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Colorectal cancer is the third leading cause of 
cancer-related death in the United States, with 
141,210 new cases and 49,380 deaths in  
2011 (American Cancer Society, 2011). Despite 
clinical advances, 50% of stage III and 95% of 
stage IV colorectal cancer patients will die from 
their disease (American Cancer Society, 2011). 
Improving survival for patients afflicted with 
colorectal cancer will require more effective and 
durable responses to adjuvant chemotherapy. 
Advances in the genetics of colorectal cancers 

have defined molecular targets altered during 
the development and progression of colorectal 
cancers, but have translated into targeted thera-
peutics with only modest efficacy. Tumor sup-
pressor pathways account for most common 
genetic lesions, but these have proven difficult 
to target pharmacologically. Molecularly tar-
geted therapies, like the anti–epidermal growth 
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Many solid cancers display cellular hierarchies with self-renewing, tumorigenic stemlike 
cells, or cancer-initiating cells (CICs) at the apex. Whereas CICs often exhibit relative 
resistance to conventional cancer therapies, they also receive critical maintenance cues 
from supportive stromal elements that also respond to cytotoxic therapies. To interrogate 
the interplay between chemotherapy and CICs, we investigated cellular heterogeneity in 
human colorectal cancers. Colorectal CICs were resistant to conventional chemotherapy in 
cell-autonomous assays, but CIC chemoresistance was also increased by cancer-associated 
fibroblasts (CAFs). Comparative analysis of matched colorectal cancer specimens from 
patients before and after cytotoxic treatment revealed a significant increase in CAFs. 
Chemotherapy-treated human CAFs promoted CIC self-renewal and in vivo tumor growth 
associated with increased secretion of specific cytokines and chemokines, including inter-
leukin-17A (IL-17A). Exogenous IL-17A increased CIC self-renewal and invasion, and 
targeting IL-17A signaling impaired CIC growth. Notably, IL-17A was overexpressed by 
colorectal CAFs in response to chemotherapy with expression validated directly in patient-
derived specimens without culture. These data suggest that chemotherapy induces remodel-
ing of the tumor microenvironment to support the tumor cellular hierarchy through 
secreted factors. Incorporating simultaneous disruption of CIC mechanisms and interplay 
with the tumor microenvironment could optimize therapeutic targeting of cancer.

© 2013 Lotti et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommer-
cial–Share Alike 3.0 Unported license, as described at http://creativecommons.
org/licenses/by-nc-sa/3.0/).
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tumors. Further, most CIC enrichment markers mediate in-
teractions between a cell and its microenvironment, suggest-
ing that the information associated with that marker may be 
lost after removal from the tumor microenvironment. Whereas 
CD133 (Prominin-1) had been reported by some groups to 
selectively identify colorectal CICs (O’Brien et al., 2007; 
Ricci-Vitiani et al., 2007; Elsaba et al., 2010; Fang et al., 2010), 
Shmelkov et al. (2008) reported that CD133 failed to inform 
identification of the CICs. Other groups have reported that 
CD44 (Dalerba et al., 2007; Du et al., 2008; Yeung et al., 
2010; Ohata et al., 2012), CD166 (Dalerba et al., 2007; 
Vermeulen et al., 2008), CD66c (Gemei et al., 2013), Lgr5 
(Barker et al., 2007; Vermeulen et al., 2008; Takahashi et al., 
2011), or aldehyde dehydrogenase (ALDH; Huang et al., 2009; 
Deng et al., 2010) inform CIC characteristics. Regardless of 
the marker used, CICs are enriched for tumorigenic poten-
tial, indicating that these subgroups of tumor cells drive colo-
rectal cancer maintenance and must be targeted to inhibit 
tumor growth.

CICs do not exist in isolation, but rather reside in an in-
teractive niche with multiple cell types, including fibroblasts 
(Vermeulen et al., 2010; Medema and Vermeulen, 2011), 
endothelial cells (Lu et al., 2013), and immune cells (Hölzel 
et al., 2013). Each component contributes to the overall 
function and maintenance of the tumor and has potential 
roles in CIC resistance and recurrence. Mechanisms driving 
CIC maintenance and resistance are still being defined, but 
cell–cell interactions mediated through numerous molecular 
mechanisms, including cytokines and chemokines, are critical 
(Todaro et al., 2007; Vermeulen et al., 2010; Li et al., 2012). 
Cytokines and chemokines have the capacity to function as 
both paracrine and autocrine factors, supporting these se-
creted molecules as ideal mediators of interactions between 
the cellular hierarchy and other tumor cellular components. 
Indeed, we have described IL-6 as a key cue derived from 
more differentiated tumor cells to maintain glioblastoma 
CICs, which express IL-6 receptors (Wang et al., 2009). 
Mesenchymal stem cells and tumor-associated macrophages 
secrete IL-6 and CXCL7 in breast cancer to stimulate CIC 
growth and dispersal (Liu et al., 2011). These interactions 
are reciprocal, as CICs create supportive niches for stroma 
through the recruitment of mesenchymal stem cells via IL-1 
secretion. In return, mesenchymal stem cells secrete IL-6 and 
IL-8 to promote CIC maintenance (Li et al., 2012).

Here, we first confirm that chemotherapy preferentially 
targets non-CICs due to cell autonomous resistance of CICs, 
but furthermore uncover a novel negative impact of chemo-
therapy in the stimulation of CAFs to create a chemoresistant 
niche by releasing cytokines, including IL-17A, as a CIC 
maintenance factor. These results have important clinical  
implications as most chemosensitizing approaches focus on 
disrupting cell autonomous molecular mechanisms without 
consideration of the interplay with the microenvironment 
that may display differential molecular dependence and tem-
poral course, suggesting more complex therapeutic paradigms 
may be required to improve patient outcomes.

factor receptor (EGFR) agents cetuximab and panitumumab 
augment the activity of conventional chemotherapy but are 
not curative (Arnold and Seufferlein, 2010). Resistance to 
chemotherapy may be associated with the outgrowth of 
clones harboring advantageous genetic lesions, but cellular 
diversity derived from nongenetic sources also contributes 
to recurrent tumor growth (Weaver et al., 2002; Matsunaga 
et al., 2003; Bissell and Labarge, 2005). Cancers exist as com-
plex systems composed of multiple cell types that collectively 
support and maintain tumor growth. Nontransformed ele-
ments may display relatively few genomic lesions and be 
more likely to display sustained responses to therapy, sug-
gesting advantages to their use as therapeutic targets (Shaked 
et al., 2006, 2008; Yamauchi et al., 2008; Gilbert and Hemann., 
2010; Hao et al., 2011; Shree et al., 2011; Straussman et al., 
2012; Gilbert and Hemann., 2011; Acharyya et al., 2012; 
Nakasone et al., 2012; Hölzel et al., 2013; Bruchard et al., 
2013). Indeed, the microenvironment has become a major 
focus in modeling the growth of cancer and therapeutic re-
sponse. Inhibition of tumor vasculature through blockade 
of endothelial proliferation signals has clinical benefit, lead-
ing to the development of bevacizumab, a humanized anti–
vascular endothelial growth factor (VEGF) antibody (Winder  
and Lenz, 2010). Another important compartment of 
tumor stroma is cancer-associated fibroblasts (CAFs). CAFs 
originate from heterogeneous cell types, including bone 
marrow–derived progenitor cells, smooth muscle cells, preadipo-
cytes, fibroblasts, and myofibroblasts (Orimo and Weinberg, 
2007; Worthley et al., 2010; Gonda et al., 2010). CAFs 
support tumorigenesis by stimulating angiogenesis, cancer 
cell proliferation, and invasion (Gonda et al., 2010; Worthley 
et al., 2010). They are also an important player in thera-
peutic resistance (Crawford et al., 2009; Porter et al., 2012), 
and fibroblasts can serve as a source for cytokines released 
in the cancer-initiating cell (CIC) microenvironment 
(Vermeulen et al., 2010). Furthermore, irradiated CAFs have 
been previously reported to promote tumor growth in 
breast (Barcellos-Hoff and Ravani, 2000) and lung cancers 
(Hellevik et al., 2013). It is thus logical that disruption of 
CAFs in the tumor microenvironment would influence clin-
ical tumor behavior.

Cancers are maintained over the long term by a subpopu-
lation of cancer cells, the CICs (Barker et al., 2009; Ricci-Vitiani 
et al., 2009; Blanpain, 2013). Like tissue-specific stem cells, 
the identification and characterization of CICs is evolving: 
the current definition is based on functional assays focused  
on recapitulation of the parental tumor upon xenotransplan-
tation. The features of self-renewal, differentiation, and sus-
tained proliferation are inherent within the regeneration of 
the tumor organ system (Magee et al., 2012). Interpatient 
variation in the genetics and epigenetics of colorectal cancers 
is so divergent that no identical mutational signatures have 
been reported for patients (Sanchez et al., 2009; Ogino et al., 
2012; Sadanandam et al., 2013). It is therefore not surpris-
ing that markers to distinguish CICs from more differenti-
ated progeny have not been absolutely informative across all  
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To further evaluate the ability of CD44 to enrich for 
CICs, we next examined key functional assays (tumorsphere 
formation and tumor propagation). Using several human 
colorectal cancer specimens from different sites (primary and 
metastatic), stages, and genetic backgrounds, we compared 
the phenotype of CD44high/+ and CD44low/ cells. CD44high/+ 
cells formed tumorspheres within 14 d at high efficiency 
compared with CD44low/ cells (Fig. 1 H). In a limiting dilu-
tion assay, CD44high/+ showed a higher estimated stem cell 
forming frequency compared with CD44low/ (Fig. 1 I). When 
implanted into immunocompromised hosts, CD44high/+ cells 
formed tumors that phenocopied the parental tumor (Fig. 1 J). 
2 × 104 CD44high/+ cells initiated tumors in at least 80% of 
immunocompromised mice injected from four different colorec-
tal cancer patient specimens, whereas 2 × 105 CD44low/ cells 
were not sufficient to form tumors (Fig. 1 K). Collectively, 
these data suggest that CICs can be prospectively identified 
and characterized in the CD44high/+ cell population, whereas 
non-CICs are CD44low/-.

CICs display cell autonomous resistance to chemotherapy
The ability to prospectively enrich and deplete CICs permits 
comparative analysis of selected tumor cell phenotypes. Al-
though therapeutic resistance is not a defining feature of 
CICs, relative chemoresistance has been reported for CICs 
(Lakshman et al., 2004, 2005; Todaro et al., 2007; Dylla et al., 
2008; Dallas et al., 2009). We interrogated the responses of 
matched CICs and non-CICs derived from human colorectal 
carcinomas to a clinically relevant chemotherapy combina-
tion (FOLFOX: fluorouracil [5-FU], oxaliplatin, and leu-
covorin; Fig. 2). In two human tumor systems, the basal 
viability of CICs was similar to matched non-CICs (Fig. 2 A). 
Upon chemotherapy treatment, both CICs and non-CICs 
showed a decrease in relative viability, but CICs were signifi-
cantly less sensitive to chemotherapy. To determine the cel-
lular phenotype responsible for this change, we quantified 
apoptosis and found that basal apoptosis was relatively similar 
in CICs and non-CICs, but chemotherapy-induced apopto-
sis was significantly reduced in the CICs relative to non-CICs 
(Fig. 2 B). The relative resistance of CICs to chemotherapy 
suggests that CICs may be enriched after chemotherapy 
treatment. Indeed, the CIC immunophenotype (CD44high/+) 
was increased 1.5–3-fold after chemotherapy treatment in 4 
human tumor models (Fig. 2 C and not depicted). Collectively, 
these results support a cell-autonomous relative chemoresistant 
phenotype of colorectal CICs.

Tumor response to treatment is associated  
with increased frequency of CAFs
Prior studies have suggested that cytotoxic therapy alters the 
stromal compartment in colorectal cancer (Washington et al., 
2009; Edge et al., 2009), suggesting that this remodeling may 
be an extrinsic regulator of CICs. We therefore interrogated 
the stromal response in a cohort of colorectal patients treated 
with cytotoxic therapy. We investigated CAFs based on their 
proposed roles in supporting tumorigenesis (Olumi et al., 

RESULTS
Interrogating the cellular hierarchy  
in human colorectal cancers
Heterogeneity in tumors is derived from a combination of 
genetic and epigenetic variance. A subset of tumor cells 
within colorectal cancers may display stem-like features. 
These CICs are defined functionally through self-renewal 
and phenocopy the complex parental tumor on secondary 
growth. The use of cell surface markers to enrich or deplete 
CICs is essential to segregate tumorigenic and nontumori-
genic cells to demonstrate a cellular hierarchy. As several 
markers have been reported to selectively identify colorectal 
CICs, we first interrogated the ability to enrich for CICs in 
colorectal cancer patient specimens using several of the pre-
viously reported candidates (CD166, CD133, ALDH activity, 
and CD44; Dalerba et al., 2007; O’Brien et al., 2007; Ricci-
Vitiani et al., 2007; Du et al., 2008; Vermeulen et al., 2008; 
Shmelkov et al., 2008; Huang et al., 2009; Fang et al.,  
2010; Elsaba et al., 2010; Yeung et al., 2010; Deng et al., 
2010; Ohata et al., 2012). To avoid selection effects of cell cul-
ture, we interrogated markers in acutely dissociated patient 
specimens derived from either primary tumors or metastases 
(Fig. 1 A). Some markers, such as CD166, were not consis-
tently expressed across tumors (not depicted) in concordance 
with other studies, suggesting specificity for colorectal cancer 
subtypes (Horst et al., 2009; Park et al., 2012). CD133 and 
ALDH activity measured by the Aldefluor assay were detect-
able but did not specifically segregate the capacity to generate 
tumor spheres (a surrogate marker of self-renewal associated 
with increased tumor initiation; unpublished data) or tumor 
initiation. Notably, CD44 consistently enriched for self- 
renewing, tumorigenic neoplastic cells (i.e., CICs). CD44 
identified a minority of tumor cells (Fig. 1 A) that overlapped 
with cells that expressed the epithelial marker, EpCAM 
(Fig. 1 B), validating an epithelial origin as well as Aldefluor 
activity (Fig. 1 C) and CD133 antigen expression (Fig. 1 D). 
CD44high/+ cells also had elevated levels of putative CIC 
genes (Blache et al., 2004; Jay et al., 2005; Takahashi and 
Yamanaka, 2006; Huang et al., 2009; Deng et al., 2010; Guo 
et al., 2012), including c-Myc, ALDH1, Sox9, Oct4, Musashi1 
(Msi1), and BMI1, when compared with CD44low/ cells 
(Fig. 1 E). These data indicate that CD44high/+ colorectal can-
cer cells coexpress other CIC markers. The coexpression of 
CD44, EpCAM, Aldefluor, and CD133 was validated in four 
independent samples (Fig. 1 F). CD44 is a receptor for com-
ponents of the extracellular matrix. Like most receptors, its 
expression is down-regulated in response to ligand engage-
ment. To assess the difference of in vivo versus in vitro envi-
ronmental effects on the fraction of CD44high/+ cells, single 
cell suspensions from freshly dissociated patients’ colorectal 
tumors and their cultured counterparts were analyzed by 
FACS for the expression of CD44. As expected, the fractions 
differed based on growth conditions, but a general concor-
dance in the relative degree of CD44high/+ fractions within 
each condition was observed (Fig. 1 G). The clinical charac-
teristics of these samples are summarized in Table S1.
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Figure 1. CD44 identifies CICs. (A) Single-cell suspensions from dissociated patient colorectal tumors were sorted by FACS for high expression of 
CD44-PE. The highly positive population was gated in a range of 4 to 10% (depending on the percentage of the total positive cell population of each 
sample) of the tail of the positive cells. (B–D) CICs were analyzed by FACS: (B) the epithelial marker EpCAM-FITC; (C) the functional stem cell assay Alde-
fluor; and (D) the stem cell immunophenotype by CD133-PE. (E) Quantitative RT-PCR analysis of CIC markers including c-Myc, ALDH1, Sox9, Oct4, MSI1, 
BMI1, and CD44 was performed on CICs and non-CICs. Data are presented as mean ± SD (n = 3); *, P < 0.05 ; **, P < 0.01; ***, P < 0.001. Student’s t test 
was used to assess the significance. The experiment was performed twice and representative data are shown. (F) Colorectal tumor specimens from pa-
tients were subjected to dissociation to single cells and FACS sorting for high expression of CD44. The frequency of CD44+ in each tumor is indicated in 
the CD44+ column of the table. CD44+ cells were sequentially analyzed for the expression of the epithelial marker EpCAM, the functional stem cell assay 
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We then confirmed the cell immunophenotype via im-
munofluorescence of multiple activated fibroblast markers, 
such as PDGFR, vimentin, SMA, FAP (Park et al., 1999; 
Calon et al., 2012), and FSP1 (Grum-Schwensen et al., 2005; 
Sugimoto et al., 2006); we also confirmed the absence of 
the epithelial marker EpCAM (Fig. 3 E), the smooth muscle 
marker smoothelin (Gonda et al., 2010), and the pericyte 
marker high molecular weight caldesmon (Nakayama et al., 
2002; not depicted). These patient-derived CAF cultures ex-
pressed activated fibroblast lineage markers without signifi-
cant contamination by epithelial cells.

Chemotherapy-stimulated CAFs promote CIC growth
To determine the impact of CAFs on CICs, we performed a 
series of co-culture studies with the two cell types in proxim-
ity but not in direct contact. Both CICs and non-CICs had 
modest increases in cell viability when co-cultured with 
CAFs, demonstrating a general effect of CAFs in promoting 
tumor growth (unpublished data). However, co-culture of 
chemotherapy-treated CAFs increased the viability of CICs 
compared with vehicle-treated control CAFs (Fig. 4 A). As 
CAFs are phenotypically distinct from normal tissue fibro-
blasts and systemically administered chemotherapy induces 
genotoxic stress tissue-wide to create selection pressure in 
microenvironmental elements, prior studies may underesti-
mate the role of CAFs in therapeutic resistance and recurrent 
tumor growth. In support of this hypothesis, we found that 
even normal fibroblasts (i.e., not CAFs) treated with chemo-
therapy increased CIC viability relative to untreated fibro-
blasts (Fig. 4 A). As cell–cell interactions such as those between 
CICs and CAFs can be mediated through paracrine factors 
that regulate the tumor hierarchy, we hypothesized that che-
motherapy-induced CAFs secrete factors to maintain CICs. 
Indeed, we found that conditioned media from CAFs mim-
icked the effects of CAF co-culture on CIC growth (Fig. 4 B).

To determine the effects of CAFs on in vivo tumor 
growth, we implanted 3,000 CICs alone or in combination 
with CAFs pretreated with chemotherapy or vehicle control. 
In concordance with cell culture results, chemotherapy acti-
vation of CAFs augmented the ability of CICs to initiate tu-
mors in immunocompromised mice (Fig. 4 C). The presence 
of CAFs increased tumor incidence and reduced the latency 
of tumor formation by CICs with increased tumor size in 

1999; Allinen et al., 2004; Orimo et al., 2005; Erez et al., 
2010; Vermeulen et al., 2010; Calon et al., 2012). CAFs are 
not homogeneous, but rather display distinctive characteris-
tics based on tumor type and stage (Micke and Ostman, 2004; 
Desmoulière et al., 2004; Sugimoto et al., 2006; Orimo and 
Weinberg, 2007; Xing et al., 2010). To model CAF evolu-
tion in colorectal cancer after cytotoxic treatment, we quan-
tified CAFs during the course of therapy in human patients. 
In matched specimens from identical patients before and after 
cytotoxic treatment, we stained for CAF markers -smooth 
muscle actin (SMA) and vimentin (Sappino et al., 1988; 
Rønnov-Jessen et al., 1996; Serini and Gabbiani, 1999; 
De Wever and Mareel, 2002; Nakayama et al., 2002; Orimo 
and Weinberg, 2007; Worthley et al., 2010; Gonda et al., 2010). 
Immunohistochemistry demonstrated that fibroblast markers, 
including vimentin and SMA, increased after treatment, 
whereas the epithelial marker EpCAM decreased (Fig. 3 A). 
Quantitative measures of the relative proportion of fibroblasts 
to the epithelial component (SMA versus EpCAM) further 
demonstrated that CAFs were significantly increased after 
treatment (Fig. 3 B). We validated these findings using tran-
scriptional profiling on a larger cohort of samples derived 
from patients who were either untreated or treated with cy-
totoxic regimens (17 samples each group; Fig. 3 C). These re-
sults confirm that CAFs are enriched during post-therapy 
tumor growth. Clinical characteristics and treatment data for 
the cohort of patients used above are summarized in Tables 
S2 and  S3.

As shown in our findings and in previous studies (Dallas 
et al., 2009; Dylla et al., 2008; Lakshman et al., 2004; Lakshman 
et al., 2005; Todaro et al., 2007), CICs display cell autono-
mous therapeutic resistance, but the significant increase in 
the percentage of CAFs after cytotoxic treatment suggests 
that treatment may also induce the remodeling of the tumor 
microenvironment and CAFs may provide microenviron-
mental cues instructing the cellular hierarchy. A previous 
study demonstrated that an immortalized colon fibroblast cell 
line derived from normal colon increases CIC proliferation 
(Vermeulen et al., 2010). To extend these findings to human 
CAFs, we prospectively isolated viable CAFs from freshly 
resected patient colorectal cancer specimens using the cell  
surface protein, platelet-derived growth factor receptor  
(PDGFR; Erez et al., 2010; Micke and Ostman, 2004; Fig. 3 D). 

Aldefluor, and the stem cell immunophenotype CD133. The percentages of marker positive CD44+ cells obtained are listed in a tabular form. (G) Single-
cell suspensions from dissociated patient colorectal tumors and cells cultured in stem cell medium were analyzed by FACS for the expression of CD44. The 
percentages obtained are listed in a tabular form. (H) Quantification of sphere-formation assay demonstrates that CICs have elevated tumorsphere for-
mation efficiency. CICs and non-CICs from two samples were plated in 96-well plates for a period of 14 d. Data are presented as a percentage of wells 
containing tumorspheres compared to the total number of wells. Data are presented as mean ± SD (n = 2); ***, P < 0.001. Student’s t test was used to 
assess the significance. The experiment was performed two times and representative data are shown. (I) Limiting dilution assay demonstrates that CD44+ 
cells have elevated tumorsphere formation efficiency. CD44+ and CD44– population from two samples were plated in limiting dilution (50, 10, 1 cell[s] per 
well) in 96-well plates in stem cell media. The presence of spheres was evaluated after 14 d. Data are presented as mean ± SD (n = 20); ***, P < 0.001. The 
likelihood ratio test was used to assess the significance. The experiment was performed two times and representative data are shown. (J) Representative 
images of tumors initiated from CICs subcutaneously implanted into immunocompromised mice with hematoxylin and eosin staining of tumor sections. 
Scale bar, 100 m. (K) CICs were tumorigenic while 10 fold more non-CICs were unable to generate tumors in four independent specimens. Five mice 
were used per group.
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collectively support a model in which chemotherapy activates 
CAFs in the microenvironment to stimulate CIC growth and 
stimulate tumor growth.

Chemotherapy stimulates CAF cytokine secretion
These data demonstrated the presence of biologically im-
portant components in CAF secretome, so we performed a 
comparative analysis of cytokine expression in conditioned 
media of CAFs at baseline or treated with chemotherapy in 
three different patient specimens, as well as in normal fibro-
blasts. Although there were several molecules unique to each 
CAF, there were only three common molecules to every 

mice co-implanted with CICs and chemotherapy-pretreated 
CAFs (Fig. 4 C). Moreover, xenografts generated by CICs 
co-implanted with chemotherapy-treated CAFs displayed in-
creased proliferative indices (Fig. 4 D) and the CIC immuno-
phenotype (percentage of CD44high/+ cells by FACS analysis; 
Fig. 4 E). To establish the effects on CICs in functional assays, 
we performed secondary in vitro tumorsphere formation as-
says (Fig. 4 F) and measurement of resistance to cytotoxic 
treatment (ATP activity; Fig. 4 G) finding induction of in-
creased cell survival and growth with chemotherapy-treated 
CAFs compared with the effects of untreated CAFs, sug-
gesting specific effects on CIC maintenance. These data 

Figure 2. Tumor response to treatment is as-
sociated with increased frequency and resistance 
of CICs. (A) Cell growth of CICs and non-CICs from 
two independent human specimens was assessed by 
ATP based assay (CellTiter-Glo) following chemo-
therapy (FOLFOX: 50 µg/ml 5-flurouracil + 10 µM 
oxaliplatin + 1 µM leucovorin). Data are presented as 
mean ± SD (n = 3); **, P < 0.01; ***, P < 0.001. Stu-
dent’s t test was used to assess the significance. The 
experiment was performed three times and represen-
tative data are shown. (B) Apoptosis of CICs and non-
CICs from two independent human specimens was 
assessed by caspase 3/7 activation after chemother-
apy. Data are presented as mean ± SD (n = 3);  
**, P < 0.01. Student’s t test was used to assess the 
significance. The experiment was performed three 
times and representative data are shown. (C) Enrich-
ment of CICs in bulk cells from four independent 
human specimens was assessed by FACS analysis for 
CD44 (representative sample) after chemotherapy. 
Student’s t test was used to assess the significance. 
The experiment was performed once for each indi-
vidual specimen.
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to occur at the level of transcription, as similar increases were 
detectable for each target at the mRNA level (Fig. 5 D). Among 
the three top up-regulated cytokines (IL-17A, TGF, and 
GAS6 [DTK ligand]), TGF and GAS6 did not directly stim-
ulate CIC growth (unpublished data) so we focused on IL-17A. 
CAF expression of IL-17A protein was further confirmed by 
immunofluorescence double staining of SMA and IL-17A of 
matched human patient samples before and after cytotoxic 
treatment (Fig. 5 E).

To extend these observations to a clinical paradigm, we 
quantified IL-17A mRNA in cohorts of colorectal cancer 
tumor specimens from patients either untreated or treated 
(17 patients in each group; Fig. 6 A; clinical data are summarized 

chemotherapy-induced CAF culture: the secreted DTK 
(TYRO3) receptor, IL-17A, and TGF (Fig. 5 A). A prior 
study suggested that a single normal, immortalized fibroblast 
line stimulated a CIC model through secretion of hepatocyte 
growth factor (HGF; Vermeulen et al., 2010). In our analysis, 
HGF was not significantly associated with chemotherapy re-
sponse, suggesting that HGF may contribute to initial tumor 
growth but is less likely to be associated with chemotherapy re-
sponse (Fig. 5 B). In contrast, sDTK, IL-17A, and TGF were 
expressed at low levels in quiescent tumor-derived and 
normal colon fibroblasts, but the expression of each molecule 
dramatically increased after chemotherapy in CAFs but not 
normal colon fibroblasts (Fig. 5 C). This regulation appeared 

Figure 3. Tumor response to treatment is 
associated with increased frequency of 
CAFs. (A) Frozen sections of human colorectal 
tumors matched before and after cytotoxic 
treatment from a representative patient (334) 
were stained for markers of activated fibro-
blasts (Vimentin, SMA) and epithelial cells 
(EpCAM). Nuclei stained with DAPI. Arrows 
indicate the stromal compartment. (B) Frozen 
sections of human colorectal tumors matched 
before and after cytotoxic treatment from 
two different patients (1086 or 5712) were 
stained for SMA and EpCAM. The ratio of the 
SMA-positive area versus the EpCAM-posi-
tive area was quantified and shown on the 
right. Data are presented as mean ± SD.  
*, P < 0.05. Student’s t test was used to assess 
the significance. Data are representative of three 
experimental repeats per group. (C) cDNA 
levels of markers of activated fibroblasts  
(Vimentin, -SMA, and PDGFR) were quanti-
fied by quantitative RT-PCR in patients un-
treated and treated (17 samples each group). 
Data are presented as mean ± SD; *, P < 0.05; 
***, P < 0.001. Student’s t test was used to 
assess the significance. The experiment was 
performed three times and representative 
data are shown. (D) Single cell suspensions 
from dissociated patient colorectal tumor 
were sorted by FACS for the expression of 
PGDFR-PE. The purity of the sorted popula-
tion was checked after the sorting. (E) The 
PDGFR+ isolated population was validated 
by positive immunostaining for CAF markers 
(SMA-Vimentin-FSP1-FAP) and negative 
immunostaining for an epithelial marker  
(EpCAM). Bars: (A and E) 50 µm.

on A
pril 18, 2017

D
ow

nloaded from
 

Published December 9, 2013



2858 CAFs support CICs by IL-17A | Lotti et al.

Figure 4. Chemotherapy-stimulated 
CAFs promote CIC growth and chemo-
resistance. The effect of CAFs on CICs was 
assessed by (A) co-culture and (B) condi-
tioned media treatment. (A) 104 CICs were 
cultured with 2 × 104 CAFs or normal fi-
broblasts treated with vehicle (DMSO) or 
chemotherapy for 10 d. Cellular viability 
was measured by Cell Titer-Glo assay. Data 
are presented as mean ± SD (n = 3);  
*, P < 0.05; **, P < 0.01; ***, P < 0.001. Stu-
dent’s t test was used to assess the signifi-
cance. The experiment was performed 
three times and representative data are 
shown. (B) 1.5 × 105 CICs and CAFs were 
treated with vehicle (DMSO) or chemo-
therapy for 3 d. Conditioned media were 
collected and use to culture CICs for 10 d. 
Cellular viability was measured by Cell 
Titer-Glo assay. Data are presented as 
mean ± SD (n = 3); *, P < 0.1; ***, P < 0.001. 
Student’s t-test was used to assess the 
significance. The experiment was per-
formed three times and representative 
data are shown. (C) The ability of the CAFs 
to affect the tumorigenic capacity of CICs 
from two different human specimens was 
tested in vivo. 3 × 104 CAFs treated with 
vehicle (DMSO) or with chemotherapy for 
3 d were subcutaneously co-implanted in 
immunocompromised mice with 3 × 103 
CICs. Tumors were monitored every day to 
evaluate the latency, harvested simultane-
ously, and volume measured to evaluate 
their development. **, P < 0.01; ***, P < 0.001. 
ANOVA, followed by Bonferroni’s post-hoc 
test was used to assess the significance.  
As indicated in the table, three to six  
mice were used in each group. The  
contribution of CAFs to post-therapy  
tumor growth was assessed by immuno-
staining of the xenografts for Ki-67 (D). 
Nuclei were counterstained with DAPI. 
Quantification was done by counting four 
high-power fields per condition. Data are 
presented as mean ± SD; *, P < 0.05;  
**, P < 0.01; ***, P < 0.001. Student’s t-test 
was used to assess the significance. Bars, 
50 µm. (E) Xenografts derived from data  
in C were dissociated and analyzed for the 
expression of CD44 by FACS. Colorectal 
cancer cells conditioned by the presence of 
the CAFs were enriched in the CD44 com-
partment. (F) CICs sorted from xenografts 
in C were plated in 96-well plates in limit-

ing dilution (50, 10, or 1 cells per well) and analyzed for sphere formation. Data are presented as mean ± SD (n = 20); **, P < 0.01; ***, P < 0.001.  
The likelihood ratio test was used to assess the significance. The experiment was performed once. (G) 3 × 104 CICs and non-CICs from the 
same xenografts (C) were plated in 96-well plates and treated with chemotherapy. The effect of CAFs on CICs and non-CICs cells chemosensi-
tivity was tested by evaluating cell viability (absolute number) measured by CellTiter-Glo assay. Data are mean ± SD (n = 3); **, P < 0.01;  
***, P < 0.001; unlabeled, P > 0.05. Student’s t test was used to assess the significance. The experiment was performed twice and representative 
data are shown.
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Figure 5. Chemotherapy stimulates CAF cytokine secretion. Cytokine secretion of CAFs treated with vehicle (DMSO) or with chemotherapy for 3 d 
was assessed using a 120 human cytokine antibody array from RayBio. (A–C) CAFs derived from three human surgical specimens and one commercial 
normal intestinal fibroblast line were interrogated for their cytokine and chemokine profile after chemotherapy treatment. (B) HGF was not significantly 
up-regulated in our cytotoxin conditions compared with vehicle. (C) The mean concentrations of DTK, IL-17A, and TGF were statistically significant in 
the three CAFs treated with chemotherapy compared with vehicle. (n = 1); P < 0.05. Student’s t test was used to assess the significance. The experiment 
was performed once.  (D) Quantitative RT-PCR analysis of DTKs, IL-17A, and TGF was performed to validate the cytokine array results. Data are presented 
as mean ± SD (n = 3); *, P < 0.05. Student’s t test was used to assess the significance. The experiment was performed three times and representative data 
are shown. (E) Frozen sections of human colorectal tumors matched before and after cytotoxic treatment from two patients were co-stained for IL-17A 
and SMA. Bars, 50 µm.
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and data not depicted). In each case evaluated, there was an 
increase in stromal expression of IL-17A protein, which was 
additionally confirmed in a cohort of 40 tumor specimens 

in Tables S2 and S3). We also studied IL-17A protein expres-
sion before and after therapy in an additional four matched 
human tumors by immunohistochemistry (Fig. 6, B and C; 

Figure 6. Cytotoxic treatment induces IL-17A in human specimens. (A) mRNA levels of IL-17A from untreated or treated patients (17 samples 
each group) were quantified by quantitative RT-PCR. Data are mean ± SD (n = 20); **, P < 0.01. Student’s t test was used to assess the significance. The 
experiment was performed three times and representative data are shown. (B and C) Paraffin-embedded sections of matched human colorectal tumors 
before and after cytotoxic treatment from four patients were stained for IL-17A. The percentage of the IL-17A–positive cells was quantified as a percent-
age of the total stromal cells (B); P < 0.05. Student’s t test was used to assess the significance. Two representative samples are shown (C). Bars: (C) 100 µm; 
(C, inset) 25 µm. (D) Protein levels of IL-17A from unmatched chemotherapy treated and untreated colorectal cancer specimens (20 patients in each group) 
were quantified using immunofluorescence staining. Frozen sections of human colorectal tumors were stained for IL-17A. Nuclei were counterstained 
with DAPI. Quantification was done by scanning three high-power fields per specimen using ImageJ software. Data are mean ratio of IL-17A area to  
DAPI area per patient. ***, P < 0.001. Student’s t test was used to assess the significance.
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In these models, IL-17A is secreted by T-helper IL-17 (Th17) 
cells to regulate other immune elements and promote tu-
morigenesis (Wu et al., 2009). Our studies focus on models 
that represent spontaneous colorectal tumors in which in-
flammation is important but may be less central to disease pa-
thology and, thus, other stromal elements may serve greater 
roles. We found that chemotherapy-treated CAFs directly 
augmented CIC growth in the absence of inflammatory cells, 
suggesting that IL-17A might directly regulate CICs. As prior 
studies have not determined involvement of IL-17A in CICs, 
we next sought to evaluate the direct contribution of IL-17A 
signals to CIC maintenance. First we analyzed IL-17A ex-
pression in CICs treated with vehicle or chemotherapy in 

from either untreated or treated patients (20 patients in each 
group; Fig. 6 D). Collectively, these results strongly suggest 
that CAFs respond to chemotherapy by the expression of 
defined factors including IL-17A that could instruct the cel-
lular hierarchy.

IL-17A can contribute to CICs maintenance  
through IL-17A receptor
The vast majority of colorectal cancers are spontaneous but  
a subset of colorectal cancers occurs within the context of  
inflammatory bowel disease, particularly ulcerative colitis. 
This minority has been extensively modeled using genetically 
engineered mouse models of colitis to induce colorectal cancer. 

Figure 7. IL-17A can contribute to CICs 
maintenance through IL-17A receptor.  
(A) Autocrine expression of IL-17A was as-
sessed using a 120 human cytokine antibody 
array from RayBio on 4 CICs treated with 
vehicle (DMSO) or with chemotherapy for 3 d. 
The mean concentration of IL-17A was statis-
tically significant in the four CICs treated with 
chemotherapy compared to vehicle. (n = 1);  
P < 0.01. Student’s t test was used to assess the 
significance. The experiment was performed 
once. (B) The autocrine IL-17A production was 
examined by studying the effects of IL-17A 
blockade on the tumor-initiating capacity of 
CICs in the absence of CAFs. The effects were 
assessed in two different specimens by 10 d 
of co-culture. 104 CICs were treated with 
vehicle (DMSO), chemotherapy alone, or along 
with IL-17A blocking antibody (15 ng/ml). 
Number of viable cells was measured by Cell 
Titer-Glo assay. No statistically significant 
difference in viability was noted as a result of 
IL-17A blocking antibody. Data are presented 
as mean ± SD (n = 3); unlabeled, P > 0.05. 
Student’s t test was used to assess the signifi-
cance. The experiment was performed twice, 
and representative data are shown. (C) IL-17RA 
was expressed in CICs as demonstrated  
by immunofluorescence staining. Nuclei were 
counterstained with DAPI. Bar, 10 µm.  
(D) Confirmation of IL-17RA expression was 
assessed in CICs by FACS analysis of single 
cells from three freshly dissociated xenografts 
co-stained for FITC-CD44 and APC-IL17RA.
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Figure 8. Exogenous IL-17A promotes colorectal sphere maintenance, proliferation, and migration. (A) CICs and non-CICs from two indepen-
dent patient specimens were plated in limiting dilution (50, 10, or 1 cell[s] per well) in 96-well plates and tested for the effect of exogenous IL-17A (100 ng/ml). 
The presence of spheres was evaluated after 14 d. Data are mean ± SD (n = 20); ***, P < 0.05. Student’s t test was used to assess the significance. The 
experiment was performed three times and representative data are shown. (B) The tumorspheres area from one specimen (064; sphere frequency/sphere 

on A
pril 18, 2017

D
ow

nloaded from
 

Published December 9, 2013



JEM Vol. 210, No. 13 

Article

2863

To further evaluate the effects of IL-17A signal transduc-
tion on CICs, we generated genetically modified cells with 
IL-17A overexpression to mimic the effects of CAFs or IL-
17RA knockdown to block the reception of IL-17A signals. 
We validated our viral transduction protocol using a GFP-
containing vector. Efficacy of viral transduction was mea-
sured by FACS. 91.5% of transfected CICs were positive for 
GFP (unpublished data). IL-17A cDNA or IL-17RA shRNA 
resulted in an 80% up-regulation or reduction of IL-17A 
or IL-17RA mRNA, respectively (Fig. 9, A and B). When 
these genetically modified CICs were studied in an in vitro 
limiting dilution assay, IL-17A overexpression significantly 
increased tumorsphere formation, whereas IL-17RA knock-
down decreased sphere formation (Fig. 9 C). Exogenous  
IL-17A also stimulated tumorsphere formation but this effect 
was more modest than ligand overexpression (Fig. 9 C), 
likely because of the sustained effects of secreted ligand. 
These data suggest that IL-17A broadly augments protumori-
genic CIC behaviors.

To address the contribution of IL-17A in the in vivo 
growth of CICs using a clinically relevant method, we used 
an IL-17A neutralizing antibody in combination with che-
motherapy (5-FU and Oxaliplatin). Tumors were established 
by injecting CICs in combination with CAFs subcutaneously 
in immunocompromised mice. The addition of the IL-17A 
neutralizing antibody augmented the efficacy of chemother-
apy on tumor growth (Fig. 9, D and E), confirming CIC growth 
dependence upon chemotherapy treatment on IL-17A. These 
results provide a direct relevance for IL-17A targeting, even 
in the absence of a functional immune system.

IL-17A contributes to CIC therapeutic resistance
In concordance with IL-17A as an important regulator of the 
CIC phenotype, we found that IL-17A promoted basal CIC 
growth and protected CICs from chemotherapy-induced 
growth inhibition (Fig. 10 A). A neutralizing IL-17A anti-
body blocked the effects of chemotherapy treated CAFs on 
CIC growth in comparison to an IgG control (Fig. 10 B), 
confirming the importance of IL-17A for CAF effects on 
CICs. To define potential mechanisms through which IL-17A 
regulates CIC biology, we interrogated gene expression pro-
files of CICs isolated from three different patients treated 

four different patients by cytokine array analysis and we 
showed the presence of moderate autocrine production of 
IL-17A that could contribute to their own hierarchy (Fig. 7 A). 
To clarify the potential role for autocrine effects of IL-17A, 
we examined the effects of IL-17A blockade on CIC’s via-
bility in the absence of CAFs using a neutralizing antibody 
(Fig. 7 B). In these studies, autocrine IL-17A appeared to 
function as a minor component in CIC maintenance relative 
to stromal IL-17A. These data suggest that the dominant role 
of IL-17A is a paracrine signal.

As the biological effects of IL-17A require target cell ex-
pression of the cognate receptor, we assessed IL-17A receptor 
(IL-17RA) expression in isolated CICs cultured short term as 
tumorspheres. The majority of CICs expressed IL-17RA, as 
measured by immunofluorescent staining and FACS analy-
sis, whereas non-CICs less commonly expressed IL-17RA 
(Fig. 7, C and D), supporting a possible functional paracrine 
loop of CAF-derived IL-17A to IL-17RA on CICs.

IL-17A promotes protumorigenic CIC behavior
To interrogate the functional significance of IL-17A on CICs 
and non-CICs, we added exogenous IL-17A ligand to mimic 
the effects of IL-17A produced by CAFs. IL-17A enhanced 
CIC tumorsphere formation measured by in vitro limiting 
dilution (Fig. 8 A), with more modest effects on non-CICs. 
In addition, IL-17A modestly increased the size of the spheres 
formed compared with the untreated group (Fig. 8 B). Nu-
clear localization of -catenin has been reported as a poten-
tial functional marker of CICs (Vermeulen et al., 2008). We 
therefore examined the effects of IL-17A signaling on the 
percentage of cells expressing nuclear -catenin. IL-17A in-
duced nuclear -catenin localization in CD44high/+ cells but 
not CD44low/ cells, confirming in limiting dilution studies 
(Fig. 8, C and D). IL-17A promoted increased CIC viability 
in ATP-dependent assays, cell survival, and DNA synthesis 
(Fig. 8, E–G). These effects were not detected in non-CICs 
(Fig. 8, H–J). Another phenotype associated with CICs, label 
retention, was increased in response to IL-17A treatment 
(Fig. 8 K). As CICs may contribute to tumor invasion and 
metastasis, we also demonstrated that exogenous IL-17A nearly 
doubled the CIC migration rate as measured by a scratch 
assay (Fig. 8 L).

footprint using ImageJ software) was evaluated after 14 d. The mean area of spheres treated with IL-17A was 4,438.5 ± 960 µm2 compared to  
2,458.6 ± 481 µm2 in the untreated group. P = 0.073. Student’s t test was used to assess the significance. The experiment was performed once.  
(C and D) Cells were sorted for CD44high/+ and CD44low/ and treated with IL-17A (100 ng/µl) for 12 h. (D) Cells were stained for -catenin with DAPI nu-
clear background. Bar, 25 µm. (C) Beta-catenin localization was quantified. The experiment was performed once. (E–G) CICs cell viability, apoptosis, and 
proliferation of three independent specimens were assessed by (E) CellTiter-Glo, (F) caspase 3/7 activation, and (G) thymidine incorporation after stimula-
tion with vehicle and exogenous IL-17A (100 ng/ml). Non-CICs from three independent specimens were plated and tested for the effect of exogenous  
IL-17A (H–J).  Cell viability, apoptosis, and proliferation were assessed by CellTiter-Glo (H), caspase 3/7 activation (I), and thymidine incorporation (J) after 
stimulation with vehicle and exogenous IL-17A (100 ng/ml). Data are mean ± SD (n = 3); *, P < 0.05; **, P < 0.01; ***, P < 0.001; unlabeled, P > 0.05.  Stu-
dent’s t test was used to assess the significance. The experiment was performed three times and representative data are shown. (K) Label retention of CICs 
from three independent patient specimens was evaluated by the staining with PKH-26-PE dye and the FACS analysis at day 0 (control) and after 8 d of 
stimulation with the vehicle and IL-17A. The experiment was performed once. (L) Migration of CICs from a human sample stimulated with exogenous  
IL-17A or a vehicle was evaluated by the scratch assay. The area of the scratch was monitored by time-lapse microscopy for 64 h. The experiment was 
performed twice and representative data are shown.
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Figure 9. IL-17A/IL-17RA signaling regulates colorectal CIC growth and self-renewal. (A) Quantitative RT-PCR analysis of IL-17A in CICs over-
expressing IL-17A. Data are mean ± SD (n = 3); ***, P < 0.001. Student’s t test was used to assess the significance. The experiment was performed three 
times and representative data are shown. (B) Quantitative RT-PCR analysis of five different shRNAs for IL-17RA in CICs. Data are presented as means ± SD 
(n = 3); ***, P < 0.001. Student’s t test was used to assess the significance. The experiment was performed three times and representative data are shown. 
(C) Effects of IL-17RA knockdown with two different shRNAs (shIL-17RA1 or shIL-17RA2) or IL-17A overexpression with IL-17A transduction on tumor-
sphere formation. 064 and 199 and 656 CICs transduced with two different shRNAs or shControl and with IL-17A vector or empty vector were plated in 
replicates in stem cell media in a limiting dilution assay, and were then analyzed for the presence of spheres after 14 d. Data are mean ± SD (n = 20);  
*, P < 0.05; **, P < 0.01; ***, P < 0.001. The likelihood ratio test was used to assess the significance. The experiment was performed two times and repre-
sentative data are shown. (D, E) The dependence of CICs on IL-17A was evaluated in vivo. 104 CICs and 3 3 104 CAFs were injected into mice. When tumors 
were established to approximately 0.3 cm3 in volume, treatment was initiated. Four arms were included: isotype control (2 mg/kg antibody five times a 
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relative to single stem cells (Sato et al., 2011). This relation-
ship demonstrates a functional complementation between 
specialized client cells and accessory cells that provides signals 
to promote client cell adaptation and defend the homeostatic 
state under noxious conditions. This hypothesis has been ad-
vanced by Medzhitov and Horng (2009) within the context 
of macrophage function in inflammatory responses. Based on 
this background, our results suggest that colorectal cancers 
respond to noxious conditions (cytotoxic treatment) by stim-
ulating accessory cells (CAF) to provide signals (IL-17A) to 
support a homeostatic state (maintenance of the cellular hi-
erarchy). Disruption of this circuit through targeted thera-
pies may sensitize the chemotherapy-resistance commonly found 
in colorectal cancers.

Although several studies have examined the cellular hier-
archy within colorectal cancers, many have used cell lines 
that have been forced to acquire self-renewal mechanisms in 
the absence of the tumor microenvironment. Our studies 
were devoted to dissecting a single cell–cell interaction in a 
more complex system. An elegant genetically engineered 
mouse model of colon cancer described a role of a long term 
passaged, immortalized normal colon fibroblast cell line in 
the self-renewal of early transformed colon cells associated 
with expression of HGF (Vermeulen et al., 2010). As most 
lethal colorectal cancers are diagnosed at more advanced stages, 
we used a clinical relevant strategy based on human CAFs 
(rather than a modified normal fibroblast) and colorectal 
cancer cells directly derived from patients. Using these re-
sources, we recognized increased CAF frequency in patient 
tumors after cytotoxic treatment, suggesting that CAFs may 
function in regenerating the aberrant organ system in colorec-
tal cancers. Chemotherapy-stimulated CAFs produced a sec-
retome that enhanced CIC proliferation and tumorigenesis. 
As cytokines offer important instructive cues from support-
ive accessory cells, we focused our attention on these mole-
cules within the secretome. We found that chemotherapy 
potently induced IL-17A in CAFs that directly augmented 
the growth of CICs. Of note, we also found that chemother-
apy induces expression of CAF TGF, a chemokine with a 
well-established role in the cancer microenvironment. Al-
terations in TGF pathway components affect 40–50% of all 
colorectal cancers (Markowitz et al., 1995; Markowitz and 
Bertagnolli, 2009). In the tumor microenvironment, TGF 
induces transdifferentiation of normal fibroblasts to CAFs, 
i.e., morphological changes and up-regulation of -SMA. 
(Lieubeau et al., 1994; Tuxhorn et al., 2002). In addition, 
TGF activates colorectal cancer CAFs to secrete various cy-
tokines that exert a prosurvival signal on cancer cells (Calon 
et al., 2012) and stromal TGF signaling is required for the 

with and without IL-17A. Heat maps illustrate the common 
effects of IL-17A (Fig. 10 C) on the repression and activation 
of subsets of genes within CICs. When these genes were ana-
lyzed to determine the pathways altered by IL-17A treatment, 
NF-B signaling was found to be highly elevated (IPA Inge-
nuity Systems; Fig. 10 D). We confirmed activation of the 
NF-B pathway and its downstream target ERK1/2 at the 
protein level through the analysis of the levels of the phos-
phorylation status of NFBp65 (RelA) and p42-44-ERK1/2 
in CICs treated with vehicle or with IL-17A for 12 h (repre-
sentative immunoblot, Fig. 10 E). The specificity of this effect 
was confirmed by the addition of an IL-17A–blocking anti-
body to restore the basal phosphorylation level confirming 
the direct connection between IL-17A and the NF-B acti-
vation (Fig. 10, D and E). These data suggest that IL-17A up-
regulation of NF-B is a possible contributing mechanism 
through which CIC maintenance is promoted and that tar-
geting of NF-B or its target genes may inhibit the effects of 
CAF produced IL-17A after cytotoxic treatment. As NF-B 
has been associated with CIC maintenance (Schwitalla et al., 
2013), our results add an additional layer of microenviron-
mental signals that may enforce tumor growth.

DISCUSSION
Stem cells are essential contributors to maintenance of tissue 
homeostasis and recovery from injury. However, the sus-
tained proliferative potential of stem cells must be tightly 
constrained to prevent cancer. The functional location or 
niche in which a stem cell resides provides maintenance cues 
and restrains uncontrolled growth. When a stem cell exits its 
niche, it undergoes lineage specification and differentiation, 
providing an essential role for the microenvironment in 
normal cellular hierarchies (Schuijers and Clevers, 2012). As 
cancers mimic development and wound responses (i.e., “the 
wound that does not heal”; Dvorak, 1986; Schäfer and 
Werner, 2008), two scenarios in which stem cells function, it 
is not surprising that cancers display cellular hierarchies and 
coopt stem cell regulatory mechanisms. This has been shown 
first in leukemia (Bonnet and Dick, 1997) and, more re-
cently, in several solid cancers, including colorectal cancers 
(Dalerba et al., 2007). Single hematopoietic stem cells repop-
ulate the entire systemic blood system, and these cells rapidly 
home to the bone marrow niche for instructive cues to sus-
tain this process. Organ regeneration by single stem cells is 
less evident in solid tissues, and recent work in the colon has 
shown that intestinal epithelial stem cells display a synergistic 
relationship with supportive CD24+ (or cKit+) accessory 
cells, similar to Paneth cells in the small intestine (Sato et al., 
2011). Stem cell–Paneth cell doublets potently proliferate 

week for two weeks and then once a week for two weeks), chemotherapy alone (Oxaliplatin: 0.25 mg/kg once a week for 4 wk; 5-FU: 15 mg/kg five times 
a week for 2 wk), IL-17A blocking antibody alone (2 mg/kg five times a week for 2 wk and then once a week for 2 wk) or a combination of the IL-17 anti-
body and chemotherapy (four mice per arm). Mice were weighed and the tumor volume was measured every other day for 30 d. Mice were sacrificed and 
tumors were collected. (D) Representative images of treated tumors and (E) relative tumor volume. Bar, 1 cm. Data are presented as mean ± SD (n = 4);  
*, P < 0.1; **, P < 0.05; ***, P < 0.001. ANOVA, followed by Bonferroni’s post-hoc test was used to assess the significance.
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Figure 10. Exogenous IL-17A promotes chemoresistance through the NF-B pathway. (A) Chemosensitivity of 3 × 103 CICs from the three inde-
pendent human samples stimulated with exogenous IL-17A and treated with chemotherapy was evaluated by CellTiter-Glo assay. Data are mean ± SD 
(n = 3); *, P < 0.05; **, P < 0.01. Student’s t test was used to assess the significance. The experiment was performed three times and representative data 
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responses. To date, we have found no differences in the re-
sponses of CAFs to chemotherapy in IL-17A production or 
response of CICs to IL-17A treatment based on their genetics 
(e.g., KRAS mutations, microsatellite stable versus unstable). 
Collectively, these results and those of other groups studying 
a role of IL-17A in the early induction of colorectal tumori-
genesis strongly suggest that cytokines produced in response 
to cytotoxic treatment may function to support the develop-
ment and maintenance of colorectal cancers and offer novel 
therapeutic targeting strategies.

MATERIALS AND METHODS
Isolation and culture of CICs and CAFs. All human tissues were ac-
quired from primary human colorectal tumor patient specimens according to 
human experimental guidelines. Human protocols were approved by the 
Institutional Review Board of the Cleveland Clinic Foundation (protocol 
number: IRB 4134). Tumor specimens were maintained through subcuta-
neous xenografts in the flanks of NOD-SCID/IL2Rnull (NSG) mice.  
Tumors were dissociated using a papain dissociation system (Worthington 
Biochemical). CD44high/+ cells (enriched in CICs) were enriched by flow 
cytometry (FACS Aria II) and grown as tumorspheres at 37°C in an atmo-
sphere of 5% CO2. CICs were cultured in serum-free media with basic fibro-
blast growth factor (bFGF, 10 ng/ml; R&D Systems) and epidermal growth 
factor (EGF, 10 ng/ml; R&D Systems). For isolation of CAFs, surgical spec-
imens were similarly dissociated into single-cell suspension, and PDGFR-
expressing cells were sorted using flow cytometry (FACS Aria II). Cells  
were then cultured in DMEM with 10% BSA. For cell counting before 
each experiment, a single-cell suspension was achieved using TrypLE (Invit-
rogen) dissociation.

Flow cytometric analysis. Flow cytometry was performed using a 
FACSAria II Cell Sorter (BD). To enrich for CICs. Single cells were labeled 
with a phycoerythrin-conjugated monoclonal antibody against CD44 (Miltenyi  
Biotec), and then analyzed for the expression of phycoerythrin-conjugated 
monoclonal antibody against CD133 (Miltenyi Biotec), FITC monoclonal 
antibody against EpCAM (R&D Systems), and ALDH with ALDEFLUOR 
assay (ALDAGEN). To enrich for PDGFR-positive CAFs, single cells 
were labeled with phycoerythrin-conjugated monoclonal antibody against 
PDGFR (R&D System). To analyze the expression of IL-17RA within 
the CIC population, single cells were double labeled with FITC-CD44 
(Miltenyi Biotec) and APC-IL17RA (R&D Systems). Dead cells were elim-
inated by using the viability dye DAPI. Side scatter and forward scatter profiles 
were used to eliminate cell doublets. Isotype controls were used to establish 
proper gates. The “high positive” population was gated in a range of 4–10% 
(depending on the percentage of the total positive cell population of each 
sample) of the tail of the positive cells.

Immunoblotting. CICs from 3 different patients were treated with vehi-
cle, 100 ng/ml IL-17A ± 15 ng/ml IL-17A blocking antibody (R&D Sys-
tems). Lysates were harvested 12 h after treatment and immunoblotted. The 
membrane was simultaneously probed for anti–NF-B p65 (Cell Signaling 

initiation of colorectal cancer metastasis (Calon et al., 2012). 
Although TGF has been linked to CIC growth in glioblas-
toma (Peñuelas et al., 2009), we did not find that TGF di-
rectly enhanced colorectal CIC growth (unpublished data). 
However, our results support potential interactions of multi-
ple cellular components within tumors as TGF induces 
IL-17A in CD8+ splenocytes in tumor-bearing mice (Schäfer 
and Werner, 2008), suggesting that chemotherapy treatment 
may stimulate IL-17A expression both directly by CAFs and 
indirectly through TGF effects on the immune system. This 
model would explain why targeting IL-17A largely inhibited 
the direct effects of CAFs on CICs, thus augmenting the im-
portance of this pathway in colorectal cancer.

Prior delineation of the role of IL-17A in colorectal can-
cer has come from either models of colitis-associated cancers 
(Hyun et al., 2012), induction of tumor formation from co-
lonic bacteria (Wu et al., 2009; Grivennikov et al., 2012), and 
promoting tumor resistance to antiangiogenic therapy (Chung 
et al., 2013). These studies have largely focused on the inter-
play between IL-17A and the immune system, including Th17 
cells. As we were able to isolate the paracrine relationship 
between CAFs and tumor cells, future studies will combine 
these observations with interactions between the immune 
system and both CAFs and tumor cells.

IL-17A has been the subject of intense research not only 
in basic laboratory studies, but has already translated into the 
development of pharmacologic inhibitors, primarily for auto-
immune conditions. Although targeting IL-17A has been ef-
fective in treating psoriasis (Leonardi et al., 2012; Papp et al., 
2012), anti–IL-17A agents have proven less effective against 
Crohn’s disease, suggesting that combination strategies may 
be required for some diseases in which IL-17A is functionally 
important (Hueber et al., 2010). Our studies suggest that  
IL-17A may also function indirectly in chemotherapy resis-
tance through remodeling of the tumor microenvironment, 
suggesting a potentially more nuanced role and application 
within therapeutic paradigms. Indeed, we are currently de-
veloping preclinical targeting strategies to compare both ge-
netic and pharmacologic inhibition in chemotherapy-induced 
tumor remodeling. These results suggest that chemotherapy 
may also serve as a “double-edged sword” due to effects on 
enriching CICs that are relatively less chemosensitive and al-
tering the tumor microenvironment through effects on CAFs. 
We are actively investigating these elements as well as the  
interactions between tumor genotype and these tissue stress  

are shown. (B) The effect of the media conditioned by CAFs on CICs from two different specimens was assessed by ten-day co-culture. 104 CICs were 
cultured with 2 × 104 CAFs treated with vehicle (DMSO), chemotherapy alone or along with IL-17A blocking antibody (15 ng/ml), or an isotype IgG con-
trol. Cell growth was measured by CellTiter-Glo assay. Data are mean ± SD (n = 3); **, P < 0.01; ***, P < 0.001. Student’s t-test was used to assess the 
significance. The experiment was performed three times and representative data are shown. (C) CICs gene profile from three independent human samples 
stimulated with vehicle or exogenous IL-17A was performed on an Illumina expression array. Signal data were filtered to include only genes that were 
seen to have changes in at least two of the three matched pairs and were subjected to hierarchical clustering. Signal ratio > 1.5 and P < 0.05. (D) Network 
analysis of the most significant genes up-regulated in CICs stimulated with IL-17A versus vehicle was generated using IPA (Ingenuity Systems). (E) The 
alteration of the NF-B pathway and its downstream target ERK1/2 was assessed at the protein level through the analysis of the levels of the phosphorylation 
status of NF-B p65 (RelA) and p42-44-ERK1/2 in one sample treated with vehicle or with IL-17A with and without the IL-17A blocking antibody for 12 h.
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Promega) or apoptosis (Caspase-Glo 3/7, Promega) were performed using a 
luminometer (Perkin-Elmer).

Immunofluorescent imaging. Tumorspheres dissociated at single cells 
were cytospin (Shandon Cytospin4, Thermo) in PBS with 0.5% BSA. Cells 
were then post-fixed/permeabilized in 4% PFA, blocked in 5% normal goat 
serum, 0.1% TritonX-100 in 1XPBS and immunostained for anti-IL-17RA 
(R&D System) overnight at 4°C. CD44high/+ cells sorted from primary xeno-
graft were treated for 12 h with vehicle or IL-17A and stained for -catenin 
(Abcam). Cancer associated fibroblasts cultured on coverslips were stained for 
PDGFR, VIMENTIN, SMA, FAP, EpCAM, SMOOTHELIN, high mo-
lecular weight CALDESMON (Abcam) overnight at 4°C. Secondary detec-
tion was accomplished using highly cross-adsorbed secondary fluorescently 
labeled antibodies (Invitrogen) for 1 h at room temperature. Nuclei were 
counterstained with DAPI (Invitrogen). For immunostaining analyses of tis-
sue sections, 10-µm frozen sections were fixed, permeabilized, and stained for 
Il-17A (RD Systems), KI67 (Abcam) as describe above. Images were taken on 
an upright microscope (microscope make and model: Leica DM4000B;  
magnification/aperture: 10× 0.3NA- 20× 0.5NA- 40× 0.75NA; room tem-
perature; imaging medium: air (glass coverslipped slides); fluorochromes: 488 
and 568; camera make and model: QImaging Exi aqua; acquisition software: 
Qcapture pro6).

Immunohistochemistry imaging. Paraffin-embedded sections of human 
colorectal tumors matched before and after treatment from four patients 
were stained for IL-17A. The percentage of the IL-17A–positive cells versus 
the total stromal cells was quantified.

Immunohistochemistry/immunofluorescence imaging quantifica-
tion. Images of pre- and post-chemotherapy tissues cross sections were ac-
quired using a DM6000 upright microscope (Leica), a 10× 0.3NA objective, 
and a Retiga 2000R CCD digital camera (Q-Imaging; room temperature, 
imaging medium: air (glass coverslipped slides), fluorochrome: 488 and 568). 
Image acquisition was fully automated for up to eight slides using an eight-
slide, linearly encoded X, Y, Z-motorized stage (Prior Scientific) managed 
by Objective Imaging’s Oasis 4i controller, TurboScan software (Objective 
Imaging), and Image-Pro Plus 7.0 (Media Cybernetics).

During acquisition, high-magnification (auto-focused) image fields were 
acquired across the entire tissue section and stitched together to form a single 
high-resolution, large field-of-view (FOV) image. Each image field was 
background corrected before stitching to ensure continuity and account for 
lens-induced vignetting. In brief, for each cross section, the stromal channel 
was loaded, spectrally filtered to cluster regions, and thresholded (by size and 
morphology) to generate a binary mask. A Euclidean distance transform was 
then applied to this mask and multiplied by the stromal “skeleton” (medial 
axis thinning of stromal regions) to determine pixel by pixel stromal thick-
ness. Similarly, the epithelial channel was also loaded and morphologically 
processed to generate a binary mask. Stromal thickness values and epithelial/
stromal segmented areas were subsequently exported to Excel and these seg-
mented regions and thickness measurements (stromal mask based restricted 
dilation) were pseudocolored and superimposed upon the original images. 
Finally, for the calculation of intensity distribution, the stromal and epithelial 
masks were multiplied by their respective extracted channels and thresholded 
in bins of 10 gray values to calculate area of staining per intensity bin. These 
values were also exported to Excel for each channel.

CIC growth in co-culture assay. 2 × 104 CAFs pretreated with vehicle 
(DMSO) or chemotherapy (5-flurouracil (50 µg/ml) + oxaliplatin (10 µM) + 
leucovorin (1 µM)) for 3 d were plated in triplicate into the top part (with 
3 µm pores) of a 24-well co-culture plate in serum-free media. 104 freshly 
sorted colorectal CD44 high/+ cancer cells were plated in triplicate into the 
bottom of the co-culture plates. IgG control and IL-17A–blocking antibod-
ies (15 ng/ml; R&D Systems) were used as indicated. After 10 d, ATP levels 
(CellTiter-Glo; Promega) were performed using a luminometer (Perkin-
Elmer). Data are mean ± SD (n = 3); **, P < 0.01; ***, P < 0.001.

Technology), p42/44ERK1/2 (Cell Signaling Technology), and anti–-
actin (Sigma-Aldrich). Secondary detection was accomplished using IRDye 
800 and IRDye 680 detected on the Odyssey imaging system (Li-Cor).

Quantitative RT-PCR. Total cellular RNA was isolated with the RNeasy 
kit (QIAGEN) and reverse-transcribed into cDNA using the SuperScript III 
Reverse Transcription kit (Invitrogen). Real-time PCR was performed 
on an Applied Biosystems 7900HT cycler using SYBR Green Master mix  
(SA Biosciences) and gene-specific primers, as follows: -actin forward 
(5-AGAAAATCTGGCACCACACC-3) and reverse (5-AGAGGCGTA-
CAGGGATAGCA-3), CD44 forward (5-GCCCTTCCATAGCCTA-
ATCC-3) and reverse (5-CTTTGGTGTCTCCCAGAAGC-3), Sox-9 
forward (5-CCTGCCCTTCTGGTTCCG-3) and reverse (5-TCCTC-
GTCCCTCTCTTTCTTCAG-3), ALDH1 forward (5-TGGCTTATCAG-
CAGGAGTGT-3) and reverse (5-GCAATTCACCCACACTGTTC-3), 
IL-17A forward (5-AAGACCTCATTGGTGTCACTGCTAC-3) and 
reverse (5-ATCTCTCAGGGTCCTCATTGCG-3), IL-17RA forward 
(5-AGACACTCCAGAACCAATTCC-3) and reverse (5-TCTTAG AGTT-
GCTCTCCACCA-3), OCT4 forward (5-TCTCCCATGCATTCAAACT-
GAG-3) and reverse (5-CCTTTGTGTTCCCAATTCCTTC-3), BMI1 
forward (5-CCAGGGCTTTTCAAAAATGA-3) and reverse (5-GCAT-
CACAGTCATTGCTGCT-3), c-MYC forward (5-TCAAGAGGC-
GAACACACAAC-3) and reverse (5-GGCCTTTTCATTGTTTTCCA-3),  
MSI1 forward (5-CCAATGGGTACCACTGAAGC-3) and reverse 
(5-ACTCGTGGTCCTCAGTCAGTCAGC-3), DTK forward (5-TGC-
TGGCAGAGGACATGA-3) and reverse (5-ACAGACAGCTGGC-
CCAAG-3) TGF forward (5-GCCTTTCCTGCTTCTCATGG-3) and 
reverse (5-TCCTTGCGGAAGTCAATGTAC-3).

In vitro limiting dilution assay. CICs were flow sorted into 96-well 
plates at a final cell number per well of 1, 10, 50. Tumorsphere formation 
was evaluated 7 and 14 d after sorting, and wells were scored positive or 
negative for the presence of at least one tumorsphere. The estimated stem 
cell frequency was calculated using extreme limiting dilution analysis (Hu 
and Smyth, 2009).

In vivo tumorigenic potential. All animal studies described were ap-
proved by the Cleveland Clinic Foundation Institutional Animal Care and 
Use Committee and conducted in accordance with the National Institutes of 
Health Guide for the Care and Use of Animals. For subcutaneous tumors 
studies, 3 × 103 CICs from a xenograft originally derived from a primary 
colorectal cancer patient specimen (064) were implanted alone and along 
with 10 × 103 fibroblasts treated for 3 d with vehicle or chemotherapy: 
5-Flurouracil (50 µg/ml) + Oxaliplatin (10 µM) + Leucovorin (1 µM) into the 
flanks of 20 (5 mice per condition) 6-wk-old female NSG mice were ob-
tained from The Jackson Laboratory. Tumors were monitored, and after 
1 wk from the first tumor growth, all the mice were sacrificed and tumors 
were removed and weighed to evaluate the tumor development, and then 
dissociated (see following paragraph).

In vivo evaluation of the dependence of CICs on IL-17A. 104 CICs 
and 3 × 104 CAFs were implanted into mice. When established tumors 
reached 0.3 cm3 in volume, treatment was initiated. Four arms were included: 
isotype control (2 mg/kg antibody 5 times a week for 2 wk and then once a 
week for 2 wk), FOLFOX chemotherapy alone (oxaliplatin:, 0.25 mg/kg 
once a week for 4 wk; 5-FU, 15 mg/kg 5 times a week for 2 wk), IL-17A 
blocking antibody alone (IL-17A blocking antibody, 2 mg/kg 5 times a 
week for 2 wk and then once a week for 2 wk), or a combination of the 
IL-17 antibody and FOLFOX chemotherapy (4 mice per arm). Mice were 
weighed and the tumor volume was measured every other day for 30 d. Mice 
were sacrificed and tumors were collected and analyzed.

Cell growth and survival assays. 3,500 freshly sorted CICs and non-
CICs cancer cells per well were plated in triplicate into 96-well plates con-
taining appropriate growth media. The next day, vehicle or chemotherapy 
was added to the plate. Readings of ATP levels for viability (CellTiter-Glo, 
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Vectors and lentiviral transfection. Lentiviral clones expressing shRNAs 
specific to IL-17RA (TCRN0000059153: CCGGGTGGAACGAATCTA-
CCCATTACTCGAGTAATGGGTAGATTCGTTCCACTTTTTG 
TCRN0000059154: CCGGGCTGAACACCAATGAACGTTTCTC-
GAGAAACGTTCATTGGTGTTCAGCTTTTTG TCRN0000059155: 
CCGGCGACTGGTTCGAATGTGAGAACTCGAGTTCTCACATTC-
GAACCAGTCGTTTTTG TCRN0000059156: CCGGCCACAGTTG-
CTTTGAGCACATCTCGAGATGTGCTCAAAGCAACTGTGGT-
TTTTG TCRN0000059157: CCGGGCTAAACTGCACGGTCAAGA-
ACTCGAGTTCTTGACCGTGCAGTTTAGCTTTTTG) and nontarget-
ing control shRNA (SHC002) were purchased from Mission Sigma- 
Aldrich. Lentiviral clones overexpressing IL-17A (RC218057) and control 
vector (pCMV6) were purchased from OriGene. Using Lipofectamine 2000 
(Invitrogen), viral particles were produced in 293T cells with PAX2 and 
VSVG helper plasmids (Addgene). Media on the 293T cells was changed 18 h 
after transfection with stem cell medium, and, 1 d later, viral supernatants were 
collected, filtered, and used or frozen at 80°C.

Statistical analysis. Statistical significance was calculated with GraphPad 
Prism Software using a 1-way or 2-way ANOVA with a Bonferroni’s post-
test, Student’s t test, or log-rank (Mantel-Cox) test where appropriate (Graph-
Pad Software Inc.). Data are represented as the mean ± SD.
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