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Abstract
Accumulated evidence indicates that cisplatin, a platinum-based alkylating agent, causes preferential DNA damage to oocytes
of primordial follicles (PFs) in the ovary, suggesting oocyte-favored accumulation of cisplatin. Copper transporter 1 (CTR1;
Slc31a1) is implicated in facilitating cisplatin uptake in cells. Here we found that oocytes of PFs had constitutively higher
expression of CTR1 than other cell types in mouse ovary. However, oocyte-specific Slc31a1 knockout was not sufficient to
prevent cisplatin-induced depletion of PFs in vitro. Our data indicate that CTR1 would not be the only route for cisplatin to be
transported inside the oocytes of PFs in the ovary.
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Figure 1. The distribution of CTR1 protein in the mouse ovary and effects of oocyte-specific Ctr1 knockout on ovarian
reserve against cisplatin

A and B. CTR1 immunofluorescence assay on the mouse liver and ovary sections. C. Representative genotyping image of
homozygous or heterozygous for the floxed Slc31a1 allele and Gdf9-iCre transgene. D. CTR1 immunofluorescence assay on
ovary sections from wild-type or oocyte-specific Slc31a1 knockout mice. Zoomed pictures are located below each panel. The
orange arrows for PFs from wild-type ovary indicate the expression of CTR1 in oocytes of PFs. The white arrows for oocytes
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of PFs exhibit the absence of CTR1 expression from oocyte-specific Slc31a1 knockout ovary. E. Representative image of
H&E staining of ovary sections from oocyte-specific Slc31a1 knockout PD8 mice ex vivo cultured in the presence or absence
of cisplatin (cis-diamminedichloroplatinum(II), CDDP) for 96 hours. Green arrow, surviving PF; Yellow arrows, dead PFs. F.
Total numbers of follicles (n=4). Scale bar for A, D, and E, 50 μm; Scale bar for B, 100 μm. *, p < 0.05.

Description
Chemotherapeutic drugs are primarily intended to treat metastatic and/or unresectable cancers by inducing systemic cancer
cell apoptosis. Alkylating chemotherapy induce apoptosis of proliferative cells by binding to DNA and causing persistent
DNA adducts. Cisplatin [Pt(NH3)2Cl2; CDDP] has been the first-line chemotherapy for various cancer types and has increased
survival rates in cancer patients (Brown et al., 2019). Prescribed doses of CDDP range 30 to 100 mg/m2 weekly giving the
peak concentration in circulation around 10 to 50 μM, although the treatment scheme is susceptible to changes by cancer type
and status (van Hennik et al., 1987). However, CDDP accompanies off-target effects such as nephrotoxicity, cardiotoxicity,
and infertility, all of which compromise the quality of life of patients (Ahmad et al., 2016). Nonetheless, CDDP is still widely
used to treat pediatric and young adults diagnosed with multiple cancer types including germ cell tumors, hepatoblastoma, and
osteosarcoma (Moke et al., 2021).

Primordial follicle (PF) consisting of ovarian reserve has an oocyte surrounded by a single layer of flattened granulosa cells. A
finite number of PFs is set around birth in women and steeply decreases by puberty (Liew et al., 2017). The number and
quality of PFs in the pool determines a woman’s reproductive life. Therefore, CDDP-induced ovarian follicle loss in women of
reproductive age is the most critical health issue as oocytes in the ovary cannot be replenished. Potential mechanisms by which
CDDP causes premature ovarian insufficiency (POI) in women have been addressed over the recent decade. It is demonstrated
that CDDP is preferentially accumulated in the oocytes of PFs as indicated by immunofluorescence assay for platinum (Pt) in
mouse ovaries treated with CDDP (Kim et al., 2013). In addition, CDDP is shown to dramatically decrease the number of PFs
in the ovaries (Eldani et al., 2020; Kim et al., 2013; Kim et al., 2019; Nguyen et al., 2019). However, knockout of proapoptotic
gene Puma prevented CDDP-induced loss of PFs in the mouse ovaries (Nguyen et al., 2018). Consistently, our previous
studies demonstrated that oocyte-specific knockout of Trp63, which is the upstream regulator of Puma, rescued CDDP-
induced depletion of PFs (Kim et al., 2019). These observations suggest that CDDP mediates PF depletion largely through the
apoptotic pathway in oocytes of PFs, which would underlie the development of POI in women. Thus, it raised the question of
how CDDP preferentially targets oocytes of PFs among other cell types in the ovaries.

There are two major ways that convey CDDP across cell membrane: active or passive uptake. Active uptake utilizes
transporters such as the copper transporter 1 (CTR1), the organic cation transporter 2 (OCT2), and the multidrug extrusion
transporter 1 (MATE1) (Ciarimboli, 2012). However, the varying tissue distribution of the transporters indicate that the
primary transporter for CDDP would differ by tissues. For example, CTR1 is ubiquitously expressed in the intestines, brain,
kidney, liver, eye, testes, and ovary in mice (Kuo et al., 2001; Lee et al., 2000). OCT2 is mainly expressed in the liver and
kidney (Nakata et al., 2013). On the other hand, passive uptake indicates the direct diffusion of uncharged, lipophilic
molecules through the bilayer of the cell membrane in a concentration-dependent manner. Since CDDP is lipophilic and has no
net charge, it is assumed that passive diffusion through the cell membrane in part mediates intracellular accumulation of
CDDP (Eljack et al., 2014).

CTR1 that is encoded by the SLC31A1 gene is ubiquitously expressed in various organs including the ovary and plays a
facilitating role in CDDP uptake in adult patients (Ishida et al., 2002; Urien and Lokiec, 2004). The high susceptibility of
oocytes of PFs to CDDP-induced apoptosis might reflect cell-specific distribution of CTR1 expression in the ovary. Therefore,
we characterized the distribution of CTR1 protein in the mouse ovary and examined whether solute carrier family 31 member
1 (Slc31a1) knockout rescued oocytes of PFs from CDDP-induced depletion ex vivo.

Antibody specificity for CTR1 was confirmed using mouse liver and ovary sections at postnatal day 28 (PD28) (Figs. 1A and
B). Then, ovaries were harvested from female pups at PD8, and polymerase chain reaction (PCR) was performed with gDNA
from their tails for genotyping. The floxed Slc31a1 allele and Gdf9-iCre transgene were confirmed by PCR band sizes (Fig.
1C): Gdf9-iCre-/-;Slc31a1fl/fl and Gdf9-iCre+/-;Slc31a1fl/fl are considered wild-type and oocyte-specific Slc31a1 knockout,
respectively. Immunofluorescence assay for CTR1 revealed that oocytes in PFs had relatively higher expression levels of
CTR1 than other cell types in the wild-type ovary at PD8 (Fig. 1D, left panel). Weak signals of CTR1 were also detected in the
oocytes and granulosa cells in growing follicles and stromal cells of the ovary. However, CTR1 was not detected in the
oocytes but only found in the granulosa and stromal cells of the Slc31a1 knockout ovary (Fig. 1D, right panel), confirming
oocyte-specific knockout of Slc31a1 in the ovary at PD8. Next, we cultured ovaries ex vivo from the knockout mice in the
presence or absence of CDDP at 4 μM. The dose of cisplatin that we chose stays within the plasma concentrations found in the
patients who received a single does of cisplatin (30 mg/m2). Thus, 4 μM of cisplatin would be ideal to test the importance of
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CTR1 in cisplatin transport in oocytes. Nonetheless, cisplatin would be largely transported through passive diffusion when
concentration is too high. Histological comparison indicates that CDDP caused the death of oocytes of PFs in the oocyte-
specific Slc31a1 knockout (Fig. 1E). Follicle counting data demonstrate that CDDP significantly reduced the number of PFs in
the oocyte-specific Slc31a1 knockout compared to non-treated ovaries (Fig. 1F). Therefore, these data indicate that oocyte-
specific Slc31a1 knockout was not enough to prevent CDDP-induced death of oocytes in primordial follicles in the current
experimental setting. The null findings would be accounted for by 1) CTR1 might not be the only route for CDDP to enter
oocytes in the primordial follicles or 2) the concentration of 4 μM would be so high that CDDP is rather transported through
passive diffusion. These limitations should be taken into consideration for interpreting the current data.

Methods
Animals

Gdf9-iCre male mice were purchased from Jackson Laboratories, generated and characterized previously (Kim et al., 2009).
SLC31A1fl/fl strain on the C57BL/6 background was obtained from Dr. Jaekwon Lee. All procedures involving the use of mice
were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Nebraska Medical Center
(UNMC). Animals were provided with food and water ad libitum and maintained in the Comparative Medicine facilities of
UNMC.

Genotyping

For floxed Slc31a1 and Gdf9-iCre genotyping, we used the following sets of primers; floxed Slc31a1 (Primer 1: 5’-AAT GTC
CTG GTG CGT CTG AAA-3’ & Primer 2: 5’-GCA GTA GAT AAA AGC CAA GGC-3’) and Gdf9-iCre (Primer 1: 5’-GAT
ATC AAG CTT GTC CAC CAT GGT G-3’ & Primer 2: 5’-CAA CTC TAG ACT CAG TTT CAG TCC CCA TC-3’).

Whole-ovary organ culture in vitro

Whole-ovary organ culture was performed as previously described with some modification (Kim et al., 2013). Briefly, isolated
ovaries from mice at PD8 were cultured on 0.4 μm Millicell Cell Culture Inserts (MilliporeSigma, PICM01250) in a 24-well
plate in the Minimum Essential Medium α (Gibco, 32571036) supplemented with 1 mg/ml bovine serum and 5 μg/ml insulin-
transferrin-selenium (Gibco, 41400045). The media were changed after 48 hours, and the ovaries were fixed for staining after
another 48 hours.

Immunofluore scence assay

The ovaries were fixed, embedded in paraffin, and sectioned at 5 μm. For immunofluorescence assay, sectioned tissues were
blocked in 2% goat-serum blocking solution for an hour and incubated with CTR1 antibody (1:50, Cell Signaling Technology,
#13086S) overnight. In the following day, the sections were incubated with anti-rabbit Alexa Fluor488 (1:200, Invitrogen, A-
11008) and stained with DAPI. All the images were taken with the EVOS M7000 Imaging System (Invitrogen, AMF700).

Hematoxylin/eosin (H&E) staining and Follicle counting

Tissues were serially sectioned at 5 μm thickness. Sectioned ovaries were stained with H&E and subject for histological
examination and follicle counting as demonstrated previously (Kim et al., 2015).

Statistical analysis

Graphs were generated by Prism 9.1.1 software (GraphPad Software Version 9, Inc.), and data were presented as mean ±
S.E.M. Unpaired two-tailed Student's t-test was used to compare the means between two datasets. P values of less than 0.05
were considered statistically significant. n.s. represents not-significant and * represents p < 0.05.

Reagents
Strain

Genotyp e Stock# Availab le from

Ctr1flox /flox C57BL/6NJ-Slc31a1tm2djt/J Dr. Jaekwon Lee, UNL

Gdf-9-iCre C57BL/6NJ- Tg(Gdf9-icre)5092Coo 011062 Jackson Laboratory
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