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Human colorectal cancer (CRC) is a major cause of cancer mortality and frequently harbors activating mutations in
the KRAS gene. To understand the role of oncogenic KRAS in CRC, we engineered a mouse model of metastatic
CRC that harbors an inducible oncogenicKras allele (Krasmut) and conditional null alleles ofApc andTrp53 (iKAP).
The iKAP model recapitulates tumor progression from adenoma through metastases. Whole-exome sequencing
revealed that the Krasmut allele was heterogenous in primary tumors yet homogenous in metastases, a pattern
consistent with activated Krasmut signaling being a driver of progression to metastasis. System-level and functional
analyses revealed the TGF-β pathway as a key mediator of Krasmut-driven invasiveness. Genetic extinction of
Krasmut resulted in specific elimination of the Krasmut subpopulation in primary and metastatic tumors, leading to
apoptotic elimination of advanced invasive and metastatic disease. This faithful CRC model provides genetic evi-
dence that Krasmut drives CRC invasion and maintenance of metastases.
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Human colorectal cancer (CRC) is a major killer world-
wide, responsible for >52,000 deaths in the United States
and ∼655,000 deaths globally each year (Siegel et al.
2016). Activating mutations in the KRAS oncogene (re-
ferred to here asKRASmut) and inactivatingmutations/de-
letions in APC and TP53 tumor suppressor genes are
classical genetic events associated with disease initiation
and progression (Wood et al. 2007). The majority of KRAS
mutations occurs at codons 12, 13, and 61 of the KRAS
gene, with themost common being glycine (G)-to-aspartic
acid (D) substitution incodon12.ThepresenceofKRASmut

correlateswith increased invasive stage and livermetasta-
sis of human CRC (Li et al. 2011;Modest et al. 2011; Man-
nan and Hahn-Stromberg 2012). There is also high
concordance between primaryCRC tumors and their liver
metastasis in regard to KRAS mutation, as, 96% of the
time, both have the same mutation or neither does (Knijn
et al. 2011). Furthermore, lung metastases are twofold
more common in CRC cases harboring an oncogenic

KRAS mutation (Pereira et al. 2015)—patterns suggesting
a role for oncogenic KRAS in tumor progression.

Numerous therapeutic strategies targeting components
of the KRAS signaling pathway have yielded limited clin-
ical success. KRAS signaling is comprised of a core RAF–
MEK–ERK cascade, which transmits signals from extra-
cellular receptors to transcription factors. The meager
clinical impact of targeting RAF–MEK–ERK components
could be the result of a nonessential role for KRASmut in
CRCmaintenance, the plethora of pathways downstream
from activated KRAS (Pylayeva-Gupta et al. 2011), the ex-
istence of alternative KRAS-independent proliferation/
survival signaling pathways such as YAP (Kapoor et al.
2014), and/or the intratumoral genomic heterogeneity of
the KRASmut allele across the cancer cell population. In-
deed,KRASmut has been shown to be heterogenous in can-
cer cells of primary CRC tumors and selected for during
EGFR inhibitor therapy (Diaz et al. 2012; Misale et al.
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2012). Furthermore, intratumoral genomic heterogeneity
increases resistance to therapy and confers a worse prog-
nosis (Marusyk et al. 2012). These clinical observations
suggest a role for oncogenic KRAS in disease progression
and in governing therapeutic responses to targeted thera-
py. A study in CRC cell lines showed that many KRAS
mutant lines are not strictly dependent on continued
KRAS expression, and the subset that was dependent re-
quired TAK1 kinase (Singh et al. 2012). Whether oncogen-
ic KRAS serves a role in the maintenance of CRC tumors
in situ is not known.
CRCmodels engineeredwithkeymutations and captur-

ing genomic heterogeneity and disease evolution are need-
ed to understand the role ofKrasmut in disease progression,
tumor maintenance, and therapeutic responses. The first
intestinal cancer model harboring a germline Apc muta-
tion (ApcMin/+) generated many adenomatous polyps lo-
cated primarily in the small intestine rather than the
large intestine, where the disease arises in familial adeno-
matous polyposis patients (Moser et al. 1990; Su et al.
1992; Fodde et al. 1994; Oshima et al. 1995; Sasai et al.
2000; Kuraguchi et al. 2006; Pollard et al. 2009). Refine-
ment of this model has been achieved by restricting Apc
loss to the colon using a conditional floxed version of the
allele combinedwith either local administration of adeno-
virus-Cre (Shibata et al. 1997) or a colon-specific express-
ing Cre such as FabplCre (Robanus-Maandag et al. 2010),
CAC-Cre (Xue et al. 2010), or CDX2-Cre (Hinoi et al.
2007). These colonic lesions are predominantly benign ad-
enomas that rarely progress to invasive adenocarcinoma
and fail tometastasize.More recently,CRCmousemodels
have been engineered with multiple mutations such as
combined activation of oncogenic KRAS and loss of
APC, which leads to a synergistic increase in CRC over
APC alone (Janssen et al. 2006; Sansom et al. 2006; Phelps
et al. 2009).AnotherCRCmodeluses conditional alleles of
Apc and oncogenic Kras that are somatically activated in
the colon via surgery and local adenovirus-Cre administra-
tion (Hung et al. 2010). Collectively, these studies indicate
that mice engineered with CRC signature mutations can
model important aspects of the human disease.
Hallmark features of human CRC include its intratu-

moral genomic heterogeneity and progressive nature
(Taketo and Edelmann 2009). Thus, the ideal mouse mod-
el of CRCwould be sporadic and limited to the colon; have
high penetrance; show reasonable latency of a few
months; generate one or a few tumors per mouse; progress
to adenocarcinoma at high frequency; metastasize reli-
ably to the lymph nodes, liver, and/or lungs; mimic the
human genetics and pathobiology; allow manipulation
of a single variable amid a defined set of complementing
mutations; allow the identification of additional muta-
tions; and allow tumors to be monitored in vivo (Jonkers
and Berns 2002).
In this study, we sought to generate a genetically engi-

neered mouse model (GEMM) of CRC possessing the
most common mutations in human CRC (KRAS, APC,
and TP53) and exhibiting genomic heterogeneity and dis-
ease progression from adenoma to invasive adenocarcino-
ma to lung and liver metastases. By engineering an

inducibleKrasmut allele with spatial and temporal control
of expression, we examined the tumor biological and
maintenance roles of oncogenic Kras in advanced CRC
disease harboring deletion of Apc and Trp53 genes. This
CRCmodel faithfully recapitulates human disease evolu-
tion, exhibits intratumoral heterogeneity ofKrasmut cells,
and affords analysis of oncogenic KRAS signaling in tu-
mor maintenance. The experimental merits of this model
have revealed the critical roles and underlying mecha-
nisms for oncogenic KRAS signaling in disease progres-
sion to metastases and in the continued maintenance of
invasive and metastatic disease yet have also shown
KRAS as dispensable for noninvasive primary tumor
growth.

Results

Development of a GEMM of CRC with intratumoral
genomic heterogeneity and metastatic propensity

We constructed a GEMM in which a colonic enema of
4-hydroxytamoxifen (4-OHT) deletes loxP conditional
Apc and Trp53 tumor suppressor genes and reconstitutes
a doxycycline (Dox)-responsive tet-O-LSL-KrasG12D

transgene in a small number of colonic intestinal epithe-
lial cells expressing the Cre-ERT2 transgene under the
control of the intestine-specific Villin promoter (Fig.
1A). This GEMM with the full allelic series is designated
here as iKAP, while mice possessing only conditional
Apc and Trp53 alleles are designated iAP. We titrated
4-OHT dosage via enema using a Cre-activated mem-
brane targeted tandem dimer Tomato (mT)/membrane
targeted green fluorescent protein (mG) reporter strain
and identified 1 mg/mL 4-OHT as a dose that produced
one to three colonic tumors in iAP and iKAP mice (Sup-
plemental Fig. S1A,B).
Following administration of 4-OHT and Dox at 8 wk of

age, a weekly colonoscopy revealed an average age of tu-
mor onset at 16 wk for iAP and 6 wk for iKAP (P =
0.009). The median tumor-free survival was 38 and 23
wk of age for iAP and iKAP mice, respectively (P =
0.008), where death in both models resulted primarily
from intestinal obstruction by primary tumors (Fig. 1C;
Moser et al. 1990).
Gross inspection and histopathological analyses of the

tumors revealed a classical adenoma-to-carcinoma pro-
gression sequence as reported for the human disease
(Fig. 1B; Fearon and Vogelstein 1990). In our model, the
use of the colon-restricted 4-OHT enema produced tu-
mors that arose primarily in the colon (85% of all gastor-
intestinal tumors) (Table 1), which is in contrast to the
preponderance of small intestine tumors observed in
most extant models (Moser et al. 1990; Johnson and Fleet
2013; Chanrion et al. 2014; Dow et al. 2015). Detailed his-
topathological stagingwas performed to document the oc-
currence of T1 (invasion through themuscularis mucosa),
T2 (invasion into the muscularis propria), T3 (invasion
into the subserosa), and T4 (invasion through the serosa
and outer intestinal wall) stage tumors. The iKAP mice
exhibited an overall higher incidence of invasive and
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metastatic disease relative to iAPmice: Twenty-three out
of 60 (38%) iKAP tumors were classified as T2–T4 tumors
with invasion into the colon muscle wall and beyond,
whereas one out of 18 (6%) iAP tumors was T2, and zero
out of 25 was T3–T4 (P = 0.0005, Fisher’s exact test) (Fig.
1D,E). All T3/T4 adenocarcinomas appeared as flat inva-
sive lesions, whereas themajority of adenomas had classi-
cal benign polypoid morphology.

All intestinal adenocarcinomas exhibited moderate
to poor differentiation and stained positively for nuclear
β-catenin and the intestinal epithelial marker CK20 (Sup-
plemental Fig. S2A). Thus, the iKAPmodel faithfully reca-
pitulates human CRC evolution and reveals a role for
oncogenic Kras in driving disease progression and metas-
tases. Necropsy revealed that 17 out of 99 (17%) iKAP
mice had lymph node metastasis, and an additional eight
out of 99 (8%) had additional organ metastases. The CRC
origin of these metastatic lesions was confirmed using

markers of intestinal epithelium lineage such as CK20
(Supplemental Fig. S2B), WSS-CK, or CDX2 (data not
shown) and nuclear β-catenin staining consistent with
WNT activation (Supplemental Fig. S2B). In contrast,
zero out of 21 (0%) iAPmice had lymph or organmetasta-
sis (Table 1). It is worth noting that all iKAP mice with
metastatic disease also possessed at least one T3–T4 ade-
nocarcinoma, supporting the view that invasion beyond
the muscularis mucosa is associated with increased risk
of metastasis, as observed in the human disease.

Inefficiencies in Cre-mediated recombination have
been exploited to createmosaic tissues with different alle-
lic combinations (Wong et al. 2000). A notable feature of
the iKAP GEMM is the mosaic expression of the Krasmut

allele in most primary tumors, mimicking the intratu-
moral mutational heterogeneity of human CRC. Specifi-
cally, GFP expression patterns from the Cre-activated
Rosa26-LSL-rtTA-IRES-GFP allele were often mosaic

Figure 1. iKAP GEMM of CRC. (A) GEMM design: Conditional alleles of Apc, Trp53, and tet-O-LSL-KrasG12D (Krasmut) were crossed
with the tamoxifen-inducible VillinCreERT2, and 4-OHT tamoxifen was introduced into the adult colon via enema. (B) The model pro-
duces the full range of CRC progression, including macroscopic liver metastasis with Krasmut but not with Kraswt. (C ) Median tumor-
free survival is 6 mo and significantly longer without Krasmut. (D) Metastasis is dependent on Krasmut. (E) Endpoint tumors histolog-
ically staged by the TNM standard show that mutant Kras shifts the spectrum toward more invasive and malignant tumors. Bars: gross
liver mets, 2 mm; histology, 500 µm; insets, 50 µm. (∗∗∗∗) P < 0.0001 versus −C; (∗) P < 0.05 versus −C; (NA) not applicable; (n.s.) not
significant.
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and regionally clustered in the same tumor (Fig. 2A–C). In
the iKAP tumors, activation of Kras signaling (i.e., pERK)
exhibited a near 1:1 concordancewithGFP staining across
20 tumors examined (Supplemental Fig. S3A; data not
shown). Correspondingly, GFP/pERK-positive cells had a
strikingly different histology compared with adjacent
GFP/Kras-negative cells within the same tumor, the for-
mer exhibiting larger oncocytic cytology with nuclear en-
largement and hyperchromasia as well as dramatic
reduction in adjacent interstitial stroma (Supplemental
Fig. S3A). In contrast, WNT pathway signaling as indicat-
ed by nuclear β-catenin staining was seen in every cancer
cell (Supplemental Fig. S3A,B). Together, these patterns
are consistent with the role of APC loss as a gatekeeper
event in adenoma initiation (Fearon and Vogelstein
1990) with contemporaneous or subsequent Cre-directed
activation of the Krasmut allele in these Apc-deficient
neoplasms.
Given this intratumoral heterogeneity, we sought to

determine definitivelywhether theKrasmut heterogeneity
arose from Cre-mediated activation in different parental
cells of origin or one parental cell followed by several
rounds of cell division in an early APC-deficient neo-
plasm. To that end, whole-exome sequencing cataloged
somatic single-nucleotide variations (SNVs) in the GFP/
pERK-positive (Krasmut) and GFP/pERK-negative (Kraswt)
regions microdissected from the same tumor. In three out
of five intratumor pairs, a small number of shared SNVs
were detected in each member of the pair—a pattern con-
sistentwith amonoclonal tumor originwhere one cell un-
derwent Cre recombination of Apc, and a daughter cell
subsequently recombined Kras (Supplemental Fig. S4B).
The two clones then diverged significantly, as a vast ma-
jority of the SNVs was private to each clone. A lack of
overlapping SNVs in the other two intratumor pairs sug-
gested either a polyclonal origin of the clones or a mono-
clonal origin with lack of early shared mutations due to
low mutation rate (Supplemental Figs. S4A, S5, S6). In
the case of polyclonal origin, two distinct cells within ei-
ther the same crypt or neighboring crypts had recombina-
tion events affectingApc in one cell andApc +Kras in the
other. These neoplasms thenmerged to form the larger tu-

mor. This coexistence of two clones within the same le-
sion is consistent with the proposed mechanism of
adenoma growth by crypt fission (bottom-up histogenesis
of CRC) (Preston et al. 2003;Humphries andWright 2008).
Polyclonal tumor origin has been documented previously
in mouse models (Thliveris et al. 2005) and human can-
cers (Novelli et al. 1996; Parsons 2008). Finally, two pairs
of neighboring but distinct tumors were sequenced as neg-
ative controls, and, as expected, no shared SNVs were
found (Supplemental Fig. S5B).
This intratumoral mosaicism enables a side-by-side

comparison of the behavior of cancer cells of the same tu-
mor with and without Krasmut. We noted that all invasive
fronts of T1–T4 tumors contained morphologically
distinct cells that had further lost their columnar architec-
ture andmuch of their basal/apical orientation, consistent
with a less differentiated and more invasive phenotype.
All 61 GFP/pERK mosaic invasive adenocarcinomas ex-
hibited GFP and pERK staining at the morphologically
distinct invasive front, while the GFP/pERK-negative
plus β-catenin-positive tumor cells resided exclusively in
the noninvasive bulk of the tumor mass (Fig. 2B,C; Sup-
plemental Figs. S3A, S7, S8). Notably, this GFP/pERK pat-
tern was evident even in early stage invasive T1 tumors,
implying that Krasmut activation plays a critical role in
the initial break through the submucosa (Supplemental
Figs. S7, S8). In contrast, all nine iAPmicewith T1 disease
were GFP- and pERK-negative at the invasion front (Sup-
plemental Fig. S3B). Furthermore, 57 out of 58 histologi-
cally identified iKAP metastases expressed GFP and
pERK in every cell (Fig. 2B,C; Supplemental Fig. S8B).
These data indicate that activated Krasmut subclones
can significantly outcompete nonactivated Kraswt sub-
clones in invasive and metastatic components within
the same primary tumor. In line with these observations,
examination of human CRCTCGA (The Cancer Genome
Atlas) data showed a consistent trend toward higher allelic
frequency of KRAS from stage I to stage IV (Supplemental
Fig. S11B; Supplemental Table S2). Further emphasizing
the role of Krasmut in driving invasion and metastasis, in-
vasive iKAP tumors were consistently identified as early
as 3–8 wk after tumor induction (Fig. 1D,E; Supplemental

Table 1. Cancer outcomes by genotype

Total
mice

Any GI lesion
(percent
incidence)

CRC
(percent of
GI lesions)

SIT (percent
of GI

lesions)

CRC+SIT
with

pathology Adenoma Adenocarcinoma Metastasis

iKAP 437 327 (75%) 279 (85%) 48 (15%) 99 43 (43%) 56 (57%) 25 (25%)
iAP 58 38 (66%) 35 (92%) 3 (8%) 21 12 (57%) 9 (43%) 0 (0%)
−Dox iKAP 67 57 (85%) 57 (100%) 0 (0%) 6 4 (67%) 2 (33%) 0 (0%)
iKA(P/+) 22 16 (73%) 16 (100%) 0 (0%) 9 8 (89%) 1 (11%) 1 (11%)
iK(A/+)P 52 4 (8%) 3 (75%) 1 (25%) 2 0 (0%) 2 (100%) 0 (0%)
iKAP no 4-OHT 15 2 (13%) 0 (0%) 2 (100%) 0 0 (0%) 0 (0%) 0 (0%)
iKAP no Cre 31 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Tumor development data for all observable mice. Pathology reports were obtained for a subset of all mice. (i) Inducible; (K) tetO-Lox-

Stop-Lox-KrasG12D; (A) ApcLox/Lox; (P) Trp53Lox/Lox; (+) wild-type copy of allele; (SIT) small intestinal tumor; (GI) gastrointestinal;
(Dox) doxycycline (activates KrasG12D and given to all mice except –Dox iKAP); (4-OHT) 4-hydroxytamoxifen (induces Cre and given
to all mice except the “no 4-OHT” negative control); (Cre) Villin-Cre-ERT2 recombinase allele (this allele is present in all genotypes
except the “no Cre” negative control).
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Fig. S7). In contrast, iAPmice never progressed beyond T2
stage disease even at >28 wk after tumor induction (Sup-
plemental Fig. S7). We conclude that oncogenic KRAS sig-
naling promotes CRC invasion and metastasis.

Oncogenic Krasmut is required for maintenance of
advanced CRC disease yet dispensable for growth of
APC-deficient cancer cells in the same primary tumor

Apc restoration has been shown to reverse the malignant
CRC phenotype fully (Dow et al. 2015), prompting us to
assess the role of Krasmut in tumor maintenance. First,
standard two-dimensional (2D) and three-dimensional
(3D)/organoid Matrigel cell culture systems were used to
examine the growth of primary cultures derived from
iKAP tumors. Both culture systems exhibited cytostasis
upon extinction of KRASmut expression (withdrawal of
Dox)=(Supplemental Fig. S9A,B). Xenografts implanted
subcutaneously or intravenously into nude mice were
also dependent on continued KRASmut expression (Sup-
plemental Fig. S9C–E). Next, we examined the Krasmut

dependency of autochthonous primary and metastatic tu-
mors. To that end, 34 Dox-treated iKAP mice with endo-
scopically confirmed tumors were enlisted into a study in
which 10 tumor-bearing mice were withdrawn from Dox,
and the remaining 24 mice were maintained on Dox. All
micewere followed byweekly endoscopy for change in tu-
mor growth. Withdrawal of Dox induced transient tumor
regression followed by resumption of tumor growth after 4

wk, consistent with the aforementioned mosaicism and
continued growth of Kraswt subclones in the iKAP prima-
ry tumors (Fig. 3A–C).

Next, the histopathological impact of Krasmut extinc-
tion on tumor stage was examined in a second cohort of
29 endoscopically confirmed tumor-bearing iKAP mice
(19 Dox continued and 10 Dox withdrawn). Necropsy at
3 wk following Dox continuation/withdrawal revealed
an incidence of 14 out of 19 (74%) invasive adenocarcino-
mas and five out of 19 (26%) metastases in the Dox-con-
tinued mice versus zero out of 10 (0%) adenocarcinoma
or metastases in the Dox withdrawal cohort (Fig. 3D,E).
Instead, the Dox withdrawal mice all harbored noninva-
sive adenomas, demonstrating that extinction of oncogen-
ic KRAS signaling selectively prevents or eliminates
invasive and metastatic cancer cells.

To understand the molecular consequences of Krasmut

extinction in advanced CRC, serial iKAP tumor biopsies
were obtained for histologic and expression analysis at
baseline and at day 2 andweek 2 following Doxwithdraw-
al. On day 2, pERK signal was lost, and the remaining
GFP+ cells were rounded up and detached, exhibited early
signs of cell death (including increased cleaved Caspase-
3), and showed decreased Ki-67 (Fig. 3F; Supplemental
Fig. S10A,B). By week 2 off Dox, most GFP+ cells were
eliminated, and cleaved Caspase-3 and Ki-67 returned
back to baseline levels (Fig. 3F,G; Supplemental Fig.
S10C–E). We conclude that the shift toward benign adeno-
ma following Krasmut extinction results from the

Figure 2. Kras clonal evolution. (A) Early stage iKAP
tumors are heterogenous for Krasmut, but those cells
predominate in late stage tumors and metastasis as
visualized by native GFP fluorescence. (B) Immuno-
histochemistry (IHC) against GFP-tagged Krasmut

cells showing Krasmut at the invasive front (red ar-
row) and increasingwith tumor stage. (C ) Quantifica-
tion of GFP and pERK IHC signal across 251 tumors
shows a dramatic selection forKrasmut cells at the in-
vasive front of T1 adenocarcinomas and then
throughout the bulk of T4 adenocarcinomas and me-
tastases. Each tumor or invasive region was binned
based on the percentage of GFP+ cells. (Ad) Adenoma;
(AdC) adenocarcinoma; (Inv) invasive front; (Met)
metastasis. Bars: 500 µm; insets, 50 µm.
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elimination and/or reversion of the malignant phenotype
of Krasmut adenocarcinoma cells.

Activated Krasmut drives invasion at least
partially through activation of TGF-β and induces
a transcriptional profile enriched for an
invasive human CRC signature

Given the prominent role of Krasmut in driving invasion,
we sought to elucidate the pathways mediating the
Krasmut-driven motile behavior of the cancer cells. We
conducted RNA sequencing (RNA-seq) profiling of 39
iKAP tumors and 10 iAP tumors from 44 mice at various
stages. The late stage Krasmut invasive and metastatic tu-
mors clustered tightly together, suggesting that the tran-
scriptional program is stable once T3/T4 invasion is
achieved (Fig. 4A). The top 10 gene set enrichment analy-
sis (GSEA) pathways up-regulated in the invasive and
metastastic tumors compared with noninvasive tumors
included gene sets related to invasion, epithelial-to-mes-
enchymal transition (EMT), stemness, and TGF-β signal-

ing (Fig. 4B; Supplemental Table S1). Given the known
role of TGF-β signaling in invasion (Siegel and Massague
2003), we selected it for further validation. Expression of
TGFβ1, the principal ligand in TGF-β signaling, was in-
creased in invasive primary iKAP tumors and metastases
when compared with noninvasive primary tumors (Fig.
4C). TGFβ1 expression correlated very well with KRAS
expression as well as a 20-gene RAS signature in vivo
(Fig. 4D; Supplemental Fig. S11A).
Wenext determinedwhetherTGF-β pathway activation

is associated with KRASmut signaling in vivo using immu-
nohistochemistry (IHC) on mosaic iKAP tumors. Consis-
tent with the bioinformatic analyses, TGFβ1 expression
and pSMAD2 nuclear expression were prominently en-
hanced in invasive Krasmut tumor cells but not in Kraswt

cellswithin the same tumor (Fig. 5D). Interestingly, nonin-
vasiveKrasmut tumor cells showed an intermediate or low
level of TGFβ1 and pSMAD2 staining, suggesting that ad-
ditional events are necessary to fully activate the TGF-β
pathway and invasion (Oft et al. 1996; Fujimoto et al.
2001), which may include stromal interactions. Next, we

Figure 3. Kras withdrawal in situ. (A)
Mouse endoscopy showing iKAP tumor
growth of tumors remaining on Dox
(+Dox/+Kras) and after Dox withdrawal
(−Dox/−Kras) within the same mouse over
time. (B,C ) Tumor growthwas significantly
reduced in−Dox/−Kras (n = 16) (B) aswell as
final tumor diameter (C ) compared with
“on Dox” (n = 48). (D,E) TNM staging of
CRC tumors after randomassignment to ei-
ther remain +Dox/+Kras (D) or be taken off
(−Dox/−Kras) (E) for 3 wk. The −Dox/
−Kras tumors were exclusively adenomas,
while themice left onDoxhad the full range
of progression to metastasis. (F ) H&E and
IHC of iKAP tumors show GFP- and pERK-
positive regions +Dox/+Kras. Upon Dox
withdrawal for 2 d, GFP cells remained but
no longer had activated pERK (arrows),
and, after 2 wk off Dox, GFP-positive cells
were mostly gone (‡), leaving large pockets
of necrosis (†). (G) Biopsies were taken
from iKAP tumors +Dox/+Kras, and then
Doxwaswithdrawn for 2 wk. The previous-
ly biopsied tumors revealed that the GFP+/
pERK+ population of cells was gone, and
cCASP3-positive pockets of apoptotic cells
were present (†). Bars: F, 500 µm; F inset,
50 µm; G, 200 µm; G inset, 50 µm. (∗∗) P <
0.01; (∗) P < 0.05.
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functionally validated TGF-β signaling as a regulator of in-
vasion in primary iKAP cells in vitro. Recombinant TGF-β
stronglyenhanced invasion in iKAPcells, and inhibitionof
TGF-β reduced invasion (Fig. 5A,B). Western blots for
pSMAD2/3 validated the expected pathway modulation
by the exogenous agents (Fig. 5C). Collectively, these
data confirm that TGF-β activation is Krasmut and inva-
sion-specific in vivo and that TGFβ1 modulation at least
partially accounts for the invasive phenotype.

To determine the human relevance of these findings, we
undertook a comparison of the iKAP tumors with human
CRCsubtype transcriptomes.Using the recently designat-
edconsensusmolecular subtypes (CMS1–4) (Guinneyetal.
2015),we found that theEMT/TGF-β signature enriched in
invasive andmetastatic iKAP tumors had a strong overlap
with the signature associated with the CMS4 subtype,
which is defined as mesenchymal with stromal invasion
and high TGF-β signaling (Fig. 6A,B). However, these as-
sessments are relative, not absolute: iKAP/iAP tumor
analyses compare adenocarcinomaswith adenomas,while

thehumanTCGAdata include only adenocarcinomas.We
therefore assessed thisCMS4-related signature in twopub-
licly available human data sets that include both adeno-
mas and adenocarcinomas. These analyses demonstrated
that humanadenocarcinomas showeda significant enrich-
ment of the metastasis-associated CMS4 signature and of
TGFβ1 gene expression relative to adenomas (Fig. 6C–E;
Supplemental Fig. S12). Moreover, TGFβ1 correlated well
with the CMS4 gene signature across data sets (Supple-
mental Fig. S12). Altogether, these data suggest that
TGFβ1 activation is a dominant feature of the adenoma-
to-adenocarcinoma transition and at least partially under-
lies the cardinal features of invasion andmetastasis in the
iKAP model.

Discussion

In this study, we report amousemodel of CRC engineered
with the three most common human genetic alterations

Figure 4. Invasive iKAP tumor cells acti-
vate Tgfβ1 in a Krasmut -dependent manner.
(A) Unsupervised hierarchical clustering of
all mouse CRC samples showed similarity
of expression by Krasmut status, KrasG12D

transcript expression, and tumor stage.
Three mice with T3/4 tumors show 0%–

3% KRAS expression; we note that this is
because the noninvasive regions were inten-
tionally profiled. (B) Selected GSEA enrich-
ment plots from analysis of the full 17,179-
gene list from the in vivo data set. One-thou-
sand-five-hundred-fifty pathways were sig-
nificant at a false discovery rate (FDR) of
<0.1. (C) Tgfβ1 expression in vivo. (D) Kras
expression in vivo. (∗∗∗∗) P < 0.0001; (n.s.)
not significant.
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that recapitulates disease progression, including metasta-
ses. The inducible nature of the Krasmut allele, coupled
with its intratumoral heterogeneity, enabled exploration
of its role in CRC tumor biology and disease progression
in the context of Apc and Trp53 deficiency. Consistent
with the acquisition of KRAS mutation following APC
loss in human disease, our studies provide clear ex-
perimental evidence that oncogenic KRAS signaling is
dispensable for adenomatous growth yet essential for pro-
gression to invasive and metastatic growth in this model.
Through differential expression analysis and in vitro ex-
periments, we observed the TGF-β pathway to be one of
the major downstream effectors. Notably, extinction of
oncogenic KRAS signaling in fully advanced disease re-
sulted in the specific elimination of invasive and meta-
static disease while allowing for sustained primary
tumor growth through the presence of intratumoral Kras
genotype heterogeneity. This suggests that, on a tumor
cell-intrinsic level, loss of oncogenic Kras is either cell-le-
thal or reverts advanced cells to a benign adenomatous
morphology, whereas Apc reactivation in a CRC mouse
model led to differentiation toward a normal colonic mor-
phology (Dow et al. 2015). These differences underscore
the distinctly different roles of APC loss in tumor initia-
tion and KRAS oncogenic activation in tumor progres-

sion. This paradigm of a metastasis maintenance gene
holds important therapeutic implications for treatment
of advanced CRC or for interceptive strategies to impede
disease progression.
The iKAP model mirrors many aspects of the human

disease. The similarity of iKAP tumor gene signatures
to those in the recently described CMS4 human subtype
of CRC (Guinney et al. 2015) is consistent with TGF-β
pathway activation playing a role in the adenoma-to-
adenocarcinoma transition in both mice and humans.
One feature of the iKAP model that does not track well
with the human disease is the lack of the heavy muta-
tional load typical of human CRC. Specifically, whole-
exome sequencing of the iKAP tumors revealed few addi-
tional somatic mutations beyond the “baked-in” drivers
(Supplemental Fig. S6). As dietary factors have been im-
plicated in fueling mutation in human CRC, the iKAP
model may serve as a platform for identifying dietary fac-
tors driving somatic mutation of the human CRC
genome.
Intratumoral heterogeneity is a critical aspect of can-

cer development and therapeutic response but is poorly
modeled. The iKAP model displays heterogeneity for
Krasmut activation in early stage CRC, with clonal evolu-
tion driving Krasmut cell expansion during tumor

Figure 5. TGF-βmodulates invasion of iKAP cells. (A) Primary iKAPCRC cells culturedwithDox to induceKrasmut andwith orwithout
recombinant TGF-β and/or TGF-β inhibitor added to the medium. Crystal violet-stained invasion chambers showing recombinant TGF-β
increases invasion when Krasmut is active. In Krasmut cells, invasion is increased further with additional TGF-β and decreased substan-
tially by adding TGF-β inhibitor. (B) Invasion was quantified by counting migrated cells in three independent experiments. (C ) Western
blot on the same culture conditions as in A showing pSMAD2/3 as a readout of TGF-β pathway activation and pERK as a readout of RAS
pathway activation. (D) IHC against GFP, TGFβ1, and pSMAD2 in invasive versus noninvasive tumors showingTGF-β activation inGFP+/
Krasmut regions of tumors. Bars: 10×, 200 µm; 40×, 50 µm. (∗∗∗∗) P < 0.0001.
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progression. By sequencing Krasmut and Kraswt clones
within a single tumor, we discovered that this heteroge-
neity may arise from both monoclonal and polyclonal or-
igins as reported for human solid tumors (Parsons 2008).
Genetic ablation of the Krasmut cells temporarily reduces
tumor size, but the Kraswt clones remain and eventually
regrow the tumor, leading to bowel obstruction. Further
testing of drug combinations using this model could be
useful in understanding how heterogeneity contributes
to the drug resistance and recurrence seen in human
CRC.

The importance of continued oncogene expression for
tumor maintenance has been well established in animal
models of melanoma (Chin et al. 1999), lung (Sotillo
et al. 2010), and PDAC (Ying et al. 2012) cancers. These tu-
mors were deemed “addicted” to their driver oncogenes,
including Kras, as the cancer regressed completely upon
extinction of the oncogene. In contrast, the mosaicism
in the iKAPmouse faithfully models intratumoral hetero-
geneity and reveals that, despite addiction of individual
cells to Krasmut signaling, the heterogeneity of the tumor
subverts anti-Krasmut therapy from killing the entire tu-
mor outright but converts invasive/metastatic tumors to
more benign disease. However, KRASwt human CRC tu-
mors are still capable of metastasizing, indicating that
the positive prophylactic effects of anti-KRASmut therapy,
although potentially highly beneficial, would be improved
by further therapeutic intervention.

TGF-β signaling emerged as a top pathway enriched in
invasive and metastatic tumors in the iKAP model. IHC,
functional assays, and comparison with human expres-
sion data further underscored the central role of TGFβ1
in mediating invasion in the iKAP model and the adeno-
ma-to-adenocarcinoma transition. Our findings are con-
sistent with TGF-β increasing invasion in late stage
tumors (Siegel and Massague 2003) and with RAS and
TGF-β collaborating in invasion (Oft et al. 1996), includ-
ing in the intestine (Fujimoto et al. 2001). Interestingly,
in our Krasmut iKAP cells, which are already highly inva-
sive, additional recombinant TGF-β increased invasion
further, presumably through a dose-dependent mecha-
nism as described by David et al. (2016).

In conclusion, Krasmut drives invasion and metastasis
in our CRC GEMM at least in part through up-regulation
of TGF-β signaling and maintains metastases. That the
metastatic cells remain dependent on continued KRASmut

expression represents a clear clinical opportunity for met-
astatic CRC patients. Upon genetic Krasmut extinction in
mouse CRC, all invasive and metastatic tumors reverted
back to adenomas. Due to heterogeneity within our
GEM tumors, Kraswt cells persisted, resulting in only
moderate reduction of tumor bulk. This will likely also
be the case in the clinical setting, which may explain
the modest results seen from MAPK inhibitors thus far,
and will necessitate combination therapy, potentially
with WNT pathway inhibitors.

Figure 6. iKAP tumors resemble human CRC subtype CMS4. (A) TCGA CRC expression data for the 416 genes in the CMS signature
showing segmentation into the four distinct CMS subtypes across the bottom. Mutation status of KRAS, SMAD4, and SMAD2 in the
TCGA samples is represented at the top. (B) iKAP mouse CRC expression data demonstrate that the invasive/metastatic iKAP tumors
share the CMS4 signature, defined as mesenchymal with stromal invasion and high TGF-β signaling. (C ) TGFβ1 expression in the human
TCGA CRC data set, separated by CMS subtypes. (D) Quantification of TGFB1 expression comparing human adenocarcinomas (AdC)
with adenomas in data set GSE41258. (E) Quantification of the CMS4 gene signature in the same data set.
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Materials and methods

Generation of iKAP mice

The tamoxifen-inducible Villin-Cre-ERT2 allele (El Marjou et al.
2004) was crossed with the Dox-inducible Tet-Kras-G12D allele
(Ying et al. 2012), the reverse tetracycline transactivator (rtTA)-

GFP allele (Belteki et al. 2005), the Apc Lox allele (Kuraguchi
et al. 2006), and the Tp53 Lox allele (Marino et al. 2000) and back-
crossed to C57BL/6. The iKAP mice have no phenotype without
tamoxifen administration. To activateKrasG12D, Doxwas admin-
istered in the drinkingwater at 2 g of Dox (Sigma, D9891) and 40 g
of sucrose (Sigma, S7903) per 1 L of autoclaved water. All manip-
ulations were performed under Institutional Animal Care and
Use Committee approval (protocol 00001123-RN0.) See Supple-
mental Table S3 for genotyping primers and protocols.

Tamoxifen enema

Cre expression driven by the Villin promoter was detected
throughout the gastrointestinal tract. To limit Cre activity to
the colon, we used the tamoxifen-inducible Villin-Cre-ERT2

and delivered tamoxifen directly to the colonwith an enema.Dif-
ferent forms of tamoxifen and different concentrations were test-
ed. To achieve specific spatial induction of Cre, we had to use the
active metabolite of tamoxifen (4-OHT; Sigma, H7904) freshly
solubilized in 100%EtOH for 10min at 55°C and diluted towork-
ing concentrations of 10 mg/mL (26 mM), 1 mg/mL (2.6 mM), 0.1
mg/mL (260 µM), or 0.01 mg/mL (26 µM). We found that the
1 mg/mL dose gave the best response. The enema was adminis-
tered via a small, flexible, sterile plastic catheter attached to a
1-mL syringe (Instech Solomon, FTP2038); the catheter tip was
dipped in lubricating jelly before insertion (MediChoice,
4067063031). Eight-week-old to 12-wk-old mice were scruffed
without anesthesia, 1 cm of the catheter was inserted into the
anus, and 50 µL of solution was administered.

mT/mG Cre reporter

To quantify and calibrate the level of Cre activation by the tamox-
ifen enema, we used the mT/mG reporter strain described by
Muzumdar et al. (2007). Briefly, micewere injected intraperitone-
ally with 1.0 mg of tamoxifen (Sigma) dissolved in corn oil or the
4-OHT enema described above. For whole-mount organ analysis,
mice were sacrificed using CO2 plus cervical dislocation, and or-
gans were isolated and imaged with a CCD camera mounted on a
fluorescence microscope. For cryosection preparation, tissues
were fixed for 24 h in cold 4% PFA at 4°C. Fixed tissues were cry-
oprotected in 30% sucrose overnight at 4°C and embedded in
OCT. Ten-micrometer sections were cut using a cryostat. Slides
were washed three times with PBS, treated with DAPI, washed
again, mounted in gel/mount (Biomeda Corp.), and imaged as
above or with confocal microscopy. NeithermT normG required
immunostaining for visualization.

IHC

Five-micrometer sections were deparaffinized, rehydrated, and
treated in a pressure cooker with citrate buffer for antigen retriev-
al. Sections were incubated in primary antibodies (diluted 1:500
in blocking solution) overnight at 4°C.We used the following rab-
bit polyclonal antibodies: anti-GFP (Cell Signaling Technology,
2956), anti-phospho-ERK (Cell Signaling Technology, 4370),
anti-β-catenin (Cell Signaling Technology, 9587), anti-cleaved
Caspase 3 (Cell Signaling Technology, 9661), anti-cytokeratin
20 (Progen, GP-K20), anti-LYVE-1 (RELIATech, 103-PA50AG),

anti-P53 (Vector Laboratories, CM5), anti-Ki67 (Vector Laborato-
ries, VP-RM04), anti-TGFb1 (Proteintech, 18978-1-AP), and p-
Smad2 (ThermoFisher, 44-244G). An anti-rabbit IgG HRP-linked
secondary antibody (DAKO’s Envision dual-link system, K4063)
was used to visualize binding of primary antibody. Sections
were developed with the DAB chromogen (Vector Laboratories),
counterstained with Mayer’s hematoxylin, dehydrated, and cov-
erslipped with Permount.

Endoscopy

Normal chow was replaced with a nonsolid diet the night before
endoscopy. Anesthesia was administered through the regulated
flow of 1%–2% isoflurane vapor through a nose cone. The colon
was flushed with 10mL of warm PBS enema. The colon was care-
fully insufflated with air from a standard 10-gallon air pump, and
endoscopic images were acquired with a Storz veterinary endo-
scope. Once tumors were established, we quantified their size
in situ by photographing them and measuring the percent of the
lumen occluded by tumor. Tumor size was measured in Adobe
Photoshop relative to the luminal diameter and recorded as the
percent tumor occlusion of the lumen. The change in percent tu-
mor occlusion relative to the baselinemeasurementwas calculat-
ed weekly and averaged within the two groups.

Care of immunocompromised mice

Nude mice were housed in pathogen-free conditions. They were
observed daily for tumor formation and poor health. Mice were
carefully monitored, and steps were taken to alleviate pain and
stress. Moribund animals (animals that had visceral tumors;
were not eating, drinking, or eliminating; were exhibiting cachex-
ia; or presented tumor ulceration or inhibition of mobility) and
animals with obvious tumors (≤1.5 cm) or obvious neurological
symptoms or under obvious stresswere sacrificed and necropsied,
at which time tumor and normal tissue biopsies were taken.

Subcutaneous injection

Humanormouse cell lineswere injected subcutaneously to study
the ability of cells to grow and generate tumors/metastases in
vivo. The cell suspensions were injected in the subcutaneous
space of the loose skin between the shoulder blades. Injections
were given without anesthesia. Prior to injection, the skin was
cleaned with betadine. A disposable syringe and a 25- to 27-gauge
0.5- to 0.75-inch needle were used to enter the subcutaneous
space at an acute angle with care not to extend beyond the subcu-
taneous space into themuscle beneath. Skinwas tentedwith two
fingers, and the needle was inserted through the skin and ad-
vanced 5–10 mm through the subcutaneous tissue to prevent
leakage from the site. Once the needle entered the subcutaneous
space, the bevel of the needlewas pointed up to tent the skin. The
cells (106) were injected in a volume of 0.5 mL.

Primary cell culture

Colon tumorswere dissected out andwashed in 1%bleach in PBS
for 15min.Tumorswere thenmincedwith a razor and dissociated
to single cells following theMACS dissociation kit protocol (Mil-
tenyi Biotec, 130-096-730). Primary growth medium consisted of
DMEMAdvanced (ThermoFisher, 12491-015), 2mML-glutamine
(ThermoFisher, 25030-081), 1× penicillin/streptomycin (Thermo-
Fisher, 15140-122), 2.5 µg/mL Fungizone (ThermoFisher, 15290-
018), 1% Tet-free FBS (Clontech, 631106), and 1 µg/mL Dox
(Sigma, D9891). Cells were incubated at 37°C in a 5% CO2
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atmosphere. For 3D culture, cells were mixed with cold Matrigel
(BD, 354230), and 50-µL droplets were plated on 24-well low-at-
tachment plates with 500 µL of growth medium from above.

Invasion chambers

Invasion chambers were adapted from BD/Corning (354480) us-
ing BioCoat Matrigel invasion chambers with 8.0-µm PET mem-
brane in 24-well plates. Primary cells were trypsinized, counted,
and resuspended in serum-free DMEM Advanced. Next, 1 × 105

cells were added to the upper chamber in 200 µL of serum-free
DMEM Advanced. In the lower chamber, 800 µL of DMEM Ad-
vanced plus 20% FBS was added as a chemoattractant. As an in-
put control, 50 µL of cells (1/10 vol) was seeded into an empty
well with 1 mL of 1% FBS DMEM Advanced. After 24 h of incu-
bation in a cell culture incubator, the upper well membrane was
carefully scrubbed with a cotton swab, and the lower membrane
was fixed in 10% neutral buffered formalin for 10 min, rinsed in
PBS, and stained in 0.5% crystal violet in 25% methanol for 10
min. The wells were rinsed several times in water. Whole cham-
bers were scanned from the bottom of each well, and pictures
were taken under a microscope (20×) for counting. Migration
was calculated as the average number of cells per 20× field.

Western blotting

Primary cultured iKAP CRC cells were treated with 2 ng/mL re-
combinant TGFB1 protein or 10 µMTGFβR1 inhibitor galuniser-
tib for 24 h and harvested. Western blotting was performed under
standard methods using anti-phospho-SMAD2/3 (Cell Signaling
Technology, 8828) and anti-phospho-ERK (Cell Signaling Tech-
nology, 4370).

RT-qPCR

RNA was harvested using the Qiagen RNeasy minikit (no.
74104), and 1 µg was reverse-transcribed to cDNA using the Su-
perScript III kit (ThermoFisher, 18080-051). qPCR was run on a
ABI 7500 machine using the fast two-step program with dissoci-
ation curve and SYBR Green 2× master mix (ThermoFisher,
4309155). Transgenic and endogenous Kras expression was nor-
malized to TBP. The primer sequences used were mKrasG12-1F
(GCTTATCGATACCGTCGATCG),mKrasG12-1R (GGTCGTA
CTCATCCACAAAGTG), mKras-wt-2F (GAGCAAAGATGGG
AAGAAGA), mKras-wt-2R (TTTGCACGAACAGAAGAAA
AA), m TBP F (ACATCTCAGCAACCCACACA), and m TBP R
(CAGCCAAGATTCACGGTAGA).

Whole-exome sequence

All sequence data have been deposited in NCBI under Sequence
Read Archive (SRA) number SRP097890. DNA was harvested
from fresh-frozen tissue using the Qiagen AllPrep DNA/RNA
microkit (no. 80284) or from formalin-fixed paraffin-embedded
tissue using theQIAampDNAFFPE tissue kit (no. 56404). Exome
capture was performed on 500 ng of genomic DNA per sample ac-
cording to themanufacturer’s instructions, and paired-endmulti-
plex sequencing of samples was performed on the Illumina HiSeq
2000 sequencing platform. The average sequencing depth was
277× per sample (ranging from 138× to 437×, standard deviation
± 67). For variant calling, paired-end reads in FastQ format gener-
ated by the Illumina pipelinewere aligned to the referencemouse
genome mm10 (Ensembl GRCm38) using Burrows-Wheeler
Aligner (BWA) on default settings except for using a seed length
of 40, maximum edit distance of 3, and maximum edit distance

in the seed of 2. GATK best practices of duplicate read removal,
indel realignment, and base recalibration were used on aligned
reads. Somatic single-nucleotide substitutions were detected by
usingMuTect. In addition toMuTect’s built-in filters, the follow-
ing filtering criteria were applied: (1) total read count in tumor
DNA≥ 100, (2) total read count in germline DNA≥ 50, (3) variant
present on both strands, (4) VAF in tumor DNA≥ 1%, (5) mini-
mum depth in tumor = 20, (6) minimum depth in matched nor-
mal = 10, and (7) variants in positions listed in dbSNP1.37
removed. Substitutions were annotated using ANNOVAR based
on mouse University of California at Santa Cruz known genes.
Tumors from the same mouse were compared using Venny 2.1
(http://bioinfogp.cnb.csic.es/tools/venny/index.html). Samtools
(Li et al. 2009) was used to determine the read depth for the delet-
ed exons in Apc and Trp53.

TCGA analysis

For the analysis of APC and KRAS mutations in stage I–IV CRC,
somatic nonsilent mutations and corresponding allelic frequen-
cies were obtained from the TCGA data portal. A total of 79
CRCs were identified to harbor mutations in both APC and
KRAS. In those tumors where more than one somatic mutation
in APC or KRAS was identified, only the allelic frequency of
the dominantmutationwas considered for calculations.KRAS al-
lelic frequencies were corrected using APC allelic frequencies
(TCGA data portal, https://tcga-data.nci.nih.gov).

RNA-seq

All sequence data have been deposited in NCBI under SRA num-
ber SRP097890. RNA was harvested from fresh-frozen tissue us-
ing the Qiagen AllPrep DNA/RNA microkit (no. 80284).
Libraries were made, and samples were run on an Illumina HiSeq
2000 at The University of Texas M.D. Anderson Cancer Center.
Transcriptome reads were mapped to the reference mouse ge-
nome mm10, normalized, and quantified as FPKM (fragments
per kilobase per million mapped fragments) values using
HTSeq-count (HTSeq) (Anders et al. 2015). The values were fur-
ther transformed into Z-values for downstream statistical analy-
sis. The gene selections for supervised hierarchical clustering
weremade by “limma”R package (Gentleman et al. 2004; Smyth
2004) using a P-value of <0.05 and a false discovery rate (FDR) P-
value of <0.05. The hierarchical clustering was implemented by
Gene Cluster version 3 (de Hoon et al. 2004) using centroid link-
age as the distance measure.

GSEA

For the in vivo data, the R package FCROS (Dembele and Kastner
2014) was used to generate a unified statistic incorporating fold
change and significance for input into the GSEA preranked
algorithm.

Statistical analysis

Survival curveswere calculated usingGraphPadPrism6 and com-
pared using the log-rank (Mantel-Cox) test. Pairwise comparisons
wereperformedusing theunpaired two-tailedStudent’s t-test, and
comparisons of three or more groups were done using one-way
ANOVA with a Turkey correction for multiple testing, also
done in GraphPad Prism 6. For all experiments with error bars,
the standard error of the mean (SEM) was calculated and plotted.
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