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Abstract

Mucin1 (MUC1) is a transmembrane oncogenic protein that plays a central role in malignant 

transformation and disease evolution, including cell proliferation, survival, self-renewal, and 

metastatic invasion. MUC1 has been shown to interact with diverse effectors such as β-catenin, 

receptor tyrosine kinases, and c-Abl, which are of importance in the pathogenesis of various 

hematological malignancies. In myeloid leukemia, MUC1 has been shown to have an essential 

role in leukemia stem-cell function, the induction of reactive oxygen species (ROS), and the 

promotion of terminal myeloid differentiation. As such, MUC1 is an attractive therapeutic target in 

hematologic malignancies. Targeting MUC1 has been shown to be an effective approach for 

inducing cell death in tumor in in vivo and in vitro models. Furthermore, MUC1 inhibition is 

synergistic with other therapeutic agents in the treatment of hematologic disorders. This review 

will explore the role of MUC1 in hematological malignancies, and strategies for targeting this 

oncoprotein.
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Introduction

Mucin1 (MUC1) is a heterodimeric-epithelial cell glycoprotein that is aberrantly expressed 

in diverse carcinomas and mediates multiple pathways critical for oncogenesis.[1–9]. 

Intriguingly for an epithelial cell-associated protein, MUC1 is also aberrantly expressed in 

hematologic malignancies.[10–19]. MUC1 is translated as a single polypeptide that 

undergoes autocleavage into two subunits, which in turn form a stable noncovalent 

heterodimer at the cell surface. The MUC1 N-terminal subunit (MUC1-N) contains 

glycosylated tandem repeats, which are characteristic features of the mucin family.[8,20]. 

MUC1-N forms a complex with the transmembrane MUC1 C-terminal subunit (MUC1-C).

[20]. MUC1-C contains a 58-amino acid (aa) extracellular domain, a 28-aa transmembrane 

domain, and a 72-aa cytoplasmic tail. MUC1-C interacts with receptor tyrosine kinases, such 

CONTACT Dina Stroopinsky, dstroopi@bidmc.harvard.edu, Beth Israel Deaconess Medical Center, Medicine, 330 Brookline Ave, 
Boston, 02215-5491, MA, USA. 

Potential conflict of interest: Disclosure forms provided by the authors are available with the full text of this article at http://
dx.doi.org/10.1080/10428194.2016.1195500.

HHS Public Access
Author manuscript
Leuk Lymphoma. Author manuscript; available in PMC 2018 February 15.

Published in final edited form as:
Leuk Lymphoma. 2016 November ; 57(11): 2489–2498. doi:10.1080/10428194.2016.1195500.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1080/10428194.2016.1195500
http://dx.doi.org/10.1080/10428194.2016.1195500


as FLT3, at the cell membrane.[21]. MUC1-C also forms homodimers that are imported into 

the nucleus, where MUC1-C interacts with transcription factors, such as NF-kB p65 and the 

β-catenin/TCF4 complex.[22–24]. MUC1-C is also transported to the mitochondrial outer 

membrane, where it functions in blocking the intrinsic apoptotic pathway.[25–27]. In these 

ways, MUC1-C has been shown to mediate critical aspects of oncogenesis, including cell 

proliferation, autonomous self-renewal[28], tissue invasion[22,29], and resistance to 

apoptosis and cytotoxic injury.[25,30,31]. Additionally, our laboratory has recently 

identified that MUC1 may play an important role in modulating the immunosuppressive 

milieu of the tumor microenvironment.[32]. The role and function of MUC1 in hematologic 

malignancies are discussed below and we highlight its potential as a novel therapeutic target 

for blood cancers.

MUC1 expression in hematological malignancies

Lymphoma

Our group has demonstrated that MUC1 is strongly expressed in Sezary and Mycosis 

Fungoides cells lines, as well as patient derived primary cutaneous T cell lymphoma (CTCL) 

samples.[10]. In contrast, T cells isolated from healthy volunteers lack MUC1 expression, 

suggesting that MUC1 may play a pivotal role in the evolution of T cell lymphoma.[10]. 

Consistent with these findings, we demonstrated that in patients with circulating T cell 

lymphoma cells, MUC1 expression is restricted to the malignant clonal population as 

identified by a unique TCR Vb chain signature. In contrast, MUC1 expression was absent in 

the polyclonal normal T cell population. Dyomin et al. described a case of extra nodular B 

cell lymphoma with a t(1;14)(q21;q32) translocation and overexpression of MUC1 mRNA 

and protein.[33]. However, we and others have found little if any MUC1 expression in B cell 

lymphomas, including cell lines derived from Large Cell Lymphoma, Burkitt’s Lymphoma, 

and Mantle Cell Lymphoma.[10].

Leukemia

MUC1 is overexpressed in human acute myelogenous leukemia (AML) cell lines and a 

majority of primary samples obtained from AML patients at time of presentation and 

relapse.[16,19,34]. MUC1 is expressed at higher levels in CD34+ cells derived from AML 

patients as compared to those in cord blood samples.[19]. MUC1 has also been detected in 

the CML myeloid blast crisis cell line (K562) and in primary samples from patients with 

blastic transformation, in contrast to chronic phase disease.[18,35,36].

AML arises from a malignant stem cell population characterized by dormancy, intrinsic 

resistance to cytotoxic injury, and the capacity for self-renewal. Leukemia stem cells 

represent a critical reservoir for disease relapse. Importantly in this regard, our laboratory 

has demonstrated that MUC1 is differentially expressed by AML stem cells as compared to 

normal hematopoietic stem cells. Analysis of bone marrow samples derived from 20 patients 

with active AML showed consistent expression of MUC1 in the stem cell (CD34+/lineage−/

CD38−) and early progenitor (CD34+/lineage−/CD38+) subpopulations. In contrast, 

CD34+/lineage−/CD38− cells from healthy donors express MUC1 at low to undetectable 

levels.[16].
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Multiple myeloma

Overexpression of MUC1 has been observed in multiple myeloma (MM) cell lines and 

primary patient-derived samples, and is associated with a poor prognosis.[12,14,17]. 

Aberrant glycoforms of MUC1 are found in the majority of both immature (CD38++/

CD45+) and mature (CD38++/CD45−) plasma cells obtained from bone marrow of patients 

with MM, but are not observed in bone marrow-derived plasma cells obtained from normal 

donors.[12].

Functional role of the MUC1 oncoprotein in hematological malignancies

MUC1-C inhibition and induction of reactive oxygen species (ROS)

MUC1 suppresses reactive oxygen species (ROS) that normally accumulate in cells 

undergoing stress or injury.[37]. This function is vital in order to maintain the malignant 

phenotype in which oxidative stress is induced due to rapid cell proliferation, hypoxia and 

cytotoxic injury. This function is mediated by the MUC1-C cytoplasmic domain and, at least 

in part, the induction of genes which confer protection against the disruption of redox 

balance.[17,18,36,38].

To further interrogate this mechanism in the setting of hematological malignancies, our 

group has employed the use of a small molecule inhibitor of MUC1-C signaling. 

Localization of MUC1-C to the nucleus is dependent on homodimer formation through a 

CQC motif in the MUC1-C cytoplasmic tail [Figure 1]. Accordingly, the cell-penetrating 

peptide GO-203 was developed to bind the CQC motif, thereby blocking MUC1-C 

homodimerization and function.[39].

In multiple hematological malignancy models including CML, AML, MM, and CTCL, 

targeting MUC1-C with GO-203 is associated with a marked increase in hydrogen peroxide 

and superoxide.[10,34,38]. In addition, GSH levels are downregulated in the response to 

MUC1-C inhibition, as a result of the induction of oxidative stress and downregulation of 

TIGAR. Accordingly, restoration of GSH levels with NAC, a precursor of GSH synthesis, 

attenuated the increases in ROS induced by the MUC1-C inhibitor.[10,18].

Previous studies have demonstrated that the self-renewal of normal hematopoietic cells is 

critically dependent on ROS.[40]. In this context, the self-renewal of AML cells appears to 

be sensitive to enhanced ROS levels, suggesting that the disruption of redox balance in AML 

cells has potential as a therapeutic strategy.[34]. Indeed, inhibition of MUC1-C and the 

associated increases in ROS induce late apoptosis/necrosis of AML cell lines and patient 

derived tumor cells. Significantly, the initiation of AML cell death by MUC1-C inhibition is 

reversed in large part by NAC, confirming the involvement of increases in ROS levels in cell 

death. Similar results were observed in a CML model.[18,34].

In MM and CTCL models, MUC1-C inhibition by in vitro exposure to GO-203 is also 

associated with an increase in ROS levels. MUC1 inhibition was also associated with the 

down-regulation of the TP53-induced glycolysis and apoptosis regulator (TIGAR).

[10,38,41]. Like MUC1-C, TIGAR decreases intracellular ROS levels and protects against 

ROS-induced cell death. TIGAR inhibits glycolysis and stimulates the pentose phosphate 
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pathway, effectively lowering fructose-2,6-bisphosphate levels in cells and decreasing 

intracellular ROS levels, at least in part, through the conversion of NADP to NADPH. 

Inhibition of MUC1-C decreases TIGAR protein without a detectable effect on TIGAR 

mRNA levels; MUC1-C could potentially contribute to stability of the TIGAR protein, such 

that inhibition of MUC1-C promotes TIGAR turnover. Alternatively, MUC1-C regulates the 

expression of miRNAs, one or more of which could block TIGAR translation. Furthermore, 

treatment of MM and CTCL cells with the MUC1-C inhibitor GO-203 in the presence of the 

antioxidant NAC abrogated the suppression of TIGAR, indicating that this response is also 

mediated by oxidative stress as a positive feedback loop in which MUC1-C and TIGAR 

function in concert to regulate redox balance.[10,38,42].

Role of MUC1 in mediating AML stem cell function

MUC1 is selectively expressed by leukemia stem cells as compared to normal hematopoietic 

stem cells.[16,19]. To assess the functional consequence of this observation, we assessed 

whether MUC1 expression is associated with efficient engraftment of primary human AML 

cells in a xenograft murine NOG model. CD34+/lineage-MUC1 high expressing cells were 

segregated from CD34+/lineage−/MUC1 low cells by flow cytometric sorting. Of note, both 

populations exhibited the cytogenetic abnormality representative of malignant clone, but the 

MUC1 low population also contained a small subpopulation of normal stem cells. Mice 

inoculated with CD34+/lineage−/MUC1high expressing cells demonstrated rapid and highly 

efficient AML engraftment in the absence of normal hematopoietic elements. In contrast, 

challenge of animals with the CD34+/lineage−/MUC1low cells did not develop AML, but 

showed evidence of mixed myeloid and lymphoid normal hematopoietic engraftment.[16]. 

These findings indicate that MUC1 is tightly correlated with the potential for leukemic 

engraftment by progenitor populations, supporting a functional role in maintaining the 

malignant stem cell phenotype.

MUC1 mediates differentiation arrest in myeloid malignancies

Disruption of normal patterns of differentiation is a critical aspect in the development of 

AML. The potential role of MUC1 in mediating maturation arrest is supported by the 

observation that MUC1 expression is markedly upregulated with transformation of CML to 

blast crisis, a process associated with the rapid accumulation of primitive progenitors and 

loss of the capacity for undergoing differentiation, which is a characteristic of chronic phase 

disease.[35]. Consistent with these findings, the silencing of MUC1 in CML cell lines is 

associated with decreased capacity for self-renewal and differentiation towards an erythroid 

phenotype.[35]. Moreover, inhibition of MUC1-C with GO-203 results in the arrest of CML 

cell growth, induction of myeloid differentiation, and loss of survival. Similarly, we have 

demonstrated that MUC1 silencing in AML cells is associated with morphologic changes, 

cytokine production, and loss of engraftment capacity in murine models, findings consistent 

with induction of terminal differentiation.[18,35,36].

The available evidence supports a model in which MUC1 blocks terminal myeloid cell 

differentiation by suppressing ROS and promoting proliferation and survival. Treatment of 

CML cells with agents that decrease self-renewal, such as 1-b-arabinofuranosylcytosine 

(ara-C) increases ROS and results in the irreversible induction of hemoglobin synthesis.[43]. 
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ROS has also been shown to play a role in inducing myeloid differentiation of normal 

hematopoietic cells and leukemic blasts. In this way, CDDO, an agent that increases 

intracellular ROS, potently induces maturation of leukemic blasts.[44]. The inhibition of 

MUC1-C in myeloid leukemia cell lines and primary tumor cells has resulted in both 

maturation along the myeloid lineage and loss of self-renewal, consistent with induction of 

terminal differentiation dependent on the associated increase in ROS.

MUC1 interaction with Wnt/β-catenin

The Wnt/β-catenin pathway exerts diverse effects in support of the malignant phenotype, 

including induction of proliferation and resistance to apoptotic injury. MUC1-C binds 

directly to β-catenin [Figure 2], resulting in its stabilization and thereby aberrant activation 

of WNT target genes, such as CCND1 and MYC, in carcinoma cells.[45,46]. In 

hematological malignancies, the interaction of MUC1 and β-catenin was demonstrated in 

AML and CML.[18]. The Wnt/β-catenin pathway has been shown to be critical and 

associated with self-renewal and proliferative properties of leukemic, as compared to 

normal, hematopoietic progenitors.[23,47,48]. In addition, recent work has shown that 

MUC1-C drives MYC in MM cells by stabilizing b-catenin and activating the WNT 

pathway.[49].

MUC1 FLT3 interaction

FLT3 functions as an important oncogene in AML.[50]. FLT3 overexpression is noted in 

approximately one third of AML patients due to the presence of internal tandem 

duplications, which are associated with poor outcomes following standard chemotherapy. 

Liu et al. demonstrated that MUC1-C associates with mutant FLT3 in AML cell lines and 

primary AML cells. In this way, MUC1-C contributes to FLT3 activation in AML cells and 

targeting MUC1-C inhibits the mutant FLT3 signaling pathway. Additionally, targeting 

MUC1-C with GO-203 increases sensitivity of mutant FLT3 AML cells to treatment with 

FLT3 inhibitors.[21].

Interestingly, MUC1-C was shown to form complexes with both the WT FLT3 allele and the 

mutant FLT3-ITD allele. The MUC1-C subunit interacts with RTKs at the cell membrane 

resulting in phosphorylation of FLT3L and subsequent activation of downstream effectors. In 

contrast, targeting MUC1-C disrupts MUC1-C/FLT3 complexes, downregulates FLT3 

activation, and suppresses downstream AKT, ERK, and STAT5 signaling. Of note, silencing 

MUC1-C was shown to be effective in inhibiting growth and inducing death of AML cells 

resistant to FLT3 inhibitors.[21].

MUC1 Bcr-Abl interaction

In a CML model, it was demonstrated that MUC1-C associates with the Bcr-Abl protein by 

binding directly to the Bcr N-terminal region of Bcr-Abl, thereby stabilizing the protein.

[35]. Furthermore, MUC1-C was shown to directly bind and sequester c-Abl in the 

cytoplasm; the phosphorylation of MUC1-C on Tyr60 functions as a binding motif for the c-

Abl SH2 domain [Figure 2].[51].
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MUC1 silencing in CML cells was associated with the down-regulation of Bcr-Abl 

expression. MUC1 had no effect on Bcr-Abl mRNA levels but MUC1 downregulation led to 

decreased stability of the Bcr-Abl protein. Furthermore, the stability of the endogenous Bcr 

p160 and p130 proteins was reduced due to MUC1 silencing, indicating that the effects of 

MUC1-C on Bcr-Abl stability may be mediated through the binding of MUC1-C to the Bcr 

N-terminal region. On the other hand, MUC1-C has no apparent effect on the stability of the 

c-Abl protein, but blocks nuclear targeting of c-Abl in the apoptotic response to DNA 

damage.[51].

Other signaling pathways

MUC1-C interacts with various signaling molecules that include kinases – c-Src, Lyn, 

GSK3β, PKCδ[35, 51–53]; growth factor receptors - EGFR, ErbB2-4, FGFR3,[54–56] and 

transcription factors, such as ERα and p53 [Figure 2].[20,57,58].

Furthermore, recent data indicates that MUC1-C functions as a chaperone to hold proteins in 

certain configurations that regulate stability or activity. MUC1-C was shown to destabilize 

p53 and increase stability and activity of β-catenin and ERα.[57,58]. The MUC1-C 

cytoplasmic domain is phosphorylated by diverse kinases and binds directly to multiple 

effectors that have been linked to oncogenesis [Figure 2].[(9,20]. In this regard, the MUC1-

C cytoplasmic domain is an intrinsically disordered protein, as found in other oncoproteins, 

that has the plasticity to function as a node for the integration of multiple signaling 

pathways.[4].

MUC1 as a therapeutic target in hematologic malignancies

The MUC1-C cytoplasmic domain contains a CQC motif that is necessary for its 

homodimerization and subsequent nuclear localization. Based on these findings, our group 

has developed a cell-penetrating peptide drug to inhibit MUC1-C homodimerization and its 

oncogenic function. The MUC1-C inhibitor GO-203 contains the endogenous MUC1-C 

CQCRRKN amino acid sequence linked to nine arginine residues at the N-terminus for cell 

permeability.[39]. MUC1-C inhibitors blocked the interaction between MUC1-C and its 

downstream targets in MM, lymphoma, and leukemia cells, leading to the induction of 

apoptosis and necrosis in vitro.[10,34,38]. In an immunocompromised murine model, 

administration of GO-203 was effective in eliminating established human U266 MM tumor 

xenografts.[17]. Similarly, treatment of NSG mice with GO-203 protected animals from an 

otherwise lethal challenge of primary AML cells.[16]. Most significantly, treatment of 

animals with established disease resulted in eradication of disease.[10,16]. Similarly, 

exposure of human CTCL cell lines and primary cells to GO-203 results in dose-dependent 

cell death. In a xenogeneic murine model, treatment with GO-203 significantly reduced to 

tumor bulk and improved survival in animals challenged with the human CTCL cell line.

[10]. Interestingly, treatment of normal B cells and normal hematopoietic stem cells with 

MUC1-C inhibitor is not associated with loss of survival.[21]. Based on these findings, a 

phase I clinical trial of GO-203 in patients with relapsed or refractory AML is currently 

underway.
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MUC1-C inhibition is synergistic in combination with standard 

chemotherapy

MUC1-C inhibition increases susceptibility of CML cells to imatinib

Inhibition of Bcr-Abl with imatinib induces apoptosis of Bcr-Abl positive CML cells and is 

highly effective in treating patients with CML.[59]. However, the persistence of Bcr-Abl 

positive tumor cells in CML patients treated with imatinib has indicated that factors other 

than inhibition of the Abl kinase function may contribute to the pathogenesis of the disease.

[60,61]. Kawano et al. have demonstrated that silencing MUC1 in CML cell lines increases 

sensitivity to imatinib-induced apoptosis.[35]. MUC1-C is targeted to the mitochondrial 

outer membrane by an HSP90 dependent mechanism and inhibiting the intrinsic apoptotic 

pathway.[25]. Destabilization of Bcr-Abl with HSP90 inhibitors was shown to sensitize 

CML cells to the induction of apoptosis through the intrinsic mitochondrial pathway in part 

due to its effects on trafficking of MUC1-C to the mitochondrial membrane. Moreover, 

based on studies in other tumor models, the increased sensitivity to imatinib could 

potentially be due in part to the MUC1-C induced stabilization of the mitochondrial 

permeability transition and a block in the release of apoptosis-promoting factors.[25].

MUC1-C inhibition increases susceptibility of AML cells to FLT3 inhibitors

Treatment of AML cells resistant to FLT3 inhibitors with GO-203 was associated with cell 

death, suggesting that targeting MUC1-C could be effective in the treatment of AML that is 

unresponsive to PKC412 or other FLT3 inhibitors. Moreover, GO-203 increases sensitivity 

of mutant FLT3 AML cells to FLT3 inhibitor treatment. Treatment with PKC412 alone has 

induced partial and transient responses in early clinical trials; therefore, GO-203 could be 

used in combination with PKC412 for the treatment of both FLT3 inhibitor-sensitive or 

inhibitor-resistant AML.[21].

MUC1-C inhibition is synergistic with bortezomib in MM

Bortezomib is a proteasome inhibitor that exhibits potent anti-myeloma activity and is 

approved as therapy for frontline and relapsed disease.[62]. However, disease resistance 

emerges with ongoing therapy.[62]. Previous studies have demonstrated that agents that 

increase oxidative stress (e.g. IGF-1R inhibitor) are synergistic with bortezomib in treatment 

of bortezomib resistant MM cells and render the cells more susceptible to bortezomib 

treatment.[63]. However, bortezomib resistance is associated with loss of ROS increase in 

response exposure to the proteasome inhibitor.

Yin et al. have demonstrated that bortezomib resistant MM cells remained sensitive to 

MUC1-C targeting.[42]. Both bortezomib resistant and drug-naïve MM cells responded to 

GO-203 with increases in ROS levels and induction of apoptosis and necrosis.[42]. 

Interestingly, treatment of MM cells with GO-203 in combination with bortezomib was 

associated with synergistic increases in ROS that were greater than the levels achieved by 

either agent alone.[42]. These results suggest that GO-203 re-sensitizes bortezomib resistant 

cells to bortezomib, which leads to increases in hydrogen peroxide and superoxides. 

Consistent with these findings, GO-203 treatment reversed resistance to bortezomib and the 
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combination of GO-203 and bortezomib was synergistic in inhibiting growth and inducing 

cell death in bortezomib resistant MM cells. It was further demonstrated that exposure to 

NAC disrupts this effect, indicating that it is mediated by disrupting redox balance.[42].

MUC1-C inhibition is synergistic with AraC in AML

Our group has demonstrated that the MUC1-C cytoplasmic domain associates with the β-

catenin/T-cell factor 4 (TCF4) complex[23,45], which regulates cell proliferation, 

differentiation, and apoptosis.[23]. Accumulation of β-catenin in the cytoplasm favors its 

translocation to the nucleus as a cofactor for TCF family transcription factors, thereby 

activating the transcription of Wnt/β-catenin target genes. The MUC1-C oncoprotein 

facilitates nuclear translocation of active β-catenin to the nucleus, an event which is 

necessary for downstream signaling pathways. Silencing MUC1-C in AML cells and the 

resultant decline of β-catenin translocation to the nucleus results in a significant down-

regulation of survivin – a member of the inhibitor of apoptosis protein (IAP) gene family 

that inhibits apoptosis, enhances proliferation, and promotes angiogenesis expression.[64]. 

The downregulation of survivin expression has been shown to contribute to the reversal of 

drug resistance in acute leukemia models. MUC1-C inhibition renders AML cells more 

susceptible to cytotoxic injury from exposure to Ara-C. Concurrent treatment of AML cells 

with MUC1-C inhibitor GO-203 and Ara-C was found to have a synergistic effect.[64].

MUC1 as a target for immunotherapy

The aberrant and increased expression of MUC1 by multiple carcinomas and hematopoietic 

malignancies has established the two MUC1 subunits (MUC1-C and MUC1-N) as potential 

targets for the development of anti-cancer vaccines, antibodies, and small molecules.[15,65–

68]. Phase I and Phase II clinical trials are currently underway with recombinant vaccinia 

and fowlpox-based vaccines that express both MUC1 subunits.[8]. Additionally, liposome-

based vaccines which incorporate the MUC1-N subunit are under clinical investigation for 

the treatment of hormone-sensitive breast cancer and non-small cell lung cancer.[69].

In MM, a phase I/II study is conducted using ImMucin, a 21-mer cancer vaccine encoding 

the signal peptide domain of MUC1. Vaccination was well tolerated and was shown to 

induce a robust diversified T- and B-cell ImMucin specific immunity in MM patients, 

resulting in least disease stabilization in most patients.[70].

Potential therapeutic agents have also been identified in monoclonal antibodies generated 

against the MUC1-N tandem repeats. However, the surface of the malignant cell sheds 

MUC1-N, allowing it to circulate in the plasma of patients with cancer; as a result, anti-

MUC1-N antibodies are therefore unable to reach their targets. Efforts to generate antibodies 

targeting the MUC1-C subunit are being pursued.

Previous work has demonstrated that neonatal T cells can be activated by varying the dose of 

antigens, adjuvants and the type of antigen presenting cells. Gong et al. have shown that 

using adult MUC1.Tg mice that are tolerant to MUC1 antigen, immunization with dendritic 

cell (DC)/tumor cell fusions expressing MUC1 was highly effective in inducing cellular and 

humoral immunity against MUC1.[71]. Immunization with the DC-based vaccine was 
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shown to activate MUC1 reactive clones that are functionally inactive and thereby reverse 

energy. Furthermore, the vaccine may have led to expansion of new anti-MUC1 CTLs that 

had been removed from the repertoire by clonal deletion.

Immunization with the DC/tumor cell fusions was shown to induce an immune response that 

is sufficient to achieve rejection of established metastases. Interestingly, induction of an anti-

MUC1 response that confers antitumor immunity was shown to have very minimal effect on 

normal secretory epithelia that express MUC1 at apical borders along ducts. A potential 

explanation for the selectivity of anti-MUC1 response against tumors could be low levels of 

MUC1 peptide major histocompatibility complex class I complexes on normal cells.

Induction of anti-MUC1 immunity with the FC vaccine is a highly effective approach for the 

treatment of MUC1-positive MM cells in xenograft models.[72]. Indeed, in phase I clinical 

studies of patients with hematological malignancies such as AML and MM, and solid 

tumors, vaccination with DC/tumor fusions was well tolerated, induced the expansion of 

tumor specific T cells, and resulted in disease regression or stabilization in patients with 

advanced disease.[73–76]. The DC/tumor fusion vaccine has demonstrated striking efficacy 

in AML. In an immunocompetent murine model, vaccination with DC/AML fusions 

eradicates leukemic engraftment without evidence of autoimmunity. We are completing a 

clinical trial in which patients that achieve first or second remission following standard 

chemotherapy undergo serial vaccination with DC/AML fusions. Remarkably, despite a 

median age of 60 and high or intermediate risk factors present in all but one patient, 75% of 

the initial cohort of 16 patients remains free of disease with a median follow up of four 

years.[77].

Performing similar studies in CTCL and other hematological malignancies that highly 

express MUC1 is warranted with the goal of preventing recurrence in the setting of minimal 

residual disease.

Conclusions

Although widely recognized as an epithelial membrane protein that is upregulated in 

carcinomas, we and other groups have found MUC1 and specifically MUC1-C to be 

aberrantly overexpressed in various hematologic malignancies, including lymphomas, 

leukemias, and MM. In hematological malignancies, MUC1-C is associated with various 

pathways linked to disease pathogenesis, such as Wnt/β-catenin, FLT3, BCR/ABL, NFkB, 

and others.[24]. Aberrant expression of MUC1-C is sufficient to induce transformation and 

block cellular death in response to genotoxic, oxidative, and hypoxic stress.

The interaction between the MUC1-C subunit and its multiple effectors is associated with 

malignant transformation. This finding suggests that MUC1-C is a potential target for cancer 

treatment. A cell penetrating peptide has been developed that binds to the MUC1-C CQC 

motif and blocks MUC1-C homodimerization and function. The inhibition of MUC1-C 

oligomerization in tumor cells results in decreased translocation to the cell nucleus, increase 

in intracellular reactive oxygen levels, activation of the DNA damage response, S phase 

arrest, loss of cell membrane integrity, and cellular necrosis/apoptosis.[17,30,52,53]. A 
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phase I trial of the MUC1-C inhibitor, GO-203 has recently been completed in patients with 

refractory solid tumors to define the maximum tolerated dose. A phase I clinical trial is 

currently underway with the MUC1-C inhibitor, GO-203, in patients with relapsed/

refractory AML.

MUC1-C inhibition is also highly synergistic with other agents used to treat hematologic 

malignancies such as AraC, imatinib, bortezomib, and midostaurin/PKC412 in multiple in 
vitro and in vivo models. Further clinical and preclinical investigations of MUC1 inhibitors 

alone or in combination with other agents are warranted in the treatment of hematological 

malignancies.
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Figure 1. 
Activation of the MUC1-C subunit in hematopoietic malignancies. MUC1-C homodimers 

form complexes with FLT3 and other RTKs at the cell membrane that are mediated at least 

in part by galectin-3 (GAL3). Internalization of MUC1-C is associated with its import into 

the nucleus by an importin-β-mediated mechanism. The association of MUC1-C with 

certain transcription factors (TFs), such as NF-κB p65 and β-catenin/TCF4, promotes the 

expression of genes involved in self-renewal and survival. MUC1-C is also transported to 

mitochondria in a complex with HSP70 and HSP90, where it blocks cell death. GO-203 

blocks MUC1-C homodimerization, nuclear import, and oncogenic function. (Modified from 

Figure 5 in ref. [8]).
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Figure 2. 
Schematic representation of the MUC1-C subunit. MUC1-C consists of a 58 aa non-shed 

extracellular domain (ED), a 28 aa transmembrane domain (TM) and a 72 aa cytoplasmic 

domain (CD). The MUC1-C cytoplasmic domain contains a CQC motif that is necessary for 

MUC1-C homodimerization, localization to the nucleus and oncogenic function. The 

MUC1-C CQC motif is the target of the GO-203 inhibitor. Highlighted are selected 

phosphorylation sites and binding regions for activation of the IKK → NF-kB p65 and the 

WNT/b-catenin/TCF4 pathways that promote the malignant phenotype. DNMT: DNA 

methyltransferase; TSG: tumor suppressor gene.
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