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Abstract

The LIN28B—let-7 pathway contributes to regulation of the epithelial-mesenchymal transition
(EMT) and stem cell self-renewal. The oncogenic MUC1-C transmembrane protein is aberrantly
overexpressed in lung and other carcinomas; however, there is no known association between
MUC1-C and the LIN28B—let-7 pathway. Here in non-small cell lung cancer (NSCLC), silencing
MUC1-C downregulates the RNA binding protein LIN28B and coordinately increases the miRNA
let-7. Targeting MUC1-C function with a dominant-negative mutant or a peptide inhibitor
provided confirming evidence that MUC1-C induces LIN28B—let-7 signaling. Mechanistically,
MUC1-C promotes NF-xB p65 chromatin occupancy of the LIN28B first intron and activates
LIN28B transcription, which is associated with suppression of let-7. Consistent with let-7-
mediated inhibition of HMGAZ2 transcripts, targeting of MUC1-C also decreases HMGA2
expression. HMGAZ2 has been linked to stemness, and functions as a competing endogenous RNA
(ceRNA) of let-7-mediated regulation of the TGFp co-receptor TGFBR3. Accordingly, targeting
MUC1-C suppresses HMGA2 mRNA and protein, which is associated with decreases in
TGFBR3, reversal of the EMT phenotype and inhibition of self-renewal capacity. These findings
support a model in which MUC1-C activates the tLIN28B—}let-7—ftHMGAZ2 axis in NSCLC
and thereby promotes EMT traits and stemness.
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Introduction

LIN28A and LIN28B are RNA binding proteins that inhibit the biogenesis of let-7 miRNAs
in embryonic stem cells (1). In turn, let-7 miRNAs suppress LIN28A and LIN28B
expression in a bistable switch that regulates stem cell self-renewal (1). LIN28A and
LIN28B function as oncoproteins that promote cell proliferation and transformation (2-5).
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LIN28A/LIN28B expression has also been found in diverse malignancies and is associated
with decreased survival in ovarian, colon and hepatocellular cancer (3, 6, 7). MYC induces
LIN28B expression in multiple tumor models by binding to the LIN28B promoter (5).
Activation of LIN28B expression may also be associated with translocation or amplification
events (3). The let-7 miRNA family consists of 12 members located in regions of the
genome that are often deleted in human cancers (8). With regard to LIN28-mediated
suppression of let-7 miRNAs, LIN28A blocks processing of let-7 precursors by Dicer in the
cytoplasm (9, 10). By a distinct mechanism, LIN28B sequesters primary let-7 transcripts in
the nucleus and inhibits their processing (11). Suppression of let-7 expression induces
reprogramming of fibroblasts to pluripotent stem cells (12, 13). Downregulation of let-7
miRNA family members has also been identified in numerous cancers and, like increased
LIN28A/LIN28B expression, is associated with a poor prognosis (14-16). Restoration of
let-7 expression inhibits cancer cell growth in mouse lung cancer models (17, 18).
Moreover, let-7 inhibits self-renewal and tumorigenicity of human breast cancer cells (19).
In addition to LIN28A and LIN28B, let-7 suppresses expression of other potential oncogenic
proteins, including MYC, RAS and HMGA2 (1). Let-7 also directly inhibits IL-6 expression
and thereby IL-6-mediated activation of the STAT3 pathway that links inflammation to cell
transformation (2).

Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly expressed in cancer cells (20,
21). Advances in our understanding of MUC1 function emerged from the demonstration that
MUC1 undergoes autocleavage into two subunits that, in turn, form a heterodimer at the cell
membrane (20). The extracellular MUC1 N-terminal subunit (MUCZ1-N) contains
glycosylated tandem repeats that are characteristic of the mucin family (20). MUC1-N
resides at the cell surface in a complex with the MUC1 transmembrane C-terminal subunit
(MUC1-C) and is shed into a physical barrier that affords protection of mucosal epithelial
cells (20). MUC1-C interacts with receptor tyrosine kinases (RTKSs) in the cell membrane
and promotes activation of downstream signaling, such as the PI3K—AKT and
MEK—ERK pathways (21-23). MUC1-C is also imported into the nucleus where it
interacts with transcription factors, such as NF-xB p65, and contributes to their
transactivation functions (21, 24). In this way, recent work has shown that MUC1-C
promotes NF-kB-mediated activation of the ZEB1 gene (25). In turn, the resulting increases
in ZEB1 suppress miR-200c expression and induce EMT (25), a process that endows
epithelial cells with stem cell characteristics (26). EMT also increases the capacity for cells
to undergo invasion and to form spheres in non-adherent serum-free culture, which is
dependent on the presence of self-renewing stem-like cells (26, 27). Consistent with the
induction of ZEB1 and EMT, other work has demonstrated that MUC1-C contributes to the
self-renewal of breast and NSCLC stem-like cells (28, 29). Other studies in NSCLC cells
harboring EGFR or KRAS mutations have shown that targeting the MUC1-C pathway
inhibits their growth as tumors in mice (29, 30). Inhibiting MUC1-C function therefore
represents a potential approach for targeting EMT and self-renewing cancer cell populations.
Notably in this regard, the MUC1-C cytoplasmic domain contains a CQC motif that is
necessary for MUC1-C homodimerization and its oncogenic function. Targeting of
endogenous MUC1-C with the cell-penetrating peptide GO-203, which blocks MUC1-C
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homodimerization, has thus been shown to be effective in inhibiting MUC1-C function (25,
28).

LIN28B has been functionally linked to stem-like cells and oncogenesis (31, 32). However,
to our knowledge, there is no available evidence supporting an association between MUC1-
C and the LIN28B—let-7 pathway. The present results demonstrate that MUC1-C induces
LIN28B expression and thereby downregulates let-7 signaling in NSCLC cells. In turn,
MUC1-C increases HMGA?2 and TGFBR3 expression, and promotes EMT and stemness.
Our findings thus demonstrate that silencing MUC1-C or targeting MUC1-C function
suppresses activation of the LIN28B— let-7—HMGAZ2 axis, reverses EMT and decreases
self-renewal capacity of NSCLC cells.

Materials and Methods

Cell culture

Human H1975/EGFR(L858R/T790M), H1299/wild-type EGFR and H1650/EGFR(delE746-
AT750) NSCLC cells (ATCC) were cultured in RPM11640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin and
100 pg/ml streptomycin. Human MCF-7 breast cancer and LNCaP prostate cancer cells were
grown in DMEM and RPMI-1640 medium, respectively, each containing FBS, glutamine
and antibiotics. H1975, H1299 and H1650 cells were transduced with a lentiviral vector
expressing either a MUC1 shRNA (Sigma) or a scrambled control ShRNA (CshRNA;
Sigma) vector as previously described (23). H1975 cells were also (i) transduced with
lentiviral vectors expressing MUC1-C, MUC1-C(AQA) or LIN28B shRNA (Sigma), and
(i) transfected with a control siRNA or p65 siRNA. MCF-7 cells were stably transduced
with a control lentiviral vector or one expressing MUC1-C as described (33). LNCaP cells
were stably transfected with a control pHR-CMV vector or one expressing MUC1-C (34).
Cells were treated with the MUCL1-C inhibitor peptide GO-203, a control peptide CP-2 (35)
or with the NF-xB pathway inhibitor BAY11-7085 (Santa Cruz Biotechnology).

Immunoprecipitation and immunoblot analysis

Cells were lysed using NP-40 lysis buffer containing protease inhibitor cocktail (Thermo
Scientific). Soluble proteins were immunoprecipitated with anti-NF-xB p65 (Santa Cruz
Biotechnology) or a control 1gG. Precipitates and lysates not subjected to precipitation were
analyzed by immunoblotting with anti-MUC1-C (LabVision), anti-NF-xB p65, anti-
LIN28B, anti-E-cadherin, anti-vimentin, anti-HMGAZ2 (Cell Signaling) and anti-p-actin
(Sigma). Immunoreactive complexes were detected using horseradish peroxidase-conjugated
secondary antibodies (GE Healthcare) and an enhanced chemiluminescence (ECL) detection
system (Perkin Elmer Health Sciences).

Quantitative real time PCR

Quantitative RT-PCR analysis was performed on cDNA synthesized with 1 ug total RNA
using the Superscript cDNA synthesis system (Life Technologies). cDNA samples were
then amplified using the SYBR green gPCR assay kit (Applied Biosystems) and the ABI
Prism 7300 Sequence Detector (Applied Biosystems). gPCR primers used for detection of
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LIN28B, HMGA?2, GAPDH and TGFBR3 transcripts are listed in Supplemental Table S1.
Statistical significance was determined by the Student’s t-test. For detection of let-7a, let-7b
and let-7c miRNAs from total RNA, the QuantiMir Small RNA Quantitation system
(System Biosciences) was used as per the manufacturer’s protocol. The gPCR forward
primers for detection of let-7a-c miRNAs are listed in Supplemental Table S2 and the
universal reverse primer was supplied in the detection kit.

Analysis of Lin28B activation

Cells cultured in six-well plates were transfected with an empty vector, lin28b-P1-Luc
containing an NF-xB binding site (GGGGCTTTC) in the first intron, or a mutant lin28b-
P1(GGGGCTTTC—TCATACGAT)-Luc (2, 5) and, as an internal control, SV-40-Renilla-
Luc (Promega) in the presence of Superfect transfection reagent (Qiagen). After 48 h, the
transfected cells were left untreated or treated with the indicated agents, lysed with passive
lysis buffer and then the lysates were analyzed using the dual luciferase assay system
(Promega).

Tumorsphere culture

Adherent cells were harvested with gentle trypsinization, washed and resuspended using the
MammoCult™ Human Medium Kit (Stem Cell Technologies). Single cells were confirmed
under a microscope, counted and seeded in MammoCult™ medium in 6-well ultralow
attachment culture plate (Corning CoStar) and cultured for 5 days. Tumorspheres of =100
um were visualized and scored using a Nikon inverted TE2000 microscope. Sphere forming
efficiency (SFE) was calculated by dividing the number of tumorspheres by the number of
suspended cells.

Chromatin immunoprecipitation (ChlIP) assays

Results

Chromatin was solubilized from 2-3 x 108 cells as described and precipitated with anti-NF-
kB or a control nonimmune IgG. For re-ChlP analysis, NF-xB complexes from the primary
ChIP were eluted and reimmunoprecipitated with anti-MUC1-C antibody as described (28).
For real time ChIP gPCRs, the SYBR Green system was used with the ABI Prism 7300
Sequence Detector (Applied Biosystems). Data are reported as relative fold enrichment as
described (36). Primers used for gPCR of the LIN28B first intron region (NBR: +313 to
+415) and a control region (CR: —4964 to —4823) are listed in Supplemental Table S3.

Silencing MUC1-C downregulates LIN28B expression

Human H1975 NSCLC cells constitutively overexpress MUC1-C and have detectable levels
of LIN28B (Fig. 1A). Interestingly, stable silencing of MUC1-C in H1975 cells was
associated with decreases in LIN28B expression at the mRNA (Fig. 1B, left) and protein
(Fig. 1B, right) levels. Silencing MUC1-C in H1299 NSCLC cells also resulted in
downregulation of LIN28B expression (Fig. 1C, left and right). Moreover, H1650 NSCLC
cells responded to suppression of MUC1-C with decreases in LIN28B (Supplemental Fig.
S1), indicating that MUC1-C induces LIN28B expression in diverse NSCLC cells. MUC1-C
is also expressed in MCF-7 breast cancer cells (33). However, in contrast to H1975 NSCLC
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cells, LIN28B was low to undetectable in MCF-7 cells (Fig. 1D), indicating that MUC1-C
may require the activation of downstream pathways for the induction of LIN28B expression.
Accordingly, we overexpressed MUC1-C in these cells and found marked induction of
LIN28B mRNA and protein (Fig. 1E, left and right). As another example, LNCaP prostate
cancer cells express low levels of MUC1-C and LIN28B (Fig. 1F). Here, overexpression of
MUC1-C substantially induced LIN28B mRNA and protein (Fig. 1F, left and right). These
findings thus demonstrated that MUC1-C induces LIN28B expression and that a
downstream MUC1-C-activated pathway, such as NF-xB p65, may be necessary for this
response.

Targeting MUC1-C homodimerization suppresses LIN28B expression

The MUC1-C cytoplasmic domain contains a CQC motif that is necessary and sufficient for
the formation of MUC1-C homodimers and thereby the MUC1-C oncogenic function (Fig.
2A) (21). By extension, MUC1-C in which CQC has been mutated to AQA acts in a
dominant-negative fashion (37). Accordingly, we stably overexpressed wild-type MUC1-C
or the MUC1-C(CQC—AQA) mutant in H1975 cells to assess effects on LIN28B
expression. In doing so and compared to a control empty vector, overexpression of MUC1-C
had little if any effect on LIN28B, which as noted above is already upregulated in H1975
cells (Fig. 2B, left). By contrast, we found that MUC1-C(AQA) suppresses LIN28B
expression at the protein and mRNA levels (Fig. 2B, left and right). Based on these results,
we treated H1975 cells with GO-203, a cell penetrating peptide that inhibits MUC1-C
homodimerization (35) (Fig. 2A). As a control, we used a peptide (CP-2) that is inactive in
targeting the MUC1-C CQC motif (35) (Fig. 2A). Treatment with GO-203, but not CP-2,
resulted in downregulation of LIN28B mRNA and protein (Fig. 2C, left and right). A similar
decrease in LIN28B expression was obtained when treating H1299 cells with GO-203 (Fig.
2D, left and right). In further support of these results, we found that GO-203 blocks MUC1-
C-induced LIN28B expression in MCF-7/MUC1-C cells (Fig. 2E). These findings thus
confirmed that MUC1-C is of importance for LIN28B activation.

MUC1-C activates LIN28B by an NF-xB-mediated mechanism

The LIN28B first intron contains an NF-xB binding site (5’-GGGGCTTTC-3’) at position
+359 to +367 downstream to the transcription start site (Fig. 3A, upper panel) (2). To
determine whether MUC1-C-induced LIN28B expression is dependent on NF-«xB, we
performed studies on H1975 cells transfected to express a LIN28B-luciferase reporter
(lin28b-P1-Luc; Fig. 3A, upper panel) (2). Silencing MUC1-C was associated with a
decrease in LIN28B-Luc activity as compared to that in H1975/CshRNA cells (Fig. 3A,
lower panel). In addition, expression of MUC1-C(AQA) in H1975 cells (Fig. 3B) or
treatment with GO-203 (Fig. 3C) resulted in a decrease in LIN28B-Luc activation. Mutation
of the NF-xB-binding site to 5’-TCATACGAT-3’ (Fig. 3A, upper panel) was associated
with a marked decrease in LIN28B-Luc activity in H1975 cells (Fig. 3D), indicating that
MUC1-C may activate LIN28B transcription through NF-xB p65. In concert with that
notion, transient silencing of NF-xB p65 in H1975 cells decreased LIN28B protein levels
(Fig. 3E). Treatment of H1975 cells with the NF-xB inhibitor, BAY11-7085, also decreased
LIN28B activation (Fig. 3F). Moreover, BAY11-7085 blocked MUC1-C-induced activation

Mol Cancer Res. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

of LIN28B-Luc in MCF-7/MUC1-C cells (Supplemental Fig. S2), confirming that MUC1-C
activates LIN28B transcription by a NF-xB p65-dependent mechanism.

MUC1-C occupies the LIN28B gene with NF-xB

MUC1-C has been reported to interact with NF-xB p65 (24). Consistent with those findings,
studies using H1975 cell lysates demonstrated that MUC1-C coprecipitates with NF-xB p65
(Fig. 4A, left and right). ChIP studies of chromatin from H1975 cells further demonstrated
that NF-xB p65 occupies the LIN28B gene in the region of the first intron (Fig. 4B).
Moreover, in re-ChlP analyses, we found that NF-xB p65 associates with MUC1-C on that
region (Fig. 4C). Similar results were obtained using chromatin from H1299 cells, indicating
that MUC1-C forms a complex with NF-xB p65 on the LIN28B first intron (Supplemental
Figs. S3A and B). In concert with the LIN28B-Luc reporter studies, expression of MUC1-
C(AQA) decreased occupancy of NF-xB p65 and MUCL1-C (Fig. 4D). In addition, GO-203
treatment inhibited NF-xB and MUC1-C occupancy (Fig. 4E). As confirmation of these
results, we found that overexpression of MUC1-C in MCF-7 cells increases occupancy of
both NF-xB p65 and MUC1-C on the LIN28B first intron (Fig. 4F). These findings and
those with the LIN28B-Luc reporter support a model in which MUC1-C promotes NF-xB
p65 occupancy on the LIN28B first intron and thereby activates LIN28B transcription.

Targeting MUC1-C increases let-7 expression

LIN28B inhibits the biogenesis of let-7 miRNAs (11). Consistent with the demonstration
that MUC1-C promotes the induction of LIN28B expression, we found that silencing
MUC1-C in H1975 cells results in marked upregulation of let-7¢ levels (Fig. 5A). By
contrast, downregulation of MUC1-C had no significant effect on let-7a and let-7b
expression (Fig. 5A). To confirm that this response is indeed a result of downregulating
MUC1-C and not an off-target effect, we overexpressed MUC1-C in H1975/MUC1shRNA
cells (Fig. 5B, left). In turn, we found upregulation of LIN28B (Fig. 5B, left) and
suppression of let-7¢ (Fig. 5B, right). Increases in let-7c were also observed in H1975 cells
(i) expressing MUC1-C(AQA) (Fig. 5C, left) or (ii) treated with GO-203 (Fig. 5C, right). In
extending this analysis to H1299 cells, we found that silencing MUC1-C is associated with a
predominant increase in let-7a levels and less pronounced upregulation of let-7b and let-7c
expression (Supplemental Fig. S4A). Transcripts encoding the chromatin-binding HMGA2
protein are a target of let-7 inhibition (38, 39). In concert with the demonstration that
silencing MUC1-C in H1975 cells increases let-7c, we found an associated decrease in
HMGAZ2 expression (Fig. 5D). HMGA2 levels were also suppressed by MUC1-C(AQA) and
treatment with GO-203 (Fig. 5E, left and right). Moreover, silencing MUC1-C in H1299
cells was similarly associated with suppression of HMGA2 (Supplemental Fig. S4B). These
results provided support for MUC1-C-induced activation of the
LIN28B—{}let-7—tHMGAZ2 pathway.

MUC1-C induces EMT and tumorsphere formation

The induction of LIN28 with downregulation of let-7 promotes EMT traits and stemness
(40). In addition, HMGAZ2 has been linked to the induction of EMT and metastasis (39, 41).
These findings invoked the possibility that MUC1-C could drive EMT and stemness through

Mol Cancer Res. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alam et al.

Page 7

LIN28B—let-7—HMGAZ signaling. Indeed, we found that silencing MUC1-C in H1975
cells reverses the EMT phenotype with increases in E-cadherin and decreases in vimentin
levels (Fig. 6A). A similar response was found when silencing LIN28B (Fig. 6B),
confirming that MUC1-C induces EMT through the LIN28B—let-7 pathway. EMT
increases the capacity for sphere formation in non-adherent serum-free culture, a
characteristic dependent on the presence of self-renewing stem-like cells (26, 27). Based on
these premises, we found that silencing MUC1-C markedly inhibits H1975 sphere formation
(Fig. 6C, left and right). We also found that silencing MUC1-C in H1299 cells increases E-
cadherin with a concomitant decrease in vimentin expression (Supplemental Fig. S5A) and
decreases sphere formation (Supplemental S5B). In extending this line of investigation, we
observed that expression of the MUC1-C(AQA) mutant in H1975 cells reverses EMT (Fig.
6D) and blocks sphere formation (Fig. 6E, left and right). Moreover, GO-203 treatment was
highly effective in disrupting established H1975 spheres (Fig. 6F, left and right), supporting
dependence on MUC1-C function. In concert with these observations and the role of MUC1-
C indriving LIN28B expression, we confirmed that downregulation of LIN28B in H1975
cells is associated with a significant decrease in tumorsphere formation (Fig. 6G). These
findings demonstrate that MUC1-C induces LIN28B— {}let-7—fHMGA2 signaling in
association with the promotion of EMT and self-renewal.

MUC1-C upregulates TGFBR3 expression in NSCLC cells

Recent work has shown that HMGAZ2 promotes lung cancer progression by functioning as a
protein-coding gene and as a ceRNA for let-7 miRNAs (42). The present finding that
MUC1-C induces HMGAZ2 expression in NSCLC cells thus invoked the possibility that
MUC1-C could also contribute to upregulation of the TGF- co-receptor TGFBR3, which is
a target of HMGAZ2 ceRNA function and is coordinately expressed with HMGAZ2 in NSCLC
tumors (42). Indeed, silencing of MUC1-C in H1975 (Fig. 7A) and H1299 (Fig. 7B) cells
was associated with suppression of both HMGA2 and TGFBR3 expression. Additionally,
targeting MUC1-C function with MUC1-C(AQA) (Fig. 7C) or GO-203 (Fig. 7D), which
decreases HMGAZ2 expression, also downregulated TGFBR3 mRNA levels. These findings
thus extend involvement of the MUC1-C—LIN28B—let-7 pathway to induction of the
HMGAZ2 ceRNA function in the regulation of TGFBRS3.

Discussion

LIN28B functions as an oncogenic protein that promotes in vitro transformation and
tumorigenesis in diverse models of premalignant MCF-10A breast epithelial (2), intestinal
epithelial (6, 31) and neuroblastoma (32) cells. Overexpression of LIN28B has also been
identified in multiple tumor types, particularly in settings of advanced disease (3). The
activation of LIN28B expression in human and mouse tumor models has been linked to
binding of MYC to E-boxes downstream of the LIN28B transcription start site (5). In
addition to the involvement of MYC, other studies in MCF-10A cells have shown that
LIN28B expression is activated by the association of NF-xB with a consensus binding site
in the LIN28B first intron (2). The present work provides another perspective on the
regulation of LIN28B by demonstrating that MUC1-C is necessary for LIN28B expression
in NSCLC cells. Thus, silencing MUC1-C was sufficient to decrease LIN28B mRNA and
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protein. In support of this observation, overexpression of MUC1-C was also found to be
sufficient for induction of LIN28B. To our knowledge, MUC1-C has not been previously
linked to LIN28B signaling and thereby a functional interaction between these oncoproteins.
With regard to the mechanistic basis for these findings, MUC1-C interacts with the NF-xB
pathway by activating the kB kinase complex and downstream signals (43). MUC1-C also
binds directly to NF-xB p65 and promotes activation of NF-xB target genes, including the
promoter of the MUCL gene itself in an autoregulatory loop (24). The present studies
demonstrate that MUC1-C associates with NF-xB on the LIN28B first intron, increases NF-
kB occupancy in that region and promotes NF-kB-mediated activation of LIN28B
transcription. Moreover, we found that suppression of NF-xB p65 blocks MUC1-C-induced
LIN28B expression, thus providing evidence that MUC1-C drives the upregulation of
LIN28B by an NF-xB-dependent mechanism. Our findings thereby lend support to a model
in which MUC1-C-induced activation of the inflammatory NF-xB p65 pathway is linked to
induction of LIN28B (Fig. 7E).

The LIN28B oncogenic function is conferred, at least in large part, by repression of let-7
processing. In this way, let-7 miRNA family members function as tumor suppressors by
downregulating the expression of certain oncogenes and regulators of cell proliferation (44).
As expected, silencing MUC1-C with suppression of LIN28B was associated with increases
in let-7. The MUCL1-C oncogenic function is dependent on the cytoplasmic domain CQC
motif, which is necessary for MUC1-C homodimerization (21). Thus, expression of a
MUC1-C(AQA) dominant-negative mutant in NSCLC cells or treatment with the GO-203
inhibitor reduced LIN28B expression with a concomitant derepression of let-7 expression.
Inhibiting MUC1-C was also associated with decreases in HMGAZ2, which has been
identified as a prototypic let-7 target with 6-8 let-7 binding sites in the HMGA2 3’UTR (38,
45). Let-7 destabilizes HMGAZ2 transcripts and thereby inhibits H1299 NSCLC cell growth,
a response that is rescued by expression of the HMGAZ2 open reading frame without a
3'UTR (38). HMGAZ is aberrantly expressed in diverse tumors and is associated with
decreased survival in patients with colorectal and lung cancer (46, 47). Notably, HMGAZ2 is
highly expressed in metastatic NSCLC (47-49), consistent with its role in promoting tumor
metastasis (41). Other work has demonstrated that HMGAZ2 contributes to the progression of
lung cancer by functioning as a competing endogenous RNA (ceRNA) for the let-7 family
members (42). Thus, in those studies, HMGA2 promoted transformation of lung cancer cells
that was unrelated to the HMGAZ protein-coding function, but dependent on the presence of
HMGA2 mRNA let-7 binding sites (42). The HMGAZ2 ceRNA was further shown to
regulate expression of the TGF- co-receptor TGFBR3, which is of importance for HMGA?2
to drive lung cancer progression (42). In this context, we found that MUC1-C-induced
HMGAZ2 expression is associated with coordinate upregulation of TGFBRS3, consistent with
what has been observed in NSCLC tissue (42). These findings indicate that MUC1-C
activates the LIN28B—}let-7—ffHMGA2—/TGFBR3 pathway and that MUC1-C may
also contribute to induction of TGFBR3 and tumor progression by increasing HMGA2
ceRNA activity.

Overexpression of MUC1-C has been linked to the induction of EMT, stemness and self-
renewal in breast and certain other cancer cells (25, 28). The LIN28B—let-7 pathway has
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also been shown to confer self-renewal of breast cancer stem-like cells, at least in part
through the suppression of HMGA2 (19). The LIN28B-let-7-HMGAZ2 axis also determines
the self-renewal potential of fetal stem cells (50). These findings invoked the possibility that
MUC1-C contributes to EMT and self-renewal by activating LIN28B—{let-7—{THMGA2
signaling. Indeed, the present studies demonstrate that targeting MUC1-C in NSCLC cells is
associated with reversal of the EMT phenotype. Similar responses were observed when
silencing LIN28B, indicating that the MUC1-C—LIN28B—let-7 pathway contributes to the
induction of EMT in these NSCLC cells. LIN28B functions in large part by the suppression
of let-7 miRNAs (11); however, we do not exclude the possibility that LIN28B silencing
could also promote EMT by let-7-independent pathways. In this way, other studies will be
needed to more precisely define the role of let-7 miRNAs in LIN28B-mediated regulation of
EMT, as well as TGFBR3 and self-renewal, in NSCLC cells. MUC1-C has been shown to
confer EMT in renal cancer cells through WNT/B-catenin and induction of SNAIL (51) and
in breast cancer cells by activation of ZEB1—miR-200c in breast cancer cells (25). These
findings and those reported here thus indicate that MUC1-C can promote the induction of
EMT by diverse pathways that appear to be dependent on cell context. The association
between EMT and self-renewal in non-adherent serum-free culture (26, 27) provided the
basis for further determining whether MUC1-C also promotes the capacity of NSCLC cells
to form spheres. Accordingly, we found that silencing MUC1-C or expression of the MUC1-
C(AQA) mutant markedly inhibits NSCLC sphere formation. In addition, targeting MUC1-
C with the GO-203 inhibitor, which blocks activation of LIN28B—let-7—HMGA2
signaling, was highly effective in disrupting established NSCLC spheres. These findings
thus provide the first evidence that MUC1-C activates the LIN28B—}let-7—{fHMGA2
pathway and is necessary for EMT and self-renewal of NSCLC cells. Of note, let-7
repression can upregulate diverse cell-cycle regulators, such as MYC, RAS and cyclin D1,
as well as the PI3K—AKT pathway (1). In this regard, other studies have shown that
MUC1-C upregulates cyclin D1 expression (52) and activates PI3K— AKT signaling in
NSCLC cells (35). The present studies have focused on MUC1-C induced expression of
HMGAZ2; therefore, our results do not exclude the possibility that MUC1-C affects the
expression of other let-7 targets in NSCLC and other carcinoma cells.
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Figure1. MUC1-C induces LIN28B expression
A. Lysates from H1975 cells were immunoblotted with the indicated antibodies. B. H1975

cells were infected with lentiviruses to stably express a control scrambled ShRNA
(CshRNA) or a MUC1 shRNA. The H1975/CshRNA and H1975/MUC1shRNA cells were
analyzed for LIN28B mRNA levels by gRT-PCR (left). The results are expressed as relative
LIN28B mRNA levels (meanxSD of three determinations) as compared to that obtained for
H1975/CshRNA cells (assigned a value of 1). Lysates from the H1975/CshRNA and H1975/
MUC1shRNA cells were immunoblotted with the indicated antibodies (right). C. H1299
cells stably expressing a control scrambled sShRNA (CshRNA) or a MUC1 shRNA were
analyzed for LIN28B mRNA levels by gRT-PCR (left). The results are expressed as relative
LIN28B mRNA levels (mean=SD of three determinations) as compared to that obtained for
H1299/CshRNA cells (assigned a value of 1). Lysates from the H1299/CshRNA and H1299/
MUC1shRNA cells were immunoblotted with the indicated antibodies (right). D. Lysates
from MCF-7 and H1975 cells were immunoblotted with the indicated antibodies. E. MCF-7
cells stably expressing an empty vector or MUC1-C were analyzed for LIN28B mMRNA
levels by qRT-PCR (left). The results are expressed as relative LIN28B mRNA levels (mean
+SD of three determinations) as compared to that obtained for MCF-7/vector cells (assigned
a value of 1). Lysates from the MCF-7/vector and MCF-7/MUC1-C cells were
immunoblotted with the indicated antibodies (right). F. LNCaP cells stably expressing an
empty vector or MUC1-C were analyzed for LIN28B mRNA levels by gRT-PCR (left). The
results are expressed as relative LIN28B mRNA levels (meanSD of three determinations)
as compared to that obtained for LNCaP/vector cells (assigned a value of 1). Lysates from
the LNCaP/vector and LNCaP/MUCL1-C cells were immunoblotted with the indicated
antibodies (right).
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Figure 2. Targeting MUC1-C with a MUC1-C(AQA) mutant or the GO-203 inhibitor suppresses
LIN28B expression

A. Schematic representation of the MUC1-C subunit and the amino acid (aa) sequence of the
cytoplasmic domain (CD). ED, extracellular domain. TM, transmembrane domain. The
CQC moatif is necessary and sufficient for MUC1-C homodimerization. Mutation of CQC to
AQA thus blocks MUC1-C homodimer formation. D-aa sequences are shown for GO-203
and CP-2. B. Lysates from H1975 cells stably expressing an empty vector, MUC1-C or
MUC1-C(AQA) were immunoblotted with the indicated antibodies (left). H1975/MUC1-C
and H1975/MUC1-C(AQA) cells were analyzed for LIN28B mRNA levels by qRT-PCR
(right). The results are expressed as relative LIN28B mRNA levels (mean+SD of three
determinations) as compared to that obtained for H1975/MUC1-C cells (assigned a value of
1). Cand D. H1975 (C) and H1299 (D) cells were treated with 5 uM GO-203 or CP-2 each
day for 3 days and then analyzed for LIN28B mRNA levels by gRT-PCR. E. MCF-7/
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MUC1-C cells were treated with 5 UM GO-203 or CP-2 each day for 4 days and then
analyzed for LIN28B mRNA levels by gRT-PCR. The results are expressed as relative
LIN28B mRNA levels (mean=SD of three determinations) as compared to that obtained for
CP-2-treated cells (assigned a value of 1) (left). Lysates from the GO-203- and CP-2-treated
cells were immunoblotted with the indicated antibodies (right).
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Figure 3. MUC1-C activates LIN28B by an NF-kB-mediated mechanism
A. Schema of the Lin28B-luciferase reporter (Lin28B-P1-Luc) showing location of the NF-

kB binding site in the first intron relative to the transcription start site (upper panel). H1975/
CshRNA and H1975/MUC1shRNA cells were transfected with the empty Luc vector or
Lin28B-P1-Luc. Cells were also transfected with the SV-40-Renilla-Luc plasmid as an
internal control. Luciferase activity was measured at 48 h following transfection (lower
panel). The results are expressed as relative luciferase activity (mean=SD of three
determinations) compared with that obtained from cells transfected with the empty Luc
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vector (assigned a value of 1). B. H1975/MUC1-C and H1975/MUC1-C(AQA) cells were
transfected with the empty Luc vector or Lin28B-P1-Luc. Cells were also transfected with
SV-40-Renilla-Luc as an internal control. Luciferase activity was measured at 48 h
following transfection. Results are expressed as relative luciferase activity (mean=SD of
three determinations) compared with that obtained from cells transfected with the empty Luc
vector (assigned a value of 1). C. H1975 cells were co-transfected with the Lin28B-P1-Luc
and SV-40-Renilla-Luc plasmids. At 48 h after transfection, cells were left untreated
(Control) or treated with 5 uM GO-203 or CP-2 for an additional 36 h. Results are expressed
as relative luciferase activity (mean+SD of three determinations) as compared to that
obtained for the control untreated cells (assigned a value of 1). D. H1975 cells were
transfected with empty Luc, wild type (WT) Lin28B-P1-Luc or mutant Lin28B-P1-Luc
plasmids. Cells were also transfected with SV-40-Renilla-Luc plasmid. Luciferase activity
was measured at 48 h following transfection. Results are expressed as relative luciferase
activity (meanzSD of three determinations) compared with that obtained from cells
transfected with the empty Luc vector (assigned a value of 1). E. H1975 cells were
transfected to express a p65 siRNA or a control sSiRNA (CsiRNA). After 48 h, lysates were
immunoblotted with the indicated antibodies. F. H1975 cells were co-transfected with
Lin28B-P1-Luc and SV-40-Renilla-Luc plasmids. At 48 h following transfection, cells were
left untreated (Control), treated with DMSO as vehicle control, or treated with 5 uM
BAY11-7085 for an additional 12 h. Results are expressed as relative luciferase activity
(meanzSD of three determinations) as compared to that obtained for the control untreated
cells (assigned a value of 1).
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Figure4. MUC1-C occupiesthe LIN28B gene with NF-kB
A. Lysates from H1975 cells were precipitated with a control 1gG or either anti-p65 (left) or

anti-MUCL1-C (right) antibody. Precipitates were immunoblotted with the indicated
antibodies. B—C. Soluble chromatin from the indicated H1975 cells was precipitated with
anti-NF-(B or a control 1gG. The final DNA precipitates were amplified by gPCR with pairs
of primers for the NF-(B binding region (NBR; +313 to +415) in intron 1 or a control region
(CR; —4964 to —4823). The results (meanSD of three independent experiments each
assayed in triplicate) are expressed as the relative fold enrichment compared to that obtained
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with the 1gG controls. D. Soluble chromatin from H1975/MUC1-C and H1975/MUC1-
C(AQA) cells was precipitated with anti-NF-(B or a control 1gG (left). For re-ChlP analysis,
complexes were released and re-immunoprecipitated with anti-MUC1-C (right). The results
(meanzSD of three independent experiments each assayed in triplicate) are expressed as the
relative fold enrichment compared with the 1gG controls. E. H1975 cells were left untreated
or treated with 5 uM GO-203 or CP-2 each day for 3 days. Soluble chromatin was
precipitated with anti-NF-(B or a control IgG (left). For re-ChlP analysis, complexes were
released and re-immunoprecipitated with anti-MUC1-C (right). The results (meanzSD of
three independent experiments each assayed in triplicate) are expressed as the relative fold
enrichment compared with the 1gG controls. F. Soluble chromatin from MCF-7/vector and
MCF-7/MUC1-C cells was precipitated with anti-NF-(B or a control 1gG (left). For re-ChlIP
analysis, complexes were released and re-immunoprecipitated with anti-MUC1-C (right).
The results (meanSD of three independent experiments each assayed in triplicate) are
expressed as the relative fold enrichment compared with the IgG controls.
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Figure5. Targeting MUC1-C increases |et-7 expression

A. H1975/CshRNA and H1975/MUC1shRNA cells were analyzed for let-7a-c miRNA
levels by gRT-PCR. Results are expressed as relative let-7a-c levels (mean+SD of three
determinations) as compared to that obtained for CShRNA cells (assigned a value of 1). B.
H1975/MUC1shRNA cells were transfected to express a control vector or MUC1-C. Lysates
were immunoblotted with the indicated antibodies (left). Total RNA was analyzed for let-7¢c
expression (right). Results are expressed as relative let-7c levels (meanzSD of three
determinations; H1975/MUC1shRNA/vector cells assigned a value of 1). C. Total RNA
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from H1975/MUC1-C and H1975/MUC1-C(AQA) cells (left) and from H1975 cells treated
with 5 UM GO-203 or CP-2 each day for 3 days (right) was analyzed for let-7c by gRT-
PCR. Results are expressed as relative let-7c levels (mean+SD of three determinations;
H1975/MUCL1-C cells assigned a value of 1). D. Lysates from H1975/CshRNA and H1975/
MUC1shRNA cells were immunoblotted with the indicated antibodies. E. Lysates from
H1975/MUC1-C and H1975/MUC1-C(AQA) cells (left) and from H1975 cells treated with
5 UM GO-203 or CP-2 each day for 3 days (right) were immunoblotted with the indicated
antibodies.
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Figure 6. MUC1-C inducesEM T and tumor sphere formation
A. Lysates from H1975/CshRNA and H1975/MUC1shRNA cells were immunoblotted with

the indicated antibodies. B. H1975 cells were infected with lentiviruses expressing a control
scrambled shRNA or a Lin28B shRNA. Lysates were immunoblotted with the indicated
antibodies. C. Representative images of tumorspheres derived from H1975/CshRNA and
H1975/MUC1shRNA cells (left). Bar represents 50 microns. The percentage sphere forming
efficiency (%SFE) is expressed as the mean+SD of three determinations (right). D. Lysates
from H1975/MUC1-C and H1975/MUC1-C(AQA) cells were immunoblotted with the
indicated antibodies. E. Representative images of tumorspheres derived from H1975/MUC1-
C and H1975/MUC1-C(AQA) cells (left). Bar represents 100 microns. The percentage SFE
is expressed as the meanSD of three determinations (right). F. Tumorspheres established
from H1975 cells (left) were left untreated or treated with 5 uM GO-203 or 5 uM CP-2 for
48 h. Bar represents 100 microns. The percentage SFE is expressed as the mean+SD of three
determinations (right). G. Representative images of tumorspheres derived from H1975/
CshRNA and H1975/LIN28BshRNA cells (left). Bar represents 100 microns. The
percentage SFE is expressed as the mean+SD of three determinations (right).
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Figure 7. Targeting MUC1-C decreases TGFBR3 expression
A and B. The indicated H1975 (A) and H1299 (B) cells were analyzed for HMGAZ2 and

TGFBR3 mRNA levels by qRT-PCR. The results are expressed as relative mRNA levels
(meanzSD of three determinations) as compared to that obtained for cells expressing the
CshRNA (assigned a value of 1). C. H1975/MUC1-C and H1975/MUC1-C(AQA) cells
were analyzed for HMGAZ2 and TGFBR3 mRNA levels by gRT-PCR. The results are
expressed as relative mMRNA levels (meanSD of three determinations) as compared to that
obtained for H1975/MUC1-C cells (assigned a value of 1). D. H1975 cells treated with 5 pM
GO-203 or CP-2 each day for 3 days were analyzed for HMGA2 and TGFBR3 mRNA
levels by qRT-PCR. The results are expressed as relative mRNA levels (mean+SD of three
determinations) as compared to that obtained for CP-2-treated cells (assigned a value of 1).
E. Schema depicting the proposed MUC1-C—{LIN28B—}let-7—ffHMGA2—TGFBR3
pathway that drives EMT and self-renewal.
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