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Summary

Stromal restraint of cancer growth and progression—emerging as a widespread phenomenon in 

epithelial cancers such as bladder, pancreas, colon, and prostate—appears rooted in stromal cell 

niche activity. During normal tissue repair, stromal niche signals, often Hedgehog-induced, 

promote epithelial stem cell differentiation as well as self-renewal, thus specifying regenerating 

epithelial pattern. In the case of cancerous tissue, stromal cell-derived differentiation signals in 

particular may provide a brake on malignant growth. Understanding and therapeutic harnessing of 

the role of stroma in cancer restraint may hinge on our knowledge of the signaling programs 

elaborated by the stromal niche.

Introduction

The support cells, or niches, that produce factors necessary for stem cell maintenance have 

been long studied and well characterized for C. elegans and Drosophila germline stem cells 

(Kiger et al., 2001; Kimble, 1981; Kimble and White, 1981; Spradling et al., 2011); these 

stem cells are localized in discrete structures, facilitating the identification and study of 

adjacent niche cells, also organized in morphologically discrete structures. Much less is 

known about how stem cell niches support the adult stem cells that maintain the integrity of 

vertebrate organs, in particular organs with complex epithelial architectures, encompassing 

extensive epithelial sheets or branching chambers and ductal systems. How is the 

proliferation and differentiation of stem cells regulated in these kinds of complex organs so 

that regenerating epithelial structures restore the pattern of the normal adult organ? 

Moreover, how does this signaling environment impact the initiation and progression of 

malignant growth?
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Recent work has brought new light to bear on a role for the niche as a stromal template for 

epithelial organ maintenance and regeneration through the simultaneous production of 

proliferative and differentiative cues (Shin et al., 2011; Shin et al., 2014). Thus, it seems 

likely that the classical paradigm of the stem cell niche as a microenvironment required 

solely to maintain the “stemness” of a stem cell (Lander et al., 2012) may not be strictly 

applicable in the context of vertebrate organ regeneration. Instead, the existing paradigm 

should perhaps be expanded to include the possibility that niche cells also contribute factors 

required for stem cell differentiation, and that the production of differentiative cues is a key 

factor in the maintenance of adult tissue architecture.

At the same time, recent studies have identified a surprising role for stroma, which includes 

the niche cells for several populations of epithelial stem cells, in restraint of epithelial cancer 

growth and progression in multiple organs including bladder (Shin et al., 2014), pancreas 

(Lee et al., 2014; Özdemir et al., 2014; Rhim et al., 2014), colon (Gerling et al., 2016; Lee et 

al., 2016), and prostate (Yang et al., 2016). Taken together with our expanded understanding 

of the stromal niche as an active player in promoting differentiation of adult stem cells, these 

findings implicate niche-derived differentiative cues as potential barriers to malignant 

growth. Here, we review the current understanding of how stromal niches are specified, how 

they template regeneration of vertebrate epithelial organs, and how they might act as a brake 

on the excessive proliferation of malignant growth. One emerging theme is that the 

Hedgehog (Hh) signaling pathway is active in stromal niches and specifies the expression of 

secreted niche signals. We discuss the stromal niche signaling programs specified by 

Hedgehog response in both the urinary bladder (Shin et al., 2011; Shin et al., 2014) and the 

mammary gland (Zhao et al., 2017), two organs of very distinct developmental origin but 

with the best defined adult epithelial stem cells and corresponding stromal niches. For 

bladder, we review evidence that niche-derived differentiation factors play an important role 

in restraining bladder cancer progression (Shin et al., 2014). Finally, we connect these 

studies to recent work demonstrating a surprisingly general cancer-restraining effect of 

stromal Hedgehog response in organs where the stem cells or their stromal niches are less 

well defined (Gerling et al., 2016; Lee et al., 2014; Rhim et al., 2014; Shin et al., 2014; Yang 

et al., 2016).

We suggest a model whereby Hedgehog signal response is a general coordinator of stromal 

niche signaling activity, which includes the production of both proliferative and 

differentiative cues. In the context of cancer cells, which already have proliferation-

promoting genetic lesions, obviating the need for stromally secreted proliferative signals, 

stromal niche-derived differentiation signals may play a critical role in restraining cancer 

growth and progression. Thus, despite initial emphasis on adult epithelial stem cells as the 

critical regenerative unit and the cancer cell-of-origin, stromal cells and their signaling 

programs may emerge as an additional focal point in future investigations of organ 

maintenance as well as control of cancer growth.

Specification of the stromal niche in bladder and mammary gland

Here, we review the stromal niche signaling programs in bladder and mammary gland, and 

their specification by Hedgehog pathway response. In later sections we will discuss the 
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possibility that Hedgehog response may function similarly in other organs such as the 

pancreas, colon, and prostate, where stromal niche activity is less well defined, but where a 

similar cancer-restraining effect of stromal Hedgehog response has been observed.

Bladder

While essentially quiescent under normal conditions (Jost, 1989), the bladder epithelium 

(urothelium) mounts a robust Hedgehog signaling-dependent regenerative response 

following injury (Shin et al., 2011). Exposure of bladder epithelia to injurious compounds 

(such as protamine sulfate or cyclophosphamide) or uropathogenic bacteria causes 

exfoliation of umbrella cells, terminally differentiated urothelial cells that contact and form a 

barrier with the bladder lumen (Colopy et al., 2014; Gandhi et al., 2013; Mulvey et al., 1998; 

Mysorekar et al., 2009; Papafotiou et al., 2016; Shin et al., 2011). Such injuries induce 

massive proliferation of the remaining urothelium, followed by complete restoration of the 

umbrella layer within a few days.

Molecular cues essential both for urothelial proliferation and differentiation emanate from 

the underlying stroma and are upregulated in response to the Hedgehog signal. In response 

to injury, urothelially-derived Sonic hedgehog (Shh) induces stromal production of short-

range mitogenic factors, including ligands for the Wnt pathway (Wnt2/4), which is required 

for robust epithelial proliferation (Papafotiou et al., 2016; Shin et al., 2011). Hedgehog also 

induces stromal expression of longer-range pro-differentiation Bmp ligands (Bmp4/5) 

(Mysorekar et al., 2009; Shin et al., 2014). In contrast to the mitogenic Wnt pathway, Bmp 

activity is essential for proper umbrella cell differentiation following bladder epithelial 

injury (Mysorekar et al., 2009). Thus, the stromal Hh response acts as a “master 

coordinator” of the stromal niche, inducing the production of signals that promote both 

epithelial proliferation and differentiation to template bladder epithelial regeneration (Fig. 

1A). The distinct signaling ranges of Wnt and BMP signals may play a role in specifying 

epithelial architecture. Stem cell renewal and proliferation thus would be stimulated in 

nearby basal cells by lipid-modified, spatially-restricted Wnt signals (Alexandre et al., 2014; 

Janda et al., 2012; Takada et al., 2006; Willert et al., 2003), whereas BMP signals might then 

specify the differentiated umbrella cells lining the bladder lumen at a distance of several 

additional cell layers. In later sections, we will discuss the cancer-restraining effect of Bmp 

signals emanating from the bladder stromal niche, and how this phenomenon may apply to 

other cancers more broadly.

Mammary gland

The mammary epithelial stem cell niche is particularly interesting as mammary stem cells 

and their progeny must respond to local signals that specify a branched pattern of outgrowth, 

but must also respond to systemic hormonal changes associated with the dramatic changes 

of puberty and lactation. Are paracrine and hormonal signals integrated by mammary stem 

cells directly, or is the stromal niche somehow entrained to systemic hormonal signals which 

are then relayed to epithelial stem cells by changes in the stromal niche signaling program?

During embryonic development, suppression of Hedgehog response by expression of the 

Gli3 repressor form is required in underlying somitic mesoderm for normal specification of 
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the mammary bud and mammary mesenchyme (Chandramouli et al., 2013; Cowin and 

Wysolmerski, 2010; Hatsell and Cowin, 2006). Recent work, however, has shown that in the 

pubertal and adult mammary gland Hedgehog activity mediated by the transcriptional 

effector Gli2 is required to specify a stromal cell niche signaling program involving 

expression of both paracrine factors and hormone receptors. The Gli2-specified niche 

supports mammary epithelial stem cells in pubertal and virgin adult mice (Zhao et al., 2017). 

In the mammary gland, Gli2 expression is initially induced by crosstalk with TGFβ1 

produced by adjacent epithelial cells. Stromal ablation of a conditional Gli2 allele (Gli2ΔS) 

causes delay and malformation in mammary ductal development, and differential gene 

expression analysis of stromal cells from Gli2ΔS or Gli2WT littermates reveals that Gli2 

function is required for expression of genes encoding paracrine factors such as Igf1, Wnt2, 

Hgf, Fgf7, and Bmp7, as well as genes encoding receptors for mammatrophic hormones 

such as estrogen (Esr1) and growth hormone (Ghr) (Fig. 1B). Among the Gli2-dependent 

stromal paracrine factors identified, Wnt signals are known to sustain the activity of 

mammary epithelial stem cells in vivo and in ex vivo culture (Badders et al., 2009; Zeng and 

Nusse, 2010). Moreover, functional inactivation of Igf1 or its epithelially expressed receptor, 

Igf-1r, both lead to development of hypoplastic mammary glands with terminal end bud 

abnormalities (Bonnette and Hadsell, 2001; Kleinberg et al., 2000).

Importantly, Gli2-dependent expression of estrogen and growth hormone receptors entrains 

local stem cell niche activity to systemic hormonal regulation. The mammary ductal defects 

in Gli2ΔS mice thus are not rescued by growth hormone, but are rescued by local 

supplementation with the stromally-expressed paracrine factors induced by growth hormone 

(Igf1 and Wnt2b) (Zhao et al., 2017). This type of niche failure may explain the 

pathogenesis of certain human diseases sometimes associated with GLI2 mutation, including 

the deficient breast development and hormonal insensitivity associated with the human 

disorder combined pituitary hormone deficiency, (Darendeliler et al., 2011; Maghnie et al., 

2006). How mammary niche function may contribute to breast cancer pathogenesis, 

however, remains unclear. Given reports that stromal gene expression is broadly altered in 

breast cancer (Finak et al., 2008), it will be interesting to see whether alterations in stromal 

niche signaling programs may play a role in breast cancer development and progression.

Loss of stromal niche specification facilitates malignant growth

Notably, whereas mutations leading to cell-autonomous activation of the Hedgehog pathway 

in primary tumor cells drive tumor growth in cancers such as basal cell carcinoma (BCC) 

and a subset of medulloblastoma, the majority of solid tumors do not have mutations in 

Hedgehog pathway genes, although they often do exhibit changes in Hedgehog pathway 

response or ligand expression. Furthermore, whereas pathway inhibition is regularly used in 

the treatment of BCC (Ruch and Kim, 2013; Sekulic et al., 2012; Tang et al., 2012), Hh 

pathway inhibition has either failed to show a benefit of or accelerated progression in 

pancreatic or colon cancer clinical trials (Berlin et al., 2013; Catenacci et al., 2015; Herter-

Sprie et al., 2013).

Potentially explaining the disappointing results of these clinical trials, recent work has 

shown a surprisingly general effect of stromal Hedgehog response in restraining cancer 
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growth and progression, most notably in bladder (Shin et al., 2014), pancreatic (Lee et al., 

2014; Rhim et al., 2014), colon (Gerling et al., 2016; Lee et al., 2016), and prostate (Yang et 

al., 2016) cancers. From these studies, several common themes emerge: (1) Hh signaling 

occurs in a paracrine fashion, with epithelial cells producing Hedgehog ligand and pathway 

activity exclusively restricted to stromal cells; and (2) Hedgehog pathway activation in 

stromal cells restrains growth and progression of primary epithelial tumors. We propose that 

the cancer-restraining effect of stroma is at least partially mediated by Hedgehog-dependent 

specification of a niche program that includes differentiative cues (see Fig. 2, model). Here 

we discuss the recent findings in bladder, pancreas, colon, and prostate, and how they may 

be understood in light of this model.

Bladder Cancer

Although stromal elements have been implicated in restraining cancer growth and/or 

progression in a number of organs, including bladder, pancreas, colon, and prostate, it 

remains difficult in many of these organs to distinguish between the stroma acting as a 

physical barrier to tumor growth vs. the importance of stromally secreted paracrine factors 

per se. Among these organs, the bladder represents a somewhat unique case in that the 

stroma does not become desmoplastic or act as a physical barrier to growth or invasion, 

allowing a more unambiguous dissection of the mechanism of stromal restraint of cancer 

progression. We therefore discuss the bladder as a case study for stromal niche factors 

providing a differentiative force that restrains cancer progression. Furthermore, we propose 

that a similar mechanism may apply in other cancer types.

The vast majority of bladder cancers derive from the urothelium (that is, are carcinomas) 

(Prasad et al., 2011). In muscle-invasive bladder cancer (MIBC) tumor cells infiltrate the 

lamina propria and muscle layers of the bladder (Alfred Witjes et al., 2017; Brierley, 2017). 

MIBCs are often metastatic and commonly lethal if left untreated (Prout and Marshall, 

1956). A widely-accepted precursor to MIBC is an epithelially-confined lesion known as 

carcinoma in situ (CIS). Whereas Shh is expressed in the cell-of-origin for MIBC (basal 

urothelial cells), Shh expression is invariably lost in these tumors, both in mice and in 

human patients, before progression from CIS to MIBC (Shin et al., 2014). This finding led 

to the hypothesis that Hh signaling, elaborated by the stroma, restrains bladder cancer to the 

urothelium, and thus suppresses cancer progression. Indeed, conditional ablation of Hh 

signal response in bladder stroma results in rapid formation of MIBC and decreased survival 

rates of mice given the bladder-specific procarcinogen N-butyl-N-(4-

hydroxybutyl)nitrosamine (BBN) in their drinking water (Shin et al., 2014).

One possibility is that Hedgehog response in stroma blocks progression of CIS to MIBC 

through the production of differentiation signals, as Hedgehog response specifies the bladder 

stromal niche signaling program that includes the differentiative signals Bmp4 and Bmp5 
(Mysorekar et al., 2002; Shin et al., 2011; Shin et al., 2014). Consistent with this hypothesis, 

pharmacological activation of BMP signaling using the small molecule FK506, an 

immunosuppressant that activates BMP signaling at sub-immunosuppressive doses 

(Spiekerkoetter et al., 2013), suppressed MIBC formation in BBN treated mice, supporting a 

role of BMP signaling in blocking cancer progression (Shin et al., 2014).
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Stromal production of urothelial differentiation-promoting BMP ligands in response to Hh 

signaling appears to be conserved in humans. Cultured human bladder stroma, but not 

urothelium, is responsive to Hedgehog pathway agonists (Shin et al., 2011). FK506 also 

induces upregulation of BMP target genes as well as markers for bladder epithelial 

differentiation in human bladder cancer cell lines (Shin et al., 2014). Moreover, The Cancer 

Genome Atlas (TCGA) gene expression data of MIBCs showed a decrease in both SHH and 

BMP pathway activities compared to non-cancerous tissue, especially in the most 

aggressive, “basal” MIBC subtype (Shin et al., 2014). These human data are fully consistent 

with data from the murine BBN-induced bladder cancer model, suggesting that loss of 

epithelial SHH and the consequent loss of stromal BMP is an essential feature of the 

progression of CIS to MIBC. Whether a sub-immunosuppressive dose of FK506 may block 

the progression of CIS to MIBC in human patients awaits clinical investigation.

Pancreatic cancer

Unlike bladder cancer, pancreatic ductal adenocarcinoma (PDAC) pathogenesis is associated 

with a striking desmoplastic reaction, including a dense extracellular matrix with abundant 

stromal fibroblasts (Bailey et al., 2008; Fendrich et al., 2011). Hedgehog (Hh) signaling was 

long thought to play a role in promoting PDAC desmoplasia and tumor progression, based 

on the following observations: (1) increased levels of Shh expression are observed in the 

setting of pancreatic injury and throughout the course of human and murine PDAC 

progression, beginning in the early epithelial precursor lesions, acinar-ductal metaplasia and 

pancreatic intraepithelial neoplasia (PanIN) (Greer et al., 2013; Hingorani et al., 2005; 

Thayer et al., 2003), and (2) Hedgehog antagonists decrease tumor desmoplasia and increase 

functional vascularity, allowing better tumor access of cytotoxic chemotherapy (Olive et al., 

2009). However, clinical trials in pancreatic or colon cancers either failed to show a benefit 

of Hh pathway inhibition or actually accelerated cancer progression (Catenacci et al., 2015), 

suggesting that the Hedgehog pathway might even restrain rather than promote PDAC 

progression.

Confirming this hypothesis, three independent studies supported the cancer-restraining effect 

of stromal elements in a mouse model of pancreatic ductal adenocarcinoma (PDAC), driven 

by oncogenic Kras (Lee et al., 2014; Özdemir et al., 2014; Rhim et al., 2014). 

Demonstrating the overall importance of the stroma, conditional ablation of stromal cells 

expressing the myofibroblast marker α-smooth muscle actin in a genetically-engineered 

mouse model of PDAC resulted in formation of more aggressive and highly undifferentiated 

tumors and significantly reduced survival compared with controls (Özdemir et al., 2014). 

Similarly, in studies investigating more specifically the role for Hedgehog signaling in 

PDAC progression, genetic or pharmacologic reduction of Hh signaling increased pancreatic 

tumorigenesis and significantly decreased survival in several distinct oncogenic Kras models 

of PDAC, again resulting in formation of more aggressive and highly undifferentiated 

tumors. The stromal component of these tumors was also significantly reduced, and tumors 

that formed were more vascularized than in control animals (Lee et al., 2014; Rhim et al., 

2014). In contrast, pathway activation using a small molecule agonist increased stromal 

hyperplasia and reduced epithelial proliferation (Lee et al., 2014).
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Altogether, the findings in PDAC demonstrate convincingly that Hh pathway activity plays a 

key role in regulating stromal desmoplasia during PDAC, and that the stroma has some 

protective effect against progression of PDAC. However, the molecular and cellular basis of 

this effect remains unclear. It is possible that the effect of the desmoplastic stroma is 

mediated primarily by reduced tumor vascularity rather than through a direct effect of 

secreted stromal signals on cancer epithelial cell differentiation. Indeed, administration of a 

VEGFR blocking antibody, an inhibitor of angiogenesis, improved survival of mice bearing 

Shh-deficient tumors (Rhim et al., 2014). Several lines of evidence suggest, however, that 

stromal Hedgehog response has an effect on tumor cell differentiation beyond its effects on 

tumor vascularity. Notably, in a cerulein-enhanced mouse model of PDAC, pharmacological 

activation of the Hh pathway dramatically reduces expression of the progenitor marker Pdx1 

to 0.2% of epithelial (EpCAM+) cells compared with 7.0% or 8.5%, respectively, of 

EpCAM+ cells in mice treated with vehicle or vismodegib, a Hedgehog pathway inhibitor 

(Lee et al., 2014). Hedgehog pathway activation thus is associated with reduced progenitor 

character in epithelial cells. Because exclusively stromal cells are responsive to Hedgehog in 

the adult pancreas, this argues for stromally-secreted factors induced by Hedgehog 

promoting epithelial differentiation as opposed to progenitor fate.

This phenomenon has precedent during embryonic development of the pancreas, where the 

absence of Hedgehog activity is required for normal specification of early pancreatic 

progenitor fate. Pharmacologic or antibody treatments that inhibit Hh pathway signaling 

during development cause expansion of pancreatic progenitor fate, indicated by ectopic 

expression of the pancreatic progenitor marker Pdx1 (Hebrok et al., 1998; Hebrok et al., 

2000; Kim and Melton, 1998). Moreover, Hh pathway inhibition impairs normal recovery of 

the pancreas following cerulein-mediated injury, characterized by persistence of 

undifferentiated acinar-to-ductal metaplastic lesions staining positive for the progenitor 

markers Pdx1 and Nestin (Fendrich et al., 2008).

Further investigation is clearly required to tease apart the effects of a desmoplastic stroma as 

a physical impediment to angiogenesis vs. the role of secreted stromal differentiation signals 

in restraining progression of PDAC. However, it seems likely that, as in bladder, Bmp 

signals may play a key role. Indeed, the BMP/TGFβ transducer SMAD4 is lost in around 

60% of PDAC, and its loss correlates with higher metastatic burden (Iacobuzio-Donahue et 

al., 2009), suggesting that SMAD4 loss is an important event in PDAC development. Thus, 

loss of epithelial Bmp response, perhaps normally triggered by stromal niche BMP signals 

in response to Hedgehog, may be a critical factor in restraining PDAC progression.

Colorectal cancer

Recent work suggests that a similar cancer-restraining effect of stromal Hedgehog response 

mediated by differentiation-promoting Bmp signaling occurs in colorectal cancer (CRC). Hh 

pathway activity (marked by Gli1 expression) is reduced in murine CRC, despite continued 

epithelial ligand expression (Gerling et al., 2016). Furthermore, genetic or pharmacologic 

blockade of Hh signaling promoted colitis-associated colonic tumorigenesis in mice 

(Gerling et al., 2016; Lee et al., 2016). In contrast, stroma-specific Hh pathway activation by 

deletion of the negative regulator Ptch1 restrained tumor development and resulted in 
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reduced expression of the secreted BMP inhibitor, Gremlin 1 (Grem1), accompanied by 

reduced expression of colonic stem-cell associated genes Lgr5, Cdca7, and Cdk6 (Munoz et 

al., 2012). Although it is possible that the results of Hedgehog signaling modulation in 

colorectal cancer are partly due to anti-inflammatory effects of stromal Hedgehog response 

(Lee et al., 2016), the expression signatures identified suggest that stromal Hh activity exerts 

a pro-differentiative influence on intestinal epithelial stem cells, mediated at least in part by 

modulation of Bmp signaling factors secreted by stromal cells.

Hedgehog signaling as a pro-differentiative force has precedent in development and normal 

homeostasis of the intestinal epithelium. During development, Hedgehog ligands are 

concentrated at the tips of intestinal villi by the physical folding of the epithelial tissue 

(Shyer et al., 2015), leading to high stromal Hh response at the tips of villi, which induces 

the expression of Bmp4 (Shyer et al., 2015; Walton et al., 2012). Culturing chick embryonic 

intestinal explants in the presence of the Hedgehog inhibitor cyclopamine or the Bmp 

inhibitor Noggin leads to expansion of proliferation and expression of Lgr5 to the villus tips, 

whereas culturing explants in the presence of Shh or Bmp4 prevents proliferation (Shyer et 

al., 2015). Additionally, Wnt activity is decreased in the context of increased Bmp signaling, 

suggesting that Bmp signals may promote differentiation by suppressing Wnt activity (He et 

al., 2004; Shyer et al., 2015). During adult intestinal homeostasis, diminished Hh signaling 

also results in decreased differentiation and expansion of the intestinal stem cell 

compartment and expansion of Wnt activity, the main oncogenic driver of CRC (Buller et 

al., 2015; Kosinski et al., 2010; van Dop et al., 2010).

Prostate Cancer

In contrast to early reports that indicated a pro-cancer effect of Hh pathway activity in 

prostate cancer cell lines or xenografts (Fan et al., 2004; Karhadkar et al., 2004; Sanchez et 

al., 2004), more recent work in an autochthonous prostate tumor model demonstrated that 

Hh response in prostate cancer is restricted to stromal cells, and that increased Hh pathway 

activity restrains cancer progression (Yang et al., 2016).

One notable feature of the cancer-associated stroma of human prostate cancer is the 

depletion of mature smooth muscle cells (SMCs) (Tuxhorn et al., 2002), and SMCs are 

similarly depleted in advanced PB-MYC murine tumor models (Yang et al., 2016). 

Experimentally augmented stromal Hh pathway activity in the PB-MYC model resulted in 

an overall expansion of stromal cells, including an increase in both the number of SMCs and 

intact smooth muscle layers, as well as decreased progression from prostatic intraepithelial 

neoplasia to micro-invasive carcinoma (Yang et al., 2016). One possible explanation for the 

cancer-restraining effect of stromal Hh response is that more intact SM layers act as a 

physical barrier to prostate cancer invasion. Another possibility, in line with evidence for 

increased differentiation upon stromal Hh activation in bladder, pancreatic, and colon 

cancers, is that pro-differentiation factors secreted by stromal cells in response to Hh 

signaling help to restrain tumor progression. Interestingly, although stromal Hh response 

promotes prostate epithelial expansion and branching during embryonic development (Doles 

et al., 2006; Yu and Bushman, 2013), stromal Hh response restricts epithelial proliferation 

and branching during postnatal development (Yu and Bushman, 2013) and in the adult 
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prostate (Lim et al., 2014), suggesting the possibility that stromal Hh response may similarly 

restrict epithelial proliferation in prostate cancer.

Conclusions

Tumor-associated fibroblast-like stromal cells have long been viewed as an enemy in cancer 

therapies, either by acting as a simple impediment to delivery of chemotherapeutic reagents 

or by supporting cancer cells through signaling programs promoting proliferation and 

metastasis. However, this view has been challenged by recent studies showing an unexpected 

cancer-restraining effect of stromal cells, and stromal Hedgehog response in particular. Work 

in the bladder has shown that both short-range proliferative cues and longer-range 

differentiative cues emanate from the stromal niche, and that the stromally-derived 

differentiation signals (Bmps) induced by Hedgehog response are central to the restraint of 

cancer progression. Indeed, the Hedgehog-BMP signaling axis, first identified in Drosophila 
development (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and Kornberg, 

1994), appears to be employed rather broadly in control of vertebrate epithelial stem cells. In 

pancreatic and colon cancers, increasing progenitor character in epithelial cells and (in 

colon) decreasing levels of Bmp pathway activity following loss of stromal Hedgehog 

response suggest that a similar mechanism may be at play. Future understanding of the role 

of stroma in cancer-progression may thus hinge on our knowledge of the signaling programs 

elaborated by the stromal niche. In particular, it will be important to investigate how the 

stromal niche regulates differentiation, in addition to proliferation, to recapitulate the 

existing epithelial architectures of vertebrate organs.

Several important questions remain to be addressed, including: (1) What cell types define 

the stromal niche? Is the niche a heterogeneous compartment, including cells separately 

specified for the production of proliferative and differentiative cues? (2) What differentiation 

cues, including and in addition to Bmps, are necessary and/or sufficient for stem cell 

differentiation during normal homeostatic maintenance and injury repair in vertebrate 

epithelial organs? (3) Is activation of niche programs such as Bmp signaling sufficient to 

restrain the growth and/or progression of some epithelial cancers? (4) Finally, to what extent 

can combined therapies incorporating activation of differentiation pathways improve 

existing cancer therapeutics?

One thing is clear: fibroblast-like stromal cells, often ignored and poorly understood, are 

emerging as a critical signaling niche for vertebrate epithelial stem cell activities during 

normal tissue renewal and malignant growth. For now, the full complement of niche-derived 

signals, their cellular sources, and their roles in guiding proliferation and differentiation 

remains to be defined. However, with improved technologies for culturing stem cells in 
vitro, manipulation of signaling pathways, and transcriptional profiling at single-cell 

resolution, a more refined understanding of stem cell niche function in vertebrates now 

seems within reach.
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Figure 1. Gli activity is a coordinator of the stromal niche in bladder and mammary gland
A. Bladder. Shh derived from bladder epithelium, upregulated in response to injury, activates 

Gli transcription factors in the bladder stroma, which induce transcription of secreted factors 

including proliferative factors (Wnt2/4) and differentiative factors (Bmp4/5) that regulate the 

activity of epithelial stem cells.

B. Mammary gland. Tgfβ produced by mammary epithelial cells induces expression in 

adjacent stromal cells of the major Hedgehog pathway transcriptional effector, Gli2. Gli2 in 

turn activates transcription of receptors for the mammatrophic hormones estrogen and 

growth hormone (Esr1, Ghr), thereby entraining the niche to regulation by mammatrophic 

hormones that control pubertal growth. The targets that respond to Gli2 and/or 

mammatrophic hormones include a set of secreted paracrine signals (Wnt2, Igf1, Hgf, Fgf7, 

Bmp7), some of which are known to support mammary epithelial stem cell proliferation/

renewal, and others likely to play roles in differentiation and ductal morphogenesis.
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Figure 2. Model of niche dysfunction in cancer progression
A. During normal homeostasis or injury-induced regeneration the stromal niche, specified 

by Hedgehog pathway activity, supplies both proliferative and differentiative signals to the 

overlying epithelium.

B. During the early stages of cancer formation genetic lesions with intrinsic proliferative 

effects in nascent tumor cells obviate the need for proliferative signals from the stromal 

niche. At this early stage, however, differentiation-promoting factors from the stromal niche 

are still able to restrain tumor growth/invasion.

C. Loss of Hedgehog pathway activity specifying the stromal niche disrupts production of 

the differentiation-inducing factors, allowing unrestrained cancer invasion and progression.
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