatocyte isolation:

Primary hepatocytes were isolated from five- to seven-week-old mice using a two-step
collagenase digestion as previously described (Boylan et al. 2017; Cabral et al. 2018; Li et
al. 2010; Mercadante et al. 2019). Briefly, the liver of an anesthetized mouse was perfused
with 50 mL of pre-perfusion buffer (Ca2*/Mg2*-free HBSS, 5 mM HEPES, pH 7.4)
followed by 50 mL of digestion buffer (Ca2*/Mg?*-free HBSS, 5 mM HEPES, 5 mM CaCl,,
pH 7.6) containing collagenase-elastase (Worthington LK002067) and DNAse |
(Worthington LK003172) at a flow rate of 5-7 mL/minute. Perfusion was considered
effective when the liver was blanched immediately after perfusion and visibly digested
towards the endpoint or the capsule started to separate from the surface. The liver was
carefully removed and dispersed in ice-cold suspension buffer (HBSS, 5 mM HEPES, pH
7.4). Dispersed cells were filtered through a 70 pm membrane and centrifuged at 50 g, 4 °C
for 4 minutes. Cells were resuspended and washed twice with suspension buffer to remove
debris and non-parenchymal cells. The humbers of viable cells were determined using
trypan blue dye and counting with a hemocytometer. Cells were plated in MEM-alpha
(Gibco 12000022; with 10 uM proline, 10 UM pyruvate, 20 UM glutamate, 2 uM serine, 2
UM aspartate) containing FBS (10%) for 2 hours on Primaria plates (Corning 353847). After
two hours, culture media was replaced with MEM-alpha (Gibco 12000022; with 10 uM
proline, 10 uM pyruvate, 20 uM glutamate, 2 pM serine, 2 uM aspartate) containing BSA
(0.5%) and allowed to grow overnight at 37 °C and 5% CO, in a humidified incubator. Next
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day, cells were evaluated for morphological characteristics of hepatocytes (bi-nucleation)
and contamination prior to their use for further experiments.

54Mn import assays:

Cells were seeded in 24-well plates and grown until confluent. Pulse phase was initiated by
washing cells with PBS followed by addition of Opti-MEM reduced serum media
(ThermoFisher 31985062) containing 0.5 uCi/mL >*Mn (Perkin Elmer). Cells were
incubated at 37 °C for a specified period of time. Pulse media was removed and cells were
washed with ice-cold PBS containing 0.5 mM EDTA. Cells were lysed using ice-cold RIPA
buffer (25 mM Tris HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS) on ice for 10 mins. Cell lysates were collected and counted for radioactivity by
Triathler Gamma Counter with an external Nal well-type crystal detector (Hidex). Parallel
incubations were carried out on ice on separate plates to account for non-specific binding at
respective time points and subtracted from the counts obtained after 37 °C incubations. The
subtracted counts were normalized to the total protein measured in cell lysates by Lowry-
based protein assay (BioRad, 5000112).

54Mn export assays:

Cells were incubated with pulse media for 30 minutes at 37 °C as described above. The
pulse media was removed and cells were washed with ice-cold PBS containing 0.5 mM
EDTA. The chase phase was initiated by adding Opti-MEM without radiolabeled
manganese. The chase media was collected and counted for radioactivity at respective time
points. Cells were lysed using RIPA buffer on ice for 10 mins. Parallel incubations were
carried out on ice to account for non-specific binding and subtracted from the counts
obtained after 37 °C incubations at respective time points. The subtracted counts were
normalized to the total protein measured in cell lysate using Lowry-based protein assay
(BioRad, 5000112) and expressed relative to counts/ug protein at 0 minutes to account for
differences in ®*Mn import during the pulse phase.

Whole-genome sequencing (WGS):

WGS and bioinformatics analysis were performed by BGI Americas Corp. (Cambridge,
MA). Genomic DNA was extracted using PureLink genomic DNA isolation kit
(ThermoFisher, K1820-01); sample concentrations were determined by microplate reader
(Qubit Fluorometer, Invitrogen) and integrity and purity by agarose gel electrophoresis. One
ug DNA was randomly fragmented (Covaris, Woburn, MA). Magnetic beads were used to
select fragments of average size 300-400 bp, followed by quantification using Qubit
fluorometer. Fragments were subjected to end-repair, 3’ adenylation, and adaptor ligation at
both ends, then amplified by ligation-mediated PCR. Products were heat denatured and
circularized by the split oligo sequence, then converted into a library by modified rolling
circle amplification. Sequence library was analyzed by Agilent Technologies 2100
Bioanalyzer and amplified to make DNA nanoballs, which were loaded into a patterned
nanoarray. Paired-end reads were generated through BGISEQ-500 platform by employing
combinatorial Probe-Anchor Synthesis. High-throughput sequencing was performed for
each library to ensure that each sample met the average sequencing coverage requirement.
Sequencing-derived raw image files were processed by BGISEQ-500 base-calling Software
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and the sequence data generated as paired-end reads and stored in FASTQ format. Raw data
was then filtered and mapped to the human reference genome (GRCh37/HG19) using
Burrows-Wheeler Aligner software (Li and Durbin 2010). To ensure accurate variant calling,
recommended best practices were followed for variant analysis with the Genome Analysis
Toolkit (GATK, https://www.broadinstitute.org/gatk/guide/best-practices). Local
realignment around insertions and deletions (InDels) and base quality score recalibration
were performed using GATK with duplicate reads removed by Picardtools (Broad Institute).
The sequencing depth and coverage were calculated based on the alignments. Genomic
variations, including single nucleotide polymorphisms (SNPs) and InDels, were detected by
HaplotypeCaller software v3.3.0 from GATK. The variant quality score recalibration method
was applied to obtain high-confidence variant calls. Copy number variants (CNVs) were
identified using the CNVnator v0.2.7 read-depth algorithm. Structural variations (SV) were
detected using Breakdancer or CREST. The SnpEff tool was applied to perform annotations
for variants.

Statistical analyses were performed using GraphPad Prism 8 software (San Diego, CA).
Data are presented as mean + SEM. Each experiment was carried out independently at least
three times. A p-value of less than 0.05 was considered statistically significant and
represented as: p> 0.05 (ns), p< 0.05 (*), p<0.01(**), p<0.001 (***), p< 0.0001 (****).
Data containing two groups were analyzed using an unpaired t-test whereas data with more
than two groups were analyzed using either one-way or two-way ANOVA followed by
Tukey’s post-hoc analysis. Line-of-best fit was determined using GraphPad Prism and the
slopes of the lines were compared by linear regression analysis.

Development and characterization of SLC30A10-mutant Hep3B cell line:

SLC30A10-mutant Hep3B cells were generated using CRISPR/Cas9 gene by targeting exon
1 of SLC30A10. We chose Hep3B cells due to its high basal expression of SL.C30A10when
compared to HepG2, HEK293T, and HeLa cell lines (Supplementary Fig. S1). Sanger
sequencing of genomic DNA from an isogenic clone revealed a T insertion and a 5-base-pair
deletion in exon 1 of SLC30A10 (Fig. 1A). These frameshift mutations were predicted to
result in pre-mature stop codons as p.C52LfsX61 and p.L51RfsX60 respectively.
Morphologic examination by light microscopy showed epithelial, monolayer characteristics
similar to parental Hep3B cells (Fig. 1B, C). Growth curve analysis indicated a similar
growth rate for parental and mutant cell lines with population doubling times of 1.5 and 1.4
days respectively (Fig. 1D). QPCR showed a nearly 70% reduction in SLC30A10expression
in mutant cells compared to parental cells (Fig. 1E). SLC30A10 protein levels were not
measured as the available commercial antibodies only detected SLC30A10 when
overexpressed and our attempts to generate our own antibodies were not successful (data not
shown). Overall, these results suggested that mutant cells exhibited similar growth rates and
morphology yet lowered SLC30A10expression when compared to parental cells.
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SLC30A10-mutant Hep3B cells are susceptible to Mn toxicity:

As SLC30A10 exports Mn (Leyva-1llades et al. 2014), we first tested mutant cell lines for
susceptibility to metal toxicity. We hypothesized that if mutant cells have reduced
SLC30A10 expression, exposure to Mn should result in Mn excess, toxicity, and loss of
viability. Viability was assessed using the MTT cell proliferation assay in cells exposed to
Mn, copper (Cu) or zinc (Zn) over 24 hours (short-term) or 7 days (long-term). Zinc was
selected because SLC30A10 was previously believed to be a Zn transporter (hence named
ZNT10) (Bosomworth et al. 2012)). Copper was chosen given that it is excreted through bile
but not known to be transported by SLC30A10. LDsg values were lower in mutant than
parental cells when exposed to Mn short-term (Fig. 2A). LDsgq values were not determined
for cells exposed to Mn long-term as the lowest concentration used resulted in more than
50% of cell death (Fig. 2B). Dose-dependent decreases in viability were similar for parental
and mutant cells when exposed to Cu or Zn short- or long-term (Fig. 2C-F). Overall, mutant
cells exhibited decreased viability when exposed to Mn but not Cu or Zn.

Expression of human SLC30A10 attenuates sensitivity of mutant cells to Mn toxicity:

Intracellular

To further characterize the mutant cells, we carried out a rescue experiment in which the
mutant cells were transfected with a plasmid expressing wild-type human SLC30A10. We
observed about 40-50% transfection efficiency 24 hours after transfection as indicated by
fluorescent microscopy (Fig 3A). As observed above (Fig 2A), cytotoxicity assays indicated
parental cells treated with Mn were 60% viable while mutant cells treated with Mn showed
21% viability (p <0.0001, Fig 3B). When compared to Mn treatment of parental Hep3B
cells, Mn exposure in untransfected mutant cells and mutant cells transfected with empty
vector (PB) showed significant differences in cell viability (21%, p <0.0001 and 24%, p
=0.0011 respectively), whereas mutant cells transfected with human SLC30A10 cDNA (PB-
SLC30A10) did not (43%, p =0.7166). Such results indicate expression of wild-type
SLC30A10 in mutant cells lead to partial attenuation of Mn toxicity in the Hep3B mutant
cells.

accumulation of Mn in SLC30A10 mutant cells upon Mn exposure:

Susceptibility of mutant cells to Mn toxicity led us to investigate intracellular Mn levels
post-sub-lethal Mn exposure. Mn levels were similar in parental and mutant cells when
grown in basal media for 24 hours (Fig. 4A). At 0.5 mM MnCl, exposure, there was a non-
significant increase intracellular Mn in mutant cells (p=0.8971). At 1 mM MnCl,, mutant
cells accumulated nearly 3.5 times more Mn compared to parental cells (p=0.0019). (We
also measured Mn levels in the basal media and fetal bovine serum (data not shown). Mn
levels in basal media were 15 nM and largely reflected the contribution of fetal bovine
serum.)

SLC30A10-mutant Hep3B cells exhibit altered °>*Mn import and export:

Next, we evaluated Mn transport in mutant cells using >*Mn import and export assays.
Import assays showed that mutant cells had impaired >*Mn uptake when compared to
parental cells (Fig. 4B). Over the sixty-minute time course, mutant cells showed a linear
relationship of >*Mn uptake, whereas parental cells had a non-linear relationship when the
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54Mn content is normalized to ug protein in cell lysates were plotted against time (Fig. 4B).
Similar results were observed when increasing amounts of non-radioactive Mn were added
to pulse media; when cells were pulsed for longer times; or when calcium levels were
altered in the media, given that Slc30a10-dependent Mn export is driven by active calcium-
coupled exchange (Levy et al. 2019) (data not shown). Export assays indicated impaired
54Mn export in mutant cells when compared to parental cells, with both cell lines showing a
linear relationship for 4Mn export over time (Fig. 4C, (Supplement Fig. S3A for data
without normalization)). While impaired >*Mn export was hypothesized given that
SLC30A10 is a Mn export protein, impaired *Mn import was not expected.

Whole genomic sequencing reveal loss of variants in SLC30A10-mutant cells:

We next speculated that the #Mn import defect in Hep3B mutant cells may reflect off-target
effects of CRISPR genome editing or suppressor mutations leading to synthetic rescue of the
mutant clone during the gene editing process. We performed whole genome sequencing (30x
coverage) of parental and mutant cells (passage# 3) using a commercial service (BGI Inc.) to
identify sequence differences between parental and mutant cell lines. Data analysis of whole
genome sequencing did not reveal any mutations in the mutant cells for known and putative
Mn transporters (SLC39A14 (ZIP14), SLC11A2 (DMT1), SLC39A8 (ZIP8), SLC40A1
(ferroportin), SLC30A10) except SLC30A10, however we did find multiple other mutations
in other genes in mutant cells (Table S1). There were 1068 variants (59 InDels and 1009
SNPs) gained in the mutant cells. The biological significance of each of these mutations in
metal homeostasis is unknown and out of scope of the current study. Targeted analysis also
revealed a non-synonymous variation in exon 2 of SLC39A14 (Supplementary Fig. S2A),
however this p.Leu33Pro (rs896378) variant was also present in parental Hep3B cells.
Sequencing also revealed two synonymous variants, p.Leu65Leu (rs2293144) and
p.His347His (rs6558052). We also found many variants (54 InDels and 844 SNPs) in the
parental Hep3B hepatoma that were not reported in the human reference genome (GRCh37/
HG19, Table S2) or COSMIC cell line database (Tate et al. 2019) for Hep3B cells.

54Mn import and export assays confirm in vivo functions of SLC39A14 and SLC30A10 in
primary hepatocyte cultures:

We considered that a cancer-derived cell line such as Hep3B may not exhibit the known
physiologic role of SLC30A10 in cellular Mn export. To address this, we carried out ®*Mn
import and export assays on primary hepatocytes isolated from genetically altered mice.
Primary hepatocytes isolated from mice deficient in Slc39al14, a protein essential for liver
Mn import, showed blunted >*Mn import (Fig. 4A). ®*Mn export was not analyzed because
primary hepatocytes did not import sufficient >*Mn. We next focused on Slc30a10. (In an
attempt to confirm membrane localization of Slc30a10 in primary hepatocytes, we
performed confocal microscopy on primary hepatocytes isolated from mice expressing an
Slc30a10-GFP fusion protein from the endogenous S/c30a10gene (Mercadante et al. 2019),
however confocal microscopy also revealed high levels of autofluorescence from primary
hepatocytes not expressing the Slc30a10-GFP fusion (data not shown).) We employed mice
with whole-body (S/c30a10X9’K0) and hepatocyte-specific Slc30a10 deficiency
(SIc30a10/0%10X Afb+). We first tried to isolate primary hepatocytes from S/c30a10€9/KO
mice raised on a standard rodent diet containing 120 ppm Mn however their blood vessels
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were too fragile to withstand cannulation and perfusion. To minimize the development of
severe Mn excess in 5/c30a10€9’K0 mice, S/c30a10%* and SIc30a10X9/KO mice were
switched onto a Mn-deficient diet (1 ppm Mn, Envigo Inc) until hepatocyte harvest at six
weeks of age. This dietary approach decreased liver Mn levels in S/c30a1059/KO mice by 5-
fold but levels in mutant mice were still 13-fold higher than wild-type raised on the Mn-
deficient diet (data not shown). Primary hepatocytes from S/c30a10** and Slc30a10K0’KO
mice raised on Mn-deficient diets showed linear relationships for *Mn import over 45
minutes (Fig. 5B). *Mn export was similar in primary hepatocytes from S/c30a10"* and
Slc30a10K9’K0 mice (Fig. 5C, (Supplement Fig. S3B for data without normalization)). Next,
we performed transport studies in primary hepatocytes from S/c30a10///ox Alb+ mice,
which develop mild Mn excess compared to S/c30a10<9KO mice (Mercadante et al. 2019;
Taylor et al. 2019). While 54Mn import was similar in $/c30a10/%10X and S/c30a10/0%/1ox
Alb+ hepatocytes (Fig. 5D), Slc30a10/010x A[p+ hepatocytes showed impaired >4Mn export
compared to S/c30a10/°10x hepatocytes (Fig. 5E, (Supplement Fig. S3C for data without
normalization).

Discussion:

Currently, there are few /n vitro models of SLC30A10 deficiency. As SLC30A10 is essential
for hepatobiliary Mn excretion, in this study we initially employed Hep3B, a hepatoma-
derived cell line with high basal expression of SLC30A10. CRISPR-Cas9 gene editing was
used to introduce SLC30A10mutations into Hep3B cells, then parental and mutant cells
were assessed for sensitivity to metal toxicity, intracellular Mn accumulation, and >*Mn
transport. Though SLC30A10expression in the mutant cell line was not completely
abrogated, mutations in exon 1 similar to those present in our mutant cell line have shown
reported in patients with Mn excess (Anagianni and Tuschl 2019).

The Hep3B parental cell line maintained viability for up to 24 hours in ~2 mM Mn.
Although high levels of Mn are unlikely to represent physiological levels, these levels were
required to impact viability in both parental and mutant cells. Such resilience to toxicity at
high Mn levels was also observed in other cell lines (WIF-B, HepG2, AF5, HEK293T)
which could withstand up to 1 mM Mn concentration for 16 hours (Thompson et al. 2018;
Zogzas and Mukhopadhyay 2018). In contrast, compared to the parental cell line, our
Hep3B mutant cell line was more sensitive to Mn toxicity and accumulated more Mn after
exposure to Mn. In addition, complementation of mutant cells with wild-type SLC30A10
resulted in partial reversal of Mn toxicity (Fig 3B). (We speculate that partial attenuation
may be explained by 50-60% transfection efficiency of Hep3B cells (Fig 3A).) These
observations are consistent with the known role of SLC30A10 in Mn export. They are also
consistent with published reports that SLC30A10 overexpression in the neuronal cell line
AF5 rendered the cells less sensitive to Mn toxicity and that over-expression of wild-type
SLC30A10 reduced Mn accumulation in HeLa cells (Carmona et al. 2019; Leyva-Illades et
al. 2014). As excess Mn is known to disrupt the mitochondrial electron transport chain, we
speculate that Mn toxicity of Hep3B mutant cell lines reflected mitochondrial dysfunction.
However, the MTT assay we used to assess cell viability may not exclusively reflect
mitochondrial toxicity. Nevertheless, in the current study our objective was to observe the
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sensitivity and the Hep3B mutant cell line to Mn, Cu, and Zn, not to establish the specific
mechanism of Mn-induced of cytotoxicity.

While we did observe impaired ®*Mn export in the Hep3B mutant cell line, we also observed
an unexpected reduction of *Mn import in mutant cells compared to parental cells. To our
knowledge, this import defect does not reflect any known physiological role for SLC30A10
in metal import. As SLC30A10 is expressed at the apical surface of hepatocytes and
intestinal enterocytes, SLC30A10 deficiency would result in Mn deficiency /n vivo if
SLC30A10 played a role in cellular Mn import. SLC30A10 deficiency in patients (Mukhtiar
et al. 2016; Quadri et al. 2012; Stamelou et al. 2012; Tuschl et al. 2012), mice (Hutchens et
al. 2017; Liu et al. 2017; Mercadante et al. 2019; Taylor et al. 2019), and zebrafish (Xia et
al. 2017) results in Mn excess, not deficiency.

We considered that lack of cell polarization contributed to aberrant >*Mn import in Hep3B
mutant cells. Unlike in HepG2 and WIF-B cells, polarization in Hep3B cells has not been
reported in the literature. Primary hepatocytes cultured in the manner we employed in this
study do not polarize either (Zeigerer et al. 2017). However, we did not observe impaired
54Mn import in S/c30a10XKO cells compared to S/c30a10%* cells or Slc30a10'/10x Afp+
cells compared to S/c30a10/°%/1o cells. Furthermore, we did observe minimal 3*Mn import
in 5/c39a14K9KO cells compared to S/c39a14%/* cells, consistent with the known
physiological role of SLC39A14 for cellular Mn import (Aydemir et al. 2017;
Jenkitkasemwong et al. 2018; Xin et al. 2017). Given these data, we propose that lack of cell
polarization is not primarily responsible for aberrant >*Mn import in Hep3B mutant cells.

CRISPR/Cas9 is extensively used for genome editing due to its efficiency and cost
effectiveness however it can also result in unintended genomic site cleavage resulting in off-
target effects (Wang et al. 2020; Zhang et al. 2015). In addition to off-target effects of
CRISPR-Cas9 genome editing, we also considered that the import defect in mutant cells
could reflect a suppressor mutation leading to synthetic rescue. WGS did not identify any
sequence differences in SLC11A2, S C39A14, S| C39A8, or SL.C40A1 between parental
and mutant cell lines. We did observe other sequence differences in multiple other genes
between parental and mutant cell lines, but these may reflect accumulation of mutations in
Hep3B, a cancer-derived cell line, that are unrelated to the Mn import defect. In view of
these unsolicited sequence changes, we caution the use of CRISPR-Cas9 editing as a means
of functional genomic screening of SLC30A10 to provide mechanistic understanding or
preclinical toxicity testing.

Cultured cancer-derived or immortalized cell lines have been used for decades in biomedical
research due to the fact that they are highly proliferative and relatively easy to manipulate
pharmacologically and genetically. However, serial passaging of such cell lines may lead to
drift in genotypic or phenotypic characteristics. (The Hep3B parental cell line was purchased
from ATCC and subjected to only a few passages before CRISPR editing was initiated.
Mutant cell lines were passaged only a few times before WGS was performed.) Cell
passage-dependent drift has been reported in cell cultures (Briske-Anderson et al. 1997;
Chang-Liu and Woloschak 1997; Esquenet et al. 1997; Hughes et al. 2007; O'Driscoll et al.
2006). WGS data derived from Hep3B cells revealed many variants gained in the parental
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Hep3B cells. Such mutations may represent genomic instability inherent in all cancer lines
and/or accumulation of mutations after the Hep3B cell line was originally established. These
changes may lead to the cell line not accurately representing the /n vivo function of the
original cell type. In contrast, primary cells isolated from animal/human tissue have a finite
lifespan and limited proliferative capacity but are known to maintain relevant /n vivo
characteristics for a limited time (Alge et al. 2006; Pan et al. 2009).

To further explore the relevance of aberrant *Mn import in Hep3B mutant cells, we
analyzed primary hepatocytes isolated from Slc30a10-deficient mice. (As mentioned above,
54Mn import was assessed in S/c39a14%/* and Slc39a14K9KO cells and found to be minimal
in the mutant cells.) We first tried to isolate primary hepatocytes from S/c30a10<9’K0 mice
raised on a standard rodent diet containing 120 ppm Mn, however blood vessels in these
mice ruptured soon after perfusion was initiated; possibility due to severity of phenotypes
due to Mn overload. We were able to isolate hepatocytes from S/c30a10<9’K0O mice raised
on Mn-deficient diets. (This dietary approach lowers liver Mn levels but does not completely
normalize them to wild-type liver Mn levels (data not shown). We did not measure Mn levels
in primary hepatocytes isolated from these mice.) Primary hepatocytes from S/c30a10** and
S5/c30a10X9’K0 mice raised on Mn-deficient diets exhibited no changes in >*Mn import or
export. The similarity in °*Mn export between wild-type and mutant cells was not
unexpected. In our characterization of $/c30a10€%’KO mice (Mercadante et al. 2019), we
observed no difference in total bile Mn levels in 5/c30a10%* and S/c30a10X9/KO mice
despite severe Mn excess in the mutant mice. This was in contrast to a severe increase in bile
Mn levels in wild-type mice raised on Mn-rich diets. We interpreted this as indicating that
Slc30al0 is essential for biliary Mn export and that SIc30a10 deficiency leads to
inappropriately low, but not absent, biliary Mn export—in conditions of Mn excess,
Slc30al10-deficient hepatocytes do excrete Mn but at insufficient levels given their burden of
Mn. While we did isolate hepatocytes from $/c30a10<9’KO mice raised on Mn-deficient
diets, this dietary approach did not normalize liver Mn levels to wild-type levels. We propose
that 54Mn export in primary S/c30a10X9/KO hepatocytes may be influenced by hepatocyte
Mn content and may not solely reflect Slc30a10 deficiency.

To mitigate the potential effect of Mn excess on >*Mn transport studies in primary
hepatocytes, we next employed hepatocytes from mice with liver-specific Slc30a10
deficiency (S/c30a101X Alb+). Notably, these mutant mice develop mild liver Mn excess
yet have minimal total bile Mn levels and after *Mn injection into portal vein export
minimal *Mn into bile (Mercadante et al. 2019). Transport studies indicated intact °*Mn
import and impaired >*Mn export in $/c30a10/%1ox A+ hepatocytes relative to
Slc30a10/9%/1ox hepatocytes. Overall, relative to Hep3B cells and primary S/c30a10X9/KO
hepatocytes, primary S/c30a10/°10x A[b+ hepatocytes exhibit Mn import and export most
consistent with /n vivo observations in Slc30a10-deficient mice.

In conclusion, based upon our results, we propose that the impacts of Slc30a10 deficiency
on Mn transport can be recapitulated using primary hepatocytes from mice that lack severe
Mn excess such as S/c30a10'°10x A[p+ mice. However, cancer-derived cell lines or primary
hepatocytes from mice with severe Mn excess, such $/c30a10€9’K0 mice, should be used
with caution.
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Figure 1. Development and characterization of SLC30A10-mutant Hep3B cell line.
A) DNA chromatogram indicating mutant alleles harboring T insertion and 5-base-pair

deletion in exon 1 of SLC30A10gene. B, C) Representative light photomicrographs from
parental and SLC30A10-mutant Hep3B cells indicating normal epithelial characteristics.
Original magnification X100. D) Growth curve from mutant and parental Hep3B cell
indicated non-significant population doubling time. E) Scatter dot plot showing normalized
SLC30A10expression indicating ~70% reduction in the mutant cell-lines. Data analyzed by
two-tailed unpaired t-test. Data presented as p >0.05 (ns), p<0.05 (*), p<0.01(**), p<0.001
(***), p<0.0001 (****).
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Figure 2. Cytotoxicity study to assess the mutant cell line.
Line graphs representing results from cell viability determined using MTT assay after

exposure of parental and mutant cell lines to a series of concentrations of metals — A, B)
MnCl,; C, D) CuCly; and E, F) ZnSQOy4 for short- (24 hours) and long- (7 days) term
exposure. Line-of-best fit was determined using GraphPad Prism and the slopes of the lines
were compared by linear regression analysis. Difference in the LDsg values were compared
with two-tailed unpaired t-test. Data presented as p >0.05 (ns), p<0.05 (*), p<0.01(**), p
<0.001 (***), p<0.0001 (****).
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Figure 3. Expression of SLC30A10 cDNA partially rescues Mn-induced cell death in mutant
Hep3B cells.
A) Fluorescent micrographs showing expression of wild-type human SLC30A10in the

SLC30A10-mutant Hep3B cells (see methods section). B) Graph representing % viability
(log normalized OD) of parental Hep3B cells, mutant cells, mutant cells transfected with
empty vector (PB), and mutant cells transfected with human SLC30A10expression vector
(PB-SLC30A10). Data analyzed using one-way ANOVA followed by Tukey’s multiple
comparison and presented as 0 >0.05 (ns), £<0.05 (*), p<0.01(**), p<0.001 (***), p
<0.0001 (****)
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Figure 4. Intracellular Mn and transport study in mutant cells.
A) Histogram representing intracellular manganese concentrations in mutant and parental

cells determined using GF-AAS. Cells were incubated with MnCl, for 24-hours followed by
metal measurement. B) Line graph representing >*Mn import carried out by incubating cells
with radio-labelled Mn showed impaired manganese import in mutant cells. C) Line graph
representing ®*Mn efflux from mutant and parental Hep3B cells using pulse-chase
experiment. Cells were incubated with 5*Mn for 30 mins (pulse) followed by chase period
using replaced non-radioactive media. Data for Mn concentration was analyzed using 2way
ANOVA followed by Tukey’s multiple comparison. Line-of-best fit was determined using
GraphPad Prism and the slopes of the lines were compared by linear regression analysis.
Data presented as p>0.05 (ns), p<0.05 (*), p<0.01(**), p<0.001 (***), p<0.0001 (****).
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Figure 5. Transport study using primary hepatocytes cultures.
A) Line graph representing changes in °*Mn import in primary hepatocytes from wild-type
and S/c39a14-deficient mice. B, C) Line graph representing >*Mn import (B) and export (C)
using primary hepatocytes from wild-type and Slc30a10-deficient mice. D, E) Line graph
representing >*Mn import (D) and export (E) using primary hepatocytes from S/c30a10/ox/lox
and S/c30a10/°1X Alp mice. Line-of-best fit was determined using GraphPad Prism and the
slopes of the lines were compared by linear regression analysis. Data presented as p >0.05
(ns), p<0.05 (*), p<0.01(**), p<0.001 (***), p<0.0001 (****),
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