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Illuminating the function of the orphan
transporter, SLC22A10, in humans and other
primates

Sook Wah Yee 1, Luis Ferrández-Peral 2, Pol Alentorn-Moron 2,
Claudia Fontsere 2,3, Merve Ceylan 4, Megan L. Koleske1, Niklas Handin4,
Virginia M. Artegoitia5, Giovanni Lara 1, Huan-Chieh Chien1, Xujia Zhou1,
Jacques Dainat 6, Arthur Zalevsky 1, Andrej Sali 1,7,8, Colin M. Brand9,10,
Finn D. Wolfreys11, Jia Yang 1, Jason E. Gestwicki 7,12, John A. Capra 1,9,10,13,
Per Artursson 4,14, John W. Newman 5,15, Tomàs Marquès-Bonet 2,16,17,18 &
Kathleen M. Giacomini 1,13

SLC22A10 is an orphan transporterwith unknownsubstrates and function. The
goal of this study is to elucidate its substrate specificity and functional char-
acteristics. In contrast to orthologs from great apes, human SLC22A10, tagged
with green fluorescent protein, is not expressed on the plasma membrane.
Cells expressing great ape SLC22A10 orthologs exhibit significant accumula-
tion of estradiol-17β-glucuronide, unlike those expressing human SLC22A10.
Sequence alignments reveal a proline at position 220 in humans, which is a
leucine in great apes. Replacing proline with leucine in SLC22A10-P220L
restores plasmamembrane localization and uptake function. Neanderthal and
Denisovan genomes show proline at position 220, akin to modern humans,
indicating functional loss during hominin evolution. Human SLC22A10 is a
unitary pseudogene due to a fixed missense mutation, P220, while in great
apes, its orthologs transport sex steroid conjugates. Characterizing SLC22A10
across species sheds light on its biological role, influencing organism devel-
opment and steroid homeostasis.

About 30% of the members of the large Solute Carrier (SLC) Super-
family in the human genome have no known substrate1, representing a
major gap in understanding human biology. Deorphaning is the pro-
cess of determining the function of a protein that has not yet been
characterized. For deorphaning proteins in the SLC superfamily, which
includes multi-membrane spanning transporters, phylogenetic analy-
sis represents the first step for identifying the substrates of an orphan
transporter. Other methods include metabolomic methods in cells or
in knockout mice2–4. For example, the substrate of mouse SLC16A6, a
transporter in the MonoCarboxylate Transporter Family, MCT7, was
discovered through the analysis of amino acid transport in cell lines
that overexpressed MCT75.

There has been increasing interest in deorphaning solute carrier
transporters due to the significant potential role of SLCs in human
physiology1,6. While some orphan genes in the SLC superfamily encode
proteins which have evolved other functions and do not participate in
transmembrane solute flux, it is more probable that these multi-
membrane spanning proteins primarily serve as transporters. There-
fore, efforts to deorphanSLC familymembers should include attempts
to identify their endogenous substrates, ligands of the transporter that
are translocated across biological membranes. In certain cases, the
roles of transporters have been discovered, yet the substrate of the
transporter remains unknown. This creates gaps in our mechanistic
understanding of the transporter’s function in those processes. For
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example, Ren et al. used untargetedmetabolomics and found elevated
levels of lipid diacylglycerol and altered fatty acid metabolites in liver
and plasma samples of Mct6 knockout mice7. This finding supports a
role of SLC16A5 in lipid and amino acid homeostasis, but does not
reveal its substrates and as such, the mechanism remains poorly
understood. Similarly, the function of the orphan transporter
SLC38A10 (SNAT10) was assessed by studying mice lacking the
Slc38a10 gene (Slc38a10-deficient mice). The findings indicated that
Slc38a10-deficient mice exhibited reduced body weight and lower
plasma levels of threonine and histidine. However, no study has spe-
cifically investigated whether these amino acids serve as substrates for
SLC38A108; therefore a gap in understanding themechanism by which
the transporter affects body weight remains. Information regarding
recently deorphaned transporters is presented in a recent review9.

Orphan transporters can be found in over 20 families in the SLC
superfamily1. In the Solute Carrier 22 family A (SLC22A), there are 23
members that transport organic ions including 6 that are orphans6.
Largely representing plasma membrane transporters, members of the
SLC22A family are clustered together based on their charge specificity
for organic cations (OCTs), organic anions (OATs), and organic zwit-
terion/cations (OCTNs). Solute carrier 22 familymember 10 (SLC22A10)
and its direct species orthologs are orphan transporters whose sub-
strates and transport mechanisms are yet to be characterized. In
humans, SLC22A10 has been given a protein name of OAT5. Based on
Northern blotting10 and RNA seq studies (https://www.proteinatlas.org/
ENSG00000184999-SLC22A10/tissue)11, human SLC22A10 is expressed
specifically in the liver.

Orthologs of human SLC22A10 are present in many primates
includinggreat apes (https://useast.ensembl.org/Homo_sapiens/Gene/
Compara_Ortholog?db=core;g = ENSG00000184999;r = 11:63268022-
63311783). Intrigued by this observation, our study aims to identify the
substrates of SLC22A10 and the transport mechanism by expressing
primate orthologs of SLC22A10 in cell lines and performing analytical
procedures including cellular uptake studies, metabolomic analyses
and proteomic assays. We attempt to identify crucial amino acids that
contribute to the differences in function between direct species
orthologs in humans and great apes. Kinetic parameters and transport
mechanisms of various predicted isoforms of SLC22A10 are deter-
mined, along with their ability to accumulate different endogenous
ligands. Proteomic studies in cell lines recombinantly expressing
human and chimpanzee SLC22A10 are conducted. Our study shows
that human SLC22A10 was inactivated by a single missense mutation
and is a unitary pseudogene. The ORF-disrupting mutation in
SLC22A10, which led to Pro220, is not observed in great apes and
primates. This particular amino acid is crucial for protein abundance
and expression on the plasma membrane. Our work provides a road-
map for howorthologous genes, alongwith sequencecomparison, and
proteomic and transporter assays, can be used to deorphan the
function of solute carrier proteins. These discoveries have significant
evolutionary implications.

Results
Human SLC22A10 showed no expression on the plasma mem-
brane and no transporter activity of prototypical anionic sub-
strates of SLC22 family members
Human SLC22A10 is in a cluster that includes known organic anion
transporters: SLC22A24 is closest, followed by SLC22A9, SLC22A11 and
SLC22A12 (Fig. 1A). Phylogenetic analyses reveals that its closest
homolog is SLC22A24. The substrates of SLC22A24 are steroid con-
jugates, bile acids and dicarboxylic acids, which our laboratory has
successfully deorphaned3. Overexpression of humanSLC22A10 tagged
with GFP in the N-terminal resulted in no detection of a GFP-tagged
protein on the plasma membrane (Fig. 1B). Furthermore, no uptake of
prototypical organic anions was observed in cells expressing
SLC22A10 whereas significant uptake was observed in cells expressing

known SLC22 organic anion transporters including SLC22A6, SLC22A8
and SLC22A24 (Fig. 1C).

The long isoform of chimpanzee and gorilla SLC22A10 was
expressed on the plasma membrane whereas the short isoform
was not
The organic anion transporters depicted in Fig. 1A consist of 536 to 563
amino acid proteins. Predictions from reliable sources such asUniprot,
Ensembl, and NCBI Nucleotide databases confirmed that the human
SLC22A10 gene produces a 541 amino acid isoform. Conversely,
according to reports from Ensembl and UniProt, the orthologs of
SLC22A10 found in great apes are predicted to have two isoforms: a
short isoform comprising 540 amino acids and a longer isoform con-
taining 552amino acids. Because therewas nodetectable expressionof
the human SLC22A10 on the plasmamembrane of cells recombinantly
expressing the transporter (Fig. 1B), we inquired whether the direct
species orthologs in great apes exhibited a similar lack of plasma
membrane expression when expressed recombinantly in cells. In fact,
we observed that the long isoforms (552 amino acids) of both chim-
panzee and gorilla SLC22A10 were detected on the plasmamembrane
(Fig. 2A). The shorter isoforms (540 amino acids) of chimpanzee,
bonobo and gorilla SLC22A10 showed a similar lack of plasma mem-
brane localization as the human ortholog, which consists of 541 amino
acids (Figs. 1A and 2A).

Chimpanzee and gorilla SLC22A10 expressing the long isoform
transport estradiol glucuronide but not other anions that are
canonical substrates of members in the SLC22A family
Because the long forms of the great ape SLC22A10 showed a plasma
membrane localization, we attempted to identify substrates of
SLC22A10 using isotopic uptake assays in cells recombinantly
expressing the long isoforms of the great ape transporters. Typical
anions that are canonical substrates of members in the SLC22A family
were screened for accumulation in human, chimpanzee, bonobo and
gorilla expressing the long as well as the short isoforms. Significant
accumulation of [3H]-estradiol-17β-glucuronide and [3H]-androstane-
diol-3α-glucuronide were observed in cells expressing chimpanzee
and gorilla SLC22A10 encoding the long but not the short isoforms
(Fig. 2B, SupplementaryFig. 1A). No significant uptakewasdetected for
other anions that are canonical substrates of members of the SLC22A
family, such as estrone sulfate, taurocholic acid, cGMP, uric acid and
succinic acid (Supplementary Fig. 1A–F). However, there was a small
but significant uptake of [3H]-methotrexate in HEK293 cells expressing
chimpanzee and gorilla SLC22A10 long isoforms (Supplemen-
tary Fig. 1G).

The SLC22A10 protein in humans consists of 541 amino acids,
resulting from a single nucleotide insertion that causes a fra-
meshift in the last exon
The geneticmechanism that led to the formation of the 541 amino acid
SLC22A10 protein in humans was investigated. Sequence alignments
of the last exon (exon 10) of the SLC22A10 gene was compared
between humans and great apes and revealed an insertion of one
nucleotide leading to the expression of different isoforms in each
species (see Fig. 2C). In particular, humans exhibit an A nucleotide
insertion at the first basepair of exon 10, which is highly prevalent with
an allele frequency of 98% in all populations ingnomAD12 (11-63311006-
GA-G (GRCh38)/11-63078478-GA-G (GRCh37)). The frequency ranges
from 95% in the African population to over 99% in other ethnic groups.
In contrast, the adenosine insertion has a 2.5% allele frequency in
chimpanzees and is not present in other great apes. The adenosine
insertion in the human SLC22A10 gene causes a frameshift and results
in a 541 amino acid protein, insteadof the predicted 552 amino acids in
the SLC22A10 gene of great apes and in the humanswhodo not harbor
the adenosine insertion (Fig. 2C). We utilized our previously generated
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Fig. 1 | Analysis of the phylogenetic tree, plasma membrane expression of
SLC22A10, and uptake of organic anion substrates of the human SLC22 family.
A Multiple sequence alignments were performed with reference amino acid
sequences for each anion transporter from humans and rodents, using the Clustal
Omega Multiple Sequence Alignment program (https://www.ebi.ac.uk/Tools/msa/
clustalo/). The dendrogram was generated from the output of the Clustal Omega
alignment. Refer to the SourceDatafile to access the amino acid sequences for each
transporter in this tree. * Human SLC22A10. B Localization of human SLC22A10
conjugated to green fluorescent protein (GFP) was examined in HEK293 cells using
high-content imaging and cellular staining with the plasma membrane marker
wheat germ agglutinin (WGA). Blue: DNA stain Hoechstmarks the cell nucleas; Red:
Plasma membrane marker WGA; Green: SLC22A10. Yellow: Merge. The results
showed no colocalization of GFP-tagged SLC22A10 with WGA. The figure shows a
representative image from two technical replicates. Scale bar: 10 µM. C Uptake of

various radiolabeled organic anions, which are typical substrates of organic anion
transporters in the SLC22A family, was assessed. Uptake was performed 48hours
after transient transfectionof plasmidsencodinghumanSLC22A10,GFPexpression
vector, and one other member in the SLC22A family as a positive control. Accu-
mulation of substrates inside cells was determined after 15minutes. The scatter
plot with bars shows the fold uptake of the substrate relative to the negative
control. HEK293 Flp-In cells transiently transfected with the GFP vector served as
the negative control. The plot displays themean +/− standard deviation of three or
four technical replicates (n = 1 shown as a representative experiment). Source data
are provided as a Source Data file. Statistical significance was determined using a
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test.
n.s.: non-significant, **p value < 0.01, ****p value < 0.001. Similar results were
obtained in two independent experiments.
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human and liver RNAseq data13 alongside a large human RNA-seq
databases (recount314) to validate the splicing event in human and
chimpanzee SLC22A10. Our analysis confirmed that splicing mostly
occurs at the exact orthologous genomic region in both species, uti-
lizing the canonical splice sites in their corresponding genomes. Thus,
we found no coordinated splicing alterations that compensate for the
A nucleotide insertion. Consequently, the additional A nucleotide

remains present in the final transcribed transcript in humans. This
additional nucleotideprovides evidence that humanSLC22A10protein
contains 541 amino acids, while the chimpanzee SLC22A10 protein
comprises 552 amino acids.

Additionally, SLC22A10 harbors a prevalent nonsense variant,
p.Trp96Ter (rs1790218), which is frequently observed at high allele
frequencies in humanpopulations ranging from~20% inAfrican to 50%

Fig. 2 | Localization to the plasma membrane, uptake, and sequence compar-
ison of human SLC22A10 were examined in comparison with SLC22A10 from
great apes (chimpanzee, bonobo, gorilla and orangutan). A The plasma mem-
brane localization of SLC22A10 orthologs from great apes, which were conjugated
to green fluorescent protein (GFP) in HEK293 Flp-In cells. The GFP tag is located at
the N-terminus of SLC22A10. Confocal imaging revealed that the 552 amino acid
isoforms of SLC22A10 from chimpanzee, bonobo, gorilla, and orangutan primarily
colocalizedwithwheat germagglutinin (WGA)on the plasmamembrane of the cell.
In contrast, the 540 amino acid isoform of SLC22A10 from bonobo, chimpanzee,
and gorilla showed no colocalization of GFP-tagged SLC22A10 with WGA on the
plasma membrane, suggesting intracellular localization in the cytoplasm. Blue:
DNA stain Hoechst marks the cell nucleas; Red: Plasma membrane marker WGA;
Green: SLC22A10. Yellow: Merge. The image shows a representative image from
two technical replicates. Scale bar: 10 µM. B The uptake of [3H]-estradiol-17β-glu-
curonide was determined in HEK293 Flp-In cells overexpressing either a GFP
expression vector or SLC22A10 expression vectors containing sequences from
various primates including human, chimpanzee, bonobo, gorilla, and orangutan.
SLC22A10 orthologs from chimpanzee, bonobo, gorilla, and orangutan expressing
the longer isoform (552 amino acids) significantly accumulated [3H]-estradiol-17β-
glucuronide. The scatter plot with bars shows the fold uptake of [3H]-estradiol-17β-
glucuronide relative to the negative control. HEK293 Flp-In cells transiently

transfected with the GFP vector served as the negative control. The plot displays
themean +/- standard deviation of three or four technical replicates (n = 1 shown as
a representative experiment). Source data are provided as a Source Data file. Sta-
tistical significance was determined using a one-way analysis of variance (ANOVA)
with Dunnett’s multiple comparison test. n.s.: non-significant, ****p value < 0.001.
Similar results were obtained in three independent experiments. C Sequence
alignments of the last exon of SLC22A10 in human, chimpanzee, bonobo, gorilla,
and orangutan are shown. In humans, the frequency of the A-allele insertion is
significantly greater (98%) than in chimpanzees (2.5%) and is not present in avail-
able sequences frombonobos, gorillas, or orangutans. The A-allele insertion results
in the expression of human SLC22A10 with 541 amino acids, while bonobo, gorilla,
orangutan and the majority of chimpanzees are predicted to express isoforms of
SLC22A10 with 552 amino acids. Chimpanzee image [https://www.phylopic.org/
images/2f7da8c8-897a-445e-b003-b3955ad08850/pan-troglodytes], under license
[https://creativecommons.org/licenses/by/3.0/], credit to T. Michael Keesey (vec-
torization) and Tony Hisgett (photography). Orangutan image [https://www.
phylopic.org/images/67144c22-93c2-4dc0-ba13-9f9dd2d223b9/pongo-abelii],
under license [https://creativecommons.org/licenses/by/3.0/], credit to Gareth
Monger. All other silhouette images come from www.phylopic.org and are public
domain images. All images were modified to different colors.
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in European (reported in the Single Nucleotide Polymorphism Data-
base, dbSNP, version 156). Nonsense-mediated decay (NMD) is known
to be triggered by premature stop codons. The Genotype-Tissue
Expression (GTEx) project uncovered a significant association between
the rs1790218 variant, which encodes the A-allele and p.Trp96Ter, and
a considerable decrease in the transcript level of SLC22A10 samples
(source: https://gtexportal.org/home/snp/rs1790218). This finding
suggests that individuals carryingone copyof thep.Trp96Ter are likely
to exhibit an even lower protein signal in the liver in comparison to
individuals that harbor p.Trp96.

Mutagenesis of a single aminoacid, at position 220of thehuman
SLC22A10 ortholog, to the respective amino acid in great apes
rescues the function of human SLC22A10
The alignment of human SLC22A10 and primate ortholog sequences
revealed differences in amino acid positions p.Met18IIe and
p.Pro220Leu (Fig. 3A). Interestingly, site-directed mutagenesis
experiments demonstrated that the substitution of proline with leu-
cine at position 220 (p.Pro220Leu) restored the plasma membrane
localization and function of human SLC22A10, but the substitution of

methioninewith isoleucine at position 18 (p.Met18Ile) did not have any
effect (see Fig. 3B). In contrast, the replacement of leucinewith proline
at position 220 (p.Leu220Pro) abolished the localization and function
of the chimpanzee SLC22A10 (see Figs. 3B and 3C). Additionally, we
observed that a human-chimpanzee chimera protein, consisting of a
fusion of human SLC22A10 (1-533) with chimpanzee SLC22A10 (534-
552), while retaining the proline residue at position 220, showed no
function (Figs. 3B and 3C). However, with a leucine substitution at
position 220, SLC22A10 remained functional (Fig. 3B).

Human-specific p.Leu220Pro predates the common ancestor of
modern humans and Neanderthals
Human-specific SLC22A10 variants likely emerged following the
divergence of chimpanzee and human lineages. To better understand
when SLC22A10 became non-functional during human evolution, we
leveraged genomic data from archaic hominins15–18 and ancient
humans19. We first considered the fixed human variant at chr11:
63,064,927 (hg19), which results in the p.Leu220Pro amino acid in
humans change compared to other apes. All four high-coverage
archaic hominin genomes, representing three Neanderthals and a

Fig. 3 | A single mutation of proline to leucine at amino acid position 220 of
human SLC22A10 significantly enhances the accumulation of [3H]-estradiol-
17β-glucuronide in HEK293. A The amino acid sequence alignment of human
SLC22A10 and SLC22A10 from great apes (chimpanzee, bonobo and gorilla) shows
that only the amino acids at positions 18 and 220 differ between the human
ortholog and orthologs from great apes. Additionally, there are several amino acid
differences starting at position 533. B The uptake of [3H]-estradiol-17β-glucuronide
in HEK293 Flp-In cells transiently transfected with plasmids encoding human
SLC22A10with reference amino acids or amino acids that are similar to those found
in other great apes, namely SLC22A10-p.M18I and SLC22A10-p.P220L. A chimeric
protein consisting of the first 533 amino acids of human SLC22A10 and the last 19
amino acids of chimpanzee SLC22A10 (534-552) was also evaluated, but did not
significantly accumulate [3H]-estradiol-17β-glucuronide compared to the chimeric
proteinwith p.P220L. The fold uptake of the substrate, relative to the control (GFP)
cells, was plotted based on one representative experiment conducted in triplicate
wells (mean ± s.d.). The statistical significance for cells transfected with SLC22A10
#4 (Human SLC2210 p.P220L (541 aa)), #5 (Human SLC2210 p.P220L (1-533) + Pt

SLC22A10 (534 − 552)) and #6 (Chimp SLC2210 (552 aa)) is p < 0.001. The scatter
plot with bars show the fold uptake of [3H]-estradiol-17β-glucuronide relative to the
negative control. HEK293 Flp-In cells transiently transfected with the GFP vector
servedas the negative control. Theplot displays themean+/− standard deviation of
four technical replicates (n = 1 shown as a representative experiment). Source data
are provided as a Source Data file. Statistical significance was determined using a
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test.
n.s.: non-significant, ****p value < 0.001. Similar results were obtained in three
independent experiments. C This figure shows the plasma membrane localization
of SLC22A10 conjugated to green fluorescent protein (GFP) in HEK293 Flp-In cells.
The GFP tag is located at the N-terminus of SLC22A10. Confocal imaging revealed
that human SLC22A10-p.P220L localizes primarily to the plasma membrane of the
cell, while there was no localization to the plasma membrane in cells expressing a
chimeric protein or chimpanzee SLC22A10 with proline at the 220 amino acid
position. Blue: DNA stain Hoechst marks the cell nucleas; Red: Plasma membrane
marker WGA; Green: SLC22A10. Yellow: Merge. The figure shows a representative
image from two technical replicates. Scale bar: 10 µM.
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Denisovan, harbor a cytosine at this position, suggesting that this fixed
difference evolved before the common ancestor of archaic hominins
and modern humans, ~500 to 700 kya15,20. Next, we evaluated the
p.Trp96Ter nonsense polymorphism at chr11: 63,057,925 (hg19). This
variant was not assayed in archaic hominin genomes; however, we
identified two SNPs in high linkage disequilibrium (LD) with the poly-
morphism that were also genotyped in ancient human samples. Var-
iants in high LD constitute a haplotype and enable indirect dating of
the nonsense variant. We detected both alleles in Eurasians as early as
30,000 years ago (Supplementary Fig. 2). Further, analyses of modern
human genomes estimate polymorphism itself likely evolved ~ 120 kya
(Supplementary Fig. 3). Third, we assessed the high-frequency inser-
tion largely absent in other apes at chr11: 63,078,478 (hg19).While this
variant could not be assessed using ancient DNA, we did not find LD
between alleles at this locus and alleles at the p.Trp96Ter poly-
morphism indicating that these variants occur on separate haplotypes
(Supplementary Table 1). This supports the hypothesis that the inser-
tion emerged separately from the polymorphic stop and is also
ancient; however, it is challenging to determine which arose first.
Taken together, data from ancient DNA reveal that the p.Leu220Pro
mutation predates the archaic hominin-modern human common
ancestor and that both polymorphisms are also likely ancient.

Human and chimpanzee SLC22A10 with Pro220 exhibit lower
protein expression compared to orthologs with Leu220
The objective of this study was to analyze the protein expression of
SLC22A10 in HEK293 Flp-In cells that were transfected with either
vector only, or the cDNA of human or chimpanzee SLC22A10. This was
achieved by quantifying the global proteomes of the cells, with a
specific focus on amino acids at position 220 of SLC22A10. Compar-
able transcript levels of SLC22A10 in HEK293 cells that over-expressed
either human or chimpanzee SLC22A10, as well as the respective var-
iants (p.P220L or p.L220P), were observed (Supplementary Fig. 4).
However, as illustrated in Table 1, lower protein expression levels for
the human SLC22A10 reference (Proline220) and chimpanzee
SLC22A10-L220P were observed when compared to SLC22A10 with
leucine at the 220 amino acid position. The results showed that protein
levels of human SLC22A10 are approximately 10-fold lower in cells
expressing human SLC22A10-Pro220 compared to human SLC22A10-
Leu220 (Table 1) suggesting that human SLC22A10 is transcribed but
the protein is unstable. The lower overall protein expression may
explain the lack of detectable expression of human SLC22A10 on the
plasma membrane in contrast to orthologs (both human and chim-
panzee) of SLC22A10 with Leu220. In particular, human SLC22A10 was

not detected on the plasma membrane (Fig. 1B), whereas the mutant,
SLC22A10-Leu220 exhibited expression on the plasma mem-
brane (Fig. 3C).

Human SLC22A10 with Pro220 is predicted to have poor stabi-
lity compared to orthologs with Leu220
We tested the effect of the P220Lmutation on protein stability using a
prediction pipeline tuned for transmembrane proteins21. The Rosetta
physics-based score suggested that P220L is a stabilizing mutation
with a ΔΔG value of −9.84 Rosetta Energy Units (REU). Using rank-
normalized evolutionary-basedΔΔE scores, we calculated values of 0.0
for leucine and 0.16 for proline at this position. This combination of a
higher ΔΔE value and a less negative ΔΔG value suggests that the
Pro220 creates a potential loss of function protein, likely due to
decreased stability and lower cellular abundance22. To test this idea, we
explored the relative stability of human SLC22A10 (Pro220) and
SLC22A10 (Leu220) using flow cytometry. Specifically, HEK293 Flp-In
cells were stably transfected with vector control, human SLC22A10
reference (Pro220), or human SLC22A10 mutant (Leu220). In these
cells, we measured both the stable level of GFP fluorescence and the
response of that fluorescence to treatment with 30 nM of the 26 S
proteosome inhibitor, bortezomib. For the L220 mutant, GFP fluor-
escence is high in comparison to the empty vector control and
increases minimally upon treatment with bortezomib (Supplementary
Fig. 5), suggesting that this protein is relatively stable and not actively
degraded by the proteosome. In contrast, the GFP fluorescence of
SLC22A10 reference (Pro220) occupies a valuemidwaybetween that of
the empty vector control and the SLC22A10 mutant (Leu220), con-
firming that it is less stable. Upon bortezomib treatment, the GFP
fluorescence of SLC22A10 reference (Pro220) increases, such that it is
comparable to that of SLC22A10 mutant (Leu220) (Supplementary
Fig. 5). Thus, SLC22A10 (Pro220) appears to be relatively unstable and
degraded by the proteosome, such that its protein levels can be par-
tially restored by proteasome inhibition.

Analyses of SLC22A10 isoforms in chimpanzee, bonobo, oran-
gutan and gibbon
Upon examining various databases (UniProt, Ensembl, and NCBI
nucleotide) that predict SLC22A10 isoforms, we observed that chim-
panzee, bonobo, orangutan, and gibbon are predicted to have differ-
ent isoforms, including (i) chimpanzee (XM_024347215.1, 533 amino
acid); (ii) bonobo (XM_034932815.1, 538 amino acid); (iii) gibbon
(XM_003274123.1, 533 amino acid); and (iv) orangutan
(XM_024255628.1, 533 amino acid). The shorter isoforms are derived

Table 1 | The protein levels of SLC22A10 in HEK293 Flp-In cells that were transfectedwith expression vectors containing open
reading frames of SLC22A10 orthologs

HEK293 Flp-In Cells aHuman SLC22A10 protein (fmol/µg protein) bOther SLC22A10 isoforms (see UniprotID below)
(fmol/µg protein)

Flp-In only 0.00 0.01 ± 0.014

Chimpanzee SLC22A10 (552 amino acid) 0.00 10.23 ± 4.23

Chimpanzee SLC22A10-L220P (552 amino acid) 0.00 2.1 ± 1.64

Human SLC22A10 (541 amino acid) 0.083 ±0.052 1.59 ± 1.51

Human SLC22A10-P220L (541 amino acid) 1.00 ±0.21 14.58 ± 8.99

The protein levels are reported in fmol/µg protein and the values are the mean ± standard deviation from two independent experiments, each with one technical replicate (see Source Data file the
results from independent experiments). Source data are provided as a Source Data file. The proteomic analysis was conducted usingUniProt IDs to identify and characterize the detected SLC22A10
protein in the sample. Specifically, the SLC22A10 protein levels were searched against the UniProt database to find matches with the SLC22A10 protein sequence.
aProtein ID: Q63ZE4.
bUniprot Protein IDs for human and chimpanzee SLC22A10 protein sequence:
Human SLC22A10 (541 aa) - Q63ZE4.
Chimpanzee SLC22A10 (540 aa) - A0A2I3TWY5.
Chimpanzee SLC22A10 (552 aa) - A0A2J8LDY1.
Human SLC22A10 (205 aa) - E9PIT2.
Human SLC22A10 (264 aa) - E9PJB1.
Human SLC22A10 (372 aa) - E9PMM0.
Human SLC22A10 (155 aa) A0A804HHY1.

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 6



from alternative acceptor sites (chimpanzee and bonobo) and exon
extensions (orangutan and gibbon) resulting in 533-amino acid pro-
teins (see Fig. 4A, Supplementary Fig. 6). We conducted experiments
using HEK293 Flp-In cells that were stably transfected with GFP-
conjugated chimpanzee, bonobo, andgorilla SLC22A10 to examine the
localization and function of the shorter isoforms. The HEK293 Flp-In
cells that were stably transfected with GFP-conjugated chimpanzee
SLC22A10, consisting of 533 amino acids, showed a clear plasma
membrane localization. However, it appears that the bonobo
SLC22A10, which consists of 538 amino acids, exhibited weaker loca-
lization, and the orangutan SLC22A10, also comprising 533 amino
acids, showed mixed localization (Fig. 4B). Our results indicated that
the SLC22A10 533 amino acid isoform from chimpanzee, orangutan
and gibbon accumulated [3H]-estradiol-17β-glucuronide and [3H]-folic
acid, but not [3H]-estrone sulfate and [3H]-taurocholic acid, similar to
the SLC22A10 isoform with 552 amino acids (Fig. 4C, Supplementary
Fig. 7). Moreover, we observed that longer isoforms of SLC22A10
created for the bonobo and orangutan, which were not predicted to
express these isoforms (552 amino acids), accumulated [3H]-estradiol-

17β-glucuronide, and were also expressed on the plasma membrane
(Supplementary Fig. 7). However, the uptake by bonobo SLC22A10,
comprising 538 amino acids, is not significant, and there is a weaker
fold uptake by orangutan SLC22A10, consisting of 533 amino acids,
consistent with its mixed localization on the plasma membrane.
(Fig. 4B and C). During the revision of this article, it was noted that the
NCBI updated the sequence of bonobo SLC22A10 from 538 amino
acids to 533 amino acids. This sequence of bonobo SLC22A10, com-
prising 533 amino acids, exhibited a significant uptake of [3H]-estra-
diol-17β-glucuronide and demonstrated clear plasma localization
(Supplementary Fig. 8).

Uptake of various steroid glucuronides by chimpanzee
SLC22A10 reveals that 17β-glucuronides are preferred over 3α-
glucuronide conjugates
Our experiments revealed significant accumulation of estradiol-3β-
glucuronide, estradiol-17β-glucuronide, estrone-3β-glucuronide and
testosterone-17β-glucuronide (Fig. 5A). We also observed weak but
significant accumulation of androstanediol-3α-glucuronide, but no

Fig. 4 | SLC22A10 of chimpanzees, bonobos, orangutans, and gibbons are
predicted to have shorter isoforms expressing 533 or 538 amino acids. A A
comparison of the SLC22A10 amino acid sequence of humans, chimpanzees,
bonobos, and orangutans, which express 533 (chimpanzee, orangutan, gibbon),
538 (bonobo), 540 (bonobo, chimpanzee), or 541 (human) amino acids, shows that
themajor differences are at the end of the SLC22A10 sequence.BConfocal imaging
revealed that SLC22A10 from chimpanzees and bonobos (isoforms expressing 533
or 538 amino acids) primarily localize to the plasmamembrane of the cell, whereas
weaker localizationwas observed for orangutan SLC22A10 (533 amino acids) to the
plasma membrane of the cell. GFP conjugated to SLC22A10 was used for this
experiment. Blue: DNA stain Hoechst marks the cell nucleas; Red: Plasma mem-
brane marker WGA; Green: SLC22A10. Yellow: Merge. The figure shows a repre-
sentative image from two technical replicates. Scale bar: 10 µM. C The uptake of
[3H]-estradiol-17β-glucuronide in HEK293 cells was observed after transient

transfection of plasmids encoding human SLC22A10 with reference amino acids or
SLC22A10 with reference amino acids of other great apes with different isoforms.
The results showed that SLC22A10 isoforms expressing 533 and 552 amino acids
significantly accumulate the substrate. However, no significant accumulation was
observed in cells transfected with the bonobo SLC22A10 isoform expressing 538
amino acids. The scatter plot with bars shows the fold uptake of [3H]-estradiol-17β-
glucuronide relative to the negative control. HEK293 Flp-In cells transiently trans-
fected with the GFP vector served as the negative control. The plot displays the
mean +/- standard deviation of four technical replicates (n = 1 shown as a repre-
sentative experiment). Source data are provided as a Source Data file. Statistical
significance was determined using a one-way analysis of variance (ANOVA) with
Dunnett’smultiple comparison test. n.s.: non-significant, ****p value < 0.001. Similar
results were obtained in two independent experiments.
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significant accumulation of androsterone-3-glucuronide, etiochola-
nolone-3α-glucuronide, progesterone, and testosterone (Fig. 5A).
Although the data are limited, it is intriguing to note the substrate
preference of SLC22A10. Specifically, 17β-glucuronides appear to be
favored over 3α-glucuronide conjugates.

Chimpanzee SLC22A10-mediated uptake is sodium indepen-
dent, pH independent, and trans-stimulated by glutaric acid
Transporters in the SLC22 family may be secondary active, in which
case they rely on various sources of energy to mediate active flux of
their substrates. Accordingly, we examined the transport mechanism
for two isoforms (533 and 552 amino acids) of chimpanzee SLC22A10.
At the three pH levels evaluated, the uptake of [3H]-estradiol-17β-glu-
curonide by both isoforms of chimpanzee SLC22A10 were similar
(Fig. 5B). While the uptake was not dependent on sodium (Fig. 5C), it
was partially reduced in the absence of chloride in the buffer (Fig. 5C).
Several organic anion transporters in the SLC22 family are trans-sti-
mulated by dicarboxylic acids3,23. Similarly, we observed that the
uptake of [3H]-estradiol-17β-glucuronide was trans-stimulated by glu-
taric acid but not significantly byother dicarboxylates (α-ketoglutarate
and succinic acid) or the monocarboxylic acid, butyrate (Fig. 5D). The
uptake kinetics of [3H]-estradiol-17β-glucuronide exhibited saturable
characteristics with virtually identical Km values for the two protein

isoforms at 3.28 ± 2.25 µM and 2.16 ± 0.59 µM for the 533 aa and 552 aa
isoforms, respectively (Fig. 5E).

Discussion
Transporters play a major role in total body homeostasis as they func-
tion to regulate the levels of many solutes including endogenous
metabolites, essential nutrients, and environmental toxins. Over 30% of
genes in the SLC superfamily have no known function1. Identifying the
substrates or deorphaning transporters presents significant challenges
due to their diverse structural and functional characteristics, as well as
the intricate cellular and physiological context in which they operate.
Overcoming these challenges necessitates the implementation of
innovative approaches that integrate computational predictions, high-
throughput screening, functional assays, and targeted experimental
investigations1,24. Recent advancements in transporter research in the
past four years have led to the identification of ligands for several
transporters in the organic ion transporter family, SLC22. Notably,
SLC22A14, SLC22A15, and SLC22A24 have been successfully
characterized2,3,25. In this study, we pursued a distinct approach to
deorphaning ahumanSLC22 familymember, SLC22A10by investigating
the function of great ape orthologs. Our comprehensive investigations
have yielded fivemajor findings that contribute to our understanding of
the function and evolution of SLC22A10 in higher order primates.

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 8



First, SLC22A10 functions as a steroid glucuronide transporter in
great apes (as shown in Figs. 1 and 2). Unlike other organic anion
transporters in the SLC22 family such as SLC22A6, SLC22A7, and
SLC22A8, which transport a variety of organic anions including uric
acid, steroid glucuronides, bile acids, steroid sulfates, dicarboxylic
acids, and phosphate-containing nucleotides6, the ortholog of
SLC22A10 fromprimates (chimpanzee, bonobo, gorilla, orangutan and
gibbon) transported primarily estradiol-17β-glucuronide (Supplemen-
tary Fig. 1) with significantly weaker uptake of other organic anions
such as folic acid and methotrexate (Supplementary Figs. 1 and 7).
Interestingly, the SLC22A10 ortholog in the squirrel monkey, a New
World monkey, preferred estrone sulfate over estradiol-17β- glucur-
onide (Supplementary Fig. 7) whereas the gene encoding SLC22A10 is
absent in Old World monkeys (Cercopithecidae family) (ensemble
release 110). These results suggest an evolving role of the function of
the transporter in non-human primates. In both chimpanzee and
squirrel monkey, SLC22A10 is expressed specifically in the liver
(NHPRTR, http://nhprtr.org/), consistent with a role in steroid meta-
bolism. The closest paralog of SLC22A10 is SLC22A24, a recently
deorphaned transporter3. Both transporters take up steroid con-
jugates though chimpanzee SLC22A10 has a narrower substrate spe-
cificity than the human SLC22A24. In contrast, SLC22A8, a
multispecific transporter, expressed primarily in the kidney, for an
array of drugs, toxins, and other metabolites, is not typically asso-
ciated with sex steroid metabolism due to its capacity to transport a
diverse set ofmolecules with varying affinities26,27. In Slc22a8 null mice,
a spectrumof non-sex steroid conjugateswas shown tobe significantly
elevated in the plasma27–29. In addition, mouse Slc22a20 (Oat6), which
is expressed in Sertoli cells of the testis, is known to transport steroid
conjugates (sulfates) and is inhibited by various canonical anions
(probenecid, ochratoxin A, p-aminohippurate)30 as well as odorant
organic anions (e.g., 4-bromobutyric acid, propanoic acid, hexanoic
acid, 2-methylbutyrate)31,32. Phylogenetic tree analysis conducted by
other research groups33,34 and Fig. 1A from our study shows that
SLC22A8 and Slc22a20 are distant from SLC22A10 within the OAT
clade. A recently published study showed that other members of the
mouse OAT clade (Slc22a19, Slc22a26, Slc22a27, Slc22a28, Slc22a29,

Slc22a30), which have no direct orthologs in humans within the SLC22
family, transport thyroid hormone and thyroid hormone sulfates33,
and these genes are further away from human SLC22A10 on the phy-
logenetic tree (Fig. 1A).

Our second major finding is that the function of SLC22A10 is lost
in humans. That is, while human SLC22A10 is transcribed, the protein
expression is undetectable in human cell lines transfected with human
SLC22A10 and in human liver tissue35–39 (https://www.proteinatlas.org/
ENSG00000184999-SLC22A10/tissue), consistent with a loss of func-
tion of the gene in humans. Indeed, proteomic analysis demonstrated
that the reference proline (Pro220) displayed significantly lower pro-
tein expression compared to the mutated form, Leu220 (see Table 1).
Further, as Pro220 is fixed in humans resulting in a loss of function, the
gene has been under less selective pressure. SLC22A10 contains a
common nonsense variant, p.Trp96Ter (rs1790218), with high allele
frequencies in human populations (available from dbSNP). This var-
iant, associated with the A-allele, triggers nonsense-mediated decay
(NMD), leading to significantly reduced SLC22A10 transcript levels in
samples (source: https://gtexportal.org/home/snp/rs1790218, GTEx
project). This finding is relevant to how the protein itself (though not a
functioning protein) is being lost. During our efforts to clone the
human SLC22A10 gene using pooled human liver samples, we selected
27 individual colonies for further analysis and subsequent sequencing.
Only four of these colonies contained the complete transcript span-
ning 1626 base pairs. The remaining 23 out of 27 colonies selected had
a identical 219 bp deletion, resulting in a truncated sequence of
1407 bp, corresponding to 469 amino acids (Supplementary Fig. 9).
However, NCBI predicted a different deletion of 324bp, starting at the
same GT splice donor site thatwe observed, but extending to a further
GT acceptor site (NCBI Reference Sequence: XM_047426921).

Our thirdmajor finding is that Leu220Pro alone caused the loss of
function of the gene in hominins. That is, a single proline substitution
resulted in no expression of SLC22A10 on the plasma membrane and
significantly reduced protein abundance (Table 1). When Pro220 in
human SLC22A10 was mutated to Leu220, it acquired the functional
capacity observed in chimpanzee SLC22A10, resulting in substantial
accumulation of the substrate, estradiol-17β-glucuronide. Conversely,

Fig. 5 | This figure presents information about the transport mechanism and
kinetics of chimpanzee SLC22A10. A The uptake of seven steroid glucuronides
and two steroids in HEK293 Flp-In cells stably transfected with chimpanzee
SLC22A10 (552 amino acids) was measured using LC-MS/MS to determine the
accumulation of the compounds. The scatter plot with bars shows the fold uptake
of [3H]-estradiol-17β-glucuronide relative to the negative control. HEK293 Flp-In
cells stably transfected with the GFP vector served as the negative control. The plot
displays themean +/- standard deviation of four technical replicates (n = 1 shown as
a representative experiment). Source data are provided as a Source Data file. Two-
tailed unpaired t-tests were performed to compare the two groups (GFP vs. chim-
panzee SLC22A10-GFP tagged). n.s.: non-significant, *p value <0.05, **p value <
0.01, ****p value <0.001. B The effect of pH on accumulation of [3H]-estradiol-17β-
glucuronide in HEK293 Flp-In cells stably transfected with chimpanzee SLC22A10
isoforms expressing 533 and 552 amino acids was investigated. For each pH con-
dition, the scatter plot with bars shows the fold uptake of [3H]-estradiol-17β-glu-
curonide relative to the negative control. HEK293 Flp-In cells stably transfected
with the empty vector (EV) served as the negative control. The plot displays the
mean +/- standard deviation of four technical replicates (n = 1 shown as a repre-
sentative experiment). Source data are provided as a Source Data file. For each pH
condition, statistical significance was determined using a one-way analysis of var-
iance (ANOVA) with Dunnett’s multiple comparison test. n.s.: non-significant, ****p
value < 0.001. C The effect of sodium and chloride on accumulation of [3H]-estra-
diol-17β-glucuronide in HEK293 Flp-In cells stably transfected with 533 and 552
amino acid isoforms of chimpanzee SLC22A10 was investigated. For each buffer
condition, the scatter plot with bars shows the fold uptake of [3H]-estradiol-17β-
glucuronide relative to the negative control. HEK293 Flp-In cells stably transfected
with the empty vector (EV) served as the negative control. The plot displays the
mean +/− standard deviation of four technical replicates (n = 1 shown as a

representative experiment). Source data are provided as a Source Data file. For
each buffer condition, statistical significance was determined using a one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparison test. n.s.: non-
significant, ****p value < 0.001. D The effects of trans-stimulation of [3H]-estradiol-
17β-glucuronide uptake by chimpanzee SLC22A10 was determined. Uptake was
trans-stimulated by preloading the cells with 2mMof butyrate, glutaric acid, alpha-
ketoglutarate, or succinic acid for 2 hours, and then measuring the uptake of [3H]-
estradiol-17β-glucuronide after 15minutes. The data are presented as mean ± S.D.
and were normalized by setting the uptake of SLC22A10-expressing cells trans-
stimulated by HBSS to 1.0. Trans-stimulation of [3H]-estradiol-17β-glucuronide by
glutaric acid was observed for both isoforms of chimpanzee SLC22A10. The scatter
plot with bars shows the fold uptake of [3H]-estradiol-17β-glucuronide relative to
either chimpanzee SLC22A10 (533aa) or SLC22A10 (552aa) treated with HBSS for
2 hours. Each of this isoform treated with HBSS for 2 hours served as the negative
control. The plot displays the mean +/- standard deviation of four technical repli-
cates (n = 1 shown as a representative experiment). Source data are provided as a
Source Data file. For each chimpanzee SLC22A10 isoform, statistical significance
was determined using a one-way analysis of variance (ANOVA) with Dunnett’s
multiple comparison test. n.s.: non-significant, ****p value < 0.001. E The kinetics of
[3H]-estradiol-17β-glucuronide uptake for chimpanzee SLC22A10 isoforms expres-
sing 533 and 552 amino acids were analyzed. The uptake rate was evaluated at
5minutes and the data were fit to a Michaelis-Menten equation. To fit the kinetic
curve to a Michaelis-Menten equation, the concentration of estradiol-17β-
glucuronide is set up to 10 µM. The plot displays themean +/- standard deviation of
three technical replicates (n = 1 shown as a representative experiment). Source data
are provided as a Source Data file. The figure shows a representative plot from one
experiment. Similar resultswere obtained in two independent experiments (A to E).
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when the amino acid at position 220 in chimpanzee SLC22A10 was
mutated to proline, the uptake of estradiol-17β-glucuronide was
completely abolished (Fig. 3B). Cordes F. et al. (2002) reported that
distortions of transmembrane helices can be induced by the presence
of proline40. Using AlphaFold2 model of human SLC22A10, we
observed that the proline 220 inhumans introduces a kink in the alpha-
helix, which in turn can affect the conformation of the 225-230 loop
and. In addition, based on the ΔΔG calculation the proline 220 is sig-
nificantly less stable with a less negative value of ΔΔG. Treatment with
the proteasome inhibitor bortezomib led to an increased GFP fluor-
escence in HEK293 cells expressing GFP-tagged SLC22A10 reference
(P220), but not in HEK293 cells expressing the GFP-tagged SLC22A10
mutant (L220). Together, these data show that human SLC22A10
undergoes degradation in the proteasome due to its inherent
instability (Supplementary Fig. 5). Based on extensive genomics data-
sets from large-scale populations such as gnomAD41, GDBIG (http://
www.bigcs.com.cn/), TopMed Freeze 842, and GME Variome43 and the
All of Us Research Hub Data Browser44, we found two individuals who
carry the SLC22A10-Leu220 mutation (heterozygous) in the All of Us
Research Hub, as well as two more in gnomAD (v4.0)45. Additionally,
archaic hominin genomes share the fixed p.Leu220Pro difference with
modern humans, suggesting that this mutation emerged following
Pan-Homo divergence and before modern humans diverged from
archaic hominins. Further, the SLC22A10-Trp96Ter variant appears to
be ~ 120 kya in age.

Our fourth finding unveils the transporter activity and expression
of the predicted isoforms of SLC22A10 on the plasma membrane in
great apes (refer to Fig. 2, Fig. 3, and Fig. 4). Importantly, among the
great apes, three isoforms were initially predicted: 533, 540, and 552
amino acids in length. However, further investigation revealed that
only the isoforms with 533 and 552 amino acids were actually expres-
sed on the plasma membrane and exhibited transporter activity, as
depicted in Fig. 4 and Fig. 5. In Fig. 2C, the last exons (exon number 10)
for humans and other great apes is presented. It is worth noting that
human SLC22A10 is predicted to consist of 541 amino acids. The gene
annotationof chimpanzees andother primates in Ensembl is limitedby
an anthropocentric approach that heavily relies on human annotation
as a reference. In the current version 110 of Ensembl.org, the chim-
panzee, gorilla, bonobo gene are annotatedwith 540 amino acids. This
annotation utilizes a non-canonical splice site at the end of exon 9
(‘CA’) instead of the canonical donor splice site (‘GT’), which is not
supported by our chimpanzee liver RNA-seq data13 (Supplementary
Fig. 6 and Fig. 2C). In contrast, NCBI predicted that chimpanzee pos-
sess isoforms with 533 and 552 amino acids, which is consistent with
our observation from chimpanzee liver RNAseq data13. Within the
SLC22A family, several transporters, including SLC22A746 and
SLC22A243 exhibit distinct isoforms.

Our fifth finding suggests that SLC22A10 plays a significant role in
the liver, and provides some insight into the biological role of the
transporter. RNA-seqdata indicate that the SLC22A10gene is specifically
expressed in the liver in chimpanzees, bonobos, and gorillas, with very
low expression in the brain47, mirroring the transcriptomic data in the
human GTEx project. The liver is a major organ for steroid hormone
metabolism, such as UDP-glucuronosyltransferases (UGT), which forms
steroidglucuronide conjugates to enhancewater-solubility for excretion
by the kidney48. Similarly, the liver is also abundant in beta-
glucuronidase49, which removes glucuronides and forms the parent
compound, such as steroids. Notably, several steroid conjugate influx
and efflux transporters are expressed in the liver, some of which have
greater specificity for steroid conjugates and many other substrates
(e.g., SLCO1B1, SLCO1B3), while others have narrow specificities (e.g.,
SLC22A9, known to transport sulfate conjugates33,50). SLC22A10 in great
apes exhibited significant uptake of steroid glucuronides (Fig. 5, Sup-
plementary Fig. 1) but not otherwell-known anions, which are substrates
of other SLC22 familymembers, such as bile acids anddicarboxylic acids

(Fig. 1, Supplementary Fig. 1, Supplementary Fig. 7). To our knowledge,
SLC22A10 is theonly specific steroidglucuronide transporter in the liver,
possibly due to its specialized role in the uptake of steroid conjugates in
the liver to expose them to beta-glucuronidase, forming the parent
steroid. This recycling process from glucuronide metabolites to the
parent compound (in this case steroids) is a commonprocess in biology,
and occurs for bile acids, bilirubin and many clinically used drugs.
Although the transporter is primarily expressed in liver, it appears to be
expressed at lower levels in neurons (https://www.proteinatlas.org/
ENSG00000184999-SLC22A10/single+cell+type).

Overall, the broader impact of this study on SLC22A10, an orphan
transporter, is multifaceted and significant. The study not only sheds
light on the specific characteristicsof SLC22A10but also contributes to
a broader understanding of genetic evolution, the role of orphan
transporters in biological processes and potential applications in
medicine and pharmacology. Our studies revealed that the activity of
SLC22A10 has evolved in primates, with Old World monkeys lacking
SLC22A10 orthologs, and New World monkeys exhibiting a different
substrate preference compared to great apes. In addition, SLC22A10
was rendered nonfunctional in humans by a single missense mutation
during hominin evolution after our shared ancestor with the chim-
panzee. This missense mutation resulted in a complete loss of human
SLC22A10 transporter activity, due to lack of protein expression on
plasmamembrane and reduce protein abundance.With time, the gene
has accumulated additional mutations, including a stop codon
(p.Trp96Ter), which has led to reductions in the levels of the mRNA
transcript and corresponding reductions in protein level. This finding
highlights the complex nature of evolutionary processes, specifically
how genetic mutations can render certain genes nonfunctional in
some species while remaining active in others. Human SLC22A10 gene
exhibits features that classify it as unitary pseudogene51,52. A pseudo-
gene can be defined by the loss of the original function due to errors
during transcription or translation, or as a gene producing a protein
that does not have the same functional repertoire as the original
gene52. Consequently, a pseudogenewill not necessarily evolve under a
neutral theory of molecular evolution. Pseudogenes can be categor-
ized into 3 different types depending on their functional state. These
include exapted pseudogenes, which have gained a new biological
function; “dying” pseudogenes, which still have some transcriptional
activity; and “dead” pseudogenes, which do not exhibit any signs of
activity and evolve under the neutral theory51. Based on the evidence at
hand, we cannot differentiate if the pseudogene is exapted or dying.
However, the SLC22A10 gene is a well-established gene that originated
from the last common ancestor of boreoeutheria, with no functioning
counterparts in the human genome. Thus, we can classify human
SLC22A10 an unitary pseudogene. Examples of unitary pseudogene in
human is MUP (major urinary protein), whereas uricase (UOX) and
GULO (L-Gulonolactone oxidase) are well established unitary pseu-
dogenes that were inactivated before the separation of human and
chimpanzee53, There are known pseudogenes in the human SLC
superfamily, for example, SLC22A20, functions as a steroid conjugate
transporter (esterone sulfate) in mice and is expressed in the blood-
testes barrier54. Future studies are needed to determine whether the
loss of function human SLC22A10-P220 is a favorable situation for
humans and whether similar mechanisms have led to the inactivation
of other orphan genes in the human genome. In addition, studies are
needed to determine the role of SLC22A10 inbiological processes such
as the transport of sex steroid conjugates in great apes.

Methods
Generation of SLC22A10 ortholog cDNA constructs
Sequences of SLC22A10 orthologs from various species, along with
their respective sequence IDs, were obtained from ensembl.org
(release version 104)55 and the National Center for Biotechnology
Information (NCBI). The gene’s cDNAwas synthesized using GenScript
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Gene Synthesis and DNA Synthesis Services and subsequently inserted
into the multiple cloning sites on the expression vectors pcDNA3.1(+)
or pcDNA3.1( + )N-eGFP. The sequence of the constructs was verified
through sequencing conducted by GenScript.

Human SLC22A10, NM_001039752, NP_001034841.3 (541 aa)
Chimpanzee SLC22A10, XM_016921102.2, XP_016776591.1 (552 aa)
Chimpanzee SLC22A10, ENSPTRT00000087785.1, A0A2I3TWY5
(540 aa)
Chimpanzee SLC22A10, XM_024347215.1, XP_024202983 (533 aa)
Bonobo SLC22A10, XM_055094430.1, XP_054950405.1 (533 aa)
Bonobo SLC22A10, XM_034932815.1, XP_034788706 (538 aa)
Bonobo SLC22A10, ENSPPAT00000058172.1, A0A2R9CA90
(540 aa)
Gorilla SLC22A10, XM_019037494.1, XP_018893039 (552 aa)
Gorilla SLC22A10, ENSGGOT00000014974.3, G3RG24 (540 aa)
Orangutan SLC22A10, XM_024255628.1, XP_024111396.1 (533 aa)
Orangutan SLC22A10, XM_054439153.1, XP_054295128.1 (552 aa)
Gibbon SLC22A10, XM_003274123.2, XP_003274171.2 (533 aa)
Squirrel monkey SLC22A10, ENSSBOT00000021267.1, A0A2K6
SBP5 (552 aa)

Site-directed mutagenesis
Site-directed mutagenesis to create Methionine18 to Isoleucine18 in
human SLC22A10, Proline220 to Leucine220 or vice versa in chim-
panzee SLC22A10 and human SLC22A10, were performed using Q5
Site-Directed Mutagenesis Protocol from NEB (#E0554). NEBa-
seChanger, https://nebasechanger.neb.com/, is used to assist in the
design of primers for the site-directed mutagenesis experiment. The
following primers were ordered from IDT™ (Integrated DNA
Technologies).

Primers for p.M18I:
mut_hsA10_c54C_F: GATTTCAGATcCTTCATCTGGTTTTTATTCTTC
mut_hsA10_c54C_R: TCCCAAGGCCTCCAACTT
Primers for p.P220L:
mut_hsA10_c659T_F: AATTCTTTGCtCATTACTGAG
mut_hsA10_c659T_R: ATTTGATATAATGATCATGGAAG
Primers for p.L220P:
mut_ptA10_c659C_F: AATTCTTTGCcCATTACTGAGTG
mut_ptA10_c659C_R: ATTTGATATAATGATCATGGAAG
Primers for deletion of A nucleotide in position c1607 and then

inserting the tail at the last exon for human to chimpanzee (consist
of 34 bp):

mut_hsA10_c1607Adel_F: TCTCAAGGAAAAGGCATAAATG
mut_hsA10_c1607Adel_R: TTTTTTTTTGATTTTCCACATCC
mut_hsA10_c1622ins_F: caaaagtgaccaaatttTAACTCGAGTCTAGA

GGG
mut_hsA10_c1622ins_R: tgtagcaatcatttttaTGCCTTTTCCTTGAGAT

TTTTTTTTG

Cell culture
Human embryonic kidney cell lines (HEK293) containing a Flp-In
expression vector (HEK293 Flp-In) obtained from ThermoFisher
Scientific (#R75007) were utilized in all experiments in this study.
These cells have previously been employed for the generation of
stable cell lines for transporter assays2,3,23,46. HEK293 Flp-In cells have
not been authenticated. The HEK293 Flp-In cells were cultured in
DMEM, high glucose (#11965118, ThermoFisher Scientific) supple-
mented with 10% fetal bovine serum (heat inactivate, #10438026,
ThermoFisher Scientific). Penicillin-Streptomycin (#15070063,
ThermoFisher Scientific) was added to DMEMmedia (50 unit/500mL
DMEM). During transfection and when cells were plated for trans-
porter studies, media without penicillin/streptomycin supplementa-
tion were used. The cells were periodically screened for mycoplasma
contamination (MycoProbe Mycoplasma Detection Kit, #CUL001B,
Fisher).

Generation of cells transiently or stably expressing cDNAs
Expression vectors of SLC22A10 orthologs were introduced into
HEK293 Flp-In cells either through transient transfection or stable
transfection using Lipofectamine LTX (Thermo Fisher Scientific). For
transfections in a 48-well plate (seeding density: 1.0×105 cells/well),
200ng of DNA and 0.4μL of Lipofectamine LTX were utilized, while
for transfections in a 100mm tissue culture plate (seeding density:
4 × 106 cells/well), 10μg of DNA and 44μL of Lipofectamine LTX were
used. More comprehensive methods for generating transiently or
stably transfected cells have been described in our previous work (see
reference2,3). In the case of transient transfection, cells were used for
transporter studies (refer to the section titled “Transporter uptake
studies”) after 36-48hours or for protein quantification after 72 hours.
To establish stable cell lines, 3000ng of DNA (SLC22A10 ortholog
expression vectors) and 10.5μL of Lipofectamine LTX were employed
to transfect HEK293 Flp-In cells seeded in a 6-well plate (seeding
density: 7-8 × 105 cells/well). After 48 hours, cells were transferred to a
new 100mm tissue culture plate and treated with 800μg/mL Genet-
icin. Fresh media containing 800μg/mL Geneticin was replenished
every other day for 1 week. Stable cell lines were utilized for confocal
imaging to determine the plasma membrane localization of SLC22A10
orthologs and their various isoforms. Unless specified otherwise,
stable cell lines were used for transporter assays.

Fluorescence microscopy
For the immunostaining experiments, HEK293 Flp-In stable cell lines
expressing different SLC22A10 orthologs were cultured on poly-D-
lysine-treated 12-well plates with sterile coverslips at a density of
200,000 cells per well. After two days of seeding when the cells
reached 90-100% confluency, the staining procedure was conducted.
On the day of staining, the cell culture media was carefully removed,
and the cells were washed using cold Hank’s Balanced Salt Solution
(HBSS, #14025092, ThermoFisher Scientific). To initiate the staining
process, the plasma membrane was first labeled using Wheat Germ
Agglutin (WGA) Alexa Fluor 647 conjugate (Invitrogen Life Sciences
Corporation) diluted at a ratio of 1:500 in HBSS, followed by a 15-
minute incubation at room temperature. Following the staining step,
theWGA solution was aspirated, and the cells werewashed three times
with HBSS. Subsequently, the cells were fixed with a solution of 3.7%
formaldehyde in HBSS for 20minutes. After the fixation step, the cells
were washed three times with HBSS. To stain the nucleus, Hoechst
solution (ThermoFisher Scientific Inc.) diluted at a ratio of 1:2000 in
HBSS was applied to the cells and incubated for 20minutes at RT, in
darkness. After the staining period, the Hoechst solution was aspi-
rated, and the cells were washed twice with HBSS. The coverslips were
carefully mounted on Superfrost Plus Microscope Slides (Thermo-
Fisher Scientific) using a small amount of SlowFadeTM Gold Antifade
Mountant (#S36940, ThermoFisher Scientific). The mounted slides
were left to dry overnight in darkness before being imaged using an
inverted Nikon Ti microscope equipped with a CSU-22 spinning disk
confocal systemavailable at theCenter forAdvancedLightMicroscopy
(CALM) at University of California San Franciso. The image acquisition
settings were as follows: DAPI channel with a 300ms exposure time
and 50% laser power, FITC channel with a 300ms exposure time and
25% laser power, and CY5 channel with a 100ms exposure time and 5%
laser power. Image alignment and merging were performed using Fiji
software. This experimental protocol has been previously utilized and
described in our published work56,57.

Transporter uptake studies
HEK293 Flp-In cells expressing SLC22A10 were seeded at a density of
120,000 to 150,000 cells/0.3mL in poly-D-lysine-coated 48-well plates
approximately 16 to 24 hours prior to conducting uptake studies. The
uptake studies for transporters, described below, are methods pub-
lished by our research group2,3. For transiently expressing SLC22A10,
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the methods outlined in the previous section pertaining to transient
expression inHEK293 Flp-In cells were followedprior to this step. Prior
to uptake studies, the culture medium (Dulbecco’s modified Eagle’s
medium, DMEM) supplemented with 10% fetal bovine serum was
aspirated, and the cells were incubated in 0.8mL of Hank’s Balanced
Salt Solution (HBSS) at 37 °C for 10-20minutes. For screening radi-
olabeled compounds as SLC22A10 substrates, minute quantities of
radiolabeled compounds (3H or 14C) were diluted in HBSS (at ratios of
1:2000 or 1:3000) for uptake experiments. Unlabeled compounds
were added to obtain specific concentrations, which are described in
the Results section or figure legends along with the uptake times.
Uptake reactions were terminated by washing the cells twice with
0.8mL of HBSS buffer, followed by incubation in 750 μL of lysis buffer
(0.1 N NaOH, 0.1% v/v SDS). A 690μL portion of the cell lysate was
transferred to scintillation fluid for scintillation counting. For pH
dependence experiments, the HBSS buffer was adjusted to different
pH levels (5.5, 7.4, and 8.5) using hydrochloric acid or sodium hydro-
xide. For sodium and chloride dependence studies, three distinct
uptake buffers were employed: (1) chloride-free buffer (composed of
125mM sodium gluconate, 4.8mM potassium gluconate, 1.2mM
magnesium sulfate, 1.3mM calcium gluconate, and 5mM HEPES;
adjusted to pH 7.4 with sodium hydroxide); or (2) sodium buffer
(composed of 140mM sodium chloride, 4.73mM potassium chloride,
1.25mM calcium chloride, 1.25mM magnesium sulfate, and 5mM
HEPES, adjusted to pH 7.4 with sodium hydroxide); or (3) sodium-free
buffer (composed of 140mMN-methyl-D-glucamine chloride, 1.25mM
magnesium sulfate, 4.73mM potassium chloride and 1.25mM calcium
chloride), adjusted to pH 7.4 with potassium hydroxide). For trans-
stimulation studies, the experimental conditions described in our
previously published methods were followed2,3. In brief, the SLC22A10
or EV stable cell lines were pre-incubated with either buffer or 2mM
succinic acid, 2mM α-ketoglutaric acid, 2mM butyric acid, or 2mM
glutaric acid for 2 hours. Subsequently, the cells were washed twice
withHBSS before commencing the uptake of the anions (estradiol-17β-
glucuronide). All transporter uptake assays were replicated in at least
one additional experiment to confirm the results. All results shown in
figures are from a representative experiment with three or four tech-
nical replicates.

Kinetic studies of estradiol glucuronide
Kinetic studies of estradiol-17β-glucuronide were conducted in
HEK293 Flp-In cells expressing chimpanzee SLC22A10 isoforms (533
amino acid and 552 amino acid) that were stably transfected. The
kinetic studies described below followed the methods published by
our research group2,3,23. Initially, we examined the time-dependent
uptake of the substrates using trace amounts of the radioactive com-
pound. Concentrations of the non-labeled compounds were varied up
to 50 µM. For the kinetic studies, a duration of fiveminutes at 37 °Cwas
chosen as it fell within the linear range observed in the uptake versus
time plot for each substrate. Each data point represents the mean ±
standard deviation of uptake in the cells transfected with the trans-
porter, subtracted by that in empty vector cells. The obtained data
were fitted to a Michaelis-Menten equation to estimate the kinetic
parameters. Plots were generated based on a representative experi-
ment out of three independent studies.

Protein extraction and global proteomics of HEK293 cells
expressing SLC22A10 orthologs
HEK293 Flp-In cells were transfected transiently with various
SLC22A10 orthologs, including human, chimpanzee, and the muta-
tions to proline or leucine at position 220. After 72 hours of transfec-
tion, cell pellets were collected and shipped to Dr. Per Artursson’s
laboratory in Uppsala University for protein quantification. The
quantification was performed on both HEK293 cells and HEK293 cells
expressing the different SLC22A10 orthologs and mutations. HEK293

cell pellets (50–92mg) were lysed in a lysis buffer containing 50mM
dithiothreitol, 2% sodium dodecyl sulfate in 100mM Tris/HCl pH 7.8.
The lysates were incubated at 95 °C for 5min and sonicated with 20
pulses of 1 second, 20% amplitude by using a sonicator coupled with a
microtip probe. The lysates were centrifuged at 14,000×g for 10min
and supernatants were collected. Using LysC and trypsin, the multi-
enzyme digestion filter-aided sample preparation (MED-FASP)
approach was performed58. C18 stage tips were used to desalt the
peptide mixture59,60 and samples were stored at −20 °C until analysis.
Protein and peptide content were determined by using tryptophan
fluorescence assay61. The global proteomics analysis wasperformedon
a Q Exactive HFmass spectrometer (Thermo Fisher Scientific) coupled
to a nano–liquid chromatography (nLC). EASY-spray C18-column
(50 cm long, 75 µm inner diameter) was used to separate peptides on a
ACN/water gradient (with0.1% formic acid) over 150min.MSwas set to
data dependent acquisition with a Top-N method (full MS followed by
ddMS2 scans). Proteins were identified using MaxQuant software
(version 2.1.0.0)62 with the human proteome reference from Uni-
ProtKB (October, 2022). Total protein approach was used as the pro-
tein quantification method63. The minimum number of unique
peptides for quantification is more than 2 unique and razor peptides.
The proteomics data generated in this study have been deposited in
the PRIDE database under accession code PXD047102.

RNA isolation and quantitative RT-PCR
HEK293 Flp-In cells were cultured in poly-D-lysine coated 24-well
plates at a seedingdensity of 1.5-1.8 ×105 cells perwell, allowing themto
reach 75-80% confluency. The RT-PCR method for transcript levels
determination as detailed bleow, are methods we have previously
described3. Once the desired confluency was achieved, the cells were
transiently transfected with either the vector alone or the vector
containing different SLC22A10 orthologs (in the pcDNA3.1(+) expres-
sion vector). For the transfectionmixture, 500ng of plasmid DNA, 1μL
of Lipofectamine LTX (Thermo Fisher Scientific), and 100μL of Opti-
MEM I reduced serum media (Thermo Fisher Scientific) were used.
After 36-48 hours of transfection, the media was removed, and RNA
Lysis buffer (350μL) was added to each well. Total RNA was isolated
from the cells using the Qiagen RNeasy kit (Qiagen). Subsequently,
cDNA was synthesized using the SuperScript VILO cDNA Synthesis Kit
(ThermoFisher Scientific). For quantitative RT-PCR (qRT-PCR), Taq-
man reagents and specific primer and probe sets were used, targeting
human SLC22A10 (Assay ID: Hs01397962_m1) and beta actin (Assay ID:
Hs99999903_m1) (Applied Biosystems, Foster City, CA). The qRT-PCR
reactions were conducted in a 96-well plate, with a reaction volume of
10μL, using the QuantStudio™ 6 Flex Real-Time PCR System and the
default instrument settings. The expression levels were determined
using the Ctmethod, and the data were normalized to the endogenous
levels of beta actin. The results are presented as fold-increases in the
SLC22A10 transcript levels relative to the cell lines expressing the
vector control.

Cloning of SLC22A10 in pooled human liver
For the cloning process, pooled total RNA samples from human liver
were obtained from Clontech. Each sample (2μg) of total RNA was
reverse transcribed into cDNA using the SuperScript VILO cDNA
Synthesis kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. The primers specified below were employed for PCR
amplification of the NM_001039752 transcript: Forward primer:
ACCGAGCTCGGATCCATGGCCTTTGAGGAGCTC; and reverse primer:
CCCTCTAGACTCGAGTTATGCCTTTTCCTTGAGATT. The nucleotide
underlined are open reading frame of SLC22A10. The resulting PCR
productswere cloned into BamHI andXhoImultiple-cloning site of the
pcDNA5FRT vector and subsequently subjected to sequencing at
MCLAB in South San Francisco to determine the sequence of the
transcript. For the cloning of human SLC22A10, the KOD Xtreme Hot
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Start DNA polymerase kit (Takara) was utilized. The PCR cycling con-
ditions were as follows: (i) initial activation at 94 °C for 2minutes, (ii)
denaturation at 98 °C for 10 seconds, (iii) annealing at 57.5 °C for
30 seconds, and (iv) extension at 68 °C for 1minute.

Calculating ΔΔG with the PRISM’s rosetta_ddG_pipelne v 0.2.421

using Rosetta v 3.15
In brief, the full-length human SLC22A10-P220 (Uniprot ID Q63ZE4)
structure predicted by the AlphaFold64 from the AlphaFold DB65 was
oriented in the membrane with PPM 3.0 web server66 with the default
settings and relaxedusing theRosetta’s relax protocol66. Thebest of 20
generated structures was used for the ΔΔG calculations with the car-
tesian_ddG protocol67 repeated in 5 replicas. ΔΔE scores were calcu-
lated using GEMME68 and rank-normalized as in the reference paper21.
The relaxed structure, ΔΔG, and ΔΔE results are available at zenodo,
[https://doi.org/10.5281/zenodo.8411757].

Flow cytometry analysis
To determine if human SLC22A10 reference (Pro220) is rapidly
degraded upon biosynthesis, HEK293 Flp-In cells stably transfected
with SLC22A10 reference (Pro220) or SLC22A10 mutant (Leu220) in
thepcDNA3.1( + )-NGFP, or an empty vector control and seeded in a 24-
well cell-culture plate. When the cells had reached approximately 70 %
confluence, they were treated with 30 nM of the 26 S proteosome
inhibitor bortezomib (Millipore Sigma (CAS 179324-69-7)). After
16 hours the cells were washed and analyzed by flow cytometry on an
Attune NxT Acoustic Focusing Cytometer (Life Technologies). Data
was analyzed using the Flowjo software package and GFP fluorescence
used to determine the extent of protein accumulation upon proteo-
some inhibition.

Transporter uptake studies and LC-MS/MS analysis
The list of steroid conjugates and their sources can be found in the
Supplementary Table 2. Each steroid conjugates was dissolved in
DMSO to obtain 20mM stock solution. Compounds were stored in
−20 °C freezer. HEK293 Flp-In cells stably transfected with GFP only,
chimpanzee SLC22A10 (533 amino acid) and chimpanzee SLC22A10
(552 amino acid) were plated in poly-D-lysine coated 48-well plates at a
seeding density of 1.5 ×105 cells per well, allowing them to reach 90-
95% confluency after 16-24 hours. Prior to uptake studies, the culture
medium (Dulbecco’s modified Eagle’s medium, DMEM) supplemented
with 10% fetal bovine serum was aspirated, and the cells were incu-
bated in0.8mLofHank’s Balanced Salt Solution (HBSS) at 37 °C for 10-
20minutes. To screen various steroid and steroid conjugate com-
pounds as SLC22A10 substrates, HEK293 Flp-In cells stably expressing
GFP or chimpanzee SLC22A10 were incubated with HBSS buffer con-
taining 10 µMof the respective compounds for 20minutes. The uptake
reactions were terminated by washing the cells twice with 0.8mL of
HBSS buffer, followed by incubation in 400μL of methanol. After
30minutes of shaking at room temperature, 300 µL of methanol
containing the extracted steroid or steroid conjugates from each well
were transferred to a 1.5mL tube and stored at −80 °C before quanti-
fication using LC-MS/MS analysis.

Experimentally, cells in culture were presented with commercially
available steroid metabolites and their presence in isolated cells was
quantified against authentic standards. Subaliquot of methanol dis-
rupted cellular extracts (90 µL) were spiked with 10 µL of deuterated
17β-estradiol glucuronide, mixed by vortexing, and filtered at 0.2 µm
through polyvinyl difluoride membranes (Agilent Technologies, Santa
Rosa,CA,USA) by centrifugation and 10,000g. Afterfiltration, samples
were enriched with 25 nM 1-cyclohexyl-3-uriedo-decanoic acid (Sigma-
Adlrich, St. Lousi MO) as an internal standard. Metabolites were mea-
sured using ultra-performance liquid chromatography–electrospray
ionization tandem mass spectrometry (UPLC-ESI-MS/MS) on a API
4500 QQQ (Sciex, Framingham, MA) with a scheduled multiple

reaction monitoring (MRM) using methods adapted from Ke et.al,
201569. Analytes were separated on a Waters I-Class UPLC-FTN equip-
ped with a 2.1 × 100mm i.d., 1.7 μm Acquity BEH C18 column (Waters
Co; Milford, MA) held at 50 °C. Analytes in 5 µL injections were sepa-
rated usingwater (solvent A) andmethanol (solvent B) both containing
2mM ammonium formate at 400 µL/min with the following gradient:
Initial 40% B to 70%B at 2min, to 98%B at 3min, held to 4min, to 40%B
at 5.1min held to 6min. Data were processed using MultiQuant v. 3.02
(Sciex), with five-point calibration curves bracketing the observed
concentration ranges fit with quadradic curves using 1/x weighting for
each steroid conjugate (Supplementary Fig. 10). Mass spectrometer
acquisition parameters and analyte retention times are described in
Supplementary Table 3.

Sequencing data processing and analyses of SLC22A10 in
greater apes
Orthologous genome regions of SLC22A10 coding sequence in multi-
ple primate species were obtained using UCSC liftOver (default
parameters)70 based on hg38 (human), panTro6 (chimpanzee), pan-
Pan3 (bonobo), gorGor6 (gorilla) and ponAbe3 (orangutan) assem-
blies. These regions were aligned using MUSCLE71 and visualized using
MView72. SLC22A10 exons and coding sequences are based on RefSeq
annotations73 for human, chimpanzee and gorilla. Despite the long
SLC22A10 isoform not being annotated in RefSeq for bonobo and
orangutan,we included these two species in the alignment considering
the plausibility of the protein model in the context of their genomes
and the high genomic conservation in comparison to chimpanzee and
gorilla.

Allele frequencies from non-human great apes were obtained
from available whole-genome sequencing data including 59 chim-
panzees, 10 bonobos, 49 gorillas and 16 orangutans74–77. All samples
were mapped to Hg19. We extracted the genotyping information in
position chr11:63078478 (Hg19 coordinates) to calculate the allele
frequencies per population. We manually curated the genotypes by
checking the raw reads overlapping this region in the BAM files. In
chimpanzees we report a frequency of the insertion to be 3/
108 = 2.5%; in bonobos is 0/20 = 0%; in gorillas is 0/98 = 0%; and in
orangutans is 0/32 = 0%. The global human allele frequencies were
obtained from 1000 Genomes Project Phase 378 database in Ensembl
for the rs562147200 SNP.

SLC22A10 variants in archaic hominins and ancient humans
Archaic hominin genotypes for three Neanderthals and a Denisovan
were retrieved from [http://ftp.eva.mpg.de/neandertal/Vindija/VCF/
[and [http://ftp.eva.mpg.de/neandertal/Chagyrskaya/VCF/]15–18. We
used the LDproxy tool fromLDlink79 to identify variants in high LDwith
rs1790218 in all ThousandGenomes populations and intersected these
variants with those assayed in ancient humans from the Allen Ancient
DNA Resource (AADR)19, retrieved from [https://reichdata.hms.
harvard.edu/pub/datasets/amh_repo/curated_releases/V54/V54.1.p1/
SHARE/public.dir/v54.1.p1_1240K_public.tar]. We identified two such
variants: rs1783634 (D’ = 1, r2 = 0.9839) and rs1201559 (D’ =0.9975,
r2 = 0.9775). In the AADR analyses, we excluded samples from archaic
hominins and individuals that were not genotyped at both loci. For
modern samples present in duplicate in the AADR, we filtered out
genotypes called frompseudo-haploid sequences and retained a single
genotypeper SNPper individual from sampleswith coverage sufficient
for calling diploid genotypes (N = 2,610). Among the remaining dupli-
cated samples, we retained genotypes for each individual where the
genotypes from the duplicated samples matched at both proxy SNPs
(N = 83). Genotypes that did not match between duplicated samples
were removed from consideration (N = 11). This resulted in genotypes
from 5,045 individuals (1,375 ancient and 3,670 modern). We calcu-
lated allele frequency in 17 time periods, stratifying by five continental
groups defined based on sampling locality: Africa, Americas, Europe,
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Asia, and Oceania. We also retrieved the allele age estimate for
rs1790218 using the Human Genome Dating tool80 with all default
settings. We used the LDhap tool LDlink to quantify haplotypes for
rs1790218 and rs562147200 in all Thousand Genomes populations.
The archived version of the code used to analyze ancient human
genomes and visualize allele frequencies has been deposited in
Zenodo [https://doi.org/10.5281/zenodo.10823210]. A non-archived
version is available on GitHub [https://github.com/brandcm/
SLC22A10_Variant_Evolutionary_History].

Statistical analysis
When comparing the significant differences among HEK293 cells
transfected with GFP only and various SLC22A10 ortholog species or
other transporters, we performed multiple comparisons using one-
way analysis of variance followed by Dunnett’s two-tailed test. HEK293
cells transiently transfected with the GFP vector served as the control.
The fold uptake of the substrate, relative to the control cells, was
plotted based on one representative experiment conducted in tripli-
cate wells (mean ± s.d.). Statistical significance was indicated as
***p < 0.0001, **p < 0.01, *p < 0.05. These findings were further con-
firmed through at least one or two additional experiments. For specific
differences and more detailed information, please refer to the figure
legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The global proteomics data for HEK293 Flp-In cell lines, stably trans-
fected with human and chimpanzee SLC22A10 in both reference and
mutant forms, are available at PRIDE (Proteomics IDEntifications
Database), https://www.ebi.ac.uk/pride/. The project’s accession
number is PXD047102. Archaic hominin genotypes for three Nean-
derthals and a Denisovan were retrieved from [http://ftp.eva.mpg.de/
neandertal/Vindija/VCF/] and [http://ftp.eva.mpg.de/neandertal/
Chagyrskaya/VCF/]. Ancient human genotypes from the Allen
Ancient DNA Resource (AADR) were retrieved from this site [https://
reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/
V54/V54.1.p1/SHARE/public.dir/]. The sequencing data of SLC22A10 in
greater apes are obtained from these accession code: PRJEB15086
[https://www.ebi.ac.uk/ena/browser/view/PRJEB15086], PRJEB19688,
PRJNA189439. The silhouette images of primates in Fig. 2c were
obtained from PhyloPic [https://www.phylopic.org/], which are avail-
able for reuse under Creative Commons [https://creativecommons.
org/] licenses. Source data are provided with this paper.

Code availability
The archived version of the code used to determine mutation effect
predictions for the P220L variant of human SLC22A10 transporter has
been deposited in Zenodo [https://doi.org/10.5281/zenodo.8411757].
The archived version of the code used to analyze ancient human
genomes and visualize allele frequencies has been deposited in
Zenodo [https://doi.org/10.5281/zenodo.10823210]. A non-archived
version is available on GitHub [https://github.com/brandcm/
SLC22A10_Variant_Evolutionary_History].

References
1. Meixner, E. et al. A substrate-based ontology for human solute

carriers. Mol. Syst. Biol. 16, e9652 (2020).
2. Yee, S. W. et al. Deorphaning a solute carrier 22 family member,

SLC22A15, through functional genomic studies. FASEB J. 34,
15734–15752 (2020).

3. Yee, S. W. et al. Unraveling the functional role of the orphan solute
carrier, SLC22A24 in the transport of steroid conjugates through
metabolomic and genome-wide association studies. PLoS Genet.
15, e1008208 (2019).

4. Girardi, E. et al. Epistasis-driven identification of SLC25A51 as a
regulator of human mitochondrial NAD import. Nat. Commun. 11,
6145 (2020).

5. Higuchi, K., Sugiyama, K., Tomabechi, R., Kishimoto, H. & Inoue, K.
Mammalian monocarboxylate transporter 7 (MCT7/Slc16a6) is a
novel facilitative taurine transporter. J. Biol. Chem. 298, 101800
(2022).

6. Yee, S. W. & Giacomini, K. M. Emerging roles of the human solute
carrier 22 family. Drug Metab. Dispos. 50, 1193–1210 (2021).

7. Ren, T., Jones, R. S. & Morris, M. E. Untargeted metabolomics
identifies the potential role of monocarboxylate transporter 6
(MCT6/SLC16A5) in lipid and amino acid metabolism pathways.
Pharm. Res Perspect. 10, e00944 (2022).

8. Lindberg, F. A., Nordenankar, K., Forsberg, E. C. & Fredriksson, R.
SLC38A10deficiency inmice affects plasma levels of threonine and
histidine in males but not in females: a preliminary characterization
study of SLC38A10(-/-) Mice. Genes (Basel). 14, 835 (2023).

9. Giacomini, K. M. et al. New and emerging research on solute carrier
and ATP binding cassette transporters in drug discovery and
development: outlook from the international transporter con-
sortium. Clin. Pharm. Ther. 112, 540–561 (2022).

10. Sun,W.,Wu, R. R., van Poelje, P. D. & Erion,M. D. Isolation of a family
of organic anion transporters from human liver and kidney. Bio-
chem Biophys. Res Commun. 283, 417–422 (2001).

11. Uhlen, M. et al. Proteomics. Tissue-based map of the human pro-
teome. Science 347, 1260419 (2015).

12. Collins, R. L. et al. A structural variation reference for medical and
population genetics. Nature 581, 444–451 (2020).

13. Ruiz-Orera, J. et al. Origins of De Novo Genes in Human and
Chimpanzee. PLoS Genet. 11, e1005721 (2015).

14. Wilks, C. et al. recount3: summaries and queries for large-scale
RNA-seq expression and splicing. Genome Biol. 22, 323 (2021).

15. Mafessoni, F. et al. A high-coverage Neandertal genome from
Chagyrskaya Cave. Proc. Natl Acad. Sci. Usa. 117, 15132–15136
(2020).

16. Meyer,M. et al. A high-coverage genome sequence froman archaic
Denisovan individual. Science 338, 222–226 (2012).

17. Prufer, K. et al. A high-coverage Neandertal genome from Vindija
Cave in Croatia. Science 358, 655–658 (2017).

18. Prufer, K. et al. The complete genome sequence of a Neanderthal
from the Altai Mountains. Nature 505, 43–49 (2014)

19. Mallick S. et al. The Allen Ancient DNA Resource (AADR): A
curated compendium of ancient human genomes. Sci Data. 11,
182 (2024).

20. Rogers, A. R., Harris, N. S. & Achenbach, A. A. Neanderthal-
Denisovan ancestors interbredwith a distantly related hominin. Sci.
Adv. 6, eaay5483 (2020).

21. Tiemann, J. K. S., Zschach, H., Lindorff-Larsen, K. & Stein, A. Inter-
preting the molecular mechanisms of disease variants in human
transmembrane proteins. Biophys. J. 122, 2176–2191 (2023).

22. Cagiada, M. et al. Understanding the origins of loss of protein
function by analyzing the effects of thousandsof variantson activity
and abundance. Mol. Biol. Evol. 38, 3235–3246 (2021).

23. Zou, L. et al. Molecular mechanisms for species differences in
organic anion transporter 1, OAT1: implications for renal drug toxi-
city. Mol. Pharmacol. 94, 689–699 (2018).

24. Dvorak, V. et al. An overview of cell-based assay platforms for the
solute carrier family of transporters. Front Pharmacol. 12,
722889 (2021).

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 14

https://doi.org/10.5281/zenodo.10823210
https://github.com/brandcm/SLC22A10_Variant_Evolutionary_History
https://github.com/brandcm/SLC22A10_Variant_Evolutionary_History
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/archive/projects/PXD047102
http://ftp.eva.mpg.de/neandertal/Vindija/VCF/
http://ftp.eva.mpg.de/neandertal/Vindija/VCF/
http://ftp.eva.mpg.de/neandertal/Chagyrskaya/VCF/
http://ftp.eva.mpg.de/neandertal/Chagyrskaya/VCF/
https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/V54/V54.1.p1/SHARE/public.dir/
https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/V54/V54.1.p1/SHARE/public.dir/
https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/V54/V54.1.p1/SHARE/public.dir/
https://www.ebi.ac.uk/ena/browser/view/PRJEB15086
https://www.ebi.ac.uk/ena/browser/view/PRJEB19688
https://www.ebi.ac.uk/ena/browser/view/PRJNA189439
https://www.phylopic.org/
https://creativecommons.org/
https://creativecommons.org/
https://doi.org/10.5281/zenodo.8411757
https://doi.org/10.5281/zenodo.10823210
https://github.com/brandcm/SLC22A10_Variant_Evolutionary_History
https://github.com/brandcm/SLC22A10_Variant_Evolutionary_History


25. Kuang, W. et al. SLC22A14 is a mitochondrial riboflavin transporter
required for spermoxidativephosphorylation andmale fertility.Cell
Rep. 35, 109025 (2021).

26. Jarvinen, E. et al. The role of uptake and efflux transporters in the
disposition of glucuronide and sulfate conjugates. Front Pharmacol.
12, 802539 (2021).

27. Wu, W. et al. Multispecific drug transporter Slc22a8 (Oat3) reg-
ulates multiple metabolic and signaling pathways. Drug Metab.
Dispos. 41, 1825–1834 (2013).

28. Bush, K. T., Wu, W., Lun, C. & Nigam, S. K. The drug transporter
OAT3 (SLC22A8) and endogenous metabolite communication via
the gut-liver-kidney axis. J. Biol. Chem. 292, 15789–15803 (2017).

29. Liu, R., Hao, J., Zhao, X. & Lai, Y. Characterization of elimination
pathways and the feasibility of endogenous metabolites as bio-
markers of organic anion transporter 1/3 inhibition in cynomolgus
monkeys. Drug Metab. Dispos. 51, 844–850 (2023).

30. Schnabolk, G. W., Youngblood, G. L. & Sweet, D. H. Transport of
estrone sulfate by the novel organic anion transporter Oat6
(Slc22a20). Am. J. Physiol. Ren. Physiol. 291, F314–F321 (2006).

31. Wu, W. et al. Shared Ligands Between Organic Anion Transporters
(OAT1 and OAT6) and Odorant Receptors. Drug Metab. Dispos. 43,
1855–1863 (2015).

32. Kaler, G. et al. Olfactory mucosa-expressed organic anion transpor-
ter, Oat6, manifests high affinity interactions with odorant organic
anions. Biochem Biophys. Res Commun. 351, 872–876 (2006).

33. Chen, Z. et al. Novel (sulfated) thyroid hormone transporters in the
solute carrier 22 family. Eur. Thyroid J. 12, e230023 (2023).

34. Zhu, C. et al. Evolutionary analysis and classification ofOATs,OCTs,
OCTNs, and Other SLC22 transporters: structure-function implica-
tions and analysis of sequence motifs. PLoS One 10,
e0140569 (2015).

35. Wegler, C. et al. Drug disposition protein quantification in matched
human jejunum and liver from donors with obesity. Clin. Pharm.
Ther. 111, 1142–1154 (2022).

36. Wegler, C. et al. Influence of proteome profiles and intracellular
drug exposure on differences in CYP activity in donor-matched
human liver microsomes and hepatocytes. Mol. Pharm. 18,
1792–1805 (2021).

37. Niu, L. et al. Dynamic human liver proteome atlas reveals functional
insights into disease pathways. Mol. Syst. Biol. 18, e10947 (2022).

38. Eide Kvitne, K. et al. Correlations between 4beta-hydroxycholesterol
and hepatic and intestinal CYP3A4: protein expression, microsomal
ex vivo activity, and in vivo activity in patients with a wide body
weight range. Eur. J. Clin. Pharmacol. 78, 1289–1299 (2022).

39. El-Khateeb, E., Al-Majdoub, Z.M., Rostami-Hodjegan, A., Barber, J. &
Achour, B. Proteomic quantification of changes in abundance of
drug-metabolizing enzymes and drug transporters in human liver
cirrhosis: differentmethods, similar outcomes.DrugMetab. Dispos.
49, 610–618 (2021).

40. Cordes, F. S., Bright, J. N. & Sansom, M. S. Proline-induced distor-
tions of transmembrane helices. J. Mol. Biol. 323, 951–960 (2002).

41. Karczewski, K. J. et al. The mutational constraint spectrum quanti-
fied from variation in 141,456 humans.Nature 581, 434–443 (2020).
Epub 2020/05/29. PubMed PMID: 32461654; PMCID: PMC7334197
from Takeda Pharmaceutical Company. A.H.O’D.-L. has received
honoraria from ARUP and Chan Zuckerberg Initiative. E.V.M. has
received research support in the form of charitable contributions
fromCharles River Laboratories and Ionis Pharmaceuticals, and has
consulted for Deerfield Management. J.S.W. is a consultant for
MyoKardia. B.M.N. is a member of the scientific advisory board at
Deep Genomics and consultant for Camp4 Therapeutics, Takeda
Pharmaceutical, and Biogen. M.J.D. is a founder of Maze

Therapeutics. D.G.M. is a founder with equity in Goldfinch Bio, and
has received research support from AbbVie, Astellas, Biogen, Bio-
Marin, Eisai, Merck, Pfizer, and Sanofi-Genzyme. The views
expressed in this article are those of the author(s) and not neces-
sarily those of the NHS, the NIHR, or the Department of Health.
M.I.M. has served on advisory panels for Pfizer, NovoNordisk, Zoe
Global; has receivedhonoraria fromMerck, Pfizer,NovoNordisk and
Eli Lilly; has stock options in Zoe Global and has received research
funding from Abbvie, Astra Zeneca, Boehringer Ingelheim, Eli Lilly,
Janssen, Merck, NovoNordisk, Pfizer, Roche, Sanofi Aventis, Servier
& Takeda. As of June 2019,M.I.M. is an employee of Genentech, and
holds stock in Roche. N.R. is a non-executive director of
AstraZeneca.

42. Taliun, D. et al. Sequencing of 53,831 diverse genomes from the
NHLBI TOPMed Program. Nature 590, 290–299 (2021).

43. Scott, E.M. et al. Characterization ofGreaterMiddle Easterngenetic
variation for enhanced disease gene discovery. Nat. Genet. 48,
1071–1076 (2016).

44. Bianchi, D.W. et al. TheAll of UsResearchProgram is anopportunity
to enhance the diversity of US biomedical research. Nat. Med. 30,
330–333 (2024).

45. Chen, S. et al. A genomicmutational constraint map using variation
in 76,156 human genomes. Nature 625, 92–100 (2024).

46. Cropp, C. D. et al. Organic anion transporter 2 (SLC22A7) is a facil-
itative transporter of cGMP. Mol. Pharmacol. 73, 1151–1158 (2008).

47. Brawand, D. et al. The evolution of gene expression levels in
mammalian organs. Nature 478, 343–348 (2011).

48. Schiffer, L. et al. Human steroid biosynthesis, metabolism and
excretion are differentially reflected by serum and urine steroid
metabolomes: A comprehensive review. J. Steroid Biochem Mol.
Biol. 194, 105439 (2019).

49. Maruti, S. S. et al. Dietary and demographic correlates of serum
beta-glucuronidase activity. Nutr. Cancer 62, 208–219 (2010).

50. Shin, H. J. et al. Novel liver-specific organic anion transporter OAT7
that operates the exchange of sulfate conjugates for short chain
fatty acid butyrate. Hepatology 45, 1046–1055 (2007).

51. Zheng, D. & Gerstein, M. B. The ambiguous boundary between
genes and pseudogenes: the dead rise up, or do they? Trends
Genet. 23, 219–224 (2007).

52. Mighell, A. J., Smith, N. R., Robinson, P. A. & Markham, A. F. Verte-
brate pseudogenes. FEBS Lett. 468, 109–114 (2000).

53. Zhang, Z. D., Frankish, A., Hunt, T., Harrow, J. & Gerstein, M. Iden-
tification and analysis of unitary pseudogenes: historic and con-
temporarygene losses in humans andother primates.GenomeBiol.
11, R26 (2010).

54. Schnabolk, G. W., Gupta, B., Mulgaonkar, A., Kulkarni, M. & Sweet,
D. H. Organic anion transporter 6 (Slc22a20) specificity and Sertoli
cell-specific expression provide new insight on potential endo-
genous roles. J. Pharm. Exp. Ther. 334, 927–935 (2010).

55. Cunningham, F. et al. Ensembl 2022. Nucleic Acids Res. 50,
D988–D995 (2022).

56. Koleske,M. L. et al. Functional genomics of OCTN2 variants informs
protein-specific variant effect predictor for Carnitine Transporter
Deficiency. Proc. Natl Acad. Sci. Usa. 119, e2210247119 (2022).

57. Azimi, M. et al. Characterization of P-glycoprotein orthologs from
human, sheep, pig, dog, and cat. J. Vet. Pharm. Ther. https://doi.
org/10.1111/jvp.13386 (2023).

58. Wisniewski, J. R. &Mann, M. Consecutive proteolytic digestion in an
enzyme reactor increases depth of proteomic and phosphopro-
teomic analysis. Anal. Chem. 84, 2631–2637 (2012).

59. Rappsilber, J., Ishihama, Y. & Mann, M. Stop and go extraction tips
for matrix-assisted laser desorption/ionization, nanoelectrospray,

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 15

https://doi.org/10.1111/jvp.13386
https://doi.org/10.1111/jvp.13386


and LC/MS sample pretreatment in proteomics. Anal. Chem. 75,
663–670 (2003).

60. Wiśniewski J. R. Label-Free Quantitative Analysis of Mitochondrial
Proteomes Using the Multienzyme Digestion-Filter Aided Sample
Preparation (MED-FASP) and “Total Protein Approach”. In: Mokran-
jac D., Perocchi F., editors. Mitochondria Methods in Molecular
Biology. New York: Humana Press. 1567, 69–78 (2017).

61. Wisniewski, J. R. & Gaugaz, F. Z. Fast and sensitive total protein and
Peptide assays for proteomic analysis. Anal. Chem. 87,
4110–4116 (2015).

62. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational plat-
form for mass spectrometry-based shotgun proteomics. Nat. Pro-
toc. 11, 2301–2319 (2016).

63. Wisniewski, J. R. & Rakus, D. Multi-enzyme digestion FASP and
the ‘Total Protein Approach’-based absolute quantification of
the Escherichia coli proteome. J. Proteom. 109, 322–331
(2014).

64. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021). Epub 2021/07/16PubMed
PMID: 34265844; PMCID: PMC8371605 have filed non-provisional
patent applications 16/701,070 and PCT/EP2020/084238, and
provisional patent applications 63/107,362, 63/118,917, 63/118,918,
63/118,921 and 63/118,919, each in the name of DeepMind Tech-
nologies Limited, each pending, relating to machine learning for
predicting protein structures. The other authors declare no com-
peting interests.

65. Varadi, M. et al. AlphaFold Protein Structure Database: massively
expanding the structural coverage of protein-sequence space with
high-accuracy models. Nucleic Acids Res. 50, D439–D444 (2022).

66. Lomize, A. L., Todd, S. C. & Pogozheva, I. D. Spatial arrangement of
proteins in planar and curved membranes by PPM 3.0. Protein Sci.
31, 209–220 (2022).

67. Frenz, B. et al. Prediction of protein mutational free energy:
benchmark and sampling improvements increase classification
accuracy. Front Bioeng. Biotechnol. 8, 558247 (2020).

68. Laine, E., Karami, Y. & Carbone, A. GEMME: a simple and fast global
epistatic model predicting mutational effects. Mol. Biol. Evol. 36,
2604–2619 (2019).

69. Ke, Y. et al. A rapid and sensitive UPLC-MS/MS method for the
simultaneous quantification of serum androsterone glucuronide,
etiocholanolone glucuronide, and androstan-3alpha, 17beta diol 17-
glucuronide in postmenopausal women. J. Steroid Biochem Mol.
Biol. 149, 146–152 (2015).

70. Hinrichs, A. S. et al. The UCSC Genome Browser Database: update
2006. Nucleic Acids Res. 34, D590–D598 (2006).

71. Edgar, R. C. MUSCLE: a multiple sequence alignment method with
reduced time and space complexity.BMCBioinforma.5, 113 (2004).

72. Brown, N. P., Leroy, C. & Sander, C. MView: a web-compatible
database search or multiple alignment viewer. Bioinformatics 14,
380–381 (1998).

73. O’Leary, N. A. et al. Reference sequence (RefSeq) database at NCBI:
current status, taxonomic expansion, and functional annotation.
Nucleic Acids Res. 44, D733–D745 (2016).

74. Kuderna, L. F. K. et al. A global catalog of whole-genome diversity
from 233 primate species. Science 380, 906–913 (2023).

75. de Manuel, M. et al. Chimpanzee genomic diversity reveals ancient
admixture with bonobos. Science 354, 477–481 (2016).

76. Nater, A. et al.Morphometric, behavioral, andgenomicevidence for
a new orangutan species. Curr. Biol. 27, 3576–3577 (2017).

77. Prado-Martinez, J. et al. Great ape genetic diversity and population
history. Nature 499, 471–475 (2013).

78. Genomes Project, C. et al. A global reference for human genetic
variation. Nature 526, 68–74 (2015).

79. Machiela, M. J. & Chanock, S. J. LDlink: a web-based application for
exploring population-specific haplotype structure and linking cor-
related alleles of possible functional variants. Bioinformatics 31,
3555–3557 (2015).

80. Albers, P. K. & McVean, G. Dating genomic variants and shared
ancestry in population-scale sequencing data. PLoS Biol. 18,
e3000586 (2020). Epub 2020/01/18. PubMed PMID: 31951611;
PMCID: PMC6992231 following competing interests: GM is a
shareholder in and non-executive director of Genomics PLC, and is
a partner in Peptide Groove LLP. PKA is a shareholder in and a
director of BioMe Oxford Ltd.

Acknowledgements
This research was supported by NIH GM117163 (SWY) and GM139875
(KMG,SWY) and EY032161 (JEG). Additional supportwas providedby the
Swedish Research Council (0151) (M.C, N.H, P.A), USDA Intramural Pro-
jects 2032-51530-025-00D (JWN) and by Mary Anne Koda-Kimble Seed
Award for Innovation (2020, 2021) (SWY). The USDA is an equal oppor-
tunity employer and provider. TMB is supported by funding from the
European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation program (grant agreement No. 864203),
PID2021-126004NB-100 (MICIIN/FEDER, UE) and Secretaria d’Universi-
tats i Recerca and CERCA Programme del Departament d’Economia i
Coneixement de la Generalitat de Catalunya (GRC 2021 SGR 00177). We
would like to acknowledge Esther Lizano, Alba Duch and Mina Azimi for
their invaluable assistance and support in the successful execution of
our research.

Author contributions
S.W.Y and K.M.G. conceived and designed the research. S.W.Y, K.M.G.
wrote the main text of the manuscript. S.W.Y., G.L., X.Z., J.Y. performed
transporter and/or kinetic studies. S.W.Y. generate cell lines expressing
SLC22A10 orthologs, performed RNA isolation and performed data
analysis for the transporter and kinetic studies. H-C.C. performed the
cloning of SLC22A10. M.L.K. performed the fluorescence microscopy
and imaging analysis. C.F. and L.F-P. performed sequencing data pro-
cessing and analyses of SLC22A10 in greater apes. T.M-B. helped inter-
pret and discuss the results of the sequencing analysis of the SLC22A10
in greater apes. M.C. performed protein isolation, analyzed the pro-
teomic data. N.H. helped interpret and analysis of the proteomic data.
M.C. and N.H. wrote the main text of the manuscript related to the
proteomic experiment. V.M.A. performed the LC-MS/MS analysis. J.W.N.
helped interpret the analysis of the LC-MS/MS. V.M.A and J.W.N. wrote
themain text of themanuscript related to the LC-MS/MSanalysis. C.M.B.
and J.A.C provided the data on SLC22A10 variants in archaic hominins
and ancient humans, interpreted and discussed the results and wrote
the main text of the manuscript related to the SLC22A10 variants in
archaic hominins and ancient humans. A.Z. provided data on stability
calculations of human SLC22A10 and mutants. A.Z. and A.S. wrote the
main text of themanuscript related to the stability calculations of human
SLC22A10 andmutants. F.D.W. performed the flow cytometry study and
analyzed the result. F.D.W and J.E.G wrote the main text of the manu-
script related to the flow cytometry analysis. S.W.Y., L.F-P., C.F., M.C.,
M.L.K., N.H., V.M.A., A.Z., C.M.B., F.D.W., J.A.C., J.W.N. analyzed the
results. S.W.Y., L.F-P., P.A-M., C.F., M.C., M.L.K., N.H., V.M.A., J.D., A.Z.,
A.S., C.M.B., F.D.W., J.E.G., J.A.C., P.A., J.W.N., T.M-B. and K.M.G. inter-
preted and discussed the results. All authors revised the manuscript.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 16



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48569-7.

Correspondence and requests for materials should be addressed to
Kathleen M. Giacomini.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

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

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional 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) 2024

1Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco, CA, USA. 2Institute of Evolutionary Biology (UPF-CSIC),
PRBB, Dr. Aiguader 88, 08003 Barcelona, Spain. 3Center for Evolutionary Hologenomics, TheGlobe Institute, University of Copenhagen,Øster Farimagsgade
5A, 1352 Copenhagen, Denmark. 4Department of Pharmacy, Uppsala University, Uppsala, Sweden. 5United States Department of Agriculture, Agricultural
Research Service, Western Human Nutrition Research Center, Davis, CA 95616, USA. 6Joint Research Unit for Infectious Diseases and Vectors Ecology
Genetics Evolution and Control (MIVEGEC), University of Montpellier, French National Center for Scientific Research (CNRS 5290), French National Research
Institute for Sustainable Development (IRD 224), 911 Avenue Agropolis, BP 64501, 34394 Montpellier Cedex 5, France. 7Department of Pharmaceutical
Chemistry, University of California, San Francisco, CA, USA. 8Quantitative Biosciences Institute (QBI), University of California, San Francisco, San Francisco,
CA, US. 9Bakar Computational Health Sciences Institute, University of California, San Francisco, CA, USA. 10Department of Epidemiology and Biostatistics,
University of California, San Francisco, CA, USA. 11Department of Ophthalmology, University of California, San Francisco, CA, USA. 12Institute for Neurode-
generative Diseases, University of California, San Francisco, CA, USA. 13Institute for Human Genetics, University of California San Francisco, San Francisco,
CA,USA. 14Science for Life Laboratories, UppsalaUniversity,Uppsala, Sweden. 15Department ofNutrition, University ofCalifornia, Davis, Davis,CA95616,USA.
16Catalan Institution of Research andAdvancedStudies (ICREA), Passeigde LluísCompanys, 23, 08010Barcelona, Spain. 17CNAG,CentroNacional deAnalisis
Genomico, Barcelona Institute of Science and Technology (BIST), Baldiri i Reixac 4, 08028 Barcelona, Spain. 18Institut Català de Paleontologia Miquel
Crusafont, Universitat Autònoma de Barcelona, Edifici ICTA-ICP, c/ Columnes s/n, 08193Cerdanyola del Vallès, Barcelona, Spain.

e-mail: kathy.giacomini@ucsf.edu

Article https://doi.org/10.1038/s41467-024-48569-7

Nature Communications |         (2024) 15:4380 17

https://doi.org/10.1038/s41467-024-48569-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:kathy.giacomini@ucsf.edu

	Illuminating the function of the orphan transporter, SLC22A10, in humans and other primates
	Results
	Human SLC22A10�showed no expression on the plasma membrane and no transporter activity of prototypical anionic substrates of SLC22 family members
	The long isoform of chimpanzee and gorilla SLC22A10 was expressed on the plasma membrane whereas the short isoform was�not
	Chimpanzee and gorilla SLC22A10 expressing the long isoform transport estradiol glucuronide but not other anions that are canonical substrates of members in the SLC22A�family
	The SLC22A10 protein in humans consists of 541 amino acids, resulting from a single nucleotide insertion that causes a frameshift in the last�exon
	Mutagenesis of a single amino acid, at position 220 of the human SLC22A10 ortholog, to the respective amino acid in great apes rescues the function of human SLC22A10
	Human-specific p.Leu220Pro predates the common ancestor of modern humans and Neanderthals
	Human and chimpanzee SLC22A10 with Pro220 exhibit lower protein expression compared to orthologs with�Leu220
	Human SLC22A10 with Pro220 is predicted to have poor stability compared to orthologs with�Leu220
	Analyses of SLC22A10 isoforms in chimpanzee, bonobo, orangutan and�gibbon
	Uptake of various steroid glucuronides by chimpanzee SLC22A10 reveals that 17β-glucuronides are preferred over 3α-glucuronide conjugates
	Chimpanzee SLC22A10-mediated uptake is sodium independent, pH independent, and trans-stimulated by glutaric�acid

	Discussion
	Methods
	Generation of SLC22A10 ortholog cDNA constructs
	Site-directed mutagenesis
	Cell culture
	Generation of cells transiently or stably expressing�cDNAs
	Fluorescence microscopy
	Transporter uptake studies
	Kinetic studies of estradiol glucuronide
	Protein extraction and global proteomics of HEK293 cells expressing SLC22A10 orthologs
	RNA isolation and quantitative RT-PCR
	Cloning of SLC22A10 in pooled human�liver
	Calculating ΔΔG with the PRISM’s rosettaddGpipelne v 0.2.421 using Rosetta�v 3.15
	Flow cytometry analysis
	Transporter uptake studies and LC-MS/MS analysis
	Sequencing data processing and analyses of SLC22A10 in greater�apes
	SLC22A10 variants in archaic hominins and ancient�humans
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




