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Abstract

Aberrant expression of the DNA methyltransferases (DNMTs) and disruption of DNA methylation
patterns are associated with carcinogenesis and cancer cell survival. The oncogenic MUC1-C
protein is aberrantly overexpressed in diverse carcinomas; however, there is no known link
between MUC1-C and DNA methylation. Our results demonstrate that MUC1-C induces
expression of DNMT1 and DNMT3b, but not DNMT3a, in breast and other carcinoma cell types.
We show that MUC1-C occupies the DNMT1 and DNMT3b promoters in complexes with NF-xB
p65 and drives DNMT1 and DNMT3b transcription. In this way, MUC1-C controls global DNA
methylation as determined by analysis of LINE-1 repeat elements. The results further demonstrate
that targeting MUC1-C downregulates DNA methylation of the CDHZ tumor suppressor gene in
association with induction of E-cadherin expression. These findings provide compelling evidence
that MUC1-C is of functional importance to induction of DNMT1 and DNMT3b and, in turn,
changes in DNA methylation patterns in cancer cells.
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Introduction

DNA methylation plays an essential role in the epigenetic control of gene expression in
cancer (1-3). The DNA methyltransferases (DNMTSs) are responsible for methylation of
DNA through transfer of a methyl group to the cytosine base in CpG dinucleotides (1).
DNMT1 localizes to replication foci and is primarily responsible for maintaining DNA
methylation patterns from template strands to newly synthesized DNA strands (4). DNMT1
can function with DNMT3a and DNMT3b in de novo methyltransferase activity during
development (5; 6). Moreover, DNMT3a and DNMT3b establish de novo postreplicative
DNA methylation patterns (7; 8). DNMT1, DNMT3a and DNMT3b are often overexpressed
in cancer cells (9-11). Transcriptional activation of the DNMT1, DNMT3aand DNMT3b
genes has been linked to activation of the RAS-JUN pathway (12; 13) and to binding of the
Sp1 and Sp3 zinc finger proteins to their promoters (14; 15). In addition, DNMT1, DNMT3a
and DNMT3b expression is repressed by (i) p53, Rb and FOXO3a, and (ii) diverse miRNAs
(16). Notably, DNMT1 and DNMT?3b are both needed to silence genes in human cancer
cells (17; 18). However, signaling pathways that selectively and coordinately induce
DNMT1 and DNMT3b are not known.

Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly overexpressed by breast, lung
and diverse other carcinomas (19; 20). The oncogenic MUC1 C-terminal transmembrane
subunit (MUC1-C) associates with receptor tyrosine kinases at the cell membrane and
promotes their downstream signaling pathways (19; 20). MUC1-C also localizes to the
nucleus, where it interacts with certain transcription factors and contributes to their
transactivation function (19; 20). In this manner, MUC1-C has been linked to the NF-xB
pathway through interactions with TAK1 (21) and the IKK complex (22). MUC1-C also
binds directly to NF-xB p65 and thereby contributes to activation of NF-xB target genes,
including MUC1 itself, in an autoinductive loop (23). Involvement of MUC1-C in the
TAK1—IKK—NF-xB p65 pathway in cancer cells has further supported a direct role for
MUCI1-C in induction of (i) inflammatory cytokines, including IL-8, (ii) the epithelial-
mesenchymal transition (EMT) with downregulation of the CDHI gene that encodes E-
cadherin (ECAD) and (iii) self-renewal capacity (21-25). These findings have supported the
notion that MUC1-C contributes to cancer progression by multiple mechanisms.

Based on the premise that MUC1-C is of importance to the regulation of gene expression in
cancer, the present studies investigated whether MUC1-C induces DNMT expression and
alterations in DNA methylation patterns. The results demonstrate that MUC1-C selectively
and coordinately activates the DNMTI1 and DNMT3b genes in cancer cells and thereby
global and gene-specific changes in DNA methylation.

Results and Discussion

Stable silencing of MUC1-C in BT-549 breast cancer cells was associated with suppression
of DNMT1 mRNA and protein (Fig. 1A). A similar response to MUC1-C silencing was
observed in MDA-MB-231 breast cancer cells (Fig. 1B), indicating that MUC1-C promotes
DNMT1 expression. To confirm this notion, we overexpressed MUC1-C in MCF-7 breast
cancer cells (24) and observed an increase in DNMT1 mRNA and protein (Fig. 1C),
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indicating that MUC1-C, and not the MUC1 N-terminal subunit (MUC1-N), is sufficient for
this response. In extending these observations to other types of carcinomas, we found that
silencing MUC1-C in KRAS mutant A549 (Fig. S1A) and H460 (Fig. S1B) non-small cell
lung cancer (NSCLC) cells similarly results in decreased DNMT1 expression. In addition,
MUC1-C conferred DNMT1 expression in SK-CO-1 colon cancer cells (Fig. S1C),
indicating that this association is found in diverse types of carcinomas. In further studies, we
found that silencing MUC1-C in BT-549 cells suppressed DNMT3b, but not DNMT 3a,
expression (Fig. 1D). The same pattern of response was observed in MDA-MB-231 (Fig.
1E), A549 NSCLC (Fig. S2A), H460 NSCLC cells (Fig. S2B), and SK-CO-1 colon cancer
cells (Fig. S2C). We also found that overexpression of MUC1-C in MCF-7 cells increases
DNMT3b and not DNMT3a (Fig. 1F). To provide additional support for these findings, we
used other approaches for targeting MUC1-C expression. In this way, silencing MUCL1 in
H460 cells with clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
editing resulted in the downregulation of DNMT1 and DNMT3b (Fig. S3A). Moreover,
targeting MUC1-C function in BT-549 and A549 cells with the GO-203 inhibitor (26)
decreased DNMT1 and DNMT3b levels (Figs. S3B and S3C). These results demonstrate
that MUC1-C selectively drives DNMT1 and DNMT3b, but not DNMT3a, expression in
breast and other carcinoma cells.

Based on these findings, we searched the DNMT1 and DNMT3b promoters for the presence
of cis-binding elements not shared with DNMT3a. Notably, an NF-xB binding site had been
reported in the DNMT1 promoter (Fig. 2A) (27) and putative consensus NF-xB sites were
identified in the DNMT3b, but not in the DNMT3a, promoter (Fig. 2B). Accordingly and to
investigate a transcriptional mechanism, we generated a DNMT1 promoter-luciferase
reporter ()DNMT1-Luc) (Fig. S4A) and showed that silencing MUC1-C in MDA-MB-231
(Fig. 2A, left) and A549 (Fig. S4B) cells suppresses its activity. A similar experiment using
a DNMT3b promoter-luciferase reporter (pDNMT3b-Luc) (Fig. S4C) demonstrated that
silencing MUC1-C is also associated with decreased activation (Fig. 2B, left and Fig. S4D).
In addition, mutation of the putative NF-xB p65 binding sites in the pDNMT1-Luc (Fig. 2A,
right) and pDNMT3b-Luc (Fig. 2B, right) vectors decreased their activation. To extend this
line of investigation, we found that silencing NF-xB p65 in BT-549 and MDA-MB-231 cells
decreases DNMT1 and DNMT3b, but not DNMT3a, expression (Figs. 2C and 2D). Similar
results were obtained in A549 cells (Fig. S4E). Moreover, treatment with the NF-xB
inhibitor BAY11-7085 (28) decreased expression of DNMT1 and DNMT3b, and not
DNMT3a (Fig. 2E). MUC1-C constitutively activates the NF-xB p65 pathway in
mesenchymal MDA-MB-231 and BT-549, but not in luminal MCF-7, cells. However, the
enforced overexpression of MUC1-C in MCF-7 cells induces NF-xB p65 activity (25),
indicating that cell context is of importance for MUC1-C-induced activation of NF-xB p65
signaling. Indeed, in studies of MCF-7/MUCL1-C cells, we also found that BAY11-7085 (i)
attenuates activation of the DNMT1 promoter (Fig. 2F, left), and (ii) suppresses DNMT1 and
DNMT3b expression (Fig. 2F, right), providing further evidence that the MUC1-C—NF-xB
p65 pathway (21-23) confers DNMT1 and DNMT3b activation.

MUC1-C binds directly to NF-xB p65 and promotes activation of NF-xB target genes,
including MUC1 itself in an autoinductive loop (23). To investigate whether MUC1-C
occupies the DNMT1 and DNMT3b promoters, we performed chromatin
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immunoprecipitation (ChIP) studies on MDA-MB-231 cells. Analysis of the DNMT1
promoter clearly demonstrated MUC1-C occupancy (Fig. 3A, left) and the presence of NF-
kB p65 (Fig. 3A, right). Additionally, in re-ChIP experiments, we found that NF-xB p65
occupies the DNMT1 promoter in a complex with MUC1-C (Fig. 3B), consistent with the
above observation that DAMMT1 activation is dependent on both MUC1-C and NF-xB p65.
We also found that silencing MUC1-C decreases occupancy of NF-xB p65 on the DNMT1
promoter (Fig. 3C). Similar results were obtained from studies of the DNMT3b promoter;
that is MUC1-C and NF-xB p65 occupancy (Fig. 3D, left and right) and the detection of
MUC1-C/NF-xB p65 complexes (Fig. 3E). The results also demonstrate that MUC1-C
promotes NF-xB p65 occupancy of the DNMT3b promoter (Fig. 3F).

The above findings invoked the possibility that MUC1-C also functions in regulating DNA
methylation in cancer cells. Indeed, silencing MUC1-C in BT-549 (Fig. 4A) and MDA-
MB-231 (Fig. S5A) cells was associated with significant decreases in the percentage of 5-
mC in Long Interspersed Nucleotide Element-1 (LINE-1) repeats, a surrogate marker of
global DNA methylation (29-31). These effects of targeting MUC1-C were confirmed using
bisulfite sequencing of LINE-1 repeats (Fig. 4B), further supporting a role for MUC1-C in
inducing global DNA methylation. Based on these results and previous work demonstrating
that MUC1-C promotes EMT and downregulation of ECAD expression (24; 25), we
investigated the involvement of MUC1-C in DNA methylation of the CDHZ promoter. Using
immunoprecipitation of methylated DNA (MeDIP) followed by qPCR of the precipitated
DNA fragments, we found that silencing MUC1-C in MDA-MB-231 cells is associated with
marked decreases in methylation of the CDHI promoter (Fig. S5B). In addition and in
concert with this response, MUC1-C silencing resulted in significant induction of ECAD
mMRNA and protein (Fig. S5C). Similarly, silencing MUC1-C in BT-549 cells was associated
with decreased methylation of the CDHI promoter and induction of ECAD expression (Fig.
4C). Additionally, bisulfite conversion of genomic DNA and pyrosequencing of the CpG
region of the CDH1 promoter (positions —169 to —116) demonstrated that MUC1-C
silencing is associated with significant decreases in DNA methylation of multiple CpG sites
(Fig. 4D).

Aberrant expression of DNMTSs and changes in DNA methylation have been linked to cancer
cell progression and survival (2; 9; 11; 32; 33). Interestingly, genetic disruption of both
DNMT1and DNMT3b substantially reduces DNMT activity and DNA methylation,
indicating that these DNMTs cooperate to silence genes in human cancer cells (18). The
present findings demonstrate that the MUC1-C oncoprotein is unique in that it selectively
and coordinately induces DNMT1 and DNMT3b, but not DNMT3a, expression and thereby
upregulates DNA methylation in diverse types of carcinoma cells (Fig. 4E). MUC1-C
activates the TAK1—IKK—NF-xB pathway in an autoinductive loop that includes a direct
interaction with NF-xB p65 and the induction of MUCZ and other NF-xB target genes (19—
23)(Fig. 4E). The present results thus provide support for a model in which MUC1-C—NF-
kB p65 signaling links this inflammatory response to the induction of DNMTs (Fig. 4E).
Based on these findings, we investigated the effects of targeting MUC1-C on DNA
methylation patterns. LINE-1 retrotransposons constitute approximately 17-18% of the
human genome, are aberrantly activated in cancer and may contribute to genome instability
(34; 35). Based on the demonstration that MUC1-C regulates LINE-1 DNA methylation,
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experiments will be needed to assess whether MUC1-C has an effect on LINE-1
retrotransposon activity in cancer cells. In this regard and although global hypomethylation
promotes LINE-1 activation in cancer cells, individual LINE-1 elements are activated only
when hypomethylation occurs in the promoter region of that element (36; 37).

MUC1-C has been linked to induction of EMT and the associated downregulation of ECAD
expression in cancer cells (24; 25). The present results extend the importance of MUC1-C in
EMT by demonstrating that MUC1-C drives DNA methylation of the CDHZ promoter and
thereby suppression of ECAD expression. These findings do not exclude the possibility that
MUC1-C suppresses ECAD expression by additional mechanisms; for example, by
promoting SNAIL-mediated repression of the CDHI promoter (38). The finding that
targeting MUCL1-C reverses EMT also raises the possibility that MUC1-C may
epigenetically regulate other genes in the EMT program (24; 25). In that line of reasoning,
the MUCI promoter itself is regulated by DNA methylation (39-41). Accordingly, studies of
interest will be to assess the effects of downregulating DNMT1 and/or DNMT3b on DNA
methylation of the MUCI promoter and MUC1-C expression. In summary, the present
findings support the premise that targeting MUC1-C could represent a therapeutic approach
capable of influencing global and gene-specific epigenetic changes, and in turn the
reprogramming of cancer cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DNMT DNA methyltransferase

MUC1 mucin 1

EMT epithelial-mesenchymal transition

ECAD E-cadherin

NSCLC non-small cell lung cancer

CRISPR  clustered regularly interspaced short palindromic repeats
ChiP chromatin immunoprecipitation

LINE-1 Long Interspersed Nucleotide Element-1

MeDIP immunoprecipitation of methylated DNA

Oncogene. Author manuscript; available in PMC 2016 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rajabi et al.

References

1.

Page 6

Li E, Zhang Y. DNA methylation in mammals. Cold Spring Harb Perspect Biol. 2014; 6:a019133.
[PubMed: 24789823]

. Easwaran H, Tsai HC, Baylin SB. Cancer epigenetics: tumor heterogeneity, plasticity of stem-like

states, and drug resistance. Mol Cell. 2014; 54:716-727. [PubMed: 24905005]

. Ahuja N, Easwaran H, Baylin SB. Harnessing the potential of epigenetic therapy to target solid

tumors. J Clin Invest. 2014; 124:56-63. [PubMed: 24382390]

. Pradhan S, Bacolla A, Wells RD, Roberts RJ. Recombinant human DNA (cytosine-5)

methyltransferase. |. Expression, purification, and comparison of de novo and maintenance
methylation. J Biol Chem. 1999; 274:33002-33010. [PubMed: 10551868]

. Ko YG, Nishino K, Hattori N, Arai Y, Tanaka S, Shiota K. Stage-by-stage change in DNA

methylation status of Dnmt1 locus during mouse early development. J Biol Chem. 2005; 280:9627—
34. [PubMed: 15634679]

. Ratnam S, Mertineit C, Ding F, Howell CY, Clarke HJ, Bestor TH, et al. Dynamics of Dnmt1

methyltransferase expression and intracellular localization during oogenesis and preimplantation
development. Dev Biol. 2002; 245:304-14. [PubMed: 11977983]

. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for

de novo methylation and mammalian development. Cell. 1999; 99:247-257. [PubMed: 10555141]

. Liang G, Chan MF, Tomigahara Y, Tsai YC, Gonzales FA, Li E, et al. Cooperativity between DNA

methyltransferases in the maintenance methylation of repetitive elements. Mol Cell Biol. 2002;
22:480-491. [PubMed: 11756544]

. Lin RK, Hsu HS, Chang JW, Chen CY, Chen JT, Wang YC. Alteration of DNA methyltransferases

contributes to 5'CpG methylation and poor prognosis in lung cancer. Lung Cancer. 2007; 55:205—-
13. [PubMed: 17140695]

10. Mizuno S, Chijiwa T, Okamura T, Akashi K, Fukumaki Y, Niho Y, et al. Expression of DNA

11.

12.

13.

methyltransferases DNMT1, 3A, and 3B in normal hematopoiesis and in acute and chronic
myelogenous leukemia. Blood. 2001; 97:1172-9. [PubMed: 11222358]

Qu Y, Mu G, Wu Y, Dai X, Zhou F, Xu X, et al. Overexpression of DNA methyltransferases 1, 3a,
and 3b significantly correlates with retinoblastoma tumorigenesis. Am J Clin Pathol. 2010;
134:826-34. [PubMed: 20959668]

Bakin AV, Curran T. Role of DNA 5-methylcytosine transferase in cell transformation by fos.
Science. 1999; 283:387-90. [PubMed: 9888853]

Bigey P, Ramchandani S, Theberge J, Araujo FD, Szyf M. Transcriptional regulation of the human
DNA Methyltransferase (dnmtl) gene. Gene. 2000; 242:407-18. [PubMed: 10721735]

14. Jinawath A, Miyake S, Yanagisawa Y, Akiyama Y, Yuasa Y. Transcriptional regulation of the

15.

16.

17.

18.

human DNA methyltransferase 3A and 3B genes by Sp3 and Sp1 zinc finger proteins. Biochem J.
2005; 385:557—-64. [PubMed: 15362956]

Kishikawa S, Murata T, Kimura H, Shiota K, Yokoyama KK. Regulation of transcription of the
Dnmt1 gene by Spl and Sp3 zinc finger proteins. Eur J Biochem. 2002; 269:2961-70. [PubMed:
12071960]

Lin RK, Wang YC. Dysregulated transcriptional and post-translational control of DNA
methyltransferases in cancer. Cell Biosci. 2014; 4:46. [PubMed: 25949795]

Rhee I, Jair KW, Yen RW, Lengauer C, Herman JG, Kinzler KW, et al. CpG methylation is
maintained in human cancer cells lacking DNMT1. Nature. 2000; 404:1003-7. [PubMed:
10801130]

Rhee I, Bachman KE, Park BH, Jair KW, Yen RW, Schuebel KE, et al. DNMT1 and DNMT3b
cooperate to silence genes in human cancer cells. Nature. 2002; 416:552-556. [PubMed:
11932749]

19. Kufe D. Mucins in cancer: function, prognosis and therapy. Nature Reviews Cancer. 2009; 9:874—

885. [PubMed: 19935676]

20. Kufe D. MUC1-C oncoprotein as a target in breast cancer: activation of signaling pathways and

therapeutic approaches. Oncogene. 2013; 32:1073-1081. [PubMed: 22580612]

Oncogene. Author manuscript; available in PMC 2016 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rajabi et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 7

Takahashi H, Jin C, Rajabi H, Pitroda S, Alam M, Ahmad R, et al. MUC1-C activates the TAK1
inflammatory pathway in colon cancer. Oncogene. 2015; 34:5187-5197. [PubMed: 25659581]
Ahmad R, Raina D, Trivedi V, Ren J, Rajabi H, Kharbanda S, et al. MUC1 oncoprotein activates
the 1xB kinase B complex and constitutive NF-xB signaling. Nat Cell Biol. 2007; 9:1419-1427.
[PubMed: 18037881]

Ahmad R, Raina D, Joshi MD, Kawano T, Kharbanda S, Kufe D. MUC1-C oncoprotein functions
as a direct activator of the NF-xB p65 transcription factor. Cancer Res. 2009; 69:7013-7021.
[PubMed: 19706766]

Rajabi H, Alam M, Takahashi H, Kharbanda A, Guha M, Ahmad R, et al. MUC1-C oncoprotein
activates the ZEB1/miR-200c regulatory loop and epithelial-mesenchymal transition. Oncogene.
2014; 33:1680-1689. [PubMed: 23584475]

Alam M, Rajabi H, Ahmad R, Jin C, Kufe D. Targeting the MUC1-C oncoprotein inhibits self-
renewal capacity of breast cancer cells. Oncotarget. 2014; 5:2622-2634. [PubMed: 24770886]
Raina D, Kosugi M, Ahmad R, Panchamoorthy G, Rajabi H, Alam M, et al. Dependence on the
MUC1-C oncoprotein in non-small cell lung cancer cells. Mol Cancer Therapeutics. 2011;
10:806-816.

Shen N, Yan F, Pang J, Wu LC, Al-Kali A, Litzow MR, et al. A nucleolin-DNMT1 regulatory axis
in acute myeloid leukemogenesis. Oncotarget. 2014; 5:5494-509. [PubMed: 25015109]

Berger N, Ben Bassat H, Klein BY, Laskov R. Cytotoxicity of NF-kappaB inhibitors Bay 11-7085
and caffeic acid phenethyl ester to Ramos and other human B-lymphoma cell lines. Exp Hematol.
2007; 35:1495-1509. [PubMed: 17889719]

Yang AS, Estecio MR, Doshi K, Kondo Y, Tajara EH, Issa JP. A simple method for estimating
global DNA methylation using bisulfite PCR of repetitive DNA elements. Nucleic Acids Res.
2004; 32:e38. [PubMed: 14973332]

Weisenberger DJ, Campan M, Long TI, Kim M, Woods C, Fiala E, et al. Analysis of repetitive
element DNA methylation by MethyLight. Nucleic Acids Res. 2005; 33:6823-36. [PubMed:
16326863]

Lisanti S, Omar WA, Tomaszewski B, De Prins S, Jacobs G, Koppen G, et al. Comparison of
methods for quantification of global DNA methylation in human cells and tissues. PLoS One.
2013; 8:279044. [PubMed: 24260150]

Sharma S, Kelly TK, Jones PA. Epigenetics in cancer. Carcinogenesis. 2010; 31:27-36. [PubMed:
19752007]

De Carvalho DD, Sharma S, You JS, Su SF, Taberlay PC, Kelly TK, et al. DNA methylation
screening identifies driver epigenetic events of cancer cell survival. Cancer Cell. 2012; 21:655—
667. [PubMed: 22624715]

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing and
analysis of the human genome. Nature. 2001; 409:860-921. [PubMed: 11237011]

Rodic N, Sharma R, Sharma R, Zampella J, Dai L, Taylor MS, et al. Long interspersed element-1
protein expression is a hallmark of many human cancers. Am J Pathol. 2014; 184:1280-6.
[PubMed: 24607009]

Iskow RC, McCabe MT, Mills RE, Torene S, Pittard WS, Neuwald AF, et al. Natural mutagenesis
of human genomes by endogenous retrotransposons. Cell. 2010; 141:1253-61. [PubMed:
20603005]

Tubio JM, Li Y, Ju YS, Martincorena I, Cooke SL, Tojo M, et al. Mobile DNA in cancer. Extensive
transduction of nonrepetitive DNA mediated by L1 retrotransposition in cancer genomes. Science.
2014; 345:1251343. [PubMed: 25082706]

Gnemmi V, Bouillez A, Gaudelot K, Hemon B, Ringot B, Pottier N, et al. MUC1 drives epithelial-
mesenchymal transition in renal carcinoma through Whnt/beta-catenin pathway and interaction with
SNAIL promoter. Cancer Lett. 2014; 346:225-36. [PubMed: 24384091]

Zrihan-Licht S, Weiss M, Keydar I, Wreschner DH. DNA methylation status of the MUCL1 gene
coding for a breast-cancer-associated protein. Int J Cancer. 1995; 62:245-51. [PubMed: 7628867]
Yamada N, Nishida Y, Tsutsumida H, Hamada T, Goto M, Higashi M, et al. MUC1 expression is
regulated by DNA methylation and histone H3 lysine 9 modification in cancer cells. Cancer Res.
2008; 68:2708-16. [PubMed: 18413738]

Oncogene. Author manuscript; available in PMC 2016 December 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rajabi et al.

41.

42.

43.

44,

45.

46.

47.

48.

Page 8

Hasegawa M, Takahashi H, Rajabi H, Alam M, Suzuki Y, Yin L, et al. Functional interactions of
the cystine/glutamate antiporter, CD44v and MUC1-C oncoprotein in triple-negative breast cancer
cells. Oncotarget. 2016 Epub ahead of print.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engineering using
CRISPR/Cas systems. Science. 2013; 339:819-23. [PubMed: 23287718]

Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR
screening. Nat Methods. 2014; 11:783—-4. [PubMed: 25075903]

Tagde A, Rajabi H, Bouillez A, Alam M, Gali R, Bailey S, et al. MUC1-C drives MYC in multiple
myeloma. Blood. 2016 Epub ahead of print.

Bouillez A, Rajabi H, Pitroda S, Jin C, Alam M, Kharbanda A, et al. Inhibition of MUC1-C
suppresses MY C expression and attenuates malignant growth in KRAS mutant lung
adenocarcinomas. Cancer Res. 2016; 76:1538-1548. [PubMed: 26833129]

Tagde A, Singh H, Kang MH, Reynolds CP. The glutathione synthesis inhibitor buthionine
sulfoximine synergistically enhanced melphalan activity against preclinical models of multiple
myeloma. Blood Cancer J. 2014; 4:€229. [PubMed: 25036800]

Wang Q, Carroll JS, Brown M. Spatial and temporal recruitment of androgen receptor and its
coactivators involves chromosomal looping and polymerase tracking. Mol Cell. 2005; 19:631-642.
[PubMed: 16137620]

Wang X, Zhu H, Snieder H, Su S, Munn D, Harshfield G, et al. Obesity related methylation
changes in DNA of peripheral blood leukocytes. BMC Med. 2010; 8:87. [PubMed: 21176133]

Oncogene. Author manuscript; available in PMC 2016 December 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rajabi et al.

Page 9

43— B-actin 43— <—B-actin
1B:Anti--actin 1B:Anti-p-actin

A BT-549 < B MDA-MB-231 C MCF-7
4p<00s o PRO0S H 001 pe0.01 = ol
< £ 1 - x
s £} 5 E z c
< z F- 4] £ E 2 Q
z3 o [ S 6 = 2 z 38 = 5
H H e zs as g3 i< £8
;52 2 kba © = 3%3 SE, kDa 8 = g, kDa = =
s s 2 1
s, gz zs-.«—Mucvc 3 H 25 ~mucc 25~ ~—wucic
ANt MUCH- &
? B 1B:Anti-MUC1-C o 01E-2 1B:Anti-MUC1-C o ) 1B:Anti-MUC1-C
; ; |33>=-' <—DNMT1 E é E 183 ~—DNMT1 E z’) 183~ ~—DNMT1
z 3 IB:Anti-DNMT1 K & &  IB:Anti-DNMT1 23 1B:Anti-DNMT1
K 8 S 32 =
8 8 3
=

<
H

£

e < peactin
; o

H

=

D BT-549 E MDA-MB-231 F MCF-7

peots < 005 o5 L 9
R, H s 1578005 £ R ISPy 55

Eoll ] 5 £5 H z wa £ 2

o g z 1 o
L ZE £g . a gero Ha 120~ onMT3a
23 $82 wa 8 2 e ° i g3 g3
2Eos 45 3 SEo. 2 2088 =< DNMT3a  SE o5 g2, 1B:ANt-DNMT3a

z H 120- 88 < DNMT3a s ] IB:Anti-DNMT3a ] ] 968 < DNMT3b

o o 1B:ANLDNMT3a e oMz %-= <onwtb B L 1B:AN-DNNT3b
s 5 5
i
in
nti-p-actin

Figure 1. MUC1-C induces DNMT1 and DNM T3b, but not DNM T 3a, in human carcinoma cells
(A-B) BT-549 (A) and MDA-MB-231 (B) breast cancer cells stably expressing a Control
SshRNA (CshRNA) or a MUC1 shRNA (MUC1shRNA) were analyzed for MUC1 and
DNMT1 mRNA levels by gRT-PCR with pairs of primers listed in Table S1. The results
(meanzSD of 3 determinations) are expressed as relative mRNA levels compared to that
obtained with cells expressing MUC1shRNA (assigned a value of 1) (left and middle
panels). Lysates were immunoblotted with the indicated antibodies (right panels). (C)
MCF-7 breast cancer cells stably expressing an empty vector (MCF-7/vector) or MUC1-C
(MCF-7/MUC1-C) were analyzed for DNMT1 mRNA levels by gRT-PCR. The results
(meanzSD of 3 determinations) are expressed as relative mRNA levels compared to that
obtained for vector expressing cells (assigned a value of 1) (left panel). Lysates from the
indicated cells were analyzed by immunoblotting (right panel). (D-E) The indicated BT-549
(D) and MDA-MB-231 (E) cells were analyzed for (i) DNMT3a (left panels) and DNMT3b
mMRNA (middle panels). The results (mean+SD of 3 determinations) are expressed as relative
mMRNA levels compared to that obtained with cells expressing MUC1shRNA (assigned a
value of 1). Lysates were analyzed by immunoblotting with the indicated antibodies (right
panels). (F) MCF-7/vector and MCF-7/MUC1-C cells were analyzed for DNMT3a (left
panel) and DNMT3b (middle panel) mMRNA levels by gRT-PCR (mean+SD of 3
determinations) as compared to that obtained for vector expressing cells (assigned a value of
1). Lysates from the indicated cells were analyzed by immunoblotting (right panel).
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Figure 2. MUC1-C activatesDNM T1 and DNMT3b expression by an NF-xB-mediated
mechanism

(A) Schema of the DNMT1 promoter-luciferase (-(DNMT1-Luc) reporter with an NF-xB
binding motif at -833 to -824 upstream to the transcription start site. MDA-MB-231 cells
were transfected with (i) the empty pGL3-Basic Luc vector or pGL3-pDNMT1-Luc, and the
SV-40-Renilla-Luc plasmid as an internal control (left), and the empty pGL3-Basic Luc
vector, wild-type (WT) pGL3-pDNMT1-Luc or mutant pGL3-pDNMT1-Luc and the SV-40-
Renilla-Luc plasmid (right). Dual luciferase activity was measured at 48 h after transfection.
The results (mean+SD of 3 determinations) are expressed as the relative luciferase activity
compared to that obtained with (i) the MDA-MB-231/MUC1shRNA cells (assigned a value
of 1)(left) and (ii) the mutant pGL3-pDNMT1-Luc (assigned a value of 1) (right). (B)
Schema of the DNMT3b promoter-Luciferase ()DNMT3b-Luc) reporter with two putative
consensus NF-xB binding sites at the indicated positions. MDA-MB-231 cells were
transfected with the pGL3 vector, wild-type (WT) pGL3-pDNMT3b-Luc or mutant pGL3-
pDNMT3b-Luc and SV-40-Renilla-Luc. The cells were then analyzed for luciferase activity
as described above. (C-D) Lysates from the BT-549 (C) and MDA-MB-231 (D) cells
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without and with p65 silencing were immunoblotted with the indicated antibodies. (E)
Lysates from BT-549 cells treated with control vehicle (DMSO) or 10 uM BAY11-7085 for
24 h were immunoblotted with the indicated antibodies. (F) MCF-7/MUC1-C cells were
transfected with the pGL3 or pGL3-pDNMT1-Luc, and the SV-40-Renilla-Luc plasmid. The
cells were also treated with control vehicle (DMSO) or 10 uM BAY11-7085. Luciferase
activity was measured at 48 h after transfection. The results (mean+SD of 3 determinations)
are expressed as the relative luciferase activity compared to that obtained with BAY 11-7085-
treated cells (assigned a value of 1). MCF-7/MUCL1-C cells were treated with control vehicle
(DMSO) or 10 uM BAY11-7085 for 24 h. Lysates were immunoblotted with the indicated
antibodies (right).
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Figure 3. MUC1-C occupiesthe DNMT1 and DNMT3b promoters
(A-F) (A and D) Soluble chromatin from MDA-MB-231 cells was precipitated with anti-

MUC1-C (left), anti-p65 (right) or a control 1gG. (B and E) In re-ChlIP studies, the anti-p65
precipitates were released and reimmunoprecipitated with 1gG or anti-MUC1-C. (C and F)
Soluble chromatin from MDA-MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells
was precipitated with anti-p65 or a control IgG. (A-C) The final DNA samples were
amplified by qPCR with pairs of primers (Table S2) for the NF-xB p65 binding site in the
DNMT1 promoter. The results (mean+SD of 3 determinations) are expressed as the relative
fold enrichment compared with that obtained for the 1gG control (assigned a value of 1). (D-
F) The final DNA samples were amplified by gPCR with pairs of primers (Table S2) for the
NF-xB p65 binding sites in the DNMT3b promoter. The results (mean+SD of 3
determinations) are expressed as the relative fold enrichment compared with that obtained
for the 1gG control (assigned a value of 1).
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Figure4. MUC1-C induces LINE-1 and CDH1 promoter DNA methylation
(A) Genomic DNA from the indicated BT-549 cells was analyzed using the LINE-1 global

DNA methylation ELISA kit. The results are expressed as percentage 5-mC (meanzSD of 3
determinations) based on extrapolation from the methylated and unmethylated genomic
standards provided in the kit. (B) Genomic DNA from BT-549/CshRNA (closed bars) and
BT-549/MUC1shRNA (open bars) was analyzed by bisulfite conversion, PCR amplification
and pyrosequencing of 4 CpG positions in the LINE-1 element. The results are expressed as
the percentage DNA methylation (mean+SD of 3 determinations) at each of the 4 positions
as compared to that obtained in BT-549/CshRNA cells (assigned a value of 100%). The
asterisk (*) denotes a p value of <0.05. (C) Genomic DNA from BT-549 cells was subjected
to immunoprecipitation of methylated DNA (MeDIP) and the precipitates were analyzed by

gPCR of the CDH1 promoter (positions =213 to —116). The results (mean+SD of 3
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determinations) are expressed as relative fold enrichment compared to that obtained from
MUC1shRNA expressing cells (assigned a value of 1)(left panel). Lysates from the indicated
cells were analyzed by immunoblotting (right panel). (D) Genomic DNA from BT-549/
CshRNA (closed bars) and BT-549/MUC1shRNA (open bars) was analyzed by bisulfite
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conversion, PCR amplification and pyrosequencing of the indicated CpG sites in the CDH1
promoter. The results are expressed as the percentage DNA methylation (mean+SD of 3
determinations) at each of the 6 CpG sites. The hashtag (#) and asterisk (*) denote p values
of >0.05 and <0.05, respectively. (E) Schema depicting the proposed MUC1-C-induced
expression of DNMT1 and DNMT3b, and thereby DNA methylation in human cancer cells.
MUC1-C induces an autoinductive inflammatory circuit involving activation of the
TAK1—IKK—NF-xB p65 pathway (21-23). MUC1-C promotes NF-xB p65-mediated
induction of DNMT1 and DNMT3b transcription by interacting with NF-xB p65 on their
respective promoters and increasing NF-xB p65 occupancy. In turn, MUC1-C links the
inflammatory response with induction of DNA methylation and regulation of gene
expression. Thus, targeting MUC1-C in cancer cells with silencing or inhibitors suppresses
(i) DNMT1 and DNMT3b expression, and (ii) global and promoter-specific DNA
methylation.
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