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Abstract

Mesodermal cells signal to neighboring epithelial cells to modulate their proliferation in both
normal and disease states. We adapted a C. elegans organogenesis model to enable a genome-wide
mesodermal-specific RNAI screen and discovered 39 factors in mesodermal cells that suppress the
proliferation of adjacent ‘Ras pathway-sensitized’ epithelial cells. These candidates encode
components of protein complexes and signaling pathways that converge on the control of
chromatin dynamics, cytoplasmic polyadenylation and translation. Stromal fibroblast-specific
deletion of candidate mouse orthologs of several candidates resulted in the hyperproliferation of
mammary gland epithelium. Furthermore, a 33-gene signature of human orthologs was selectively
enriched in the tumor stroma of breast cancer patients and depletion of these factors from normal
human breast fibroblasts increased proliferation of co-cultured breast cancer cells. This cross-
species approach identified unanticipated regulatory networks in mesodermal cells with growth
suppressive function, exposing the conserved and selective nature of mesodermal-epithelial
communication in development and cancer.

INTRODUCTION

Temporal and spatial regulation of signaling from mesodermal cells to epithelial cells is
required during embryonic and adult development (Wiseman and Werb, 2002). Mesodermal
signaling pathways used to instruct epithelial cell fate and proliferation have been well
defined in the context of the developing vulva of C. elegans. During vulval organogenesis,
mesodermal tissues play an inductive role by releasing EGF ligand (LIN-3) from the gonad-
derived anchor cell, which binds and activates the EGF receptor (LET-23) in adjacent
epithelial vulval precursor cells (VPCs) (Hill and Sternberg, 1992). Additional Wnt ligands
from multiple tissues including muscles and neurons (Myers and Greenwald, 2007), as well
as lateral Notch signaling within VPCs (Chen and Greenwald, 2004), provide spatial
orientation cues that cooperate with EGF signaling to appropriately instruct cell divisions
that result in the 22-cells of the vulva (Figure S1A; Eisenmann et al., 1998). Disruption of
Ras, Notch, or Wnt signaling alters patterning of VPCs and can lead to increased
(Multivulva) VPC proliferation (reviewed in Sternberg, 2005).

Mesodermal cells can respond to extreme but normal physiological signals in mammals,
such as wound healing, inflammation, organ regeneration and pregnancy (Nelson and
Bissell, 2006), and sometimes be inappropriately co-opted in diseases such as cancer
(Mueller and Fusenig, 2004; Schedin, 2006). Accordingly, increases in mesodermal cells at
the site of a tumor are associated with poor survival of breast, prostate, pancreatic and colon
cancer patients (reviewed in Paulsson and Micke, 2014). Cancer-associated fibroblasts
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(CAFs) represent a major component of the tumor microenvironment, which is also
comprised of adipocytes, immune and endothelial cells surrounded by an extra-cellular
matrix rich in growth factors, cytokines and enzymatic activities. Classic xenograft
experiments demonstrated that co-injection of CAFs enhanced the initiating capacity and
aggressiveness of prostate tumor cells (Olumi et al., 1999). Experiments in the last decade
suggested that increased PI3K or decreased p53, TGF-p and Notch signaling in stromal
fibroblasts collaborates with genetic alterations in tumor cells to incite a number of
molecular, cellular and histopathological changes associated with malignant progression
(Addadi et al., 2010; Bhowmick et al., 2004; Bronisz et al., 2012; Carstens et al., 2014; Hill
etal., 2005; Hu et al., 2012; Pickard et al., 2012; Trimboli et al., 2009). Despite
accumulating clinical and experimental evidence highlighting the importance of the tumor
stroma in promoting cancer initiation, progression and therapeutic resistance, the
identification of mesodermal derived factors that influence the critical hallmarks of tumor
cell behavior remains a major challenge (Hu et al., 2005).

Here we exploited the well-defined vulval developmental program and RNAI technology in
C. elegansto systematically query and identify mesodermal derived factors and signaling
pathways used to suppress proliferation of epithelial cells sensitized with cancer-relevant
mutations. Central to this approach was the introduction of two key genetic modifications
into worms that allowed non-epithelial cells to be specifically targeted by RNAiI and
epithelial cells to be sensitized to Ras pathway perturbations. Using this system we
performed a genome-wide RNA. screen and identified 39 factors that function non-
autonomously to suppress the proliferation of Ras-sensitized epithelial cells, with minimal
impact on the proliferation of normal or Wnt pathway-sensitized cells. These candidate
genes encode histone variants and components of protein complexes known to converge on
the control of chromatin dynamics, cytoplasmic polyadenylation and translation. We then
generated mice with conditional alleles of three representative candidates ( 7/kZ, 7/k2and
Sympk) and show that their fibroblast-specific ablation results in dramatic mammary ductal
cell hyper-proliferation in the absence of overt hyper-proliferation in other organs.
Moreover, depletion of stromal factors from normal human breast fibroblasts enhanced the
proliferation of breast cancer cell lines. In summary, this cross-species approach identified
key molecular machineries in mesodermal/stromal cells that suppress the proliferation of
adjacent epithelial cells, highlighting the conserved and selective nature of mesodermal-
epithelial cell communication during extreme but physiologically sensitized settings /n vivo.

Generation of mesoderm-specific RNAi and Ras-sensitized C. elegans

In C. elegans, RNAI precursor molecules freely mobilize across tissues (Jose and Hunter,
2007). Thus, we developed strains that restricted RNAI sensitivity to mesodermal tissues
(Figure 1A). To this end, we used RNAi-resistant animals (RNAi-Defective-1, rde-1(-);
(Qadota et al., 2007; Tabara et al., 1999) and reinstated RNAi competency selectively back
in the mesodermal cells surrounding VPCs (anchor cell, somatic gonad and muscle) by re-
expressing wild-type rde-1 from well-characterized promoters (ACEL :Apes-10, dar-2 and
myo-3, respectively). Using these promoters to drive gfp expression, we confirmed anchor
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cell-, somatic gonad- and muscle-expression (Figure 1B, S1B). dar-2also drives expression
in some neurons and intestinal cells, but not epithelial cells. In our hands, dar-2 represented
the best reagent that lacked epithelial expression but exhibited robust and broad somatic
gonad expression among the 40 g7p reporter strains we tested that had similarly annotated
expression patterns in Wormbase.org. In addition, a loss-of-function mutation in -3
(rrf-3(=)) was introduced into worms containing all three rde-1 transgenes to enhance
general RNAI sensitivity (for simplicity, we term this strain mesoderm-rde, Figure S1C;
(Simmer et al., 2002)).

Mesoderm-specific RNAI sensitivity in mesoderm-rde worms was validated using two
methods. First, we tested the consequences of RNAI against /in-3 (epidermal growth factor-
like ligand) and /in-39 (homeobox transcription factor), two genes essential for vulval
induction known to function in the anchor cell and VPCs, respectively. As expected, control
RNAi-resistant rde-1(-)animals were unaffected by /in-3(RNAi) and /in-39(RNAI), whereas
RNAi-competent rde-1(+)animals exhibited a Vulvaless (Mul) phenotype in response to both
treatments (Figure 1C). In mesoderm-rde animals, /in-3(RNAJ)but not /in-39(RNAI)
preferentially resulted in a Vul phenotype (Figure 1C and S1D). We also reinstated RNAI-
competency in VPCs by expressing wild-type rde-1 from a VPC-specific, synthetic promoter
that contains regulatory elements from /in-31 (pB253, Figure 1B). In this case, /in-39(RNAI)
but not /in-3(RNAi) resulted in a Vul phenotype (Figure 1C). The mild /in-39(RNA)
phenotype in mesoderm-rde animals could be due to leaky RNAI sensitivity in the VPCs, or
due to the expression and functions of //n-39in cells other than the VPCs (Wagmaister et al.,
2006). Thus, we used a second established, sensitive assay to test the ability of each tissue-
specific promoter to induce a Multivulva (Muv) phenotype when directing the expression of
constitutively activated Ras (/et-60(gf)) (Myers and Greenwald, 2005). Consistent with
previous findings, the VPC-specific expression of activated Ras resulted in a Muv phenotype
(Figure 1D, E). In contrast, when driven by the mesoderm promoters, the activated Ras
transgene failed to induce ectopic VPC cell divisions, suggesting that these promoters
display non-detectable activity in the VPCs with this orthogonal approach. Collectively,
these results demonstrated restricted RNAI sensitivity in mesoderm-rde worms.

Next, we introduced a gap-1(-) mutation that would sensitize VPCs to ectopic cell divisions
upon receiving additional mesodermal signals. Several observations prompted us to consider
gap-1(-) as a ‘sensitizing’ mutation (Figure 2A). Ras G TPase activating protein (GAP)
genes are frequently lost in human cancer and function as tumor suppressors (NVF1, DABZIP,
RASALI1, RASALZ, RASAL, RASAZand IQGAP2) (Arafeh et al., 2015; Holzel et al.,
2010; Liu et al., 2013; Maertens and Cichowski, 2014; McLaughlin et al., 2013; Min et al.,
2010). In C. elegans, a gap-1 loss-of-function allele (gap-1(-)) leads to ectopic Ras
signaling, as measured by an /n vivo Ras reporter (Figure S1E, eg/-17p::cfo-lacZ, (Yoo et al.,
2004)). The level of Ras activation attained in gap-1(-)worms, however, is insufficient to
promote ectopic VPC divisions and consequently, the vulva appears anatomically normal
(Hajnal et al., 1997; Hopper et al., 2000). Importantly, gap-1(-) can collaborate with
additional oncogenic mutations to induce excessive VPC divisions and a Muv phenotype
(Hopper et al., 2000; Yoo et al., 2004). Based on these previous observations we
hypothesized that gap-1(-) would synergize with the RNAi mediated depletion of critical
mesodermal factors to elicit a Muv phenotype. Thus, we intercrossed gap-1(-)and
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mesoderm-rde worms to generate the final strain to be used in the genome-wide RNAI
screen.

Genome-wide screen in C. elegans identifies mesodermal factors that suppress epithelial
cell proliferation

The Ahringer £. coli RNAI library containing 16,757 clones, which account for
approximately 86% of the C. e/egans genome (Kamath et al., 2003), was used to
systematically feed mesoderm-rde;gap-1(-) larvae on a gene-by-gene basis (Figure S1F).
Ectopic vulval proliferation results in ventral protrusions in the adult. We thus used these
protrusions (easily visualized by standard light microscopy) as an indication of additional
vulval cell proliferation. RNAI resulting in overt vulval defects in at least two of three
independent replicates were classified as candidates (Figure S2A). The testing of over
16,000 C. elegans genes identified 483 mesodermal candidates that when depleted by
mesoderm-specific RNAI, led to vulval defects. To discriminate ectopic VPC divisions from
other tissue alterations that could lead to vulval protrusions, differential interference contrast
(DIC) microscopy was used to examine fourth stage larvae at the cellular level. Evaluation
of the 483 candidate RNAI using this secondary screen resulted in 39 mesodermal products
that when depleted, promoted ectopic VPC divisions (Figure 2B, C and S2B).

Several conclusions may be drawn from the identity of these 39 genes. First, 31 of the 39
(79%) genes have 33 mammalian orthologs (//s-72 and t/k-1 have two orthologs each),
whereas only 47% of all genes in the RNA. library have a mammalian ortholog (Figure
S1F). This level of enrichment for mammalian orthologs was highly significant (P<0.0001),
suggesting that mesodermal signaling networks revealed by this screen are conserved from
nematodes to humans. Second, the vast majority of the 39 candidates were never identified
by previous whole body RNAI screens using non-sensitized C. elegans, highlighting the
mesoderm-specific nature of our screen and suggesting distinct aspects of mesoderm-
epithelium communication in the control of cell proliferation. Also of note, the screen did
not recover known genes that restrict /in-3/EGF gene expression, such as synMuv genes.
This was not completely unexpected, however, given that some synMuv genes have their
effects in gpy-7-expressing epidermal cells (Myers and Greenwald, 2005) and our screen
strain was not targeting this particular tissue type. Finally, there was a striking enrichment
for factors that control chromatin remodeling, cytoplasmic polyadenylation and translation
(Figure 2B and S2B). Mesodermal factors related to chromatin remodeling included
orthologs to a histone H3 variant (H3F3A, H3F3B), three additional histones (HIST2H2BF,
HIST2H2AB and HIST1H4H), tousled-like kinase that phosphorylates histone H3 (TLK1,
TLK2) (Carrera et al., 2003), and key chromatin binding factors (RBBP4, PAF1 and
RUVBLZ2). Factors related to cytoplasmic polyadenylation and translation included two
components (SYMPK and CPEB1) of a complex that regulates the translation of specific
subsets of mMRNAs by modulating their poly(A) tail length (D’ Ambrogio et al., 2013), and
five components of the protein translation machinery (NCBP2, EIFAE, MDN1, TSR2 and
PLRGL1). The convergence of mesodermal hits on a few selected processes is remarkable,
involving multiple components of the same protein complex or with the same general
function.
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Cell-type and gap-1(-)-dependent functions of mesodermal gene candidates

To determine whether the 39 candidate genes exclusively function in mesodermal cells or
also function in VPCs to suppress ectopic cell divisions, we examined the effects of
depleting candidates in mesoderm-rde,gap-1(-) versus vulva-rde,gap-1(-)worm strains.
This comparison showed that depletion of 20 out of the 39 gene products (51%) from the
VPC compartment also induced excessive cell divisions and a Muv phenotype (Figure 2B),
which included two genes with established roles in VPCs during development (Tan et al.,
1998). These findings suggest that the other 19 genes function exclusively in mesodermal
cells to suppress ectopic VPC divisions. Intriguingly, the 19 mesoderm-specific genes have
functions enriched for cytoplasmic polyadenylation (cpb-3and symk-1) and translation
control (nchbp-2, ife-5, F55F10.1, plrg-1). This analysis stratifies factors that function
exclusively in mesodermal cells from factors that also have a cell autonomous role in cell
fate and proliferation control decisions.

We next tested whether suppression of ectopic VPC division by the 39 genes was dependent
or independent of the gap-1(-) sensitizing mutation. To this end, we compared depletion of
each candidate in mesoderm-rde animals with an intact (gap-1(+)) or mutant gap-1 allele. As
listed in Figure 2B, depletion of only 2 genes (/in-31 and /in-1) led to ectopic VPC divisions
in gap-1(+)worms, suggesting that the vast majority of the 39 mesodermal factors suppress
excessive VPC proliferation only in Ras pathway-sensitized worms and not in the context of
normal development.

Finally, we examined whether these mesodermal factors collaborate with other growth
control pathways in VPCs beyond Ras by examining the consequence of depleting the 39
genes in mesoderm-rde worms containing an ax/-1(-=) mutation. The human orthologs of
axl-1, AXINI and AXINZ are part of the complex that targets f-catenin for degradation
(Figure 2A). Importantly, loss of ax/-1 in worms activates Wnt signaling in VPCs but is
insufficient to cause ectopic VPC divisions; however, when combined with other activating
mutations in the Wnt pathway, ax/-1(-) leads to a Muv phenotype (Oosterveen et al., 2007).
We found that in this Wnt-sensitized background, mesodermal depletion of only 4 of the 39
genes resulted in a Muv phenotype (Figure 2B). In addition, a separate genome-wide screen
with the mesoderm-rde;ax/-1(-) strain identified only distinct factors whose depletion
resulted in a Muv phenotype (data not shown).These findings demonstrate that depletion of
individual mesodermal genes is unlikely to simply create a microenvironment that is
generally permissive for cell proliferation. Rather, we suggest that their depletion from
mesodermal tissues generates productive signals that cooperate with defined mutations
and/or growth-regulatory pathways in neighboring epithelial VPCs.

Mesodermal factors suppress ectopic Ras signaling in sensitized VPCs

Developmental programs often use diverse signaling inputs that converge on distinct
components of the same pathway to exacerbate a defined signaling output. Thus, given that
GAP-1 is a negative regulator of the Ras/MAPK pathway, we initially investigated whether
depletion of each of the 39 mesodermal factors might promote excessive VPC proliferation
through a common underlying mechanism involving hyper-activation of this pathway. To
this end, an /in vivo reporter (egl-17p::cfo-lac2) was used to quantify Ras/MAPK signaling in
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response to RNAI treatment of mesoderm-rde animals with either an intact or mutant gap-1
allele. In control gap-1(+) larvae, reporter activity was exclusively restricted to the 1° VPC
lineage after one division of P6.p (Figure 3A, B). As expected, approximately 60% of
gap-1(-) larvae exhibited low levels of reporter activity in presumptive 2° VPC lineages at
this same time point (Figure 3A, C). Depletion of most mesodermal genes in the gap-1(+)
background also led to low ectopic Ras activity in presumptive 2° VPC lineages (Figure 3B),
albeit to varying extents. Importantly, depletion of most mesodermal genes in the gap-1(-)
sensitized background resulted in a further increase in the frequency and intensity of reporter
activity in presumptive 2° and 3° VVPC lineages (Figure 3A, C). These findings show that
mesodermal depletion of the 39 genes augments Ras activity beyond the levels attained in
gap-1(-) sensitized worms, and suggest that combinatorial activation of Ras signaling may
be a common mechanism by which their depletion from mesodermal cells promotes ectopic
division of gap-1(-) vulval epithelial cells.

Fibroblast-specific ablation of Tlk1, TIk2 and Sympk in mice promotes proliferation of
mammary ductal epithelial cells

Sequence analysis of the 39 candidate genes across species showed that the mesodermal
factors identified above are conserved in mice and humans (Figure 2B and S1F), suggesting
similar mesodermal-epithelial communication networks may be at play in the control of
cellular proliferation in mammals. Thus, we considered whether representative mammalian
orthologs of two C. elegans candidate genes (#/k-1 and symk-1) involved in chromatin
remodeling and cytoplasmic polyadenylation could function to regulate cell proliferation in a
cell non-autonomous manner in the mouse.

Tousled-like kinase 1 and 2 (Tlk1 and T/k2) are the two related mouse orthologs of the C.
elegans tlk-1 gene. TLK1 and TLK2 constitute a family of serine/threonine kinases that
phosphorylate the histone chaperone ASF1 and histone H3 to coordinately regulate
chromatin assembly and remodeling (Carrera et al., 2003; Klimovskaia et al., 2014; Li et al.,
2001; Sillje and Nigg, 2001; Sillje et al., 1999). To rigorously evaluate their roles /in vivo, we
used standard homologous recombination approaches to introduce conditional LoxP-flanked
Tlk1and T/k2alleles into the mouse genome ( 7/k2V€% and T/k2VVeo, respectively; Figure
4A, B). Southern blot and PCR genotyping confirmed correct integration of 7/k2/Vé? and
T1k2V° into mouse embryonic stem cells (ES; Figure 4C, D). Targeted ES cells were then
used to generate mice carrying the germ-line transmitted 7/k27Vé% and T/k2Veo alleles, and
positive offspring were bred with Actin-Fipe mice to remove the Frtflanked neomycin
selection cassette and yield mice with the conditional 772" and 7/k2" alleles (Figure 4C,
D).

The Fsp-cretransgene (Trimboli et al., 2009) was used to evaluate the role of TLK1 and
TLK2 in stromal fibroblasts of the mouse. Fsp-cre transgene expression in fibroblasts is
turned on beginning at E15.5 of mouse embryonic development (Trimboli et al., 2009;
Trimboli et al., 2008). By interbreeding Fsp-cre; TIk1F and TIk2F mice we generated
cohorts of control T/k1//F, TIk2"F and experimental Fsp-cre, TIk1FF TIk2FF

(TIKIAA TIk22D) mice. Both T1k1F TIk2"F and fibroblast-deleted 7/k244; TIk224 ten-
week-old mice appeared externally normal and necropsies revealed normal anatomy with
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fully developed organs (data not shown). However, whole-mount preparations of inguinal
mammary glands from 7/k244: TIk22A females displayed increased tertiary branching and
alveolar clustering when compared to similarly estrous cycle staged 7/k17F TIko7F
mammary glands (Figure 4E). When the individual 7/kZ or 7T/k2genes were ablated in
fibroblasts ( 7/k244 and T/k224, respectively), we observed a similar hyper-proliferative
phenotype as when both genes were simultaneously deleted, albeit less pronounced (Figure
S3D, E). Immunohistochemistry (IHC) with the proliferation marker Ki67 revealed
increased mammary duct epithelial cell proliferation in 7/k24/4; TIk224 females (Figure 4E,
F). Interestingly, 7/k244; TIk224 glands had increased SMA-positive fibroblasts, which
almost always surrounded the Ki67-positive ducts (Figure 4G and S3A) and are typically
only observed around terminal end-buds of wild-type mammary glands, indicating that loss
of 7T/kIand T/kZleads to a fibroblast phenotype reminiscent of cancer-associated fibroblasts
(CAFs) (Paulsson and Micke, 2014). IHC with cleaved caspase-3 specific antibody showed
no difference in programmed cell death between the two cohorts (Figure S3B, C). Likewise,
phosphor-ERK staining (indicative of RAS pathway activity) was similar between cohorts
(Figure S3F).

Previous cell-type marker analysis using a p-galactosidase Rosa26-%%F reporter allele
showed specific Fsp-cre transgene expression in stromal fibroblasts surrounding the
mammary epithelial ducts, with virtually no expression in cytokeratin-positive epithelial
cells, F4/80-positive macrophages or CD31-positive endothelial cells (Trimboli et al., 2009;
Trimboli et al., 2008). Here we report minimal expression in other organs such as lung, liver,
stomach and intestine (Figure S4A; perhaps contributing to the mammary-specificity of the
phenotype) with widespread expression in skin (Figure S4B; precluding analysis of
fibroblast-specific effects). Indeed, the B-galactosidase Rosa26-9% reporter allele (Soriano,
1999) showed cre-mediated recombination specifically in stromal fibroblasts surrounding
the mammary epithelial ducts (Figure 4J and S4C). Cre-mediated recombination was
validated by PCR genotyping of genomic DNA and by quantitative real time PCR (qRT-
PCR) of mRNA isolated from purified 7/k142: T/k22/A mammary fibroblasts (Figure 4H, 1).
Moreover, gRT-PCR of mRNA from purified mammary fibroblasts and epithelial cells
confirmed the fibroblast-specific reduction in 7/kZ and 7/k2expression (Figure 4K).

The mouse ortholog of the C. elegans symk-1 gene, Symplekin (SympK), encodes a scaffold
protein that tethers target MRNAS to components of the cytoplasmic polyadenylation
complex (Barnard et al., 2004), including CPEB1, which was also identified by our screen.
The SYMPK protein complex binds to the 3" untranslated region of a select class of
MRNAs containing a consensus UUUUA;_3U sequence and regulates their translation
through polyadenylation (activation) and deadenylation (repression) of poly(A) tails

(D’ Ambrogio et al., 2013). Using a similar strategy as described above, we generated mice
with a targeted Sympk allele (Sympk™Véo’Veo: Figure 5A, B), which were bred with Actin-
Flpe mice to yield offspring with a conditional ZoxP-flanked Sympk allele (Sympk"’*;
Figure 5A, C). To evaluate the consequences of Sympk ablation in stromal fibroblasts of the
mouse, Fsp-creand Sympk”F mice were interbred to generate cohorts of control Sympk™*
and Fsp-cre; Sympk™* (Sympk?’4) mice. Ten-week-old Sympk™* and Sympk2 mice were
viable and appeared externally normal without any obvious defects in organogenesis,
including in the gross morphology of mammary glands (Figure S5A). However, IHC with
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Ki67 showed increased ductal epithelial cell proliferation in mammary glands from
Sympk&A females relative to similarly estrous cycle staged Sympk™* females (Figure S5A,
B). By six months of age, mammary glands from Sympk?/4 females displayed ectopic
tertiary branching, increased alveolar clustering and excessive mammary epithelial cell
proliferation when compared to control mice (Figure 5D, E). As in 7/kI44:TIk2Y2 females,
there was no difference in cleaved caspase-3 (CC3) (Figure S5C—F) nor phosphor-ERK
levels (Figure S5G) between Sympk/4 and control mammary glands. Fibroblast-specific
cre-mediated recombination was confirmed by PCR genotyping of genomic DNA and gRT-
PCR of mRNA from isolated mammary fibroblasts and epithelial cells from Sympk&4
female mice (Figure 5F-H). Thus, fibroblast-specific deletion of 7/kZ, T/k2and Sympkin
mice promoted the hyper-proliferation of adjacent mammary duct epithelial cells. From
these observations we conclude that in the absence of TLK and SYMPK, the mammary
gland is innately sensitive to ectopic stromal signaling, possibly reflecting the extreme
hormone responsiveness of this organ.

The C. elegans-derived expression signature is associated with breast cancer stroma

To explore the relevance of our findings to human cancer, we utilized the C. elegans-derived
33-human ortholog signature to query the transcriptome profiles of stromal and epithelial
compartments of both tumor and normal tumor-adjacent tissues that are derived from HER2-
positive breast cancer patients (Table S4). Specifically, we laser capture microdissected
(LCM) tumor-epithelium (n=40) and tumor-associated stroma (n=39), as well as normal-
epithelium (n=14) and adjacent normal-stroma (n=14; at least 2 cm distant from tumor) from
resected tumor tissue (Figure 6A and Table S4). RNA was then isolated from LCM samples
and expression evaluated using an Agilent platform (Finak et al., 2008; Trimboli et al.,
2009). We then queried these compartment-specific MRNA expression data sets with our C.
elegans-derived 33-ortholog signature. The heatmap shown in Figure 6B represents the
expression of the 33-ortholog signature in normal-stroma and tumor-stroma samples ranked
along the x-axis according to the rank-sum across genes (see Methods; the complete analysis
of the expression data will be published elsewhere). Compared to 10,000 permutations of 33
randomly selected genes, the 33-ortholog signature could effectively distinguish human
tumor-stroma from adjacent normal-stroma (P=0.001). In contrast, a parallel analysis of
expression profiles derived from LCM tumor and normal epithelium compartments (n=40
tumor epithelium; n=14 normal epithelium) failed to distinguish tumor epithelium from
normal epithelium (P=0.482; Figure S6). We also note while some orthologs were down-
regulated as expected from the C. elegans data (since depletion resulted in the Muv
phenotype), many were up-regulated, possibly in response to proliferation of neighboring
epithelial cells in an ineffective attempt to suppress proliferation. Furthermore, some of
these genes may have evolved different functions over time or might be influenced by
specific genetic interactions and therefore be varied across a patient population when
compared to a homogenous population of worms.

Taken together, we conclude that the C. elegans-derived expression signature is selectively
represented in tumor-stroma of human HER2-positive breast cancer. Whether this stromal
signature is also represented in other breast cancer subtypes remains to be determined.
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Depletion of human orthologs from stromal fibroblasts enhances tumor cell proliferation

The selective representation of C. elegans-derived expression signature in breast cancer
stroma may reflect stroma composition alterations during cancer progression and consequent
gene expression changes. We thus intended to directly test the functionality of these
identified genes in suppressing epithelial proliferation. Fibroblasts represent a major cellular
component of breast tumor stroma. Therefore, we isolated primary breast fibroblasts from
normal tissue (10 cm distant from the tumor) of breast cancer patients (n=44; see Methods).
RNA was then isolated from these ‘hormal’ fibroblasts and expression of the 33 human
orthologs was confirmed using NanoString assays (Table S1). A representative fibroblast
cell line with intermediate expression levels of the 33 genes was immortalized and depleted
for each ortholog individually by shRNA lentiviral transduction; expression of 22 out of the
33 human orthologs was effectively reduced (Table S3, Figure S7A). We then assessed the
consequence of their depletion on the proliferation of co-cultured immortalized non-
transformed breast epithelial cells (MCF10A) and a panel of well-characterized breast
cancer cells (MDA-MB-468, MDA-MB-231, BT474, MCF-7, and T47D; Figure S7C) using
an established 3-dimensional (3D) assay (Figure 7A). In these assays, ShRNA-expressing
breast fibroblasts were co-embedded with normal or breast cancer cells expressing DsRed
within a laminin-rich basement membrane extract in a 96-well plate format (Sasser et al.,
2007a; Sasser et al., 2007b; Studebaker et al., 2008). Generally, tumor cell lines proliferated
equally well when cultured with or without control fibroblasts, with MCF7 and T47D
proliferating marginally better when cultured with control fibroblasts (Figure S7B).
However, as shown by the heat maps in Figure 7B, the proliferation of MDA-MB-468, T47D
and MCF7 cells was significantly enhanced by fibroblasts depleted for most stromal genes,
when compared to fibroblasts treated with control ShRNA (P<0.05, also see Table S2). The
other two breast cancer cell lines (MDA-MB-231 and BT474) were less responsive, and
MCF10A cells were completely non-responsive to co-cultured depleted fibroblasts.
Examples of growth curves for MCF10A and each tumor cell line co-cultured with control
fibroblasts or fibroblast depleted for four representative candidate stromal genes are shown
in Figure 7C. These results demonstrate the selective effect of candidate gene-depleted
fibroblasts on cancer cells versus non-transformed cells. Collectively, the data suggests that
the core pathways used in mesoderm-epithelium communication are conserved from worms
to humans and can be co-opted during development of human cancer.

DISCUSSION

Mesodermal cells respond to a variety of extreme but physiological conditions as a
mechanism to communicate with other cell types and help maintain normal tissue function
(Nelson and Bissell, 2006). In cancer, stromal fibroblasts embedded within the tumor
microenvironment provide neighboring cell types, including tumor cells, critical signals that
facilitate the initiation and progression of carcinoma. However, the relevant stromal signals
remain ill defined, as are the pathways that regulate them. Utilizing RNAI technology and a
C. elegans vulval organogenesis system we identified 39 candidates involved in specialized
forms of chromatin assembly and remodeling, mRNA processing and translation control that
suppress the proliferation of adjacent sensitized epithelial cells. Fibroblast-specific knock-
out models of three representative mammalian orthologs show that TLK1, TLK2 and
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SYMPK function in a cell non-autonomous manner to suppress mammary epithelial cell
proliferation in the mouse. Importantly, expression profiling of laser capture microdissected
cell compartments from human-derived normal and tumor tissue showed dysregulated
expression of the related 33-ortholog signature selectively in the tumor-stroma of breast
cancer patients. We suggest that these conserved candidates are utilized by mesodermal cells
to communicate with and restrict the proliferative capacity of neighboring epithelial cells
sensitized with a Ras pathway activating mutation.

Mesodermal components converge on the control of chromatin dynamics and translation

The level of convergence identified by this RNAI screen on mesodermal components of the
same pathway, molecular processes or protein complexes was remarkable and unanticipated.
In general, these candidate factors are conserved constituents of macromolecular
machineries that control chromatin dynamics or cytoplasmic polyadenylation and
translation.

Tousled like kinase ( TIK) genes were first identified in plants and encode conserved nuclear
serine-threonine kinases that impact flowering and leaf morphology (Sillje et al., 1999).
TLKSs phosphorylate histone H3 and ASF1A/B, two DNA-replication dependent and
independent histone chaperones that facilitate chromatin assembly (Carrera et al., 2003;
Klimovskaia et al., 2014). The scaffolding protein SYMPLEKIN (SYMPK) is a core
component of a cytoplasmic polyadenylation complex that includes CPEBL1 (also identified
in this screen) and CPSF (Barnard et al., 2004). This complex regulates the translation of
target MRNAs through polyadenylation (activation) and deadenylation (repression) of
poly(A) tails (D’ Ambrogio et al., 2013) in diverse biological contexts (Chang et al., 2012;
D’Ambrogio et al., 2013; Fernandez-Miranda and Mendez, 2012; Si et al., 2003). Our
analysis of fibroblast-specific mouse knockouts and human cell lines validated the
hypothesis that chromatin and translation regulation in fibroblasts represent conserved
pathways used to communicate with epithelial cells sensitized during development
(mammary) or by oncogenic mutations (cancer).

It is notable that none of the 39 genes identified by this RNAI screen encoded secreted
factors. We interpret this result to mean that depletion of any single mesodermal secreted
factor is insufficient to significantly increase VVPC proliferation; rather, altering regulatory
hubs that simultaneously control a host of factors likely has a stronger impact on the
proliferation of adjacent cells. This was not completely unexpected as this was a depletion
screen seeking to identify factors with growth-suppressive properties and secreted growth
suppressive factors have yet to be described in the C. elegans vulva development literature.
Understanding how these stromal factors and their downstream effectors in normal and
activated fibroblasts impact signaling of neighboring epithelial cells will be an exciting
future challenge.

Sensitivity of normal mammary ducts to stromal signals

Why the stromal-specific ablation of TLK1, TLK2 and SYMPK has an impact on the
epithelium of the mammary gland specifically is not entirely clear, albeit subtle changes in
cell proliferation in other organs may have been missed by visual detection. It is also unclear
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why the mammary gland, unlike the worm vulva, is responsive to stromal-specific deletion
of TLK1, TLK2 and SYMPK in the absence of prior ‘sensitization’ by Ras pathway
alterations. The mammary gland, unlike most other organs, is under the intense influence of
hormonal regulation and perpetually poised to expand, contract or remain quiescent when
appropriately instructed. The remodeling of the mammary ductal network during postnatal
development and subsequently during estrous cycling and pregnancy involves close stromal-
epithelial interactions (Hennighausen and Robinson, 2005; Richert et al., 2000; Robinson,
2007; Sternlicht, 2006; Sternlicht et al., 2006; Wiseman and Werb, 2002). Thus, the unique
sensitivity of mammary ducts to stromal fibroblast signaling through TLK1, TLK2 and
SYMPK may be due to the strong periodic hormonal influence, which has been linked to the
priming of epithelial cells to growth factor induced Ras-MAPK signaling (Lange et al.,
1999; Skildum et al., 2005) although other signaling pathways may also be involved. We
cannot rule out, however, that differential Fsp-cre transgene expression across organs is a
contributing factor to the mammary specific phenotype observed in mice. How these stromal
factors are regulated and how the receiving epithelial cells integrate stromal signals into
proliferative responses are important mechanistic questions that remain to be addressed.

Specificity in mesodermal-epithelial communication

This work also revealed exquisite signaling specificity of mesodermal factors in different
genetic backgrounds. The observation that mesoderm-specific depletion of these factors did
not impact gap-1(+)worms or worms with an ax/-1(-) sensitizing mutation argues that
factor-depleted mesoderm-derived signals can only engage sensitized gap-1(-) VPCs to
ectopically enter the cell cycle, but not VPCs sensitized by other-pathway (Wnt) alterations.
The analysis of Ras-reporter worms suggests that this level of specificity involves, at least in
part, the re-engagement of Ras pathway signaling beyond the levels exhibited in gao-1(-)
worms. Human cell co-culture systems also showed a differential impact of fibroblast-
specific ablation of candidate factors on “normal” and individual tumor cell lines, where
distinct genetic landscapes in tumor cells may determine their responses to the depletion of
stromal factors (Figure 7). Thus, productive stroma-tumor interactions may be predicated by
the specific genetic alteration present in epithelial cells. While the details may differ
between worms, mice and humans, it would appear that the signaling axes utilized for
mesoderm-epithelium communication are functionally conserved. In summary, this cross-
species approach begins to chart a road map of the components and networks used by
mesodermal tissues to signal and control epithelial cell proliferation.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Gustavo Leone (leoneg@musc.edu).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

C. elegans Strains and Maintenance—All C. elegans strains were maintained under
standard conditions at 20°C and listed below: N2 wild-type, AH12 gap-1(ga133), KN611
axl-1(tm1095), rde-1(ne219), NL2099 rrf-3(pk1426), CM1859 unc-119(e2498),
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QUEX1252 myo-30:gfp, unc-119(+)], CM1866 unc-119(e2498), guEx1259 dar-2p:gfp,
unc-119(+)], CM1869 unc-119(e2498); guEx1261[ ACEL-Apes-10:gfp,; unc-119(+)],
CM1871 unc-119(e2498);, QuEx1263 pB253(lin-31p):gfp, unc-119(+)], CM2073
rde-1(ne219); rrf-3(pk1426), guls37/1myo-3o:rde-1(+); ddr-2p: rde-1(+), ACEL-
Apes-10:rde-1(+), sur-5p::gfp; unc-119(+)], CM2129 rde-1(ne219); rrf-3(pk1426);
gap-1(gal33), quls37/myo-3p:rde-1(+); ddr-2p:rde-1(+), ACEL-Apes-10:rde-1(+),
sur-5p::gip; unc-119(+), GS3582 unc-4(e120), arls92 egl-17: NLS-cfp-lacZ. unc-4(+),
ttx-3:gfp], CM2307 unc-4(e120); gap-1(gal33), arls92 egl-17:: NLS-cfp-lacZ. unc-4(+),
ttx-3:gfp], CM2423 unc-119(e2498); rde-1(ne219); rrf-3(pk1426); gap-1(gal33);
guls39 lin-31p: rde-1(+); sur-5p:gfp;, unc-119(+).

C. elegans Tissue-Specific RNAi Strain Construction—First-strand cDNA for rde-1
was synthesized from total RNA isolated from N2 wild-type animals, and cDNA for
let-60(gf) was synthesized from total RNA isolated from MT2124 /et-60(n1046), with
Superscript 11 Reverse Transcriptase Kit (Invitrogen) following the manufacturer’s protocol.
let-60(gf) cDNA was amplified as a single product, and cloned directly into the plasmids
(described below). The 5” (~1 kb) and 3" fragments (~2 kb) of the full-length rde-1(+)
cDNA were individually amplified by PCR using Pfu DNA Polymerase Kit (Stratagene).
The PCR primers used are listed in Table S3. The PCR products were digested with
restriction enzymes and sequentially inserted into the pBluescript 11 KS(+) phagemid vector
(Agilent Technologies; 212207). The full-length rde-1(+) cDNA was then excised using
Kpnl and Sac/and cloned into the pPD49.26 C. elegans expression vector from the Fire Lab
Kit (Addgene). All constructs were sequence-verified to ensure no mutations were
introduced into cDNA sequences. Tissue-specific promoters were chosen based on previous
studies (myo-3 (Myers and Greenwald, 2007); ACEL (Hwang and Sternberg, 2004)) or
identified by examining approximately forty reporter strains with GFP expression detected
in the somatic gonad (ddr-2, http://gfpweb.aecom.yu.edu/index). The regulatory sequences
were amplified by PCR using Pfu DNA Polymerase Kit with N2 genomic DNA as
templates. PCR primers used are listed in Table S3. The PCR products (myo-3and dar-2)
were digested with restriction enzymes and cloned into pPD95.69 vector upstream of the
nls:gfp reporter cassette. ACEL sequences were cloned into pPD107.94 vector upstream of
the truncated 4pes-10 minimal promoter, and the fusion ACEL-Apes-10promoter was
cloned into pPD95.69 vector upstream of the n/s:gfp reporter cassette. All resultant
promoter:gfp reporters were utilized to generate transgenic strains to verify the expression
pattern of corresponding promoters. Promoter sequences were then individually cloned into
pPD49.26 containing rde-1(+) cDNA to drive tissue-specific rde-1(+) cDNA expression.
Similar methods were used to achieve rde-1(+) cDNA expression restricted to vulval cells
(Vulva-rde; gap-1(-) strain) by cloning rde-1 cDNA into the Not/ site in pB253 vector
(Myers and Greenwald, 2007; Tan et al., 1998). To produce the /et-60(gf) constructs with the
three mesodermal promoters, the rde-1(+) cDNA was excised and replaced with the
let-60(gf) cDNA to produce the /et-60(gf) constructs (using Nhel and Sacl for dar-2, and
Kpnl and Sacl for myo-3and ACEL-Apes-10). For the promoter in pB253, /et-60(gf) cDNA
was inserted downstream of the promoter, using Bglll and Notl sites. The C. efegans strains
with tissue-specific RNAI were generated by microinjection of plasmids containing rde-1
cDNA downstream of tissue-specific promoters into the germline of hermaphrodite

Dev Cell. Author manuscript; available in PMC 2018 May 22.


http://gfpweb.aecom.yu.edu/index

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 14

rde-1(ne219) mutant animals using standard methods (Mello et al., 1991) with unc-119as
the selection marker. F1 progeny without uncoordinated movements were selected.
Individual F2 worms were isolated to establish independent lines. Transgenic strains were
sensitized with a gap-1(ga133) mutation to promote elevated VPC Ras/MAPK signaling.
let-60(g1) transgenes were generated using 50 ng/ul of experimental DNA and 15 ng/ul
unc-119(+) DNA, and evaluated as extrachromosomal arrays. rde-1(+) extrachromosomal
transgene arrays were integrated into chromosomes with y-irradiation at the Ohio State
University Reactor Lab as previously described (http://wormlab.caltech.edu/protocols/).

Generation of Conditional Mouse Alleles and Maintenance—Animals were used
in compliance with federal and Ohio State University Laboratory Animal Resources
regulations and housed under normal conditions. Standard homologous recombination was
used to target the conditional 7/kZand 7/k2alleles into hybrid BI57/129SV ES cells using
targeting vectors purchased from EUCOMM- IMPC (IKMC project number: 71713 and
79307 respectively) and injected into E3.5 C57BL/6 blastocysts. Sympk frozen embryos
(C57BL/6N) were obtained from EMMA (EM:05086), the distributor for WSTI and
generated using EUCOMM ES clone EPD0069 2 HO09. All were transferred into foster
mothers and the resulting chimeras were bred with National Institutes of Health Black Swiss
female mice, and agouti offspring were genotyped by PCR and confirmed by Southern blot
analysis. (Figure 4A-D, Figure 5A-C). Female mice 10-24 weeks of age were used for all
studies.

Cell Lines—All breast cancer cells were maintained in a humidified incubator at 37°C and
5% CO 2 in RPMI 1640 growth medium (Life Technologies) containing 10% fetal bovine
serum (Thermo Scientific HyClone), 2 mmol/L L-glutamine, 100 units/ml penicillin, and
100 g/ml streptomycin (Life Technologies). All DsRed-positive human breast cancer cells
were previously generated (Sasser et al., 2007a; Sasser et al., 2007b; Studebaker et al.,
2008). MCF10A breast epithelial cells were maintained in standard MCF10A growth
medium: DMEM/F12 (Life Technologies) containing 5% heat-inactivated horse serum (Life
Technologies), 20 ng/ml recombinant human EGF (PeproTech), 0.5 g/ml hydrocortisone
(Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 10 g/ml insulin (Sigma-
Aldrich), 100 units/ml penicillin, and 100 g/ml streptomycin (Life Technologies). Cell lines
were authenticated at University of Arizona Genetic Core by autosomal STR typing, using
the Promega PowerPlex16HS assay.

Primary Cultures

Human Breast Fibroblasts: Primary human breast fibroblasts were isolated from human
breast tissue as previously described (Orimo et al., 2005) with minor modifications. Tissue
specimens were collected at The Ohio State University Wexner Medical Center (Columbus,
OH) in accordance with protocols approved by the research ethics committee. Tissue
biopsies from grossly normal human breast tissue specimens >10 cm from breast tumors
were received on ice, minced into small fragments, and digested in dissociation buffer
comprised of DMEM growth medium (Life Technologies) containing 10% fetal bovine
serum (Thermo Scientific HyClone), 100 units/ml penicillin, 100 g/ml streptomycin (Life
Technologies), and 2 mg/ml collagenase 111 (Worthington Biochemical Corp.) for sixteen to
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eighteen hours at 37°C. Digested tissue was allowed to separate by gravity to remove tissue
debris, and supernatants were collected to pellet fibroblasts. The fibroblast pellets were
washed and cultured in DMEM containing 10% fetal bovine serum and 25 g/ml plasmocin
(InvivoGen) for one week. Fibroblasts were subsequently maintained in DMEM growth
medium containing 10% fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin.
For immortalization, 4x10° HEK293T cells per well were plated into 6-well plates
overnight. The following day, subconfluent HEK293T cells were co-transfected with
pCL-10A1 plasmid (Imgenex), which encodes HIV-1 Gag, Pol, Tet, and Rev proteins and
pBABE-hygro-hTERT plasmid (Addgene plasmid 1773) using jetPEl DNA transfection
reagent (Polyplus Transfection) according to the manufacturer’s protocol to generate VSV-G
pseudotyped lentivirus. Viral supernatants were 0.45 m filtered and used to infect primary
human breast fibroblasts with hTERT for immortalization. Fibroblasts were selected with
hygromycin for ten days to generate stable hnTERT-positive, immortalized human breast
fibroblasts.

Culturing MECs and MMFs: Thoracic mammary glands were isolated and minced into 1-
to 2-mm fragments using microdissection scissors in 0.15% collagenase 111 (Worthington
Biochemical Corp.) overnight in a humidified incubator at 37°C and 5% CO,. The following
day, digested glands were vigorously resuspended by pipetting (30-40x) in 10 mL and
subjected to 12 min of gravity separation. Supernatants were removed and fibroblasts were
isolated from them by centrifugation (1200 rpm for 5 min). Fresh medium was added to the
sedimented epithelial cell containing organoids for four consecutive rounds of gravity
separation (10 min each). Epithelial cells (MECs) and fibroblasts (MMFs) were maintained
in DMEM/F12 (Life Technologies) containing 10% heat-inactivated fetal-bovine serum
(Life Technologies), 20 ng/ml recombinant EGF (MECs only, PeproTech), 0.5 g/ml
hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 10 g/ml insulin
(Sigma-Aldrich), 100 units/ml penicillin, and 100 g/ml streptomycin (Life Technologies)
with either 0.04 mM or 1.05 mM CaCly, respectively.

Human Samples—Breast tumor/stroma specimens used for expression profiling and
associated clinical data (Table S4) were collected at McGill University Health Center
(Montreal, Canada) between 1999 and 2013 in accordance with protocols approved by the
research ethics committee. Written consent was obtained on an individual basis for all
patients participating in this study.

METHOD DETAILS

C. elegans RNAI Screen and Microscopy—The genome-wide screen utilized the
Ahringer £. coli RNA. library (Source Bioscience LifeSciences) targeting 16,757 C. elegans
genes (~86% of genome) and was performed by feeding the CM2129 strain (see above)
individual £. coli clones expressing double-stranded RNA. RNAI clones from 384-well
library plates were inoculated into 96-well deep-well plates (VWR) with Luria broth (LB)
medium (Invitrogen) containing 50 ug/mL carbenicillin (Sigma-Aldrich) for 16 hours at
37°C. E. coliwere then seeded onto 12-well plates (Corning) with standard nematode
growth medium (NGM) agar but containing 2x normal peptone, and containing 1 mM IPTG
(Lab Scientific) and 25 pg/mL carbenicillin and incubated for 24 hours at room temperature.
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Synchronized embryos were seeded onto these plates and incubated for 4 days at 20°C. For
the primary RNAI screen, approximately 50 animals were scored for abnormal vulva-
associated morphologies using an Olympus SZ60 dissection microscope. Each RNAI clone
was tested in three independent replicates, and genes that promoted aberrant morphologies
upon stromal RNAI in at least two of three replicates were considered primary candidate
‘hits’. All primary candidate “hits’ were individually re-evaluated using the same 12-well
plate RNAI platform, but plates were incubated at 20°C for 48 hours and approximately 30
L4 stage worms were selected for imaging. DIC images were captured with a Spot RT
Monochrome digital camera (Diagnostic Instruments) using a Zeiss Axioskop2 microscope
to identify the final 39 mesodermal candidate genes whose depletion induced multivulva in
> 1 animal. RNA. clones were sequence-verified to ensure the identity of each target gene.

Vulval Ras/MAPK Signaling Assay—The GS3582 strain expressing an eg/-17p::LacZ-
CFPfluorescent reporter transgene (Yoo et al., 2004) was used to determine how whole-
worm RNAi-mediated depletion of the 39 identified genes affects Rass/MAPK signaling in
vulval cells. The same 12-well plate RNAi platform described above was utilized to evaluate
synchronized L3 worms at two rounds of VVPC division following RNAI®. DIC images were
captured with a Hamamatsu ORCA-ER digital camera using a Zeiss Axioplan2 microscrope.
The same system was used to capture corresponding CFP fluorescent images with one-
second exposures.

Whole-Mount Staining of Mammary Glands—Inguinal mammary glands were spread
on glass slides, fixed with Carnoy’s (60% EtOH, 10% acetic acid, 30% chloroform) for 12
hr at 4°C, rehydrated and stained with carmine alum (Sigma) for 12 hr at 4°C, dehydrated
through ethanols and xylenes, mounted and coverslipped.

Histopathology and IHC—Inguinal mammary glands for were fixed in 10% neutral-
buffered formalin solution for 48 hr and transferred to 70% ethanol. Tissues were processed,
embedded in paraffin, cut in 5 m sections on positively charged slides, de-paraffinized,
rehydrated, and stained with H&E. For immunohistochemistry, all sections were stained
using a Bond Rx autostainer (Leica). Briefly, slides were baked at 65°C for 15min and
automated software performed dewaxing, rehydration, antigen retrieval, blocking, primary
antibody incubation, post primary antibody incubation, detection (DAB), and
counterstaining using Bond reagents (Leica). Samples were then removed from the machine,
dehydrated through ethanols and xylenes, mounted and coverslipped. Antibodies for the
following markers were diluted in antibody diluent (Leica): rabbit antibodies- Ki67 (1:200,
Abcam), CC3 (1:800, Cell Signaling Technology), pERK (1:400, Cell Signaling
Technology).

qRT-PCR Analysis—Total RNA was extracted from MMFs or MECs using Trizol
(Invitrogen) following the manufacturer’s protocol. Reverse transcription of 1 g of total
RNA was performed by combining 1 L of SuperScript 111 reverse transcriptase (Invitrogen,
Life Technologies Corp.), 4 L of 5x buffer, 0.5 L of 100 M oligo(dT) primer, 0.5 L of 25
mM deoxyribonucleotide (dNTP), 1.0 L of 0.1 M DTT, 1.0 L of RNase inhibitor (Roche),
and water up to a volume of 20 L. Reactions were incubated for 60 min at 50°C and then
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diluted ten-fold with 180 L of water. qRT-PCR was performed using StepOne Plus (Applied
Biosystems) gPCR machine. Each PCR contained 1.5 L of cDNA template and primers at a
concentration of 100 nM in a final volume of 20 L of SYBR Green reaction mix (Bio-Rad).
Each PCR yielded only the expected amplicon, as shown by the melting temperature profiles
of the final products and by gel electrophoresis. Reactions were performed in triplicates, and
relative amounts of cDNA were normalized to GAPDH. Primer sequences are listed in Table
S3.

Breast Tumor and Stroma Total RNA Expression Profiling—Tissue samples were
collected within 30 minutes after surgery, embedded in TissueTek OCT (Somagen,
Edmonton, Alberta, Canada) and stored in liquid nitrogen until use. Frozen specimens were
cryo-sectioned (10 m thickness) and stained using the Arcturus HistoGene LCM Frozen
Section Staining Kit (Life Technologies) before LCM was performed. All tissues included in
this study were re-examined by a clinical pathologist dedicated to the project. Tissue
specimens were laser capture microdissected using a PixCell lle LCM system (Arcturus)
within three hours following tissue staining. Total RNA was extracted using the PicoPure
RNA isolation kit (Life Technologies) as per the manufacturer’s directions. Subsequently,
0.5 to 1 ng of total RNA was subjected to two rounds of T7 linear amplification using the
Arcturus RiboAmp HS Plus kit (Life Technologies) and labeled with Cy3 dye according to
the manufacturer’s procedure. Prior to microarray hybridizations, amplified products were
quantified using a spectrophotometer (Nanodrop, Wilmington, Delaware, USA) and
subjected to BioAnalyzer assay for quality control (Agilent Technologies, Santa Clara,
California, USA). SurePrint G3 Human Gene Expression 8x60K v1 microarrays (Agilent
Technologies, product G4112A) were used for all experiments. RNA samples were
subjected to fragmentation followed by 18 h hybridization, washing, and scanning (Agilent
Technologies, model G2505B) according to the manufacturer’s protocol. Samples were
hybridized against Cy5-labelled Universal Human Reference RNA (Stratagene, Jolla,
California, USA).

Human Mammary Fibroblast Candidate Gene Expression Analysis—Total RNA
was isolated from primary human breast fibroblasts using TRIzol reagent (Life
Technologies) according to the manufacturer’s protocol followed by RNA clean up using a
RNA clean-up and concentration kit (Norgenbiotek). Total RNA was submitted to
NanoString Technologies for mRNA quantification of candidate genes by the nCounter®
gene expression analysis system.

Human Lentivirus Production and shRNA Transduction—Optimal shRNA-
mediated target gene knockdown efficiency was initially determined by lentiviral
transduction of HEK293T cells with three to six individual gene-specific GIPZ shRNA-miR
plasmids (Thermo Scientific) per candidate gene. The single shRNA plasmid demonstrating
the most efficient target gene knockdown was utilized for subsequent infection of human
breast fibroblasts. 4x105 HEK293T cells per well were plated into 6-well plates overnight.
The following day, subconfluent HEK293T cells were triple-transfected with the
pCMVARS8.91 packaging plasmid (encoding HIV-1 Gag, Pol, Tet, and Rev proteins),
pMD?2.G (encoding vesicular stomatitis virus (VSV)-G enevolpe protein; both plasmids
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kindly provided by Dr. Jose Silva), and gene-specific GIPZ shRNA-miR plasmid using
jetPEI™ DNA transfection reagent (Polyplus Transfection) according to the manufacturer’s
protocol to generate VSV-G pseudotyped lentivirus. Fresh medium was added the following
day, and 48 hours post-transfection, HEK293T cell medium was filtered and added to 1x10°
human breast fibroblasts at 70% confluence in a 6-well plate two times over two consecutive
days. 72 hours post-infection, fibroblasts were monitored for GFP expression and treated
with 0.75 g/ml puromycin for three to five days to select for sShRNA-positive cells. RNA was
isolated as described above and complementary DNA (cDNA) was generated with
SuperScript 111 reverse transcriptase kit reagents (Invitrogen), 200 ng total RNA, and
oligo(dT),o. Real-time quantitative PCR was used to validate target gene knockdown
following lentiviral ShRNA transduction, using human RT-qPCR primers in Table S3.

3-Dimensional Co-Culture Proliferation Assay—A 3-dimensional (3D) breast
fibroblast-cancer cell co-culture proliferation assay was performed as previously described
and all DsRed-positive human breast cancer cells were previously generated (Sasser et al.,
2007a; Sasser et al., 2007b; Studebaker et al., 2008). MCF10A cells were infected with
lentivirus expressing pLVX-DsRed-Express2-C1 and DsRed-positive cells were enriched by
flow cytometry based on DsRed fluorescence. This DsRed fluorescence-based quantitative
growth assay measures DsRed fluorescence, which correlates precisely with breast cancer
cell number. Stable, DsRed-positive human breast cancer cells (triple-negative MDA-
MB-231, MDA-MB-468; estrogen receptor (ER)-positive MCF-7, T47D; HER2-positive
BT474) or normal, immortalized mammary epithelial cells (MCF10A) and human breast
fibroblasts were trypsinized from standard culture plates and co-cultured in 3 mg/mi
Cultrex® basement membrane extract (Trevigen) constituted in serum-free, phenol red-free
RPMI 1640 growth medium in black-walled 96-well tissue culture plates. Co-cultures were
set up in triplicate and included a scrambled shRNA fibroblast co-culture control each set up
day. Plates were read daily on a SpectraMax M2 fluorescence microplate reader (Molecular
Devices), and autofluorescence of basement membrane extract alone was subtracted from
each well. Data were normalized to fluorescence intensities of each co-culture on day one to
adjust for initial cancer cell number.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs/heatmaps were generated and statistical analyses were performed using GraphPad
and R. No statistical analysis was used to predetermine sample size. Sample sizes, statistical
tests and p-values are indicated in the text, figures and figure legends.

Human Ortholog Enrichment—The C. elegans sequence 1Ds of the 39 identified genes
were entered into WormMart (http://www.wormbase.org), selecting Sequence Name,
Homologous Protein, Homolog Species, and Homolog BLASTP evalue from the Attributes
list. The number with human orthologs (Homolog BLASTP evalue <= 0.00001) were tallied.
The same process for C. elegans sequence IDs from all RNAI tested in the screen was
performed. A Fisher’s exact test was used to determine if the frequency of C. elegans genes
with a human ortholog differed between the two gene lists.
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Co-Culture Data Analysis—The growth rate data were matched from gene-specific
shRNA and non-silencing control sShRNA within the replicates and by culturing time (days).
Wilcoxon signed-rank test (one tail only) was performed to determine if the human ortholog-
depleted fibroblasts significantly enhance the proliferation of co-cultured epithelial cells
compared to control fibroblasts. A fold change cutoff of 1.1 at day 4 from gene-specific to
control shRNA was applied. All analyses were performed with the R statistical programming
language (www.R-project.org).

IHC Quantification—Multispectral Analysis of dual-Color IHC/eosin stained samples
were imaged using the PerkinElmer’s Vectra® multispectral slide analysis system. For each
stained mammary section, multispectral images of the entire slide were captured manually
for each 20X field containing ductal structures. For quantification of the DAB staining, the
multispectral images were reviewed and analyzed using inForm® Tissue Finder software. A
pattern recognition algorithm was used for processing as follows: (1) trainable tissue
segmentation to segment ductal epithelial cells and (2) segmentation of the DAB-positive
cells within this population from eosin-stained nuclei. Automatic quantification of these
populations was used to calculate percent positive cells. For pERK quantification, automated
cell segmentation of the pERK-positive tissue category was used to locate the subcellular
compartments and scored by binning the spectrally unmixed DAB signal into four categories
depending on the staining intensity (0+, 1+, 2+, and 3+), providing data in percent. The H-
score, which ranges from 0 to 300, was calculated using the following formula: [1 % (% cells
1+) + 2 x (% cells 2+) + 3 x (% cells 3+)]. Thus, H-score measures staining intensity as well
as percentage of positive cells in a given cellular compartment.

DATA AND SOFTWARE AVAILABILITY

The breast tumor and stroma expression analysis dataset has been deposited in the NCBI
Gene Expression Omnibus (GEO) and is publicly available under accession number:
GSE83591.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Mesodermal suppressors of epithelial proliferation identified in C. elegans

Mesoderm-epithelial signaling components are highly conserved across
species

Depletion of candidates in murine fibroblasts causes mammary hyper-
proliferation

Human orthologs of identified genes are altered in breast cancer stroma
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In Brief

Liu, Dowdle, Khurshid, Sullivan et al. identify mesodermal factors in C. elegans that
suppress growth of adjacent epithelial cells. These candidates are shown to have
conserved function in murine contexts, and to be altered in human breast cancer stroma.
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Figure 1. Mesoderm-specific RNAI in C. elegans containing a gap-1(—) mutation
(A) Differential interference contrast (DIC) images of wild-type C. efegans at mid-larval L4

stage and a schematic diagram of a normal vulva. (bar = 100 pm, high-mag. bar = 10 pm)
AC, anchor cell; SG, somatic gonad; M, muscle. Diagram of tissues that are RNAI resistant
(rde-1(-)) are indicated in gray; tissues that have been reconstituted with rde-1(+) are
indicated in blue. (B) DIC (top) and fluorescence (bottom) images of transgenic worms
expressing GFP driven by promoters active in the anchor cell (arrowhead), somatic gonad,
muscle, and vulval cells. Dashed lines,worm body boundaries. (C) DIC images of wild-type
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rde-1worms (rde-1(+)), rde-1 mutants (rde-1(=)), rde-1(-) mutants with mesoderm-specific
RNAI (mesoderm-rde), and rde-1(-) mutants with VPC-specific RNAI (vulva-rde) following
/in-3and /in-39 RNAI. Arrows, normal vulva structures. (D) F1 individuals with tissue-
specific expression of /et-60(gf) constructs were evaluated for the Muv phenotype. The
unc-119(+) allele was used as marker to indicate successful transmission of transgenes. The
number of stable transgenic lines generated for each construct is indicated. (E) Offspring for
the indicated number of transgenic lines (each bar represents a single independent line; >70
animals were analyzed for each line) were evaluated for the Muv phenotype. Homozygous
let-60(n1046) mutants were used for comparison. See also Figure S1 and Table S3.
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Figure 2. Genome-wide screen for the identification of mesodermal factors that induce a Muv
phenotype

(A) Schematic representation highlighting the inhibitory roles of GAP-1 and AXL-1 in
EGF/RAS/MAPK and canonical WNT/B-CATENIN signaling, respectively. (B) Summary
of Muv phenotypes after RNAi-mediated depletion of identified genes in mesoderm-
rde;gap-1(-), vulva-rde;gap-1(-), mesoderm-rde,;gap-1(+) and mesoderm-rde;axl-1(-)
animals. ‘YES’ = 1 and ‘NO’ = 0 Muv out of approximately 40 worms. n.d., not determined
due to developmental deficiencies. Chr., chromosome. (C) Representative DIC images of

Dev Cell. Author manuscript; available in PMC 2018 May 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 29

Muv in mesoderm-rde;gap-1(-) worms at mid-L4 stage following mesodermal RNAI. White
and black arrows, normal and ectopic vulva structures, respectively. See also Figure S2.
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Figure 3. Depletion of mesodermal factors induces ectopic Ras signaling in VPC lineages
(A) Representative DIC and fluorescence images of non-sensitized (gap-1(+)) and sensitized

(gap-1(-)) worms expressing a LET-60/RAS-dependent transcriptional reporter. Bottom
panels are overexposed to better visualize CFP expression in P5.px, P7.px and P8.px cells.
(B) Percentage of gap-1(+)animals with ectopic vulval Ras activity only in presumptive 2°
lineage cells following gene-specific or empty vector (control) RNAI. n=44 (control); n>25
(each gene). (C) Percentage of gap-1(-)animals with ectopic vulval Ras activity in both 2°
and 3° lineage cells (red bars) or only in presumptive 2° lineage cells (gray bars) following
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gene-specific or empty vector (control) RNAI. CFP intensity in presumptive 2° lineage cells
was scored as high, intermediate (intermed.) and low. n=99 (control); n>25 (each gene). See
also Figure S1.
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Figure 4. In vivo deletion of TIk1 and TIk2 in mouse mammary fibroblasts increases proliferation

of adjacent ductal epithelium

(A, B) Schematic overview of the targeting vector used to generate the 7/kZand 7/k2
conditional knock-out mice. Line 1: partial genomic locus of mouse 77/kZ or T/k2gene with
exons represented as dark gray boxes and Southern probe as light gray bar. Line 2: targeting
vector with exons 9 and 10 in 7/kZ and exon 11 in 7/k2flanked by /oxPelements (black
triangles), the LacZreporter cassette and neomycin (Neo) resistance cassette flanked by FRT
sites (white triangles). Line 3: targeted genomic locus (Neo). Line 4: Neo cassette was
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removed by Actin-Flpe mediated recombination (F/ox (F)). Black arrows P1-P3 indicate
location of genotyping primers. Diagram not to scale. (C, D) Southern blot (left panels) of
ES cells confirming targeting of 7/kZ or 7/k2genomic loci respectively. PCR genotyping of
genomic DNA (right panels) from WT (7/k2** or TIk2*’*) heterozygous ( T/k1*/F or
T1k2*/F) and homozygous ( 7/k2/F or TIk2F) mice with primers P1/P2 following deletion
of Neo cassette. (E) Left: bright field images of whole mount inguinal mammary glands
from 10-week-old 77k2"/F, TIk2FF(control) and Fsp-cre; TIk1FF: TIK2FF (TIkIAA, TIk2A2)
mice stained with carmine red (bar = 2000 um). Boxes indicate area of magnification in
adjacent panel (bar = 100 um). Middle: H&E stained sections of opposite inguinal gland (bar
=50 um). Right: representative images of sections of inguinal mammary glands immuno-
stained for the proliferation marker Ki67 (brown) and counterstained with hematoxylin
(blue) (bar = 50 um). Boxes indicate area of magnification in adjacent panel (bar = 20 um).
(F) Percent Ki67 positive epithelial cells per 20X field (dots) of tissue sections described in
(E). Red bar, median; black bars, interquartile range; pooled counts from 6 control mice or 5
Fsp-cre mice. P value: Mann-Whitney test of medians. (G) Left: Representative images of
inguinal mammary gland sections immuno-stained for smooth muscle actin (SMA; brown)
and counterstained with hematoxylin (blue) (bar = 50 um). Insets represent consecutive
sections immuno-stained with Ki67 (brown) and counterstained with hematoxylin (blue).
Right: Representative images of inguinal mammary gland sections immuno-stained for
smooth muscle actin (SMA,; red) and Ki67 (brown); counterstained with hematoxylin (blue)
(bar = 50 um). (H) PCR genotyping of mammary fibroblasts derived from 77«2/ and
TIk2"F mice with or without Fsp-creto detect the Flox allele ( 77k~ P1/P2 primers), the
deletion product formed after Fsp-cre-mediated recombination ( 7/4%; P1/P3 primers) and
Fsp-cre. (1) qRT-PCR for 7/k1 or TIk2 on cDNA derived from fibroblasts isolated from
TIk1FF - TIk2F mammary glands of control (<) and Fsp-cre positive (+) mice. Expression
was normalized to Gapah. (J) Mammary gland wholemounts from Fsp-cre;Rosal®/* and
RosaloF/* (left, inset) mice stained for B-galactosidase. Higher (10x) magnification of a
wholemount gland (top-right) and a cross section stained for p-galactosidase and
counterstained with nuclear fast red (bottom-right). Str, stromal fibroblasts; lu, lumen; epi,
epithelial cells. (K) qRT-PCR for 77/k1 expression (left) on cDNA derived from 7/k1//F
mammary fibroblasts (MMFs) or mammary epithelial cells (MECs) lacking (=) or
containing (+) the Fsp-cre transgene. qRT-PCR for 7/k2expression (right) on cDNA derived
from T/k2"F mammary fibroblasts (MMFs) or mammary epithelial cells (MECs) lacking ()
or containing (+) the Fsp-cretransgene. Expression was normalized to Gapadh. See also
Figure S3, S4 and Table S3.
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Figure 5. In vivo deletion of Sympk in mouse mammary fibroblasts increases proliferation of

adjacent ductal epithelium

(A) Schematic overview of the targeting vector used to generate a Symplekin (Sympk)
conditional knock-out mouse. See Figure 4 legend for key. (B) Southern blot of genomic
DNA confirming targeting of Sympk genomic locus. (C) PCR genotyping of genomic DNA
from WT (Sympk*/*) heterozygous (Sympk*/F) and homozygous (Sympk’F) mice with
primers P1/P2 following deletion of Neo cassette. (D) Left: bright field images of whole
mount inguinal mammary glands from 6-month-old Sympk™* or Fsp-cre, SympkF
(Sympk?4) mice stained with carmine red (bar = 1000 pm). Boxes indicate area of
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magnification in adjacent panel (bar = 100 pm). Middle: H&E stained sections of opposite
inguinal gland (bar = 50 um). Right: representative images of sections of inguinal mammary
gland from immuno-stained for the proliferation marker Ki67 (brown) and counterstained
with hematoxylin (blue) (bar = 50 pm). Boxes indicate area of magnification in adjacent
panel (bar = 20 pm). (E) Percent Ki67 positive epithelial cells per 20X field (dots) of tissue
sections described in (D). Red bar, median; black bars, interquartile range; pooled counts
from 5 control mice or 9 mice for the Fsp-cre group. P value: Mann-Whitney test of
medians. (F) PCR genotyping of mammary fibroblasts derived from Sympk™F mice with or
without Fsp-creto detect Floxallele (F, P1/P2), deletion product formed after Fsp-cre-
mediated recombination (Sympk?; P1/P3) and Fsp-cre. (G) qRT-PCR for Sympk expression
on cDNA derived from Sympk™F mammary fibroblasts (MMFs) or mammary epithelial
cells (MECs) lacking (=) or expressing (+) the Fsp-cre transgene. Expression was
normalized to Gapah. See also Figure S4, S5 and Table S3.
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Figure 6. The human ortholog signature distinguishes breast tumor stroma from adjacent
normal stroma

(A) Representative images showing pre- and post-laser capture microdissected (LCM) breast
tumor stroma. Epi, epithelium; Str, stroma. (B) Heatmap displaying RNA expression of the
33 human orthologs in normal (n=14) and tumor stroma (n=39) from breast cancer patients.
The boundaries (dashed lines) represent the 95% distribution limits for rank-sums of 10,000
randomly generated samples, where patient samples outside these boundaries have more
extreme rank-sums than expected by chance. The rank-sum P value indicates the ability of
the gene signature to distinguish normal from tumor stroma in breast cancer patients. See
also Figure S6 and Table S4.
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Figure 7. Depletion of human orthologs in normal breast fibroblasts enhances breast cancer cell
proliferation

(A) Schematic representation of the 3D proliferation assay. DsRed-positive human breast
epithelial cells (Epi.) were co-cultured with human breast fibroblasts (Fib.) at a 1:1 ratio in
basement membrane extract (BME). Epithelial cell number correlates with DsRed
fluorescence. Images of MCF-7 breast cancer cells are shown over four days. (B) Heatmap
summarizing the effects of fibroblast-specific depletion of each stromal factor on the
proliferation of co-cultured normal epithelial cells (MCF10A) or a panel of breast cancer
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cell lines. Co-culture results are presented relative to a non-silencing control sShRNA at day 4
of culturing (breast cancer cells, n=3 independent experiments with each experiment
performed in triplicate; MCF10A cells, n=2 independent experiments with each experiment
performed in triplicate). (C) Growth curves of normal epithelial cells and breast cancer cells
co-cultured for 4 days with fibroblasts expressing non-silencing (Fib./control) or stromal
factor-specific ShRNAs (Fib./sh-RNAs); the examples shown represent co-cultures with
fibroblasts treated with factor-specific ShRNAs that promoted tumor cell proliferation. Data
are presented as average +SEM. See also Figure S7, Table S1 and Table S2.
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