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Stromal fibroblasts have an important role in regulating tumor progression. Normal and quiescent fi-
broblasts have been shown to restrict and control cancer cell growth, while cancer-associated, i. e. ac-
tivated fibroblasts have been shown to enhance proliferation and metastasis of cancer cells. In this study
we describe generation of quiescent fibroblasts in multicellular spheroids and their effects on squamous
cell carcinoma (SCC) growth in soft-agarose and xenograft models. Quiescent phenotype of fibroblasts
was determined by global down-regulation of expression of genes related to cell cycle and increased
expression of p27. Interestingly, microarray analysis showed that fibroblast quiescence was associated
with similar secretory phenotype as seen in senescence and they expressed senescence-associated-f3-
galactosidase. Quiescent fibroblasts spheroids also restricted the growth of RT3 SCC cells both in soft-
agarose and xenograft models unlike proliferating fibroblasts. Restricted tumor growth was associated
with marginally increased tumor cell senescence and cellular differentiation, showed with senescence-
associated-P-galactosidase and cytokeratin 7 staining. Our results show that the fibroblasts spheroids

can be used as a model to study cellular quiescence and their effects on cancer cell progression.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

In healthy tissue, fibroblasts are maintained in an inactive state
and they regulate the proper tissue architecture by controlling the
composition of extracellular matrix (ECM). During wound healing
and in pathological conditions, such as inflammation and cancer,
they become activated and begin to secrete cytokines and growth
factors [1,2]. In cancer, these activated fibroblasts (cancer-asso-
ciated fibroblasts, CAFs) can support cancer progression [1,2],
whereas normal fibroblasts have been shown to restrict cancer
growth [2,3]. A better understanding of the transition of fibro-
blasts from quiescence into active state would aid the under-
standing of cancer progression. Cellular quiescence is not merely a
passive arrest in response to nutrient starvation, loss of adhesion
or acquisition of confluence, but it seems to be a controlled pro-
gram with active metabolism and where reversibility is ensured
and terminal differentiation is suppressed [4,5].

Nemosis is an experimental model of fibroblast remodeling caused
by detaching fibroblasts from their growth support and allowing them
spontaneously form multicellular spheroids (reviewed in ref [6]).
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Nemosis was initially characterized by induction of the stress protein
cyclooxygenase-2 (COX-2) [7], an important mediator of inflammation
and carcinogenesis [8]. During nemosis the gene expression profile of
fibroblasts is altered and they up-regulate expression of cytokines
(interleukin (IL)— 1, IL-6, IL-8, IL-11, granulocyte-macrophage colony-
stimulating factor (GM-CSF), leukemia inhibitory factor (LIF), chemo-
kines (MIP-1ox, RANTES), growth factors (hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), keratinocyte growth
factor (KGF)) and proteases (matrix metalloproteinase (MMP)-1, MMP-
10, MMP-14, and plasminogen activation [9-14]. Furthermore, nemotic
fibroblasts induce migration of melanoma cells [10] and keratinocytes
[15], whereas in leukemia cells they cause proliferation arrest and
induce differentiation of c-Met-negative cells to dendritic-like cells in
vitro [12]. However, the effect of nemotic fibroblasts on tumor growth
has not been studied in vivo.

In this study, we analyzed phenotype and gene expression
profile of fibroblast spheroids and analyzed their effect on the
growth of metastatic variant of human keratinocyte-derived Ha-
CaT cell line (RT3) [16] both in vitro and in xenograft tumors
in vivo. We show that fibroblast spheroids enter quiescence and
that these quiescent fibroblasts are able to slower tumor growth
when tumors are formed in their presence. We also show that
fibroblasts spheroids provide a useful model to study sustained
quiescence and its cross-talk with cancer cells.
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2. Materials and methods
2.1. Cell cultures

Human foreskin dermal fibroblasts (HFSF) (kindly provided by
Dr. Magdalena Eisinger, Memorial Sloan-Kettering Cancer Center,
New York), HT-1080 (American Type Cell Culture Collection,
Manassas, VA), AT9733 (American Type Cell Culture Collection)
and RT3 (kindly provided by Prof. Dr. Petra Boukamp and Prof. Dr.
Norbert E. Fusenig, DKFZ, Heidelberg, Germany) cells were cul-
tured in DMEM/F-12 or DMEM medium (Invitrogen, Carlsbad, CA)
supplemented with 5% FCS (Invitrogen), 100 pg/ml streptomycin,
and 100 U/ml penicillin. Fibroblast spheroid formation was in-
itiated as previously described [7]. In brief, 200 pl aliquots/well of
single cell suspensions (5 x 10 cells/ml; 10,000 cell per well) were
plated on agarose-pretreated U-bottom 96-well plates (Costar,
Cambridge, MA). Only one spheroid was formed per well.

2.2. Soft-agar assay

The soft-agar colony forming assays were performed as pre-
viously described [9]. Briefly, for monolayer group fibroblast were
seed normally to cell 6-well cell culture plate and allowed to form
monolayer over night. On a following morning monolayer was
overlayed with 0.5% agarose diluted in growth medium and let to
solidify. For spheroid group fibroblast spheroids were mixed in
0.5% agarose diluted in growth medium that was poured to 6-well
cell culture plate and let to solidify. Five thousand RT3 cells/well
were mixed to 0.3% agarose diluted in growth medium and laid on
the top of bottom agarose. Plates were put to cell incubator for 25
days and formed RT3 colonies were photographed and images
were analyzed using NIH Image] software (http://rsb. info. nih.
gov/ij/).

2.3. Immunofluorescence and senescence-associated [}-galactosidase
staining

Spheroids were collected at the indicated times and embedded
in Tissue Tek OCT (Sakura Finetek, Tokyo, Japan) or paraffin. Im-
munohistochemistry was performed using the Ventana Discovery
immunohistochemistry Slide Stainer (Ventana Medical Systems,
Tuscon, AZ). Senescence-associated-f3-galactosidase (SA-p-gal)
activity was detected as described [17]. The results were inter-
preted by three experienced users.

2.4. Immunoblotting

Samples were run in 8-20% gradient SDS-PAGE, transferred to
nitrocellulose membranes, and incubated with indicated anti-
bodies. Immunoreactive proteins were visualized with the ap-
propriate primary and secondary antibodies using ECL detection
(Pierce, Rockford, IL). Densitometric analysis of autoradiographs
was performed using the NIH Image] software.

2.5. FACS

Cell were fixed with 70% ethanol, washed and stained with
propidium iodide (10 pg/ml) (Invitrogen) and analyzed with
FACScanner (BD Biosciences, San Jose, CA).

2.6. RNA isolation and microarray analysis

RNA for the microarray analysis was extracted using Trizol
Reagent (Invitrogen) and purified with the RNeasy kit (QIAGEN).
HG-U133A GeneChips (Affymetrix, Santa Clara, CA) were pro-
cessed according to manufacture's instructions. Data were

analyzed with Affymetrix® Microarray Suite 5.0 and GeneSpring™
software (Agilent Technologies, Palo Alto, CA).

2.7. Xenograft model

In order to generate tumors, RT3 cells alone, with fibroblasts or
with fibroblast spheroids were mixed with growth factor reduced
Matrigel (BD Biosciences), and injected subcutaneously in the
abdominal area of Balb/c nude (Scanbur, Sweden) or NOD/SCID
(Charles Rivers Laboratories International, Wilmington, MA) mice.
Tumor growth was monitored by measuring the volume using a
manual caliber. All animal experiments were performed according
to the guidelines approved by the ethics committee of the National
Laboratory Animal Center Finland (License number STU 237 A/
ESLH-2006-00185/Ym-23, Kuopio, Finland).

3. Results

3.1. Nemotic fibroblasts suppress the growth of human keratinocyte-
derived RT3 cells

We have previously shown that the nemotic fibroblasts en-
hance migration of RT3 cells, a metastatic variant of the human
keratinocyte-derived HaCaT cell line [16], through soluble media-
tors [14]. Therefore, we investigated the effect of nemotic fibro-
blasts on the growth of RT3 cells in more detail by using a soft-
agar assay. Cells were seeded in the top agar and different
amounts of fibroblast spheroids (96 or 180, each spheroid con-
tained approximately 10,000 cells) were placed in the bottom
layer. As a control, we plated different amounts (0, 50,000,
500,000) of fibroblasts grown as monolayer under the bottom
agar. During the experiment (25 days) monolayer control cells
grew until they reached confluency (approximately 800,000 cells/
well). Fibroblast monolayer supported the growth of RT3 cell co-
lonies and resulted significantly larger colonies. Small number of
fibroblast spheroids (96) similarly enhanced the growth of RT3 cell
colonies, whereas higher number of the fibroblast spheroids (180)
reversed the enhancement effect and resulted colonies similar in
size as the RT3 cell colonies growth without fibroblasts (Fig. 1(A)).
Fibroblast spheroids also changed the shape of RT3 colonies from
round to irregular while the RT3 colonies grown on top of the
monolayer fibroblasts or without fibroblasts (control group) re-
mained round. These irregular colonies also appeared to be de-
composed (Fig. 1(B)).

To address the effect of quiescent fibroblasts on tumor growth
in vivo, we implanted RT3 cells alone, with the monolayer-cultured
fibroblasts or with fibroblast spheroids into subcutaneously im-
munocompromised nude mice. We monitored the tumor growth
by measuring the tumor volume twice a week for 34 days. Similar
to the soft-agar assay, fibroblast spheroids inhibited the growth of
RT3 tumors compared to tumors derived from RT3 cells alone or
RT3 cells grown with the monolayer fibroblasts. Both the tumor
volume and tumor weight were significantly smaller in the fi-
broblast spheroid group at the end of the experiment (day 34)
(Fig. 1(C) and (D)). Similar results were obtained using the NOD/
SCID mouse strain (Supplementary figs. S1A and S1B).

3.2. Nemotic fibroblasts enter quiescence

To better understand the tumor growth suppressive function of
nemotic fibroblasts we characterized their expression profile using
Affymetrix microarrays at 3, 12, 24 and 36 h after initiation of
spheroid formation and compared it to that of monolayer fibro-
blasts. An extensive change in the gene expression pattern, both in
number and in fold induction, was seen in the fibroblast spheroids
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Fig. 1. Effect of fibroblast spheroids on malignant RT3 cells in the soft-agar assay and RT3 tumor growth in nude mice. Indicated amounts of fibroblasts spheroids were
plated in bottom agarose and RT3 cells in the top agarose. As a control, indicated amounts of monolayer fibroblasts were grown under the bottom agarose. Experiment was
performed in duplicate and three images were taken per well and quantified. (A) Quantification of RT3 colonies formed after 25 days. (B) Morphology of RT3 colonies at day
25. (C) Growth curves of RT3, RT3 + monolayer fibroblasts or RT3+ fibroblast spheroid-containing tumors in nude mice at indicated days. RT3 cells (600,000) were injected
subcutaneously alone, or with 360,000 fibroblasts or with 36 spheroids in the abdominal area of the animals. Each group contained six animals; two animals of each group
were sacrificed after 10 days and four animal after 34 days. Tumor volume was measures every second day using a caliber. Values represent means+SEM. *=p < 0.05
(compared to RT3+ fibroblast group) #=p < 0.05 (compared to RT3 group). (D) Weight of tumors at day 34. At the end of the experiment animals were sacrificed and
tumors were excised and weighted. Values represent means +SEM. *= p < 0.05.

Table 1

Change in the gene expression profile of fibroblast spheroids compared to that of monolayer fibroblasts led to a secretory phenotype, arrest in cell cycle and down-regulation
of cytoskeletal proteins. Up-regulated genes were mostly secreted molecules, whereas down-regulated genes were associated with cell cycle or cytoskeleton in fibroblast
spheroids compared to monolayer fibroblasts.

Gene Ontology Slims annotation of 2-fold up- and downregulated gene lists at 36 h

Upregulated

Downregulated

Gene Ontology

List name

p value

Gene Ontology

List name

p value

Biological process

Biological process
Biological process
Cellular component
Molecular function

Cell death (GO:0008219)

Cell-cell signaling (GO:0007267)
Cell proliferation (GO:0008283)
Extracellular space (GO:0005615)
Apoptosis regulator activity
(G0:0016329)

8.41x 108

235x 1077
0.0239
0.0334
11x1077

Biological process

Biological process

Cellular component
Cellular component
Molecular function

Molecular function
Molecular function
Molecular function

Cytoskeleton organization and biogenesis
(G0:0007010)

Cell cycle (GO:0007049)

Cytoskeleton (GO:0005856)

Microtubule organizing center (GO:0005815)
Actin binding (G0O:0003779)

Nucleotide binding (GO:0000166)
Motor activity (GO:0003774)
Structural molecule activity (GO:0005198)

8.01x 10~ 1

1.86 x 107°
146 x 10~ 13
3.7x10°8
0.011

0.000185
211 x 107"
464 x 1077
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Fig. 2. Nemosis-induced cell cycle arrest of fibroblasts. (A) Down-regulation of PCNA in fibroblast spheroids. Spheroids were lysed at 0, 6, 12, 24, 48, 72, 96 and 120 h after
initiation of the spheroid culture, and the extracts were analyzed for the presence of PCNA by immunoblotting. Extracts of the monolayer culture at 96 h were used as a
control. Cells in fibroblast monolayers proliferated during the whole experiment. GAPDH was used as a loading control. (B) Down-regulation of cell proliferation in spheroid
cultures. Spheroids were stained with an antibody against the Ki67 (a proliferation marker; green) at 0 and 96 h after initiation of the spheroid culture. Ki67-positive cells
remained only at the outermost layer of spheroid at 96 h. Hoechst staining (blue) was used to visualize nuclei. (C) Cell cycle was arrested in the fibroblast spheroids. FACS
analysis of cell DNA content of spheroid fibroblasts shows accumulation of cells in the G1/GO at 120 h (G1/G0: 97.2%, S: 0.8%, G2: 2%) compared to 0 h time point (G1/GO:
90.1%, S: 3.4%, G2: 6.4%). M1=G1/GO phase, M2 =S phase and M3=G2 phase. Cell population also shifted towards origo on the forward scatter —axis at 120 h compared to the
0 h time point indicating reduction in cell size. (D) Down-regulation of cell cycle protein cyclin D1 and up-regulation of cell cycle inhibitor p27 in the fibroblast spheroids.
Spheroids were lysed at 0, 6, 12, 24, 48, 72, 96 and 120 h after initiation of the spheroid culture and the extracts were analyzed for the presence of cyclin D1 and p27 by
immunoblotting. GAPDH was used as a loading control. (E) Down-regulation of cytoskeletal proteins p-tubulin and actin in the fibroblast spheroids. Spheroids were lysed at
0,12, 24, 48, 72,96 and 120 h after initiation of the spheroid culture, and the extracts were analyzed for the presence of p-tubulin and actin by immunoblotting. GAPDH was
used as a loading control. (F) Cells in fibroblast spheroids were smaller than the cells grown as monolayer culture. Phase-contrast micrographs of cells detached at 0 h and
120 h after initiation of the fibroblast spheroid culture.

compared to the monolayer culture (Supplementary Table S1,
Supplementary figs. S2A and S2B). When we compared the lists of
up- and down-regulated transcripts to the Gene Ontology Slims
gene lists, the down-regulated genes were mostly associated with
the cytoskeleton, organelle and cytoplasm organization as well as
with the cell cycle (Table 1 and Supplementary Table S1).

To validate the expression microarray results we characterized
further the cells in the spheroids. Cell number analyses revealed
decreased number of cells in fibroblast spheroids over 96 h ex-
periment. Cell number in spheroids decreased approximately to
half over 120 h experiment (12 h: 49,200 cells/ml, 24 h: 46,800

cells/ml, 48 h: 37,200 cells/ml, 72 h: 32,400, 96 h: 28,800 cells/ml
and 120 h: 24,000 cells/ml), whereas in monolayer culture fibro-
blasts expanded exponentially (12 h: 31,500 cells/ml, 24 h 30,000
cells/ml, 48 h 75,600 cells/ml, 72 h 108,000 cells/ml, 96 h: 79,200
cells/ml and 120 h: 73,200 cells/ml) (Supplementary Fig. S2C). The
number of proliferating cells as judged by the proliferating nuclear
antigen (PCNA) and Ki67 analyses using immunoblotting and im-
munofluorescence (Fig. 2(A) and (B)) confirmed decreased pro-
liferation of nemotic fibroblasts. Fluorescence-activated cell sort-
ing (FACS) analysis of DNA content revealed that cell cycle was
arrested in the G1/GO phase in the nemotic fibroblast spheroids
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control.

(Fig. 2(C)). At 120 h the majority (97.2%) of cells in spheroids were
in the G1/GO phase (S 0.8% and G2 2%), whereas at 0 h 90.1% cells
were at G1/GO phase (S 3.4% and G2 6.4%). Accumulation of the
G1/GO phase cells started already at 12 h (Supplementary Figure
S2D). The cell cycle arrest at G1/GO was most likely mediated by
the observed 65.8-, 132.3-, 33.8- and 8.9-fold down-regulation of
expressions of cyclins A2, B1, B2 and E2, respectively, in the fi-
broblast spheroids. We also detected down-regulation of cyclin D1,
which is crucial for the transition from G1 [18], and up-regulation
of p27 protein, a cyclin D1 inhibitor, at the protein level in the
spheroids (Fig. 2(D)).

Down-regulation of cytoskeleton-associated genes (Table 1)
was confirmed by measuring actin and B-tubulin protein levels by
immunoblot analyses (Fig. 2(E)). This down-regulation resulted in

substantial decrease in size of cells in fibroblast spheroids as seen
by a shift of cell population closer to origo at the forward scatter —
axis (Fig. 2(C) and Supplementary Fig. S2D) in the FACS analysis.
The change in cell size was visible already at 24 h after initiation of
spheroid formation (Supplementary Fig. S2D), and could also be
detected using the phase-contrast microscopy (Fig. 2(F)).

Genes of up-regulated mRNAs were confined to biological
processes associated with cell death, cell-cell signaling and cell
proliferation (Table 1 and Supplementary Table S1). Interestingly,
most of the up-regulated mRNAs in fibroblast spheroids produced
secreted proteins (cytokines, chemokines and growth factors) such
as IL-1a, IL-1p, IL-1RA IL-6, IL-8 IL-11, MIP-1ox (CCL3), MCP-1
(CCL2), MCP-2 (CCL8), GROy (CXCL3), HGF, G-CSF and GM-CSF
(Supplementary Table S1), and resembled largely those that are
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induced during a senescence-associated secretory phenotype
(SASP) [19] suggesting that this response is intended for paracrine
signaling. Other important mediators of senescence, such as C/
EBPP (3.1 fold), GROx (5.8 fold) and KGF (3.5 fold), were also in-
duced in nemotic fibroblasts according to microarray expression
analysis.

To test whether the SASP-like phenotype of fibroblast spher-
oids was associated with senescence, we analyzed the expression
of different senescence markers in fibroblast spheroids. Spheroids
stained positive for SA-p-gal, the most widely used senescence
marker, starting at 24 h with increasing intensity with time (Fig. 3
(A)). Uniform SA-B-gal staining in frozen sections of spheroids
excluded the possibility that SA-f-gal positivity was due to hy-
poxia or limited nutrient conditions in the center of the spheroid

(data not shown). In addition, fibroblast spheroids showed gradual
increase of the autofluorescence (Fig. 3(A)), a known phenomenon
in senescent and ageing fibroblasts [20]. Surprisingly, the p53-p21
and Rb pathways, classical regulators of cellular senescence, were
down-regulated in spheroids at the protein (Fig. 3(B)), and p53
also at the mRNA level (3.4-fold in microarray). Together with the
observed up-regulation of p27, down-regulation of cyclin D1
(Fig. 2(D)), and the cell cycle arrest in G1/GO phase, our results
support a quiescent phenotype rather than senescence [18]. Since
quiescence is a reversible cell cycle arrest, we studied the rever-
sibility of the nemotic phenotype. Cells were first grown for 96 h
as spheroids to induce cell cycle arrest and then transferred to a
monolayer culture for the indicated times. In the monolayer cul-
ture cells resumed proliferation as judged by PCNA expression
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indicating that nemosis is a reversible phenomenon (Fig. 3(C)). The
reversibility of nemosis was further strengthened by the reversi-
bility of SASP (shown by COX-2 expression), restoration of actin
expression, and disappearance of the SA-P-gal positivity in re-
sponse to the change in growth conditions (Fig. 3(C) and (D)).

To test whether malignant cells of fibroblast origin enter ne-
mosis and arrest cell cycle, we studied two fibrosarcoma cell lines
(HT-1080 and A9733). Both cell lines formed spheroids, but cells
did not adhere as strongly to each other as normal fibroblasts
(Fig. 4(A)). As anticipated, fibrosarcoma cells retained their ability
to proliferate in spheroids, as judged by increased spheroid size
(Fig. 4(A)), and sustained PCNA levels (Fig. 4(B)). Furthermore,
actin levels were not down regulated in fibrosarcoma spheroids

(Fig. 4(B)).
3.3. Nemotic fibroblasts induce senescence-like phenotype in tumors

The nemotic fibroblast spheroids secreted SASP-like molecules
and these molecules are known to be able to modulate the be-
havior and growth of tumors [19,21]. To determine if reduced tu-
mor growth in fibroblast spheroid-containing tumors was asso-
ciated with induction of senescence in the tumor cells, we ana-
lyzed tumors grown only for 10 days, a time point after which the
difference in the tumor growth between the groups started to
appear (Fig. 1(C)). Interestingly, at this time point the fibroblast
spheroid-containing tumors displayed marginally more SA-f3-gal
positive cells (Fig. 5(A)) and senescence-associated hetero-
chromatin foci (SAHF) (Supplementary Fig. S3A) Tumor areas
harboring SA-B-gal in fibroblast spheroid-containing tumors were
also positive for p14Arf and negative for p63 and Ki67, suggesting
the senescence like phenotype in the spheroid-containing tumors
(Fig. 5(B)). Expression of p63 was slightly decreased also in entire
spheroid-containing RT3 tumors compared to tumors derived
from RT3 cells only or RT3 tumors containing monolayer fibro-
blasts (Supplementary Fig. S3B). At day 34 only 1/4 spheroid-
containing tumor samples showed increased SA-f-gal positivity
(Figure S3C), suggesting that fibroblast spheroids lost their activity
over time. This was also supported by the observed induction of
tumor growth at day 24 (Fig. 1(C)). However, increased cytoker-
atin-7 (CK7) -mediated differentiation of RT3 cells was detected at
day 34 in the spheroid-containing RT3 tumors compared to RT3
alone or RT3 tumors containing monolayer fibroblasts (Fig. 5(C)).
This is in line with an earlier observation that tumor cell senes-
cence causes CK7-mediated differentiation [22]. The spheroid-
containing tumors also showed significantly decreased macro-
phage infiltration as compared to the tumors formed from RT3
cells alone or from RT3 cells together with monolayer fibroblasts,
indicating a difference in the immune response between the dif-
ferent groups (Fig. 5(D) and (E)). More detailed experiment is
needed to elucidate the mechanism of decreased growth and se-
nescence of fibroblast spheroid containing tumors.

4. Discussion

Fibroblasts seeded on a non-adhesive substrate form 3D mul-
ticellular spheroids and fibronectin-integrin connection has been
shown to mediate this time-dependent clustering [23]. A major
finding in the present study is that these nemotic fibroblasts in-
hibited the growth of tumor cells both in vitro and in vivo while
the same fibroblasts grown on conventional 2D culture promoted
the tumor growth. Importantly, in this regard the nemotic fibro-
blasts resembled the normal fibroblasts which have been shown to
restrict tumor growth [2,3]. Mechanistically, fibroblast spheroids
appeared to cause cellular senescence in adjacent cells in xeno-
grafts tumor cells. The nemosis-associated secretory phenotype

identified in the gene expression analysis resembled largely that
seen in senescence and included various cytokines and growth
factors. This is agreement with earlier observations showing that
SASP factors reinforce and cause senescence in adjacent cells, al-
though it has been shown to cause proliferation arrest mainly in
normal and premalignant cells and promote proliferation of ma-
lignant cells [19,21]. Notably, RT3 tumor had slight increase in
senescence-like phenotype in response to nemotic fibroblast
spheroids, although they harbor inactive p53 due to mutation [16].
Instead of p53, RT3 senescence was associated with upregulation
of p14Arf, which is able to mediate senescence in p53-in-
dependent mechanism [24], and loss of p63, which is required for
the p14Arf-mediated senescence [25].

Whether SASP causes an increase or decrease in adjacent cell
proliferation or even senescence might be dependent on addi-
tional environmental stress factors [21]. Although, the nemotic
fibroblasts appeared to function in a similar way as SASP, secretory
phenotype associated to nemotic fibroblasts may still have crucial
differences to SASP that limit their tumor promoting capabilities.
We have earlier shown in 2D in vitro studies that conditioned
medium from fibroblast spheroids causes increased proliferation
of RT3 cells and that it is associated with increased expression of
p63 [15], whereas here we detected that nemotic fibroblasts de-
creased RT3 colonies in soft-agar and inhibited tumor growth in
mice, which was associated with decreased expression of p63,
suggesting that RT3 cells respond differently to nemosis in 3D than
in 2D.

In addition to senescence, fibroblast spheroids caused differ-
entiation of RT3 tumors, as measured by CK7 expression. This is in
accordance with previous finding that conditioned medium from
the fibroblast spheroids can cause differentiation and growth ar-
rest of leukemia and myeloma cells [12,26]. Interestingly, re-
storation of senescence in liver tumors results in CK7-mediated
differentiation [22], and furthermore, CK7-mediated cell differ-
entiation was found to be adjacent to senescent hepatocytes [27],
suggesting a close interplay between CK7 and senescence. This
suggests that the secretory phenotype of fibroblast spheroids,
which resembles SASP, could promote CK7-mediated differentia-
tion. However, additional experimentation is needed to clarify the
exact mechanism how fibroblast spheroids prevent tumor growth.

Although the fibroblast phenotype in spheroids shares features
of senescence, such as secretory phenotype and SA-p-gal positiv-
ity, it resembled more quiescence. Most importantly, nemosis was
shown to be reversible; cells were able to resume cell cycle and
lost secretory phenotype. Senescence is always irreversible phe-
notype, whereas cells in quiescence are able to resume cell cycle
when growth conditions change [28,29]. Moreover, reversibility of
secretory phenotype is in agreement with a recent report showing
that quiescent fibroblasts are more active in mounting robust in-
flammatory responses than proliferative fibroblasts, especially in
regards of COX2 expression [30]. Furthermore, they lacked in-
duction of known senescence pathways. In senescence, cell cycle
arrest is maintained by up-regulation of cell cycle inhibitors, such
as p14Arf, p16, p21, p53 and Rb. Simultaneously cyclins D and E
that drive the cell cycle, are expressed at high levels [31]. In con-
trast, in nemosis a universal down-regulation of cell cycle asso-
ciated genes such as cyclins and cell cycle inhibitors (p53-p21 and
Rb) occurred, suggesting a quiescence rather than senescence
mode of cell cycle arrest. Even though SA-f-gal staining is a widely
used marker of cellular senescence, SA-P-gal is also expressed in
contact-inhibited fibroblasts [17]. Hence, although nemotic fibro-
blasts share many common features with cellular senescence it is a
novel phenotype that has not been previously described.

Nemotic activation has not yet been identified in vivo, but one
can speculate that situations where fibroblasts lose their contact to
connective tissue it might happen. In inflammation, cancer and
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wound healing, different proteases destroys connective tissue that
could lead to a liberation of fibroblasts from ECM and direct them
to cluster together. This is supported by the finding that activated
myofibroblasts are known to make direct cell-cell contacts, ad-
herens and gap junctions, during wound healing in vivo [32].
Furthermore, CAF's are know to secrete similar mediators of in-
flammation as nemotic fibroblasts, such as IL-1a, IL-1p, IL-6, HGF,
plasminogen activators and COX-2 [1]. Taken together, although
there is no direct evidence that nemotic fibroblasts are found in
tumors vast amount of data exist suggesting that nemotic fibro-
blasts poses similar properties as stromal fibroblasts.

Taken together we show that when fibroblasts lost their ad-
hesion to a solid surface and clustered they reacted to the altered
growth conditions by arresting their cell cycle and secreting
paracrine molecules into their microenvironment. We suggest that
with respect to tumor biology nemotic fibroblasts would resemble
the normal, sustained quiescent fibroblasts and their function
in vivo should in future be studied in other tumor models.
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