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Simple Summary: Ovarian cancer is the most deadly gynecologic cancer. The treatment options for
ovarian cancer, and for the recurrent cancer in particular, are limited. One of the major obstacles is
the presence of drug-resistant cancer stem cells. The aim of this study is to identify and characterize a
new cancer stem marker, namely ZIP4. ZIP4 is a transporter for human essential element zinc. Our
results have shown that ZIP4 is not only a novel and potent stem cell marker, but also a target for
developing innovative treatment for ovarian cancer. In addition, ZIP4 is interacting with another
oncogene, NOTCH3. Both ZIP4 and NOTCH3 play important roles in tumor development in ovarian
cancer. This interaction may represent a useful target for ovarian cancer treatment.

Abstract: High-grade serous ovarian cancer (HGSOC) is one of the most deadly and heterogenic
cancers. We have recently shown that ZIP4 (gene name SLC39A4), a zinc transporter, is functionally
involved in cancer stem cell (CSC)-related cellular activities in HGSOC. Here, we identified ZIP4 as a
novel CSC marker in HGSOC. Fluorescence-activated cell sorter (FACS)-sorted ZIP4+, but not ZIP4−

cells, formed spheroids and displayed self-renewing and differentiation abilities. Over-expression of
ZIP4 conferred drug resistance properties in vitro. ZIP4+, but not ZIP4− cells, formed tumors/ascites
in vivo. We conducted limiting dilution experiments and showed that 100–200 ZIP4+ cells from
both PE04 and PEA2 cells formed larger tumors than those from 100–200 ALDH+ cells in mice.
Mechanistically, we found that ZIP4 was an upstream regulator of another CSC-marker, NOTCH3, in
HGSOC cells. NOTCH3 was functionally involved in spheroid formation in vitro and tumorigenesis
in vivo in HGSOC. Genetic compensation studies showed that NOTCH3, but not NOTCH1, was a
critical downstream mediator of ZIP4. Furthermore, NOTCH3, but not NOTCH1, physically bound
to ZIP4. Collectively, our data suggest that ZIP4 is a novel CSC marker and the new ZIP4-NOTCH3
axis represents important therapeutic targets in HGSOC.
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1. Introduction

Epithelial ovarian cancer (EOC), and high grade serous ovarian cancer (HGSOC) in particular [1],
is the most lethal gynecologic malignancy in the United States and worldwide, primarily due to a lack
of reliable early diagnostics, high incidence of chemoresistant recurrent disease, and profuse tumor
heterogeneity. One emerging model for the development of drug-resistant tumors invokes a pool of
self-renewing malignant progenitors known as cancer stem cells (CSCs) or tumor initiating cells (TICs).
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CSCs are a small proportion of tumor cells with tumor forming capacity, which have been identified
in both blood and solid tumors, including EOC [2–4]. CSCs contribute directly to drug-resistance and
hence represent important targets for novel therapeutic strategies aimed at eradicating ovarian cancer.
HGSOC is one of the most heterogenic cancers among solid cancers [5]. Similarly, its CSC markers are
also highly heterogeneous, representing one of the major challenges in targeting CSCs in EOC. More
than 10 CSC markers, including side population (SP), CD133, ALDH1/2, LY6A, LGR5, EpCAM, CD133,
CD44, CD34, CD24, CD117, MyD88, and CDH1 have been identified in EOC [6,7]. In addition, the Wnt,
SONIC Hedgehog (SHH), NOTCH, PI3K/PTEN, MAPK, and NF-κB signaling pathways have been
implicated in EOC CSC [6]. Nevertheless, neither a single CSC marker nor a combination of 2–3 markers
can represent all of the highly heterogeneous EOC cell lines and/or patient-derived xenografts (PDXs).
Moreover, which EOC CSC markers are functionally involved and have the most significant targeting
values need to be further determined and characterized [2,6].

ZIP4 (gene name SLC39A4) is a zinc transporter. Although more than 20 zinc transporters exist,
ZIP4 stands out as a prominent cancer-related gene [8]. Its tumor promoting roles have been reported
in several cancers, including pancreatic cancer, hepatocellular carcinomas, nasopharyngeal carcinoma,
breast cancer, and glioma [9–13]. Through genetic, cell biological, and biochemical analyses, we have
recently identified several previously unknown ZIP4-related regulatory and functional processes.
Specifically, we have found that ZIP4 is upregulated by a lipid growth factor, lysophosphatidic acid
(LPA) mainly via PPARγ, and to a much lesser extent, via LPA’s G protein coupled receptors in EOC
cells. Using the Cas9 nuclease to facilitate RNA-guided site-specific DNA cleavage (CRISPR)-mediated
knockout (KO) cell lines for ZIP4 and PPARγ, we have shown that ZIP4 is functionally involved
in CSC-related cellular activities including anoikis-resistance, colony-formation, spheroid-formation,
drug-resistance, and LPA-induced EOC side population (SP) in HGSOC cells [14]. Intriguingly, we
have shown that ZIP4 is an upstream regulator of several known CSC markers: ALDH1, OCT4, and
SOX9 [14–16]. Moreover, the TCGA and Oncomine data suggest that the ZIP4 gene is overexpressed
in EOC [5], which has been confirmed in one of our recent studies [14]. We have shown that the
ZIP4 protein is overexpressed in EOC vs. benign and normal ovarian tissues (Supplementary data in
Ref. [14]). Of HGSOC samples 75% expressed high levels of ZIP4, with the remaining 25% (N = 16)
of HGSOC tissues also expressed ZIP4, albeit with lower levels. Only 1 of 4 (25%) low grade serous
ovarian cancer tissue samples expressed high levels of ZIP4 and none of the other groups of tissues
(ovarian endometrioid carcinoma, serous borderline ovarian cancer, and control tissues) expressed high
levels of ZIP4. These data have justified the clinical relevance for ZIP4 studies in EOC. However, ZIP4
as a CSC marker has not been reported in any cancer. The only previous suggestion linking ZIP4 to its
potential role in stemness in lung cancer was based on correlative and indirect data [17].

The NOTCH signaling pathway is a highly conserved cell signaling system believed to be present
in all multicellular organisms. Mammals possess four different NOTCH receptors, NOTCH1-4 [18],
which are single-transmembrane receptor proteins. NOTCH3 regulates CSC activities including
cell proliferation, anoikis-resistance, colony-formation, drug-resistance, and SP in various cancer
cells, including EOC [19,20]. TCGA analyses of 489 HGSOC tumors have revealed NOTCH
activation/alteration is one of the four critical pathways altered in HGSOC [5]. The NOTCH3 gene is
amplified in 20% of HGSOC and is required for proliferation and survival of these tumors [21]. Jagged-1
(Jag1) has been identified as the primary NOTCH3 ligand in ovarian carcinoma and Jag1/NOTCH3
interaction constitutes a juxtacrine loop promoting proliferation and dissemination of EOC cells within
the intraperitoneal cavity [22,23]. In addition, NOTCH3 overexpression is related to the recurrence
of ovarian cancer, poor prognosis, and resistance to carboplatin [24–26]. NOTCH3 targeting is now
considered to be a novel weapon against EOC CSC [27]. Interestingly, we found that a subset of
development/differentiation and/or stem cell related genes, including NOTCH, were co-upregulated
in the more aggressive vs. less aggressive mouse EOC cell pairs [15]. However, how NOTCH3 is
regulated in the CSC context in EOC is essentially unknown.
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In this manuscript, we provide the first evidence showing that ZIP4 is a potent CSC marker
for tumor formation in HGSOC using fluorescence-activated cell sorter (FACS) isolated ZIP4+ vs.
ZIP4− HGSOC cells. We analyzed CSC-like activities by measuring drug resistance, spheroid- and
colony-formation, cell differentiation, and self-renew assays in vitro. We also compared the tumor
initiating activity of ZIP4+ cells with ZIP4−, ALDH+, and ALDH− cells in vivo to determine their
relative potency and selectivity in tumor formation. For mechanistic studies, we focused on a novel
ZIP4-NOTCH3 axis using genetic and biochemical approaches. Collectively, our data have shown that
ZIP4 is not only a new CSC marker in HGSOC, but also a powerful target, due to its up-stream driver
functions in regulating several other CSC markers, its functional involvement in drug-resistance and
spheroid formation, and its potent tumor forming capacity. Our data also provide a basis to target the
novel ZIP4-NOTCH3 axis in HGSOC.

2. Results

2.1. Differentiation in ZIP4 Expression and Isolation of ZIP4+ and ZIP4− Cells

We have shown that ZIP4 is overexpressed in HGSOC human tissues when compared to benign
and normal ovarian tissues [14]. ZIP4 was expressed in all HGSOC cell lines examined, including
PE01, PE04, PEA1, PEA2, OVCAR3, OVCAR8, and Kuramochi [28–31] (Figure 1A, the left panel, and
Figure 1B). We successfully generated a PDX following published methods [32,33] using ascites tumor
cells from HGSOC (Stage III) patients in NOD-scid IL2Rgammanull (NSG) mice. The cell line PDX-C1,
derived from this PDX, also expressed ZIP4 (Figure 1A, the left panel). The PDX tumors formed in vivo
are shown in Figure S1. In contrast, several non-tumorigenic and/or immortalized cell lines, including
NIH3T3, Cos7, human ovarian surface epithelial (HOSE) cell lines, T29, T80, and a human fallopian
tube cell line FT194 expressed low or undetectable ZIP4 (Figure 1A, the right panel).

PE01/ PE04 and PEA1/PEA2 cell line pairs were derived from the same HGSOC patients before
(PE01 and PEA1) and after (PE04 and PEA2) the onset of multidrug resistance [31,34,35]. ZIP4 expressed
at higher levels in drug-resistant PE04 and PEA2 than in their drug-sensitive counterparts PE01 and
PEA1 cells, respectively [14] (Figure 1A,B). In addition, ZIP4 (protein and mRNA) expressed at higher
levels in spheroids, a source with enriched CSCs, than in the cells cultured in 2D tissue culture dishes
(Figure 1B,C). Moreover, similar to PE04 vs. PE01 as we have shown previously [14], PEA2 cells formed
larger and/or more spheroids compared to PEA1 cells (Figure 1D). These data support the CSC-related
properties of ZIP4 that we have recently reported [14].

2.2. Isolation of ZIP4+ and ZIP4− Cells

ZIP4 has not been identified previously as a CSC marker for any cancer. To test the potential marker
value of ZIP4, we identified a ZIP4 antibody suitable for FACS analysis (AF7315, R&D Systems 1:50).
We established the FACS method to detect ZIP4+ cells in HGSOC cell lines PE04, PEA2, and Kuramochi
cell lines, and the PDX cells. These cells contained 2.8–10.0% ZIP4+ cells (Figure 2A). As a comparison,
ALDH activity sorting was also included, since it is widely accepted as an EOC CSC marker [7,36]
(Figure 2A). These cells contained 1–6% ALDH+ cells, consistent with a previous publication [37].
ZIP4+, ALDH+ cells, and their corresponding negative cell populations were separated by FACS sorting
(Figure 2A) and used for in vitro and in vivo studies. ZIP4+ cells displayed CSC-like activity depicted
by increased spheroid- and colony-formation capacities, when compared to the unsorted parental PE04
cells and/or ZIP4− cell population (Figure 2B,C).
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Figure 1. Increased protein and mRNA expression of ZIP4 in high grade serous ovarian cancer (HGSOC)
cells, spheroids vs. non-malignant cells and ZIP4+ cell isolation. (A) Left panel: Western blot analysis of
ZIP4 expression in HGSOC cell lines PE01, PE04, a HGSOC PDX cell line PDX-C1, OVCAR3, OVCAR8,
Kuramochi, and PE04-ZIP4-KO (this ZIP4-knockout cell line is described in our previous publication [14]).
The relative expression levels were quantified using the ratios of ZIP4/β-actin. Right panel: Western
blot analysis of ZIP4 expression in non-tumorigenic cell lines T29, T80, COS7, FT33-R24C, FT194, and
NIH3T3. (B) In OVCAR3, PE04, PEA1, and PEA2, ZIP4 expressed at higher levels in spheroid cells
(3D) than in non-spheroid cells (2D). Same numbers of cells (5000/well into 6-well plates) were initially
seeded for 3D (Costar® 6-well Ultra-Low Attachment Plates) and 2D cultures. We collected cells after
3 and 14 days for the 2D and 3D culture, respectively. The ratios of ZIP4/β-actin were used for the
quantitative comparisons. The uncropped Western blot images for (A) and (B) are shown in the Figure S2.
(C) Human ZIP4 mRNA expression in HGSOC cell lines cultured in regular medium with FBS vs. 3D
conditions to form spheroids. In OVCAR3, PE04, and PEA2, ZIP4 expressed at higher levels in spheroid
cells (3D) than in non-spheroid cells (2D) (scale bar = 400 µm). The results were from three independent
experiments. ** p < 0.01, *** p < 0.001. (D) Spheroids that developed from PEA2 cells are larger than
those from PEA1 cells. The bars in the graph depict the average ± SD of spheroids formed in three
independent experiments. * p < 0.05.
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Figure 2. Isolation of ZIP4+ cells and their CSC-like activities. (A) ZIP4 and ALDEFLUOR-based
fluorescence-activated cell sorter (FACS) analyses of HGSOC cells. The average ± SD percentage
of ZIP4+ cells detected in each cell line and the PDX from three individual assays are shown in the
right panel. (B) Representative tumor sphere formation assay images showing significantly enhanced
sphere-forming potential in the ZIP4+ cells compared to the ZIP4− group (scale bar = 400 µm). The bar
graph depicts the average number ± SD, of spheroids formed from ZIP4+ cells and ZIP4− cells in PEA2
and PEA1 in three independent experiments. (C) ZIP4+ cells formed significantly more colonies than
their parental or ZIP4− counterparts in PE04 cells. * p < 0.05 and ** p < 0.01, using Student’s t test.

2.3. Differentiation and Renewal of ZIP4, and Drug Resistance Conferred by ZIP4

We tested whether ZIP4+ cells could be differentiated into ZIP4+ and ZIP4− cells when cultured
under differentiation conditions. As shown in Figure 3A, ZIP4+ cells FACS sorted (100% pure) were
cultured in a differentiation medium (DMEM medium with 10% FBS) for 48 h. The cells were resorted
by FACS. ZIP4+ cells were 23.6% ± 2.1%.

In addition, we conducted spheroid renewal/differentiation experiments, similar to that described
by Zhang et al. [38]. When spheroids formed from PE04 and PEA2 cells were passaged several times
(initial spheroids formed under stem cell conditions were trypsinized to single cells and then rereplaced
under stem cell conditions), they formed fewer but larger spheroids (Figure 3B), indicating that they
had a renewal ability as described previously [38]. When the trypsinized cells were placed under
differentiation conditions, they spread out as differentiated cells (Figure 3C). FACS analyses were
conducted to compare ZIP4+ CSCs in the bulk PE04/PEA2 cells or 2D cultured differentiated cells to
passaged spheroid cells. The percentages of ZIP4+ cells in 2D cultured differentiated cells were not
significantly different from those of bulk PE04/PEA2 cells. However, the ZIP4+ cells were enriched
from 10 to 24% and from 8 to 18% in spheroids from PEA2 and PE04 cell lines, respectively (Figure 3D).
ALDH+ cells were also enriched in spheroid cells (Figure 3D; the negative controls in the presence of
DEAB were ≤1.5%; data not shown).

CSCs are, in general, associated with multidrug-resistance [39]. In fact, high levels of efflux of the
Hoechst33342 dye by ABC transporters reflect multidrug resistance, which can be detected by FACS
analyses as a side-population (SP) and is a standard assay for CSCs [7]. CSCs are major obstacles for
successful cancer treatment. We tested whether ZIP4 expression affected drug resistance in pairs of
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ZIP4 differentially expressed cell lines: T80-vector control vs. T80-ZIP4-OE cells; PE04-vector control
and PE04-ZIP4-KO cells; and, PE01-vector control and PE01-ZIP4-OE cells (some of the results are
published [14]). ZIP4 overexpression (OE) in cells conferred more resistance to CDDP and conversely,
ZIP4-KO made the cells more sensitive to CDDP (10 and 20 µM; the results after 48 h are shown in
Figure 3E; the results after 72 h had the same trend; not shown), suggesting that ZIP4 was functionally
involved in the cellular response to CDDP. Similarly, PEA2 cells were more resistant to CDDP than
PEA1 cells (Figure 3E).
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Figure 3. ZIP4+ cells self-renewal capacity and ZIP4 expression correlated with acquired resistance to
cisplatin. (A) A representative example of flow cytometry and gating for sorted ZIP4+ cells (100% pure)
self-renewed to ZIP4+ cells under differentiation conditions. The bar graph on the right depicts the
self-renewing capacity of ZIP4+ cells from three independent studies. (B) Spheroids formed in each
passage. The bar graph on the right depicts the sizes of the spheroids formed in three independent
studies (scale bar = 400 µm). (C) The morphology of the differentiated cells from dissociated cells
from the fourth generation spheroids (scale bar = 400 µm). (D) FACS analyses of ZIP4+ and ALDH+

cells in 2D differentiated cells vs. the spheroids (four time passaged) in PEA2 and PE04 cell lines.
(E) The sensitivity to cisplatin of PE01/ZIP4-OE, PE04/ZIP4-KO, T80/ZIP4-OE, and PEA1/PEA2 cells
was detected by the MTT assay. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. ZIP4 Represents a Highly Potent and Selective Marker for Tumor Formation In Vivo in HGSOC

Since the idea of CSC (or tumor initiating cells) is, in fact, more of an operational concept with high
translational/clinical implications, we focused on testing the potential tumor forming capacity of ZIP4+

cells in vivo. ZIP4+ cells developed tumors and ascites in 47.3 ± 10.2 days (N = 7; Figure 4A and Table 1)
when 10,000 PE04 ZIP4+ cells/mouse were i.p. injected; in contrast, injecting 10,000 ZIP4− cells/mouse
did not form tumors/ascites by day 267 ± 30 (N = 5) when the mice were sacrificed. The tumor nodules
in ZIP4+ cells injected into mice were 249 ± 111 and the ascites volume/mouse averaged at 26.9± 14.5 mL
(Table 1). Most (80%) tumor nodules were ≤1 mm3 with the remainder being 1–15 mm3. The common
locations of these tumors were the diaphragm (D), fallopian tube (F), liver (L), mesentery (M), omentum
(Om), ovary (Ov), pancreases (P), small intestine (SI), and peritoneal wall (PW; Table 1). These data
indicate that ZIP4 is a potent and highly selective marker for tumor formation in HGSOC cells, since
none of the ZIP4− mice developed tumors/ascites over a long period of time (up to 267 ± 30 days).
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Figure 4. ZIP4+ cells exhibited higher tumor formation abilities compared to other groups of cells (A)
Representative photographs of mice i.p. injected with PE04 ZIP4+, PE04 ALDH+, and PEA2 ZIP4+,
cells with some tumor burdens are arrow-indicated. (B) Tumors generated from low numbers of ZIP4+

and ALDH+ cells (s.c. injected). (C) Representative photographs of IHC staining of ZIP4, ALDH1, and
NOTCH3 in ZIP4+ and ALDH+ tumor sections. Scale Bar = 20 µm. The dark purple/brown or dark
blue colored cells above the background are positive stained. Representative results are shown for
more than three independent experiments.
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Table 1. Summary of tumor formation abilities of different groups of cells in vivo.

Cell Type Injection Site Cell No. Mice No. Survival Days Ascites Vol. (mL) Tumor No. Tumor Sites

PE04 ZIP4+ I.P. 10K 7/7 47 ± 10 26.90 ± 14.55 249 ± 111 D, F, L, M, Om, Ov, P, SI, PW
PE04 ZIP4− I.P. 10K 0/5 267 ± 30 0.00 0 NONE

PE04 ALDH+ I.P. 10K 5/5 91 ± 13 14.00 ± 2.35 95 ± 44 D, F, L, M, Ov, PW
PE04 ALDH- I.P. 10K 1/4 217 1.50 13 D, W
PEA2 ZIP4+ I.P. 10K 5/5 102 ± 11 1.00 ± 0.60 17 ± 4 Ov, M, P, SI, PW, L
PEA2 ZIP4− I.P. 10K 1/3 238 1.00 12 PW, M

Cell Type Injection Site Cell No. Mice No. Survival Days Tumor Size (cm3) Tumor No. Tumor Sites

PE04 ZIP4+ S.C. 100 3/4 110 ± 5 0.17 ± 0.16 1 Front Left
PE04 ZIP4+ S.C. 200 4/4 110 ± 5 2.24 ± 1.13 1 Rear Left

PE04 ALDH+ S.C. 100 2/3 110 ± 5 0.04 ± 0.06 1 Front Right
PE04 ALDH+ S.C. 200 3/3 110 ± 5 1.41 ± 0.76 1 Rear Right
PEA2 ZIP4+ S.C. 100 3/3 81 ± 21 2.30 ± 3.75 1 Front Left
PEA2 ZIP4+ S.C. 200 3/3 81 ± 21 5.85 ± 5.20 1 Rear Left

PEA2 ALDH+ S.C. 100 3/3 81 ± 21 0.02 ± 0.02 1 Front Right
PEA2 ALDH+ S.C. 200 3/3 81 ± 21 3.14 ± 5.12 1 Rear Right

Cell Type Injection Site Cell No. Mice No. Survival Days Ascites Vol. (mL) Tumor No. Tumor Sites

PE04 I.P. 5 × 106 5/5 42 ± 4 12.10 ± 3.25 137 ± 27 D, M, Om, Ov, P, SI, PW
PE04-NOTCH3-KO I.P. 5 × 106 6/6 161 ± 21 4.72 ± 1.53 36 ± 18 D, M, Ov, PW

D, diaphragm; F, Fallopian tube; L, liver; M, mesentery; Om, omentum; Ov, Ovary; P, pancreases; SI, small intestine; PW, peritoneal wall.
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Since ALDH activity is one of the most common and best-described CSC markers for
EOC [3,6,7,40,41], we tested ALDH activity as a CSC marker in PE04 cells in comparison to ZIP4 under
the same conditions. ALDH+ cell (10,000 cells/mouse) i.p. injected mice developed tumors and ascites
in 91 ± 13 days (N = 5; Figure 4A and Table 1). The tumor nodules in ALDH+ cells injected mice were
95 ± 44 and the ascites volume/mouse averaged 14 ± 2.3 mL (Table 1). Most (80%) tumor nodules were
≤1 mm3 with the remainder being 1–15 mm3. The common locations of these tumors were the D, L, M,
Ov, and PW (Table 1). In addition, while three of four ALDH− cell injected mice did not develop any
tumor/ascites by 220 days, one mouse developed tumors with 13 tumor nodules and 1.5 mL ascites.
These results suggest that, as a single marker, ZIP4 is a more potent marker for in vivo tumor formation
than ALDH activity in PE04 HGSOC cells.

We also tested ZIP4+ and ZIP4− cells from PEA2 cells for their tumor formation capacity. As shown
in Table 1, ZIP4+ cells (10,000 cell/mouse; i.p. injected) formed tumors and ascites in 102 ± 11 days (N = 5;
with fewer but larger tumors than those from PE04 cells; Table 1). In contrast, the three ZIP4− cells
(10,000 cells/mouse) injected mice survived 238 days with only one of them developing tumors (Table 1).

Immunohistochemistry (IHC) staining showed that tumor sections from ZIP4+ cell-injected mice
expressed high levels of ZIP4, ALDH1, and NOTCH3, and Ki67. On the contrary, ALDH+ tumors
expressed ALDH1, but relatively low levels of ZIP4 and NOTCH3 (Figure 4B,C).

To test and validate ZIP4 as a CSC marker, we conducted limiting dilution experiments using
ZIP4+ cells from both PE04 and PEA2 lines. FACS sorted ZIP4+ cells (100 or 200/s.c. site in mouse)
were mixed with Matrigel and injected into mice subcutaneously. We also injected ALDH+ cells in the
same manner for comparison. The data are summarized in Table 1 and shown in Figure 4B. PEA2 and
PE04 ZIP4+ cell injected mice developed tumors, including those injected with as few as 100 ZIP4+

cells, at 81–110 days, respectively. In all cases, the tumor sizes derived from ZIP4+ cells were larger
than those derived from the same numbers of ALDH+ cells from both PE04 and PEA2, supporting that
ZIP4 was a more potent CSC marker in at least a subset of HGSOC cells.

Cell types and numbers injected, mouse number/group, survival days, ascites volumes, and tumor
numbers and locations are summarized in the Table 1.

2.5. NOTCH3 Was an Important Down-Stream Mediator for ZIP4’s Activity

ZIP4, a zinc transporter, is not associated with enzymatic or transcription activity. How it regulates
expression of other genes/proteins was the next question we considered. We postulated that at least part
of its activities is mediated by interacting with other signaling module(s) with transcriptional activities.
Since TCGA analyses of HGSOC tumors have revealed NOTCH activation/alteration as one of the
four critical pathways altered in HGSOC [5], and it co-upregulated with ZIP4 in more aggressive vs.
less aggressive mouse EOC cell pairs [15], we tested whether NOTCH1 and/or NOTCH3 could be the
candidates. We found that ZIP4-OE in HOSE T80 cells induced NOTCH3, but not NOTCH 1 (Figure 5A
and not shown). Conversely, ZIP4-KO diminished NOTCH3 expression in PE04 cells (Figure 5B).

To test whether NOTCH3 was functionally involved in the CSC-like activities in HGSOC cells,
we generated NOTCH3-KO clones in PE04 cells using the CRISPR-Cas9 system and found that ZIP4
expression levels were not significantly changed in NOTCH3-KO cells (Figure 5C), suggesting that
NOTCH3 was downstream of ZIP4. NOTCH3-KO completely blocked spheroid formation in PE04
cells (Figure 5D). Although irregular cell aggregations were observed in NOTCH3-KO cells, they never
formed round spheroids with clear edges (Figure 5D). In addition, the neutralizing antibodies against
either NOTCH3 or the NOTCH ligand Jagged-1 (Jag1) completely blocked spheroid formation in
PE01-ZIP4-OE and PE04 cells (Figure 5E).
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Figure 5. ZIP4 upregulated NOTCH3 expression and NOTCH3 was a functional downstream mediator
of ZIP4. (A) Overexpression of ZIP4 increased NOTCH3 expression. (B) Knockout of ZIP4 reduced
NOTCH3 expression. (C) Knockout of NOTCH3 in PE04 cells did not affect its ZIP4 expression. The
uncropped Western blot images for (A) to (C) are shown in the Figure S2. (D) Knockout of NOTCH3
inhibited spheroid formation in PE04 cells. The bar graph depicts numbers of spheroid (≥200 µm)
developed from PE04 and PE04-Notch3-KO from three independent studies. (E) Anti-NOTCH3
and anti-Jag1 neutralizing antibodies (0.25 UG/well) blocked the ability of spheroid formation in
PE01-ZIP4-OE and PE04 cells, with 6 days of treatment. (F) NOTCH3 intracellular domain (NICD3),
but not NICD1, reversed most spheroid-formation capacity in ZIP4-KO cells. The bar graph depicts
numbers of spheroids (≥200 µm) formed from PE04-ZIP4-KO control, PE04-ZIP4-KO transfected with
NICD1 or NICD3 in 7 days and 14 days, respectively (average ± SD). Representative results are shown
for more than three independent experiments. Scale bar = 400 µm. * p < 0.05 and ** p < 0.01.

To further determine whether NOTCH3 acted as a functional important downstream mediator
of ZIP4, we conducted complementary experiments by transfecting the active Notch intracellular
domains of NOTCH1 and NOTCH3 (NICD1 and NICD3) into ZIP4-KO cells (Figure 5F). We found
that NICD3, but not NICD1, reversed lost spheroid-formation capacity in ZIP4-KO cells, suggesting
that NOTCH3 is a critical downstream mediator of ZIP4’s activity.

2.6. ZIP4 Physically Interacted with NOTCH3

To test whether there was an interaction between ZIP4 and NOTCH3, a Pierce Cross-link IP Kit
(Cat.Log# 26147) was used to conduct coimmunoprecipitation (co-IP) in PE01 and PE04 [34]. Using a
NOTCH3 antibody (sc-5593, recognizing both the full length NOTCH3 and NOTCH3 NICD), ZIP4
was coimmunoprecipitated (Co-IPed) and detected by immunoblotting (Figure 6A). Reversed co-IP
using a ZIP4 antibody (20625-1-AP) showed that NOTCH3 was co-IPed with ZIP4 (Figure 6B). On the
other hand, two other related signaling molecules, NOTCH1 and β-catenin, did not interact with ZIP4
(not shown), providing evidence that the ZIP4-NOTCH3 interaction was specific.

2.7. NOTCH3-KO Significantly Reduced Tumorigenesis In Vivo

PE-04 cells (5 × 106 cell/mouse; i.p. injected) formed tumors/ascites in 42 days (Table 1). PE04-ZIP4-KO
significantly delayed tumor development as we reported previously [14]. We tested the effect of
NOTCH3-KO on tumorigenesis. NOTCH3-KO (PE04-NOTCH3-KO cells 5 × 106 cell/mouse; i.p.
injected) greatly reduced tumorigenesis by extending mouse survival to 161 ± 21 days, with tumor
numbers and ascites volumes significantly lower than the control mice (Figure 7A and Table 1). These
data indicate the importance of NOTCH3 in tumorigenesis. As shown in Figure 7B, NOTCH3-KO
tumors expressed ALDH1 and Ki67, but not NOTCH3.
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Figure 6. Physical interaction between ZIP4 and NOTCH3 (A) coimmunoprecipitations (IPs). The top
rows: input before co-IP with β-actin as a loading control in the second row. The third and the fourth
rows: Western blot to detect ZIP4. The third row shows results from the negative controls: first lane: no
antibody bound to the bead and PE04 cell lysate was used; second to the fifth lanes: IgG (anti-human
IgG antibody (ab109489, Abcam, Cambridge, MA, USA) was bound to beads and lysates from different
cell lines were used. The fourth row shows the ZIP4 co-IPed by the NOTCH3 antibody from different
cell lysates. (B) Reverse co-IP was performed by a ZIP4 antibody (20625-I-AP), followed by Western
blot analysis to detect NOTCH3. The top two rows show the input with β-actin as a loading control in
the second row. The third and the fourth rows: Western blot to detect NOTCH3. The third row shows
the results from negative controls: first lane: no antibody bound to the bead and PE04 cell lysate was
used; second to the fourth lanes: IgG was bound to breads, and lysates from different cell lines were
used. The fourth row shows the NOTCH3 co-IPed by the ZIP4 antibody from different cell lysates.
Pierce Cross-link IP Kit was used. Representative results are shown for more than three independent
experiments. The uncropped Western blot images for (A) and (B) are shown in the Figure S2.
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Figure 7. NOTCH3 knockout reduced tumorigenesis in NSG mice. (A) Representative tumors formed
in PE04 vs. PE04-NOTCH3-KO injected mice. (B) Representative H&E staining of tumors formed in
PE04 and PE04-NOTCH3-KO injected NSG mice. (C) Representative IHC staining for ZIP4, ALDH1A1,
Ki67, and NOTCH3 in NOTCH3-KO tumor section. Samples without the first antibody were used as
negative staining controls. The dark purple/brown or dark blue colored cells above the background are
positive stained.
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3. Discussion

We identified ZIP4 as a novel CSC marker in HGSOC using PE04 and PEA2 and PDX cells. In vitro,
ZIP4 is expressed at high levels in spheroids, functionally involved in spheroid formation, and converts
resistance to CDDP. ZIP4+ cells have self-renewal and differentiation abilities. In vivo, injection of as few
as 100 ZIP4+ cells from PE04 and PEA2 HGSOC lines formed tumors in all mice injected. In particular,
when compared to the extensively characterized EOC CSC marker ALDH, ZIP4 shows higher potency
in tumor formation, as measured by tumor/ascites formation time, tumor size, and/or extent, and uptake
rate. We noticed that the HGSOC cell lines/PDX tested in this work contained higher percentages of
ZIP4+ than ALDH+ cells (2.8–10.0% vs. 1–6% for ZIP4 and ALDH, respectively). These data support
our finding that ZIP4 is a new potent CSC marker in at least a subset of HGSOC. While ZIP4’s tumor
promoting roles have been reported in several cancers [9–13], its CSC marker value, reported for the
first time here, in additional cancers is an interesting area to be studied in the future.

Our collective in vitro and in vivo data showed that ZIP4 is not only a marker, but also a therapeutic
target for HGSOC. Although many CSC markers have been previously identified, the functional
roles of several of them are not well characterized. In addition, whether these markers are drivers or
passengers is largely unknown. In contrast, we provided evidence that ZIP4 is not only functionally
involved in CSC activities as measured by drug-resistance, spheroid and colony formation in vitro,
and tumor formation in vivo, but also an upstream regulator of several known CSC markers, including
ALDH1, OCT4 [14], SOX9 [14–16], and NOTCH3, making ZIP4 a more logical and potentially more
effective target for HGSOC.

Among the zinc transporters (14 ZIP and 10 ZnT genes/proteins) studied in cancers, many of
them had decreased expression in tumors vs. normal tissues or have increased expression in only
certain subtypes of cancer or cell lines, with only one to two reports for that specific Zip or ZnT [42].
Thus, ZIP4 stands out as an important oncogene and target. Currently, a selective inhibitor for ZIP4
has yet to be developed. However, this task is conceptually possible, since a specific inhibitor against
another ZIP family member, ZIP7, already has been developed [43]. Moreover, development of a more
effective delivery of siRNAs is a very active field in ovarian cancer research [44], with high promise
for genetically targeting ZIP4 in the future. Manipulating extracellular zinc may be an alternative
approach. Extracellular zinc-dependent ZIP4 actions have been extensively studied in physiology and
cancers [45–47]. However, we have shown that ZIP4 may also have extracellular zinc-independent
actions [14]. In addition, zinc is an essential element, playing critical roles in both physiology and
pathology [42]. Zinc not only constitutes a structural element for more than 3000 proteins but also
plays important regulatory functions in cellular signal transduction [42]. Hence, it is not surprising
that multiple markers/pathways can be regulated by ZIP4. Hence, it is anticipated that inhibiting zinc
using zinc chelators in vivo is likely to generate complex reactions and toxicity. At any rate, our current
work was a significant step forward to our understanding of these complex regulations.

The expression of NOTCH and/or its ligands is regulated by several known factors, including,
but not limited to, the F-box with 7 tandem WD40 (FBXW7) protein and transcription factors binds to
antioxidant response elements (AREs), and epigenetic regulating factors and microRNAs [48–53]. We
show, for the first time, that NOTCH3 was regulated by ZIP4 in PE04 HGSOC cells. ZIP4 was not a
transcription factor. Our co-IP data suggest that the direct interaction between ZIP4 and NOTCH3
may provide a mechanism by which ZIP4 stabilizes and/or activates NOTCH3, which remains to be
further investigated.

Importantly, we found that NOTCH3 is a critical down-stream functional mediator of ZIP4’s
spheroid-formation activity in vitro. Spheroid-formation has now been widely accepted as a standard
assay for CSC activity in vitro [37,38,54,55]. Our data suggested that the ZIP4-NOTCH3 axis played
an important role in CSC in HGSOC cells. We observed that NOTCH3-KO cells never formed round
spheroids with clear edges, although they did form some cell aggregates (Figure 5D). These aggregates
are loosely packed and lack not only true spherical geometry, but possibly also cell–cell and cell–matrix
interactions, impacting biological properties as indicated [56,57]. However, their differences at the
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molecular level are still poorly understood and remain to be further elucidated. The role NOTCH3
plays in the transition from aggregates to spheroids may lead to interesting findings in this area.

The importance of NOTCH signaling in cancer, and in CSC in particular, has been
well-recognized [27,52,58–62]. Overexpression, gene amplification, and abnormal activation of NOTCH3
are associated with different cancers including ovarian cancer [5,52]. NOTCH3 overexpression is related
to the recurrence of ovarian cancer and confers resistance to carboplatin [24]. While the majority of
in vivo NOTCH3 studies in ovarian cancer testing the NOTCH3 effects have used activated NOTCH3
or its regulators, and γ-secretase inhibitors [52,63–65], Hu et al. have shown that silencing NOTCH3
with siRNA in a combination with paclitaxel reduced tumor proliferation and angiogenesis in SKOV3,
A2780, and OVCAR5 cells [60]. Among these cell lines, only OVCAR5 may represent HGSOC [28,66,67]
and siRNA-mediated silencing is incomplete. We generated a CRISPR-mediated and more complete
NOTCH3 knockout in the HGSOC PE04 cell line and shown here that NOTCH3-KO has dramatically
delayed tumor development in vivo, supporting the importance of NOTCH3 in tumorigenesis in
ovarian cancer. In addition, targeting NOTCH3, but not NOTCH1/2 may represent a critical advantage.
Among the four NOTCH receptors (NOTCH1-4), NOTCH1/2 have been considered to be the major
NOTCH receptors involved in normal physiology [68,69]. In addition, both NOTCH1/2 knockout
cause embryonically lethality in mice, while NOTCH3 knockout only generates minor postnatal
defects [70–72]. These data suggest that targeting NOTCH3, rather than NOTCH1/2, may generate
less toxicity. Inhibition of NOTCH signaling in combination with paclitaxel reduces platinum-resistant
ovarian tumor growth [48,59–61]. However, while γ-secretase-based preclinical and/or clinical trials are
promising, there are still considerable issues with efficacy and/or off-target toxicity [73–77]. The new
ZIP4-NOTCH3 axis provides a potential new way to block NOTCH signaling.

ZIP4 has been shown to have tumor promoting activities in several cancers [9–13], with a
broad range of activities, including promoting resistance to apoptosis, cell proliferation, invasion,
epithelial-to-mesenchymal transition, cytokine secretions, upreregulation of oncogenes, and tumor
progression [9,10,12,13,47,78]. It is very possible that not all the functions of ZIP4 are mediated by
NOTCH3, which needs to be further investigated. Similarly, NOTCH3 is regulated by many different
factors [48–53] and it interacts with many other oncogenes [27,58,59,61,62]. It is almost certain that
NOTCH3 has ZIP4-independent activities. In fact, it is very unlikely that any one oncogene is regulated
by a single pathway or its role is mediated by a single mediator. These concepts are clearly supported by
the large body of bioinformatics studies in recent decades. However, none of these studies diminishes
the high significance of experimental studies revealing new links and/or nodes in oncogenic studies.

4. Materials and Methods

4.1. Reagents, Cell Lines, and Culture

For Western blot and immunohistochemistry (IHC) staining, an antihuman ZIP4 antibody
(20625-1-AP; Proteintech, Rosemont, IL, USA) was used. For FACS assay and sorting, an antimouse
ZIP4 antibody (AF7315; R&D Systems, Minneapolis, MN, USA) was used. Anti-NOTCH1 (SC-23304,
Santa Cruz Biotechnology, Dallas, TX, USA), anti-NOTCH3 (sc-5593; Santa Cruz Biotechnology, Dallas,
TX, USA), anti-NOTCH3 (ab23426; Abcam, Cambridge, MA, USA), and anti-ALDH1A1 (SAB1403542,
Sigma-Aldrich, St. Louis, MO, USA) were from the companies as indicated. The pair of PE01/PE04 cell
lines was from Dr. Daniela Matei (Northwestern University); the pairs of PEA1/PEA2 cells were from
Sigma (St Louis, MO, USA); and the OVCAR3 cells were obtained from ATCC (Manassas, VA, USA).
The Kuramochi cells were from Dr. Anirban Mitra (Indiana University). The T29 and T80 human
ovarian surface epithelial cell lines were from Dr. Jinsong Liu (M.D. Anderson). The human fallopian
tube FT33-R24C and FT194 cell lines were from Dr. Ronny Drapkin (UPenn). PE04-ZIP4-KO cell
lines were generated using CRISPR as we described previously [14]. PE04-NOTCH3-KO cell line was
generated by infecting CRISPR lentivirus vectors (HCP211876-LvSG03-3-B, GeneCopoeia, Rockville,
MD, USA) three times and stable clones were selected by puromycin (0.5 µg/mL). All cell lines were
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maintained in a humidified atmosphere at 37 ◦C with 5% CO2. OVCAR3 cells were maintained in
RPMI-1640 supplemented with 20% FBS (ATCC, Manassas, VA, USA), 0.01 mg/mL insulin, 50 U/mL
penicillin, and 50 µg/mL streptomycin. PE01/PE04 cells were cultured in RPMI 1640 with glutamine,
10% fetal bovine serum (FBS), and 100 µg/mL penicillin-streptomycin-amphotericin B. PEA1 and PEA2
were cultured in RPMI 1640 with 2 mM glutamine, 2 mM sodium pyruvate, 10% FBS, and 100 µg/mL
penicillin-streptomycin-amphotericin. Basement membrane matrix (Matrigel) was from BD Biosciences
(Bedford, MA, USA).

4.2. The Patient-Derived Xenograft (PDX) Model and Human HGSOC Tissues

The PDX line was from the ascites of a patient with a stage III serous adenocarcinoma collected
at the time of surgery at Indiana University Hospital, Indianapolis, USA, under IRB approval.
Patient-derived xenograft (PDX) models were generated from tumor cells isolated from the ascites:
50 mL fresh ascites from the patient were centrifuged at 3000 rpm for 10 min. The pellet was mixed with
10 mL 1X RBC lysis buffer for 10 min. at room temperature, filtered (40-µm cell strainer) and washed
twice with PBS. RBCs were removed by Histopaque-1077 (MilliporeSigma, St. Louis, MO, USA).
The resulting single tumor cells were placed under stem cell conditions by resuspension in serum-free
DMEM/F12 supplemented with 5 µg/mL insulin (MilliporeSigma, St. Louis, MO, USA), 20 ng/mL
human recombinant epidermal growth factor (EGF; Thermo Fisher Scientific corporation, Waltham, MA,
USA),10 ng/mL basic fibroblast growth factor (bFGF; Thermo Fisher Scientific corporation), and 0.4%
bovine serum albumin (BSA; Sigma), followed by culturing in ultra low attachment plates (Corning,
Corning, NY, USA) and subsequent organization into spheroids. The PDX line was propagated in
NSG mice 3 times by i.p. injection, including once with fresh tumor cells and twice with spheroid
cells. Tumors formed 90 days after injection and we collected ascites and tumor tissues from two
NSG mice. Ovarian carcinoma tissues were minced, suspended in DMEM/F12 medium (Invitrogen,
Carlsbad, CA, USA), mixed with 300 units/mL of both collagenase (Invitrogen) and hyaluronidase
(Calbiochem, San Diego, CA, USA), and followed by overnight incubation (37 ◦C, 5% CO2). After
enzymatic disaggregation, cells were harvested for experiments. Human HGSOC tissues were obtained
from CHTN as we described in our previous studies through Dr. Xu’s IRB [79].

4.3. Western Blot Analysis

Western blot analyses were conducted using standard procedures and proteins were detected
using primary antibodies and fluorescent secondary antibodies (IRDye 800CW-conjugated or IRDye
680-conjugated antispecies IgG, Li-Cor Biosciences, Lincoln, NE, USA) as we described previously [2].

4.4. mRNA Expression Analyses Using Quantitative-PCR (Q-PCR)

The same numbers of cells (5000/well into 6-well) were initially seeded for 3D (Costar® 6-well
Ultra-Low Attachment Plates) and 2D cultures. We collected cells after 3 and 14 days for the 2D and 3D
cultures, respectively. Q-PCR analyses were conducted to examine ZIP4 mRNA levels in HGSOC cell
lines when cultured as spheroids vs. in 2D dishes. The mRNA levels of GAPDH were used as internal
controls of each sample. ZIP4 expression levels as ratios to those of GAPDH in each cell line were
calculated and the ratio in the COVAR3 was arbitrarily chosen as 1.0. Primer pairs used in this study
were: GAPDH: F, 5′-CACCATTGGCAATGAGCGGTTC-3′/R, 5′-AGGTCTTTGCGGATGTCCACGT-3′

and ZIP4: F, 5′-ATGTCAGGAGCGGGTCTTGC-3′/R, 5′-GCTGCTGTGCTGCTGGAAC-3′.

4.5. Assessments of Spheroid Renewal and Differentiation

A similar method as described by Zhang et al. [38] was employed to examine tumor-like epithelial
differentiation of anchorage-independent cells. A portion of spheroids was dissociated by trypsin
and single cells were plated in 2D dishes under standard differentiating conditions (DMEM/F12
supplemented with 10% fetal bovine serum (FBS) without growth factors). The rest of the spheroids
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were passaged four times. The expression and ZIP4 and ALDH1A were examined in both the 4th
passaged spheroids and in 2D-cultured cells.

4.6. Coimmunoprecipitation (Co-IP)

Coimmunoprecipitations (IP) were performed according to the instructions in the Pierce Cross-link
IP Kit (Prod# 26147) using control IgG (Anti-Human IgG antibody (ab109489, Abcam, Cambridge,
MA, USA), ZIP4 antibody (20625-1-AP, Proteintech Group, Rosemont, IL, USA), or NOTCH3 antibody
(ab23426, Abcam, Cambridge, MA, USA) as the bait.

4.7. Spheroids and Colony Formation Assay

Cancer cells were trypsinized using 0.25% trypsin and washed twice in PBS in order to prepare
single-cell suspensions. Spheroids were photographed after seven days in culture. Two thousand
cancer cells per well were seeded into ultra-low-attachment 96-well plates containing 200 µL of the
DMEM/F12 supplemented with 5 µg/mL insulin (MilliporeSigma, St. Louis, MO, USA), 20 ng/mL
human recombinant epidermal growth factor (EGF; Thermo Fisher Scientific corporation, 10 ng/mL
basic fibroblast growth factor (bFGF; Thermo Fisher Scientific corporation, Waltham, MA, USA),
and 0.4% bovine serum albumin (BSA; Sigma), followed by culturing in 24- or 96-well ultra low
attachment plates (Corning, Corning, NY, USA). Spheroids were photographed after 14 days in culture.
For colony formation assays, cells were seeded into 6-cm2 plates at a cell density of 1000 cells per plate.
The colonies were counted after staining with crystal violet dye (Sigma) at day 10.

4.8. Cytotoxicity Assay

Cell viability was determined by measuring cell metabolic activity using the MTT assay. Cells
were seeded at 2000/well in 96-well plates and then exposed to varying concentrations of cisplatin
(CDDP; BD Biosciences, San Jose, CA, USA) 24 h post-seeding for 48 and 72 h. Each group was
replicated in three separate wells. Cell survival was measured using MTT as described previously [14].

4.9. Fluorescence-Activated Cell Sorting (FACS) Analysis and the ZIP4+ Cell Self-Renewal Assay

Human PE01, PE04, PEA1, PEA2, and Kuramochi cells were detached and labeled by the ZIP4
antibody (AF7315; R&D Systems, 1:50) at room temperature for 2 h, followed by incubation with a
APC-labeled donkey anti-goat IgG secondary antibody (F0108; R&D Systems, 1:500). ALDH activity
was measured using the ALDEFLOUR Kit (STEMCELL Technologies, Vancouver, Canada) as we
described previously [15] and detected using the green fluorescence channel (520–540 nm). FACS-based
sorting and analysis of markers ZIP4 and ALDH were conducted using the BD FACSAria cell sorter
system (Becton-Dickinson, Franklin Lakes, NJ, USA) and BD LSR Fortessa Analyzer (BD Biosciences,
San Jose, CA, USA), and data analyzed by FlowJo V10 (BD Biosciences, San Jose, CA, USA). For the
self-renewal assay, FACS-sorted ZIP4+ cells (100% pure) were collected and seeded into triple wells
(1 × 104 cells per well), cultured under differentiation conditions (DMEM medium with 10% FBS)
for 48 h, trypsinized using 0.25% trypsin and washed twice in PBS, then cells were relabeled with
ZIP4/APC antibodies before the renew/differentiation assays.

4.10. Xenograft Mouse Model

All animal experiments were done under the protocols approved by Indiana University Animal
Care and Use Committee. The protocol # was 11345, which complies with the ARRIVE guidelines,
with details of the study design, experimental, monitoring, and outcome measurement procedures,
and justified the sample size (N = 4–7 for our different mouse groups in this study). This information
and data were also provided in this manuscript.

ZIP4+ and ZIP4− groups served as controls to each other and quantitative and repetitive results
are shown in the manuscript. In addition, the mice in different groups served as controls to each other.
For example, the ZIP4+ group was the control for both ZIP4− and ALDH+ groups.
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Female NSG mice were obtained from the In Vivo Therapeutics Core, Indiana University School of
Medicine (Indianapolis, IN). At 6–8 weeks of age, different cell populations from PE04 (ZIP4+, ZIP4−,
ALDH+, and ALDH−, 10,000 cells in 200 µL of DMEM/mouse) were i.p. injected into mice. In addition,
dissociated PE04 spheroid cells (1000–2000 cells/mouse) were counted, resuspended in 200 µL DMEM
containing 10% FBS, and injected i.p. into NSG mice.

Engrafted mice were inspected daily for tumor/ascites appearance by visual observation, palpation,
and tumor latencies. Mice were sacrificed by cervical dislocation at a tumor diameter of 1 cm or at
270 days post-transplantation. Tumors were counted at each metastatic location, with tumor diameters
were measured. Animal protocols were approved by the Indiana University School of Medicine
Animal Care and Use Committee (#11345). Xenograft tumors were resected, fixed in 10% neutral,
buffered formalin, and embedded in paraffin for sectioning (5 µm) on a rotary microtome, followed by
slide mounting; H&E staining and histologic assessment was conducted by Dr. Robert Emerson, a
pathologist at the Indiana University School of Medicine.

For limiting dilution experiments, subcutaneous (s.c) injections were used. A total of 100/200
ZIP4+ or ALDH1+ FACS sorted cells in DMEM with 10% FBS were mixed with the Matrigel Basement
Membrane Matrix (BD Biosciences, Bedford, MA, USA; ratio, 1:1). The mixture (0.1 mL) was injected
subcutaneously into 6–8 week old NSG female mice to the front, left, rear left, front right, or rear right
flank. Engrafted mice were monitored biweekly for tumor development by visual observation and
palpation. Mice were sacrificed by cervical dislocation at a tumor diameter of 1 cm. The tumor sizes
were measured with digital calipers and calculated as follows: tumor size (cm3) = [width (cm)]2 ×
[length (cm)] × π/6.

4.11. Statistical Analyses

The Student’s t-test was utilized to assess the statistical significance of the difference between
two treatments. The asterisk rating system as well as quoting the p value in this study was * p < 0.05;
** p < 0.01; and *** p < 0.001. A p value of less than 0.05 was considered significant.

5. Conclusions

We presented data to show that ZIP4 is a novel CSC marker and target in HGSOC. In addition,
we revealed a novel ZIP4-NOTCH3 axis involved in CSC-like activities, including forming spheroid
and colonies in vitro and tumor/ascites in vivo. The major highlights of the current work include
that (1) ZIP4 is a novel CSC marker in HGSOC; (2) ZIP4 is a more potent CSC marker than the most
extensively characterized ovarian cancer stem cell marker, ALDH, in at least a subset HGSOC; (3) ZIP4
is an upstream regulator of another CSC-marker, NOTCH3, and it physically binds to NOTCH3; (4)
NOTCH3 is functionally involved in spheroid formation in vitro and tumorigenesis in vivo in HGSOC;
and (5) our data suggest that ZIP4 and the novel ZIP4-NOTCH3 axis represent important therapeutic
targets in HGSOC.

Taken together, our data presented here likely make a significant impact on developing new
scientific concepts for ZIP4-related cell signaling and functional involvement in HGSOC, which may
be expanded beyond EOC. In addition, the data provided bases to develop mechanism-based targeting
strategies in EOC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3692/s1,
Figure S1: Representative photographs of tumors formed in Patient-Derived Xenograft model. Figure S2. Uncropped
western blots.
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