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Abstract: It has been proposed that tumorigenicity was an intrinsic feature of embryonic/germ cell developmental
axis as well as embryonic/germ cell-related genes play a crucial role in tumorigenicity. Our previous studies indicat-
ed that primordial germ cell (PGC)-like potential could be reactivated in tumorigenesis. In this study, 4T1, 168FARN
and 67NR cells which originated from the same mouse breast cancer were studied and the results indicated that
the acquisition of embryonic/germ cell-like state is essential for tumorigenicity. We further demonstrated that so-
matic to PGC-like transformation (SPLT) was activated in 4T1 cells and that inhibition of PGC-like cell formation by
depleting pluripotency and/or PGC specification-related genes markedly repressed SPLT and the tumorigenicity.
Collectively, our findings reveal that tumorigenicity is linked to the acquisition of PGC-like state through SPLT in
4T1 cells, providing new insight into deeper understanding the biological nature of tumors and novel therapeutical
strategies for cancer targeting.
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Introduction

It is still under debate which phenotype is a
driving force in tumor malignant behaviors,
such as tumorigenicity. Of note is that embryo-
nal/gametogenesis hypothesis of tumors was
postulated at the beginning of tumors identi-
fied, which stated that tumors arise from germ
cells (missing germ cells or reobtaining the
embryonic/germ cell fate of somatic cells)
based on the striking similarities between car-
cinogenesis and embryonic/germ cell develop-
ment [1-4]. Intriguingly, it has been proposed
that tumorigenicity is an intrinsic feature of
embryonic/germ cell developmental axis, such
as blastomeres, embryonic stem (ES) cells, and
early primordial germ cells (PGCs) as well as
induced embryonic state-like cells, such as par-
thenogenesis activation of oocytes, embryonic
germ cells (EGCs) and induced pluripotent stem
cells (iPS cells) [5-10]. This model postulates

that if cells acquiring ES cell or early PGC fea-
tures occurred in somatic tissues through
mechanisms yet to be discovered, tumors might
be caused.

More recently, it became increasingly clear that
tumor development is highly similar to embry-
onic/germ cell development in terms of marker
expression, pathways involved, behaviors, and
immune escape [11-23]. Notably, genes related
to embryonic/germ cell developmental axis are
essential for tumor formation and progression.
In addition to those classical oncogenes and
tumor suppressor genes, such as Ras, c-Myc,
Rb, p53, and PI3K, which are also known to
serve as master regulators in reprograming or
embryonic/germ cell development [15, 16, 19,
22, 24-27]. Of note is that our previous studies
showed that embryonic/germ cell-like cells
appeared in various types of tumor cells, from
PGC-like cells, oocyte-like cells to blastomere-
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like cells which are associated with tumor for-
mation, liver metastasis, drug resistance and
somatic embryo-like life cycle [17, 19, 28-32],
providing the possibly cellular basis for the
embryonal/gametogenesis-related hypothesis
of tumors. Moreover, the activation of embry-
onic/germ cell-like cell formation appeared in
somatic tumor cells can be induced by either
chemical carcinogen (3-methyl-cholanthrene,
3-MCA) or p53 deficiency [18, 28]. Therefore,
we postulated that somatic to embryonic/germ
cell-like state transformation might be a dri-
ving force in tumor initiation. In this study, we
revealed that somatic to PGC-like transforma-
tion (SPLT) is essential for tumorigenicity of
mouse breast cancer 4T1 cells.

Materials and methods
Ethics statement

Our animal experiments were carried out in
compliance with the American Veterinary Me-
dical Association (AVMA) Guidelines for the
Euthanasia of Animals (2020). All animal exper-
iments were approved by with the Institutional
Animal Care and Use Committee of Fudan
University (approval number: 2019JS-073).

Cell culture

The 168FARN (obtained from Dr. Kounosuke
Watabe), 67NR (obtained from Dr. Kounosuke
Watabe) and 4T1 (from ATCC cell) cell lines orig-
inated from the same breast tumors of BALB/c
mice. Transformed bone marrow-derived cells-
7 (TBMDCs-7) and TBMDCs-2 were generated
from bone-marrow of p537* and p537 mice
respectively and then underwent carcinogene-
sis by treatment with 3-methyl-cholanthrene
(3-MCA) in vitro [19]. For all the cell culture,
high-glucose Dulbecco’s modified Eagle’s medi-
um (DMEM, Hyclone) with 10% fetal bovine
serum (FBS; Sigma), 1% L-glutamine and 37°C
with 5% CO, were used.

Real-time PCR analysis

RNA was obtained from various cells with Trizol
reagent (Invitrogen) according to the manufac-
turer’s protocol followed by reverse transcrip-
tion to cDNA with a reverse transcription kit
(Invitrogen). Real-time PCR of the cDNA was
performed with the SYBR Green PCR Master
Mix Kit (Applied Biosystems). Primers were
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shown in our previous study [19] and the Table
S1.

Alkaline phosphatase staining

Cultures were fixed using 4% paraformaldehyde
in PBS for 4 min, washed twice using a Tris-HCI
(pH = 8.2) buffer solution and then incubated
with AP kit (Vector Laboratory) overnight at
room temperature.

Drug treatment

4T1 cells were treated with DMSO or DMH2 (3
MM, 6 uM or 8 uM) for 24 h and 48 h respec-
tively and the protein expression was detected
with WB. 4T1 cultures (1 x 10° cells) were treat-
ed with DMH2 (8 uM) for 12 h, 24 h and 48 h
respectively and the mRNA levels at the differ-
ent time point were detected. After treatment
with DMH2 (8 uM) for 48 h, the 4T1 cells were
incubated in normal medium for 12 h, 24 h or
48 h and the mRNA levels at the different time
points were detected. The 4T1 cultures treated
with DMSO or DMH2 for 48 h were injected into
mice (n = 5) for tumor development. To analyze
the crucial role of BMP/Smad pathway, 4T1
cells were treated with PBS or LDN193189
2HCI (BMP type | receptor blocking agent [33],
2 uM, 4 uM, 6 uM or 8 uM) for 48 h respectively
and then stained with crystal violet.

Antibody

The primary antibodies used in the study
included anti-Oct4 (ab184665, Abcam), anti-
Sox2 (MAB2018R-100, R&D), anti-Nanos3 (ab-
70001, Abcam), anti-Stellar (Invitrogen, PA5-
34601), anti-PRDM14 (ab187881, Abcam), an-
ti-DDX4 (ab27591, Abcam), anti-DAZL (NB100O-
2437, Novus biologicals), anti-Smad2 (ab33-
875, Abcam), anti-Acvrl (ab155981, Abcam),
anti-Smadl1 (ab33902, Abcam), anti-Smad5b
(@b92698, Abcam), anti-Smad4 (ab40759,
Abcam).

Immunofluorescence

Cultures were incubated in chamber slide for
24 h and then fixed with 4% paraformaldehyde
and stained with several primary antibodies,
including anti-Oct4 (1:400), anti-Stellar (1:200;
rabbit; AbCam), anti-DAZL (1:300) or anti-DDX-
4arom (1:200), washed and then incubated
with secondary antibodies conjugated fluores-
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cent dye (Alexa Fluor 488 or 555). Cell nuclei
were stained with 4, 6-diamidino-2-phenylin-
dole (DAPI; Invitrogen).

Deletion of genes with CRISPR-Cas9 technol-
ogy

The CRISPR/Cas9 (Addgene, plasmid ID:
48138) and mouse sgRNA-RFP (Sigma) plas-
mids were used to knockout indicated genes
while the guide empty vector (Sigma) was used
to serve as the control. X-tremeGENES DNA
transection Reagent (Roche, 20 pl) and Opti-
MEM medium (Gibco, 500 pl) were mixed for
5 min, incubated with 6 ug of lentivirus packag-
ing plasmid (Lentivirus Packaging Vectors
LOO002M, beyotime) and 6 pg of CRISPR/Cas9
(Addgene, plasmid ID: 48138) for 25 min at
room temperature, and then these mixtures
were added to HEK293T cells with 9.5 ml
Opti-MEM medium. Replace the medium with
DMEM containing 10% fetal bovine serum
(FBS; Sigma). The medium with the viruses in
HEK293T cells was collected after cultured for
24 h and 48 h respectively, filtrated with a 0.45
um Steri-Flip filter (Millipore), mixed with 20%
fresh culture medium containing 7 ug/ml poly-
brene and then used to transfected 4T1 or
168FARN cells for 4 h. After infected twice with
medium with virus and then cultured with nor-
mal 10% fresh medium for 48 h, the 4T1 or
168FARN cultures were treated with 4 ug/ml
blasticidin for 5 days to obtain the 4T1-Cas9 or
168FARN-Cas9 cells. Then transfected indicat-
ed sgRNA (Sigma, Table S2) or guide plasmid
(Sigma) to 4T1-Cas9 or 168FARN-Cas9 cells
with the same protocol and treated with 5 ug/
ml puromycin for 5 days and then isolated sin-
gle clone with 96-well plates. DNA sequencing
and western blot was performed to select the
knockout cell clones. The sequencing primer
and results of the knockout cells and sgRNA
information were provided in Tables S3, S4 and
our previous study [19].

Western blotting

Cultures were collected, washed with ice-cold
phosphate-buffered saline (PBS), and lysed
in 0.5 ml ice-cold radioimmunoprecipitation
(RIPA) buffer protease/phosphatase inhibitors
for 20 min on ice. Protein was harvested after
centrifugation and then boiled in Laemmli buf-
fer for 15 minutes at 4°C. Proteins were
resolved by SDS-PAGE and transferred onto a
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0.45 mm nitrocellulose membrane (Millipore).
Membranes were blocked in 5% milk for 2 h,
incubated overnight at 4°C with indicated pri-
mary antibody, and then incubated with sec-
ondary antibody. Bound antibodies were visual-
ized using and then detected with Imaging
System (ChemiScope 6000).

Xenograft animal experiments

All animal experiments were performed in
accordance with the National Institutes of
Health Guide for the Care. For comparing the
tumorigenicity, the 4T1 (5 x 10°), 168FARN
(5 x 10°%), 67NR (5 x 10°) cells, 4T1 treatment
with DMSO or DMH2 as well as the sorted
Stellar® (100 cells) and Stellar (100 cells) from
4T1 cells were subcutaneously grafted into 5
BALB/c mice, respectively. For analyzing the
roles of the indicated genes, the 4T1 cells
knocked out with Oct4, Sox2, Nanog, PRDM14,
DDX4, DAZL, Acvrl, Smadl, Smad5 or Blimpl
with CRISPR-Cas9 technology and the 4T1 con-
trol cells were subcutaneously grafted into 10
BALB/c mice, respectively. The time of tumor
initiation was recorded. The mice were sacri-
ficed with 60% CO,, for 5 min after the ending of
experiments. All animal studies according to
protocols approved by the Laboratory Animal
Committee of Fudan University and handled
with care and euthanized humanely during the
experiment.

Cell sorting with FACS

The 4T1 cell cultures were collected by trypsin-
ization, incubated with the antibody against
Stellar for 1 h on ice, stained with secondary
antibody conjugated to Alexa Fluor488, and
then sorted with the flow cytometry sorter.

Statistical analysis

Statistical analysis was performed with Gra-
phPad Prism version 6.0 (San Diego, CA, USA).
Between distinct groups. Unpaired t test with
Welch’s correction and Mann Whitney test
were used to calculate the difference of gene
expression, the formation efficiency of AP-
positive cells or the percentage of AP* PGC-like
cells among distinct groups. Kaplan-Meier
curves were used to analyze overall survival for
each of the genes and test groups. A P-value
with < 0.05 was considered statistically signifi-
cant. All experiments were repeated at least
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three times. P < 0.05 were considered as sta-
tistically significant.

Results

Correlation between embryonic/germ cell-like
cell formation and tumor initiation

The isogenic cell subpopulations from the same
mouse mammary tumor 4T1, 168FARN and
67NR cells were firstly used to investigate
which phenotypic properties is essential for
tumorigenicity. Our in vivo animal experiments
revealed that the three tumor cells had a
marked difference in tumorigenicity (Figure
1A). The mice injected with 4T1 cells formed
tumors quickly (Figure 1A) and developed me-
tastasis [19]. Compared to 4T1 cells, 168FARN
cells delayed tumor initiation (Figure 1A) and
failed to form obvious metastasis [19]. Although
4T1 and 168FARN cells were different in tumor
onset, but their tumor growth rate in vivo was
similar (Figure 1A). However, the mice injected
with 67NR cells failed to give rise to tumor 6
months after subcutaneous injection (Figure
1A).

The results of DNA and RNA sequencing show-
ed that all three cell lines underwent massive
changes in gene sequence and expression
ing the fact that the three cell lines also showed
a distinct difference in gene expression related
to tumors, we postulated that their difference
in tumorigenicity possibly attributes to a core
phenotypic trait induced by a serial of gene
changes. To validate our concept that the
embryonic/germ cell state might be the core
phenotype, we investigated the difference of
the three isogenic cells in embryonic/germ cell
traits. Interestingly, the ratio of a subpopulation
of cells positive for alkaline phosphatase (AP)
staining, a marker of embryonic stem cells and
early germ cells [34] was significantly distinct in
the three cancer cell cultures (Figure 1C, 1D).
The AP cells were round in 4T1 cultures (Figure
1C), resembling the PGCs in shape which have
the ability to drive tumor and metastasis [19].
In 168FARN cultures, AP* cells often formed
tightly clusters which were closer to ES cell
clones in morphology which could cause tu-
mor but fail to drive metastasis (Figure 1C).
Although there are several gene mutations
appeared in the cells (Figure S1), neither PGC-
like nor ES-like state was observed in 67NR cul-
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tures (Figure 1C, 1D), consistent with their low
tumorigenicity [35].

The results of gRT-PCR and Western blot (WB)
assays further confirmed the difference in
embryonic/germ cell-like cell formation among
4T1, 168FARN and 67NR cell cultures. Com-
pared with 168FARN cell cultures, 4T1 cell cul-
tures displayed much higher expression in
genes critical for PGC-like state [34] (Figure 1E,
1F), such as Stellar, Nanos3 and Blimp1, pos-
sibly linking to metastatic ability. However, the
Sox2 gene was amplified in DNA sequencing
analysis (Table S5) and highly expressed in
168FARN cells (Figure 1E, 1F), which might pro-
mote the embryonic cell-like state but inhibit
PGC-like state [34]. The data of WB showed
that some embryonic/germ cell-related genes
were also activated in 67NR cells (Figure 1E),
raising the possibility that tumorigenicity is not
caused by single ES/PGC-related gene instead
is an outcome of ES/PGC-like state re-obtain-
ing through a gene network operated together.
The findings indicated that the ability of AP*
embryonic/germ cell-like cell formation is posi-
tively correlated with tumorigenicity among the
three cell lines as well as the PGC-like rather
than embryonic cell-like properties link to meta-
static ability [19].

The similarly positive correlation between the
ability of embryonic/germ cell-like cell forma-
tion [19] and tumorigenicity was also observed
in transformed bone marrow-derived cells
(TBMDCs-2 and TBMDCs-7) (Figure 1G-I). Col-
lectively, one of the most intriguing possibilities
is that obtaining the ability of embryonic/germ-
cell formation might be a driving force in
tumorigenicity.

Activation of somatic cell-to-PGC like transfor-
mation (SPLT) in 4T1 cells

The studies of iPS cells provided direct evi-
dence for the reprogramming in somatic cells
and validated that the reobtaining of the ES-like
state in somatic cells could confer tumorigen-
icity [35]. Because numerous studies showed
that embryonic state is essential for tumorigen-
icity [5, 9, 35], we mainly focused on whether
obtaining PGC-like properties plays a crucial
role in tumorigenicity in a given tumor cell line,
4T1 cells. In essence, the normal PGCs are
unipotent and destinated to develop into
oocytes/sperms [34]. In order to further con-
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Figure 1. Embryonic/germ cell-like cell formation associated with tumor initiation. (A) The tumor-free survival curve
showed the difference of 4T1, 168FARN and 67NR cells in tumor initiation potential (left). Tumor initiation and
growth curve of 4T1 and 168FARN cells (middle). Bright field image of tumor tissue section with HE staining of
4T1 and 168FARN cells (right). (B) DNA sequencing showed the correlation of genetic changes among the 4T1,
168FARN and 67NR cultures. (C) Bright field image showed AP staining in 4T1, 168FARN and 467NR cultures. (D)
The plot showed the formation efficiency of AP-positive cells in 4T1, 168FARN and 67NR cultures at different time
points. (E) WB results of indicated proteins in 471, 168FARN and 67NR cultures. (F) gRT-PCR showed the expression
of indicated genes in 4T1, 168FARN and 67NR cultures. (G) The tumor-free survival curve showed the difference of
TBMDCs-2 (T2) and TBMDCs-7 (T7) in tumor initiation potential (left). Bright field image of tumor tissue section with
HE staining of TBMDCs-2 (T2) and TBMDCs-7 (T7) in mice (right). (H) Bright field image showed AP staining in TBM-
DCs-2 (T2) and TBMDCs-7 (T7) cultures. The plot showed the formation efficiency of AP-positive cells in TBMDCs-2
(T2) and TBMDCs-7 (T7) cultures at different time points. (I) gRT-PCR showed the expression of indicated genes in

T7 and T2 cultures. Scale bar = 50 um (A, C, H). P < 0.01, """P < 0.0001.

firm the similarities between PGC-like cells
and natural PGCs, we analyzed the develop-
ment of PGC-like cells along with germ cell mat-
uration in morphology and marker expression.
Round-shaped cells with varied size and posi-
tive for AP staining could be observed in 4T1
cells, including PGC-like cells, post-migratory
PGC-like cells, and oogonia-like cells, however,
the late oocyte-like cells and blastomere-like
structures were barely observed in normal cul-
ture (Figure 2A, 2B), which required certain cul-
ture conditions.

Of note is that the PGCs can return to EGCs and
then give rise to somatic cells under certain
conditions (e.g. PTEN deletion or TP53 dele-
tion), thereby providing the basis for spontane-
ous testis teratomas developed in the animal
model with Pten or TP53 deficiency [8, 34]. Itis
possible that the PGC-like cells could return to
somatic state through PGC-EGC-somatic cell-
like pathway rather than undergoing further
development along with germ cell maturation
and parthenogenetic activation in 4T1 cultures.
To investigate whether PGC-like cells produce
somatic tumor cells, we then isolated the
Stellar* (a marker of PGCs, represent PGC-like
cells) with FACS analysis in 4T1 cultures.
Compared to Stellar cells, the Stellar* cells dis-
played the high expression of the genes related
to PGC-like state (Figure 2C). As expected, the
Stellar® cells switched back to somatic cells
after culture instead to the oocyte-like cells
(Figure 2D). Of note, the stellar cells (represent
somatic tumor-like cells) isolated from 4T1 cul-
tures with FACS could generate PGC-like cells
(Figure 2D). In addition, both 100 Stellar* cells
and 100 Stellar cells of 4T1 cultures injected
to mice displayed similar tumorigenicity poten-
tial (Figure 2E). Consistent with this result, the
AP* round-shaped cells and the AP somatic-
shaped cells also could switch mutually, even
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at single cell level (Figure 2F). After 12 h cul-
ture, almost all cells showed somatic morphol-
ogy and low AP expression in 4T1 single cell
culture (Figure 2F). With the long-term culture
for a month, AP* round cells appeared and the
ratio of AP cell to AP* conversion reached up
to 70 percent in 4T1 at the single cell level
(Figure 2F, 2G). In the hepatic micro-metasta-
sis of 4T1 cells, ES-like cells which were about
5-6 um in diameter and expressed Oct4 in
nucleus could be observed during the deriva-
tion of somatic tumor cells from PGC-like cells
(Figure 2H), indicating that PGC-like cells gen-
erated into somatic tumor cells through the
similar way to PGC-EGC-somatic cell conversion
in testicular teratomas [8]. Taken together, the
findings suggest that somatic-PGC-like mutual
transformation appears in 4T1 cells.

A crucial role of SPLT formation in tumorigenic-
ity

To validate the crucial role of PGC-like state in
the tumorigenicity of 4T1 cells and the similari-
ties of the PGC-like cells with natural PGCs, we
knocked out a serial of genes related with PGC
specification in 4T1 cells using CRISPR-Cas9,
such as embryonic/germ cell related gene
Oct4, Sox2, Nanog or PRDM14 as well as germ
cell specific genes DDX4 or DAZL [34, 36].
Upon knockout of any one of these genes, the
formation of PGC-like cells was impaired
abruptly (Figure 3A), indicating that the forma-
tion of PGC-like cells is likely maintained by a
gene network regulating the nature PGCs [34,
36]. At the single cell level, the efficiency of
SPLT was decreased abruptly in 4T1-KO group
versus 4T1-control group (Figure 3B). To further
validate the critical role of SPLT in tumorigenic-
ity, we subcutaneously injected these knockout
cells into mice. Inhibition of SPLT by knockout
of any one of the genes in 4T1 cells abrogated

Am J Cancer Res 2023;13(4):1471-1485
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Figure 2. Appearance of somatic cell-to-PGC like transfor-mation in 4T1 cells. (A) Bright field image of germ cell-like
cells and pre-implantation embryo-like structures with or without AP staining. (B) The immunofluorescence showed
4T1culturs stained with indicated antibodies. (C) gRT-PCR showed the expression of indicated genes in 4T1 stellar*
or Stellar cells. (D) Both 4T1 stellar* and Stellar cells generated offspring containing stellar* and Stellar cells. (E)
The tumor-free survival curve showed the tumor initiation potential in 4T1 stellar* or Stellar cells. (F) Derivation of
clone with AP* cells from AP cells at single cell level. (G) The efficiency of clones and clones with AP* round cells
in 4T1 cells at single level within a month. (H) In the hepatic micro-metastasis of 4T1 cells, smaller round cells
resembling ES cells which was ~5-6 um in diameter and expressed Oct4 in nucleus could be observed during the
derivation of somatic tumor cells from PGC-like cells (~9-10 ym in diameter). Scale bar = 10 ym (H), 20 um (A, B,
D), 50 (F). P < 0.01, ™P < 0.0001.
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Figure 3. A crucial role of PGC-like cell formation in tumor initiation of 4T1 cells. A. WB results of indicated proteins
in 4T1 cultures with different knockout gene. B. The plot shows the formation efficiency of AP-positive cells in 4T1
cells with different knockout gene versus 4T1 control cells. C. The tumor-free survival curve showed the difference

of 4T1 cells with different knockout gene and 4T1 control cells in tumor initiation potential.

tumor initiating potential (Figure 3C). Thus,
obtaining the SPLT is essential for tumorigenic-
ity of 4T1 cells, and SPLT is governed by a serial
of PGC development-related genes. It is possi-
ble that the breakdown of SPLT might be a
potential strategy for cancer therapy.

PGC specification pathway orchestrates SPLT

PGC specification is viewed as the first and per-
haps most critical event in germ cell develop-
ment. It was documented that BMP pathway is
essential for governing PGC specification [34,
37]. We then investigated whether the pathway
of PGC specification regulates the SPLT. We
found that DMH2, an inhibitor of activin A re-
ceptor type | (Acrvl), which is an essential
receptor of BMP pathway in PGC specification,
markedly suppressed proliferation and PGC-
like cell formation in 4T1 cultures in a dose-
dependent manner (Figure 4A, 4B). Upon treat-
ment with 8 yM DMH2 for 48 h, the AP* cells
were barely observed in 4T1 cultures (Figure
4B). Consistently, the results of WB showed
that DMH2 inhibited the Smad1/Smad5 signal
pathway [38] (Figure 4A) which is the key regu-
lator of PGC specification, accompanied by
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impairing the expression of embryonic/germ
cell related genes and germ cell specific genes
(Figure 4A). Of note, the removal of the DMH2
restored the SPLT in 4T1 cells (Figure 4B).
Alteration of gene expression related to PGC
specification during the course of DMH2 treat-
ment is correlated with the formation of PGC-
like cells (Figure 4C). After treated with 8 uM
DMH2 for 48 h, the 4T41 cultures were injected
into mice. The animal data showed that the
DMH2 treated group versus control group dis-
played the similar tumorigenicity potential
(Figure 4D), consistent with the fact that SPLT
state was restored after DMH2 removal. The
findings indicated that BMP pathway, a core
pathway of PGC specification [34, 37], might be
a master regulator in SPLT.

To further validate the crucial role of BMP
pathway, we then investigated the role of the
BMP pathway, such as Acrvl and Smadl/
Smad5 in the SPLT of 4T1 cells [34, 37]. After
deleting the Acvrl, Smadl or Smad5 with
CRIPR-Cas9 technology, the 4T1 cells displayed
the impaired PGC-like cell formation (Figure
4E-H). Consistently, the data of RT-PCR showed
that the genes related to PGC specification
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Figure 4. Roles of BMPs pathway in the tumorigenicity of 4T1 cells. (A) WB results of indicated proteins in 4T1 cultures treated with DMSO (control) or DMH2 at
different time points. The concentration of DMH2-1, DMH2-2 and DMH2-3 was 3 yM, 6 uM and 8 uM respectively. (B) Bright field image of AP* germ cell-like cell
formation in 4T1 cultures treated with DMSO (control) or DMH2 at different time point. (C) The mRNA level of indicated genes versus GAPDH in 4T1 cell cultures
treated with DMH2 (8 pM) at the different time points and after DMH2 removal. (D) The survival curve of tumor-free cells showed tumor initiation potential in 4T1
cultures treated with DMSO (control) or DMH2 (8 uM) for 48 h. (E) WB results showed that indicated proteins expressed in 4T1 cultures with control or indicated
gene knockout. (F) AP staining of 4T1 cultures with control or knockout of indicated genes. (G) The percentage of AP* PGC-like cells in 4T1 cells with control or
indicated gene knockout. (H) The mRNA level of indicated genes in 4T1 cultures with control or indicated gene knockout. (I) The survival curve of tumor-free cells
showed the difference between 4T1-control and 4T1-KO indicated gene in the ability of tumor initiation. (J) The viable cells (under the microscope or stained with
crystal violet) of 4T1 cultures after treatment with PBS (control) or LDN193189 for 48 h. (K) Quantification of viable cells over time after treatment with LDN193189
at different time points in 4T1 cultures. Error bars represent + SEM of three replicate experiments. Scale bar = 50 ym (B, F, J). P < 0.01, *P < 0.0001.
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decreased robustly after knockout of Acvril,
Smadl or Smad5 (Figure 4H). The efficiency of
SPLC was decreased abruptly in 4T1-KO group
versus 4T1-control group (Figure 4F-H). As a
result, the 4T1-KO group showed abrupt decline
in tumor initiating potential compared with
4T1-control group (Figure 4l1). Consistent with
this, LDN193189 (BMP type | receptor blocking
agent [33], BMP type | receptor which plays a
key role in PGC specification [34]) suppressed
the growth of 4T1 cells (Figure 4J, 4K). Notably,
all the 4T1 cells were killed after treatment with
8 UM LDN193189 for 24 hours or 6 uM
LDN193189 for 48 hours (Figure 4J, 4K). These
findings further validate that PGC specification
pathway [34, 37] governs SPLT, which is essen-
tial for tumorigenicity of 4T1 cells.

Roles of Blimp1 in SPLT and tumorigenicity

To further strengthen the concept, we then
investigated whether Blimpl, an important
downstream target of Smadl/Smad5 serving
as one of the core regulators of PGC specifica-
tion [34, 37], is essential for SPLT. Interestingly,
the expression of Blimpl was higher in 4T1 and
T2 than 168FARN and T7 cells (Figure 1F, 1),
which might contribute to distinguish the for-
mation of PGC-like state among the cell lines.
Consist with this, the results of immunofluores-
cence showed that Blimpl expressed in some
of 4T1 cells (Figure 5A). There are some cells
with both positive for Blimpl and Prdm14 or
Blimp1 and Ifitm3 (Figure 5A). Some cells were
only positive for Blimpi, Prdm14 or Ifitm3 (an
early PGC marker [34]) (Figure 5A), indicating
that pre-PGC-like cells and PGC-like cells at the
different developmental stage existed in the
4T1 cultures. Notably, after deletion of Blimp1
with CRISPR-Cas9, the 4T1 cells showed robust
impairment in SPLC and tumorigenicity (Figure
5B-E), which further indicated that the down-
stream of Smad1/Smad5 pathway also regu-
late the formation of PGC-like cell formation
and played a crucial role in the tumorigenicity
of 4T1 cells. Together, the findings further indi-
cated that PGC specification governs SPLT and
tumor initiation in 4T1 cultures (Figure 5F).

Discussion

Our data indicated that acquisition of embry-
onic/germ cell traits is essential for tumorige-
nicity. A compelling finding in our study is that
tumorigenicity is coupled to the acquisition of
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PGC-like state through SPLT triggered by the
signal pathway involved in PGC specification
including Acvrl-Smad1/Smad5-Blimpl signal-
ing pathway in 4T1 cells, which represent one
of aggressive tumor types. In addition, the dele-
tion of any genes related with PGC determina-
tion, such as Oct4, Sox2, Nanog, PRDM14,
Blimp1, DDX4 and DAZL, inhibited abruptly the
formation of PGC-like cells and tumor initiation
of 4T1 cells, which provide strong supports for
the crucial role of SPLT in tumorigenicity.

Our findings indicated that there might be two
distinct ways to gain the tumorigenicity poten-
tial from somatic state. The 168FARN cells use
one way via reactivation of ES-like state to
obtain tumorigenicity without the metastatic
capability. Consistent with this finding, ES cells
typically exhibit the tumorigenicity but non-inva-
sive [39]. However, the 4T1 cells utilize another
way via ES/PGC-like state from somatic state
through the activation of SPLT. In this case, the
PGC-like state is critical for tumorigenicity and
metastasis [19]. Consistence with this, some
human tumors showed strong metastatic fea-
ture at the beginning, which is even earlier than
the time when clinic diagnosis was made [40].
Thus, targeting SPLT appears to be a promising
strategy for combating those tumor types
resembling 4T1 cells.

Somatic to germ cell transformation naturally
occurs in plants and a few animal phyla such as
cnidarians, flatworms and tunicates [41]. It also
appears spontaneously in the Caenorhabditis
elegans strains with long life-span and inactiva-
tion of Rb homolog LIN-35 promotes the trans-
formation [37, 42, 43]. Since SPLT can sponta-
neously happen during cancer progression, it is
possible that some somatic cells re-obtain the
ability of SPLT through the mechanism yet to be
discovered, which then causes the tumor in-
itiation. The activation of PGC-like state in
tumors can be facilitated by p53 deficiency [18,
41] possibly representing aggressive stage,
consistent with its essential role in metastasis.
In addition, chemical carcinogens, such as
(3-methyl-cholanthrene, 3-MCA) [28], also mig-
ht trigger the SPLT. Therefore, we postulated
that the mechanisms underlying SPLT are likely
related to many factors linked to tumorigenesis
or tumor malignant progression that cause the
specification or maintain of PGC-like state from
somatic cells. Combined with our previous
studies [19, 32] and literatures [41], our find-
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percentage of AP* PGC-like cells in 4T1 cells with control or indicated gene knockout (right). (D) The mRNA level of
indicated genes in 4T1 cultures with control or indicated gene knockout. (E) The survival curve of tumor-free cells
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showed the difference between 4T1-control and 4T1-KO indicated gene in the ability of tumor initiation. (F) The
working model of this finding along with the documents and our previous studies. The yellow showed our current
findings of 4T1 cells. The grey lines showed conclusion derived from our previous studies [18, 19] or documents
[10, 34]. Scale bar = 25 pm (A), 50 um (C). P < 0.01, *™P < 0.0001.

ings indicated that embryonic/PGC-like state
might be core phenotypes to drive tumor initia-
tion and that PGC-like properties were also
associated with metastatic ability (Figure 5F).
Moreover, the PGC-like tumor cells possibly
return to somatic state via the pathways of
PGC-EGC like conversion and/or parthenogen-
etic activation of oocyte-like tumor cells (Figure
5F). Therefore, our findings reveal that tumori-
genicity is attributed to the acquisition of PGC-
like state through SPLT in 4T1 cells but not
merely the activation of germ cell-related genes
[24], which may enable to deeper understand
the biological nature of tumors through embry-
onal/gametogenesis-related theory of tumors
and provide useful targeted strategies for tack-
ling cancer resembling 4T1 cells.

While it still remains a dispute which phenotype
links to the central malignant nature of tumors,
such as tumorigenicity and metastasis [40,
44], it is widely accepted that tumor is a dis-
ease of abnormal growth which is regulated
mainly by cell cycle arrest, apoptosis, and sen-
escence [44]. However, targeting abnormal
growth is not very efficient for cancer therapy
over the last several decades [44]. Moreover, it
was reported deficiency of cell cycle arrest,
apoptosis and senescence in mice is not
sufficient for maintaining spontaneous tumor
development [45, 46]. The findings indicated
that not only a brake but also a powerful engine
like “seed” are needed to drive tumorigenesis.
As we know, early PGCs contribute to tumori-
genicity and metastasis [6, 34]. Of note, our
current study showed that the SPLT can endow
somatic cells with the “seed” of tumor initia-
tion, thus providing further supports for the
concept that tumor is a disease of abnormal
gametogenesis. Thus, our current finding is
instrumental to help better understand the
nature of tumor biology and likely offers novel
strategies and targets for tumor treatment.
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Table S1. Primer for QRT-PCR

Gene Sequence 5’-3’ Size (bp)
mqOct4-F TCAGGTTGGACTGGGCCTAGT 100
mqOct4-R GGAGGTTCCCTCTGAGTTGCTT

mqSox2-F GAGGGCTGGACTGCGAACT 72
mqgSox2-R TTTGCACCCCTCCCAATTC

mqaNanog-F GAAATCCCTTCCCTCGCCATC 160
mqaNanog-R CTCAGTAGCAGACCCTTGTAAGC

mgNanos3-F TAAGGCTGGATCCCAAACCA 115
mqaNanos3-R GACTCGCCATTGTGTTTGCA

maqStellar-F GCAGTCTACGGAACCGCATT 123
mgqStellar-R GGTCTTTCAGCACCGACAACA

mqBlimp1-F AGCATGACCTGACATTGACACC 162
mqBlimp1-R CTCAACACTCTCATGTAAGAGGC

MGAPDH-F AAGGGCTCATGACCACAGTC 207
MGAPDH-R ACACATTGGGGGTAGGAACA

mPrdm1-F AAGCCTTTGCATCTCATGCT 97
mPrdm1-R AGGAAGCCTTTCCCACAAAT

Table S2. sgRNAs sequences (Sigma)

Ensemble Symbol Clone ID chr_start chr_end seq target with PAM

Prdm14 MM5000039290 13124392 13124413 GTCAATGCCAGCGAAGTGAAGG
Oct4 MM5000000760 35509180 35509201 GTACACCCAGGCCGACGTGGGG
Nanog MM5000030442 122711707 122711728  GCTGTGTGCACTCAAGGACAGG
Sox2 MM5000025223 34650483 34650504 ACAGCTACGCGCACATGAACGG
Sox2 MM5000025224 34650099 34650120 CTGTTCTTCTGGTTGCCGCCGG
Ddx4 MM5000020922 112636000 112636021  AGAACACATCTACAACTGGTGG
Dazl MM5000020903 50289105 50289126 CAAACACCGTTTTTGTTGGAGG
Acvrl MM5000002095 58479837 58479858 ACACTGCTGGCCTTCACAGTGG
Smadb MM5000011390 56727534 56727555 GAAAGGAGCGTTGTTGGGTTGG
Smadl MM5000020027 79356340 79356361 TGGAAAGAGTCTGGGAACGTGG
Blimpl MM5000029036 44446835 44446856 TTGTCGGGACTTTGCGGAGAGG

Table S3. The primers were used for the Sanger Sequencing of CRSPR-Cas9 knockout

Gene Sequence 5’-3’

mSOX2 CCTGTTTTTTCATCCCAATTG
mPRDM14 TCCTCTCTAGGGACTGAGGGA
0CT4 CTCTGACAAGTCTGCCTTTCT
DDX4 GGATTTAGTACAAAGGAATCA
DAZL TGCTTTCAGTTTCAGAGGTAA
NANOG CTGCCTGCTTGAGTGTCCCA
SMAD5-1# AGATTTCTCAGGGTTCCACG
SMAD5-2# AACAAGTGCCTAGTTTTAGA
SMAD1 CTCCCTTTACCTGAGTTCCAG
ACVR1 TGTCAGGAGTCTGGGCATCA
Blimp1 GTGTTCCTTCTGAGCCATTC
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Table S4. Sequencing data of knockout cells with CRIPSR-Cas9

Knock out DNA with CRIPSR-Cas9 technology

4T1-KO-Acvrl-1# Query 241 AGGTCAACCAGAAACTTTACAtg tgtgtg 269

AR RN RRR RN R R RN A R R
Sbjct 58479916 AGGTCAACCAGAAACTTTACATGTGTGTGTGTGAGGGCCTCTCCTGCGGGAACGAGGACC 58479857

Query 270 —tgtgAGCGCC——————— TCTCCTGCGGG———~AACGAGGAC—-CAC-TGT— 305

LT NI A O
Sbjct 58479856 ACTGTGAAGGCCAGCAGTGTTTTTCTTCTCTGAGCATCAACGATGGCTTCCACGTCTACC 58479797
sgRNA ACACTGCTGGCCTTCACAGTGG Del :58
Query 306 ————=GGGCTGCTTTCAGGTTTATTAGCAGGGGAAGATGACGTGTAACACCCCGCCGTCAC 361

LCEELCEEL P FEEEEEE PR TR TR T E
Sbjct 58479796 AGAAGGGCTGCTTTCAGGTTTATGAGCAGGGGAAGATGACGTGTAAGACCCCGCCGTCAC 58479737
sgRNA AACCTGAAAGCAGCCCTTCTGG

4T1-KO-Acvrl-2# Query 241 AGGTCAACCAGAAACTTTACAtgtgtgtgtgtgAGGGCCTCTCCTGCGGGAACG————— 294

CECEERECEEEEEE TR EEEEE PP PR
Sbjct 58479916 AGGTCAACCAGAAACTTTACATGTGTGTGTGTGAGGGCCTCTCCTGCGGGAACGAGGACC 58479857

Query 295 AGGCCAGCAGTGTTTTTCTTCTCTGAGCATCAACGATGGCTTCCACGTCTACC 347

AR AR AR A R RN AR RN AR R AR AR R AR RN
Sbjct 58479856 ACTGTGAAGGCCAGCAGTGTTTTTCTTCTCTGAGCATCAACGATGGCTTCCACGTCTACC 58479797
sgRNA ACACTGCTGGCCTTCACAGTGG Del : 17

Query 348 AGAA————TGCTTTCTGGTTTATGAGCAGGGGAAGATGACGTGTAAGAC cececcGTCAC 403
L TEEREEE PR PR PR EEEEEE T P

Sbjct 58479796 AGAAGGGCTGCTTTCAGGTTTATGAGCAGGGGAAGATGACGTGTAAGACCCCGCCGTCAC 58479737
sgRNA AACCTGAAAGCAGCCCTTCTGG
4T1-KO-Smad1-1# Query 421 CTTCTGGCTCAGTTCCGCAACCTGGGA 447

ARRRRRNRRRRRRRRRRRNAR Y
Shjct 79356416 CTTCTGGCTCAGTTCCGCAACCTGGGA 79356390
sgRNA: 79356340 TGGAAAGAGTCTGGGAACGTGG 79356361 Del: 127BP

Query 448 ACCCTCACTCCCCAACCGGCTCAGACCCGGGCAGCCCTTTTCAGATGCCAGGTCAGAGGG 507

Sbjet 79356262 ACCCTCACTCCCCAACCAGCTCAGACCCGGGCAGCCCTTTTCAGATGCCAGGTAAGAGGG 79356203

4T1-KO-Smad1-2#  Query 361 tteetgette 370
HTTHT
Sbjet 79356482 TTCCTGCTTC 79356473
sgRNA: 79356340 TGGAAAGAGTCTGGGAACGTGG 79356361 Del: 176BP
Query 370 ctaceteACTGTCCTGGCGGCAGCAGCCTAACCTACCTTCACTCCCCAATCAGATCAGA 429
CEEEE PEEEE FEEEREEE R R PEREEEE PR T T
Sbjet 79356297 CTACCCCAACTCTCCTGGCGGCAGCAGCAGCACCTACCCTCACTCCCCAACCAGCTCAGA 79356238

4T1-KO-Smad5-1#  Query 422 CCAAC CAACCCCCATCCTTTTTCCCTTGC 450
LT LT FEEEE T T
Shjct 56727534 CCAACCCAACAACGCTCCTTTCCCCTTATCTCCTAACAGCCCCTATCCTCCTTCCCCTGC 56727593
sgRNA GAAAGGAGCGTTGTTGGGTTGG Del: 31BP



SPLT is critical in tumor initiation of 4T1 cells

4T1-KO-Smad5-2# Query 90 TAGGAGATAAGGGGAAAGGAGCGTTGTTGG——TGGAGGAAA-——-TCGTCAAACGTGGCGT 144

Sbjct 56727568 TAGGAGATAAGGGGAAAGGAGCGTTGTTGGGTTGGTGGAAAGAATCGGGAAACGTGGCGT 56727509
sgRNA: GAAAGGAGCGTTGTTGGGTTGG Del: 5BP

4T1-KO-Blimpl-1#  Query 181 TGCCAACCAGGAACTTCTTGTGTGG 205
AR RRRR RN
Sbjct 44446883 TGCCAACCAGGAACTTCTTGTEEGE 44446859
sgRNA: 44446839TTGTCGGGACTTTGOGGAGAGG Del: 188BP
Query 202 BG6CTTTAGCTAAAACGAGGAAGAGGAAAAACATTCTTTAATGTCCCTACTTCTTATTA 261
LEEEEEEEEEEEEE PEEEEEEE PP PR E PR Er T

Sbjet 44446666 GTGGCTTTAGCTAAGACGAGGAAGAGGAAAAACATTCTTTAATGTCCCTACTTCTTATTA 44446607

4T1-KO-Blimp1-2# Query 184 GCCAACCAGGAACTTCTTGTGTGGTAT GGCTCCACTACCCT = 224

Sbjct 44446882 GCCAACCAGGAACTTCTTGTGTGGTATTGTCGGGACTTTGCGGAGAGGCTCCACTACCCT — 44446823

sgRNA: TTGTCGGGACTTTGCGGAGAGG Del: 19BP

AT1-KO-Sox2-1# Query 60 GGCCGTGCACGCCGAGGCCCCCGCCCGE 87

Sbjct 34650293 GGCCGTGCACGCCGAGGCCCCCGC- 34650320
sgRNA: 34650483 ACAGCTACGCGCACATGAACGG Del:799

Query 98 -GGCTCCATGGGCTCTGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCCGTGGTTAC 157

Sbjct 34651129 GCTGGGCTCCATGGGCTCTGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCCGTGGTTAC 34651188

4T1-KO-Sox2-2# sgRNA: 34650483 ACAGCTACGCGCACATGAACGG Del: big fragment
Query 9 -GGCTTGCTGG—CCCCGGCGGGAACAGCATGGCGAGCGGGGTTGGGGTGGGCGCCGG 67

Sbjct 34650805 CGGAGGCTTGCTGGCCCCCGGCGGGAACAGCATGGCGAGCGGGGTTGGGGTGGGCGCCGG 34650864
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471 168FARN

Copy ratio {log2)
Copy ratio {log2)

Copy ratio (log2)

Figure S1. DNA sequencing data showed the copynumber variation of genes among 4T1, 168Farn and 67NR cells.
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Figure S2. RNA sequencing data showed the difference of gene expression among 4T1 (A), 168Farn (B) and 67NR
(C) cultures.
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Figure S3. RNA sequencing data showed the top decrease of function gene expression in 168Farn (B) versus 4T1
(A) and and 67NR cultures.



SPLT is critical in tumor initiation of 4T1 cells

C-vs-A(Down): KEGG Enrichment top 20

mmu05418: Fluid shear stress and atherosclerosis -

mmu05323; Rheumatoid arthritis

&}

mmu05205: Proteoglycans in cancer -

-
€

mmu05200: Pathways in cancer = .

@

mmu05146: Amoebiasis -

Number
mmu05145: Toxoplasmosis 4 [ ]
5
mmu05144; Malaria - ® 10
15
mmu05140: Leishmaniasis 1 ® hrd
o
mmu05133: Pertussis 4 [ ] @
— T = @
mmu04933: AGE-RAGE signaling pathway in diabetic compl 4 [ ]
@
mmu04668: TNF signaling pathway - ]
e alue
mmu04657: IL-17 signaling pathway 4 ® P
4e-04
mmu04514: Cell adhesion molecules (CAMs) 4 @ 3004
mmu04512; ECM-receplor interaction - o i 2004
1
mmu04510: Focal adhesion - o - e-04
mmu04360: Axon guidance - o
mmu04151: PI3K-Akt signaling pathway < .

mmu04060: Cytokine-cytokine receptor interaction 4

mmu04010: MAPK signaling pathway - (@]

mmu00512: Mucin type O-glycan biosynthesis -

4 5
Enrichment Score

oo
w

Figure S4. RNA sequencing data showed the top decrease of function gene expression in 67NR (C) versus 4T1 (A)
cultures.
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Figure S5. RNA sequencing data showed the top decrease of function gene expression in 67NR (C) versus 168Farn
(B) cultures.

Table S5. DNA sequencing data showed the copynumber variation of chromosome with Sox2 gene

chromosome start end gene log2 cn depth probes type
3 32635926 35675932 Sox2 0.33 3 15.19 131 gain




