
Chromosomal abnormalities and molecular landscape of 
metastasizing mucinous salivary adenocarcinoma

Alex Panaccionea, Yi Zhanga, Yanfang Mia, Yoshitsugu Mitanib, Guo Yanc, Manju L. 
Prasadd, W. Hayes McDonalde,f, Adel K. El-Naggarb,g, Wendell G. Yarbrougha,h,i,1, and 
Sergey V. Ivanova,*

aSection of Otolaryngology, Department of Surgery, Yale School of Medicine, 789 Howard 
Avenue, New Haven, CT 06519, USA

bDepartment of Pathology, The University of Texas MD Anderson Cancer Center, 1515 Holcombe 
Boulevard, Houston, TX 77030, USA

cDepartment of Cancer Biology, Vanderbilt University School of Medicine, Nashville, TN 37232, 
USA

dDepartment of Pathology, Yale School of Medicine, New Haven, CT, USA

eProteomics Laboratory, Mass Spectrometry Research Center, Nashville, TN 37232, USA

fDepartment of Biochemistry, Vanderbilt University School of Medicine, Nashville, TN, USA

gDepartment of Head and Neck Surgery, The University of Texas MD Anderson Cancer Center, 
1515 Holcombe Boulevard, Houston, TX 77030, USA

hH&N Disease Center, Smilow Cancer Hospital, New Haven, CT, USA

iMolecular Virology Program, Yale Cancer Center, New Haven, CT, USA

Abstract

Background—Mucinous adenocarcinoma of the salivary gland (MAC) is a lethal cancer with 

unknown molecular etiology and a high propensity to lymph node metastasis. Mostly due to its 

orphan status, MAC remains one of the least explored cancers that lacks cell lines and mouse 

models that could help translational and pre-clinical studies. Surgery with or without radiation 

remains the only treatment modality but poor overall survival (10-year, 44%) underscores the 

urgent need for mechanism-based therapies.

Methods—We developed the first patient-derived xenograft (PDX) model for pre-clinical MAC 

studies and a cell line that produces aggressively growing tumors after subcutaneous injection into 

nude mice. We performed cytogenetic, exome, and proteomic profiling of MAC to identify driving 

mutations, therapeutic targets, and pathways involved in aggressive cancers based on TCGA 

database mining and GEO analysis. Results: We identified in MAC KRAS (G13D) and TP53 
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(R213X) mutations that have been previously reported as drivers in a variety of highly aggressive 

cancers. Somatic mutations were also found in KDM6A, KMT2D, and other genes frequently 

mutated in colorectal and other cancers: FAT1, NBEA, RELN, RLP1B, and ZFHX3. Proteomic 

analysis of MAC implied epigenetic up-regulation of a genetic program involved in proliferation 

and cancer stem cell maintenance.

Conclusion—Genomic and proteomic analyses provided the first insight into potential 

molecular drivers of MAC metastases pointing at common mechanisms of CSC propagation in 

aggressive cancers. The in vitro/in vivo models that we created should aid in the development and 

validation of new treatment strategies against MAC.
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Introduction

While mucinous adenocarcinomas occur more frequently in the colon, appendix, breast, 

lung and ovary, mucinous adenocarcinoma of the salivary gland (MAC) represents only 

0.1% of all salivary gland tumors. MAC is a rare cancer: only 73 MAC cases have been 

registered in the U.S. from 1998 to 2012 [1–3]. The majority of salivary MAC present with 

cervical nodal metastases (63%) and primary treatment is surgical excision, nodal dissection, 

with or without post-operative radiation therapy. Despite this aggressive treatment regimen, 

10-year survival is only 44% [3]. Because of its orphan status, randomized clinical trials for 

MAC are not feasible and collection of tumor specimens for clinical research is rare, making 

salivary MAC one of the least studied cancers with yet unknown molecular drivers. Lack of 

MAC cell lines or patient-derived xenograft (PDX) models further complicates development 

of targeted therapies. To catalog molecular defects that may contribute to its MAC 

aggressive behavior and to identify potential therapeutic targets, we created the first MAC 

PDX model and cell line from a metastatic lymph node deposit. Cytogenetic analysis, exome 

sequencing, and shotgun proteomic studies revealed multiple chromosomal and molecular 

abnormalities that may contribute to aggressive behavior possibly via epigenetically 

regulated cancer stem cells (CSC).

Materials and methods

Clinical specimen

A high grade tumor with metastases to 3 out of 22 lymph nodes (largest node ~4.8 cm) was 

removed by parotidectomy and neck dissection in Vanderbilt-Ingram Cancer Center (WGY). 

A portion of the resected lymphatic metastases was collected after informed consent 

(IRB#030062, WGY), and diagnosed as a high-grade mucinous adenocarcinoma by a board-

certified pathologist (AKE).
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Mouse xenograft model

Athymic nude Foxn1 mice (Harlan Laboratories, Indianapolis, IN) were maintained in 

accordance with the Institutional Animal Care and Use Committee guidelines (Yale 

IACUC#12-11510). Male mice between 4 and 6 weeks of age were housed on irradiated 

corncob bedding (Harlan Laboratories) in individually ventilated cages on a 12-h light–dark 

cycle at 70–74 1F (21–23 1C) and 40–60% humidity. Mice were fed water ad libitum 
(reverse osmosis, 2 ppm Cl2) and an irradiated standard rodent diet (Teklad 2919) consisting 

of 18% protein, 5% fat and 4% fiber. To generate patient-derived xenografts (PDX), 

unprocessed tumor specimens were briefly washed with 70% ethanol, cut into ~30–50 mm3 

pieces and implanted subcutaneously in the shoulder area of anesthesized animals using 

sterile tools and staples for wound closure.

Primary cell culture

Resected tumor specimen was washed with PBS and digested for 30 min at 37 °C in serum-

free KGM media (Life Technologies, Carlsbad, CA) that contained trypsin (0.05%) and 1 

mg/ml collagenase from Clostridium histolyticum (Sigma-Aldrich, St. Louis, MO). FBS 

(Life technologies) was then added to the mixture (final conc. 10%) to quench trypsin and 

cells were pelleted by centrifugation (400g, 5 min) and washed twice with PBS. The cells 

were then resuspended in KGM with 10% FBS and 1X Antibiotic-Antimitotic (Invitrogen, 

Carlsbad, CA) and incubated overnight in collagen-coated plates. Attached cells were 

washed three times with PBS and incubated in antibiotic/antimitotic serum-free KGM media 

to produce primary culture. After 3 passages in serum-free media, fibroblast-free cells were 

transferred into KGM media supplemented with serum.

Microsatellite analysis

Using Promega GenePrint 10 STR analysis PCR kit with fluorescent tagging, PCR products 

were analyzed on Applied Biosystems 3730xL DNA Analyzer at the Yale Keck Facility and 

data processed using GeneMapper 3.7 (Applied Biosystems) software. The results were then 

compared to STR databases (http://www.cstl.nist.gov/strbase/) and (http://www.dsmz.de/

services/services-human-and-animal-cell-lines/online-str-analysis.html).

Cytogenetics

G-banding and spectral karyotyping (SKY) analyses were performed as previously described 

[4]. Composite karyotype was generated based on all clonally occurring chromosome 

abnormalities in 10 analyzed metaphase spreads.

Molecular profiling

Whole exome sequencing was done at the New Generation Sequencing Core at Vanderbilt 

University Medical Center Core using Illumina Hi Seq 2000 with SureSelect All-Exon 

Target Enrichment System. Shotgun proteomic analysis was performed by first suspending 

the samples in LDS sample buffer (Life Technologies), resolving the proteins approximately 

1 cm using a 10% Novex pre-cast gel, and then performing in-gel tryptic digestion to recover 

peptides. These peptides were analyzed via MudPIT (Multidimensional Protein 

Identification Technology) essentially as previously described [5,6]. Briefly, digested 
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peptides were loaded onto a biphasic pre-column consisting of 4 cm of reversed phase (RP) 

material followed by 4 cm of strong cation exchange RP material. Once loaded, this column 

was placed in line with a 20 cm RP analytical column packed into a nanospray emitter tip 

directly coupled to a linear ion trap mass spectrometer (LTQ). For a total of 11 salt steps, a 

subset of peptides was eluted from the SCX material onto the RP analytical via a pulse of 

volatile salt, those peptides separated by an RP gradient, and then ionized directly into the 

mass spectrometry where both the intact masses (MS) and fragmentation patters (MS/MS) 

of the peptides were collected. These peptide spectral data were searched against a protein 

database using Sequest and the resulting identifications collated and filtered using IDPicker 

and Scaffold (http://www.proteomesoftware.com). Relative protein abundances were 

evaluated via spectral counting techniques using the Quasitel program for P-value 

calculations.

Computational gene expression analysis

Expression array studies were performed using Multi-Experiment Matrix software [7,8] 

available at http://biit.cs.ut.ee/mem/index.cgi.

Results

Generation of a PDX model for metastasizing salivary mucinous adenocarcinoma (MAC)

Patient-derived xenograft models (PDX) produced via implantation of minimally processed 

tumor tissue into immunodeficient mice are emerging as a novel platform for clinical 

research that maintains tumor heterogeneity and faithfully recapitulates tumor response to 

treatment. PDX are also used for studying cancer stem cells (CSC) that have been linked to 

therapy resistance, metastases, and recurrence [9–11].

To produce a PDX model, fragments of tumor extracted from a patient’s lymph node were 

minced and subcutaneously implanted into the flanks of 3 nude mice. Within two months, all 

animals grew tumors, which rapidly developed lobulated morphology and required frequent 

(monthly) passages into additional mice due to its aggressive growth. Comparative H&E 

staining demonstrated that PDX tissue recapitulated the histology of the original tumor (Fig. 

1A).

Establishment of cell culture from MAC tissue

The metastatic MAC specimen was enzymatically digested producing cells that readily 

adhered and grew well on collagen-coated cell culture plates (Fig. 1B). After several 

passages, the cells were transferred into uncoated cell culture plates, maintained in DMEM 

media supplemented with 10% FBS, and passaged >30 times without signs of cell distress, 

senescence, or death. Short Tandem Repeat (STR) analyses of cultured MAC cells matched 

a DNA specimen isolated from patient’s blood except for the loss of a Y chromosome 

marker, AMEL, in cultured cells (Suppl. Table 1). This observation was consistent with the 

cytogenetic absence of the Y chromosome in cultured cells (see below). Subcutaneous 

injections of these cells into nude mice at different passages were consistently tumorigenic 

generating aggressively growing lobulated tumors (Fig. 1C).
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Chromosomal abnormalities detected in MAC cells

Chromosomal painting revealed a highly abnormal nearly triploid karyotype with multiple 

rearrangements that involved chromosomes X, 1, 4, 5, 9, 13, 15, 16, 17, 18, 19, and 20. 

Losses of chromosomes 1q25, 3(p?), 9, 21, and 22 were also detected (Fig. 2). The loss of 

chromosome Y in cultured cells suggested by microsatellite typing (see above) was 

confirmed karyotypically. Overall, this karyotype was consistent with chromosomal 

instability observed in highly aggressive cancers.

The mutational landscape of MAC

Exome sequencing of cultured MAC cells identified 1170 non-synonymous and 69 stop-gain 

substitutions as well as 37 insertions and deletions indicative of high genome instability 

(Suppl. Table 2). Among all mutated genes, 10 potentially driving mutations that have been 

reported as recurrent or frequent in other cancers were identified (Table 1). Among 

mutations pivotal for understanding the molecular basis of MAC aggressiveness were the 

stop-codon-generating (‘‘nonsense”) substitution R213X in TP53 and the ‘‘hot-spot” G13D 

KRAS mutation. Both Ras and p53 mutations were confirmed by Sanger re-sequencing 

performed after amplification of message from cultured MAC cells.

R213X, the most frequent nonsense p53 mutation, is recurrent in esophageal, kidney 

chromophobe, stomach, colorectal cancers, and melanoma with an average frequency of 3–

4% (www.cbiopor-tal.org). Interestingly, aminoglycosides, such as G418, have been shown 

to induce read-through of the c.637C > T missense (R213X) substitution and expression of 

full-length p53 [12]. We observed a similar G418 effect on cultured MAC cells: while no 

wild-type p53 protein was observed in these cells without treatment, incubation with G418 

produced full-length p53 (Suppl. Fig. 1). As clinical use of G418 is limited by its toxicity, 

this finding stimulates development of less toxic read-through-inducing compounds for 

future MAC therapies.

Analysis of the MAC proteome reveals activation of epigenetically regulated genes 
involved in proliferation, DNA repair, and CSC maintenance

To identify potential MAC drivers at the protein level, cultured MAC cells were compared 

with benign salivary adenoma and normal salivary gland cells in a ‘‘shotgun” proteomic 

study. We selected 496 proteins expressed exclusively in MAC (Suppl. Table 3) and assessed 

their biological activities via gene set enrichment analysis (GSEA) using Enrichr (http://

amp.pharm.mssm.edu/Enrichr/). The most remarkable enrichment was found using ChEA 

and ENCODE databases. Specifically, large and highly significant overlaps were detected 

with targets of KDM5B, an H3K4-specific methyltransferase (n = 185 or 37%, p = 0) and 

genes that bear H3K4 methylation marks (n = 158 or 32%, p < 5.6E–17) (Suppl. Table 3 and 

data not shown), consistent with activation of a large set of genes controlled via H3K4. We 

also observed significant enrichment with binding sites for MYC, E2F4, MYBL2, CREM, 

FOXM1, and other transcription factors that have been previously associated with epigenetic 

regulation and CSC stimulation. To determine possible biological implications of this 

finding, we performed GSEA study of the list of 185 MAC genes associated with KDM5B 

against the GO Biological Process database. Remarkably, this study demonstrated that ~21% 

of these H3K4-dependent genes are involved in mitotic cell cycle regulation (n = 33, p < 
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4E–18). Other overlaps with robust p values were represented by genes from functionally 

overlapping fields related to cell division, DNA repair, and chromatin remodeling (E–13 < p 

< E–4) (Suppl. Table 3). These results suggested that genes regulated via H3K4 methylation 

may drive MAC proliferation.

Since high tumorigenicity in xenografted MAC is consistent with CSC properties, we then 

asked if CSC-stimulating genes can be identified among H3K4-dependent MAC genes. 

Based on our analysis of stem cell datasets collected at http://stemcellnet.sysbi-olab.eu/ and 

literature mining, we detected among the 185 KDM5B targets 19 well-established regulators 

of embryonic stem cells (Table 2 and Fig. 4). One of the most interesting of them was an 

H3K36-specific dimethyltransferase, ASH1L, recently reported to control embryonic and 

hematopoietic stem cells [13,14]. As significance of ASH1L for solid cancers is not fully 

appreciated, we interrogated TCGA data collected from 123 cancer genomic studies for 

DNA copy number variation in the ASH1L gene area. Remarkably, ASH1L was amplified in 

34% of neuroendocrine prostate cancers, 13.5% of lung, 17.9% of uterine, 16.6% of liver, 

and 13.8% of pancreatic cancers (http://www.cbioportal.org/) suggesting that ASH1L is a 

common oncogene involved in progression of many solid cancers. Two additional CSC-

linked factors found in the MAC-185 list were serine/threonine protein kinase BUB1 and 

abnormal spindle micro-tubule assembly ASPM. Both of them play key roles in CSC 

proliferation. BUB1 co-operates with BUB1B in phosphorylation of mitotic checkpoint 

complex members and activating the spindle checkpoint [15], while ASPM regulates spindle 

organization and rotation [16]. BUB1 and ASPM functions appear to be essential for 

asymmetrically dividing CSC and thus are appealing as targets for selective CSC elimination 

[16–18]. Our analysis performed on hundreds of public cancer datasets (https://

www.oncomine.org, http://biit.cs.ut.ee/mem) demonstrated that BUB1 and ASPM are 

overexpressed in a great variety of solid cancers within a highly conserved and substantial 

gene signature (>500 genes, p < E–70) (data not shown). Remarkably, in addition to BUB1 

and ASPM we identified in this gene signature 32 more genes from the same MAC-185 list 

(highlighted in Suppl. Table 3). Importantly, many of these genes have been individually 

implicated in cytokinesis, spindle checkpoint, chromosomal instability, and poor prognosis 

[19–23]. This finding suggests that MAC and other cancers coordinately activate 

epigenetically regulated genes that promote proliferation.

Discussion

Mucinous adenocarcinoma of the salivary gland (MAC) is a highly aggressive cancer that 

rapidly spreads to lymph nodes. While pre-metastatic growth is relatively slow (>2 years), 

timely MAC diagnosis is difficult and controversial due to the lack of molecular markers, 

and 60% of patients are diagnosed at an advanced stage. Without effective therapy, about 

half of MAC patients die of tumor within 6 years [1]. However, generation of MAC cell lines 

and mouse models for identification of major molecular drivers has been challenging due to 

the fact that MAC is an orphan tumor.

In this study, we developed, for the first time, a patient-derived xenograft (PDX) MAC 

model from a metastatic biopsy and produced robustly growing cell culture. Cultured MAC 

cells were consistently tumorigenic pointing at the presence in this culture of tumor-
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initiating cells. We then used cultured MAC cells to perform cytogenetical assessment, 

molecular profiling, and analyzed molecular traits of this cancer from clinical and 

therapeutic perspectives.

MAC cells showed a highly abnormal chromosome content consistent with unstable genome 

and aggressive tumor behavior [24]. Exome sequencing supported this observation revealing 

>1000 non-synonymous mutations and pointing at potential drivers of aggressive growth and 

metastases. Specifically, MAC showed hot-spot mutations in prominent cancer drivers TP53 

and KRAS, which are among the most frequently mutated genes that cause cancer and 

promote invasion and metastases [25,26].

The G13D KRAS mutation that we identified in MAC has been reported in 5–19% of 

colorectal cancers (www.cbioportal.org and [27]) as well as in multiple myeloma (4.4%), 

stomach (3.5%), uterine (2.9%), and a few other malignancies. Interestingly, both KRAS 

(G13D) and TP53(R213X) mutations were reported as recurrent alterations in 4 of 4 

colorectal cancer studies as well as in stomach (2 of 4 studies), bladder (1 of 6 studies), and 

uterine (1 of 4 studies) carcinomas. However, only colorectal cancers show cases when both 

mutations are present (1 patient in each of 4 studies) (www.cbioportal.org). The G12V and 

G13D as well as other KRAS-activating mutations that lock this oncoprotein in the GTP-

bound mode are the best documented ‘‘hot-spot” drivers of aggressive tumors. These 

mutations activate the PI3K/Akt and Erk1/2 pathways that confer proliferative and survival 

advantages to cancer cells [28]. The urgent need to develop effective therapies against 

KRAS-driven cases that constitute about one third of all cancers stimulates research into 

new treatment approaches that target KRAS and its downstream signaling [29]. Future 

studies will show if activated KRAS is predominant in MAC.

Inactivation of p53 co-operates with Ras activation in promoting CSC distinguished with 

resistance to cytotoxic therapies, and propensities to invade, metastasize, and recur [30]. 

This observation raises interest to next generation inhibitors against KRAS and downstream 

RAF and MEK1/2 that recently entered clinical trials [31–33]. In addition to KRAS and 

TP53, we identified in MAC potentially inactivating mutations in FAT1, NBEA, RELN, 

LRP1B, ZFHX3, KDM6A, and KMT2D (Table 1). Remarkably, all these genes demonstrate 

high mutation frequencies in a variety of cancers including most aggressive ones, such as 

pancreatic, colorectal, bladder cancers, and melanoma. According to previously published 

studies and our analysis performed on TCGA databases, all these genes possess tumor 

suppressor properties. For designing targeted therapies, it is of great interest therefore to 

identify downstream effects of these commonly mutated cancer-associated genes.

Glioblastomas, colorectal, and head and neck cancers show mutations in FAT genes, 

members of the cadherin family involved in Hippo signaling [34,35]. Two nonsense FAT1 

mutations that we identified in MAC (Table 1) were similar to the ones recently reported in 

head and neck squamous carcinoma. In this cancer, FAT1 was mutated in 23% of cases and 

more than half of these mutations were nonsense/truncating [36]. In colorectal carcinoma, 

FAT1 mutations were detected in 8% of cases with about one third of them being protein-

truncating [37].
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According to our exome sequencing data, MAC contained protein-truncating mutations in 

histone-modifying lysine-specific enzymes KDM6A/UTX (W1258X) and KMT2D/MLL2 

(S2438X), two tumor suppressors frequently mutated in various cancers [38–42] (Table 1). 

Interestingly, mutations in both genes whose products are components of the same H3K4-

methylation machinery, have been linked to Kabuki syndrome [43,44]. In cancers, protein-

truncating KDM6A and KMT2D mutations are the most common defects of these genes (38 

and 24%, respectively [45], www.cbioportal.org).

A potentially inactivating mutation in MAC was also identified in ZFHX3/ATBF1, a 

homeobox transcription factor involved in cell differentiation. This missense mutation, 

T3055A, was detected in the 22nd of its 23 zinc fingers (Table 1 and Fig. 3A). As ZFHX3 is 

emerging as a novel tumor suppressor [46], all 123 cancer genomic TCGA datasets were 

screened for ZFHX3 variations, revealing that this gene is frequently mutated in a broad 

spectrum of tumors, such as pancreatic (25%), endometrial (17%), prostate (13%), colorectal 

(12.5%), and stomach (12%) carcinomas, diffuse large B-cell lymphoma (17%), melanoma 

(20%), small cell lung (12%), and other cancers as well as in 19% of the NCI-60 set of cell 

lines. Deletions in the vicinity of ZFHX3 were found in ~ 10% of prostate adenocarcinomas 

and in 5.4% of uterine carcinosarcomas (http://www.cbioportal.org, Fig. 3B). Overall, 

ZFHX3 was mutated in >15 cancer types at rates that exceed 5%. Intriguingly, our analysis 

of a publicly available dataset demonstrated that expression of ZFHX3 in colorectal 

carcinoma correlates with genes that encode chromatin remodeling factors, such as JARID1, 

ARID1B, CDH6, and PHF10 (Fig. 3C). Taken together with tumor-suppressive activity 

demonstrated for ZFHX3 [46–48], all these data suggest that ZFHX3 is a novel tumor 

suppressor involved in epigenetic gene regulation and frequently mutated in various cancers.

Finally, the MAC mutations in NBEA, RELN, and LRP1B that we identified here have been 

reported in a broad spectrum of cancers that included gastric [49], pancreatic cancers [50], 

lung adenocarcinomas [51], and other malignancies. Profiling of TCGA datasets revealed 

NBEA mutations in 18–20% of melanomas and colorectal carcinomas as well as in diffuse 

large B-cell lymphomas (17%), stomach adenocarcinomas (15%), endometrial carcinomas 

(15%), and several other cancers. RELN mutations are predominant in melanoma (21–50%) 

and in lung and stomach adenocarcinomas (16–18%). LRP1B mutations were most frequent 

in melanomas (39–65%), cutaneous squamous cell carcinomas (48%), small cell lung 

cancers (45–46%), lung squamous cell carcinomas (39%), and lung adenocarcinomas (32%).

Inactivation of the histone methyltransferase KDM6A has been linked to stimulation of 

EMT and cancer stem cell properties [52], and its partner in H3K4 methylation, KMT2D, 

has been implicated in normal and cancer stem cell regulation [53–56]. Nonsense or 

insertion/deletion mutations that produce KDM6A or KMT2D truncations are typical for a 

great variety of cancers: bladder [41,57], head and neck [58], esophageal squamous cell 

carcinoma [39], diffuse large B-cell lymphoma [56], etc. According to our data, MAC falls 

into this category of epigenetically deregulated cancers showing truncating mutations in 

KDM6A/UTX and KMT2D, two components of the H3K4 methyltransferase complex [59]. 

Validating the role of H3K4 methylation in MAC, our proteomic study reveals that up to 

~40% (185/469) of proteins overexpressed in MAC have been previously associated with the 

activity of KDM5B, an H3K4-specific demethylase. In agreement with their important roles 
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in stemness, about 10% of these H3K4-associated genes (19 of 185) have been previously 

known as CSC-promoting. Our expression analysis linked another 17% of these genes (32 of 

185) to various cancers as elements of a conserved gene signature associated with CSC, 

aggressive proliferation, and poor prognosis. Of note, several of these CSC-promoting genes 

activated in MAC are targetable (Table 2).

In conclusion, the major strength of our study is in providing the first insight into molecular 

drivers of aggressive MAC and pointing at nine potential driver mutations whose therapeutic 

significance has been explored in a variety of aggressive cancers. At the same time, our 

comparative analysis highlights common epigenetic mechanisms of CSC maintenance that 

deserve special attention. Thus, our study provides directions for future MAC studies and 

mechanism-based therapies that can be tested on patient-derived xenografts. One important 

limitation of our study, however, is that it is based on a single tumor specimen due to 

extreme rarity of clinical material. Hence, additional studies on a variety of MAC specimens 

are required to conclude what chromosomal abnormalities and mutations that we described 

are representative for MAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PDX and primary cell culture MAC models derived from a lymph node biopsy. (A) H&E 

staining of the original and grafted tumors (×100); (B) cultured MAC cells (×400); (C) 

tumor produced in nude mice via s.c. injection of cultured MAC cells.
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Fig. 2. 
Cytogenetic SKY analysis of cultured MAC cells.
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Fig. 3. 
Non-synonymous substitution in the 22nd zinc finger domain of ZFHX3/ATBF1. (A) 

Location of non-synonymous T3055A MAC substitution as compared to mutations in 

colorectal adenocarcinoma patients [37], green circles – missense mutations, red circle – 

frameshift deletion. (B) Cross-cancer alteration summary for ZFHX3 (123 studies, http://

www.cbioportal.org/. (C) ZFHX3 expression in colorectal carcinoma (study E-

GEOD-21510) correlates with chromatin remodeling factors (based on rank aggregation 

analysis with probe 226137_at, http://biit.cs.ut.ee/mem/, p < 10E–3).
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Fig. 4. 
GSEA analysis of proteomic data reveals enrichment of 496 MAC-specific proteins with 

H3K4 methylation-dependent KDM5B targets as well as mitotic and cancer stem cell-

associated gene products.
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Table 2

List of MAC proteins/genes previously linked to cancer stem cells.

Gene name Activity PubMed ID Inhibitors

ASH1L H3K36 dimethyltransferase activity involved in hematopoietic SC maintenance 25866973

ASPM Key CSC driver in glioblastoma 17090670

AURKB Maintains tumor-initiating cells in neuroblastoma 20651058 AZD1152

BRD4 Co-operates with Nanog in maintaining ES pluripotency and stimulates CSC 25146928, 24525235 BET inhibitors

BUB1 Required for maintenance of breast CSC 26522589, 25564677 2OH-BNPP1

HELLS/LSH ATP-dependent nucleosome remodeling in ES cells 25578963

DNMT1 Essential for mammary and cancer stem cell maintenance 25908435

EED A polycomb group protein essential for pluripotency 24457600, 25369470 Astemizole

MCM3 Protects hematopoietic SC cell from replication stress 26456157

KIF11 Driver of self-renewal in glioblastoma 26355032

MYEF2 Maintains hematopoietic SC 22801375

PARP1 Involved in DNA damage response in glioblastoma stem-like cells 26282173 olaparib, etc.

NASP A hub gene involved in ES cell fate determination via histone transport into the 
nucleus of dividing cells

18923680

SMARCAD1 A part of regulatory network of differentiating ES cells 20019792

RNF2 A polycomb group U3 ubiquitin ligase essential for maintanance of ES cells 18493325 PRT 4165

SIN3A Transcriptional silencing of pluripotency genes 23217425, 24763403 Fasoracetam

TOP2A DNA topoisomerase involved in chromosome condensation, chromatid separation, 
and the relief of torsional stress that occurs during DNA transcription and 
replication in pluripotent stem cells

25377277 PluriSIn#2

WWP2 An E3 ubiquitin ligase for PTEN involved in embryonic stem fate determination 21532586

XAB2 Transcription-coupled DNA repair and silencing of pluripotency genes 18832051
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