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Introduction
Great effort has been made to develop WNT inhibitors for cancer 
treatment; however, key questions remain unanswered, includ-
ing which cancers depend on WNT signaling for their growth 
or remain WNT responsive following therapy. This reliance on 
WNT signaling is still unclear in many tumors, which is a reason 
why the route to clinic of WNT inhibitors is uncertain. Of all can-
cers, colorectal cancer is most well known to be initiated by WNT- 
activating mutations. These mutations per se lead to insensitivity 
to inhibitors targeting the WNT ligand or the receptors (1). This 
class of drugs, which includes inhibitors of porcupine in order to 
inhibit WNT secretion and LRP6 to block cell surface signaling, are 
the best-characterized WNT inhibitors (2). An increasingly diverse 
collection of small molecules against the WNT pathway are being 
trialed clinically (3). It is therefore imperative to define cancers that 
are driven by WNT signaling to evaluate whether WNT inhibitors 
offer a tenable therapeutic strategy for cancer treatment.

Cholangiocarcinoma (CC) typically presents at an advanced 
stage, and tumors can be multifocal in nature. Moreover, CC is 
surgically unamenable and non-responsive to chemotherapy, 
leading to a very poor prognosis, with a survival rate of less than 
5% over 5 years (4). The global incidence of CC is increasing and 
accounts for 15% of primary liver cancers (5).

Recent sequencing studies have shown that a subset of fluke- 
associated intrahepatic CCs (ICCs) have mutations in RNF43, 

which could confer increased WNT signaling (6). Although RNF43 
mutations and alterations in APC and CTNNB1 are absent in spo-
radic CC (7, 8), we hypothesized that sporadic CC may require 
activation of WNT signaling akin to that of fluke-associated CC 
and that, in the absence of mutations in APC or CTNNB1, may 
remain sensitive to ligand or receptor inhibitors.

In this study we demonstrate that CC is a WNT-high tumor 
and that this WNT-high state is maintained by inflammatory mac-
rophages in the surrounding stroma. These inflammatory macro-
phages express WNT7B ligand in line with what has been described 
in other contexts (9–11). In xenografts of human CC cells, a trans-
genic murine line that develops CC (12), and also a well-validated, 
chemically induced rat model of CC (13–17) that reflects the pro-
gression of CC in humans, we find that depletion of macrophages 
or inhibition of the canonical WNT pathway results in reduced 
tumor burden. This strategy offers, for the first time to our knowl-
edge, a small molecule approach to the treatment of CC in vivo. 
Furthermore, we demonstrate efficacy of these compounds in a 
non-transgenic model with a natural disease history, thereby iden-
tifying a tractable therapeutic for CC.

Results
The canonical WNT pathway is activated in human CC. The canon-
ical WNT signaling pathway is upregulated in human CC when 
compared with patient-matched distal, non-cancerous liver (Fig-
ure 1A and Supplemental Tables 1 and 2; supplemental material 
available online with this article; doi:10.1172/JCI76452DS1). As 
well as multiple FZD receptors, the ligands WNT7B and WNT10A 
are highly overexpressed in CC (Supplemental Table 2), suggest-
ing the WNT pathway may be important in CC progression and 
growth. Activity through the WNT signaling pathway was assayed 
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required for CTNNB1 to exert its canonical function (25–28). BCL9 
was extensively expressed throughout the nuclei of the CC epithe-
lium (Figure 1E and Supplemental Figure 1B), but not in the healthy 
bile ducts of non-cancerous matched tissue from 42 cases (0.38% 
in non-cancerous bile ducts vs. 67.44% in CC) (Figure 1F), confirm-
ing the importance of WNT pathway activation in human CC. We 
were able to stain human CC versus patient-matched non-tumor 
tissue (n = 42) for some of the canonical CTNNB1 targets we iden-
tified in our target array and found that an increased proportion of 
CC epithelial cells expressed the CTNNB1 targets CCND2 (12.58% 
vs. 63.52%), LEF1 (3.65% vs. 45.26%), BIRC5 (23.35% vs. 53.62%), 
C-MYC (0.93% vs. 4.80%), and SOX9 (95.56% vs. 98.73%) com-
pared with non-cancerous biliary cells. (Figures 1, G and H, and 
Supplemental Figure 1B). These targets were largely expressed 
in the nucleus, as expected; however, C-MYC also demonstrated 
some strong cytoplasmic staining, which might represent recently 
described, non-transcriptional functions (29, 30).

The canonical WNT pathway is progressively activated during 
CC development. Because human CC tissue reflects end-stage 
disease, experiments using such samples do not address whether 
acquisition of a highly activated WNT pathway is a hallmark of 
CC development. To appropriately model CC development on 
the background of chronic damage, inflammation and repair, as 
seen in human disease, we used a model of chemically induced 
CC using thioacetamide (TAA). TAA induces chronic damage and 
regeneration, culminating in CC development after 26 weeks in 
both mouse and rat (Figure 2A, schematic, and Supplemental Fig-
ure 2B) that histologically and transcriptionally resembles that of 
the human cancer (13, 15, 16).

We have recently described a transgenic model of CC in 
which we specifically induce p53 loss in keratin-19–expressing 
(KRT19-expressing) bile ducts using the tamoxifen-inducible 
Krt19-CreERT transgenic line (12). Furthermore, recombined cells 
could be tracked through the presence of a silenced eYFP (Figure 
2A, photomicrograph). Following tamoxifen induction and TAA 
administration, CC developed in Krt19-CreERT R26R-eYFP p53fl/fl 
mice, but not in Krt19-CreERT R26R-eYFP p53fl/WT or Krt19-CreERT 
R26R-eYFP p53WT/WT littermates. In Krt19-CreERT R26R-eYFP p53fl/fl  
mice, we found significant transcriptional upregulation of Wnt7b 
and Wnt10a compared with Krt19-CreERT R26R-eYFP p53fl/WT and 
Krt19-CreERT R26R-eYFP p53WT/WT mice (Figure 2B), suggesting 
that in these transgenic CCs, induced specifically with p53 dele-
tion, the WNT pathway becomes activated. We could observe two 
patterns of staining with WNT7B: large inflammatory cells scat-
tered throughout the CC stroma as well as on the surface of the 
malignant epithelium, which could represent autonomous sig-
naling from the epithelial cells, or ligand being received by these 
cells. These data indicate activation of the canonical WNT signal-
ing pathway by the WNT7B ligand (Figure 2C, single channels, 
and Supplemental Figure 2A). We stained for total CTNNB1 in 
these mouse tumors and could detect staining in the membrane, 
but also strong staining in the cytoplasm and nucleus, indicating 
that in these biliary tumors the canonical WNT signaling pathway 
is active; however, we did not see nuclear and cytoplasmic staining 
in parenchymal hepatocytes or non-malignant ducts (Figure 2D 
and Supplemental Figure 2C). To confirm that the canonical WNT 
signaling pathway was indeed activated, we looked for expression 

using 84 known CTNNB1 targets. In this matched cohort, we found 
upregulation of cell cycle genes including CCND2, CDKN2A, and 
BIRC5. Moreover, we found upregulation of multiple genes asso-
ciated with a naive, undifferentiated state, including JAG1, KLF5, 
and SOX9 (18–20), as well as genes involved in regulation of wound 
repair often deregulated in cancer: PLAUR, MMP2, and MMP7 (21, 
22) (Figure 1A and Supplemental Table 2). Interestingly, we also 
saw upregulation of KREMEN1, the non-obligate binding partner 
of the DKK family of WNT inhibitors (although we did not see 
upregulation of DKK). Recent data from zebrafish have implicated 
KREMEN1 in the restriction of DKK1 activity, thereby promoting 
WNT activity (23). Whether expression of KREMEN1 in human 
CC also promotes signaling is unclear. These data together indicate 
that there is an intact WNT signaling cascade that is overexpressed 
in human CC compared with matched patient non-cancerous liver.

Informed by our initial small, matched cohort, we looked at 
the expression of WNT7B and WNT10A in archival tissues from 
37 pathologically confirmed CC cases (both intrahepatic and peri-
hilar CC but no CC of the common bile duct; for complete clinical 
parameters, see Supplemental Table 1) versus 30 cases of healthy 
liver (from a sudden death brain bank (Supplemental Table 1). In 
non-cancerous liver, these WNT ligands were expressed at low 
but detectable levels, potentially reflecting an active WNT path-
way in periportal zone 3 hepatocytes (24) or, indeed, WNT signal-
ing on the background of disease. There was, however, significant 
overexpression of the WNT7B and WNT10A ligands in CC com-
pared with non-cancerous controls (Figure 1B). We stained for the 
WNT10A and WNT7B proteins in human CC. While WNT10A 
was undetectable at the protein level in the liver (data not shown), 
we found expression of WNT7B throughout the CC stroma, fre-
quently colocalizing with a subpopulation of CD68+ macrophages 
(Figure 1C and Supplemental Figure 1A) and representing approx-
imately 5% of the CD68-positive tumor-associated macrophages 
(TAMS) within the tumor stroma (Figure 1D).

To further confirm activation of the WNT pathway, we stained 
for CTNNB1, a core protein in the canonical WNT pathway. We 
could detect CTNNB1 in the membrane of human CC; however, 
we failed to detect the dephosphorylated form in the nucleus, 
likely due to its low stability in archival pathological specimens. 
We therefore stained human CC for an obligate binding partner of 
CTNNB1, BCL9 which is evolutionarily conserved and absolutely 

Figure 1. Canonical WNT signaling is activated in human CC. (A) mRNA 
expression of WNT pathway genes and WNT target genes in CC versus 
patient-matched non-cancerous tissue (n = 11). Represented as a 3-fold 
change; P < 0.05. (B) WNT7B and WNT10A mRNA expression in human CC 
versus non-diseased liver (n = 37 vs. n = 30). (C) Immunohistochemistry of 
WNT7B (green) in CD68-positive macrophages (red). (D) Quantification of 
CD68+WNT7B+ TAMs (n = 42). (E) Immunohistochemistry for CTNNB1 (red) 
and BCL9 (green) in human CC and non-tumor, patient-matched liver. (F) 
Quantification of biliary nuclear staining for BCL9 (n = 42 per group). (G) 
Immunohistochemistry in non-tumor versus CC for CCND2, LEF1, BIRC5, 
C-MYC, and SOX9. Yellow lines, non-cancerous bile ducts; red lines, malig-
nant biliary ducts; black arrows, nuclear positivity for C-MYC. (H) Quantifi-
cation of biliary nuclear staining for CCND2, LEF1, BIRC5, C-MYC, and SOX9 
in non-tumor and CC tissue (n = 42 per group). Data are presented as  
mean ± SEM. Mann-Whitney U test; **P < 0.01, ***P < 0.001. Photomicro-
graph scale bars: 50 μm (in C, right panel, 20 μm). 
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tumors (Figure 2F), indicating WNT signaling activity. We failed 
to see nuclear C-MYC staining in the nuclei of hepatocytes or non- 
malignant biliary epithelium (Supplemental Figure 2B).

Human TRP53 (p53) is mutated in only a small proportion 
(9.3%) of spontaneous, non-liver fluke-associated CCs, indicating 
that a complex and heterogeneous group of mutations are capa-

of the WNT targets Axin2, Lef1, Ccnd2, Sox9, and c-Myc and found 
that there was upregulated expression of these genes in Krt19-
CreERT R26R-eYFP p53fl/fl but not p53fl/WT or p53WT/WT mice (Figure 
2E). Moreover, we were able to detect dephosphorylated (nuclear) 
CTNNB1 (detecting an epitope distinct from that used in Figure 
2D), nuclear LEF1, CCND2, SOX9, and C-MYC in the p53–/– YFP+ 

Figure 2. Transgenic induction of TAA in 
mouse has an activated WNT pathway. 
(A) Schematic showing strategy for 
generating CC using Krt19-CreERT R26R-
eYFP p53fl/fl mice. (B) Wnt7b and Wnt10a 
mRNA expression in Krt19-CreERT R26R-
eYFP p53fl/WT or Krt19-CreERT R26R-eYFP 
p53WT/WT versus Krt19-CreERT R26R-eYFP 
p53fl/fl mice (n = 6 vs. n = 4). (C) Immuno-
histochemistry for CTNNB1 (red), WNT7B 
(pink), and YFP (green) in Krt19-CreERT 
R26R-eYFP p53fl/fl mice. Dotted line, the 
tumor—non-tumor interface. (D) Immu-
nohistochemistry for CTNNB1. Boxes, 
regions that are magnified in the images 
below; black arrows, strong nuclear 
staining. (E) mRNA expression of Axin2, 
Lef1, Ccnd2, Sox9, and c-Myc in Krt19-
CreERT R26R-eYFP p53fl/+ or Krt19-CreERT 
R26R-eYFP p53+/+ versus Krt19-CreERT 
R26R-eYFP p53fl/fl mice (n = 6 vs. n = 4). 
(F) Immunohistochemistry in Krt19-
CreERT R26R-eYFP p53fl/fl tumors for 
active (dephosphorylated) CTNNB1, LEF1, 
CCND2, or SOX9 (red), and YFP (green) 
or C-MYC (brown). Data are presented as 
mean ± SEM. Mann-Whitney U test;  
*P < 0.05, **P < 0.01. Photomicrograph 
scale bars: 50 μm; insets, 10 μm.
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or demonstrate binding of the macrophage-derived ligand to the 
cell surface. We sought to ascertain whether the cells expressing 
WNT7B protein were derived from the BM, i.e., were inflamma-
tory, or whether they were resident Kupffer cells, which are depos-
ited embryonically from the yolk sac during hepatic organogen-
esis (37). We lethally irradiated wild-type rats and transplanted 
them with GFP-expressing BM, such that we could track cells in 
the liver that had originated from the adult hematopoietic system 
(Figure 4B). BM-transplanted rats given TAA developed CC in 
which a considerable proportion of the cancerous stroma was GFP 
expressing. In CC, CD68+ TAMs were CD163– (therefore inflam-
matory) and GFP+ (BM derived), and this population made up the 
bulk of the GFP-expressing cells in the tumor (Figure 4C). While 
very rare GFP+CD163+ cells could occasionally be seen at the 
tumor-parenchyma interface (Figure 4C), the CD163+ population 
was predominantly GFP– and not found within the tumor. We ana-
lyzed 10 independent TAA-induced rat tumors and found 96.7% 
of GFP+CD68+ TAMS also expressed CD206 (mannose receptor) 
(Figure 4, D and E), suggesting they are largely polarized to an alter-
natively activated, M2 phenotype (38). In TAA-induced tumors, 
approximately 19.93% of GFP+CD68+ macrophages expressed 
WNT7B at the protein level (Figure 4, F and G, and Supplemen-
tal Figure 2C), indicating that macrophages in the stroma of CC 
are of adult hematopoietic origin, not resident Kupffer cells, and 
that they represent the bulk of macrophage WNT7B expression in 
CC. We typically see two types of WNT7B staining in this context, 
granular staining throughout the cytoplasm of CD68+GFP+ cells 
and surface staining on the epithelium, potentially indicating a 
diverse origin of WNT7B in these tumors (Figure 4, A and F).

Loss of macrophage-derived WNT inhibits CC growth in vivo. 
To investigate whether macrophages play a functional role in CC 
growth in vivo, and whether this is a WNT-dependent phenome-
non, we established a xenograft model of human CC. Three CC 
cell lines, CC-LP-1, SNU-1079, or WITT-1 cells (39, 40), were sub-
cutaneously implanted in the flanks of CD1 nude mice. Within 21 
days all mice had palpable tumors at the injection site. Xenografted 
mice were given liposomal clodronate (Lipclod) to selectively 
deplete phagocytic macrophages; GW2580 or AZD7507 (Figure 
5A) to inhibit the activation of CSF receptor 1 (CSFR1), thereby 
preventing monocyte differentiation into macrophages; or appro-
priate vehicle alone (41–44). Tumors were isolated 8 hours after 
the final dose of each compound. The epithelial component of 
CC-LP-1, SNU-1079, or WITT-1 cells was negative for CSFR1; how-
ever, a population of small infiltrating cells expressed the receptor 
(Supplemental Figure 3A). In Lipclod-, GW2580-, and AZD7507-
treated mice, we observed a significant decrease the number of 
CD68+ macrophages in the xenografts (Figure 5B and Supplemen-
tal Figure 3B). Mice with CC-LP-1 and SNU-1079, but not WITT-1, 
xenografts demonstrated both reduced tumor volume and mass 
after treatment with Lipclod, GW2580, and AZD7507 (Figure 5C 
and Supplemental Figure 3C). Furthermore, of the 8 SNU-1079 
xenografts that were palpable at 3 weeks, only 4 from the GW2580 
group and 6 from the AZD7507 group were large enough to recover 
at week 6, as they were no longer palpable and too small to detect. 
In the CC-LP-1 group, only 3 of the 8 tumors were detectable at  
6 weeks. (In the WITT-1 line, 7 xenografts were recovered from 
the GW2580 and 8 from the AZD7507 group.) Depletion of mac-

ble of driving CC progression (31). Our murine model with Cre 
recombinase–induced p53 loss, therefore, is unlikely to represent 
the broad mutational profile seen in human CC. In order to assess 
experimentally how the WNT pathway regulates CC growth with-
out prior genetic modification, we used TAA-induced carcinogen-
esis in rats as a more genetically appropriate model of CC.

Throughout the early stages of the rat TAA model of CC (up to 
16 weeks), membranous CTNNB1 was detectable in the cell mem-
brane of KRT19-positive regenerating ductules (Figure 3A and 
Supplemental Figure 2B). During CC formation (from week 20), 
we were able to detect high levels of dephosphorylated CTNNB1 
in the nucleus of the epithelial component of CC (in 56% of epi-
thelial cells) (Figure 3B and Figure 3E, graph). The canonical WNT 
pathway was highly activated in 26-week TAA-treated versus non- 
TAA age-matched controls. Upregulated targets included cell 
cycle regulators such as Ccnd2, Cdkn2a, and Ctgf, as well as tar-
gets associated with a progenitor phenotype, including Jag1, Klf5, 
and Sox9. These transcripts reflect a subset of genes that we found 
upregulated in human CC (Figure 1A), indicating that the TAA 
rat model mirrors the elevated WNT system we saw in humans 
(Figure 3C and Supplemental Table 3). Making use of our rat TAA 
time course, we were able to study the transcriptional changes of 
WNT pathway genes over time as the TAA model transitions from 
repair to carcinogenesis. The ligands Wnt10a and Wnt7b were both 
upregulated in the rat TAA model. Wnt10a transcription increased 
early, during the regenerative phase of this inflammatory model; 
however, Wnt7b increased in line with CC growth (Figure 3D). We 
also found that Rspo1 expression was significantly upregulated in 
line with significant transcriptional induction of Lgr4, Bcl9, Birc5, 
Axin2, and Rnf43, the latter of which is an E3 ligase responsible 
for WNT-FZD receptor complex turnover. RNF43 is mutated in a 
subset of fluke-associated CC in humans and results in a hyperac-
tivated WNT signaling cascade (ref. 6 and Figure 3D). In addition 
to this, we found that aurora kinases A, B, and C (Aurka, Aurkb, and 
Aurkc) were expressed, with Aurka being highly upregulated during 
CC development, whereas Aurkb and Aurkc were increased but to 
a lesser degree throughout TAA treatment (Figure 3D). To confirm 
that the canonical WNT signaling pathway was indeed activated in 
the epithelial component of TAA-induced ICC, we stained samples 
from 26-week TAA-treated rats and found expression of BIRC5 in 
84%, LEF1 in 63%, and CCND2 in 39% of cancerous epithelial 
cells (Figure 3E). As we believe WNT7B is important in human ICC 
(Figure 1A) and that its transcript expression increases in line with 
tumor growth in the TAA model, we sought to identify whether 
we could detect the WNT7B protein in ICC. In other regenerating 
systems, R-spondin is a coactivator of WNT signaling (32–35). We 
found a subset of the cancerous epithelium to which both RSPO-1 
and WNT7B were bound (Figure 3F). Together, these data suggest 
that persistent activation of the WNT signaling pathway during 
chronic liver repair occurs in CC formation (36).

Macrophages are a source of WNT in CC. In human CC we 
found that CD68-positive macrophages were positive for WNT7B 
(Figure 1C). Similarly in TAA-induced CC in rat, CD68-positive 
macrophages expressed WNT7B protein in their cytoplasm. In 
addition to this we were able to detect WNT7B protein on a sub-
set of cancerous epithelial cells in CC (Figure 4A), which may rep-
resent autonomous WNT signaling by the cancerous epithelium 
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rophages using Lipclod, GW2580, or AZD7507 in all 3 xenografted 
lines resulted in a reduction in murine Wnt7b expression at the 
mRNA level (Figure 5D and Supplemental Figure 3D). Murine 
and human WNT7B share 99% peptide similarity; therefore, we 
expected murine WNT7B would be sufficient to activate normal 
canonical WNT signaling in human CC lines. Concurrent with the 
loss of macrophages and host macrophage-derived murine Wnt7b 

expression, we found reduced expression of the human pro-pro-
liferation genes BIRC5, CCND2, and CCNE (Supplemental Fig-
ure 3, E and H) and an increase in expression of BAX1 in CC-LP-1 
and SNU-1079 but not WITT-1 xenografts (Supplemental Figure 
3, G and J), indicating ablation of macrophages and by extension 
loss of WNT signal, reduced proliferation, and induced apopto-
sis, thereby reducing tumor burden in CC-LP-1 and SNU-1079 

Figure 3. The WNT pathway is activated in a rat model of CC. (A) Immunohistochemistry for CTNNB1 (red) and KRT19 (green) in precancerous TAA rats.  
(B) Immunohistochemistry for CTNNB1 and KRT19 in cancerous TAA rats. White arrows in insets, nuclear positivity of CTNNB1; dotted line, tumor 
interface. (C) mRNA expression of WNT pathway targets in 26-week TAA versus matched non-treated controls (n = 6 per group). (D) mRNA expression 
of WNT ligands Wnt10a and Wnt7b; WNT pathway effectors Rspo1, Bcl9, Birc5, Axin2, Rnf43, and Lgr4; and cell cycle targets Aurka, Aurkb, and Aurkc. 
(E) Immunohisto chemistry in rat CC for CTNNB1 (red), BIRC5 (green), and LEF1 and CCND2 (brown). Graph: Quantification of epithelial nuclear staining in 
26-week TAA rat (n = 10). (F) Immunohistochemistry for WNT7B (red) and RSPO-1 (green) in TAA-induced CC. Data are presented as mean ± SEM. Kruskal- 
Wallis test; ***P < 0.001. Photomicrograph scale bars: 50 μm; insets, 10 μm.



The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

1 2 7 5jci.org   Volume 125   Number 3   March 2015

xenografts in vivo. We confirmed this observation by staining for 
Ki-67 and TUNEL to look for proliferation and cell death, respec-
tively, in our xenografts. We found an obvious reduction in Ki-67 
positivity (photomicrographs, Supplemental Figure 3, F and I) and 
an increase in TUNEL positivity (photomicrographs, Supplemen-
tal Figure 3, G and J) in macrophage-depleted CC-LP-1 and SNU-
1079 but not WITT-1 xenografts. The inconsistency seen in the 
WITT-1 group could reflect the extrahepatic origin of the WITT-1 
line (45), which suggests it has a growth kinetic very different from 
the intrahepatic lines; that fact that it is less reliant on macrophage 
activation; or, alternatively, that it undergoes proliferative com-
pensation from a signal that is non–macrophage derived.

Subcutaneous xenografts do not represent CC in terms of nat-
ural disease progression or stromal microenvironment. Therefore, 
we used our TAA-induced rat model of CC to ask whether macro-
phage ablation in CC alters canonical WNT pathway activity and 
whether this regulates in situ growth of CC (Figure 6A). Follow-
ing administration of liposomal clodronate, both CD68+ (inflam-
matory) and CD163+ (resident) macrophages were significantly 
reduced in number (Supplemental Figure 4A). In line with this loss 
of macrophages, we found a significant reduction in the expression 
of Wnt7b and also a non-significant reduction in the M-BOAT fam-
ily member porcupine (Porcn), which is necessary for WNT ligand 
secretion (46), but not Wnt10a, indicating that this ligand is not 
derived from macrophages in this model of CC (Figure 6B). We 
immunostained TAA tumor treated with Lipclod versus vehicle for 
WNT7B. In vehicle-treated animals, we could detect the presence 
of WNT7B on the cancerous duct (Figure 6C). Following macro-

phage depletion, however, we were unable to detect WNT7B pro-
tein on these malignant ducts (Figure 6C). We further analyzed 
activation of the WNT pathway by looking at CTNNB1 targets in 
tissue containing CC from macrophage-depleted versus control 
groups. Macrophage-depleted CC showed a global downregula-
tion of CTNNB1 targets in vivo. We found significant downregu-
lation of genes known to regulate cell cycle, including Ccnd1, Ctgf, 
and Hedgehog receptors Ptch1 and Smo. Moreover, we found sig-
nificant downregulation of genes known to promote a progenitor 
phenotype, including Jag1 and Klf5 (Figure 6D and Supplemental 
Table 3). The net consequence of macrophage depletion and WNT 
pathway inactivation in CC was a striking 86% reduction in tumor 
number and 90% reduction in tumor volume (Figure 6, E and F). 
To confirm that macrophage ablation was preventing activation 
of the canonical WNT pathway, we stained remaining CC rudi-
ments and control CCs for nuclear CTNNB1 and BIRC5. We found 
CTNNB1 was confined to the cell membrane in cancer following 
macrophage ablation (Supplemental Figure 4B) and that it did 
not translocate to the nucleus as in the control tissue. BIRC5 was 
largely lost in the epithelial compartment of the tumor following 
macrophage depletion compared with control (73.17% in control 
vs. 25.56% in Lipclod treated, Supplemental Figure 4C). Expres-
sion of BIRC5 persisted in non-epithelial components of the tumor, 
indicating that macrophage depletion targets WNT activity in the 
epithelial compartment, whereas expression of BIRC5 is regulated 
in a non-WNT-dependent manner in the stroma. We also investi-
gated the expression of known CTNNB1 targets SOX9, LEF1, and 
CCND2 in TAA-induced CCs treated with Lipclod versus vehicle. 

Figure 4. M2 macrophages initiate a WNT-high state in CC. (A) Immunohistochemistry in TAA-induced CC for WNT7B (green) and CD68 (red). White arrows, 
macrophage expression of WNT7B; yellow arrows, epithelial positivity for WNT7B. (B) Schematic representing the GFP BM transplant (Tx.) strategy. (C) 
Immunohistochemistry for CD68 or CD163 (red) and GFP (green) in 26-week TAA BM-transplanted rats. Dotted line, tumor boundary. (D) Immunohistochem-
istry of GFP (green)/CD68 (red) dual-positive TAMs expressing CD206 (white). (E) Quantification of CD68/GFP dual-positive TAMs expressing CD206 (n = 10). 
(F) Immunohistochemistry for GFP (green), CD68 (white), and WNT7B (red) in 26-week TAA CC. (G) Quantification of CD68-positive macrophages expressing 
WNT7B in rat CC (n = 10). Data are presented as mean ± SEM. Photomicrograph scale bars: 50 μm; insets, 10 μm.
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treatment of CC; therefore, we sought to interrogate the WNT- 
CTNNB1 pathway in CC directly. In our PCR arrays of human CC, 
we found that both CTBP1 and PORCN were highly upregulated 
(Figure 1A). CTNNB1-CTBP activates transcription of pro-prolifer-
ative WNT target genes (47), whereas PORCN is required for the 
palmitoylation of WNT ligands, thereby regulating their secretion 
(48, 49). Thus, we specifically inhibited either the CTNNB1-CTBP 
interaction or the activity of PORCN in human CC cells in vitro 
with the small molecule ICG-001 or C-59, respectively. These 
compounds have been used to great effect in other systems (47, 
50–53) to therapeutically inhibit the canonical WNT signaling 
cascade. Five human CC cell lines, CC-LP-1, SNU-1079, WITT-1, 
SNU-1196, and CC-SW-1 (39, 40, 54), expressed both CTNNB1 
and WNT7B in vitro (Supplemental Figure 5A; negative staining 
control, Supplemental Figure 8B). Inhibition of CTNNB1-CTBP or 
PORCN with ICG-001 or C-59, respectively, resulted in a reduction 
in cell number in a dose-dependent manner (Figure 7A) across all 

We found a significant reduction in the epithelial nuclear positiv-
ity of SOX9 (96.05% in control vs. 75.54% in Lipclod treated, Sup-
plemental Figure 4D), LEF1 (69.14% in control vs. 65.30% in Lip-
clod treated, Supplemental Figure 4E), and CCND2 (30.40% in 
control vs. 13.16% in Lipclod treated, Supplemental Figure 4F). In 
vehicle-treated animals, Ki-67 was readily detected in the malig-
nant CC epithelium (in 52.9% of CC epithelia); however, TUNEL 
positivity was rare (in 2.7% of CC epithelia) (Supplemental Figure 
4G). Upon macrophage depletion we detected notable regions 
ranging from groups of cells to entire ductules of the biliary epithe-
lium that stained positive for TUNEL (18.17% positive). Moreover, 
we found a significant drop in the number of CC epithelial cells 
that were positive for Ki-67 (28.14%), indicating that reduction in 
tumor load is in part mediated through the induction of apoptosis 
and loss of proliferation in vivo (Supplemental Figure 4G).

CTNNB1 inhibition regulates cell cycle progression in CC. Sys-
temic depletion of macrophages is not a tenable therapy for the 

Figure 5. Macrophage ablation in human CC cell xenografts reduces tumor penetrance. (A) Schematic demonstrating the strategy for macrophage depletion 
in human CC cell xenografts. (B) Quantification of CD68-positive macrophage number in SNU-1079 and CC-LP-1 xenografts following treatment with Lipclod, 
GW2580, or AZD7507 compared with vehicle alone. Photomicrographs: Immunohistochemistry in xenografts for CD68-positive macrophages (red). (C) Volume 
and mass of SNU-1079 and CC-LP-1 xenografts following treatment with Lipclod, GW2580, or AZD7507 compared with vehicle alone. (D) Murine Wnt7b expres-
sion in SNU-1079 and CC-LP-1 xenografts following treatment with Lipclod, GW2580, or AZD7507 compared with vehicle alone. Data are presented as mean ± 
SEM. A Kruskal-Wallis test was used to compare GW2580 and AZD7507 and control. Lipclod and control were compared using a Mann-Whitney U test in both 
cases. **P < 0.01, ***P < 0.001. Photomicrograph scale bars: 50 μm. For SNU-1079: PBS n = 11, liposomes n = 8, Lipclod n = 8, gavage vehicle n = 8, GW2580  
n = 4, and AZD7507 n = 6. For CC-LP-1: PBS n = 9, liposomes n = 6, Lipclod n = 15, gavage vehicle n = 6, GW2580 n = 3, and AZD7507 n = 3.
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bition of canonical WNT signaling was exerting its effect to reduce 
CC cell numbers, we assessed cell cycle genes that were diversely 
regulated in ICG-001– or C-59–treated versus vehicle-treated cells 
(Figure 7, D and E, Supplemental Figure 6, A and B, and Supple-
mental Table 4). In both ICG-001– and C-59–treated CC lines, we 
saw downregulation of multiple genes that govern multiple phases 
of the cell cycle, suggesting that in vitro reduction in CC cell num-
ber is due to global repression of proliferation.

To test whether ICG-001 and C-59 is efficacious in reduc-
ing CC growth in vivo, we xenografted 3 CC cell lines (WITT-1,  
CC-LP-1, and CC-SW-1) into the flanks of CD1 nude mice 
and treated them with ICG-001, C-59, or vehicle alone. In the 

5 lines. Reduction in the viability of cells treated with either ICG-
001 or C-59 was due to both reduced proliferation of CC cells and 
increased apoptosis, as demonstrated by reduced BrdU uptake and 
increased caspase-3/7 activity in CC cells (Figure 7, B and C). Inhi-
bition of the canonical WNT signaling pathway using both small 
molecule strategies reduced the expression of numerous WNT tar-
get genes in all cell lines tested (Figure 7, D and E, Supplemental 
Figure 6, A and B, and Supplemental Table 4). There was no stereo-
typical group of targets that was downregulated in CC lines follow-
ing ICG-001 or C-59 treatment; this may reflect the diverse origins 
of these CC lines or highlight how canonical WNT signaling pro-
motes survival through multiple pathways. To ascertain how inhi-

Figure 6. Macrophage inhibition 
reduces CC growth in vivo. (A) 
Schematic representing mac-
rophage depletion in TAA using 
Lipclod. (B) mRNA expression 
of Wnt7b, Wnt10a, and Porcn 
following macrophage depletion in 
TAA CC using vehicle versus Lipclod 
(n = 5 vs. n = 7). (C) Immunohis-
tochemistry on vehicle- versus 
Lipclod-treated TAA tissue for 
WNT7B (red) and KRT19 (green). 
(D) mRNA expression of WNT 
pathway target genes following 
Lipclod depletion of macrophages 
(n = 6 per group); green denotes 
downregulation. Represented as a 
3-fold change; P < 0.05 (E) H&E of 
rat liver from TAA rats treated with 
vehicle versus Lipclod. (F) Quanti-
fication of area and number of rat 
TAA-induced CC tumors following 
treatment with vehicle or Lipclod  
(n = 14 vs. n = 5). Data are 
represented as mean ± SEM. 
Mann-Whitney U test; *P < 0.05, 
**P < 0.01. Scale bars in C: 50 μm; 
insets, 10 μm. Scale bars in E: 1 mm.
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genes in CC-containing tissue from inhibited versus control CCs. 
Many of the genes that were significantly downregulated in these 
CCs were associated with growth factor signaling, including Fgf7 
and Fgf9, or genes typically associated with progenitor mainte-
nance, including Jag1 and Klf5 (Figure 8, D and E, volcano plots, 
and Supplemental Table 5). We found Ccne and Ccnd2 were con-
sistently and significantly downregulated following WNT pathway 
inhibition. The two independent WNT pathway inhibitors ICG-
001 and C-59 did not modulate distinct targets of the canonical 
WNT pathway (Figure 8F). Earlier generations of WNT signaling 
inhibitors could not be used therapeutically, as they had significant 
off-target, systemic effects (3). In this study neither ICG-001– nor 
C-59–treated animals demonstrated any additional symptoms 
aside from chronic disease induced by TAA. Weight monitoring 
and body condition were evaluated during these studies, and no 
discernible differences were detected throughout (Supplemental 
Figure 7A). At the end of treatment, blood serum was taken from 
all animals. There was no significant difference in serum alka-
line phosphatase (ALP), bilirubin, aspartate transaminase (AST), 
alanine transaminase (ALT), or albumin (Supplemental Figure 7B), 
indicating that WNT inhibition modulates tumor growth but does 
not affect the severity of underlying disease.

In the cancerous biliary epithelium of rats given TAA followed 
by vehicle alone, both BIRC5 and dephosphorylated CTNNB1 pro-
teins were found in the nuclei of the epithelial compartment of the 
tumor (Figure 9, A and B). Inhibition with C-59 greatly reduced 
the nuclear positivity of CTNNB1 in the cancerous epithelium 
(71.91% vs. 3.501%). BIRC5 was also reduced in the epithelial 
compartment (67.83% vs. 20.62%) (Figure 9, C and D); however, 
strong staining for BIRC5 in non-epithelial cell types in the CC 
stroma could still be observed, indicating non-epithelial expres-
sion of BIRC5 is independent of the WNT signal (Figure 9C). ICG-
001 did not completely inhibit the translocation of CTNNB1 to 
the nucleus in CC (Figure 9A, 71.91% vs. 28.90%); however, this 
inhibitor elicits its effect downstream of nuclear translocation of 
CTNNB1. In ICG-001–treated CC, we found the CTNNB1-CTBP 
target BIRC5 was almost completely lost in the epithelium of CC 
treated with ICG-001 (Figure 9, B and C, 67.83% vs. 18.63%), 
again demonstrating that inhibition of the WNT signaling cascade 
was sufficient to inhibit CTNNB1 target expression.

In C-59– or ICG-001–treated rats, the remaining cancerous 
epithelia still had regions of proliferation, potentially reflecting a 
population of WNT inhibitor–resistant cancer cells (vehicle 63.78%, 
ICG-001 49.67%, and C-59 49.73% Ki-67+ CC epithelial cells); 
however, there were also large regions of TUNEL positivity in the 
cancerous epithelium (vehicle 0.86%, ICG-001 6.529%, and C-59 
4.551% TUNEL+ CC epithelia), suggesting that in the absence of 
active WNT signaling, tumors were unable to maintain growth 
and underwent apoptosis (Figure 9, E and F). Moreover, in these 
inhibitor-treated rats we saw a downregulation of the known WNT- 
regulated cell cycle genes Aurka and Aurkb (Supplemental Figure 
7C), suggesting that in the TAA rat model of CC, WNT-dependent 
cell cycle progression is important for the proliferation of the tumor.

Discussion
One of the archetypal functions of the canonical WNT signal is 
to drive cell proliferation in a variety of cell types. It achieves this 

xenografted extrahepatic CC cell line WITT-1, there was again no 
statistically significant difference in either the mass or volume of 
the xenografts following WNT signaling inhibition (Supplemen-
tal Figure 6C). The mass and volume of CC-LP-1 and SNU-1079 
xenografts were reduced in both the ICG-001– and C-59–treated 
groups compared with vehicle (Supplemental Figure 6, G and K). 
Curiously, we found a moderate reduction in mouse Wnt7b mRNA 
expression in both ICG-001– and C-59–treated xenografts, indi-
cating WNT7B could itself be a target of the WNT-CTNNB1 sig-
naling pathway (Supplemental Figure 6, D, H, and L). In line with 
this, we observed reduced proliferation in CC-LP-1 and SNU-1079, 
but not WITT-1, CC xenografts, as demonstrated by a reduction in 
the human cell cycle genes BIRC5, CCND2, and CCNE (Supple-
mental Figure 6, E, I, and M). Concurrently we found an increase 
in apoptosis reflected in expression of human BAX1 within the 
CC-LP-1 and SNU-1079, but not WITT-1, CC xenografts (Supple-
mental Figure 6, F, J, and N).

Inhibition of canonical WNT signaling inhibits CC growth. Our 
data demonstrate that the WNT signaling pathway is required for 
proliferation and survival of CC in xenografts. To confirm that 
these findings are translatable into a pathophysiological model of 
CC in vivo, we gave the CTNNB1-CTBP inhibitor ICG-001 to rats 
treated with TAA for 26 weeks. Furthermore, as we hypothesize 
that CC is still dependent on WNT ligand due to relatively infre-
quent mutations in Apc or Ctnnb1, we inhibited WNT ligand secre-
tion using the small molecule C-59, as this compound also inhib-
ited human CC growth in vitro and in xenografts (2, 53, 55, 56). We 
administered ICG-001, C-59, or vehicle alone once tumors had 
established at week 21, through to week 26, during which tumors 
normally undergo rapid growth (Figure 8A). Inhibition of the 
canonical WNT pathway with either ICG-001 or C-59 resulted in a 
marked decrease in tumor burden throughout the liver lobe (Figure 
8B). Reduced tumor penetrance was largely due to a decrease in 
tumor number in both ICG-001– and C-59–treated animals com-
pared with vehicle alone (76% and 64% reduction respectively) 
(Figure 8, B and C). Moreover, the size of the remaining tumors was 
significantly reduced by 71% in the ICG-001–treated group and 
78% in the C-59–treated animals (Figure 8, B and C). Inhibition of 
WNT ligand secretion with C-59 or inhibition of CTNNB1-CTBP 
by ICG-001 resulted in large-scale downregulation of WNT target 

Figure 7. Inhibition of the canonical WNT signaling pathway alters cell 
viability in vitro. (A) MTT assay using SNU-1079, CC-SW-1, SNU-1196, 
CC-LP-1, and WITT-1 CC lines treated with increasing concentrations of 
ICG-001 or C-59. Dose response data are presented as the mean of 3 
experimental replicates that were run in triplicate. (B) Quantification of 
caspase-3/7 activity and BrdU incorporation with increasing concentrations 
of ICG-001 in SNU-1079, CC-SW-1, SNU-1196, CC-LP-1, and WITT-1 CC lines. 
(C) Quantification of caspase-3/7 activity (left graph) and BrdU incorpo-
ration (right graph) with increasing concentrations of C-59 in SNU-1079, 
CC-SW-1, SNU-1196, CC-LP-1, and WITT-1 CC lines. (D) mRNA expression of 
WNT target genes and cell cycle genes in CC-LP-1 and SNU-1079 cells fol-
lowing inhibition with ICG-001. Data are presented as >2-fold-change. (E) 
mRNA expression of WNT target genes and cell cycle genes in CC-LP-1 and 
SNU-1079 cells following inhibition with C-59. Data are presented >2-fold-
change. Dose response data are presented as the mean of 3 experimental 
replicates that were run in triplicate. Kruskal-Wallis test; **P < 0.01,  
***P < 0.001. Gene expression data represent pooled material from  
3 experimental replicates run in triplicate.
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APC or CTNNB1) that would allow these tumors to grow in a 
WNT ligand–independent manner.

Inflammatory macrophages in other systems have been shown 
to contribute to repair and carcinogenesis through the production of 
WNT ligands (9, 10). This process appears to be critical in the medi-
ation of epithelial repair across a variety of organs, including kidney, 
liver, and colon (9, 10, 65). Importantly, and as also supported by 
our data, the role of WNT signaling in regeneration by macrophages 
appears to be orchestrated by M2 (alternatively activated) macro-
phages, which are able to stimulate the canonical WNT signaling 
cascade in colonic epithelial cells; however, M1 (classically acti-
vated) macrophages, in the colon at least, cannot (65). In a variety 
of diseased tissues and cancers, macrophage-derived WNT ligands 
play diverse roles and have been implicated in proliferation, inhi-
bition of the autophagosome, and also metastasis (10, 65–67). The 
presence of certain monocyte subsets in CC has been correlated 
with a worse prognosis in CC (68), identifying the inflammatory 
milieu as a critical source of survival signals in CC growth.

In this study, we demonstrate a link between disease progres-
sion and WNT activation in human CC and both a mouse trans-
genic and chemically induced rat model, in which activation of the 
WNT signaling pathway correlated with growth of CC. More impor-
tant, perhaps, we clearly show that inhibition of the canonical WNT 
pathway through inhibition of CTNNB1-CTBP signaling or indeed 
through inhibition of secretion of WNT ligand in vivo significantly 
reduces both tumor size and tumor number, revealing therapeutic 
WNT inhibition as a potential treatment for CC in humans.

Methods
Cell culture. CC-LP-1 and CC-SW-1 were provided by T.L. Whiteside, 
University of Pittsburgh, Pittsburgh, Pennsylvania, USA. WITT-1 
donated by J.P. Iredale, MRC Centre for Inflammation Research (39, 
40). SNU-1196 and SNU-1079 were purchased from the Korean Cell 
Line Bank (http://cellbank.snu.ac.kr/english/index.php). These cells 
were tested for the presence of mycoplasma in-house at the beginning 
of the study and were found to be negative. In this study cells were 
maintained in DMEM with glutamine and 5% FCS (PAA) at 37°C and 
with 5% CO2. For in vitro cell viability assays, cells were plated at a 
density of 1 × 104/cm2. All cell lines were treated for 5 days with ICG-
001 (Tocris) or vehicle alone or 10 days with C-59 (Cellagen) inhibitor 
or vehicle alone at the concentrations shown in Figure 6 and Supple-
mental Figure 4. In experiments that were not dose response studies, 
cells were incubated with ICG-001 at 7.5 μM and C-59 at 100 nM. In 
these studies vehicle was always volume-matched DMSO. MTT assay 
was conducted using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (5 mg/ml) (Sigma-Aldrich) diluted in PBS (Sigma- 
Aldrich). Cells were treated for 12 hours, and MTT crystals were dis-
solved in DMSO and read at 570/690 nm using a FluoStar Omega 
(BMG Labtech). BrdU incorporation assay (Cell Signaling Technol-
ogy) and caspase-3/7 activity assays (Promega) were conducted as 
described in the manufacturer’s instructions.

Human tissue was collected under approval of the University of 
Edinburgh ethics committee and diagnosed by the NHS Lothian/
University of Edinburgh Pathology Department. Healthy liver was 
provided by the NRS BioResource, NHS Lothian. All tissues were 
collected with informed consent. Tissue microarrays (TMAs)–tissue 
block LVC1261 were purchased from Pantomics.

through the transcription of a broad panel of target genes that have 
been implicated in cell cycle transition, mitotic spindle assembly, 
and DNA segregation (57–61). However, the function of WNT 
signaling in both homeostasis and tumorigenesis is not simple, 
as WNT signaling appears to have different functions at different 
signaling levels, and so the well-described on-off model of WNT 
signaling is unlikely to be borne out in complex cellular environ-
ments (36, 62). Understanding how the WNT signaling cascade 
is regulated in a complex cellular environment, where multiple 
cellular components will influence the growth of the cancer and 
WNT activity, will be important for the development of therapeu-
tic approaches to the treatment of WNT-dependent cancers.

CC represents an increasingly prevalent global challenge and 
remains untreatable. In many other malignancies where the WNT 
pathway activation is a hallmark of disease progression, blockade 
of the canonical WNT signal has failed as standard-of-care treat-
ment, with tumors being refractory to these new WNT inhibitors. 
The WNT signaling pathway is complex and has multiple nodes 
of interaction with other signaling cascades. Because of this, 
WNT signaling sits in a highly regulated hierarchy in which it is 
influenced by both auto-regulatory and para-regulatory signals. 
There has been a large body of work to explain why these recombi-
nant protein or small molecule approaches have failed to achieve 
clinical impact. In general, lack of responsiveness can be largely 
explained by mutations in core elements of the canonical WNT 
pathway such as CTNNB1 or APC, which function downstream 
of many canonical inhibitors and represent one of the most fre-
quently mutated complexes in multiple cancer types (3, 63, 64). 
While knowing the common mutation profiles allows drug discov-
ery and compound development to be focused for these tumors, 
it is important to also recognize that the presence of mutations in 
core pathway components does not mean that that pathway is crit-
ical for tumor growth per se.

Recent exome sequencing on human CC from both sponta-
neous and fluke-associated CC has identified multiple mutated 
candidates that could act as drivers in CC (6, 31). Of note is that 
RNF43, an E3 ligase required for normal FZD receptor turnover 
following ligand binding, is regularly mutated in fluke-asso-
ciated CC, but not in spontaneous CC (31). Interestingly, and 
unlike other gastrointestinal cancers such as hepatocellular 
carcinoma (HCC) and colon cancer, the CTNNB1 and APC loci 
are infrequently mutated, indicating CC could be susceptible 
to WNT inhibitor–based therapies, as there are no commonly 
described mutations downstream of the point of inhibition (i.e., 

Figure 8. Inhibition of the canonical WNT signaling pathway reduces CC 
in vivo. (A) Schematic representing WNT inhibition in the TAA CC model. 
(B) H&E of TAA CC treated with vehicle, C-59, or ICG-001. (C) Quantifica-
tion of tumor area and number in TAA CC following treatment with vehicle 
(n = 10), C-59 (n = 4), or ICG-001 (n = 8). (D) mRNA expression of WNT 
targets in TAA CC following treatment with ICG-001 (n = 6 in both groups). 
Data are presented as 3-fold change; P < 0.05; green, downregulation. 
(E) mRNA expression of WNT targets in TAA CC following treatment with 
C-59. Data are presented 3-fold change; P < 0.05; green, downregulation; 
red, upregulation (n = 6 in vehicle and n = 4 in C-59). (F) Heat map com-
paring expression of individual samples treated with vehicle, ICG0-001, or 
C-59. Data are presented as mean ± SEM. Kruskal-Wallis test; *P < 0.05. 
Scale bars: 5 mm.
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Human ICC xenograft models. Male CD1 nude mice (Harlan) were 
injected subcutaneously with 5 × 105 human ICC cells from human 
cell line WITT-1, CC-LP-1, or SNU-1079 (n = 24 in all cases) sus-
pended in culture media/RGF Matrigel (Gibco) mix (1:1). Cells were 
engrafted bilaterally in the flank and allowed to form tumors over 3 
weeks. Once palpable tumors had formed, mice were randomized into 

Animal studies. All animal work was conducted in accordance with 
the UK Home Office regulations. Animals were housed in 12-hour 
light/12-hour dark cycles and were given access to food and water ad 
libitum. The number of animals used in each experiment was calcu-
lated based on an α value of 0.05 and a power of 0.90 using data from 
either pilot studies or based on previous work.

Figure 9. Loss of WNT signaling reduces proliferation and induces apoptosis in CC in vivo. (A) Immunohistochemistry for KRT19 (green) and CTNNB1 
(red) in TAA CC treated with vehicle, C59, or ICG-001. White arrows, nuclear positivity for CTNNB1. (B) Quantification of nuclear CTNNB1 staining in 
TAA CC following treatment with vehicle C-59 or ICG-001 (n = 10 per group). (C) Immunohistochemistry for BIRC5 in TAA CC following treatment with 
vehicle, C-59, or ICG-001 (black arrows, nuclear positivity for BIRC5 in epithelium; red, non-epithelial BIRC5 positivity; yellow, epithelium negative for 
BIRC5). (D) Quantification of epithelial BIRC5 positivity following treatment with vehicle, C-59, or ICG-001 (n = 10 per group). (E) Immunohistochem-
istry for TUNEL (green) and Ki-67 (red) in TAA CC treated with vehicle, C-59, or ICG-001. White boxes, regions magnified in lower panels; white arrows, 
epithelial positivity for Ki-67; yellow arrows, epithelial positivity for TUNEL. (F) Quantification of Ki-67 and TUNEL staining in CC epithelial nuclei 
following treatment with vehicle, C-59, or ICG-001 (n = 10 per group). Data are presented as mean ± SEM. Kruskal-Wallis test; *P < 0.05, ***P < 0.001. 
Scale bars: 50 μm; inset, 10 μm.
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utes. The aqueous phase containing RNA was collected, and RNA 
was precipitated using isopropanol. The precipitate was applied to 
an RNeasy Mini column (QIAGEN), and the manufacturer’s protocol 
was followed. Isolated RNA was quantified using a NanoDrop 1000, 
and then 1 μg was reverse transcribed using the Quantitect RT kit 
(QIAGEN) as per the manufacturer’s instructions. 25 ng of cDNA was 
assayed using SYBRfast qPCR reagents and Quantifast primers from 
QIAGEN. For a complete list of primers, see Supplemental Table 6. 
All analysis was conducted using a LightCycler 480-II (Roche). qPCR 
pathway arrays were purchased from SABiosciences and were used as 
per the manufacturer’s protocol.

Statistics. Quantification of xenograft size was performed in 
a blinded manner, and size of tumors in vivo was performed as a 
double-blind analysis by an independent clinically trained pathol-
ogist. For quantification of TMA core in human samples, the whole 
biopsy core was photographed in a blinded fashion and counted. For 
quantification of rat tissue, 10 pathologically discrete tumors were 
selected, imaged in their entirety, and counted in blinded fashion. 
All experimental groups were analyzed for normality using a D’Ago-
stino-Pearson omnibus test. Groups that were normally distributed 
were compared with either a 2-tailed Student’s t test (for analysis 
of 2 groups) or using 1-way ANOVA to compare multiple groups. 
Non-parametric data were analyzed using a Wilcoxon–Mann- 
Whitney U test when comparing 2 groups or a Kruskal-Wallis test 
when comparing multiple non-parametric data. Throughout, P < 0.05  
was considered significant. *P < 0.05, **P < 0.01, ***P < 0.001. Data 
are presented as mean with SEM for parametric data or median with 
SD for non-parametric data.

Study approval. All studies involving human tissue were approved 
by the University of Edinburgh and NHS Lothian Academic and 
Clinical Central Office for Research Development (ACCORD) tis-
sue governance unit. All tissue was collected with informed consent. 
Animal studies were approved by the University of Edinburgh Ani-
mal Welfare and Ethical Review Body (AWERB) and licensed by the 
UK Home Office.
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3 groups using GraphPad online software (http://www.graphpad.com/
quickcalcs/ramdomize1.cfm). Xenografted mice were injected with 
liposomal clodronate at 4 μl/g intravenously (ClodronateLiposomes. 
org). The control for this treatment was saline alone or liposomes 
not containing clodronate (both given at 4 μl/g intravenously). 
All of these treatments were given every 48 hours for 3 weeks. We 
excluded it, however, from gene expression analysis. CSFR1 inhib-
itors AZD7507 (AstraZeneca) and GW2580 (LC Laboratories) were 
made up in sterile water containing 0.5% methylcellulose and 0.1% 
Tween-80. AZD7507 was given twice daily at 100 mg/kg, whereas 
GW2580 was given daily at 160 mg/kg. Control animals were given 
water containing 0.5% methylcellulose (Sigma-Aldrich) and 0.1% 
Tween-80 (Sigma-Aldrich). ICG-001 (5 mg/kg) (Tocris) or C-59 (20 
mg/kg) (Cellagen) was given by intraperitoneal injection. The vehi-
cle for this was physiological saline (Sigma-Aldrich). Control animals 
were given vehicle alone. In all cases inhibitors and vehicle were 
given 3 times per week.

TAA mouse tumor models. Male Krt19-CreERT R26R-eYFP p53fl/fl,  
Krt19-CreERT R26R-eYFP p53fl/WT, and Krt19-CreERT R26R-eYFP 
p53WT/WT mice were given 3 injections of 4 mg tamoxifen (Sigma- 
Aldrich) i.p. and then given TAA (Sigma-Aldrich) (600 mg/l) in sweet-
ened water for 26 weeks.

TAA rat tumor models. Male Sprague-Dawley rats were given TAA 
(Sigma-Aldrich) in sweetened water for 26 weeks at a concentration of 
600 mg/l. At 21 weeks rats were randomized into groups using Graph-
Pad online software and were injected with liposomal clodronate at  
4 μl/g (ClodronateLiposomes.org). The control for this treatment was 
saline alone or liposomes not containing clodronate (both given at  
4 μl/g). There is increasing evidence that the latter control is inappro-
priate, as liposomes themselves alter the phenotype of macrophages 
(ClodronateLiposomes.org and ref. 38). We have included this group 
in our tumor volume and mass quantification. ICG-001 (5 mg/kg) 
(Tocris) or C-59 (20 mg/kg) (Cellagen) was given by i.p. injection. 
The vehicle for this was physiological saline (Sigma-Aldrich). Control 
animals were given vehicle alone. In all cases inhibitors and vehicle 
were given 3 times per week.

Immunohistochemistry. Tissue was perfused with PBS, dis-
sected, and then fixed in 10% buffered formalin for 12 hours and 
dehydrated. Tissue sections were cut at 4 μm. Briefly, sections 
were de-waxed in xylene and rehydrated through graduated alco-
hol. Sections were subject to heat-mediated antigen retrieval fol-
lowed by blocking using a protein block (Vector Biolabs). Sections 
were incubated overnight with primary antibodies at 4°C. After 
washing, sections were stained with species-appropriate secondary 
antibodies conjugated to Alexa 488, Alexa 555 (all from Life Bio-
sciences), or Biotin (Vector). For colorimetric stains, sections were 
incubated with ABC reagent (Vector Biolabs) and developed using 
DAB (Vector). For a complete list of primary antibodies, see Sup-
plemental Table 6. Positive control immunohistochemistry tissue 
(E11.5 mouse sagittal sections) was provided by Rachel Berry, MRC 
Human Genetics Unit, Edinburgh, UK. All confocal images were 
taken using the Leica SP2 TCS system and were deconvoluted using 
Fiji ImageJ (EMBL); non-confocal fluorescence and transmitted 
light were photographed using a Nikon Eclipse E400 system.

Gene expression analysis. Cells and tissues were lysed into Tri-
Reagent (Ambion) and homogenized using a tissue tearer. Lysates 
were mixed with 1:5 chloroform/TriReagent and spun for 15 min-
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