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Abstract

The uterine corpus represents the most common site for tumour development in the female

genital system. Uterine neoplasms are categorised as epithelial, mesenchymal, mixed epi-

thelial-mesenchymal or trophoblastic tumours. In this study we employed a mouse genetic

approach using the MuLE lentiviral gene regulatory system to functionally test the ability of

ecotropic lentiviruses to model epithelial and mesenchymal uterine malignancies ex vivo

and in vivo. We discovered that MuLE lentiviruses efficiently infect uterine stromal cells but

not endometrial epithelial cells when injected into the uterus of cycling, pseudopregnant or

ovarectomized mice. Consistent with this cellular infection spectrum, we show that intra-

uterine injection of ecotropic MuLE viruses expressing oncogenic HrasG12V together with

knockdown of Cdkn2a induce high-grade endometrial stromal sarcomas. These findings

establish this approach as an efficient method of generating autochthonous mouse models

of uterine sarcomas and in general for performing genetic manipulations of uterine stromal

cells in vivo.

Introduction

Early-stage uterine tumours are associated with an excellent prognosis after surgical treatment.

However, for patients with advanced, metastatic or recurrent uterine cancer, limited therapeu-

tic options are available [1,2]. To improve understanding of these diverse diseases it would be

desirable to have a series of representative mouse models that reflect not only the different his-

tological types of uterine tumours but also the underlying molecular genetics of each of these

different tumour types. In recent years there has been some progress towards this goal.

The most prevalent tumours of the female reproductive system are carcinomas of the endo-

metrium, which are classified in a dualistic model based on histological appearance and
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molecular differences [1]. Type I endometrioid tumours account for 80% of endometrial

malignancies and are characterised by a relatively high survival rate, due partly to their fre-

quent early detection following abnormal uterine bleeding. Several studies report that PTEN
mutations occur early in the development of type I tumours [3–5]. In terms of generating

rapid, flexible and accurate mouse models of this disease, it has been shown that the injection

of adenoviruses expressing Cre into the uterine lumen of adult Ptenfl/fl mice caused the devel-

opment of uterine carcinomas [6]. Tumour onset and severity can be accelerated by combin-

ing Pten deletion with Kras activation [7]. This combination of germline-based generation of

Cre-regulatable genetic alleles plus viral-based delivery of Cre to somatic endometrial cells rep-

resents one approach to speed up the generation of mouse models of different molecular

forms of endometrial carcinoma. Type II endometrial tumours are more common in older,

non-obese women and, despite their rarity, have a worse outcome due to their highly invasive

and metastatic nature. They comprise three different subtypes: serous, clear cell and undiffer-

entiated carcinomas, each representing approximately 5–10% of all endometrial carcinoma

cases [1]. Type II tumours are associated with both overlapping and distinct sets of genetic

alterations to those found in type I tumours. They exhibit extensive somatic copy number

alterations. In contrast to type I tumours, type II tumours are frequently characterised by early

mutations in TP53 [8–10]. The deletion of the Trp53 gene in the mouse endometrium results

in the formation of all histological subtypes of type II disease after 14–16 months [11].

Uterine mesenchymal tumours account for 3% of uterine tumours and are derived from

the soft tissue of the uterine corpus, which comprises endometrial stroma, smooth muscle and

blood vessels [12]. Uterine sarcomas are broadly classified as leiomyosarcomas, accounting for

60% of cases, endometrial stromal sarcomas, and undifferentiated sarcomas. These categories

are defined by the presence of specific molecular alterations as well as by tumour morphology

and prognosis [13]. Leiomyosarcomas are composed of cells which demonstrate smooth mus-

cle differentiation. The majority of uterine leiomyosarcomas occur sporadically. Commonly

found alterations include MED12, HMGA2 and PTEN [14–16]. Patients with germline muta-

tions in fumarate hydratase (FH) have an increased risk of developing uterine leiomyosarco-

mas as well as uterine leiomyomas [17].

Endometrial stromal sarcomas are composed of cells resembling the endometrial stroma

and are far less frequent than smooth muscle tumours, such as leiomyosarcomas. They are

characterized by chromosomal translocations, most commonly involving the zinc finger genes

JAZF1 and SUZ1 [18,19]. Undifferentiated uterine sarcomas represent a very rare and aggres-

sive category of uterine tumours. Considering their low incidence rate, there is little to no

information about molecular alterations found in these tumours. They are diagnosed by exclu-

sion after elimination of other high-grade uterine tumours with a sarcomatous component

[20,21]. However, again using the approach of combined germline genetics plus viral delivery

of Cre, injection of an adenovirus expressing Cre-recombinase into the uterus of mice har-

bouring conditional alleles of oncogenic Kras and Trp53 caused the development of undiffer-

entiated pleomorphic sarcoma [22,23].

In order to accelerate the process of generating genetically-complex autochthonous mouse

models of human tumours we recently developed the MuLE lentiviral gene regulatory system,

that facilitates combinatorial somatic genetics in cultured cells and in vivo in mouse tissues. As

a proof of principle, we showed that this system could be employed to generate new mouse

models of muscle-derived undifferentiated sarcomas that harbour alterations in multiple sig-

nalling pathways [24]. In the current study we investigated whether the MuLE system could

also be applied to the setting of modelling of different forms of uterine tumours. We show that

the MuLE system can be used to model endometrial sarcomas but does not appear to be easily

applicable to modelling of uterine carcinomas.

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 2 / 14

https://doi.org/10.1371/journal.pone.0186102


Materials and methods

Mice

SCID/beige mutant mice (C.B-17/CrHsd-PrkdcScidLystbg-J) and C57BL/6JRccHsd mice were

obtained from Envigo. B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J mice were obtained from

the Jackson Laboratory. Vasectomized RjOrl:SWISS male mice were obtained from Janvier

labs. Pax8-rtTA; LC1 mice [25], were obtained from Prof. Carsten Wagner, University of

Zurich. For doxyclycline experiments, 6–8 week-old offspring of intercrosses between

Pax8-rtTA; LC1 and B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J mice were exposed to doxycy-

cline (0.5 mg/ml) in drinking water supplemented with 5% sucrose for 5 days. Afterwards ani-

mals were kept on normal drinking water for another week. Mouse experiments were

approved by the Veterinary Office of the Canton of Zurich under the licence 137/2013.

Ovarectomy

Adult, cycling female B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J mice were anaesthetized with

isoflurane and the ovaries were exposed. Both uterine horns were ligated and the ovaries were

removed. 2 weeks following surgery lentiviruses were injected into the uterus.

Intrauterine viral injections

Approximately 4 week-old female mice were anaesthetized using isoflurane and the uteri were

exposed by making a small incision. 10 μL of concentrated lenti- and adeno-viruses expressing

different genetic manipulations were injected into one uterine horn with a 30G insulin syringe.

The animals were euthanised 1–6 months after injection depending on the experiment. The

uteri were harvested, fixed in 10% formalin, paraffin-embedded and cut in 5 μm thick sections.

For the identification of the Cre-infected cells, B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J

uteri were fixed in 4% paraformaldehyde for 4–6 h, transferred to 30% sucrose overnight,

embedded in OCT and cut in 5 μm thick sections.

Allograft studies

For allograft experiments, 8 week-old female SCID/beige mice were anaesthetized by the inha-

lation of 2.5% isoflurane and 1x106 cells resuspended in 50% Matrigel (BD, no. 354230, Eysins,

Switzerland) were injected subcutaneously in a total volume of 150 μL. In vivo imaging as well

as a caliper were used to follow tumour development over time.

In vivo imaging studies

Noninvasive in vivo fluorescence and bioluminescence imaging was performed using the IVIS

Spectrum (Perkin Elmer, Waltham, MA) together with the Living Image software (version

4.4). Mice were anaesthetized by using 2.5% isoflurane. During imaging, the isoflurane levels

were reduced to 1.5%. All fluorescence measurements were performed in epi-fluorescence

mode. For bioluminescence imaging, mice were injected subcutaneously with 150 mg/kg D-

luciferin (Caliper, no. 122796, Waltham, MA) and imaged 15 min after injection. For the

quantification of the total radiant efficiency, a region of interest was drawn around the mouse

and the total radiant efficiency was automatically detected.

Isolation and maintenance of pEEC

We used previously published protocols [26,27] with minor modifications for the isolation of

primary endometrial epithelial cells from mice. Five to ten 3-week-old C57BL/6 mice were

Modelling uterine sarcoma in mice
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sacrificed by cervical dislocation and uterine horns were taken out, dissected in Hanks Bal-

anced Salt Solution (HBSS, ThermoScientific, Waltham, MA) and cut open lengthwise. The

fragments were then pooled and incubated with 0.5% Trypsin (Sigma Aldrich, St. Louis, MO)/

2.5% pancreatin (Thermo Fisher Scientific, Waltham, MA) in HBSS for 60 min at 4˚C and 60

min at 22˚C. Digested uteri were transferred to ice-cold HBSS and vortexed for 30 sec to

release epithelial cells. Uterine tissues were filtered through a 40 μm nylon mesh and epithelial

cells were collected and centrifuged at 1.000 g for 5 min. Cells were then resuspended in basal

medium containing DMEM/F12 (Sigma Aldrich, St Louis, MO) supplemented with 1 mmol/l

HEPES (Thermo Fisher Scientific, Waltham, MA) and 1% penicillin/streptomycin (Sigma

Aldrich, St Louis, MO). Cells were mechanically disrupted by pipetting until clumps of cells

are observed under the microscope. Cells were then seeded in basal medium supplemented

with 5 ng/ml EGF (PeproTech, Hamburg, Germany), 1 mg/ml insulin (Sigma Aldrich, St

Louis, MO), 0.55 mg/ml transferrin (Sigma Aldrich, St Louis, MO), 0.5 μg/ml sodium selenite

(Sigma Aldrich, St Louis, MO) (BIE—basal medium, ITS supplement and EGF) and 0.5% dex-

tran-coated charcoal-stripped FCS (Biochrom AG, Berlin, Germany) and plated into cultures

dishes. Cells were cultured in BIE plus 0.5% stripped FCS in an incubator at 37˚C with saturat-

ing humidity and 5% O2.

Immunohistochemistry

Immunohistochemical analysis was performed on formalin-fixed paraffin sections after anti-

gen retrieval (5 min at 110˚C in 0.1 M citrate buffer pH 6) and immunofluorescence on cells

(IF-IC) and frozen sections (IF-F) on paraformaldehyde-treated cells or sections. The antibod-

ies used in this study were anti-CD10 antibody (1:2000, PA5-47075, Thermo Fisher Scientific,

Waltham, MA), anti-CD31 antibody (1:200, ab28364, abcam, Cambridge, UK), anti-CYCLIN

D1 antibody (1:40, SP4, Thermo Fisher Scientific, Waltham, MA), anti-DESMIN antibody

(1:100, D1033, Sigma-Aldrich, Darmstadt, Germany), anti-MYOD1 antibody (1:100, M3512,

Dako, Santa Clara), anti-MYOGENIN antibody (1:500, M3559, Dako, Santa Clara), anti-

alpha-SMOOTH MUSCLE ACTIN antibody (1:5000, ab5694, abcam, Cambridge, UK), anti-

H-RAS antibody (1:100, GTX116041, GeneTex, Irvine, CA) and anti-VIMENTIN antibody

(1:500, D21H3, Cell Signaling, Danvers, MA).

Results

Establishment of a primary endometrial epithelial cell culturing system

To study the ability of the MuLE system to model uterine malignancies, we first focused on the

most common uterine tumour type, endometrial carcinoma. We established a murine endo-

metrial epithelial cell culture model to allow us to study endometrial tumour development ex
vivo. Freshly isolated cultures of primary endometrial epithelial cells (pEECs) showed almost

uniform postive staining for E-CADHERIN, ß-CATENIN and CYTOKERATIN-7 and, with

the exception of a small number of cells, negative staining for VIMENTIN, establishing the rel-

ative purity of the epithelial isolation (Fig 1A). Next, we optimised cell culture conditions to

allow the proliferation of these cells. The addition of 0.5% charcoal-stripped FCS to the

medium allowed expansion of the cells into larger clusters in which cells maintained their epi-

thelial cobblestone morphology. If FCS was not added the cells maintained their epithelial

morphology but did not expand and passaging them was not possible (Fig 1B). Based on these

results, we decided to culture the cells with 0.5% FCS.

The extended replicative life span which results from the inactivation of the p53 pathway is

thought to represent an important event in the multistep process of endometrial carcinoma

development. Given this genetic link to human endometrial carcinogenesis and additionally

Modelling uterine sarcoma in mice
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since pEECs fall into senescence with ongoing cultivation on plastic dishes [28], we tried to

immortalise them by using primary epithelial cultures prepared from Trp53fl/fl uteri. Trp53
was deleted ex vivo by treating the cells with a Cre-expressing adenovirus. Additionally, in a

parallel approach, we infected pEECs from wildtype mice with a MuLE vector expressing a

miR-30-based shRNA against Trp53 together with drug resistance. Genetic deletion or knock-

down of Trp53 allowed the cells to be expanded and passaged, but passaging still caused a

change in cellular morphology to a more fibroblast-like appearance (Fig 1C), meaning that

these cultures do not represent a system that can be used for long-term studies of endometrial

epithelial cells.

We next sought to determine whether primary endometrial epithelial cells could be readily

infected by MuLE viruses. For these experiments we isolated endometrial epithelial cells from

uteri of Pax8-rtTA; LC1; ROSA26-lox-stop-lox tdTomato mice [25,29]. PAX8 is a transcrip-

tion factor which is essential for the development of the female genital tract, including luminal

and glandular endometrial epithelial cells [30]. In this mouse model, the reverse tetracycline-

controlled transactivator (rtTA) is expressed under the control of the Pax8 promotor (Pax8-
rtTA). In the presence of doxycycline, rtTA can bind to a tetracycline response element (TRE)

which leads to the expression of Luciferase and Cre, specifically in endometrial epithelial cells,

which induces the expression of tdTomato (Fig 2A). Following the administration of female

mice with doxycycline to activate Cre-mediated recombination, uteri were harvested and

Pax8-driven tdTomato expression in glandular and luminar epithelial cells was confirmed by

in vivo imaging (Fig 2B) and microscopy. We isolated pEECs from the uteri of these mice and

Fig 1. Establishment of a primary endometrial epithelial cell culturing system. (A) pEECs stain

positively for the epithelial cell markers E-CADHERIN, ß-CATENIN and CYTOKERATIN-7 and negatively for

the stromal cell marker VIMENTIN. Bright field image (10x) scale bar: 50 μm, low magnification (20x) scale

bar: 100 μm and high magnification (63x) scale bar: 100 μm. (B) Supplementing BIE with 0.5% FCS promotes

growth. BIE: basal medium supplemented with insulin, EGF, transferrin und sodium selenite. Scale bar:

50 μm. (C) Adeno-Cre-treated pEECs from Trp53fl/fl mice and pEECs infected with a lentivirus expressing a

miR-30-based shRNA against Trp53 were immortalised and could be expanded but lost epithelial

morphology. Scale bar: 50 μm.

https://doi.org/10.1371/journal.pone.0186102.g001

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 5 / 14

https://doi.org/10.1371/journal.pone.0186102.g001
https://doi.org/10.1371/journal.pone.0186102


Fig 2. Lentiviral transduction of cultured uterine cells strongly favors stromal cells. (A) Schematic diagram of

Pax8-rtTA-mediated doxycycline-controlled Cre-expression in Pax8-rtTA; LC1; ROSA26-lox-stop-lox tdTomato mice. (B)

Doxycycline activates Cre-mediated recombination in glandular und luminar epithelial cells in the endometrium shown by

whole organ imaging (left panel) and imaging of frozen histological sections (right panels). Scale bar: 100 μm. (C) Bright field

and fluorescence images 1, 4, 6, 11 and 25 days after the isolation of pEECs from the uteri of doxycycline-treated Pax8-rtTA;

LC1; ROSA26-lox-stop-lox tdTomato mice. pEECs were infected on day 1 with ecotropic lentiviruses expressing either GFP

Modelling uterine sarcoma in mice
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infected them with ecotropic MuLE lentiviruses expressing GFP to label infected cells, After 48

hours only a few Pax8-tdTomato-expressing cells were GFP-positive but the majority of GFP-

expressing cells were Pax8-tdTomato-negative (Fig 2C, top half), demonstrating that infection

of epithelial cells by MuLE viruses is rare.

We nonetheless reasoned that it might be possible to transform epithelial cells and poten-

tially create an ex vivo engineered endometrial carcinoma model by infecting pEECs with an

ecotropic MuLE virus expressing shCdkn2a plus HrasG12V, taking advantage of the fact that

largely mutually exclusive genetic alterations in KRAS, HRAS, NRAS, BRAF and NF1 occur in

about 32% of human endometrial carcinomas (www.cbioportal.org) and loss of function of

Cdkn2a in mouse cells allows escape from RAS-induced senescence and transformation

[31,32]. Infection of the above-described genetically labelled pEEC cultures with the shCdkn2a
and HrasG12V-expressing lentivirus led to the emergence of a population of apparently trans-

formed cells that proliferated rapidly, could be sequentially passaged and formed stream-like

structures in culture, however these cells were negative for tdTomato expression (Fig 2C,

lower half), indicating that they are not epithelial in origin. It is known that endometrial epi-

thelial cell cultures can be contaminated by small numbers of endometrial stromal cells and

indeed, when these transformed cells were injected subcutaneously into SCID/beige mice they

formed tumours with a sarcoma-like morphology. Histologically, the tumours stained nega-

tively for CD31, DESMIN, MYOD1, MYOGENIN, alpha-SMA and positively for VIMENTIN

(Fig 2D). This molecular phenotype is consistent with a diagnosis of undifferentiated sarcoma

of likely mesenchymal cell origin. We conclude that while endometrial epithelial cells can be

infected by MuLE viruses, albeit at low efficiency, transformation of other stromal cell types

present in these cultures occurs efficiently by HrasG12V overexpression and Cdkn2a
knockdown.

Stromal cells are preferentially transduced by lentiviruses following in

vivo injection

To study the efficacy of ecotropic lentiviral infection in vivo, we first injected mice with GFP-,

tdTomato- or Luciferase-expressing ecotropic lentiviruses, but we were unable to detect the

expression of any of these markers by immunofluorescence staining. However, using R26-lox-

STOP-lox-tdTomato mice [29] as a reporter system (Fig 3A) to test cellular infection, we dis-

covered that the injection of ecotropic lentiviruses expressing Cre into the uterus of cycling

(n = 3), pseudopregnant (n = 1) and ovarectomized (n = 1) mice induced tdTomato expression

in cells in the uterine stroma but did not lead to infection of endometrial epithelial cells (Fig

3B, first column). Since it has been shown that adenoviruses can infect stromal and epithelial

cells in vivo [6,22,33], we injected adenovirus expressing Cre into the uterus of cycling (n = 2),

pseudopregnant (n = 1) and ovarectomized (n = 1) mice as a positive control (Fig 3B, second

column). In ovarectomized mice we were indeed able to detect tdTomato-positive epithelial

cells but again there were many more positive stromal cells. We conclude that lentiviral and

adenoviral intra-uterine injections strongly favour infection of stromal cells rather than epithe-

lial cells, even in mice in which endometrial cycling was hormonally blocked (ovarectomy,

pseudopregnancy) to prevent the loss of potentially infected epithelial cells.

or shCdkn2a plus HrasG12V and Luciferase. Scale bar: 50 μm. (D) Ability of shCdkn2a and HrasG12V-transduced cells to form

tumours within 47 days in allograft experiments (visualised using luciferase imaging in the left panel). Right panels show H&E

and immunohistochemical stainings using the indicated antibodies. Low magnification scale bar: 1 cm and high magnification

scale bar: 100 μm.

https://doi.org/10.1371/journal.pone.0186102.g002
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Intrauterine injection of MuLE viruses expressing shCdkn2a plus

HrasG12V causes sarcoma development

Given the data obtained above, we reasoned that it might be possible to generate a mouse

model of uterine sarcomas. Since MuLE lentiviruses can be used to model undifferentiated

pleomorphic sarcomas in vivo [24], a tumour of mesenchymal origin [22], concentrated eco-

tropic MuLE lentiviruses which cause either Cdkn2a silencing together with activation of

HrasG12V or Pten or Trp53 silencing alone, were injected into the uterus of 4-week-old SCID/

beige mice (Fig 4A). Additionally, the MuLE vectors carried a coding sequence for firefly lucif-

erase in order to label infected cells and to trace tumour development over time. The injection

of the shCdkn2a plus HrasG12V expressing ecotropic MuLE lentivirus into the uterus of five

SCID/beige mice caused the development of high-grade endometrial stromal sarcomas with

80% (n = 4 tumours) penetrance after less than two months (median overall survival 49 days)

(Fig 4B, 4D and 4E). This process was monitored by an increase in luciferase expression over

time (Fig 4C). Tumours had maximum diameters between 3–6 mm at the time of sacrifice of

the mice. Tumours expressed high levels of H-RAS (S1 Fig) compared to normal uterine tissue,

Fig 3. Stromal cells are preferentially transduced by lentiviruses following in vivo injection. (A)

tdTomato fluorescence signal in the uterus following intrauterine injection of ecotropic virus expressing Cre.

(B) Intrauterine injection of ROSA26-lox-STOP-lox-tdTomato mice with Cre-expressing lenti- and

adenoviruses. Arrowheads indicate infected epithelial cells. Scale bar: 100 μm. CTRL indicates non-injected

animals.

https://doi.org/10.1371/journal.pone.0186102.g003
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Fig 4. HrasG12V expression plus knockdown of Cdkn2a causes high-grade endometrial stromal sarcomas. (A) Schematic

of MuLE vectors simultaneously expressing a combination of shRNA against Cdkn2a plus expression of HrasG12V or expressing

shRNAs against Trp53 or Pten or a non-silencing (n.s.) control shRNA. All vectors also expressed Luciferase. Numbers of mice

that were injected with each vector are shown in the figure. (B) Quantification (mean ± SD) of luciferase signal over time.

† Sacrifice of all mice in this group by this time point. (C) Bioluminescence imaging in two mice 7, 22, 28, 34 and 42 days after the

injection of MuLE lentiviruses expressing shRNA against Cdkn2a together with HrasG12V into the uterus of 6-8-week-old SCID/

Modelling uterine sarcoma in mice
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confirming the functionality of the MuLE vector. Histologically, the tumours were highly cel-

lular showing a diffuse growth pattern, delicate slit-like capillary network (Fig 4J, and extensive

myometrial invasion. In addition, tumors were rapidly growing (Ki-67 proliferation fraction

of 10–50%, S2A Fig) with high-grade cytologic atypia, resembling endometrial stromal sar-

coma. Besides hemosiderin deposits (S2B Fig), they stained positively for CYCLIN D1 (Fig

4G), diffusely positively for CD10 (Fig 4H) and VIMENTIN (Fig 4I) and negatively for CD31

(Fig 4J), DESMIN (Fig 4K), MYOGENIN (Fig 4L) and alpha-SMA (Fig 4M). These cellular

and molecular features are consistent with a diagnosis of high grade endometrial stromal sar-

coma. Lesions showed an absence of mucin inclusions (S2C Fig), which ruled out an adenocar-

cinoma phenotype. Tumours did not show staining for smooth muscle cells or collagen by van

Gieson‘s staining (S2D Fig) further indicating that these tumours are not leimyosarcomas.

None of the other injected vectors expressing knockdown constructs for two of the most com-

monly altered genes in endometrial carcinoma patients, namely Pten or Trp53, were sufficient

to cause any large increases in luciferase signal over time and to induce tumour formation

within 6 months after injection (Fig 4B). The development of endometrial stromal sarcoma by

the injection of shCdkn2a plus HrasG12V expressing ecotropic lentiviruses serves as a technical

proof-of-principle that this approach can be used to model uterine sarcomas.

To further investigate the potential utility of this approach for modelling other types of

uterine malignancies we generated a series of five different MuLE lentiviruses designed to

reproduce the genetics of uterine leiomyomas and uterine leiomyosarcomas, namely i) overex-

pression of HMGA2, ii) expression of MED12G44S, iii) expression of MED12G44S plus shRNA

against Trp53, iv) expression of shRNA against Fh or v) expression of shRNA against Fh plus

shRNA against Cdkn2a. Each vector also expressed luciferase. Each of these vectors were

injected into uteri of ten or eleven mice for the HMGA2 and MED12 experiments and three

mice for the Fh experiments and the mice were monitored by luciferase imaging for 9–11

months. None of these animals showed any increase in luciferase signal nor any histological

abnormalities, arguing that this approach is not likely to be useful for modelling uterine

leiomyomas.

Discussion

In this study we employed a mouse genetic approach using the MuLE lentiviral gene regulatory

system [24] to functionally test the ability of ecotropic lentiviruses to model epithelial and mes-

enchymal uterine malignancies ex vivo and in vivo.

A major problem in ex vivo endometrial cell culture-based studies are contaminating stro-

mal cells, which are a byproduct of the isolation. While epithelial cells lose their proliferative

capacity during ongoing cultivation on plastic, stromal cells are more easily cultured long term

[28]. A Rho kinase inhibitor (ROCK), in combination with fibroblast feeder cells, induces

epithelial cells from many tissues to proliferate indefinitely ex vivo, without the need to immor-

talise them [34,35]. The culture of pEECs with conditional reprogramming by feeder cells

and ROCK inhibitor did not improve the culture system in our hands. Despite some minor

growth in culture, pEECs displayed strong degenerative changes, such as giant intra-nuclear

vacuoles, and did not survive the first passage in culture. Since it was not possible to expand

and passage pEECs which retain lineage commitment and normal growth, we tried to generate

beige mice. Injected mice developed tumours (n = 4) with 80% penetrance. Median overall survival was 49 days. (D)

Bioluminescence imaging and photographs of tumour-bearing uterus at the time of sacrifice (day 56 after injection). (E-M) H&E

and immunohistochemical stainings of tumours from two different mice using the indicated antibodies. Low magnification scale

bar: 1 mm and high magnification scale bar: 100 μm.

https://doi.org/10.1371/journal.pone.0186102.g004
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immortalised cell lines through Trp53 tumour suppressor inactivation or Hras oncogene acti-

vation with the use of ecotropic lentiviruses. This approach did not work, possibly due to the

fact that ecotropic lentiviruses seem to efficiently infect contaminating stromal cells.

We also discovered that MuLE lentiviruses efficiently infect uterine stromal cells but not

endometrial epithelial cells when injected into the uterus of cycling, pseudopregnant or ovar-

ectomized mice. Consistent with this cellular infection spectrum, we show that intra-uterine

injection of ecotropic MuLE viruses expressing oncogenic HrasG12V together with knockdown

of Cdkn2a induce high-grade endometrial stromal sarcomas. This model is analagous to a sim-

ilar aggressive uterine soft tissue sarcoma model that was previously generated through a Cre-

loxP germline strategy. In this model, uterus-specific deletion of Trp53 was combined with

expression of a constitutively active form of Kras [22]. The advantage of the MuLE system is

that it is not dependent on the prior generation of germline-modified, Cre-regulatable mice

and is therefore better suited to higher throughput testing of the pathological effects of differ-

ent combinations of genetic alterations.

A theoretical drawback of the use of lentiviral vectors is the possibility of insertional muta-

genesis. We refer to our previous detailed discussion of this issue [24] with respect to the fact

that lentiviral vectors appear to be much less problematic than retroviral vectors. Data pre-

sented in this study also support the fact that insertional mutagenesis is unlikely to be a com-

plicating factor. While MuLE viruses expressing HrasG12V plus shCdkn2a induced tumours at

high frequency (4 of 5 mice), we injected a total of 53 mice with numerous vectors designed to

manipulate a variety of known cancer-relevant genes and did not observe a single tumour in

any mouse. This underlines the specificity of the HrasG12V plus shCdkn2a tumour phenotype

and further demonstrates lack of non-specific tumour formation of the MuLE system in

general.

Since we have previously shown that ecotropic MuLE vectors can infect a wide variety of

epithelial and non-epithelial cell types [24], it remains unclear why endometrial epithelial cells

are resistant to infection. It has been shown that mucin, a glycoconjugate, inhibits the entry of

lenti- and adenoviruses into epithelial cells and that viral transduction could be improved by

pretreating either the cells or the virus with the glycolyse hydrolase neuraminidase before

infection [36,37]. It would be worth testing in the future if the pretreatment of either ecotropic

lentiviruses or pEECs with neuraminidase increases epithelial cell transduction. In vivo studies

have shown that adenoviral vector infection efficiency is influenced by the stage of the estrous

cycle at the time of injection, with best results occuring during late metestrous and diestrous

stages of the estrous cycle [33]. During the estrous cycle apoptosis is increased ten-fold in the

luminar epithelium compared to other cell compartments [38]. Even if epithelial cells were ini-

tially infected, the high rates of apoptosis may lead to the rapid loss of these cells during the

cycle. By the use of R26-lox-STOP-lox-tdTomato mice [29] as a reporter system to test cellular

infection, we discovered that the injection of ecotropic lentiviruses expressing Cre into the

uterus of cycling, pseudopregnant and ovarectomized mice induced tdTomato expression in

stromal cells but not epithelial cells regardless of stage of the estrous cycle and the viral dose.

In rodent cells a cationic amino acid transporter, termed CAT1, serves as the receptor for the

envelope glycoprotein gp70 of ecotropic MMLV [39]. In the endometrium CAT1 is expressed

on the basal surface of the epithelial cells [40]. Limited accessibility of CAT1 is another possible

reason why we were not able to infect epithelial cells in vivo. Additionally, we injected Cre-

liposome complexes into the uterine lumen of pseudopregnant and ovarectomized mice but

also with this approach we detected reporter gene activity only in stromal cells.

Only when we injected Cre-expressing adenoviruses in ovarectomized mice, were we able

to see not only tdTomato-positive stromal cells but also very few positive epithelial cells. This

confirmed the earlier observations that adenoviruses infect only few epithelial cells and many

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 11 / 14

https://doi.org/10.1371/journal.pone.0186102


more stromal cells when injected in the uterus of lacZ reporter mice [6]. The injection of an

adenovirus expressing Cre into the uterus of Ptenfl/fl mice caused Pten deletion in both stromal

and epithelial cells, however this treatment caused endometrial carcinoma development, but

none of the injected uteri exhibited stromal tumours. This indicates that the deletion of Pten in

stromal cells does not offer an advantage to the cells and therefore is not selected for in terms

of causing a tumour [6]. Our studies in which injected ecotropic MuLE lentiviruses expressing

shPten failed to induce stromal tumours when injected into the uterine lumen of SCID/beige

mice are consistent with these data.

In summary, we discovered that ecotropic MuLE lentiviruses are able to inefficiently trans-

duce epithelial cells ex vivo and that infection strongly favors stromal cells. The injection of

ecotropic lentiviruses into the uterus of mice infected stromal cells but not epithelial cells

regardless of stage of the estrous cycle. The MuLE system appears to be suited for use in model-

ling endometrial sarcomas but not carcinomas and in general represents a rapid method for

performing complex genetic manipulations in uterine stromal cells in vivo.

Supporting information

S1 Fig. H-RAS expression in tumours. Immunohistochemical staining of two tumours from

two different mice as well as adjacent normal uterine tissue using anti-H-RAS antibody.

(TIF)

S2 Fig. Generation of high-grade endometrial stromal sarcomas. (A) Uterine tumours from

two different mice show increased proliferation (Ki67 immunohistochemistry), (B) hemosid-

erin deposition (Prussian blue staining), (C) absence of mucin inclusions (Alcian Blue PAS

staining) and (D) absence of strong staining for smooth muscle cells in yellow and collagen in

red (van Gieson‘s staining). Scale bar: 100 μm.

(TIF)

Acknowledgments

We are grateful to all members of the Frew laboratory for helpful discussions related to this

manuscript.

Author Contributions

Conceptualization: Laura P. Brandt, Joachim Albers, Ian J. Frew.

Data curation: Laura P. Brandt, Joachim Albers, Ian J. Frew.

Formal analysis: Laura P. Brandt, Joachim Albers, Peter J. Wild, Ian J. Frew.

Funding acquisition: Ian J. Frew.

Investigation: Laura P. Brandt, Joachim Albers, Tomas Hejhal, Antonella Catalano.

Methodology: Laura P. Brandt, Joachim Albers, Tomas Hejhal, Ian J. Frew.

Project administration: Ian J. Frew.

Resources: Ian J. Frew.

Supervision: Ian J. Frew.

Writing – original draft: Laura P. Brandt, Ian J. Frew.

Writing – review & editing: Laura P. Brandt, Peter J. Wild, Ian J. Frew.

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186102.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186102.s002
https://doi.org/10.1371/journal.pone.0186102


References
1. The molecular biology of endometrial cancers and the implications for pathogenesis, classification, and

targeted therapies. 2009; 16: 8–13. Available: http://moffitt.org/File%20Library/Main%20Nav/Research

%20and%20Clinical%20Trials/Cancer%20Control%20Journal/v16n1/8.pdf

2. A review of treatment of uterine leiomyosarcomas. 2013; 15: 581–587. https://doi.org/10.1007/s11912-

013-0350-4 PMID: 24136566

3. Daikoku T, Hirota Y, Tranguch S, Joshi AR, DeMayo FJ, Lydon JP, et al. Conditional loss of uterine

Pten unfailingly and rapidly induces endometrial cancer in mice. Cancer research. 2008 ed. 2008; 68:

5619–5627. https://doi.org/10.1158/0008-5472.CAN-08-1274 PMID: 18632614

4. PTEN mutations and microsatellite instability in complex atypical hyperplasia, a precursor lesion to uter-

ine endometrioid carcinoma. 1998; 58: 3254–3258. Available: http://eutils.ncbi.nlm.nih.gov/entrez/

eutils/elink.fcgi?dbfrom=pubmed&id=9699651&retmode=ref&cmd=prlinks

5. The genomics and genetics of endometrial cancer. Dove Press; 2012; Volume 2: 33–47. https://doi.org/

10.2147/AGG.S28953 PMID: 22888282

6. Joshi A, Ellenson LH. Adenovirus mediated homozygous endometrial epithelial Pten deletion results in

aggressive endometrial carcinoma. Experimental cell research. Elsevier Inc; 2011; 317: 1580–1589.

https://doi.org/10.1016/j.yexcr.2011.03.006 PMID: 21397598

7. Kim TH, Wang J, Lee KY, Franco HL, Broaddus RR, Lydon JP, et al. The Synergistic Effect of Condi-

tional Pten Loss and Oncogenic K-ras Mutation on Endometrial Cancer Development Occurs via

Decreased Progesterone Receptor Action. Journal of oncology. 2009 ed. 2010; 2010: 139087. https://

doi.org/10.1155/2010/139087 PMID: 19884980

8. Fadare O, Liang SX, Ulukus EC, Chambers SK, Zheng W. Precursors of endometrial clear cell carci-

noma. The American journal of surgical pathology. 2006 ed. 2006; 30: 1519–1530. https://doi.org/10.

1097/01.pas.0000213296.88778.db PMID: 17122507

9. Kuhn E, Wu RC, Guan B, Wu G, Zhang J, Wang Y, et al. Identification of Molecular Pathway Aberra-

tions in Uterine Serous Carcinoma by Genome-wide Analyses. Journal of the National Cancer Institute.

2012; 104: 1503–1513. https://doi.org/10.1093/jnci/djs345 PMID: 22923510

10. Getz G, Gabriel SB, Cibulskis K, Lander E, Sivachenko A, Sougnez C, et al. Integrated genomic charac-

terization of endometrial carcinoma. Nature. 2013; 497: 67–73. https://doi.org/10.1038/nature12113

PMID: 23636398

11. Wild PJ, Ikenberg K, Fuchs TJ, Rechsteiner M, Georgiev S, Fankhauser N, et al. p53 suppresses type II

endometrial carcinomas in mice and governs endometrial tumour aggressiveness in humans. EMBO

Mol Med. 2012 ed. 2012; 4: 808–824. https://doi.org/10.1002/emmm.201101063 PMID: 22678923

12. Diagnosis and treatment of sarcoma of the uterus. A review. Taylor & Francis; 2012; 51: 694–705.

https://doi.org/10.3109/0284186X.2012.689111 PMID: 22793037

13. Uterine sarcomas. 2015; 131 Suppl 2: S105–10. https://doi.org/10.1016/j.ijgo.2015.06.006 PMID:

26433666

14. Bertsch E, Qiang W, Zhang Q, Espona-Fiedler M, Druschitz S, Liu Y, et al. MED12 and HMGA2 muta-

tions: two independent genetic events in uterine leiomyoma and leiomyosarcoma. Modern Pathology.

Nature Publishing Group; 2014; 1–10. https://doi.org/10.1038/modpathol.2013.243 PMID: 24390224

15. Loss of DNA copy number of 10q is associated with aggressive behavior of leiomyosarcomas: a com-

parative genomic hybridization study. 2005; 161: 20–27. https://doi.org/10.1016/j.cancergencyto.2005.

01.011 PMID: 16080954

16. The AKT-mTOR pathway plays a critical role in the development of leiomyosarcomas. 2007; 13: 748–

753. https://doi.org/10.1038/nm1560 PMID: 17496901

17. Analysis of fumarate hydratase mutations in a population-based series of early onset uterine leiomyo-

sarcoma patients. Wiley Subscription Services, Inc., A Wiley Company; 2006; 119: 283–287. https://

doi.org/10.1002/ijc.21798 PMID: 16477632

18. Frequent fusion of the JAZF1 and JJAZ1 genes in endometrial stromal tumors. National Acad Sciences;

2001; 98: 6348–6353. https://doi.org/10.1073/pnas.101132598 PMID: 11371647

19. Frequency of Known Gene Rearrangements in Endometrial Stromal Tumors. 2011; 35: 1364–1372.

https://doi.org/10.1097/PAS.0b013e3182262743 PMID: 21836477

20. Undifferentiated uterine sarcoma: a rare, not well known and aggressive disease: report of 13 cases.

Springer Berlin Heidelberg; 2014; 290: 993–997. https://doi.org/10.1007/s00404-014-3311-8 PMID:

24958349

21. High grade undifferentiated uterine sarcoma: Surgery, treatment, and survival outcomes. 2012; 127:

27–31. https://doi.org/10.1016/j.ygyno.2012.06.030 PMID: 22750260

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 13 / 14

http://moffitt.org/File%20Library/Main%20Nav/Research%20and%20Clinical%20Trials/Cancer%20Control%20Journal/v16n1/8.pdf
http://moffitt.org/File%20Library/Main%20Nav/Research%20and%20Clinical%20Trials/Cancer%20Control%20Journal/v16n1/8.pdf
https://doi.org/10.1007/s11912-013-0350-4
https://doi.org/10.1007/s11912-013-0350-4
http://www.ncbi.nlm.nih.gov/pubmed/24136566
https://doi.org/10.1158/0008-5472.CAN-08-1274
http://www.ncbi.nlm.nih.gov/pubmed/18632614
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=9699651&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=9699651&retmode=ref&cmd=prlinks
https://doi.org/10.2147/AGG.S28953
https://doi.org/10.2147/AGG.S28953
http://www.ncbi.nlm.nih.gov/pubmed/22888282
https://doi.org/10.1016/j.yexcr.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21397598
https://doi.org/10.1155/2010/139087
https://doi.org/10.1155/2010/139087
http://www.ncbi.nlm.nih.gov/pubmed/19884980
https://doi.org/10.1097/01.pas.0000213296.88778.db
https://doi.org/10.1097/01.pas.0000213296.88778.db
http://www.ncbi.nlm.nih.gov/pubmed/17122507
https://doi.org/10.1093/jnci/djs345
http://www.ncbi.nlm.nih.gov/pubmed/22923510
https://doi.org/10.1038/nature12113
http://www.ncbi.nlm.nih.gov/pubmed/23636398
https://doi.org/10.1002/emmm.201101063
http://www.ncbi.nlm.nih.gov/pubmed/22678923
https://doi.org/10.3109/0284186X.2012.689111
http://www.ncbi.nlm.nih.gov/pubmed/22793037
https://doi.org/10.1016/j.ijgo.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26433666
https://doi.org/10.1038/modpathol.2013.243
http://www.ncbi.nlm.nih.gov/pubmed/24390224
https://doi.org/10.1016/j.cancergencyto.2005.01.011
https://doi.org/10.1016/j.cancergencyto.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16080954
https://doi.org/10.1038/nm1560
http://www.ncbi.nlm.nih.gov/pubmed/17496901
https://doi.org/10.1002/ijc.21798
https://doi.org/10.1002/ijc.21798
http://www.ncbi.nlm.nih.gov/pubmed/16477632
https://doi.org/10.1073/pnas.101132598
http://www.ncbi.nlm.nih.gov/pubmed/11371647
https://doi.org/10.1097/PAS.0b013e3182262743
http://www.ncbi.nlm.nih.gov/pubmed/21836477
https://doi.org/10.1007/s00404-014-3311-8
http://www.ncbi.nlm.nih.gov/pubmed/24958349
https://doi.org/10.1016/j.ygyno.2012.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22750260
https://doi.org/10.1371/journal.pone.0186102


22. Kirsch DG, Dinulescu DM, Miller JB, Grimm J, Santiago PM, Young NP, et al. A spatially and temporally

restricted mouse model of soft tissue sarcoma. Nat Med. 2007; 13: 992–997. https://doi.org/10.1038/

nm1602 PMID: 17676052

23. Cross Species Genomic Analysis Identifies a Mouse Model as Undifferentiated Pleomorphic Sarcoma/

Malignant Fibrous Histiocytoma. Public Library of Science; 2009; 4: e8075. https://doi.org/10.1371/

journal.pone.0008075 PMID: 19956606

24. A versatile modular vector system for rapid combinatorial mammalian genetics. American Society for

Clinical Investigation; 2015; 125: 1603–1619. https://doi.org/10.1172/JCI79743 PMID: 25751063

25. Traykova-Brauch M, Schonig K, Greiner O, Miloud T, Jauch A, Bode M, et al. An efficient and versatile

system for acute and chronic modulation of renal tubular function in transgenic mice. Nat Med. 2008 ed.

2008; 14: 979–984. https://doi.org/10.1038/nm.1865 PMID: 18724376

26. Effect of mouse uterine stromal cells on epithelial cell transepithelial resistance (TER) and TNFalpha

and TGFbeta release in culture. Society for the Study of Reproduction; 2003; 69: 1091–1098. https://

doi.org/10.1095/biolreprod.103.015495 PMID: 12773432

27. Eritja N, Llobet D, Domingo M, Santacana M, Yeramian A, Matias-Guiu X, et al. A Novel Three-Dimen-

sional Culture System of Polarized Epithelial Cells to Study Endometrial Carcinogenesis. The American

Journal of Pathology. 2010; 176: 2722–2731. https://doi.org/10.2353/ajpath.2010.090974 PMID:

20395448

28. Successful immortalization of endometrial glandular cells with normal structural and functional charac-

teristics. Elsevier; 2003; 163: 2259–2269. https://doi.org/10.1016/S0002-9440(10)63583-3 PMID:

14633600

29. Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, et al. A robust and high-throughput

Cre reporting and characterization system for the whole mouse brain. Nat Neurosci. 2010; 13: 133–140.

https://doi.org/10.1038/nn.2467 PMID: 20023653

30. Congenital Hypothyroid Female Pax8-Deficient Mice Are Infertile Despite Thyroid Hormone Replace-

ment Therapy. Endocrine Society; 2011; 148: 719–725. https://doi.org/10.1210/en.2006-1054 PMID:

17082261

31. Tumor Suppression at the Mouse INK4a Locus Mediated by the Alternative Reading Frame Product

p19 ARF. Elsevier; 1997; 91: 649–659. https://doi.org/10.1016/S0092-8674(00)80452-3

32. Oncogenic ras provokes premature cell senescence associated with accumulation of p53 and

p16INK4a. 1997; 88: 593–602. Available: http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=

pubmed&id=9054499&retmode=ref&cmd=prlinks

33. Beauparlant SL, Read PW, Di Cristofano A. In vivo adenovirus-mediated gene transduction into mouse

endometrial glands: a novel tool to model endometrial cancer in the mouse. Gynecologic Oncology.

2004; 94: 713–718. https://doi.org/10.1016/j.ygyno.2004.06.008 PMID: 15350363

34. Liu X, Ory V, Chapman S, Yuan H, Albanese C, Kallakury B, et al. ROCK Inhibitor and Feeder Cells

Induce the Conditional Reprogramming of Epithelial Cells. AJPA. Elsevier Inc; 2012; 180: 599–607.

https://doi.org/10.1016/j.ajpath.2011.10.036 PMID: 22189618

35. Use and properties of ROCK-specific inhibitor Y-27632. Methods in Enzymology. Elsevier; 2000. pp.

273–284. https://doi.org/10.1016/S0076-6879(00)25449-9

36. Modelling breast cancer requires identification and correction of a critical cell lineage-dependent trans-

duction bias. Nature Publishing Group; 2015; 6: 6927. https://doi.org/10.1038/ncomms7927 PMID:

25896888

37. MUC1 and Other Sialoglycoconjugates Inhibit Adenovirus-mediated Gene Transfer to Epithelial Cells.

American Thoracic SocietyNew York, NY; 1997; 17: 422–435. https://doi.org/10.1165/ajrcmb.17.4.

2714 PMID: 9376117

38. Circulating hormones and estrous stage predict cellular and stromal remodeling in murine uterus. Soci-

ety for Reproduction and Fertility; 2007; 133: 1035–1044. https://doi.org/10.1530/REP-06-0302 PMID:

17616732

39. Transport of cationic amino acids by the mouse ecotropic retrovirus receptor. Nature Publishing Group;

1991; 352: 725–728. https://doi.org/10.1038/352725a0 PMID: 1652100

40. Proteinatlas SLC7A1 tissue expression [Internet].

Modelling uterine sarcoma in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0186102 October 5, 2017 14 / 14

https://doi.org/10.1038/nm1602
https://doi.org/10.1038/nm1602
http://www.ncbi.nlm.nih.gov/pubmed/17676052
https://doi.org/10.1371/journal.pone.0008075
https://doi.org/10.1371/journal.pone.0008075
http://www.ncbi.nlm.nih.gov/pubmed/19956606
https://doi.org/10.1172/JCI79743
http://www.ncbi.nlm.nih.gov/pubmed/25751063
https://doi.org/10.1038/nm.1865
http://www.ncbi.nlm.nih.gov/pubmed/18724376
https://doi.org/10.1095/biolreprod.103.015495
https://doi.org/10.1095/biolreprod.103.015495
http://www.ncbi.nlm.nih.gov/pubmed/12773432
https://doi.org/10.2353/ajpath.2010.090974
http://www.ncbi.nlm.nih.gov/pubmed/20395448
https://doi.org/10.1016/S0002-9440(10)63583-3
http://www.ncbi.nlm.nih.gov/pubmed/14633600
https://doi.org/10.1038/nn.2467
http://www.ncbi.nlm.nih.gov/pubmed/20023653
https://doi.org/10.1210/en.2006-1054
http://www.ncbi.nlm.nih.gov/pubmed/17082261
https://doi.org/10.1016/S0092-8674(00)80452-3
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=9054499&retmode=ref&cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=9054499&retmode=ref&cmd=prlinks
https://doi.org/10.1016/j.ygyno.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15350363
https://doi.org/10.1016/j.ajpath.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22189618
https://doi.org/10.1016/S0076-6879(00)25449-9
https://doi.org/10.1038/ncomms7927
http://www.ncbi.nlm.nih.gov/pubmed/25896888
https://doi.org/10.1165/ajrcmb.17.4.2714
https://doi.org/10.1165/ajrcmb.17.4.2714
http://www.ncbi.nlm.nih.gov/pubmed/9376117
https://doi.org/10.1530/REP-06-0302
http://www.ncbi.nlm.nih.gov/pubmed/17616732
https://doi.org/10.1038/352725a0
http://www.ncbi.nlm.nih.gov/pubmed/1652100
https://doi.org/10.1371/journal.pone.0186102

