LIN28 cooperates with WNT signaling
to drive invasive intestinal and colorectal
adenocarcinoma in mice and humans
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Colorectal cancer (CRC) remains a major contributor to cancer-related mortality. LIN28A and LIN28B are highly
related RNA-binding protein paralogs that regulate biogenesis of let-7 microRNAs and influence development,

metabolism, tissue regeneration, and oncogenesis. Here we demonstrate that overexpression of either LIN28 paralog
cooperates with the Wnt pathway to promote invasive intestinal adenocarcinoma in murine models. When LIN28
alone is induced genetically, half of the resulting tumors harbor Ctnnb1 (B-catenin) mutation. When overexpressed
in Apc™®* mice, LIN28 accelerates tumor formation and enhances proliferation and invasiveness. In conditional
genetic models, enforced expression of a LIN28-resistant form of the let-7 microRNA reduces LIN28-induced tumor
burden, while silencing of LIN28 expression reduces tumor volume and increases tumor differentiation, indicating
that LIN28 contributes to tumor maintenance. We detected aberrant expression of LIN28A and/or LIN28B in 38% of
a large series of human CRC samples (n = 595), where LIN28 expression levels were associated with invasive tumor
growth. Our late-stage CRC murine models and analysis of primary human tumors demonstrate prominent roles for
both LIN28 paralogs in promoting CRC growth and progression and implicate the LIN28/let-7 pathway as a thera-

peutic target.
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Colorectal cancer (CRC), one of the most common types
of cancer worldwide, is associated with high mortality
rates (http://globocan.iarc.fr/Default.aspx). CRC is caused
by multiple genetic and epigenetic alterations, but the
first major mutational event typically affects the WNT
oncogenic pathway, as at least 80% of sporadic CRCs dis-
play loss-of-function mutations of the APC tumor sup-
pressor gene (Fearon and Vogelstein 1990; Kinzler and
Vogelstein 1996). However, it is documented that a muta-
tional event in APC is not sufficient to maintain a patho-
logic level of WNT activity (Brabletz et al. 2001; Blaker
et al. 2003; Fodde and Brabletz 2007). Moreover, perturba-
tions in the RAS, TP53, DNA repair, and other pathways
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are often observed to cooperate with the WNT pathway
and promote further tumor progression (Fearon 2011).
Most of the known drivers in CRC development are essen-
tial in normal intestinal homeostasis and thus render
them unsuitable as therapeutic targets. Furthermore, the
existing mouse models mostly exhibit intestinal adeno-
mas or local adenocarcinomas that seldom progress to
highly invasive forms (Janssen et al. 2006; Taketo and
Edelmann 2009). Therefore, generating robust late-stage
CRC models and identifying novel players contributing
to disease progression would provide relevant preclinical
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platforms and assist the identification of novel drug tar-
gets for more effective therapeutics.

LIN28 is an evolutionarily conserved RNA-binding pro-
tein with roles in development, tissue regeneration, and
tumorigenesis (Viswanathan et al. 2009; Zhu et al. 2011;
Shyh-Chang and Daley 2013; Shyh-Chang et al. 2013).
Originally described in Caenorhabditis elegans as a heter-
ochronic gene, Lin28 controls proper developmental tim-
ing of the C. elegans larvae (Ambros and Horvitz 1984;
Moss et al. 1997). In mammals, LIN28A and its paralog,
LIN28B, are expressed in embryonic stem cells (ESCs)
and early embryos (Moss and Tang 2003; Yang and Moss
2003). LIN28A and LIN28B maintain stem cell function
at least in part by disrupting the terminal processing of
the let-7 microRNA (miRNA) family precursors, thus re-
sulting in reduced levels of mature Iet-7 (Heo et al. 2008;
Newman et al. 2008; Viswanathan et al. 2008). Let-7 pro-
motes cell differentiation and maintains tissue homeosta-
sis of various adult cell types as they negatively regulate
an array of genes that promote cell cycle entry and self-re-
newal (Johnson et al. 2005; Lee and Dutta 2007; Mayr et al.
2007; Zhu et al. 2011). Indeed, mature let-7 miRNAs are
widely detected among terminally differentiated adult tis-
sues in which LIN28A and LIN28B are mostly absent
(Moss and Tang 2003; Yang and Moss 2003; Bussing
et al. 2008).

Impaired differentiation is a common feature of ad-
vanced human malignancies, many of which display
gene expression profiles that overlap with ESCs (Ben-Por-
ath et al. 2008; Kim and Orkin 2011). Previously, our
group and others have reported high levels of LIN28A
and/or LIN28B in a range of solid and hematological ma-
lignancies (Viswanathan et al. 2009; Zhou et al. 2013),
especially those with undifferentiated features and poor
prognostic outcome. Interestingly, while some cancers
such as testicular germ cell tumor and prostate cancer
tend to overexpress LIN28A (Gillis et al. 2011; Nadiminty
et al. 2012), other cancer types—including Wilms tumor
(Urbach et al. 2014), neuroblastoma (Diskin et al. 2012;
Molenaar et al. 2012), and hepatocellular carcinoma
(Guo et al. 2006; Nguyen et al. 2014)—exclusively overex-
press LIN28B. Additionally, some germ cell tumors,
breast cancer, and CRC are reported to overexpress both
paralogs (West et al. 2009; Piskounova et al. 2011). Given
such heterogeneity, it is unclear whether the two paralogs
play redundant or independent roles in the tumor develop-
ment process. Transgenic overexpression of mouse or
human forms of LIN28B have produced murine models
of T-cell acute lymphoid leukemia (Beachy et al. 2012),
neuroblastoma (Molenaar et al. 2012), Wilms tumor
(Urbach et al. 2014), hepatocellular carcinoma (Nguyen
et al. 2014), and intestinal tumors, but the earlier demon-
stration of intestinal tumorigenesis did not assess the role
of LIN28A and concluded that LIN28B could act as an on-
cogene in the absence of other canonical genetic alter-
ations (Madison et al. 2013). Typically, cancers require
perturbations in more than one oncogenic pathway, and,
to date, the interaction between LIN28 and other onco-
genic pathways during tumor development has not been
rigorously defined.

LIN28 cooperates with WNT to drive CRC

Because CRC is one of the cancer types reported to over-
express both LIN28 paralogs and is a classic paradigm of
multistep oncogenesis, we systematically interrogated
the roles of both LIN28A and LIN28B in CRC in both mu-
rine models and human samples and explored the poten-
tial involvement of cooperating oncogenic pathways.
Here we demonstrate important roles of both LIN28 paral-
ogs in tumor initiation and progression.

Results

Lin28a and Lin28b are expressed in embryonic but not
adult intestines

We first explored the expression patterns of Lin28 in nor-
mal mouse intestines and found that Lin28a and Lin28b
proteins were expressed at high levels in the early embry-
onic gut followed by a rapid decline after embryonic day
13.5 (E13.5), which coincides with a critical transition in
intestinal epithelial differentiation (Gregorieff and Clev-
ers 2005). The expression of Lin28a and Lin28b was unde-
tectable in the adult small intestine and colon (Fig. 1A,B;
Supplemental Fig. 1A). Our conclusion that Lin28b ex-
pression is lacking in the adult gut contrasts with a recent
study in which Lin28b staining was detected in the adult
small intestine and colon by immunohistochemistry
(Madison et al. 2013). Using the same Lin28b antibody
used in this prior study and examining control tissues
from Lin28b knockout animals (Shinoda et al. 2013), we
conclude that Lin28b expression is lacking in the adult
gut (Supplemental Fig. 1B).

To test whether reactivation of LIN28A is equally as on-
cogenic as LIN28B and whether there are any critical dif-
ferences between the transforming properties of the two
paralogs, we generated transgenic mice with intestine-
specific overexpression of mouse Lin28a or human
LIN28B (hereafter referred as iLin28a and iLIN2.8B or col-
lectively as iLIN28) (Supplemental Fig. 2A,B; Urbach et al.
2014). To model reactivation, we fed doxycycline to adult
mice but noted rapid deterioration and death in most of
the iLin28a mice (Supplemental Fig. 2C). In contrast, in-
duction of LIN28B in adults was well tolerated. Fortu-
itously, we were able to maintain iLin28a animals when
they were exposed to doxycycline beginning in utero
and thereafter. Therefore, the iLin28a animals that we re-
port in this study were induced beginning in utero, while
iLIN28B animals were induced as adults (in utero induc-
tion of LIN28B produced similar results). These data,
alongside the differential effects of Lin28a and LIN28B
on intestinal differentiation noted below, suggest distinct
roles for the two paralogs in intestinal development and
pathology.

LIN28 promotes proliferation and inhibits differentiation
of the intestinal epithelium

The intestinal crypts consist of two proliferating popula-
tions: the Lgr5 intestinal stem cells (ISCs) at the crypt
base and the transit-amplifying (TA) cells, the progenitors
located in the middle of the crypts that are the direct
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Figure 1. Ectopic LIN28 expression results in in-
creased proliferation and loss of differentiation in
the intestinal epithelium. (A,B) Western blot analysis
against Lin28a and Lin28b in lysates collected from
dissected embryonic guts at the indicated embryonic
days. Adult samples are epithelial cells isolated from
the small intestine and colon. (Exp) Exposure time.
(C) Representative images of anti-Mki67 immunohis-
tochemistry staining of wild-type (WT), iLin28a, and
iLIN28B small intestinal crypts. Bar, 100 ym. (D)
iLin28a and iLIN28B crypts showing increased prolif-
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daughters of ISCs. Descendants of the TA progenitors exit
the cell cycle and differentiate into specific epithelial lin-
eages, including enterocytes, Paneth cells, goblet cells,
neuroendocrine cells, M cells, and tuft cells (Clevers
2013). During differentiation, cells migrate out of the
crypts to the villi compartments, except for the Paneth
cells, which migrate to the crypt base, where they interca-
late with the ISCs and provide a favorable niche that sus-
tains ISC self-renewal (Sato et al. 2011). Strikingly,
intestinal induction of LIN28 expression resulted in
strong perturbations to the highly ordered intestinal epi-
thelia. Within a few days to a couple of weeks after doxy-
cycline treatment, we observed a significant increase in
the proliferating population (Fig. 1C,D; Supplemental
Fig. 2D) and loss of certain differentiated cell types, in-
cluding the Paneth cells and goblet cells. Interestingly,
only iLin28a, but not iLIN28B, resulted in loss of the
enterocyte lineage even when induced on similar sched-
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eration index (calculated by the number of Mki67*
cells/the number of Mki67~ cells). (E) Representative
images of alkaline phosphatase (AP), periodic acid-
Schiff (PAS) staining, and anti-Lyz (lysozyme) immu-
nostaining of wild-type, iLin28a, and iLIN28B intesti-
nal mucosa. Bar, 100 pm.

ules (Fig. 1E). Altogether, these phenotypes indicate
that acute reactivation of LIN28 in the adult intestinal
epithelia provokes increased self-renewal and loss of dif-
ferentiation potential of the intestinal stem/progenitor
cells.

LIN28 activation cooperates with Ctnnbl mutation
to drive invasive adenocarcinoma

Following 6 mo of doxycycline exposure, almost all iLin2.8
transgenic animals developed tumors in the small intes-
tines but, interestingly, never in the colon. LIN28-induced
intestinal tumors varied in multiplicity, with a median of
three tumors per animal at 6-9 mo after induction (Fig.
2A; Supplemental Fig. 3A). Tumors appeared either
dome-like or with a flat morphology and ranged from ade-
noma to high-grade adenocarcinoma that invaded deep
into the muscularis (Fig. 2B). Further supporting the
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Figure 2. The LIN28/let-7 pathway cooperates with Ctnnb1 mutation to drive invasive intestinal adenocarcinoma. (A) Representative
image of the small intestines in wild-type (WT), iLin28a, and iLIN28B animals 6-7 mo after doxycycline. Intestinal tumors are indicated
by asterisks. (B) Representative H&E images of the iLin28a and iLIN28B intestinal adenocarcinoma with flat morphology (top panel) and
invasive features (bottom panel). Arrowheads indicate the invasive ends growing into the muscularis. Bars: top panel, 200 um; bottom
panel, 100 pm. (C) Representative immunohistochemistry staining against phostpho-Stat3 (Y705) of normal mucosa and iLin28a and
iLIN28B intestinal tumors. Bar, 100 pm. (D,E) Quantitative PCR (qQPCR) analysis showing up-regulation of tumor progression genes in
iLin28a and iLIN28B tumors compared with wild-type and adjacent mucosa. Data are mean + SD; n=3-5 from each genotype. (F,G)
qRT-PCR analysis measuring the levels of mature let-7 miRNAs in wild-type intestinal mucosa, iLIN28 adjacent mucosa, and iLIN28
intestinal tumors. Data are mean + SD; n =3 from each sample type. (H,I) qPCR analysis showing up-regulation of Wnt target genes in
iLin28a and iLIN28B tumors. Data are mean + SD; n =3-5 from each sample type. (/) Representative immunohistochemistry staining
against Ctnnbl1 (B-catenin), Cd44, and Sox9 of normal mucosa and iLin28a and iLIN28B intestinal tumors. Bar, 100 pm. (K) Tumor mul-
tiplicity of iLIN28B and iLIN28B; iLet-7 animals 7 mo after doxycycline. Data are mean = SD; n = 3 from each genotype, and the animals
are littermates. (L) Percentage of the tumors with mutations detected in the indicated genes. (M) Summary of the mutant heterozygous
allele frequency and mutation position in all of the tumor samples with Ctnnb1 somatic mutation.
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invasive histology, LIN28-derived tumors expressed high
levels of epithelial phosphorylated Stat3 and elevated lev-
els of chemokine ligand Cxcll and metalloprotease
Mmpl4 (Fig. 2C-E), which are markers for invasive tu-
mors and are often associated with metastatic CRC (Kiku-
chi et al. 2000; Kusaba et al. 2005; Schwitalla et al. 2013).
Notably, we failed to observe distal metastasis as late as
18 mo after doxycycline. The levels of the LIN28 proteins
in the tumors were comparable with those in ESCs (Sup-
plemental Fig. 3B,C), and, importantly, the tumors ex-
pressed minimum levels of mature let-7 (Fig. 2F,G). To
determine whether LIN28-mediated tumorigenesis could
be antagonized by enforced coexpression of let-7, we
crossed iLIN28B animals with an inducible let-7 strain
(iLet-7) engineered to express a chimeric pre-let-7g carry-
ing the loop region of mir-21, thus rendering it refractory
to LIN28 regulation (Supplemental Fig 3D; Piskounova
et al. 2008; Zhu et al. 2011). Strikingly, coexpression of
the engineered Iet-7g almost completely reversed
LIN28B-mediated tumorigenesis (Fig. 2K).

The LIN28-derived intestinal tumors manifest activat-
ed Wnt signaling, as we observed nuclear/cytoplasmic
translocation of the Ctnnbl1 (B-catenin) protein and elevat-
ed levels of Cd44, Sox9, and several other classic Wnt tar-
get genes in the tumors (Fig. 2H-J). However, we ruled out
the possibility that LIN28 directly activates Wnt because
Wnt activation was not observed in the adjacent nontu-
mor transgenic mucosa (Fig. 2H,I; Supplemental Fig. 3E).
In addition, the long tumor latency and variable tumor
multiplicity suggest that LIN28 alone is not sufficient to
initiate tumor formation and that spontaneous somatic
mutations of other oncogenes or tumor suppressors are re-
quired to cooperate with LIN28. To test this hypothesis,
we performed targeted next-generation deep sequencing
analysis of the nine most frequently mutated genes in hu-
man CRC—Apc, Tp53, Kras, Pik3ca, Fbxw7, Smad4,
Tcf7L2, Nras, and Ctnnbl (The Cancer Genome Atlas
Network 2012)—in 21 iLIN28 tumors (1 = 10 for iLin2.8a,
and n=11 for iLIN28B). Interestingly, four out of 10
iLin28a and five out of 11 iLIN28B tumors harbored non-
synonymous somatic mutations of the Ctnnb1 gene that
resulted in amino acid alterations in codons 32, 33, 34,
37, and 41 (Fig. 2L,M), all of which have been reported to
play a role in B-catenin stabilization and Wnt hyperactiva-
tion in human CRC and other cancers (Koch et al.
1999; Mirabelli-Primdahl et al. 1999). Other than Ctnnb1,
we did not detect somatic mutations in the other eight
genes sequenced. The heterozygous allele frequencies of
Ctnnb1 in the mutated tumors ranged from 11.6% to
26% (Fig. 2M), indicating that 23.2%-52% of the tumor
population contains activating Ctnnbl mutation. This
percentage is consistent with our quantification of the nu-
clear/cytoplasmic p-catenin population from immunohis-
tochemistry analysis (Supplemental Fig. 3F), suggesting
that cells stained for translocated p-catenin are most like-
ly those carrying mutation in the Ctnnb1 genes. In stark
contrast, almost all of the cells of the Apc™™* tumors
stained for nuclear/cytoplasmic p-catenin. These data
suggest that LIN28-derived tumors are heterogeneous in
nature and that some tumor subpopulations do not
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depend on nuclear B-catenin-mediated Wnt signaling.
Thus, our murine intestinal cancer model mirrors human
CRC development and supports the notion that perturba-
tion of the Wnt pathway is the prerequisite step for tumor
initiation and that reactivation of LIN28 cooperates with
Wnt activation to promote intestinal tumorigenesis.

LIN28 promotes tumor initiation, growth,
and progression in the Apc™™* model

To further investigate cooperation between LIN28 and the
Wnt pathway, we introduced iLIN28 into the Apc™™/*
strain. As a previous report concluded that activated Wnt
signaling up-regulates Lin28a in breast cancer cells (Cai
et al. 2013), we determined the levels of Lin28a in the
Apc™in/* tumors and failed to detect expression (Supple-
mental Fig. 4A). In addition, we examined Lin28a/b status
in the dextran sulfate sodium (DSS)/azoxymethane
(AOM)-induced colon tumors, which manifest activated
Wnt pathways (Rosenberg et al. 2009). Similar to the
Apc™™* tumors, reactivation of Lin28a or Lin28b was
not observed (Supplemental Fig. 4B). Furthermore, intes-
tine-specific conditional Lin28a and Lin28b double-knock-
out animals are equally susceptible to DSS/AOM-induced
tumorigenesis as their wild-type littermates (Supplemen-
tal Fig. 4C). Taken together, these data indicate that in
the context of intestinal tumors, activated Wnt pathway
signaling does not directly activate Lin28a or Lin28b ex-
pression, and Lin28a or Lin28b expression is not absolute-
ly required for Wnt-mediated tumor initiation.
Nevertheless, induced LIN28 overexpression signifi-
cantly accelerated Apc™™* disease onset (Fig. 3A,B|, in-
creased tumor incidence (Fig. 3C-E), and enhanced
tumor proliferation (Fig. 3F,H,I). Interestingly, enforced
coexpression of the iLet-7 allele failed to reduce total tu-
mor incidence (Fig. 3G) yet reduced tumor size and prolif-
eration capacity (Fig. 3H,I; Supplemental Fig. 4D). These
data suggest that tumor initiation in the Apc™™* model
is enhanced by LIN28 in a let-7-independent manner but
that tumor growth and proliferation are enhanced through
LIN28-mediated let-7 suppression. To further investigate
the mechanism by which LIN28 promotes the Apc™®/*
tumor phenotypes, we performed gene expression pro-
filing comparing Apc™™* tumors and iLIN28B; Apc™™/*
tumors. By gene set enrichment analysis (GSEA) (Subra-
manian et al. 2005), we detected enhanced molecular
signatures related to cell cycle and WNT in iLIN28B;
Apc™/* tumors (Supplemental Fig. 4E, F), which was ver-
ified in iLin28a; Apc™™* tumors (Fig. 3],K). In addition,
GSEA analysis revealed the enrichment of several tumor
progression-related pathways, such as undifferentiated
cancer signature in the iLIN28B; Apc™™* tumors (Supple-
mental Fig. 4G). The up-regulation of tumor progression
genes was again observed in iLin28a; Apc™™* tumors
(Fig. 3N). Histologically, the compound iLIN28B;
Apc™™* tumors were indeed more poorly differentiated,
and the tumor crypts invaded more frequently into the
muscularis layer then the Apc™™* tumors (Fig. 3L,M).
Collectively, these data demonstrate that LIN28 promotes
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Figure 3. LIN28 promotes Apc™™* tumor initiation, growth, and progression. (A,B) Kaplan-Meier curve of the indicated genotypes
showing that iLin28a; Apc™™* and iLIN28B; Apc™™* animals succumbed to disease-related death faster than the Apc™™* animals.
(C) Representative small intestinal cross-section HQE images of the Apc™™* and iLIN28B; Apc™™* animals 2 mo after doxycycline treat-
ment. Yellow asterisks indicate the tumors. Bar, 200 um. (D,E) Quantification of total intestinal tumor number and colonic tumor number
developed in the indicated genotypes 2 mo after doxycycline treatment. Data are mean + SD; n=5-11 from each genotype. (F) Represen-
tative images of the Apc™™* and iLIN28B; Apc™™* small intestinal tumors stained with Mki67 antibody showing more proliferating
cells in iLIN28B; Apc™™* tumors. Bar, 100 um. (G) Quantification of the total intestinal tumor number from each indicated genotype.
Data are mean + SD; n =11 for Apc™™* animals; n = 6 for iLIN28B; Apc™™/* animals, and n =3 for iLIN28B; iLet-7; Apc™™* animals.
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Wat targets in iLin28a; Apc™™* tumors compared with Apc™* tumors. (L) Representative HQE image of the small intestinal tumors
of Apc™** and iLIN28B; Apc™™/* tumors. The iLIN28B; Apc™™™* tumors invaded into the muscularis, indicated by arrowheads. Bar, 100
pm. (M) Quantification of the percentage of tumors showing the invasion morphology. Data are mean + SD; n = 5 from each genotype. (N)
gRT-PCR analysis showing up-regulation of tumor progression related genes in iLin28a; Apc™™* tumors compared with Apc™™* tu-
mors. Data are mean = SD; n =3 from each genotype.
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cooperativity between the LIN28 and Wnt pathways.

LIN28 sustains tumor proliferation and dedifferentiation

We next investigated whether LIN28 was required for tu-
mor maintenance in vivo by withdrawing doxycycline
from the iLIN28 animals after 6 mo of exposure. Two
months following cessation of doxycycline, we observed
reduced tumor multiplicity in both iLin28a and iLIN28B
animals (Supplemental Fig. 5A). Doxycycline withdrawal
in iLIN28B animals led to reduced tumor volumes and de-
creased proliferation markers (Fig. 4A,B). However, we did
not observe shrinkage in tumor size or decreased levels of
proliferation genes in iLin28a tumors after doxycycline re-
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Figure 4. LIN28 sustains tumor proliferation and
dedifferentiation to promote tumor progression. (A)
Removal of LIN28B results in decreased tumor size.
Data are mean = SD; n =24 tumors for Dox On and
n=11 tumors for Dox Off. (B) qRT-PCR of cell cycle
genes indicating that removing LIN28B expression
decreases tumor proliferation. Data are mean = SD;
n=3-5 from each sample type. (C) qRT-PCR of the
mature let-7 miRNAs in iLIN28B tumors with or
without doxycycline withdrawn. Data are mean =
SD; n=3-6 from each sample type. (D,E) LIN28 ex-
pression is required for tumor dedifferentiation. Rep-
resentative H&E- and PAS-staining images showing
tumor cell differentiation into goblet cells in the dox-
yeycline-withdrawn tumors. Bar, 100 ym. (F,G) qRT-
PCR of differentiation markers trefoil factor 3 (Tff3),
keratin 20 (Krt20), angiogenin 4 (Ang4), and mucin 2
(Muc2) in the indicated sample types, showing that
removal of Lin28a or LIN28B results in tumor cell dif-
ferentiation into the goblet cell lineages. Data are
mean=SD; n=3-6 from each sample type. (H)
LIN28 expression sustains tumor invasiveness. Rep-
resentative immunohistochemistry against phos-
pho-Stat3 (Y705) of iLin28a and iLIN28B tumors
with or without doxycycline withdrawn. Bar, 100 pm.

moval (Supplemental Fig. 5B,C) despite the equally effi-
cient reduction of the transgenes (Supplemental Fig. 5D,
E). Interestingly, we noticed that LIN28B reduction re-
versed let-7 repression to a greater extent than Lin28a re-
duction (Fig. 4C; Supplemental Fig. 5F), suggesting that
maintaining low levels of mature let-7 is important for tu-
mor proliferation and growth.

In addition to reducing tumor growth, reduction of
LIN28 transgene expression resulted in the appearance
of clusters of cells with periodic acid-Schiff (PAS)-positive
vacuoles, which were not seen in the tumors before doxy-
cycline withdrawal. Moreover, doxycycline removal re-
sulted in higher levels of several goblet cell markers,
indicating induction of goblet cell differentiation when
LIN28 is no longer present (Fig. 4D-G). As a poorly



differentiated state is often associated with invasive tu-
mor character, we observed a dramatic decrease of phos-
pho-Stat3-expressing cells after doxycycline removal
(Fig. 4H). Notably, removal of LIN28 did not reduce the
levels of key Wnt target genes (Supplemental Fig. 5G,H),
further indicating that LIN28 does not directly regulate
Wnt in the tumors and that Wnt is independent of
LIN28 status. In summary, these data suggest that sus-
tained LIN28 expression maintains tumor cells in an un-
differentiated state and promotes tumor invasiveness.

LIN28 cooperates with WNT to drive CRC

LIN28A and LIN28B are overexpressed in human CRC
and are associated with invasive CRC pathology

We evaluated the expression of LIN28A and LIN28B in a
cohort of 595 colon and rectal carcinoma samples using
immunohistochemistry. High levels of LIN28A and/or
LIN28B occurred in 38% of the samples (10% LIN28A,
8% LIN28B*, and 20% LIN28AB*) (Fig. 5A,B). Consistent
with the pathology of our murine tumors, high LIN28A or
LIN28B correlated with more infiltrative histology,
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Figure 5. LIN28A and LIN28B are overexpressed in human CRC and are associated with invasive CRC pathology. (A) Representative
images of LIN28A and LIN28B immunohistochemistry staining scored as “positive” samples. Bar, 100 um. (B) Percent distribution of
the LIN28A/B status from 595 CRC cases. (C) Percent distribution of tumors with infiltrative histology according to LIN28A/B status
from 581 CRC samples. (D) Percent distribution of tumors with nuclear CTNNBI stain according to LIN28A/B status from 568 CRC sam-
ples. (E) Percent distribution of tumors with positive TP53 staining according to LIN28A/B status from 592 CRC samples. (F,G) Kaplan-
Meier curve of the 10-yr survival probabilities of CRC patients grouped according to LIN28A (F) or LIN28B (G) status.
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nuclear CTNNBI staining, and positive TP53 staining
(Fig. 5C-E), all of which are parameters associated with in-
vasive tumor pathology. We further assessed the associa-
tion of LIN28A and LIN28B expression with survival in
stage I-III CRC and found that high expression of
LIN28A was significantly associated with worse CRC-
specific survival, while the association of high LIN28B ex-
pression did not reach statistical significance (Fig. 5F,G).
LIN28 expression was not significantly associated with
prognosis in stage IV CRC (data not shown). It is worth
noting that LIN28A or LIN28B expression predicted sur-
vival probability better than KRAS, BRAF, or PIK3CA
mutation in the same cohort of samples (Imamura et al.
2012; Liao et al. 2012b; Lochhead et al. 2013). Taken to-
gether, our analysis demonstrates strong association of
the LIN28 proteins with invasive tumor progression and
poor prognosis and provides evidence for LIN28 as a prog-
nostic tumor biomarker for CRC.

Discussion

Here we report the generation of a robust murine model of
invasive CRC, demonstrating that both LIN28A and
LIN28B promote intestinal and colorectal tumorigenesis,
growth, and invasive progression. Furthermore, we ana-
lyzed the largest cohort of human CRC samples to date
and observed that LIN28A and/or LIN28B expression cor-
related with invasive tumor pathology and poor prognosis,
phenotypes accurately reflected in our murine model.
While prior murine models have used LIN28B exclusively
(King et al. 2011a,b; Madison et al. 2013; Pang et al. 2014),
we demonstrated an equally potent role of LIN28A in tu-
morigenesis and progression in both our murine model
and human CRC.

Our models illuminate several novel aspects of LIN28-
induced tumor biology. While an earlier study concluded
that LIN28 activation alone can drive intestinal tumori-
genesis in the absence of canonical genetic alterations
(Madison et al. 2013), we show that aberrant LIN28 ex-
pression results in widespread alterations in intestinal ep-
ithelial proliferation and differentiation but only focal
tumor formation after a long latency, indicating a need
for cooperating oncogenic events in intestinal tumor for-
mation. Indeed, we found that a high percentage of tumors
harbored mutations in the Ctnnb1 gene, indicating that
spontaneous somatic mutation is a frequent mechanism
by which the Wnt pathway becomes activated in our
LIN28 model. Moreover, when LIN28 was induced in
the Apc™/* strain, which typically develops primarily
benign adenomas, tumors formed rapidly and demonstrat-
ed markedly more invasive histology, strongly suggesting
that WNT pathway activation remains the tumor-initiat-
ing event, while aberrant LIN28 activation represents a
driver of tumor progression and invasive character. Fur-
ther supporting its role in promoting tumor progression
and maintenance, withdrawal of transgenic LIN28 expres-
sion resulted in marked tumor differentiation, decreased
invasiveness, and reduced tumor burden. While rare tu-
mors have been reported with translocations involving
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LIN28B, and LIN28 is included as an amplified locus in
a small percentage (1%-3%) of cancers (Viswanathan
et al. 2009), in most cases, LIN28 overexpression has not
been linked to mutation, suggesting that LIN28 is not a
classical “mut driver” oncogene but rather an “epi driver”
according to a recent classification of the cancer genome
landscape (Vogelstein et al. 2013).

Intestinal epithelial induction of Lin28a or LIN28B re-
sulted in partially overlapping but also independent phe-
notypes, implying distinct functions for the two
paralogs. In the murine model, both iLin28a and iLIN28B
tumors developed with a similar latency of 6 mo after dox-
yeycline induction, and both iLin28a and iLIN28B tumors
expressed high levels of Wnt target genes. However, a
much higher percentage of LIN28B-induced tumors devel-
oped into high-grade adenocarcinomas compared with
LIN28A-induced tumors, suggesting that the two paralogs
function similarly in promoting tumor initiation but that
LIN28B is more potent in conferring features of aggressive
malignancy (Supplemental Fig. 3A). Moreover, although
suppressing let-7 maturation is the most established mo-
lecular function of the LIN28 paralogs, only certain as-
pects of the tumorigenic phenotypes are opposed by
enforced coexpression of let-7. Whereas in the setting of
LIN28 overexpression, coexpression of let-7 reduced tu-
mor initiation, when LIN28 was overexpressed in the
Apc™* hackground, coexpression of let-7 had no effect
on tumor incidence but did reduce tumor proliferation.
One possibility is that in the Apc™™* animals, LIN28 pro-
motes tumor initiation by increasing the chance of Apc
loss of heterozygosity (LOH), while in the iLIN28 model,
LIN28 promotes tumor initiation by expanding the highly
proliferative and undifferentiated crypt cells. The distinct
molecular targets regulated by LIN28 to promote tumor
development in different models await further investiga-
tion. The development of intestinal rather than colonic
tumors in our murine model is similar to what is com-
monly reported in many other GI tumor murine models.
A recent report suggests that the incidence of tumor for-
mation is largely correlated with the number of stem cells
residing in the respective tissues and that mouse small in-
testines contain higher numbers of cycling stem cells than
mouse colons (Tomasetti and Vogelstein 2015).

The important roles of LIN28/let-7 in tumor progres-
sion implicate this pathway as an attractive therapeutic
target for CRC. Normal adult intestinal epithelium does
not express either paralog, and intestine-specific Lin28a/
Lin28b double-knockout animals have no obvious intesti-
nal phenotype (H-C Tu and GQ Daley, unpubl.). These ob-
servations indicate that targeting the LIN28 pathway
would have minimal effects on normal intestinal homeo-
stasis. Importantly, we demonstrated here that reversal of
LIN28 expression in a full-blown tumor produces tumor
cell differentiation and reduced tumor invasiveness.
These data agree with our hypothesis that intestinal tu-
mor cells use an embryonic molecular signature to main-
tain cells in an undifferentiated state. We propose that
antagonizing LIN28 would induce tumor cell differentia-
tion and might prove beneficial in combination with che-
motherapy, as well-differentiated tumors are typically



less aggressive and less drug-resistant and have better clin-
ical outcomes. Last, most current mouse models for CRC,
including the Apc™™* model, fail to manifest invasive
cancer and thus fail to accurately reflect the pathology
and natural history of late-stage CRC. Our transgenic
strains of iLIN28 mice represent robust and reliable
models of late-stage CRC that closely mimic human dis-
ease pathologically and molecularly and should prove
useful as in vivo preclinical platforms for developing
therapeutics.

Materials and methods

Mice

All animal procedures were conducted according to animal care
guidelines approved by the Institutional Animal Care and Use
Committee at Boston Children’s Hospital. Lox-stop-Lox-TetOn-
Lin28 and conditional Lin28a and Lin28b double-knockout
mice were previously generated in our laboratory (Zhu et al.
2011; Shinoda et al. 2013). Villin-Cre (stock no. 004586) and
Apc™/* (stock no. 002020) animals were obtained from Jackson
Laboratory. For transgene induction, 1 g/L doxycycline (Sigma)
was administered to the drinking water at different time points
to induce LIN28B and Lin28a transgenes. To achieve co-overex-
pression of Lin28 and Let7, we crossed Villin-cre mice with
TRE-7S21L (“iLet-7") (described in Zhu et al. 2011) mice and
then crossed the Villin-cre; ilet-7 mice with Lox-stop-Lox-Te-
tOn-LIN28 mice.

Histology and immunohistochemistry

Swiss-rolled intestinal tumor and normal tissues were fixed in
10% buffered formalin and embedded in paraffin. Immunostain-
ing was performed using the following antibodies: anti-Cdx2
(MUB392A-UC, Biogenex ), anti-Lin28a (#3978, Cell Signaling),
anti-LIN28B (#4196, Cell Signaling), anti-B-catenin (#610154,
BD Transduction), anti-Cd44 (#550538, BD Pharmingen ), anti-
Stat3 (phosphorylated at Y705) (#9145, Cell Signaling), anti-
Sox9 (AB5535, Millipore ), anti-Lyz (lysozyme) (A0099, Dako ),
and anti-Mki67 (M7249, Dako ). Slides were dewaxed with xylene
and rehydrated through a series of washes with decreasing per-
centages of ethanol. Antigen retrieval was performed in 10 mM
sodium citrate buffer (pH 6.0) by placement in a decloaking cham-
ber for 30 min at 95°C. Immunohistochemistry was performed
with Elite ABC kit and DAB substrate (Vector Laboratories) ac-
cording to the manufacturer’s protocol. PAS staining was used
to detect neutral and acid mucins and mucus substances accord-
ing to standard procedures.

Quantification of proliferation index, tumor sizes,
and invasiveness

The proliferation index is defined as the number of Mki67-posi-
tive cells over the number of Mki67-negative cells per crypt or
per tumor. Thirty crypts were calculated per animal, and three
to five animals per genotype were analyzed for the crypts. Three
tumors per animal and three to five animals per genotype were
analyzed for the tumors. Tumor sizes were measured by using
the Nikon Eclipse 90i microscope and NIS-Elements Viewer soft-
ware (Nikon). Tumor invasiveness was analyzed by reviewing the
histology for tumors with incomplete basal membrane and the
presence of irregular-shaped tumor crypts invading into the
muscularis.

LIN28 cooperates with WNT to drive CRC

Quantitative RT-PCR (qRT-PCR)

RNA was isolated by TRIzol and reverse-transcribed using a miS-
cript II RT kit (catalog no. 218161, Qiagen). mRNA expression
was measured by qPCR using the AACT method with the follow-
ing primers: mLgr5 (forward primer, 5-GACAATGCTCTCACA
GAC-3’; reverse primer, 5-GGAGTGGATTCTATTATTATGG
-3'), mcMyec (forward primer, 5-CTTACAATCTGCGAGCCAG
GACA-3; reverse primer, 5-GCTGTACGGAGTCGTAGTC
GAG-3'), mCd44 (forward primer, 5-CACCATTGCCTCAA
CTGTGC-3; reverse primer, 5-TTGTGGGCTCCTGAGTC
TGA-3'), mAscl2 (forward primer, 5-CTACTCGTC GGAG
GAAAG-3'; reverse primer, 5'-ACTAGACAGCATGGGTAAG-
3’), mCyclin D1 (forward primer, 5-CGTATCTTACTTCAA
GTGCGTGCAGAAG-3; reverse primer, 5-CAGGTTCCACTT
GAGCTTGTTCAC-3'), mCyclin Bl (forward primer, 5-ACTT
CAGCCTGGGTCGCC-3; reverse primer, 5-ACGTCAAC
CTCTCCGACTTTAGA-3'), mCyclin El (forward primer, 5'-
ATGTGGCCGTGTTTTGCA-3'; reverse primer, 5-GGTCTG
ATTTTCCGAGGCTGA-3'), mE2f1 (forward primer, 5-GGAT
CTGGAGACTGACCATCAG-3'; reverse primer, 5'-GGTTTCA
TAGCGTGACTTCTCCC-3'), mMcm6 (forward primer, 5-CG
ACAGCTTGAGAGCATGATCC-3; reverse primer, 5-TGAC
ATCAGGCGTCTCTACACG-3), mCdca5 (forward primer, 5'-
AGTCGTCCAAGCGGAAATCTGG-3'; reverse primer, 5-CC
TCTACTGCATGAGCTACGATC-3') , mSox9 (forward primer,
5'-GCAGACCAGTACCCGCATCT-3’; reverse primer, 5-TCT
CGTTCAGCAGCCTCCA-3), mMmpl4 (forward primer,
5-GGATGGACACAGAGAACTTCGTG-3'; reverse primer, 5'-
CGAGAGGTAGTTCTGGGTTGAG-3'), mCxcl1 (forward prim-
er, 5-TATCGCCAATGAGCTGCG-3'; reverse primer, 5'-GG
ATGTTCTTGAGGTGAATCCC-3'), mMad2l1 (forward primer,
5-CAGAAACTGGTGGTGGTCATCTC-3/; reverse primer,
5-CATCCTGTATGGCTTTCTGGGAC-3'), mTiaml (forward
primer, 5'-CCACATTGAGAAGTCAGACGCG-3'; reverse prim-
er, 5-CGGTTTCCTTGACACTGTTCACG-3'), mKrt20 (forward
primer, 5-CCCAGAAGAACCTGCAAGAG-3'; reverse primer,
5-ACGAGCCTTGACGTCCTCTA-3'), mTtf3 (forward primer,
5-TCCAAGCCAATGTATGGTGCCG-3; reverse primer, 5-
CAGGGCACATTTGGGATACTGG-3'), mAng4 (forward prim-
er, 5'-GGCACCAAGAAAAACATCAGGGC-3; reverse primer,
5-GTGCGTACAAGTGGTGATCTGG-3'), and mMuc?2 (forward
primer, 5-GGTCCAGGGTCTGGATCACA-3'; reverse primer,
5-GCTCAGCTCACTGCCATCTG-3'). For qRT-PCR of mature
Iet-7 miRNA, we used Qiagen miScript target as described in the
miScript protocol.

Western blot

Cells were lysed in RIPA buffer (Pierce) supplemented with pro-
tease inhibitor cocktail (Roche) and phosphatase inhibitor cock-
tail (Roche). Proteins was separated by a 12% or 4%-12%
polyacrylamide gel (Bio-Rad) and transferred to a methanol-acti-
vated PVDF membrane (GE Healthcare). The membrane was
blocked for 1 h in PBST containing 6% milk and subsequently
probed with primary antibodies overnight at 4°C. After 1-h incu-
bation with sheep anti-mouse or donkey anti-rabbit HRP-conju-
gated secondary antibody (GE Healthcare), the protein level was
detected with standard ECL reagents (Thermo Scientific). Anti-
bodies used were anti-o/p-tubulin (#2148, Cell Signaling), anti-
Actb (B-actin) (sc-69879, Santa Cruz Biotechnology), anti-Cdx2
(MU392A-UC, Biogenex), anti-Lin28a (#3978, Cell Signaling),
anti-LIN28B (#4196, Cell Signaling), anti-Lin28b (mouse pre-
ferred) (#5422, Cell Signaling), anti-Flag (M2 clone, Sigma),
anti-Cyclin D1 (ab10540, Abcam), and anti-Sox 9 (AB5535,
Millipore).
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Microarray analysis

RNA from two duodenum tumors from Apc™™* and iLIN28;
Apc™i/ Jittermates were harvested and processed using TRIzoL.
The Illumina Ref-8 microarray platform was used by the Boston
Children’s Hospital Intellectual and Developmental Disabilities
Research Center (IDDRC) Molecular Genetics Core Facility.
The microarray data have been deposited in Gene Expression Om-
nibus (GEO) and given the series accession number GSE68334.
GSEA (http://www.broadinstitute.org/gsea/index.jsp) was used
to identify gene sets and pathways associated with a set of up-reg-
ulated or down-regulated genes.

DSS/AOM protocol

DSS (molecular weight 36,000-50,000 g/mol) was obtained from
MP Biomedicals, and AOM was obtained from Sigma (catalog no.
A5486). Six-week-old to 8-wk-old C57/BL6 wild-type animals
were given a dose of 10 mg/kg AOM intraperitoneally. One
week later, mice received 2.5% DSS in the drinking water for
5 d followed by 2 wk of water. Two cycles of DSS were adminis-
tered, animals were sacrificed at day 55 after AOM treatment, and
colon tumors were harvested for protein analysis. Lin28a"¥/~,
Lin28b"°*/~,Villin-Cre* (Lin28a/b double knockout) and litter-
mate control Lin28a"°*,Lin28b°**,Villin-Cre* (wild type)
were in mixed background (C57BL6/129sv/Balbe); due to the
background-dependent susceptibility to DSS, the protocol was
modified to three cycles of 3.5% DSS, with 7 d of DSS treatment
in each cycle. Animals were sacrificed at 66 d after AOM
treatment.

Targeted next-generation DNA sequencing

Amplicons were designed for nine genes of interest by Ton Ampli-
Seq Designer (Life Technologies). Libraries were made with 10 ng
of genomic DNA following ion AmpliSeq library kit 2.0 protocol.
These libraries were then templated using Ton Onetouch 2 (Life
Technologies) and sequenced on an Ion 318 chip (Life Technolo-
gies) following the manufacturer’s instructions. Data from the
PGM runs were analyzed using Torrent Suite software to generate
sequencing reads and perform variant calling (custom somatic
high-stringency parameters with allele frequency >10%). These
variants were annotated with ANNOVAR (Wanget al. 2010) using
mouse mm10 genome assembly and curated by literature reviews.

Statistical tests

Data expressions are mean = SD. Differences were analyzed
by Student’s t-test using Prism 6 (GraphPad Prism software).

Human CRC samples

We used the database of two United States nationwide prospec-
tive cohort studies: the Nurses’ Health Study (NHS; N-=
121,700 women observed since 1976) and the Health Profession-
als Follow-Up Study (HPFS; N = 51,500 men observed since 1986)
(Liao et al. 2012a). Participants were sent follow-up biennial ques-
tionnaires to update information on diet and lifestyle factors and
identify newly diagnosed cancers and other diseases. We collect-
ed paraffin-embedded tissue blocks from hospitals where partici-
pants with CRC had undergone resection of primary tumors. All
CRC cases were confirmed through review of histology by a pa-
thologist (S. Ogino) blinded to exposure data. Tumor grade was
categorized as high (<50% glandular area) or low (>50% glandular
area). The type of tumor growth pattern at the tumor margin was
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examined at low-power magnification and categorized as expan-
sile, intermediate, or infiltrative (Morikawa et al. 2012). Diagnos-
tic biopsy specimens from rectal cancer patients who received
preoperative therapy were collected in order to avoid treatment-
related artifacts. Patients were observed until death or January
2013, whichever came first. Written informed consent was ob-
tained from all study subjects. The human subject committees
at Harvard School of Public Health and Brigham and Women'’s
Hospital approved this study.

Immunohistochemistry for LIN28A, LIN28B, TP53,
and CTNNB1 in human samples

Tissue microarray blocks were constructed as previously de-
scribed (Chan et al. 2009). Methods of immunohistochemical
staining and interpretations for TP53 and CTNNBI have been de-
scribed previously (Baba et al. 2011; Morikawa et al. 2011). For
LIN28A and LIN28B immunostaining, deparaffinized tissue sec-
tions were heated in a microwave for 15 min in antigen retrieval
citra solution at pH 6 (BioGenex Laboratories). Tissue sections
were incubated with dual endogenous enzyme block (DAKO)
and then serum-free protein block (DAKO) for 15 min each. Slides
were incubated for 16 h at 4°C with a primary antibody against
LIN28A (1:50, rabbit monoclonal; no. 8641, Cell Signaling) or
LIN28B (1:75, rabbit polyclonal; no. 4196, Cell Signaling). Envi-
sion anti-rabbit HRP-labeled polymer (DAKO) was applied to
the sections for 30 min followed by visualization using the chro-
mogen 3,3-diaminobenzidine (DAKO) and hematoxylin counter-
stain. Positive and negative controls were included in each panel
of immunohistochemistry for all markers. Each immunohisto-
chemical marker was evaluated by a pathologist (Z Qian) un-
aware of other data.

Statistical analysis for human samples

All statistical analyses were performed with the SAS program
(version 9.1, SAS Institute). All P-values were two-sided, and stat-
istical significance was set at P = 0.05. For categorical data, the x>
test was performed. The Kaplan-Meier method and log-rank test
were used for survival analyses. Deaths from causes other than
CRC were censored in CRC-specific mortality analyses. To con-
trol for confounding, we used Cox proportional hazard models to
calculate the hazard ratio (HR) of death according to tumor
LIN28A or LIN28B expression status. The model initially includ-
ed age at diagnosis (continuous), sex, body mass index, tumor lo-
cation (proximal vs. distal colon vs. rectum), TMN stage, tumor
grade, MSI (high vs. low/MSS), CIMP (high vs. low/0), LINE-1
methylation (continuous), BRAF mutation, KRAS mutation,
and PIK3CA mutation in addition to CTNNBI, phosphorylated
AKT, and DNMT1 expression. To minimize residual confound-
ing and overfitting, disease stage (I, II, III, IV, or unknown) was
used as a stratifying variable using the “strata” option in the
SAS “proc phreg” command. To avoid overfitting, variables in
the final model were selected using backward stepwise elimina-
tion with a threshold of P =0.05.
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