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Most colorectal cancers (CRCs) are moderately differentiated or well differentiated, a status that
is preserved even in metastatic tumors. However, the molecular mechanisms underlying CRC
differentiation remain to be elucidated. Herein, we unravel a potentially novel posttranscriptional
regulatory mechanism via a LIN28B/CDX2 signaling axis that plays a critical role in mediating CRC
differentiation. Owing to a large number of mRNA targets, the mRNA-binding protein LIN28B has
diverse functions in development, metabolism, tissue regeneration, and tumorigenesis. Our RNA-
binding protein IP (RIP) assay revealed that LIN28B directly binds CDX2 mRNA, which is a pivotal
homeobox transcription factor in normal intestinal epithelial cell identity and differentiation.
Furthermore, LIN28B overexpression resulted in enhanced CDX2 expression to promote
differentiation in subcutaneous xenograft tumors generated from CRC cells and metastatic tumor
colonization through mesenchymal-epithelial transition in CRC liver metastasis mouse models.

A ChIP sequence for CDX2 identified a-methylacyl-CoA racemase (AMACR) as a potentially

novel transcriptional target of CDX2 in the context of LIN28B overexpression. We also found that
AMACR enhanced intestinal alkaline phosphatase activity, which is known as a key component of
intestinal differentiation, through the upregulation of butyric acid. Overall, we demonstrated that
LIN28B promotes CRC differentiation through the CDX2/AMACR axis.

Introduction

RNA-binding proteins (RBPs), which form mRNA-protein complexes (mRNPs) with their target RNAs,
represent key regulators of essential cellular processes (1, 2). Indeed, a number of studies have shown
that RBPs, including LIN28B, promote tumorigenesis in diverse cancer types (3—6). We have demon-
strated that LIN28B overexpression correlates with poor survival in colon cancers and increased tumor
recurrence (7). In addition, we demonstrated previously that LIN28B acts as an oncogene in genetic
mouse models of colorectal adenomas and cancers (8, 9), which was corroborated subsequently by oth-
ers (10). Functionally, as a master regulator of the let-7 family of microRNAs, LIN28B binds pre—/
pri—let-7 and blocks their cleavage and maturation, thus upregulating certain oncogenic targets, including
c-Myc, HMGAZ2, and IGF2BP1 (IMP1) (9, 11).

Apart from its role in colorectal cancer (CRC) initiation and progression, there is some evidence that
LIN28B might promote CRC differentiation. LIN28B-overexpressing colon cancer cell lines that result in
xenograft tumors are more glandular and differentiated compared with xenograft tumors generated from
empty vector cell lines (7). Human CRCs with LIN28B overexpression exhibit a differentiated phenotype
(11). This also appears consistent with other studies in which LIN28B-overexpressing adenocarcinomas
appear more glandular compared with LIN28A-expressing tumors (8, 12—14). However, the mechanism



. RESEARCH ARTICLE

by which LIN28B promotes CRC differentiation remains unclear. Elucidating this axis may not only
explain CRC clinical outcomes but also identify potential new therapeutic strategies.

Caudal-related homeobox transcription factor 2 (CDX2) is a critical regulator for intestinal identi-
ty and differentiation (15) and its expression is highly specific to the intestinal epithelium (16). Con-
ditional knockout of the murine Cdx2 gene revealed that Cdx2 is essential for the villus morphology
and cytodifferentiation of intestinal cells (17, 18). In CRC, histopathological analyses have reported
that approximately 90% of CRC tumors express CDX2 (19), and these tumors are associated with well-
differentiated or moderately differentiated status (20). Although experimental evidence suggests that
CDX2 is considered to be a potential tumor suppressor because it inhibits cell growth, migration, and dis-
semination of CRC cells (21), CDX2 expression is observed in over 90% of colorectal liver metastases and
it is concordant between primary CRC and the corresponding liver metastases (22). These findings imply
that differentiated CRC cells with CDX2 expression also have a capacity for metastasis. Yet, the degree
of differentiation is not believed to be associated with a proclivity for metastasis (23, 24), and about 96%
of colorectal liver metastases exhibit a differentiated morphology (23). Furthermore, differentiation status
may not be a prognostic factor in patients with CRC (25). However, the molecular mechanisms underlying
CRC differentiation and tumor progression remain elusive.

Previously, we found a substantial number of predicted mRNA binding targets of LIN28B, including
CDX2 (8). Therefore, we hypothesized that posttranscriptional regulation of CDX2 by LIN28B may pro-
mote CRC differentiation. In the present study, we describe a potentially novel posttranscriptional regula-
tory pathway mediated via a LIN28B/CDX2 signaling axis as being critical for CRC differentiation. We
found that LIN28B bound directly to CDX2 mRNA, induced CDX2 protein expression, and functionally
promoted CRC differentiation. Intriguingly, the upregulation of CDX2 by LIN28B inhibited CRC cell
invasion in vitro, whereas it promoted metastatic CRC tumor colonization through epithelial-mesenchymal
transition (EMT). In addition, we undertook a comprehensive unbiased ChIP-Seq approach and identified
a-methylacyl-CoA racemase (AMACR), a mitochondrial and peroxisomal enzyme for beta-oxidation of
branched chain fatty acids (26), as a direct downstream target for the LIN28B/CDX2 axis to govern CRC
differentiation. Our studies revealed that the upregulated CDX2 promoted CRC differentiation through the
induction of AMACR, which mechanistically fostered butyric acid production and intestinal alkaline phos-
phatase (ALPi) activation. Taken together, these results illustrate the dynamic regulation of CRC differ-
entiation by a LIN28B/CDX2/AMACR axis and help to explain the importance of CRC differentiation.

Results

LIN28B upregulates CDX2 expression in colorectal cancer. CDX2 plays a crucial role in intestinal cell identity
and differentiation (15, 17). Given that our published in silico analysis suggested that CDX2 is a predicted
mRNA target of LIN28B (8, 11), we hypothesized that posttranscriptional regulation of CDX2 by LIN28B
may promote differentiation in LIN28B-overexpressing CRC tumors. To that end, we investigated first
LIN28B and CDX2 levels in several human CRC cell lines. As shown in Figure 1A, there was a positive
correlation between LIN28B expression and CDX2 expression in these CRC cell lines. Intriguingly, Caco-
2 cells, which have a high intrinsic differentiation capacity (27), harbored high endogenous LIN28B and
CDX2 expression. Next, we analyzed CDX2 expression in Caco-2 cells with and without shRNA-mediat-
ed LIN28B knockdown (28). As shown in Figure 1B, Western blotting revealed that LIN28B knockdown
resulted in decreased CDX2 expression. Previously, we generated LIN28B long and short isoform—express-
ing Caco-2 cells by transfecting these plasmids into Caco-2 LIN28B knockdown cells and showed the
LIN28B long isoform plays a dominant role in tumorigenesis (28). Therefore, we evaluated CDX2 expres-
sion in LIN28B long isoform—expressing Caco-2 cells and LIN28B knockdown Caco-2 cells. We found that
LIN28B long isoform overexpression was accompanied by increased CDX2 protein expression (Figure
1C). Additionally, these results were corroborated in constitutively expressing LIN28B SW480, LoVo cells,
and DLD1 cells (Supplemental Figure 1A; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.140382DS1).

We next performed subcutaneous xenograft experiments with CRC cells with and without LIN28B
overexpression to evaluate the relationship between LIN28B and CDX2 in vivo. LIN28B knockdown
tumors exhibited a less differentiated phenotype compared with controls (Figure 1D and Supplemental Fig-
ure 1B). THC staining revealed that LIN28B-expressing differentiated tumors had higher CDX2 expression
than LIN28B knockdown poorly differentiated tumors (Figure 1D and Supplemental Figure 1B).
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Figure 1. LIN28B upregulates CDX2 expression in colorectal cancer. (A) LIN28B and CDX2 expression in human colorectal cancer (CRC) cell lines by West-
ern blotting (WB) analysis. Lower: the fold change of band intensity compared with the expression of target gene in Caco-2 cells (n = 3). (B) WB analysis of
LIN28B and CDX2 in Caco-2 control and LIN28B knockdown (KD) cells. Lower: band intensities were normalized by densitometry to GAPDH (n = 3). (C) WB
analysis of LIN28B and CDX2 in Caco-2 LIN28B KD and LIN28B long isoform expression (LIN28B o/e) cells. Lower: band intensities were normalized by den-
sitometry to GAPDH (n = 3). (D) Representative IHC staining for LIN28B (left) and CDX2 (right) in the subcutaneous xenograft tumor of Caco-2 cells with
control or LIN28B KD. Scale bars: 100 um. (E) Upper: WB analysis of CK20 and CDX2 expression in Caco-2 cells with control or sh-LIN28B at the confluence
time point. Lower: densitometry analysis. The value for CK20 or CDX2 at day -2 for the sh-control samples was referred to as 1. (F) Upper: representative
image for dome formation in Caco-2 cell with control/LIN28B KD at postconfluence day 3. Scale bars: 500 um. Lower: the graph indicates the number of
domes. A dome was defined as greater than 100 um diameter (n = 5). (G) ALP activity assay in Caco-2 control and LIN28B KD cells at postconfluence day 3

(n = 3). Data are presented as mean + SEM. Unpaired, 2-tailed Student's t tests were performed. *P < 0.05, **P < 0.01.

Caco-2 cells have also served as a useful in vitro model to ascertain the mechanisms contributing to
intestinal differentiation. After reaching confluence, these cells cease to proliferate and spontaneously dif-
ferentiate, as noted by the expression of intestinal differentiation markers and dome formation (29, 30). As
shown in Figure 1E, CDX2 expression in Caco-2 control cells was upregulated significantly in comparison
to Caco-2 cells with LIN28B knockdown in preconfluent and postconfluent states. Of note, 3 days after
confluence, increased CDX2 expression was accompanied by increased cytokeratin 20 (CK20) expression,
which is known to be a common CRC differentiation marker (31, 32). We also observed that dome for-
mation in Caco-2 control cells was significantly greater than in LIN28B knockdown Caco-2 cells, consis-
tent with impairment of the differentiation program (Figure 1F). We next measured alkaline phosphatase
(ALP) activity in Caco-2 cells with/without LIN28B knockdown because ALP activity has been reported
to induce differentiation in the enterocyte lineage toward the colonocyte lineage (33, 34). As shown in Fig-
ure 1G, ALP activity in Caco-2 cells with LIN28B knockdown was significantly lower compared with that
in Caco-2 control cells at day 3 after confluence, whereas there was no significant difference between the
2 groups in subconfluent Caco-2 cells (Supplemental Figure 1C), suggesting that LIN28B may accelerate
CRC tumor differentiation through ALP activation.

LIN28B stabilizes CDX2 mRNA through direct binding. We addressed next how LIN28B upregulates
CDX2 in CRC cells. LIN28B is a well-known RBP. RBPs play crucial roles in the regulation of several
essential cellular processes, such as RNA splicing, localization, stability, degradation, and translation by
binding to the mRNA of target genes (4). LIN28B has also been reported as a regulator of these processes
(35). To accomplish this, we first performed an RBP IP (RIP) assay. RBPs stabilize mRNAs, and although
this does not typically lead to increased mRINA expression, it does result in increased in protein expression.
As shown in Figure 2A (experimental design), we extracted RNA that was bound by LIN28B from Caco-
2 cells. We evaluated the quality of these experiments by Western blotting. The target ribonucleoprotein
(RNP) complex was successfully concentrated because no LIN28B was detected in the post-IP beads coated
with normal rabbit IgG. However, LIN28B was detected in the post-IP beads coated with an anti-LIN28B
antibody (Figure 2B). Subsequently, we found that the CDX2 mRNA obtained from the anti-LIN28B anti-
body-immunoprecipitants was enriched significantly in Caco-2 cells in comparison with the CDX2 mRNA
isolated from the normal rabbit IgG complex (Figure 2C). A previous study demonstrated that OCT4
mRNA but not SOX2 mRNA is a direct target for LIN28 in human embryonic stem cells (36); as positive/
negative controls, we verified that LIN28B bound to OCT4 mRNA but did not bind to SOX2 mRNA (Figure
2D). Additionally, we corroborated these findings in LoVo cells (Supplemental Figure 2, A-C).

We next measured the stability of CDX2 mRNA in CRC cells with and without LIN28B expression. We
first treated LIN28B knockdown Caco-2 cells and empty vector Caco-2 cells with actinomycin D, an inhib-
itor of RNA polymerase elongation. After transcription was inhibited, the decay rate of CDX2 mRNA was
measured in the presence or absence of LIN28B. We observed a faster rate of decay in LIN28B knockdown
cells than in control empty vector cells (Figure 2E). Furthermore, when LIN28B long isoform—overexpressing
Caco-2 cells were treated with actinomycin D, we found that long isoform—overexpressing LIN28B rescued
the attenuation of CDX2 mRNA stability induced by LIN28B knockdown (Figure 2F). We also observed
that LIN28B increased CDX2 mRNA stability in LoVo cells (Supplemental Figure 2D). Taken together, these
results suggest that LIN28B can contribute to the stabilization of CDX2 mRNA through direct binding.

CDX2 expression is maintained during tumorigenesis in intestine-specific Lin28b-expressing transgenic mice. To
assess the pattern of CDX2 expression during LIN28B-mediated tumorigenesis, we investigated the expres-
sion of CDX2 in adenomas in Vil-Lin28b mice by IHC staining. Previously, we demonstrated Vil-Lin28b
mice developed adenomas and adenocarcinomas (8). All samples were scored blindly (scale of 0-3) by a

JCl Insight 2021;6(9):e140382 https://doi.org/10.1172/jci.insight.140382 4



RESEARCH ARTICLE

Experimental design B Caco-2 D Caco-2
RIP (RNP-immunoprecipitation) assay (OCT4)
&k
1x 107 cells Input 1gG LIN28B 1 ipg 47 | —
— 35 L]
LIN28B
== == N
&
S
Conjugated LIN28B 5 2]
lysate or normal rabbit IgG 2
antibody from the Caco-2 14 ree
magnet beads (MG) c (CDX2)
P 0 T T
anh 15 - ** IgG  LIN28B
1
=
Target RNA o KB Caco-2
o 10 1 (SOX2)
§ 1
G} L 2.0 1 NS
=
RIP & RNA isolation S 54 | |
o 1.5 1 [ ]
: +
5 T [
" 5 1
Reverse cDNA 0 ' T s 1.0 1 .
Target RNA  transcription IgG LIN28B S *
‘ w 05 4
P 0 T T
lgG LIN28B
E Caco-2 F Caco-2
12 12 -
T e C 0 N {0l — |_|N28B ofe
1 r —_ i
=) 03
29 T O
SE 08| = = = sh-LIN28B 2Eo08 | o = = sh-LIN28B
<% <%
Z o 06 r 06
o E 8
- 85
g g 04 é g 04
@ o0
Ce 2| 202 | Teeld
-
0 0
Oh 1h 2h 3h 4h Oh 1h 2h 3h 4h
Time Time

Figure 2. LIN28B stabilized CDX2 mRNA through direct binding. (A) Experimental design of RIP assay. (B) Quality check of RNA immunoprecipitation
(RIP) assay: analysis of LIN28B expression level by WB. The results of RIP assay by gqRT-PCR of RIP materials for CDX2 (n = 3) (C), OCT4 (n = 3) (D; upper),
and SOX2 (n = 3) (D; lower). mRNA stability assay in Caco-2 control and LIN28B KD cells (E) and in Caco-2 LIN28B KD and o/e cells (F) (n = 3). Data are

presented as mean + SEM. Unpaired, 2-tailed Student’s t tests were performed. *P < 0.05, **P < 0.01.
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pathologist. CDX2 expression was maintained in adenomas (Supplemental Figure 3A). Well-differentiated
tumors also retained CDX2 expression in adenocarcinomas from Vil-Lin28b mice (n = 5) (Supplemental
Figure 3B). Importantly, these findings are not consistent with previous studies, which demonstrated that
CDX2 levels are reduced in colonic polyps of Apc*/~ mutant mice (37, 38) and in adenocarcinomas of
mice treated with azoxymethane, which is a chemical carcinogen (39). As shown in Supplemental Figure
3C, CDX2 expression did not change in the normal intestinal epithelium when comparing WT and Vil-
Lin28b mice. Thus, under normal homeostatic conditions, Lin28b might not affect CDX2 expression but
did influence CDX2 expression during tumorigenesis. Taken together, these findings indicate that Lin28b
contributes to the maintenance of CDX2 expression during tumorigenesis.

CDX2 may facilitate CRC cell differentiation in the context of LIN28B expression. We next evaluated the func-
tion of CDX2 in mediating CRC cell differentiation in the context of LIN28B overexpression. We generated

ps://doi.org/10.1172/jci.insight.140382 5
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CDX2 knockdown in Caco-2 (high endogenous LIN28B expression) and LIN28B-overexpressing LoVo cell
lines (Figure 3A and Supplemental Figure 4A). We first performed qPCR analysis to evaluate the expres-
sion of ALPi in CDX2 knockdown CRC cells. As shown in Figure 3B and Supplemental Figure 4B, CDX2
knockdown significantly decreased the expression of ALPi. Furthermore, the ALP activity assay revealed that
CDX2 knockdown in Caco-2 cells decreased intracellular ALP activity (Figure 3C), suggesting that CDX2
may enhance ALPi activity in the context of LIN28B overexpression. Here, we used only one Caco-2 line,
shCDX2 no. 2, as Caco-2 KD cells for the following experiments because we found complete loss of knock-
down occurred in Caco-2 shCDX2 no. 1 cells after several passages. It is possible that the near-complete or
complete knockdown of CDX2 by shCDX2 no. 1 (Figure 3A) might have led to lethality in Caco-2 cells.
Indeed, Cdx2 loss in mice impairs intestinal identity and promotes colonic dysgenesis (15). To further assess
the role of CDX2 for CRC differentiation, we performed several in vitro assays with Caco-2 cells. The dome
formation analysis revealed that CDX2 knockdown in Caco-2 cells impaired formation of domes, which in
turn represent intestinal differentiation (Figure 3D). We also observed that CK20 expression in Caco-2 cells
with CDX2 knockdown was downregulated significantly compared with Caco-2 control cells in postconfluent
(differentiated) states (Figure 3E). These results strongly suggest LIN28B may promote CRC differentiation
through the direct upregulation of CDX2. To verify this premise in an in vivo setting, we next established
xenograft tumors by s.c. injecting these cell lines into the rear flanks of athymic nude mice. Of note, we used
subconfluent Caco-2-CDX2 shRNA cells because the confluent status may affect tumorigenicity (39). We
reported previously that s.c.-injected tumors with LIN28B overexpression cells were more differentiated in
comparison to tumors with low LIN28B expression (7). Intriguingly, histopathological examination revealed
that CDX2 knockdown in the context of LIN28B overexpression dramatically converted the tumor’s differen-
tiation status from well or moderately differentiated, which have gland-like structures, to poorly differentiated
(Figure 3F and Supplemental Figure 4C). Although CDX2 knockdown was effective, it was not complete. As
a result, CDX2 expression was maintained in areas of tumor differentiation (Figure 3E, arrowheads). This
indicates that CDX2 plays a pivotal role for CRC tumor differentiation. Furthermore, viable tumor areas were
scored as being poorly, moderately, and/or well differentiated in a blinded fashion by a pathologist, revealing
statistically significant differences between control and CDX2 knockdown xenograft tumors (Figure 3G and
Supplemental Figure 4D). Notably, as shown in Supplemental Figure 4, A and C, the functional consequence
of CDX2 knockdown was evident in poorly differentiated LoVo xenograft tumors. We found CK20 expres-
sion was downregulated in CDX2 knockdown xenograft tumors (Figure 3H and Supplemental Figure 4E).
ALP activity was decreased with CDX2 knockdown in Caco-2 cells (Figure 3I). These findings suggest that
LIN28B-induced CDX2 upregulation promotes CRC differentiation through the activation of ALP1.

CDX2 promotes metastatic CRC tumor colonization through mesenchymal-epithelial transition. Given that the
majority of primary CRC and corresponding liver metastases retain CDX2 expression (22), primary CRC
may progress to metastasis while maintaining a well- to moderately differentiated status. Indeed, we demon-
strated previously that differentiated subcutaneous tumors with LIN28B overexpression readily metastasize
to the liver compared with less-differentiated tumors without LIN28B expression (7). Therefore, we next
focused on how CDX2 can modulate the CRC tumor progression in the context of LIN28B overexpression.
‘We observed that the weights of combined LIN28B overexpression and CDX2 knockdown subcutaneous
tumors were increased compared with control tumors (Figure 4A and Supplemental Figure 5A). Addition-
ally, Ki-67 staining revealed that CDX2 knockdown increased cell proliferation in LIN28B-overexpressing
CRC cells in subcutaneous tumors (Figure 4B and Supplemental Figure 5B). These findings imply that the
balance between proliferation and differentiation may shift toward proliferation with CDX2 knockdown
in the context of LIN28B overexpression, and CDX2 might be a critical regulator for the transition from
proliferation to differentiation in the subset of CRC cells with LIN28B overexpression.

We next evaluated the metastatic potential of CDX2 in LIN28B-overexpressing CRC cells. Previous
studies have reported Caco-2 cells are not optimal for a metastasis assay (40, 41). Therefore, we utilized
LIN28B-overexpressing LoVo and DLDI cells for these analyses. As shown in Figure 4C and Supplemental
Figure 5C, the Transwell 2D invasion assays revealed CDX2 knockdown enhanced tumor cell invasion in
the context of LIN28B overexpression. To assess metastatic potential in vivo, we used an in vivo liver metas-
tasis assay in which CRC cells are injected directly into the portal vein of mice. Surprisingly, CDX2 knock-
down inhibited the growth of metastatic tumors in the liver (Table 1 and Supplemental Figure 5D). Indeed,
Ki-67 staining revealed metastatic tumors with CDX2 expression were more proliferative than metastatic
tumors with CDX2 knockdown (Figure 4D and Supplemental Figure 5E). To elucidate how CDX2 may
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Figure 3. CDX2 regulates CRC tumor differentiation in the context of LIN28B overexpression. (A) WB showing CDX2 KD using shCDX2 in Caco2 cells. Lower
graph shows the densitometry normalized to GAPDH (n = 3). (B) CDX2 and ALPj expression (gPCR) in Caco-2 control/CDX2 KD cells (n = 3). (C) ALP activity assay
in Caco-2 control/CDX2 KD cells (n = 3). (D) Upper: representative image for dome formation in Caco-2 control/CDX2 KD cells at postconfluence day 3. Scale bars:
500 um. Right: the graph indicates the number of domes. A dome was defined as greater than 100 um diameter (n = 5). (E) Upper: WB analysis of CK20 and
CDX2 expression in Caco-2 cells with sh-control or sh-CDX2 at the confluence time point. Lower: densitometry. The value for CK20 at day 2 for the sh-control
samples was referred to as 1(n = 3). (F) Representative IHC in the subcutaneous xenograft tumor of Caco-2 cells with control or CDX2 KD for H&E (first panel),
IHC of CDX2 (second and third panels), and IHC of LIN28B (fourth panel). (G) Cumulative ratio of differentiation status in subcutaneous xenograft tumors (n = 6).
(H) Representative IHC of CK20 in the subcutaneous xenograft tumor of Caco-2 cells with control or CDX2 KD. (1) Representative ALP staining in the subcutane-
ous xenograft tumor of Caco-2 cells with control or CDX2 KD. Scale bars: 100 um. Data are presented as mean + SEM. Unpaired, 2-tailed Student'’s t test (A, D, E,
and G) or 1-way ANOVA followed by Dunnett's multiple-comparison test as post hoc analysis (B and C) were performed. *P < 0.05, **P < 0.01.

promote tumor growth at the metastatic site, we evaluated certain EMT markers in CDX2 knockdown CRC
cells because some evidence suggests mesenchymal-epithelial transition (MET) is essential for metastatic
tumor colonization in the liver (42, 43). Intriguingly, CDX2 knockdown suppressed the expression of E-cad-
herin, which is a crucial MET marker, whereas it enhanced the expression of some EMT markers, such as
Vimentin and TWIST (Figure 4E and Supplemental Figure 5F). Additionally, IHC staining revealed that
metastatic tumors with high CDX2 expression had higher E-cadherin expression in comparison to metastat-
ic tumors with low CDX2 expression (Figure 4F and Supplemental Figure 5G). This is consistent with other
studies that have shown CDX2 upregulates E-cadherin expression (44, 45). Moreover, metastatic tumors
with CDX2 expression had higher CK20 expression in contrast to metastatic tumors with CDX2 knock-
down, which suggests they were more differentiated (Table 2, Figure 4F, and Supplemental Figure 5H). In
summary, these findings support the notion that CRC may progress to metastasis while maintaining a differ-
entiated status through MET mediated by CDX2 expression in the background of LIN28B overexpression.

CDX2 regulates AMACR gene expression in the context of LIN28B high expression. We next hypothesized
that CDX2 regulates downstream genes in the context of LIN28B overexpression. To evaluate this possi-
bility, we performed ChIP with a CDX2 antibody followed by ChIP-Seq in Caco-2 control cells (endog-
enous high Lin28B expression) and Lin28B knockdown Caco-2 cells (Figure 5A). We especially focused
on transcription starting sites (TSSs) in our analysis. We observed that CDX2 bound more TSSs and tran-
scription ending sites (TESs) in parental Caco-2 cells than in the Lin28B knockdown Caco-2 cells (Figure
5B and Supplemental Figure 6, A and B). This suggests CDX2-mediated transcriptional activity might be
enhanced in the context of LIN28B overexpression. Additionally, when we compared the peak level of
CDX2 binding sites between these 2 cell lines, we found 667 sites had significantly higher peaks in Caco-2
control cells compared with LIN28B knockdown Caco-2 cells, whereas only 92 sites in LIN28B knock-
down Caco-2 had higher peaks (Figure 5C). These results imply that LIN28B expression affected the
affinity of CDX2 with the promoters of certain genes. From these results, we focused on AMACR, which
is in the top 3 genes in peak annotation analysis (Figure 5C); some studies have reported that AMACR is
expressed preferentially in differentiated CRCs (46—48). Several studies also suggest that AMACR expres-
sion may be a marker of tumor differentiation in prostate cancer (49) and breast cancer (50).

AMACR is a mitochondrial and peroxisomal enzyme that plays a critical role in peroxisomal
beta-oxidation of branched-chain fatty acids (26). Indeed, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of our ChIP-Seq revealed that CDX2 bound to genes involved in metab-
olism, including fatty acid metabolism in Caco2 control cells (Figure 5D). Moreover, gene ontology
(GO) terms revealed that genes associated with fatty acid metabolism were occupied highly by CDX2
in Caco2 control cells (Figure 5E). These results indicate that CDX2 might be involved in fatty acid
metabolism in the context of LIN28B overexpression, and it is possible that AMACR may play an
important role in this context. As shown in Figure 5F, the CDX2-bound region in the AMACR promot-
er-TSS in Caco2 control cells is significantly higher than that in Caco2 shLIN28B cells. This suggests
that CDX2 may regulate AMACR transcriptionally.

We next investigated the potential functional relationship between CDX2 and AMACR. As shown in
Figure 6, A and B, AMACR mRNA and protein expression were decreased in Caco-2 cells upon CDX2
knockdown. THC staining revealed AMACR expression was decreased dramatically in subcutaneous
xenograft tumors with CDX2 knockdown (Figure 6C). These results were also observed in constitutively
expressing LIN28B LoVo cells (Supplemental Figure 7, A—C). We next generated Caco-2 WT (with high
endogenous LIN28B expression) cells with siRNA-mediated AMACR knockdown. As shown in Fig-
ure 6D, AMACR knockdown did not affect CDX2 expression, consistent with it being downstream of
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Figure 4. CDX2 promotes metastatic CRC tumor colonization through mesenchymal-epithelial transition. (A) Left: subcutaneous xenograft experiments
with LoVo cells (n = 6 per cell type) showed a significant increase in tumor weight with CDX2 KD with sh-CDX2 no. 1(472.38 + 126.23 mg at euthanization)
or sh-CDX2 no. 2 (353.38 + 112.90 mg at euthanization) as compared with control cells (123.88 + 48.86 mg at euthanization). Right: the images of tumors.
Scale bars: 10 mm. (B) Ki-67 staining in the subcutaneous xenograft tumor of LoVo cells with control or CDX2 KD, representative images (upper) and the
quantification (lower). Scale bars: 100 um. n = 3. (C) Transwell chamber invasion assay of LoVo cells with control or CDX2 KD, representative images (upper)
and the quantification (lower). Scale bars: 100 um. n = 3. (D) Ki-67 staining in the liver metastatic tumor of LoVo cells with control or CDX2 KD, represen-
tative images (upper) and the quantification (lower). Scale bars: 100 um. n = 3. (E) Epithelial-mesenchymal transition (EMT) marker expression (QPCR) in
LoVo control/CDX2 KD cells (n = 3). (F) Representative IHC of CDX2, E-cadherin, and CK20 in the liver metastatic tumor of LoVo cells with control or CDX2
KD. Scale bars: 100 um. Data are presented as mean + SEM. Unpaired, 2-tailed Student'’s t test (D) and 1-way ANOVA followed by Dunnett’s multiple-com-
parison test as post hoc analysis (A, B, C, and E) were performed. *P < 0.05, **P < 0.01.

CDX2.To validate the relationship between CDX2 and AMACR in human CRCs, we next evaluated The
Cancer Genome Atlas (TCGA) for CDX2 and AMACR in colon and rectal adenocarcinomas (COAD-
READ). As shown in Figure 6E, we found a positive correlation between these 2 genes in LIN28B
high-expressing CRCs (Pearson’s coefficient = 0.48, P < 0.01). By contrast, there was no correlation in
LIN28B low-expressing CRCs (Pearson’s coefficient = 0.20, P < 0.01). Interestingly, we obtained the
same trends from a human CRC tissue microarray (TMA) (Tables 3 and 4). In addition, we did not find
a correlation between CDX2 and AMACR in LIN28B knockdown Caco2 cells (Supplemental Figure
7D) and LoVo empty vector cells, the latter of which had very low endogenous LIN28B expression
(Supplemental Figure 7E). These results imply that CDX2-mediated regulation of AMACR may occur
specifically in the context of only LIN28B overexpression in CRC.

AMACR may contribute to the promotion of CRC cell differentiation in the context of high LIN28B expression.
We next executed in vitro studies with AMACR knockdown Caco-2 cells mediated by siRNA to investi-
gate the function of AMACR in CRC cell differentiation. First, we evaluated several intestinal differen-
tiation markers by qPCR in siRNA-mediated AMACR knockdown cells. Interestingly, we observed that
AMACR regulated ALPi gene expression, whereas it did not affect gene expression for other intestinal
cell (secretory) lineages, such as goblet cells (MUC2, KLF4) and enteroendocrine cells (ATOH1, NGN3)
(Figure 7A). Furthermore, we found that intracellular ALP activity decreased significantly with AMACR
knockdown in Caco-2 cells (Figure 7B). Next, to determine the effect of AMACR knockdown in CRC cell
differentiation, we transiently transfected subconfluent Caco-2 cells with siAMACR and harvested cells
at subconfluence (-2 days), confluence (day 0), and after confluence (day 3). As shown in Figure 7C, we
observed that siRNA-mediated AMACR knockdown inhibited CK20 expression at the postconfluence
time point. We found that dome formation in Caco-2 cells with stAMACR was reduced significantly com-
pared with Caco-2 control cells (Figure 7D) at 3 days after confluence. We next generated AMACR-over-
expressing LoVo cells (Supplemental Figure 8A). AMACR overexpression resulted in the upregulation of
ALP activity in CRC cells (Supplemental Figure 8B). We also found that differentiated xenograft tumors
with LIN28B had high ALP activity (Figure 3H). Equally important, most human CRCs that had con-
cordant high LIN28B, CDX2, and AMACR expression (11/12; 91.6%) exhibited well to moderate differ-
entiation status, whereas 2 of 3 CRCs with low LIN28B, CDX2, and AMACR expression exhibited poor
differentiation status (Table 5 and Figure 7E).

Although some studies have revealed that AMACR expression may be a marker of tumor differentia-
tion in several cancer types (46—48), the mechanism underlying AMACR-mediated tumor differentiation
is still elusive. A number of studies have reported that butyric acid, a straight short-chain fatty acid,
plays a crucial role in intestinal differentiation (51) and stimulates ALP activity (52, 53). It is also widely
accepted that a metabolic hallmark of cancer cells involves lipidomic remodeling, which encompasses
alterations in fatty acid transport, de novo lipogenesis to support membrane synthesis, and beta-oxi-
dation to generate ATP (54). Given that AMACR is an enzyme involved in oxidation of branched-
chain fatty acids, we hypothesized that AMACR may alter the level of butyric acid in CRC. To test this
hypothesis, we first assessed ATP levels in Caco-2 cells with and without LIN28B knockdown. As shown
in Figure 7F, LIN28B knockdown attenuated the ATP level in Caco-2 cells. In correlation, etomoxir,
which is a known inhibitor of beta-oxidation, suppressed the enhancement of ATP seen with LIN28B
overexpression. Furthermore, AMACR knockdown decreased the ATP level in Caco-2 cells (Figure 7G).
We also found that the ATP level was diminished by CDX2 knockdown in this cell line (Supplemental
Figure 8C), thereby suggesting the CDX2/AMACR axis may facilitate beta-oxidation in LIN28B-over-
expressing CRC cells, resulting in increased intracellular energy levels. Next, we measured the level
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Table 1. Incident of small/large metastasis in portal vein injection model

Small Large
sh-control 0 (0%) 4 of 7 (57.1%)
sh-CDX2 no. 1 4 of 7 (57.1%) 0 (0%)
shCDX2 no. 2 1 0of 8 (12.5%) 10of 8 (12.5%)

Small metastasis contain less than 100 cells; sh-control versus sh-CDX2 no. 1+ sh-CDX2 #2; P < 0.05; Fisher’s exact test.

Table 2. CK20 staining in liver metastasis of portal vein injection model

CK20
Positive Negative
sh-control 3 of 4 (75%) 10f 4 (25%)
shCDX2 0 of 5 (0%) 5 of 5 (100%)

sh-control versus sh-CDX2; P < 0.05; Fisher’s exact test.

of short fatty acids in CRC cells with AMACR knockdown. As shown in Figure 7H, the intracellular
butyric acid levels were significantly decreased in Caco-2 cells with AMACR knockdown compared with
control cells. Moreover, the reduction of ALP activity in AMACR knockdown CRC cells was rescued by
sodium butyrate addition in the cultured media (Figure 71). The addition of sodium butyrate in LIN28B
or CDX2 knockdown cells also resulted in enhanced ALP activity (Supplemental Figure 8, D and E).
Taken together, these findings strongly suggest that the AMACR axis may promote CRC cell differentia-
tion through butyric acid—mediated ALP activation in the context of LIN28B and CDX2 coexpression.

Discussion

LIN28B and its homolog LIN28A function through the posttranscriptional downregulation of the Jet-
7 miRNA family. However, some LIN28B-mediated functions are also /et-7 independent through direct
binding of specific mRNAs, such as OCT4 (36), BMP4 (55), and NRP-1 (56) and putative targets based
upon in silico analysis. In our previous work, cross-linking, IP, and high-throughput sequence (CLIP-Seq)
analysis revealed a large number of putative mRNA targets of LIN28B in the small intestinal epitheli-
um and CRC cells (8). In the present study, we provided the first demonstration, to our knowledge, that
LIN28B upregulated CDX2 protein expression by directly binding to CDX2 mRNA. Furthermore, in Vil-
LIN28B mice, we observed LIN28B maintained CDX2 expression during malignant transformation. Con-
versely, 3 other studies demonstrated that CDX2 expression is reduced in tumors (37-39). To reconcile
these apparent differences, it is possible that LIN28B overexpression promotes CDX2 maintenance and
tumor differentiation, but in the absence of LIN28B overexpression, CDX2 expression is downregulated.

Although some studies have demonstrated that the absence of CDX2 in CRC correlates with poor
prognosis (20, 25), only fewer than 10% of human CRCs lack CDX2 expression (24). Differentiat-
ed CRC tumors, which are strongly associated with CDX2 high expression, still have high metastatic
potential (22). Furthermore, CDX2 expression status is highly concordant between primary CRCs and
their corresponding liver metastases (22). This implies the preponderance of CRCs maintain CDX2
expression during metastatic progression. In this study, we demonstrated the mechanism for how the
metastatic progression of differentiated CRC tumors occurs under the conditions of LIN28B overex-
pression leading to induction of CDX2.

In CRC, mortality is related to metastasis to distant organs, and further understanding of these
mechanisms is critical to improve patient survival. Recent studies have provided concrete experimental
data to support the notion that epithelial plasticity is essential for metastatic colonization (42, 43, 57).
Since colonization requires tumor cells to restart proliferation upon extravasation into a metastatic site,
MET may be required to support growth of metastatic foci after initial seeding. Indeed, we demonstrated
CDX2 facilitates CRC cell proliferation at the metastatic site through the upregulation of E-cadherin,
which is needed for MET. E-cadherin is an intercellular adhesion protein fulfilling a prominent role in
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Figure 5. CDX2 ChIP-Seq identifies AMACR as a novel target for the LIN28B/CDX2 axis. (A) Experimental design of ChIP-Seq. (B) Heatmaps of CDX2 ChIP-
Seq in Caco-2 cells with control or LIN28B KD. (C) Left: peak analysis annotated by promoter transcription starting sites; gray columns indicate the number
of significant higher peaks compared with the other phenotype. Right: the gene list of peak annotation analysis. (D) Significant upregulated KEGG pathway
analysis related to metabolism in Caco2 control cells compared with Caco2 LIN28B KD cells. (E) Significant upregulated gene ontology term analysis related
to fatty acid metabolism in Caco2 control cells compared with Caco2 LIN28B KD cells. (F) CDX2 ChIP-Seq tag counts at the site of AMACR TSS promoter. The
binomial test was performed with P < 0.05 as statistically significant (A and C-E). CDX2 binding peaks were identified by applying FDR cutoff 0.05.

epithelial differentiation, which implies CDX2 may play a role in CRC metastatic progression while
maintaining the tumor’s differentiation status through the induction of E-cadherin.

CDX2 is well characterized as a CRC differentiation marker, and several lines of evidence indicate that
CDX2 loss is associated with poorly differentiated CRC (20, 25). Herein, we demonstrated that LIN28B
overexpression enhanced CDX2 expression to facilitate CRC differentiation. Given that LIN28B is known to
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Table 3. Correlation of CDX2 and AMACR in human CRC TMAs in LIN28B high expression

AMACR
High Low
High 12 4
CDX2
Low 0 2

Fisher’s exact test; P = 0.089.

Table 4. Correlation of CDX2 and AMACR in human CRC TMAs in LIN28B low expression

AMACR
High Low
High 30 15
cox2 Low 1 3

Fisher’s exact test; NS.

be a key contributor to the formation of induced pluripotent stem (iPS) cells (58), it is possible that LIN28B is
reprograming CRC cells to a more differentiated identity and fate through CDX2. Interestingly, a recent study
revealed CDX2 is indispensable for differentiation from iPS cells (59).

We have identified AMACR as a potentially novel target gene in the LIN28B/CDX2 axis through ChIP-
Seq with a CDX2 antibody in Caco2-cells. AMACR has been used as an important diagnostic marker to
distinguish normal glands from cancer in the prostate (60). Intriguingly, several studies have demonstrated that
AMACR is expressed preferentially in differentiated CRCs and its precursor lesions (adenomas) (4648, 61).
Some studies have speculated that AMACR overexpression may lead to alterations in the balance of cellular
oxidants through its role in fatty acid metabolism, which in turn may contribute to the pathogenesis of neo-
plasia (62, 63). The mechanism of how AMACR mediates CRC differentiation (or any other type of differen-
tiated cancer), however, remained unknown until now. Our ChIP-Seq revealed that pathways and GO terms
associated with fatty acid metabolism were enriched in parental Caco?2 cells compared with Caco-2 shLIN28B
cells. Indeed, we demonstrated LIN28B and subsequent upregulated AMACR expression promoted beta-ox-
idation and ATP production in CRC cells. Some studies also indicate that butyric acid, which is a short-chain
fatty acid known to be an inducer of intestinal differentiation (51), stimulates ALP activity (52, 53). ALP
activity is used to evaluate differentiation toward the colonocyte lineage in CRC cells (34). Our study revealed
that AMACR might enhance ALPi activity through the upregulation of butyric acid in LIN28B-overexpress-
ing CRC cells. Further investigation will be warranted to elucidate how AMACR upregulates butyric acid,
made challenging because of the complexity of altered fatty acid metabolism in cancer (64) and the role of
native colonic microbiota in fatty acid production and breakdown. However, given that AMACR is an enzyme
involved in oxidation of branched-chain fatty acids, it is possible that enhanced AMACR by LIN28B may
induce a shift in the intracellular lipid profile in order to use branched chain fatty acids as primary sources for
ATP to allow butyrate to serve other critical roles in tumor promotion, including colonocyte differentiation via
ALP. Butyrate has several additional roles in immune modulation, signaling via G protein—coupled receptors,
and histone deacetylase inhibition (65, 66), all of which may have a role in CRC progression.

In conclusion, we demonstrated a mechanism for CRC differentiation through a potentially novel
LIN28B high/CDX2/AMACR axis, thus elucidating how CRC differentiation and CRC metastatic pro-
gression are regulated at the molecular level.

Methods

Cell lines. Human CRC cell lines (Caco-2, LoVo, DLD1, RKO, HCT-116, and SW480) were obtained from
American Type Culture Collection. These cell lines were authenticated by the STR locus and were main-
tained in DMEM (Thermo Fisher Scientific), supplemented with 10% FBS (GE Healthcare Life Sciences),
and 1% penicillin-streptomycin (Thermo Fisher Scientific) in a 37°C incubator with 5% CO,. Cells were
tested for mycoplasma at least every 2 months.

JCl Insight 2021;6(9):e140382 https://doi.org/10.1172/jci.insight.140382 14



A

Caco-2 (gPCR)

2.0

-
wn
|

Fold change
5
1

/3 si-AMACR
1 si-AMACR #1

0.5 -
mm si-AMACR #2
0.0
&
@?‘
¥
c Caco-2
si-ctrl SFAMACR#1 | si-AMACR#2 o
2d 0d 3d |-2d 0d 3d |-2d 0d 3d
50
CK20 I e .. ol_

GAPDH I—- — —— — —

Fold change

8
6
4
2
0

Mrm

-2d

Caco-2
/ml I
(ngim) e
-
30 - >
=]
< 20
g
2 10
o
0
™~
5 & 8
&
S So
& &

om | [0

3 si-AMACR
1 si-AMACR #1
mm SFAMACR #2

JCl Insight 2021;6(9):e140382 https://doi.org/10.1172/jci.insight.140382

304

RESEARCH ARTICLE

B Caco-2
ALP activity assay (intracellular)
s
4 7 e
-y
S 3 1
=
3
3 27
™
o
-
< 11
0 4
s & ¢
5 S Se
5 3
D Caco-2 (post confluence day 3)
3
w : Dome formation
=t w
— - GEJzU —
[P el AR S e
O BENEEE fia 2154 F 7
L s £ =]
Z* RS 5 10
% PR TS €
| _— 3 5 -
, o
x o2 o
Q =
< & &
3 .y
® 5
G
ATP assay ATP assay
Caco-2 Caco-2

ns

(pmolipl) T« 1

*

molful M 1
(pmol/pl)

304
.
[ ]
- .
. & 204
<
104
T T T 0-

§ & o s & &
s § &8 ¢ S So
& C &Fo T X T
& & & 5

ALP activity assay (intracellular)
4T Vo - '

< I r 1 T 1

2 .4

> 3

=

8 27

3

< 17

si-ctrl  si-AMACR #1  si-AMACR #2

AMACRKD - + + + +

Na-B - - + - +

15



. RESEARCH ARTICLE

Figure 7. AMACR promotes CRC cell differentiation in the context of LIN28B overexpression. (A) gPCR for intestinal differentiation markers in Caco-

2 control/AMACR KD Caco-2 cells (n = 3). (B) ALP activity assay in Caco-2 control/AMACR KD cells (n = 3). (C) Upper: WB analysis of AMACR and CK20
expression in Caco-2 cells with control or si-AMACR at the confluence time point. Lower: densitometry; the value for CK20 or CDX2 at -2 days for the
sh-control samples was designated as 1. (D) Left: representative image for dome formation in Caco-2 cell at postconfluence day 3. Scale bars: 500 um.
Right: The graph indicates the number of domes. A dome was defined as greater than 100 um diameter. (n = 5) (E) Representative IHC staining images
of human CRC TMAs. (F) The ATP assay in Caco-2 with control and LIN28B KD cells (n = 4). (G) The ATP assay in Caco-2 with control and AMACR KD cells
(n = 4). (H) Butyric acid measurement in Caco-2 with control and AMACR KD cells (n = 6). (1) ALP activity assay in Caco-2 control/AMACR KD cells with or
without 1 mM sodium butyrate (Na-B) (n = 3). Data are presented as mean + SEM. Unpaired, 2-tailed Student’s t test (F) and 1-way ANOVA followed by
Dunnett’s multiple-comparison test as post hoc analysis (A-D and G-1) were performed. *P < 0.05, **P < 0.01.

Transfection. LIN28B knockdown in Caco-2 cells and LIN28B long-isoform overexpression (rescue) in
LIN28B knockdown Caco?2 cells was performed as described previously (28). CDX2 knockdown in Caco-2
cells and LoVo cells was performed using Genecopoeia shRNA system with HSH000553-31-LVRU6MH
(shCDX2 no. 1) and HSH000553-33 LVRU6MH (shCDX no. 2) and CSHCTRO001-LVRU6MH (sh-control)
constructs. AMACR overexpression in Caco-2 cells and LoVo cells was performed using Genecopoeia over-
expression system with EX-Z1680-Lv151 (AMACR o/e) and EX-NEG-Lv151 (empty vector) constructs.
Next, 6 x 10° Caco2 or LoVo cells were seeded in 6-well plates and 16 hours later infected by applying
virus-containing media plus polybrene (4 pg/mL) to cells and then subjecting them to centrifugation at 1800
g for 90 minutes. These cells were selected with 200 or 100 pg/mL hygromycin (Sigma-Aldrich), respectively.

RNAi transfection. Cells were transfected using Lipofectamine RNAIMAX (Thermo Fisher Scientific)
and a final concentration of 10 nM siRNA in Opti-MEM I reduced serum medium (Thermo Fisher Sci-
entific). AMACR siRNA were purchased from Sigma-Aldrich; control; SIC001, si-AMACRno. 1; SASI_
Hs01_00189298, si-AMACR no. 2; SASI_Hs01_00189299.

Quantitative real-time PCR. Total RNA from cells was isolated with the GeneJet RNA purification kit
(Thermo Fisher Scientific). RT reactions were performed with the High-Capacity Reverse Transcription Kit
with RNase inhibitor (Applied Biosystems), according to the manufacturer’s instructions. qPCR utilized
the Fast SYBR (Invitrogen) master mixes. The expression levels of mRNA were normalized to GAPDH.
Primer sequences are listed in Supplemental Table 1. Gene expression data are expressed as a fold-change
normalized to the mean values for controls. All experiments were conducted in at least 3 independent set-
tings with technical replicates (duplicates) in each experiment.

Western blotting. Proteins from cells or tissues were isolated using NP40 lysis buffer, and Western blots
were performed with the Novex NuPAGE SDS-PAGE gel system (Invitrogen) in MOPS-SDS, according to
the manufacturer’s instructions as described previously (8). Proteins were visualized with an Odyssey Infra-
red Imager (LI-COR Biosciences) for near-infrared (near-IR) fluorophore-conjugated antibodies. Near-IR
fluorescence was quantified using LI-COR Image Studio Software. Primary antibodies used for Western
blot analysis are listed in Supplemental Table 2.

RIP assay. RNA IP assays were performed using the RiboCluster Profiler RIP-Assay Kit (RN1005,
MBL), according to the manufacturer’s instructions. Briefly, 1 x 107 LIN28B-overexpressing Caco-2 or
LoVo cells were lysed in the provided buffer supplemented with 1.5 mM dithiothreitol (Invitrogen), 100
units/mL RNase inhibitor (RNaseOUT, Invitrogen), and protease inhibitors. Cell lysates were precleared
using 100 pL of SureBeads Protein G Magnetic Beads (Bio-Rad Laboratories) for 1 hour at 4°C. Precleared
cell lysates were incubated at 4°C for 3 hours with Protein G Magnetic Beads that were preincubated with
anti-Lin28B Ab and control rabbit IgG (provided in the kit). A magnet was used to capture the antibody-im-
mobilized beads and the supernatant was discarded. Beads were then washed with the provided washing
buffer supplemented with 1.5 mM of DTT. In the last wash, the part of washing buffer was removed for
Western blot analysis. RNA isolation was performed according to the manufacturer’s protocol. RNA was
subjected to RT-PCR analyses using primers for the cDNAs of CDX2, OCT4, and SOX2.

ALP activity assay. ALP activity assays were performed using Alkaline Phosphatase Activity Colorimet-
ric Assay Kit (K412-500, BioVision) according to the manufacturer’s instructions. Briefly, washed 2 x 10°
Caco-2 cells were homogenized in ALP assay buffer, and then 80 puL of supernatant after centrifuging was
put into a 96-well plate. We then added 50 pL of the 5 mM p-nitrophenyl phosphate solution as a phospha-
tase substrate, which turns yellow (A___= 405 nm) when dephosphorylated by ALP. After incubation of the
reaction for 60 minutes at 25°C, all reactions were stopped by adding 20 pL stop solution and optical densi-
ty measured at 405 nm in a microplate reader (67). ALP activity was also determined immunohistochemi-
cally using a red alkaline phosphatase substrate kit I (Vector Laboratories) according to the manufacturer’s
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Table 5. The differentiation status in human CRC tumors

Well to moderate differentiation Poor differentiation
LIN28B/CDX2/AMACR: high/high/high 1 1
LIN28B/CDX2/AMACR: low/low/low 1 2

Fisher’s exact test; P = 0.083.

instructions. Briefly, after tissue sections were deparaffinized, they were incubated with the Vector red ALP
substrate working solution at 4°C overnight.

mRNA stability assay. LIN28B-overexpressing Caco-2 and LoVo cells and control cells were incubated
with actinomycin D (Caco-2, 15 ug/mL; LoVo, 3 ug/mL) for the indicated time. Total RNA from cells was
isolated and gPCR was performed as described above.

Transwell invasion assay. First, § um membrane pores coated with Matrigel (Corning) for 24-well plates
were used according to the manufacturer’s guidelines. Briefly, chambers were rehydrated in serum-free
DMEM for 2 hours at 37°C; 5.0 x 10* CRC cells were seeded in the upper chamber in 100 uL serum-free
DMEM, and DMEM with 10% FBS was added to the bottom of the well. Cells were incubated for 24 hours
at 37°C. After incubation, noninvading cells were removed from the upper surface with a cotton swab, and
the remaining cells were fixed in 100% methanol at —20°C for 15 minutes and stained by 0.2% crystal violet.
The number of migratory or invasive cells was counted in 3 different fields by Keyence BZ-X810.

Dome formation assay. Caco-2 cells were cultured on 6-well plate at 3 days after confluency. The number
of domes, which was defined as more than 100 um diameter, was counted in 3 different fields.

ATP assay. ATP assays were performed using ATP Assay Kit (MAK190, Sigma-Aldrich), according to
the manufacturer’s instructions. Briefly, washed 1 x 10° Caco-2/LoVo cells were lysed in 100 uL. of ATP
assay buffer and deproteinized using a 10 kDa MWCO spin filter. Next, 80 pL of the samples was added
into 50 pL of the reaction mix (ATP probe+ ATP converter+ developer mix) and incubated at room tem-
perature for 30 minutes protected from light. ATP values were measured by the fluorescence (FLU, Aex =
535/kem = 587 nm) in a microplate reader.

Short fatty acid measurement. siRNA-mediated AMACR knockdown/control Caco-2 cells in a 100 mm
plate were washed gently with chilled PBS solution, and then the plates were scraped on ice with 750 puL of
chilled HPLC grade 100% methanol.

The internal standards (*C,-d,, C.-d, C-d,, C.-d,, C,-d,,) were added to the samples and derivatized
with 3-nitrophenylhydrazine (3-NPH), and standard curves were performed with the samples for the
quantification, analyzed using an AB Sciex 6500+ QTRAP MS, and ultra-performance liquid chroma-
tography (UPLC). UPLC separation was performed with a Waters BEH C18 column, the data collected
with the AB Sciex 6500+ QTRAP MS with positive MRM mode, and the data processed with AB Sciex
MultiQuant software.

Animal models. We generated LIN28B-overexpressing transgenic animals as reported previously (8).
Briefly, a FLAG-HA-tagged mouse LIN28B cDNA and an IRES-tdTomato expression cassette were
cloned downstream of the 13 Kb mouse villin (¥i/) promoter (8) in the p13KVil-SVLpA vector. The trans-
gene was linearized and removed from vector backbone sequences by digestion with Pmel (New England
Biolabs). After purification, the Vil-Lin28b transgene was injected in B6SJL F1 fertilized oocytes.

Xenograft experiments. Eight-week old female CrTac:NCr-Foxnlnu nude athymic mice (Taconic) were
irradiated with 5 Gy 2-3 hours prior to injection of cells. LIN28B-overexpressing Caco-2 and LoVo cells
with or without lentiviral constructs (CDX2 sh-RNA no. 1, CDX2 sh-RNA no. 2, or sh-RNA Scr) were
trypsinized. Cells were resuspended at a concentration of 8 x 107 cells/mL and 4 x 107 cells/mL with
DMEM, respectively. Next, 50 puL of cell suspensions were mixed with 50 pL. of Matrigel Basement Mem-
brane Matrix (BD Biosciences) to achieve a volume of 100 uL containing 4 x 10° Caco-2 cells or 2 x 10°
LoVo cells per injection. Cells were s.c. injected into the rear flanks of mice sedated with ketamine (100
mg/kg) and xylazine (10 mg/kg). After injection, mice were monitored periodically. Tumor diameters
were measured with digital calipers, and the tumor volume in mm? was calculated by the formula: volume
= (width)? X length/2. Mice were euthanized after 4 weeks. All mice were cared for in accordance with
University Laboratory Animal Resources requirements.
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Portal vein injection. Female nude mice at the age of 9 weeks were injected with 2 X 10° CRC cells infect-
ed with lentivirus into the portal vein under anesthesia. After 28 days, the mice were euthanized and the
whole liver was removed. Liver metastases were counted as previously described (68).

Histology, IHC, and tissue analyses. Tissues were fixed in zinc formalin fixative overnight at 4°C, washed
in PBS, and moved to 70% ethanol before paraffin embedding and sectioning. H&E staining was performed
according to standard procedure (69). For immunostaining, antigen retrieval was performed by heating slides
in 10 mM citric acid buffer (2.1 g citric acid monohydrate in 1 L di H,O, pH 6.0) in a pressure cooker. The imag-
es were taken using Keyence BZ-x800. Imaging was performed at RT. Primary antibodies used for IHC analy-
sis are listed in Supplemental Table 2. The number of Ki-67—positive cells was counted by Keyence BZ-X810.

Human CRC specimens. The human colon cancer TMAs were obtained from deidentified patients who
underwent surgery for colon cancer at Columbia University, which was exempt from the IRB. Forma-
lin-fixed and paraffin-embedded samples were stained with the antibodies in Supplemental Table 2 using
standard IHC techniques. The staining intensities of expression and tumor differentiation status were eval-
uated by 2 investigators. The staining intensities varied from 0 (negative), 1+ (weak), 2+ (moderate), to 3+
(strong). The percentage of cells at each staining intensity level was calculated, and H-score was assigned
using the following formula: H-score = 1 x (% cells 1+) + 2 X (% cells 2+) + 3 X (% cells 3+). High expres-
sion levels were designated as follows: LIN28B 120 or higher, CDX2 200 or higher, AMACR 100 or higher.

TCGA analysis. Publicly available gene expression data from TCGA were downloaded from cBio portal
(70, 71) and graphs were generated using the same site. For Lin28B expression, expression groups were
determined by z score (z score > 0.7, high expression; z score > 0.3, positive expression). Correlation of
expression was determined via Pearson correlation coefficient test.

ChIP, ChIP-Seq, and data analysis. First, 2 x 107 Caco-2 control and LIN28B knockdown cells were
cross-linked with 1% formaldehyde for 10 minutes at 37°C, washed in cold PBS, resuspended in lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCL, pH 8.1, and complete protease inhibitors; Roche), and
sonicated to obtain chromatin fragments between 200 bp and 1000 bp. Sonicated chromatin was resus-
pended in IP buffer (1% Triton X-100, 2 nM EDTA, 150 mM NaCl, 20 mM Tris-HCI, pH 8.1) and incu-
bated overnight at 4°C with magnetic beads conjugated to CDX2 (Bethyl, BL3194). The IP was washed 5
times with RIPA buffer (50 mM HEPES, pH 7.6, 1 MM EDTA, 0.7% Na deoxycholate, 1% NP-40, 0.5 M
LiCl) and the DNA recovered by reversing the cross-link in 1% SDS, 0.1 M NaHCO, for 8 hours at 65°C.
DNA was purified and quantified by Qubit. For ChIP-Seq, 30 ng each of ChIP were processed for deep
sequencing by Genewiz. Prior to sequencing, qPCR was used to verify that positive and negative control
ChIP regions were amplified in the linear range. IP chromatin of Caco2 control cells was normalized to
IP chromatin of Caco2 LIN28B knockdown cells.

FASTQ files from Illumina sequencer were trimmed by Trimmomatic 0.32 (72) to remove low-quality
bases. The trimmed reads were mapped to mm10 mouse reference genome using bowtie2 version 2.3.4.1
(73). The mapped reads were filtered by MAPQ >10 and sorted, and the duplicated reads were removed
afterward for downstream analysis. The Bigwig files were generated using HOMER (74) function to make
a UCSC file in which the total counts were normalized to 10 x 107 per sample. The MACS2 (75) algorithm
was used to call peaks. CDX2 binding peaks were identified by applying FDR cutoff 0.05.

Data availability. The dataset produced in this study (ChIP-Seq data) is available in the NCBI's Gene
Expression Omnibus (GEO GSE165674).

Statistics. One-way ANOVA followed by Dunnett’s multiple-comparison test analyzed differences
between endpoint measurements across all 3 experimental groups. Unpaired, 2-tailed Student’s ¢ tests were
performed to determine statistical significance of comparisons between 2 groups. Fisher’s exact tests were
used to compare the distribution of a categorical variable in a group with the distribution in another group;
Pless than 0.05 was considered statistically significant. Statistical analysis was performed using GraphPad
Prism software version 8.0. For all analyses, data from a minimum of 3 independent experiments are pre-
sented as mean + SEM. The sample size for each experiment is included in the figure legends.

Study approval. All animal studies were approved by the IACUC at the University of Pennsylvania and
Columbia University.
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