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ABSTRACT
Renal insufficiency is a frequent cancer-associated problem affecting more than half of all cancer patients
at the time of diagnosis. To minimize nephrotoxic effects the dosage of anticancer drugs are reduced in
these patients, leading to sub-optimal treatment efficacy. Despite the severity of this cancer-associated
pathology, the molecular mechanisms, as well as therapeutic options, are still largely lacking. We here
show that formation of intravascular tumor-induced neutrophil extracellular traps (NETs) is a cause of
kidney injury in tumor-bearing mice. Analysis of clinical biomarkers for kidney function revealed impaired
creatinine clearance and elevated total protein levels in urine from tumor-bearing mice. Electron
microscopy analysis of the kidneys from mice with cancer showed reversible pathological signs such as
mesangial hypercellularity, while permanent damage such as fibrosis or necrosis was not observed.
Removal of NETs by treatment with DNase I, or pharmacological inhibition of the enzyme peptidylarginine
deiminase 4 (PAD4), was sufficient to restore renal function in mice with cancer. Tumor-induced systemic
inflammation and impaired perfusion of peripheral vessels could be reverted by the PAD4 inhibitor. In
conclusion, the current study identifies NETosis as a previously unknown cause of cancer-associated renal
dysfunction and describes a novel promising approach to prevent renal failure in individuals with cancer.
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Introduction

Insufficient kidney function is a frequent and fatal condition in
cancer patients. Two European studies performed during the
last decade revealed that more than 50% of adult patients with
solid cancer are affected by renal insufficiency at the time of
diagnosis.1-3 These two studies calculated glomerular filtration
rate (GFR) based on serum creatinine. GFR estimations can
also be based on measurement of cystatin C in serum. In agree-
ment, a study using the cystatin C method found a reduction in
GFR in 40% of cancer patients.4 Decreased GFR, a hallmark of
impaired kidney function, has been reported to correlate with
mortality in cancer patients in several independent studies.5-7

Besides contributing directly to mortality, decreased renal func-
tion interferes with anticancer therapy. A majority of antican-
cer drugs used in the clinic are excreted predominantly via the
urine and a suboptimal filtration rate of the kidneys therefore
constitutes a risk for accumulation of cytotoxic compounds in
the kidneys and subsequent nephrotoxic effects.3 As a conse-
quence of renal insufficiency dose-reduction of the drug is often
required, which obstructs successful treatment and contributes
to malignant progression and mortality. The only available
treatment option for renal insufficiency in the clinic is dialysis
and novel therapeutic approaches are therefore needed. Despite
the clinical impact of renal insufficiency it is still not fully

clarified why cancer patients experience failure of organs,
which are not directly affected by either primary or secondary
tumor growth. We recently demonstrated that hypoperfusion
of the kidney vasculature as well as renal inflammation, both
prominent hallmarks of renal failure, can be caused by intravas-
cular formation of neutrophil extracellular traps (NETs) in
tumor-bearing mice.8 However, the effect of tumor-induced
formation of NETs on kidney function has never been
addressed.

Formation of NETs (NETosis) was first described in 2004 as
a mechanism used by neutrophils to fight severe bacterial infec-
tions.9 During NETosis, which can occur via different mecha-
nisms, neutrophils release their chromatin and granule
contents including anti-bacterial proteases such as myeloperox-
idase and neutrophil elastase and create a web-like structure
with high concentration of anti-bacterial factors that trap and
kill infectious agents.10 In recent years, NETs have been sug-
gested to also play a role in numerous non-infectious patholo-
gies such as atherosclerosis, systemic lupus erythematosus
(SLE), diabetes, thrombosis and cancer.11-17 Demers and col-
leagues reported that neutrophils from mice with cancer are
more prone to undergo NETosis due to G-CSF produced by
the tumor cells and suggested NETs as a potential cause of
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cancer-associated deep vein thrombosis (DVT).11 We could
recently confirm a central role for G-CSF in tumor-induced
NETosis of circulating neutrophils, using an anti-G-CSF
antibody.8 In agreement, mice with subcutaneous B16 mela-
noma tumors expressing negligible amounts of G-CSF did not
display significant intravascular NETosis. Additional tumor-
derived factors such as IL-8, a potent chemotactic factor for
myeloid cells, has also been implicated in cancer-associated
NETosis.18

Recent reports have provided further evidence for a role of
NETs in cancer-associated pathology in humans.19 Two studies
show a correlation between NETs and a hypercoagulable state
in cancer patients.20,21 Furthermore, tumor-induced NETs
were identified as indirect promoters of the actual malignancy
by polarization of neutrophils toward a pro-tumorigenic phe-
notype in patients with intestinal cancer.21 In another study,
NETs induced by postsurgical stress in cancer patients with
liver metastases correlated with reduced disease-free survival.22

This is in line with an earlier study by Cools-Lartigue, showing
that infection-induced NETs sequester circulating tumor cells
and promote metastasis.23 This finding may provide a mecha-
nistic explanation for the clinical observation that postsurgical
infections in cancer patients are associated with worse outcome,
independent of the direct problems caused by the infection.
Accumulating evidence thus indicate that tumor-induced
NETosis plays an important role in disease outcome and repre-
sents a potential therapeutic target in patients with cancer.

Renal hypoperfusion and associated ischemia is a main con-
tributor to renal failure.24 Based on our previous data showing
that tumor-induced NETs impair perfusion of peripheral ves-
sels and promote systemic inflammation, we hypothesized that
intravascular NETosis could be a previously unknown cause of
renal insufficiency in individuals with cancer. In this study, we
show that mice with cancer display clinical hallmarks of kidney
injury. This condition could be reverted by removal of NETs,
either by treatment with DNase I or with an inhibitor of the
enzyme peptidylarginine deiminase 4 (PAD4). The findings in
the current study may have important therapeutic implications,
both for prevention of cancer-associated organ failure and for
enabling optimal dosing of chemotherapeutic drugs.

Results

Mice with cancer show signs of renal insufficiency

We have recently shown that mice with mammary carcinoma
(MMTV-PyMT) and pancreatic neuroendocrine tumors
(RIP1-Tag2) display systemic inflammation and impaired vas-
cular perfusion of distant organs unaffected by tumor growth,
such as kidney and heart.8 To address whether these tumor-
induced systemic effects translate into renal insufficiency, we
analyzed several clinical parameters for renal function. An
impaired GFR is characterized by an accumulation of creati-
nine in the blood, and a decreased excretion of creatinine via
the urine. Indeed, we found that plasma creatinine levels were
elevated in subgroups of both MMTV-PyMT and RIP1-Tag2
mice, indicating renal dysfunction in these individuals (Fig. 1A,
three left bars; 17% of MMTV-PyMT, 50% of RIP1-Tag2
mice). The RIFLE-criteria have been derived to classify renal

insufficiency in patients and a parameter used to grade the
severity of damage is the increase in serum creatinine. Three
categories have been identified based on increased serum creat-
inine levels compared with healthy conditions: Risk (1.5-fold
increase), Injury (2-fold increase) and Failure (3-fold
increase).25 All MMTV-PyMT and RIP1-Tag2 mice with
increased plasma creatinine had at least twice as high creatinine
value compared with the healthy littermates (except for one
mouse with slightly less than a 2-fold increase). These results
indicate that the analyzed mice display renal insufficiency com-
parable to kidney injury, but have not yet developed renal fail-
ure. RIP1-Tag2 mice also showed significantly decreased urine
creatinine levels, further supporting an impaired kidney func-
tion in tumor-bearing mice (Fig. 1B). Due to limited urine vol-
umes, total protein level in urine was used as a read-out for
kidney function in MMTV-PyMT mice instead of creatinine
measurements, which requires larger volumes. Significantly
higher total protein levels were detected in urine from MMTV-
PyMT mice compared with healthy littermates (Fig. 1C), indi-
cating renal insufficiency.

While creatinine is a relatively late indicator of renal dys-
function, NGAL (neutrophil gelatinase associated lipocalin) is
an early marker for kidney exposure to harmful stimuli, such as
ischemia. NGAL is expressed and secreted by kidney tubule
epithelium and the levels correlate to the severity of renal
impairment.26,27 Western blot revealed the presence of NGAL
in urine from tumor-bearing mice, while no NGAL was
detected in urine from healthy littermates (Fig. 1D). Expression
analysis of kidney tissue using qPCR showed a significant
increase in NGAL transcript levels in MMTV-PyMT mice
compared with healthy littermates, confirming that the elevated
NGAL in urine is kidney derived (Fig. 1E). Immunostaining of
kidneys from tumor-bearing mice confirmed the localization of
NGAL to renal tubules, characteristic for what has been
reported following ischemic tissue damage (Fig. 1F). This
expression pattern was not found in kidneys from healthy
littermates.

Histological analysis by light microscopy revealed no obvious
alteration in the kidneys of tumor-bearing mice (data not shown).
However, analysis of kidney tissue by electron microscopy (EM)
revealed pathological signs with decreased number of podocyte
foot processes/mm in the glomeruli, a clinically used indicator of
pathologic foot process widening and fusion (Fig. 1G and H).
Podocytes are essential components of the kidney filter and alter-
ation in the architecture of foot processes is an early sign of kidney
damage. 50 to 150 podocyte foot processes from at least 5 glomeruli
were counted in each kidney. Segmental mild mesangial hypercel-
lularity, a relatively late inflammatory response to kidney injury,
was observed in all analyzed tumor bearing individuals. In RIP1-
Tag2 mice, 40% (4 out of 10) of the glomeruli were affected, while
the corresponding number in MMTV-PyMTmice was 42% (5 out
of 12). None of the glomeruli (0 out of 10 in C57BL/6 and 0 out of
10 in FVB/n) from healthy mice displayed this phenotype (Fig. 1I
and J). No gross histopathological signs, such as necrosis or fibrosis,
were found, indicating that the tissue damage could still be in a
reversible state in thesemodels.

Based on both the functional biomarker measurement and
kidney histology we conclude that mice with cancer display
signs of kidney injury.
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Neutrophil extracellular traps cause tumor-induced kidney
injury

To investigate if NETosis was involved in the observed tumor-
induced kidney injury, MMTV-PyMT mice with mammary
carcinoma and RIP1-Tag2 mice with pancreatic neuroendocrine
tumors were treated with DNase I for 3 d. DNase I treatment is an
established method to dissolve NETs and we have previously dem-
onstrated that it restores vascular function and suppresses systemic
inflammation in tumor-bearingmice.8MMTV-PyMTmice treated
with DNase I displayed significantly lower total protein levels in
urine compared with untreated ones (Fig. 1C). In addition, a

striking decrease in urinary NGAL was observed after DNase I
treatment, both in MMTV-PyMT and RIP1-Tag2 mice, indicating
that NETosis indeed contributes to renal insufficiency in mice with
cancer (Fig. 2A–C). In contrast, NGAL levels in urine increased
during the same time in all untreated tumor-bearing mice
(Fig. 2D). Immunostaining for NGAL in the kidney revealed nor-
malized levels in DNase I treated MMTV-PyMT and RIP1-Tag2
mice, which could not be distinguished from their healthy litter-
mates (Fig. 2E and F). Furthermore, DNase I contributed to better
preservation of podocyte foot processes already after 3 d of treat-
ment (Fig. 1H). In contrast, no effect on mesangial hypercellularity
was observed after DNase I treatment (Fig. 1J). It is likely that a

Figure 1. Mice with cancer show clinical signs of renal insufficiency. (A) Plasma creatinine levels were measured as an indicator of renal function (healthy, n D 17; MMTV-
PyMT, n D 12; RIP1-Tag2 mice, n D 8; MMTV-PyMT C GSK484, n D 20; RIP1-Tag2 C GSK484, n D 3). Healthy plasma creatinine level is defined as the span between the
highest and lowest creatinine value in all non-tumor-bearing mice. All mice with plasma creatinine above the highest value in the healthy group are defined as mice
with increased plasma creatinine levels. (B) Urine creatinine concentration was measured in RIP1-Tag2 mice and healthy littermates (healthy, n D 11; RIP1-Tag2, n D 25).
(C) Total protein levels in urine from MMTV-PyMT mice and healthy littermates were analyzed using the BCA assay (healthy, n D 21; MMTV-PyMT, n D 35; MMTV-PyMT C
DNase I, n D 10; MMTV-PyMT C GSK484, n D 15). (D) Western blot for NGAL in urine from MMTV-PyMT mice and healthy littermates. (E) Analysis of NGAL mRNA in the
kidney by qPCR. Each data point corresponds to one individual mouse. (F) Immunostaining of kidney sections from MMTV-PyMT mice (left panel) and healthy littermates
(right panel). (G) Electron microscopy analysis was used to analyze podocyte foot processes (FP) in kidney glomeruli from healthy C57BL/6, n D 10 (2 mice); RIP1-Tag2, n
D 14 (2 mice); healthy FVB/n, n D 10 (2 mice); MMTV-PyMT, n D 10 (2 mice); MTV-PyMT C DNase I, n D 15 (3 mice); MMTV-PyMT C GSK484, n D 15 (3 mice). (H) Quanti-
fication of the number of podocyte foot processes/mM in glomeruli from MMTV-PyMT mice (untreated or treated with DNase I or GSK484) and healthy littermates. (I)
Mesangial hypercellularity (indicated by square) in kidneys from MMTV-PyMT mice. (J) Quantification of the number of glomeruli with signs of mesangial hypercellularity.
� D p < 0.05, �� D p < 0.01 and ��� D p < 0.005. Scale bar corresponds to 100 mm in F.
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longer treatment period is required to observe such effects. How-
ever, daily treatment with DNase I for an extended period is not
possible since the mice are immunocompetent and neutralizing
antibodies against the bovine DNase I protein will appear within a
week (data not shown).

In conclusion, we found that DNase I treatment of tumor-
bearing mice to remove NETs reverted signs of kidney injury.

Pharmacological inhibition of PAD4 prevents kidney injury
in mice with cancer

An alternative approach to remove NETs is by inhibiting the activ-
ity of PAD4, an enzyme needed for NETs to form. PAD4 is
required for citrullination of histones, a process thatmediates chro-
matin decondensation in the nucleus before NET formation.28

Mice deficient for PAD4 lack the capacity to form NETs.29,30 Spe-
cific inhibitors of PAD4 were recently developed and proven effi-
cient in preventing both human and mouse NETosis in vitro.31

Since these inhibitors are low molecular weight compounds they
can be administered for extended periods without inducing a neu-
tralizing immune reaction. Furthermore, DNase I can degrade
NETs, but does not prevent formation of new NETs. To address
whether PAD4 inhibition could suppress cancer-associated kidney
injury, MMTV-PyMT mice were treated with the PAD4 inhibitor
GSK48431 at 4 mg/kg daily for one week. This dose suppressed the
elevated number of neutrophils undergoing NETosis in peripheral
blood in mice with cancer (Fig. 3A; illustrating a granulocyte with
externalized DNA and Fig. 3B; quantification of granulocytes with
externalizedDNA).We could not detect elevated plasma creatinine
levels in any MMTV-PyMT or RIP1-Tag2 mice after treatment

with GSK484 during a week (Fig. 1A, two right bars). In parallel,
the total protein level in urine fromMMTV-PyMTmice was signif-
icantly reduced compared with untreated tumor-bearing mice, fur-
ther supporting an improved functional status of the kidneys after
GSK484 treatment (Fig. 1C). In agreement with our previously
published data using DNase I,8 treatment of MMTV-PyMT mice
with GSK484 to prevent NETosis restored vascular perfusion of
the kidneys (Fig. 3C andD).

In a previous screen, we found transcriptional upregulation
of IL-1ß, IL-6, CXCL1, E-selectin, ICAM-1 and VCAM-1 in
kidney tissue from MMTV-PyMT mice with mammary
carcinoma.8 This tumor-induced elevated expression of IL-1ß
and IL-6, pro-inflammatory cytokines closely associated with
renal failure, was suppressed to levels seen in healthy mice after
GSK484 treatment (Fig. 3E). Moreover, the elevated renal
expression in tumor-bearing mice of the endothelial-specific
activation marker E-selectin, as well as the adhesion molecules
ICAM-1 and VCAM-1, was significantly suppressed by
GSK484 treatment during a week (Fig. 3F). For ICAM-1 and
VCAM-1 the expression was reduced to levels below those seen
in mice without tumors (Fig. 3F). Furthermore, treatment with
GSK484 for one week resulted in normalization of podocyte
foot processes in the kidneys of MMTV-PyMT mice (Fig. 1H).
There was also a tendency to suppressed mesangial hypercellu-
larity after 7 d treatment with the PAD4 inhibitor (Fig. 1J),
which was not seen with DNase I treatment during 3 d.

In summary, we conclude that pharmacological inhibition of
PAD4 prevents tumor-induced NETosis in vivo and can antag-
onize kidney injury in mice with mammary carcinoma or pan-
creatic neuroendocrine tumors.

Figure 2. Treatment with DNase Isuppresses signs of renal insufficiency. (A) Representative Western blot for NGAL in urine from an MMTV-PyMT mouse before (day 0) and
after DNase I treatment (day 3). (B) Western blot quantifications of NGAL in urine from MMTV-PyMT mice treated with DNase I for 3 d (n D 4). (C) Western blot quantifica-
tions of NGAL in urine from RIP1-Tag2 mice treated with DNase I for 3 d (n D 4). (D) Western blot quantifications of NGAL urine levels in untreated MMTV-PyMT mice ana-
lyzed day 0 and day 3 (nD 3). Scoring of immuostaining for NGAL in kidney sections from untreated or DNase I-treated MMTV-PyMT (E) and RIP1-Tag2 (F) mice. Each data
point corresponds to one individual mouse. � D p < 0.05.
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Discussion

Renal dysfunction is a frequent and complicating factor in
cancer therapy, since it can interfere with optimal dosing of
chemotherapeutic drugs. In the current study, we show that
two well established and widely used transgenic mouse tumor
models, the RIP1-Tag2 pancreatic insulinoma and MMTV-
PyMT metastatic mammary carcinoma models, display clinical
signs of renal insufficiency with a severity corresponding to
kidney injury in patients. We recently showed that vascular

function in distant organs (kidney and heart) in mice with
cancer is impaired due to tumor-induced formation of NETs.8

Whether this NET-induced reduction in vascular function is
translated to a clinically detectable dysfunction of kidneys or
heart has however not been addressed until now. In the current
study, we show that these extracellular DNA traps, formed in
individuals with cancer, are systemic mediators of kidney
injury. Short-term treatment with DNAse I, an established
strategy to remove NETs, improved kidney function and
reverted clinical signs of kidney injury in mice with cancer.

Figure 3. Pharmacological inhibition of PAD4 by GSK484 treatment improves perfusion and suppresses renal inflammation in kidneys from tumor-bearing mice. (A)
Detection of neutrophils with extracellular DNA-tails in cytospin preparations of whole blood from MMTV-PyMT mice, by immunostaining for the neutrophil-associated
marker Gr1 and DNA-staining with Hoechst. (B) Quantification of neutrophils with extracellular DNA-tails in peripheral blood from untreated and GSK484-treated MMTV-
PyMT mice and healthy littermates (healthy, n D 4; MMTV-PyMT, n D 3; MMTV-PyMT C GSK484, n D 3). (C) FITC-lectin perfusion was used to analyze functionality of the
renal vasculature in MMTV-PyMT mice with or without treatment with the PAD4-inhibitor. (D) Perfusion was quantified after immunostaining for the endothelial marker
CD31, as the ratio FITC-lectinC/CD31C area. Each data point corresponds to one individual mouse. (E) Kidney expression of the pro-inflammatory cytokines IL-1b and IL-
6 was determined by qPCR. (F) Similarly, qPCR was used to measure the expression of the adhesion molecules E-selectin, ICAM-1 and VCAM-1 in kidneys. � D p < 0.05,
�� D p < 0.01 and ��� D p < 0.005. Scale bars correspond to 10 mm in A and 100 mm in B.
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These data suggest that DNase I could be a potential therapeu-
tic agent to suppress tumor-induced NETosis and associated
organ failure in cancer patients. DNase I is already in clinical
use for treatment of cystic fibrosis since 1993.32 For this condi-
tion, DNase I is administered by aerosol inhalation to degrade
extracellular DNA and reduce viscosity of the pathologic secre-
tions accumulated in the lungs due to chronic inflammation.
Moreover, systemic DNase I injection has been performed in
patients with the autoimmune disease SLE without any
reported side-effects.33 The use of DNase I as a drug to prevent
NETosis in cancer patients should therefore be a safe and real-
istic strategy. Nevertheless, recombinant protein drugs are rela-
tively costly to produce and require species-specific reagents to
avoid neutralizing immune reactions. We therefore analyzed
the potential of the newly developed PAD4-inhibitor GSK484
to suppress tumor-induced NETosis in vivo. Moreover, a chem-
ical inhibitor of NET formation would enable analysis of long-
term suppression of NETosis in immunocompetent mice. This
is currently not possible since recombinant mouse DNase I is
not commercially available. Administration of GSK484 at a
dose of 4 mg/kg daily during one week reverted signs of kidney
dysfunction in tumor-bearing mice to the same extent as
DNase I treatment, without any detectable signs of toxicity.
With respect to suppressing mesangial hyperproliferation, a rel-
atively late response to kidney injury, GSK484 was more effi-
cient than DNase I. Possibly this reflects the longer treatment
period with GSK484 (one week) compared with DNase I (3 d),
which may be required to attenuate this particular response.
GSK484 treatment could also suppress the tumor-induced sys-
temic inflammation, previously reported to be dependent on
NET formation.8 The reason for the strong reduction in
ICAM-1 and VCAM-1 expression in the kidney after PAD4
inhibition is currently not known.

Is PAD4-inhibition a realistic therapeutic option in the
clinic to prevent tumor-induced NETosis and associated organ
dysfunction? Or do we put ourselves at risk for severe infec-
tions if we use NET-inhibiting drugs? While one study report
that PAD4-deficient mice are more susceptible for bacterial
infections due to lack of NETs in a model for necrotizing fascii-
tis,29 another study concluded that PAD4-mediated NETosis is
not required for immunity against influenza infection.30 Poten-
tially these data could reflect different requirements for NETs
as a defense mechanism during bacterial and virus infections.
However, the role of PAD4-mediated NETosis in bacterial
infections was recently challenged by Martinod and colleagues,
reporting that lack of PAD4 did not impair the capacity to fight
infection caused by cecal ligation and puncture but instead pro-
tected against septic chock, a life-threatening complication
from sepsis.34 Importantly, PAD4-deficiency does not seem to
impair other anti-bacterial immune responses of the neutro-
phil, such as phagocytosis or secretion of anti-bacterial pepti-
des.29,34 More research is needed to fully determine the
potential risks with clinical applications of PAD4 inhibitors
such as GSK484.

Prevention of tumor-induced NETosis could be beneficial
for cancer patients from several aspects. One potential advan-
tage of targeting NETosis in cancer is their reported involve-
ment in DVT, a major cause of morbidity and mortality in
cancer patients.35 NETs have also been described as promoters

of metastasis in situations where infection or inflammation,
induced for example by surgery, puts an extra strain on the
individual with cancer.22,23 Data from our own group show
that tumor-induced intravascular NETs promote endothelial
activation in distant organs.8 The endothelium serves as an
essential barrier regulating trafficking of immune cells, but also
for extravasating tumor cells attempting to invade and colonize
a secondary organ.36 While our data demonstrate increased
activation of the endothelium in heart and kidney vasculature
in tumor-bearing mice,8 this is likely a systemic effect that
occurs also in organs representing common sites for metastasis,
such as liver and lung. Whether tumor-induced NETosis pro-
motes metastasis by facilitating extravasation of tumor cells
remains to be shown. In a recent study by Park et al., DNase I-
coated nanoparticles were reported to reduce metastasis in a
mouse breast cancer model, suggesting that tumor-induced
NETs do promote metastasis.37 However, enhanced tumor cell
extravasation was not proposed as the underlying mechanism
in that study, but instead increased local invasion.

In the current study, we show for the first time that tumor-
induced NETosis contributes to kidney injury in two distinct
transgenic mouse models of cancer. This is important consider-
ing that renal insufficiency is a frequent and potentially fatal
condition in cancer patients. We also demonstrate that the con-
dition can be reverted by therapeutic targeting of NETs with
either DNase I or with a chemical PAD4 inhibitor. Based on
these findings we suggest that prevention of NETosis in cancer
patients should be further explored as a therapeutic approach
with the potential to counteract systemic effects of cancer such
as DVT, metastasis and organ failure.

Methods

Animals

Animal experiments were conducted with formal approval by
the local ethics committee (Dnr C127/13, C77/13, C129/15)
and performed in accordance with the United Kingdom Coor-
dinating Committee on Cancer Research guidelines for welfare
of animals with experimental neoplasia. The study includes two
transgenic mouse models, the MMTV-PyMT mouse model for
mammary carcinoma (FVB/n background) and the RIP1-Tag2
mouse model for pancreatic neuroendocrine carcinoma
(C57BL/6 background). Littermates lacking the transgene were
used as healthy controls.

DNase I treatment

DNase I (10 U in 100 mL 0.9% NaCl; Fermentas, EN0521) was
administered by intra-peritoneal injection daily for 3 d.

GSK484 treatment

Mice were treated daily by intra-peritoneal injections of the
PAD4 inhibitor GSK484 (4 mg/kg; Cayman Chemicals, Cat nr
17488). GSK484 was dissolved in 99.9% ethanol at a concentra-
tion of 25 mg/mL to generate a stock solution and further
diluted 1:50 in 0.9% NaCl shortly before injection of 200 mL/
mouse.
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FITC-lectin perfusion

Mice were anaesthetized by intra-peritoneal injection of avertin
(2%). FITC-conjugated lectin (100 mg in 100 mL PBS) (Vector
Laboratories, Lycopersicon Esculentum, FL-1171) was adminis-
tered by retro-orbital injection and allowed to circulate for 2–
3 min followed by heart perfusion with 10 mL PBS (pH 7.4),
and 10 mL PFA (2%) for fixation. Kidneys were dissected and
incubated in sucrose (30%) over night at 4�C. Tissues were fro-
zen in OCT cryomount (Histolab, 45830) and sectioned for
analysis by immunostaining. The degree of perfusion was
derived from the ratio FITC-lectin-positive area/CD31-positive
area, as determined by Image J.

Urine sampling/preparation

Urine was collected from mice by light palpation of the bladder.
Urine samples were centrifuged for 5000g, 5 min to remove
debris.

Blood sampling and plasma preparation

Mice were anaesthetized by intra-peritoneal injection of avertin
(2% in PBS) and blood was sampled by cardiac puncture using
citrate (0.00169 M) as anticoagulant. Platelet poor plasma was
prepared by spinning at 150g, 15 min to remove larger cells, fol-
lowed by a second centrifugation at 1100g, 10 min to remove
platelets.

Cytospin preparations and analysis of neutrophils
with extracellular DNA tails

Citrated blood samples were centrifuged for 150g, 15 min to
isolate blood cells. Erythrocytes were lysed by a brief incubation
with ammonium chloride solution (0.15 M) and remaining
cells were used for cytospin preparations by centrifugation at
500 rpm, 6 min. Slides with blood cells were stained with an
antibody against Gr1 (BD Biosciences, 553123, 1:300) to iden-
tify neutrophils, Hoechst (Molecular Probes, H3570) to identify
DNA and mounted with Fluoromount-G (Southern Biotech,
0100-01).

Western blot to detect NGAL in urine

Western blot was performed using the NuPAGE system (Life
Technologies). Equal volumes of urine supernatant were loaded
onto the gels. Proteins were transferred to an Immobilon-FL
membrane (Millipore, IPFL00010), which was blocked in LI-
COR blocking buffer (LI-COR Biosciences, 927-40000). NGAL
was detected by incubation with an anti-Lipocalin-2 antibody
(Abcam, ab63929; diluted 1:500) over night at 4�C, followed by
incubation with a secondary IRDye 800CW donkey anti-rabbit
antibody (LI-COR Biosciences, 926-32213; diluted 1:10 000).
Imaging was performed using the Odyssey Infrared Imaging
System 2.1 (LI-COR Biosciences).

RNA extraction and qPCR for expression analysis

For expression analysis by qPCR mice were sacrificed by cervi-
cal dislocation and organs were snap frozen in ice-cold

isopentane. Frozen tissues were homogenized and RNA was
extracted using the RNeasy Midi Kit (Qiagen, 75144), accord-
ing to instructions from the manufacturer. The cDNA synthesis
was performed using the iScript DNA synthesis kit (BioRad,
170-8891) and the KAPA SYBR FAST qPCR kit (KAPA Biosys-
tems, KK4608) was used for the PCR reaction. For PCR primer
sequences, see Supplemental methods.

Immunostainings

Immunostainings were performed for NGAL and CD31.
Cryosections were fixed for 10 min in ice-cold methanol,
washed in PBS and unspecific staining was blocked by incuba-
tion with 3% BSA. Staining for NGAL was performed using the
following antibodies and dilutions: rabbit anti-Lipocalin-2
(Abcam, ab63929; diluted 1:500), Alexa594-conjugated goat
anti-rabbit (Molecular Probes, A11012; diluted 1:1000). Stain-
ing for CD31 was performed using the following antibodies
and dilutions: rat anti-CD31 (BD Biosciences, 553370; diluted
1:1000) and Cy3-conjugated donkey anti-rat (Jackson Immu-
noresearch, 712-165-150; 1:1000). Finally, tissue sections were
counterstained with Hoechst (Molecular Probes, H3570) to
visualize nuclei. A Nikon Eclipse 90i microscope with the NIS
Elements 3.2 software was used for imaging, and analysis was
performed using the Image J 1.44 Software (NIH). Scoring of
NGAL staining in kidneys was performed by grading of stain-
ing from 0 to 5, where 0 D no expression and 5 D very high
expression.

Histology

Kidneys were fixed in 4% PFA for histological analysis and sec-
tioned at 5 mm thickness. Tissue sections were stained with
Hematoxylin & Eosin, Periodic Acid Schiff and Sirius Red and
examined by conventional light microscopy by a certified
pathologist and a specifically trained researcher, who were
blinded to the treatment and outcome data.

Electron microscopy

Kidneys were dissected from mice sacrificed by cervical disloca-
tion and fixed in 2.5% glutaraldehyde over night at 4�C
(healthy, n D 2; MMTV-PyMT, n D 2; MMTV-PyMT C
DNase I, n D 3; MMTV-PyMT C GSK484, n D 3). The tissue
was embedded using the agar 100 resin kit (Agar Scientific Ltd.,
UK), and 50–60 nm thin sections were stained in uranyl acetate
and lead citrate. Imaging was performed in a Technai G2 Elec-
tron Microscope (FEI company, NL) with an ORIUSTM SC200
CCD camera (Gatan Inc., USA). Analysis was done by a certi-
fied pathologist and a specifically trained researcher, who were
blinded to the treatment and outcome data.

Protein measurement in urine

Protein levels in urine were evaluated using the BCA Protein
Assay (ThermoScientific, 23225). Urine was diluted 20£ before
measurement to minimize background signal and the levels
were expressed as relative absorbance.
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Creatinine quantifications

Creatinine was analyzed on a BS380 instrument (Mindray,
Shenzhen, China) by an enzymatic method using reagents
(8L24) from Abbott Laboratories (Abbott Park, IL, USA). The
total coefficient of variation (CV) was 1.5% for creatinine at
87 mmol/L.

Statistical analysis

Statistical analysis was performed using the software Prism
(GraphPad Software Inc.). The nonparametric two-tailed
Mann–Whitney test was used to measure statistical differen-
ces between various groups. Significance indicated in
figures; � p � 0.05, �� p � 0.01 and ��� p � 0.005.
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