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Abstract

Peptidyl Arginine Deiminase 4 (PAD4/PADI4) is a posttranslational modification enzyme that
converts protein arginine or mono-methylarginine to citrulline. The PAD4-mediated
hypercitrullination reaction in neutrophils causes the release of nuclear chromatin to form a
chromatin network termed Neutrophil Extracellular Traps (NETs). NETs were first described as
antimicrobial fibers that bind and kill bacteria. However, it is not known whether PAD4 can
mediate the release of chromatin DNA into the extracellular space of cancer cells. Here, we report
that murine breast cancer 4T1 cells expressing high levels of PADI4 can release Cancer
Extracellular Chromatin Networks (CECNS) /n vitro and in vivo. Deletion of Padi4 using CRISPR/
Cas9 abolished CECN formation in 4T1 cells. Padi4 deletion from 4T1 cells also reduced the rate
of tumor growth in an allograft model, and decreased lung metastasis by 4T1 breast cancers.
DNase | treatment, which degrades extracellular DNA including CECNSs, also reduced breast to
lung metastasis of Padi4 wild type 4T1 cells in allograft experiments in the Padi4 knockout mice.
We further demonstrated that DNase | treatment in this mouse model did not alter circulating
tumor cells but decreased metastasis through steps after intravasation. Taken together, our genetic
studies show that PAD4 plays a cell autonomous role in cancer metastasis, thus revealing a novel
strategy for preventing cancer metastasis by inhibiting cancer cell endogenous PADA4.
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Introduction

Breast cancer is the most common cancer and the second leading cause of cancer deaths in
women in the United States (1). Along with the aggressive growth of primary tumor mass,
the development of distant metastases is a major cause of death from breast cancer. Due to
the heterogeneity and lack of well-defined molecular targets, patients with metastatic breast
cancer have a poor 5-year survival rate and finding a method to limit metastasis remains a
great challenge.

Neutrophils are the predominant circulating leukocytes and can promote metastasis through
different mechanisms (2-5). Recently, a novel structure formed by neutrophils, termed
Neutrophil Extracellular Traps (NETS), was found to play a role in promoting metastasis (6—
8). NETs were first discovered as a defense mechanism utilized by neutrophils to
immobilize and kill invading microbes (9). During the past several years, a link between
excessive NETs and autoimmunity has been proposed (10). NETSs also form during fibrosis,
ischemic stroke, preeclampsia, thrombosis, cancers and other autoimmune diseases (11-14).
In the context of tumorigenesis, tumors secrete chemokines such as CXCL1 and GCSF to
recruit and prime neutrophils to form NETs (6,15,16). In turn, NETS facilitate cancer
metastasis by forming Circulating Tumor Cell (CTC) clusters, enhancing tumor cell
adhesion to the endothelium, and potentially increasing tumor cell extravasation (7,17,18).
These studies link NETs to the pathomechanism of metastatic cancer in the context of
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systemic inflammation and highlight the importance of developing a therapy for inhibiting
NETSs.

Peptidyl Arginine Deiminase 4 (PAD4 or PADI4)-catalyzed histone hypercitrullination
mediates chromatin decondensation thereby leading to the formation of NETs (19,20).
PAD4 is a neutrophil-enriched nuclear enzyme that converts arginine and mono-
methylarginine on histones to citrulline in a calcium-dependent manner (21,22).
Extracellular Trap (ET) structures are also formed by other myeloid cells like macrophages
and eosinophils, and overexpression of PAD4 is sufficient to form NET-like structures in
non-hematopoietic cells such as osteosarcoma U20S cells that normally do not form ETs
(20,23-25). These findings prompt us to hypothesize that PAD4-mediated
hypercitrullination is able to drive ET formation, regardless of cell type.

Pathology studies detected significant expression of PAD4 in many tumor tissues derived
from the colon, duodenum, esophagus, fallopian tube, gall gladder, lung, ovary, parotid,
pancreas, prostate, rectum, small intestine, stomach, thyroid and uterus (26,27). Because
PAD4 is also expressed in cancer cells, we investigated whether PAD4 might induce
extrusion of chromatin in cancer cells and play a role in cancer progression or metastasis.
Here, we report the formation of CECN both /n vitroand in vivo in a PAD4-dependent
manner using the murine breast cancer 4T1 model. We found that cancer cell endogenous
PAD4 plays a significant role in metastasis. In cancer cells without PAD4 expression, tumor
metastasis to the lung was significantly decreased. Our results support that PAD4 in cancer
cells offers a new target for prevention, diagnosis, and treatment of cancer metastasis.

Materials and Methods

Cell culture and transfections

4T1 and 67NR cells were obtained from Dr. Andrea Mastro (The Pennsylvania State
University, University Park, PA). Cell lines were expanded in our lab and stored in liquid
nitrogen to ensure that cells used for experiments were passaged less than three times. No
further genomic authentication was performed but cell lines were tested biannually for
identity by appearance and growth curve analysis and validated to be mycoplasma free with
PCR mycoplasma detection kit (TaKaRa) according to the manufacturer’s instruction. To
establish a stable Padi4 knockout in 4T1, cells were transfected with Padi4 CRISPR/Cas9
knockout plasmid pSpCas9(BB)-2A-Puro (Addgene) using lipofectamine 2000 reagent
(Invitrogen) per manufacturer’s instructions. Two different gRNAs of Padi4 were designed
and purchased from IDT: AAGGCGCGGTGATCCACGTG (gRNA 1) and
AAGGGCTACACAACCTTCGG (gRNA 2). gRNA 1 targets exon 1 and gRNA 2 targets
exon 2. Transfected cells were selected using puromycin. Stable Padi4 knockout monoclones
were identified from single-cell colonies and Padi4 knockout was determined after
propagation. Genomic amplicons of the target region were subcloned into a plasmid for
transformation and four individual colonies from each knockout were genotyped by
sequencing. The Padi4 CRISPR-Ex1-1-C11 clone is from gRNA1 and Padi4 CRISPR-Ex2—
6-E2 is from gRNAZ2 screening. For Padi4 knockout rescue experiments, PAD4 was
overexpressed in Padi4 CRISPR cells by transient transfection with pSG5-/PAD4. Cells
were then treated with 4 uM A23187 for 8 h.
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BALB/c and RagZ~; yc™'~ mice were purchased from the Jackson Laboratory. Padi4
knockout mice were originally generated in the C57BL/6 background by our laboratory (20)
and backcrossed by Dr. Denisa Wagner (Harvard Medical School, Boston, MA) to BALB/c
mice. All procedures were approved by the Institutional Animal Care and Use Committee
and were conducted in accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

Protein extraction and Western blot

Western blotting using the rabbit a-PAD4 (custom), mouse a-a tubulin (Sigma), rabbit a-
histone H3 (Abcam) and rabbit a-H3Cit (Abcam) antibodies was performed essentially as
described previously (22,23). The custom a-PAD4 was a rabbit polyclonal antibody made
against a human GST-PAD4 fusion protein, and has a similar reactivity to the conserved
human and mouse PADA4 protein (20,28).

Immunostaining and microscopy

Antibody staining of cells was performed using standard protocols (22). For tissue
immunostaining, tumors and lungs were harvested from euthanized animals, snap frozen in
OCT, cryosectioned and fixed in zinc fixative (100 mM Tris-HCI containing 37 mM zinc
chloride, 23 mM zinc acetate, and 3.2 mM calcium acetate). After fixation, sections were
washed with PBST three times 10 min each. Following the third wash, tissues were blocked
in 2% BSA in PBST for at least 30 min at RT. Primary antibodies were diluted in PBST
supplemented with 2% BSA and 5% normal goat serum. The following primary antibodies
were used: rabbit a-H3Cit (Abcam), rabbit a-H3Cit26 (custom), rabbit a-H4Cit3
(Millipore), rabbit a-histone H3 (Abcam), rabbit a-H4Arg3Me (Abcam), mouse a-
H4K16Ac (Millipore), rabbit a-HP1la (Active Motif), mouse a-HP1p (Active Motif),
mouse a-HP1y (Active Motif) and mouse a-CD45 (eBioscience). The custom a-H3Cit26
antibody was generated by immunizing rabbits with a synthetic peptide QLATKAA-Cit-
KSVPATG corresponding to histone H3 19-33 amino acids with the Cit26 residue. The
specificity of the antibody was confirmed using the same sequence without modification
(histone H3 residues 19-33 QLATKAARKSVPATG). The nuclei were stained by Hoechst
33258 (Sigma). The primary antibodies were detected by fluorescent-dye conjugated
secondary antibodies from Jackson ImmunoResearch Laboratories. For TUNEL staining,
sections were stained with cell death detection kit (Sigma) based on the manufacturer’s
instructions. Images were collected using a Carl Zeiss Axioskop 40 microscope. Images
were processed with Adobe Photoshop and Illustrator.

Micrococcal nuclease (MNase) digestion of 4T1 cells after A23187 treatment

After cells were treated with 4 uM A23187 overnight in 60 mm culture dish, old medium
was aspirated and cells were rinsed with PBS once to remove dead cells and any
extracellular materials. MNase (0.5 U) in 500 pl Locke’s solution (10 mM Hepes-HCI pH
7.3, 150 mM NaCl, 5 mM KCI, 2 mM CaCl,, and 0.1% glucose) was added to cells for 5
min at room temperature to digest CECN. Reactions were stopped by adding EDTA to a
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final concentration of 10 mM. Then the supernatant was used for DNA precipitation and
Western blot.

CECN formation assays

MTT assay

4T1 cells were stimulated with 4 uM A23187 (Sigma) for 8 h, with 200 pM H,0, (Sigma)
for 4 h or with 300 ng/ml rHMGBL for 24 h, at 37°C and 5% CO, in DMEM supplemented
with 10% FBS and 1% Penicillin/Streptomycin (P/S). For PAD inhibition with YW3-56,
4T1 cells were incubated with 30 pM YW3-56 for 15 min before A23187 treatment. For
HL60 lysis and Conditioned Medium (CM) treatment, HL60 cells were first differentiated
with DMSO as previously described (22). Differentiated HL60 cells were then sonicated in
medium to expose cell contents and cultured with 4T1 cells for one day. For HL60
Conditioned Medium (CM) treatment, conditioned medium from differentiated HL60 cells
was used to culture 4T1 cells for one day before assays.

The in vitro growth curves of 4T1 wild type and Padi4 knockout cells were analyzed using
the MTT assay. Cells were seeded in 24-well plates at 4000 cells/well, for 24 h, 48 h, 72 h,
or 96 h after the initial seeding. MTT reagent was added to a final concentration of 0.5
mg/ml. After 2 h incubation at 37 °C, the culture medium was removed and 1 ml DMSO
was added to each well, and plates were agitated for 10 min. Spectrophotometric absorbance
at 570 nm was measured. The Population Doubling = 10g10(ODgay n/ODgay 0)/109102.

Tumorigenesis studies

Histology

A total of 108 4T1 cells with different genotypes suspended in 100 pl of DMEM medium
without FBS and P/S were injected into the inguinal mammary fat pad areas of 6- to 8-week-
old female BALB/c and RagZ™'~; yc™'~ mice. Tumor sizes were measured every three days
using a caliper. Tumor volume was calculated using the equation (L x W2) x 0.4, where “L”
= length and “W” = width. Tumor weights were taken at termination point of each study. To
produce experimental lung metastases, a total of 106 4T1 cells with different genotypes were
intravenously (i.v.) injected into BALB/c mice. Lungs were harvested on day 14 after tumor
cell injection.

Animal specimens (tumors and lungs) were collected, fixed in 3.7% buffered formalin,
embedded in paraffin, and stained with hematoxylin and eosin (H&E) according to standard
protocols (29) or based on the manufacturer’s instructions. For lung metastasis
quantification, lungs were fixed in Bouin’s solution (75 ml saturated picric acid, 25 ml
formalin and 5 ml glacial acetic acid) and the number of macroscopically detectable foci
was counted manually on fixed lungs.

In vivo treatment with DNase | and YW4-03

To test the effect of DNase | (Thermo Scientific) on spontaneous lung metastasis, daily
intraperitoneal (i.p.) injections with DNase | (75 U per mouse) were initiated one week after
tumor implantation and continued until termination point. For PAD inhibitor YW4-03 /n
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vivo treatment, the first dose of intratumoral (i.t.) injection of YW4-03 (25 mg/kg) or
vehicle (10% DMSO in PBS) was given one week after tumor implantation and then daily
doses were administered. Tumor growth and lung metastatic burden were quantified as
described above.

Colony formation assay

For circulating tumor cell quantification, 300 ul whole blood was collected from size-
matched (1.5 cm in diameter in the longest dimension) tumor-bearing mice. Blood cells
were washed once with 1 x Hank’s Balanced Salt Solution (HBSS) and then cultured in
DMEM supplemented with 10% FBS, 1 x P/S, and 60 uM 6-thioguanine for 12 days (30).
Cells were then fixed by adding 5 ml methanol and stained with 0.03% methylene blue for
quantification.

To quantify the number of the Padi4 knockout and parental cells in the lungs, lungs from
wild type BALB/c mice were harvested 4 hours after i.v. injection of 10% 4T1 wild type or
knockout cells. Harvested lungs were minced into small pieces with scissors and digested
with 5 ml collagenase IV (1 mg/ml in 1 x HBSS) at 4 °C for 75 min on a rotating wheel.
After completion of the enzyme digestion, HBSS was added to bring the volume of the
sample to 10 ml. Each sample was filtered with a 70-um nylon cell strainer, centrifuged to
collect the cell pellet, and washed twice with HBSS. Cell pellets were cultured with
complete DMEM medium supplemented with 60 uM 6-thioguanine in 37 °C incubator, 5%
CO2 for 9 days. After culture, the dishes were stained by methylene blue similarly as blood
colony formation assay.

Statistical analysis

Results

For all numerical analyses, results are expressed as mean + standard deviation (SD) or
standard error of the mean (SEM). Group comparisons were performed using Student’s t-
test. Values of p<0.05 were considered statistically significant. These analyses were carried
out using the GraphPad Prism 5 software (GraphPad Software).

PAD4 gene amplification and overexpression in breast cancer

To determine whether PAD4 expression was associated with breast cancer in humans, we
interrogated the Tissue Cancer Genome Atlas and Oncomine database (31). In a meta-
analysis of gene expression profiling, increased PAD4 expression was significantly
associated with breast carcinoma compared with normal (Fig. 1A). To investigate the
functional role of PAD4 in breast cancer, we studied this gene in the highly metastatic
mammary carcinoma 4T1 cells (32), which express a much higher level of PAD4 than other
cancer cell lines (Fig. 1B). To quantify the amount of PADI4 in 4T1 cells, we performed
Western blot analyses with a titration of purified PAD4 protein along with the total extract
from 4T1 cells (Fig. 1C). The PADI4 protein from 5 x 10% 4T1 cells is roughly comparable
to 100 ng purified PAD4 protein, which corresponds to ~16 million molecules of PAD4
protein per cell (Fig. 1C).
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Histone hypercitrullination mediates chromatin decondensation and Cancer Extracellular
Chromatin Network formation

The high level of PADI4 expressed in 4T1 cells prompted us to further explore its function
in this triple negative breast cancer cell line. PAD4 is a calcium dependent enzyme.
Therefore, we performed Western blot experiments after calcium ionophore treatment, and
found that histone H3 citrullination detected with the H3Cit antibody (made against a
histone H3 N-terminal peptide containing Cit2, Cit8, and Cit17) increased significantly after
calcium ionophore treatment (Fig. 2A; lane 2). In addition, pan-PAD inhibitor YW3-56 pre-
treatment for 15 min before calcium ionophore treatment decreased the level of citrullination
induced by calcium ionophore, suggesting that PAD activity is involved in the elevated
histone citrullination (Fig. 2A; lane 3). To test how histone citrullination activity affects
chromatin structure, we analyzed cell morphology with immunostaining. Strikingly,
activation of PAD activity induced 4T1 cells to rupture and release extensive web-like
chromatin fibers into the extracellular space (Fig. 2B and 3A). In contrast, Padi4 deletion by
CRISPR/Cas9 fully abolished histone citrullination and chromatin fiber release into the
extracellular space (see below in Fig. 3D), indicating that PADA4 activity is directly involved
in this process. Furthermore, we found that H3Cit staining was greatly increased at areas of
highly decondensed chromatin (Fig. 2B; denoted by arrows), with a structure that is
reminiscent of Neutrophil Extracellular Traps (NETs). We will refer this cancer extracellular
chromatin network as CECN. In cells without calcium treatment, only sporadic
hypercitrullinated cells, but not extracellular chromatin fibers, can be detected (Fig. 2B;
upper panel and 3A).

Other potential citrullinated positions on histones include Arg26 on histone H3 and Arg3 on
histone H4. We next tested the citrullination level on these two positions with a-H3Cit26
(Fig. 2C and 2D) and a.-H4Cit3 antibodies (Fig. 2E and 2F) respectively. The custom
H3Cit26 antibody was validated with dot blot assay (Fig. S1A). Similarly, H3Cit26 and
H4Cit3 are also increased on CECN released from 4T1 cells (Fig. 2C-2F; denoted by
arrows). In accordance with our previous finding that PAD4 targets histone methyl-arginine
residues for citrullination (22), histone H4 Arg3 methylation was decreased on CECN (Fig.
S1B). The acetylation of histone H4K16 has been correlated with chromatin decondensation
(33). However, this modification was not increased at the decondensed chromatin fiber (data
not shown), suggesting that the increased staining of histone citrullination is unlikely to be
the result of an increase in antibody accessibility. Moreover, histone hypercitrullination after
PAD4 activation excludes chromatin association of the HP1 family of proteins including
HP1a,B, andy, which are involved in the maintenance of a heterochromatin state (Fig. S1C—
S1E). To further confirm the presence of extracellular chromatin structure, intact 4T1 cells
with or without calcium ionophore treatment were subjected to digestion with MNase, a
nuclease that cuts between nucleosomes in chromatin. Only 4T1 cells after PADI4 activation
showed the presence of a nucleosome DNA ladder in the supernatant (Fig. 2G). Accordingly,
histone H3 protein can only be detected from the supernatant of 4T1 cells after calcium
ionophore stimulation (Fig. 2H). Together, the aforementioned immunostaining and MNase
analyses indicate that histone hypercitrullination is associated with CECN formation.

Mol Cancer Res. Author manuscript; available in PMC 2020 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Induction of
components

Page 8

hypercitrullination and CECN formation by H,O,, HMGB1 and cellular

To evaluate whether other pathological stimuli can induce CECN formation, we treated 4T1
cancer cells with H,O, and HMGB1. H,05 can be generated from multiple sources like
neutrophils, macrophages and tumor cells themselves in the tumor microenvironment (34—
36). Histone H3 citrullination and CECN formation were detected in 4T1 cells after 4 h
treatment with H,O, (Fig. 21 and 2J). High-Mobility Group Box 1 (HMGB1) protein can be
passively released or actively secreted from multiple types of immune cells and cancer cells
under stress (37). We found a modest increase in extracellular DNA and H3Cit staining after
exposure of 4T1 cells to HMGBL1, indicating the ability of HMGB1 to induce CECN in 4T1
cells (Fig. 21 and 2J).

Neutrophils are the most abundant circulating leucocytes, which can infiltrate many types of
tumors. In the tumor microenvironment, neutrophils lyse to release their cellular components
and form NETSs that contribute to cancer metastasis (6). To test the effect of cellular
components on CECN formation, we cultured 4T1 cells with contents from lysed HL60
derived granulocytic cells or the Conditioned Medium (CM) of HL60 cells, which were
centrifuged to remove cell debris. After one day’s culture, we observed extracellular DNA
fibers that colocalize with H3Cit staining (Fig. 21 and 2J). Collectively, the above results
from /n vitro experiments identified possible pathological inducers for CECN formation.

Formation of CECN is dependent on PAD4

To address whether the observed CECN formation was dependent on PAD4 activity, we first
treated the calcium ionophore stimulated 4T1 cells with pan-PAD inhibitor YW3-56 which
inhibits both PAD4 and PAD2 (38). Inhibition of PAD decreased the incidence of both
hypercitrullination and release of CECN (Fig. 3A). Moreover, the extent of chromatin
decondensation is also reduced compared to calcium ionophore treatment alone (Fig. 3A;
denoted by arrows). To test the function of PAD4 specifically, we knocked out Padi4 in
tumor cells using the CRISPR/Cas9 method and selected two single-cell colonies hamed
Padi4 CRISPR-Ex1-1-C11 and Padi4 CRIPSR-Ex2-6-E2 with Padi4 deletion in exon 1 and
2, respectively. The deletion of Padi4 was confirmed by Sanger Sequencing (Fig. 3B),
Western blot (Fig. 3C) and immunostaining (Fig. S2A). We then compared a series of
phenotypic features of these 4T1 Padi4 knockout clones with parental 4T1 cells and found
no obvious alteration in morphology (Fig. S2C) and cell viability (Fig. S2D). Furthermore,
the basal level of citrullination is absent from Padi4 knockout cells (Fig. S2B). Additionally,
citrullination and the formation of CECN were not detected after calcium ionophore
stimulation (Fig. 3D). To test if PAD4 can restore CECN formation, we transiently
transfected Padi4 knockout cells with a human PAD4-expressing plasmid and found that
overexpression of PAD4 before calcium ionophore treatment can induce the release of
CECN in Padi4 knockout cells (Fig. 3D). Together, these aforementioned analyses indicate
that PAD4 activity is required for histone hypercitrullination and CECN formation.

4T1 tumor cells generate hypercitrullination in allograft tumors

To investigate whether 4T1 cells can release CECN in vivo, we first compared citrullination
levels from orthotopically transplanted and size-matched 4T1 wild type and Padi4 knockout
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tumors. As expected, PAD4 can only be detected in the parental cell line and parental tumors
(Fig. 4A). In addition, H3Cit was only significantly elevated in parental tumors derived from
the parental Padi4 wild type 4T1 cell line but not in tumors from the two Padi4 knockout cell
lines, suggesting that histone hypercitrullination occurred in a PAD4 dependent manner in
the primary tumor (Fig. 4A). To test whether hypercitrullination leads to decondensed
chromatin, we first analyzed the morphology of nuclei from size-matched tumors with H&E
staining. The nuclei from wild type tumors displayed a swollen pattern with diffuse DNA
staining while the nuclei from Padi4 knockout tumors were compact and condensed (Fig.
4B). We then immunostained the wild type tumor sections with the H3Cit antibody and
DAPI to detect potential CECN structures, and the CD45 antibody to label all the immune
cells. We found potential CECN structures showing H3Cit positive, CD45 negative, along
with a diffuse DNA staining pattern (Fig. 4C; denoted by arrow). In the Padi4 wild type
mice, host cells could contribute to citrullination and extracellular DNA formation. To
exclude the activity of PADI4 from host mice, we repeated the same set of Western blot,
H&E staining and immunostaining experiments with tumors allografted on BALB/c Padi4
knockout mice. As shown in Fig. 4D to 4F, parental tumors still showed significantly higher
level of H3Cit and chromatin with CECN characteristics, while citrullination was
undetectable in the Padi4 CRISPR deletion tumors. Most /n vitro CECN formation assays
were performed within one day. However, 4T1 cells in primary tumor were exposed to
sustained stimulation signals from tumor microenvironment for weeks. Thus, /n vivo CECN
stimulation is actually stronger than /n vitro treatments. The H3Cit staining in primary tumor
is area-based and has different staining patterns (Fig. 4G), with some areas positive while
others negative of H3Cit staining (Fig. 4G). This is likely due to the heterogeneity of tumor
microenvironment with different levels of ROS or numbers of dying cells. Collectively, these
results indicate that 4T1 tumor cells are prone to elevate histone citrullination and form
CECN in primary tumors.

Reduced growth and lung metastasis of Padi4 knockout tumors in mice

To assess the cell-autonomous role of PAD4 on tumor growth and metastasis, wild type
female BALB/c mice were inoculated in the mammary gland with 4T1 wild type and Padi4
knockout cells. Although all 4T1 cell types showed similar degrees of /n vitro growth rates
(Fig. 5A), the allograft Padi4 knockout tumors grew significantly slower compared with wild
type 4T1 tumors in wild type BALB/c mice (Fig. 5B). The reduced growth rate of Padi4
knockout tumors were also observed in Padi4 knockout BALB/c mice (Fig. 5C). Since the
generation of CRISPR/Cas9 Padi4 knockout cell lines as clones could introduce some
discrepancy other than Padi4 manipulation, we also tested a pan-PAD inhibitor. To inhibit
PADI4 on population level in tumor cells and limit the effects of drug on host cells, we
performed intratumoral injection of PAD4 inhibitor YW4-03 on wild type tumor allografted
in Padli4 knockout mice thereby limiting NETosis of host neutrophils. Similarly, intratumoral
PAD4 inhibitor treatment also reduced primary tumor growth rate (Fig. 5D).

To quantify cell death in the primary tumors, we performed TUNEL assay on size-matched
tumors with different Padli4 genotypes at the end-point (1.5 cm in diameter in the longest
dimension). Padi4 knockout 4T1 tumors showed similar proportions of apoptotic cells

Mol Cancer Res. Author manuscript; available in PMC 2020 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Page 10

compared with wild type tumors, suggesting that they at least have same cell death level
when tumors reach the same size (Fig. S3A and S3B).

4T1 cells are highly metastatic compared with a sibling cell line 67NR which was derived
from the same mouse tumor but cannot metastasize (32). As shown in Fig. 6A, the PAD4
level is significantly higher in 4T1 cells compared with 67NR cells, prompting us to test a
hypothesis that an increase in PAD4 expression can affect tumor metastasis. After the mice
carrying tumors with different genotypes were euthanized at day 27 after allograft, mice
bearing wild type tumors formed significantly higher number of metastatic foci on the lung
surface than the two Padi4 knockout cell lines (Fig. 6B and 6C). Since the Padi4 knockout
tumors are smaller than the Padi4 wild type tumors, the Padi4 knockout tumors were
allowed to grow longer time to reach the same size (1.5 cm in diameter in the longest
dimension) as the wild type tumors. Lung metastasis was still significantly reduced in mice
bearing tumors derived from Padi4 CRISPR cancer cells even after prolonged growth (Fig.
6D-6F). Representative lung metastasis images from mice bearing tumors derived from wild
type and Padi4 CRISPR cancer cells after whole mount fixation (Fig. 6D and 6E) or section
staining (Fig. 6F) are shown. Typical metastatic foci were denoted by white arrows (Fig. 6F).
To test the effects of PADI4 inhibition on population level, lung metastasis was also
compared in the YW4-03 intratumoral treatment model using Padi4 knockout mice. Due to
the sustained inhibition of tumor growth, comparison was performed at day 27 after tumor
allograft. Compared with those receiving vehicle control, Padi4 knockout mice bearing
tumors derived from parental wild type 4T1 cancer cells exhibited lower level of lung
metastasis after YW4-03 treatment (Fig. 6G and 6H).

Adaptive immune cells play important roles in tumor growth and metastasis. To explore the
involvement of the immune system in PAD4 mediated cancer metastasis, we transplanted
4T1 control and Padi4 knockout cells into the inguinal mammary fat pad areas of Rag2™/~;
yc~ immunodeficient mice, which lack functional T and B cells and natural killer (NK)
cells (39). Although both Padi4 wild type and Padi4 knockout tumors grew faster in the
Rag2'=; yc~ mice (data not shown), mice with tumors derived from Padi4 knockout
cancer cells still showed a significant decrease in lung metastases compared with mice with
tumors derived from parental wild type 4T1 cancer cells when all the tumors reach 1.2 cm in
diameter in the longest dimension (Fig. S4A and S4B). This result demonstrates that tumor-
derived PADI4 facilitates metastasis, at least partially, in a manner independent of the
adaptive immune cells. Taken together, the above data suggest that loss of Padi4 decreases
metastasis of 4T1 cell derived tumors.

Cancer cell autonomous PAD4 promotes metastasis through steps after intravasation

To further test the idea that CECNSs are involved in metastasis, we used DNase | to disrupt
extracellular DNA including CECN structures in the 4T1 wild type tumors growing in the
Padi4 knockout mice, which lack the ability to release chromatin mediated by PADI4 from
immune cells such as neutrophils (20). Although DNase | treatment did not significantly
alter the growth rate of the primary tumor (Fig. S5A), lung metastasis was significantly
decreased (Fig. 7A and 7B). We next tested whether PAD4 expressed in cancer cells
influences intravasation by analyzing the Circulating Tumor Cells (CTCs) in blood with
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colony formation assays. Neither loss of Padi4 nor DNase | treatment influenced the CTC
numbers from size-matched (1.5 cm in diameter in the longest dimension) tumor bearing
mice, suggesting cancer cell endogenous PAD4 does not promote metastasis through the
intravasation process (Fig. 7C-7F).

To further test whether PADI4 is functioning at steps after intravasation, we performed
experimental metastasis assays by intravenously injecting the same number of tumor cells
into mice. At 4 hours after i.v. injection of tumor cells, we analyzed the number of Padi4
knockout and parental cells accumulated in the lung using colony formation assays. The loss
of Padi4in 4T1 cells didn’t significantly reduce the number of cancer cells accumulated
compared with the Padi4 wild type cells (Fig. 7G and 7H). However, mice receiving Padi4
knockout 4T1 cells displayed large decreases in the numbers of lung metastatic nodules
compared with wild type cells at day 14 after tumor cell i.v. injection (Fig. 71 and 7J).
Representative sections of stained lungs from mice injected with Padi4 wild type or Padi4
knockout 4T1 cells are shown in Fig. 7K. In addition, lungs from mice receiving parental
wild type tumor cells were physically larger and weighed significantly more than lungs from
mice receiving Padi4 mutant cancer cells (Fig. S4C and S4D). These results suggest that
PAD4 regulates the growth of tumor cells disseminated into the lung and subsequent tumor
nodule formation.

Discussion

Our study provides evidence suggesting that high levels of PADI4 result in the release of
Cancer Extracellular Chromatin Network (CECN) in 4T1 cells in culture and in tissue
sections. Loss of Padi4in 4T1 cells or DNase | treatment in tumor bearing Padi4 knockout
host mice significantly decreased cancer metastasis in the orthotopic allograft breast cancer
mouse model. In addition, we offered evidence showing that cancer cell autonomous PAD4
promotes metastasis through steps after intravasation. These results are consistent with
findings dated back to the 1960s, when reports implicated extracellular DNA in cancer
development (40-42). Recent studies identified NETs as a mechanism underlying the role of
extracellular DNA in carcinogenesis (6-8). In addition, others have shown cancer cell-
related extracellular DNA (exDNA) is involved in cell metastatic potential 7 vitro and that
DNase | treatment significantly decreased cancer metastasis in an orthotopic xenograft
cancer mouse model (43). Here, we showed that PAD4 mediated extracellular chromatin
networks from cancer cells themselves are contributing to the pool of extracellular DNA.

In our experiment, the two Padi4 CRISPR cell lines exhibited the same growth Kinetics as
wild type cells in cell culture. However, they were growing slower than wild type tumors in
the allograft model and some of the exon 2 mutant tumors were very much arrested and even
completely disappeared. The difference between in vitroand in vivo kinetics is striking. One
clear difference is PADI4 is only highly activated in allograft tumors /in vivo, as indicated by
the high level of H3Cit (Fig. 4A and 4D). The two CRISPR cell lines also showed different
kinetics of growth in allograft experiments. The one base pair deletion in each cell line led to
a frame shift mutation resulting in an early stop codon soon after the mutation. The exon 2
CRISPR/Cas9 cell line could encode a 49 amino acid polypeptide, while the exon 1
CRISPR/Cas9 cell line could encode a short 5 amino acid peptide. In addition, the two
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CRISPR/Cas9 cell lines were individually selected single cell colonies, which may introduce
some discrepancy through the procedures such as transfection steps and clonal selection. In
addition, since the 4T1 cell line is heterogenous, single cell clones possibly behave
differently from parental cells. As an alternative method to test the role of PAD4, we treated
Padi4 knockout mice bearing wild type tumors with PAD inhibitor YW4-03 (38) to inhibit
PAD4 at population level and found tumors under this treatment also displayed slower
growth pattern (Fig. 5D). However, we did not observe a significant difference in tumor
growth in the DNase | treatment model in the Padi4 knockout mice (Fig. S5A). This
indicates differential effects of the CECN in tumor growth and metastasis. PAD4 in cancer
cells has functions important for primary tumor growth that cannot be targeted by digesting
extracellular DNA. The change of gene expression due to Padi4 knockout led to the reduced
primary tumor growth but not removal of CECN. However, we didn’t examine further how
loss of PADI4 in 4T1 cancer cells reduced primary tumor growth in this study. One future
direction is to elucidate the mechanism of PAD4-mediated tumor growth, progression, and
metastasis in the tumor microenvironment in mouse models.

In addition, not all NETosis is dependent on PAD4 and there are other sources of
extracellular DNA than CECNs and NETSs. Therefore, the DNase | treatment on Padi4
knockout mice bearing wild type tumors is not specific to CECNs and can only provide us a
supportive evidence for the function of CECNSs. In our study, we used Padi4 knockout tumor
and mice to genetically remove Padi4 mediated extracellular chromatin network formation
and performed DNase | treatment to digest extracellular DNA. However, due to technical
issue, it’s impossible for us to specifically block CECN formation without manipulation of
Padi4 at this moment. Other techniques are required to be developed to target on CECNs
specifically and elucidate the role of CECNs more precisely.

The CECN in our cell culture experiments is only found in PADI4 high 4T1 cells after
stimulation. It can also be found in allograft model but never occurs in 4T1 cells in normal
culture conditions. Thus, the high level of PAD4 and its activation are requirements for
PAD4-mediated CECN formation. Since not all tumor types express PAD4 at a high level,
the PAD4-mediated CECN likely affects a subset of metastatic cancer cells. In addition,
under inflammatory conditions, NETSs can contribute extracellular chromatin fibers thereby
facilitating cancer cell adhesion, metastasis and awakening (6,17,44). Future work should be
done to address the molecular signatures of the cancer cell types that have a high metastatic
potency and are dependent on PADA4.

To date, the mechanism of NET formation has been tackled at the macroscopic level via
visualization of stimulated neutrophils. From these studies, we know that there is a loss of
nuclear integrity, mixing of chromatin with cellular granules and finally, disintegration of the
nuclear membrane prior to chromatin release (45). However, a detailed signaling pathway
has not been established yet. The similarity between PAD4 mediated NETs and CECNs
prompts us to hypothesize that the mechanism should also be similar except that granules are
not present in cancer cells. The involvement of reactive oxygen species (ROS), particularly
H,0,, in the tumor promotion process is supported by both /n vivoand in vitro studies. The
association between H,0O, and tumor progression along with the fact that NETs can be
induced by ROS prompted us to test the effect of HoO, on CECN formation. HMGBL1 has
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also been demonstrated to promote NET formation through interactions with Toll-like
receptor 4 (46) and HMGB1 released during NET formation may in turn drive proliferation
and migration of cancer cells (47). In addition, oxidative stress is a central regulator of
HMGB1’s translocation, release and activity in inflammation and cell death (48,49), thus
establishing linkage between ROS and HMGBL. In our study, we found calcium ionophore,
H,0, and HMGB1 could trigger CECN Jn vitro. Thus another important future direction
will be to identify the physiological stimulator and its signaling pathways that trigger
cellular cascade leading to CECN formation.

Our lab first identified PAD4’s function in histone hypercitrullination, its role in NETs
formation and its requirement for bacterial killing mediated by these chromatin fibers
(19,20,22). Meanwhile, increasing evidence also linked excessive levels of NETS to many
autoimmune diseases and cancers. Above findings suggest a role for histones and their
epigenetic modifications in a physiological process that was not fully recognized. Although
PADA4 has been shown to be overexpressed in a variety of tumors (26,27), its function in
tumor cells still remains poorly understood. Cancer cell derived PAD4 was shown to be
essential for the growth of liver metastases from colorectal cancer through citrullination of a
key matrix component collagen type | (50). It was also reported that PAD4 is an important
mediator of the p53 signaling pathway via citrullination of histone H3 at target gene
promoters (51) and cooperates with EIk-1 to activate ¢-Fos (52). On the contrary, loss of
PAD4 from breast tumor using MCF7 cells as a model was shown to initiate early steps of
metastasis through dysregulation of citrullination of nuclear GSK3p in these tumors (53).
The differences in the responses of cancer cells to PAD4 could be due to the different choice
of cancer cell lines. Knockdown of PAD4 in MCF7 cells showed active spreading, loss of
cell-cell contact, and a fibroblast-like morphology compared to control MCF7 cells (53).
However, Padi4 deletion using CRISPR/Cas9 didn’t change the morphology of 4T1 cells
(Fig. S2C) and has no influence on intravasation (Fig. 7C and D) in our study. Possible
relevant differences leading to the different phenotypes are that the MCF7 cells are human
and estrogen-dependent and 4T1 cells are murine and triple negative breast cancer cells.

Our findings provide a mechanistic basis for the high metastatic tendency in tumors with
elevated levels of PAD4. We combined biochemical and physiological approaches to
establish the occurrence of PADI4-mediated CECN in 4T1 cells /n vitroand in vivo. The
tumor microenvironment harbors the signal to activate PADI4 and deletion of Padi4 or
removal of extracellular DNA including CECN with DNase | in 4T1 cells inhibits metastatic
lung colonization. How PADI4 regulates primary tumor growth warrants further exploration.
PADA4’s vital role in promoting tumor growth and metastasis renders itself a tangible
therapeutic target for drug development to treat highly metastatic cancers involving PAD4 as
an underlying mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implication:

This study shows that PADI4 can mediate the formation of Cancer Extracellular
Chromatin Networks (CECNS) in 4T1 cells, and that endogenous PAD4 plays an
essential role in breast cancer lung metastasis.
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Figure 1. PAD4 expression in human and mouse mammary tumors.
(A) Meta-analysis of gene expression profiling for 2AD4 where the colored squares indicate

the median rank for PAD4 across each analysis. PAD4 ranks in the top 10% to 25% in all 5
analyses. (B) Relative protein expression of PAD4 assessed in cancer cell lines by Western
blot with antibody against PADA4. (C) Quantification of PADI4 in 4T1 cells by comparison
to known amounts of purified PAD4 protein.
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Figure 2. Activation of PADI4 leads to hypercitrullination and CECN formation in 4T1 cells in
vitro.

(A) H3Cit protein levels were determined by Western blot in 4T1 cells that were untreated or
treated with calcium ionophore, or calcium ionophore and the PAD inhibitor YW3-56. The
results are representatives of three experiments. (B) Representative immunofluorescence
images of 4T1 cells showing CECN formation after 8 h of calcium ionophore treatment
(magnification 40 x) with staining for H3Cit (red), nuclei (blue). Arrows denote released
chromatin DNA from 4T1 cells. Scale Bars: 25 pm. (C) Increase in the H3Cit26 level on the
decondensed chromatin (denoted by arrow) stained by H3Cit26 antibody (red), nuclei (blue).
Scale bars: 50 pm. (D) Quantification of H3Cit26 staining. Mean + SD is shown (n=4or 5
fields from 2 independent experiments). (E) Increase in the H4Cit3 level on the decondensed
chromatin (denoted by arrow) stained by H4Cit3 antibody (red), nuclei (blue). Scale bars: 50
pum. (F) Quantification of H4Cit3 staining. Mean + SD is shown (n = 4 or 5 fields from 2
independent experiments). (G—H) Extracellular MNase digestion of 4T1 cells after control
and calcium ionophore treatment. The presence of mono- and poly-nucleosome-sized
fragments was detected by agarose gel (G). Histone H3 was detected by Western blot (H, *
denotes potential degradation). (I) Immunofluorescence images revealed CECN release from
4T1 cells in response to H,O,, HMGBL1 and in the presence of cell lysis and conditioned
medium from differentiated HL60 granulocytic cells. Arrows denote released chromatin
DNA from 4T1 cells. H3Cit (red), nuclei (blue). Scale Bars: 50 um. (J) Quantification of
hypercitrullination and CECN formation in 4T1 cell culture after different stimuli. Mean *
SD is shown (n > 4 fields from at least 2 independent experiments).
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Figure 3. Formation of CECN is dependent on PADA4.
(A) Treatment of 4T1 cells with the PAD inhibitor, YW3-56, reduced both

hypercitrullination and the formation of CECN. Cells were treated for 15 min with YW3-56
followed by 8 h with A23187. Upper panels: arrow denotes inhibition of CECN formation.
H3Cit (red), nuclei (blue). Scale Bar: 50 um. Lower panels: Quantification of percentage of
cells with citrullinated nuclei and/or decondensed chromatin. Data are shown as mean + SD
(n = 8-10 fields from three independent experiments). **p<0.01, ***p<0.001. (B)
Chromatograms from Sanger sequencing of the region encompassing mutations on exon 1
(left) and exon 2 (right). Green arrows denote mutations. (C) Knockout of the Padi4 gene in
4T1 cells via CRISPR/Cas9 was verified at protein level by Western blot. (D) Transient
transfection of hPAD4 into Padi4 CRISPR cells before 8 h 4 pM A23187 treatment rescued
the formation of CECN in 4T1 cells. H3Cit (red), nuclei (blue). Scale Bars: 25 um. Data
shown are representative results from 3 independent transfection experiments.
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Figure 4. CECN is present in allograft tumors.
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(A) PAD4 and H3Cit protein levels were determined by Western blot in 4T1 cell cultures
with different genotypes (Lane 1~3) and 4T1 tumors with different genotypes growing in
wild type BALB/c mice (Lane 4~6). (B) Histologic analysis of tumor sections from wild

type BALB/c mice. Swollen nuclei from wild type tumor cells were detected by H&E

staining. Scale Bars: 50 pm. (C) Representative immunofluorescence images of primary
tumor sections from wild type BALB/c mice showing CECNSs with staining for H3Cit (red),
nuclei (blue), CD45 (green). Arrow denotes released chromatin from cancer cells. Arrow
head denotes an immune cell. Scale Bars: 15 um. (D) PAD4 and H3Cit protein levels were
determined by Western blot in 4T1 cell cultures with different genotypes (Lane 1~3) and
4T1 tumors with different genotypes growing in BALB/c Padi4 knockout mice (Lane 4~6).

(E) Histologic analysis of tumor sections from Padi4 knockout BALB/c mice. Swollen

nuclei from wild type tumor cells were revealed by H&E staining. Scale Bars: 50 um. (F)
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Representative immunofluorescence images of primary tumor sections from BALB/c Padi4
knockout mice showing CECNSs with staining for H3Cit (red), nuclei (blue). Arrow denotes
released chromatin from cancer cells. Scale Bars: 50 um. (G) Representative
immunofluorescence images of primary tumor sections showing different patterns of
staining for H3Cit (red), nuclei (blue). Scale Bar: 40 pum.
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TR

Figure 5. Growth rates of primary mammary tumors formed by 4T1 cells with different Padi4

genotypes or combined with YW4-03 treatment.

(A) Proliferation of the 4T1 cells with different Padi4 genotypes. Each data point represents
the mean + SD number of cells counted from three experiments. Each experiment includes
four wells. (B) Growth rates of primary mammary tumors formed by 4T1 cells with different
Padi4 genotypes. Each data point represents the mean + SEM of indicated number of
primary tumors. **p<0.01, ***p<0.001. The number of samples (n) for each genotype was
denoted in the figure. (C) Growth rates of primary mammary tumors formed by 4T1 cells
with different Padi4 genotypes on Padi4 knockout BALB/c mice. ***p<0.001. The number
of samples (n) for each genotype was denoted in the figure. (D) Growth rates of primary
mammary tumors formed by wild type 4T1 cells on Padi4 knockout BALB/c mice combined
with vehicle or YW4-03 i.t. treatment. The number of samples (n) for each genotype was

denoted in the figure. ***p<0.001.
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Figure 6. Lack of PAD4 in tumor leads to reduced lung metastasis.
(A) Expression of PAD4 protein was examined by Western blot in two murine breast cancer

cell lines. Tubulin was used as a loading control. (B) Representative images of metastasized
lungs in mice bearing wild type and Padi4 knockout tumors in whole mount at day 27.
Typical metastatic nodules were denoted by white arrows. Scale Bars: 1 cm. (C)
Quantification of lung nodules in mice bearing wild type and Padi4 knockout tumors at day
27. Data are shown as mean £ SEM. The number of samples (n) for each genotype was
denoted in the figure. **p<0.01. (D) Representative images of primary tumors and
metastasized lungs in mice bearing wild type and Padi4 knockout tumors in whole mount at
the end-point (1.5 cm in diameter in the longest dimension). Typical metastatic nodules were
denoted by white arrows. Scale Bars: 1 cm. (E) Quantification of lung nodules in mice
bearing wild type and Padli4 knockout tumors at end point (1.5 cm in diameter in the longest
dimension). Data are shown as mean = SEM. The number of samples (n) for each genotype
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was denoted in the figure. **p<0.01, ***p<0.001. (F) Representative H&E staining images
of metastasized lungs in mice bearing wild type and Padi4 knockout tumors at the end-point
(1.5 cm in diameter in the longest dimension). Scale Bars: 500 um (left panels) and 50 um
(right panels). (G) Representative images of primary tumors and metastasized lungs in wild
type tumor bearing vehicle and i.t. YW4-03 treated Padi4 knockout mice at day 27 after
tumor implantation. Scale Bars: 1 cm. (H) Quantification of lung nodules in wild type tumor
bearing vehicle and i.t. YW4-03 treated Padi4 knockout mice at day 27 after tumor
implantation. Data are shown as mean + SEM. The number of samples (n) for each genotype
was denoted in the figure. *p<0.05
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Figure 7. Cancer cell endogenous PAD4 promotes metastasis through steps after intravasation.
(A-B) Representative images of primary tumors and metastasized lungs (A) and

quantification assays (B) in control and DNase | treated Padi4 knockout mice bearing tumors
derived from parental wild type 4T1 cells at the end-point (1.5 cm in diameter in the longest
dimension). Scale Bars: 1 cm. Scattered plot in (B) shows mean + SEM. The number of
samples (n) for each treatment was denoted in the figure. *p<0.05. (C-D) Colony formation
assay of circulating tumor cells (CTCs) in blood from wild type mice bearing wild type and
Padi4 knockout primary tumors at end point (1.5 cm in diameter in the longest dimension).
Arrows denote representative colonies. Scattered plot in (D) shows mean + SEM. The
number of samples (n) for each genotype was denoted in the figure. ns, not significant. (E-
F) Colony formation assay of CTCs in blood from the control and DNase | treated Padi4
knockout mice bearing Padi4 wild type 4T1 primary tumors at end point (1.5 cm in diameter
in the longest dimension). Arrows denote representative colonies. Scattered plot in (F)
shows mean + SEM. The number of samples (n) for each treatment was denoted in the
figure. ns, not significant. (G—-H) Colony formation assay of parental wild type and Padi4
knockout 4T1 cells in lungs 4 hours after i.v. injection. Bar graph in (H) shows mean +
SEM. n = 3 for all groups. ns, not significant. (I-J) Representative images in (I) show
metastasized lungs in experimental metastasis model with parental wild type and Padi4
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knockout 4T1 cells at day 14 after i.v. injection. Scale Bars: 1 cm. Scattered plot in (J)
shows mean + SEM. The number of samples (n) for each genotype was denoted in the
figure. ***p<0.001. (K) Representative H&E staining images of metastasized lungs in mice
14 days after i.v. injection of parental wild type and Padi4 knockout 4T1 cells. Scale Bar: 1
mm (upper panels) and 50 um (lower panels).
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