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Abstract

functional consequences of this loss are still unclear.

expression via gRT-PCR.

likely cause of aDG hypoglycosylation in ccRCC.

Background: Dystroglycan (DG) is a cell-surface laminin receptor that links the cytoskeleton to the extracellular
matrix in a variety of epithelial tissues. Its function as a matrix receptor requires extensive glycosylation of its
extracellular subunit aDG, which involves at least 13 distinct genes. Prior work has shown loss of aDG glycosylation
in an assortment of carcinomas, including clear cell renal cell carcinoma (ccRCC) though the cause (s) and

Methods: Using The Cancer Genome Atlas (TCGA) database, we analyzed the DG glycosylation pathway to identify
changes in mMRNA expression and correlation with clinical outcomes. We validated our findings with a cohort of 65
patients treated with radical nephrectomy by analyzing DG glycosylation via immunohistochemistry and gene

Results: Analysis of TCGA database revealed frequent dysregulation of a subset of DG glycosyltransferases. Most
notably, there was a frequent, significant downregulation of GYLTL1B (LARGE2) and ISPD. DG glycosylation is
frequently impaired in ccRCC patient samples and most strongly associates with downregulation of GYLTLIB.

Conclusions: Reduced levels of GYLTL1B and ISPD mRNA associated with increased patient mortality and are the

Keywords: (MESH Terms), Dystroglycans, Carcinoma, Renal cell, Glycosylation

Introduction

Renal cell carcinoma is a highly prevalent disease that
will newly affect approximately 64,000 people in 2014
[1]. ccRCC is the most common histologic subtype of
renal cell carcinoma and exhibits a 5-year disease-
specific survival rates of 50-69 % [2, 3]. Currently, the
primary prognostic information for ccRCC is the Fuhr-
man nuclear grade (a grading system based on nuclear
size and morphology) and disease staging at the time of
resection [4]. Molecular understanding of this disease
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has begun to emerge in recent years with two critical pa-
pers defining the molecular subtypes of ccRCC [5, 6].
DG is an extracellular matrix receptor which links the
extracellular matrix to the actin cytoskeleton [7]. DG is
composed of the glycosylated extracellular alpha subunit
that is non-covalently bound to the transmembrane beta
subunit [8]. DG expression and glycosylation are fre-
quently downregulated in many tumor types [9-17], and
loss of oDG glycosylation associates with increased
mortality in ccRCC patients [18, 19]. Loss of aDG glyco-
sylation contributes to both invasive and proliferative phe-
notypes in cancer cells [20-22]. Proper glycosylation is
absolutely required for aDG’s function as an extracellular
matrix receptor [23]. Therefore derangements of the aDG
glycosylation pathway may underlie its dysfunction in
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cancer. Indeed several studies have identified reduced
expression of individual enzymes including LARGE,
LARGE2 and B3GNT1 in breast and prostate cancer asso-
ciated with hypoglycosylation of aDG [12, 21, 22, 24].
However, to date, there has not been a comprehensive
analysis of the DG glycosylation pathway in any tumor
type and mechanisms underlying loss of aDG glycosyla-
tion in ccRCC remain undefined.

The glycosylation of aDG is complex and relies upon
the concerted action of at least 13 distinct genes. The ini-
tial O-mannosylation of DG requires the combined activ-
ity of the protein O-mannosyltransferases 1 and 2 along
with the isoprenoid-synthase domain containing protein
(ISPD) whose enzymatic activity is unknown [25, 26].
Following O-mannosylation, several enzymes including
POMGnNT], fukutin, and fukutin related protein (FKRP)
accomplish further glycan modification [27-29] DG re-
quires phosphorylation of its O-mannose for recognition
by LARGE and subsequent glycan chain extension [30].
This phosphorylation depends upon a number of more re-
cently identified proteins including glycosyltransferase-like
domain containing 2 (GTDC2), -1,3-N-acetylgalactosa-
minyltransferase2 (B3GALNT2), and SGK196 [31]. From
this phosphorylated glycan, LARGE and/or LARGE2,
working in concert with B3GnT1, then act through com-
bined xylosyltransferase and glucoronyltransferase activ-
ities to generate a repeating disaccharide that is the
functional, matrix-binding glycan for DG [21, 30, 32—34].
Loss of function of any of these enzymes, with the excep-
tion of LARGE2, has been shown to cause one of a
spectrum of muscular dystrophies referred to as the alpha-
dystroglycanopathies (for a recent review see [35]).
LARGE2, unlike the other glycosyltransferases, is not highly
expressed in skeletal muscle or neural tissue, but does show
higher-level expression in the kidney [36]. Due to the num-
ber of enzymes required for functional DG glycosylation, a
large-scale database of tumor genetics is necessary for opti-
mal investigation of the key components of the pathway.

Herein, we utilize the TCGA database to analyze the
DG glycosyltransferase pathway and identify a number of
genes in this pathway that strongly correlate with tumor
grade and stage. We further demonstrate that downregu-
lation of these genes associate with increased overall mor-
tality. Furthermore, we demonstrate a reduction in aDG
glycosylation and expression within a case control cohort
of ccRCC patients. Finally, we showed that the levels of
GYLTLI1B (the gene encoding the LARGE2 enzyme)
mRNA most strongly correlate with hypoglycosylation of
aDG@G in a cohort of ccRCC patient samples.

Materials and methods

TCGA analysis

All TCGA data was obtained using the University of lowa
Institute for Clinical & Translational Science’s (ICTS) data

Page 2 of 12

portal. ICTS created a custom database system for storing
the large volumes of data required by the TCGA Dataset.
This database utilizes a distributed open source platform,
Cassandra from the Apache Foundation. Data was ex-
tracted from each of the data files downloaded from
TCGA website, then loaded into a representative Cassan-
dra table. Once the data was loaded for each type, we were
then able to query and combine the data based on the bar-
code values for each sample. This combination work has
been done in several ways. The first attempt was com-
pleted using Perl Scripts and direct access to the files. The
current system uses a JAVA Web Application, connecting
directly to the Cassandra database via a JDBC Driver
(https://research.icts.uiowa.edu/tcga/login.html). Clin-
ical data was obtained from the clinical_kirc.tar.gz (06/14/
2012), transcript information from the IlluminaHiSeq_R-
NASeqV2.Level_3.1.2.0 (01/08/2012), and the methylation
status from KIRC, HumanMethylation450.Level_3.6.8.0
(05/13/2013) databases. Only normalized, gene specific
transcript data was obtained and integrated (rsem.genes.
normalized_results). All gene RNA-Seq by Expectation
Maximization (RSEM) values were collected and log-
transformed to correct for non-normal distribution. The
cBioPortal was utilized for copy number alterations and
mutational analysis [37, 38].

RNA Extraction & qRT-PCR

13 cases of ccRCC resected in the past 12 months and
with available tumor and matched normal tissue were
selected. One hematoxylin and eosin (H&E) stained
slide and 10 unstained slides (6 pm in thickness) were
obtained from FFPE tissue blocks. Areas of interest
were marked on the H&E stained slides by pathologist.
The H&E stained slide was used as a guide for micro-
dissection of tissues from unstained sections. The par-
affin flakes were deparaffinized with 1200 pL of xylene,
vortexed, and centrifuged (16,000 g x 5 min). The tissue
pellet was washed with 95 % ethanol twice before pro-
ceeding with RNA extraction. Total RNA extraction
was performed with the RNeasy FFPE Kit (Qiagen,
Valencia, CA) according to the manufacturer instruc-
tion. Reverse transcription (RT) was performed on 1 ng
of RNA with iScript ¢cDNA Synthesis Kit (BioRad,
Hercules, CA). 1 pl of each RT reaction mixture,
TaqMan probes against GYLTLIB (Hs00403017_gl),
DAGI (Hs00189308_m1), LARGE (Hs00893935_ml),
and ISPD (Hs00417152_m1) were used with the Taq-
Man Universal PCR Master Mix) for the subsequent
quantitative real-time PCR (qPCR) according to manufac-
turer’s instruction (Applied Biosystems, Foster City, CA).
The results were analyzed by the delta-delta C, method and
using the housekeeping gene PPIA (Hs04194521 sl) as a
reference for calculation.
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Human samples

All human samples, retrospective and de-identified, were
obtained and handled according to the IRB approved
protocol #201306718. Formalin-fixed, paraffin-embedded
(FFPE) patients’ samples were obtained from the archives
of Department of Pathology, University of Iowa (UI) Hos-
pitals and Clinics (Iowa City, IA). All patients had received
partial or radical nephrectomy with negative surgical mar-
gins. The slides were reviewed and the diagnoses of
ccRCC were confirmed by two pathologists. Blocks with
the highest tumor percentage and lowest amount of con-
taminating materials (non-neoplastic cells, necrosis, etc.)
were selected for immunohistochemistry and gene expres-
sion studies.

Immunohistochemistry

Immunohistochemistry (IHC) studies for DG were per-
formed by the UI Department of Pathology Core Lab as
described previously [22]. Antibodies used for staining
include ITH6 (1:100, Santa Cruz Biotechnology, Dallas,
TX) and 8D5 (1:100, Leica Biosystems, Buffalo Grove,
IL). The pathologists were blinded to staging status at
the time of analysis. IHC stained slides were scored by
two pathologists independently according to a quartile
system whereby: 3: positive (290 % of cells showing in-
tensely membrane staining); 2: heterogeneous (regional
positivity with >10 % of cells negative); 1: reduced
(>10 % of cells negative and decreased intensity of mem-
brane staining); and 0: loss (<1 % of cells positive). There
was 100 % agreement between the 2 independent patholo-
gists. Staining controls are provided as Additional file 1:
Figure S1.

Statistical analysis

To compare expression in tumor-normal matched sam-
ples, we carried out paired t-tests of differences in
expression on the log scale. Associations between ex-
pression and stage/grade were calculated using a propor-
tional odds regression model, adjusting for age and sex.
Here, stage and grade were treated as ordinal outcomes.
The effects of differential expression on mortality were
assessed using a proportional hazards model, again
adjusting for age and sex. Separate models were fit for
each gene to assess the marginal associations between
each gene and disease progression as well as a joint
model including expression levels for all genes in order
to isolate the effects of individual genes within the con-
text of the entire DG glycosylation pathway. Kaplan-
Meier curves were also fit to illustrate the effects of dif-
ferential expression on overall mortality. Fisher’s exact
test was used to assess the association between loss of
expression or glycosylation and disease recurrence.
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Results

The DG glycosylation pathway is perturbed in ccRCC

We used the TCGA database in order to query the aDG
glycosylation pathway to determine which components
were most frequently perturbed during tumorigenesis
and disease progression. We utilized information from
those samples that had matched benign tissue and com-
pared transcript levels of 13 genes known to be involved
in aDG glycosylation. In order to visually represent the
data, we plotted the findings using both a volcano plot
and a relative expression plot to highlight both the mag-
nitude and significance of the changes (Fig. 1la, b).
GYLTLIB, the gene encoding LARGE2, demonstrated
the greatest magnitude change with a nearly 80 % reduc-
tion in tumor compared to normal. The two most sig-
nificantly changed genes were found to be DAGI, the
gene encoding DG, and POMGNT?2. Interestingly, these
two genes showed nearly identical levels of loss, and
when the sample set was analyzed for copy-number vari-
ations, we found that POMGNT2 and DAGI, both on
chromosome 3p, exhibited nearly 90 % levels of hetero-
zygous loss (Fig. 1c). This strongly suggests that in
c¢cRCC, POMGNT2 and DAGI are co-deleted with the
Von Hippel Lindau (VHL) tumor suppressor gene,
which also resides on chromosome 3p [39]. Finally, after
accounting for these chromosomal alterations, we dis-
covered that LARGE, the homologue of LARGE2, ex-
hibits the next highest level of downregulation with a
~56 % reduction in tumor compared to normal. Import-
antly, neither GYLTLIB nor LARGE show a significant
loss of heterozygosity. Finally, mutational data was an-
alyzed using Memorial Sloan Kettering’s cBioPortal
[37, 38], which revealed that this pathway has a very
low mutation rate with the highest frequency being
POMGNT1 at 3/424 tumor samples (Fig. 1d).

Correlation of DG-associated glycosyltransferases with nu-
clear grade and tumor stage in ccRCC

In order to better assess the association between the ex-
pression changes in the DG glycosylation pathway and
disease progression, odds ratios were calculated for both
Fuhrman nuclear grade and tumor stage of ccRCC
(Fig. 2a, b). We found that a number of the genes associ-
ated with aDG glycosylation including POMT1, ISPD,
FKTN, B3GNTI1, and GYLTLIB, inversely associated
with both grade and stage of the tumor (i.e. decreased ex-
pression of these genes was associated with greater odds of
higher grade and stage). Interestingly, POMGNT1 seems to
be positively associated with high nuclear grade and tumor
stage. Prior work has shown a clear association between
DG hypoglycosylation and tumor grade [18]. Our work
clearly indicates a similar trend with a number of the glyco-
syltransferases showing a statistically significant association
with both grade and stage. Additionally, we attempted to
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Fig. 1 Multiple genes in the DG glycosylation pathway are downregulated during tumor progression. Global analysis of the DG glycosyltransferase
pathway describes expression, somatic copy number alterations, and mutational frequency. a. Volcano plot demonstrating significance and magnitude
change for the analyzed gene set. b. Differences in log-transformed expression of the various glycosyltransferases. Error bars represent + 1 SD.
c. Utilization of the GISTIC copy number alteration analysis tool through the cBioportal shows frequency of heterozygosity in the analyzed
gene set. d. Mutational analysis from the cBioportal shows demonstrates the low frequency of mutation within the pathway. Each vertical
grouping represents one patient. Mutations are marked in green. Total number of tumors analyzed is 424

determine whether any glycosyltransferases associated with
lymph node involvement, but low reporting frequency pre-
vented a conclusion to be drawn from this TCGA dataset
(data not shown).

Pathway analysis identifies genes associated with patient

mortality

Due to the associations of glycosyltransferase expression
with both grade and stage, we next assessed the possibil-
ity that specific genes within this pathway associate with
patient survival. We performed survival analysis using a
Cox proportional hazards model using these genes and
the overall survival data available within TCGA. Initial
analysis, corrected for age and sex, revealed an inverse

prognostic association with several genes in the DG gly-
cosylation pathway. Downregulation of ISPD, FKTN,
B3GNTI, and GYLTLI1B, all of which have been shown
to correlate with nuclear grade and tumor stage,
were significantly associated with increased patient mor-
tality (Fig. 3a). We next assessed whether any of the
genes showed significant correlation since DAGI and
POMGNT?2 had already been identified as frequently
co-regulated, presumably due to their proximity to the
VHL gene. We found that a number of the genes
showed a statistically significant though moderate cor-
relation (Additional file 2: Figure S2), thus we performed
an analysis to adjust for the expression of other genes in
the pathway in order to isolate the effect from changes
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Fig. 2 mRNA expression of multiple genes in the DG glycosylation pathway show a significant association with both disease grade and stage.
Odds ratios were calculated for the DG glycosyltransferase pathway. a-b. Stage and grade analysis, adjusted for sex and age, plotted such that a
ten-fold downregulation of the indicated genes corresponds to the given increase in odds (right of the axis). 95 % confidence intervals are shown
by the horizontal bar. P values are listed to the right of the respective genes. Those genes to the right of the y-axis were inversely associated with
increasing nuclear grade or tumor stage. For example, a ten-fold down-regulation of ISPD was associated with a 1.7-fold increase in the odds of
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POMT1 —_— 001
POMT2 —_— 088
ISPD —_—— <0.0001
POMGNT1 —_— 001
FKTN —_— <0.0001
FKRP — 022
B3GNT1 — 0.0001
LARGE —_— 058
GYLTL1B - < 0.0001
B3GALNT2 —_— 036
TMEMS —_— 034
SGK196 —— 0.09
DAG1 —— 0.02
POMGNT2 —— 058
[ T I T 1
0.25 0.5 1 2 4

of a single gene. After adjusting for the other genes in
the pathway, only GYLTLIB and ISPD associated with
increased mortality (Fig. 3b). This indicates that each of
these genes associates independently with mortality and
suggests potential roles as drivers of poor clinical out-
comes. A Kaplan-Meier survival curve highlights the
strong association between loss of expression (one
standard deviation below the mean) of both GYLTLIB
and ISPD and survival (Fig. 3c, d). We also see a single
gene, FKRP, for which upregulation is associated with in-
creased mortality, but the significance of this finding is
unclear.

DG Hypoglycosylation in ccRCC Correlates with Loss of
GYLTL1B mRNA

In order to determine whether the genes that correlate
with increased mortality are responsible for aDG hypo-
glycosylation in ccRCC, we directly assessed aDG glyco-
sylation (IIH6 staining) and mRNA expression for these
genes in recently archived tissues (n = 13). All specimens
had paired normal renal tissue for comparative analysis.
We assessed samples utilizing the glycosylation-sensitive
aDG antibody, IIH6, and the DG antibody, 8D5. This
assessment estimates functional glycosylation (IIH6) as
well as DG expression (8D5). We found that all 13 sam-
ples exhibited complete loss of DG glycosylation (score
of 0) and only a moderate loss of DG expression (score
of 2) (data not shown). qRT-PCR was performed on

these samples to determine the relative expression levels
of DAGI, ISPD, LARGE, and GYLTLIB. Within the
TCGA analysis, a reduction in transcript levels was ob-
served in all these genes (Figs. 1 and 3), thus we used
them as a targeted subgroup to analyze by qRT-PCR.
The samples were assessed by first normalizing to a
paired normal tissue to control for inter-patient variabil-
ity. We first assessed whether any of the four genes in
this small sample set correlated with grade, but none
showed a significant association (Fig. 4a). However, all
four genes exhibited some degree of downregulation
with the most significant reduction noted with GYLTLIB
(Fig. 4a).

DG Expression and glycosylation are reduced in ccRCC as
assessed by immunohistochemical staining

Given the findings indicating a potential link between
DG glycosyltransferases and patient mortality, we sought
to determine whether DG glycosylation could predict
disease recurrence following radical nephrectomy. We
evaluated 65 patient samples (Table 1) again utilizing the
I[IH6 and 8D5 antibodies. Expression of aDG protein
was evaluated by IHC staining which was scored as de-
scribed in Materials and Methods (Fig. 5a-h). As an in-
ternal positive control for immunostaining, only cases
with adjacent normal tissue showing a score of 3 were
included in the study (Fig. 5i, j). Nearly 90 % of samples
exhibited staining levels below that of adjacent benign
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Fig. 3 Reduced GYLTL1B and ISPD expression independently predict increase mortality for clear cell carcinoma patients. Analysis of overall mortality

risk, adjusted for sex and age. a. Separate analyses for each gene. b. A joint analysis of the entire pathway. In both a and b, a ten-fold downregulation
of the indicated genes corresponds to the given increase in risk of death (right of the axis). 95 % confidence intervals are shown by the horizontal bar.
P values are listed to the right of the respective genes. ¢. Kaplan-Meier survival curve generated from patients with downregulation of the stated gene

greater than 1 standard deviation from the mean. d. Table showing number studied, deaths, and median survival values for Kaplan-Meier curve

tissue (88 % for aDG and 86 % for fDG). Additionally,
aDG exhibited a slightly lower average score (1.186,
SEM = 0.131) compared to the average of DG (1.492,SEM
=0.117). aDG and PBDG scores are not correlated
(Spearman = 0.1687; p =0.2055) suggesting that a re-
duction of aDG staining is not secondary to a reduction
of the core protein (BDG). As we reported previously for
prostate cancer, there are numerous examples in serial
sections where aDG staining is lost while DG staining

is retained and we observe similar results in ccRCC (data
not shown). Again, no correlation was identified between
Fuhrman nuclear grade and the staining of either aDG or
BDG (Fig. 5k, 1).

We next assessed whether DG staining could be used
as a prognostic biomarker in two patient cohorts that
differed in disease recurrence following radical nephrec-
tomy. The two patient cohorts (Table 1) had largely
identical clinical features with the disease progression
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Fig. 4 GYLTL1B mRNA expression is frequently reduced in ccRCC samples with aDG hypoglycosylation. a. Relative transcript levels normalized to
paired controls show no association between expression and Fuhrman nuclear grade. b. Relative transcript values of all paired samples
normalized to control. (***, p < 0.001; **, p =0.0034; *, p=0.0134; ns, p =0.0746)

group exhibiting a slightly higher Fuhrman grade, on
average. In order to determine if loss of DG staining was
associated with disease recurrence, we compared sam-
ples with no DG staining (score of 0) with all other sam-
ples (score of 1-3) for both aDG and BDG (Fig. 6). We
detected no association between reduced PDG expression
and disease recurrence (p = 1.00; Fisher’s exact test). Loss
of aDG glycosylation was more common in patients with

Table 1 Cohort characteristics of patients utilized within this study

recurrence, although our findings are non-significant (p =
0.19), suggesting that a larger cohort may be warranted
for future analyses.

GYLTL1B gene expression associates with increased
methylation of its promoter region

As LARGE2, the product of GYLTLI1B, has recently been
identified as a critical enzyme for DG glycosylation in

Number of patients Disease Localized P Value
progression
Age(Range) 57.19 (36.85-74.92) 60.61 (44.38-91.38) 0.1692
Median Time to 1.59 (0.23-4.91)
Relapse (years)
Median Followup 6.47 (4.53-13.84)
(years)
Sex
Male 21 22
Female 7 15 0.2898
Smoking Status
Yes 15 15
No 13 22 03256
Tumor Stage1’
T2 6 15 0.1176
T3 22 22
Fuhrman Grade
Grade 1-2 7 22
Grade 3-4 21 15 *0.0066

Patients treated by radical nephrectomy either remained disease free or experienced recurrence. Chi-square contingency analysis was performed to
determine differences between groups. Statistical significance is indicated by *. 'Staging is according to TNM classification
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prostate cancer, and GYLTLIB was the most strongly
downregulated gene in ccRCC, we sought to examine
the hypothesis that hypermethylation of the GYLTL1B
promoter region might contribute to its downregulation
utilizing the TCGA database [22]. Inappropriate DNA
methylation patterns are frequently observed in various
tumor types, and hypermethylation of genes often lead
to downregulation of gene expression [40, 41]. We found
that the majority of CpG sites demonstrated higher levels
of methylation in tumor relative to normal (Fig. 7a). Ana-
lysis of the promoter region for GYLTLIB using the UCSC
genome browser, revealed a CpG island containing 130
CpG sites. We calculated Pearson correlation coefficients
for each of the sites, and found that throughout the CpG
island, increased methylation was associated with de-
creased expression of the gene (Fig. 7b). Finally, we ana-
lyzed the CpG island in aggregate by averaging the relative

methylation of the island for each patient and found that
tumor samples demonstrated a statistically significant in-
crease in methylation that exhibited a negative association
with gene expression (Fig. 7¢, d).

Discussion

DG has been identified as a potential prognostic bio-
marker in a number of different malignancies [14—17]
and several studies have sought to identify the under-
lying mechanisms responsible for its hypoglycosylation
[12, 21, 22, 24]. Herein we utilized the TCGA database
to perform a large-scale, unbiased analysis of the aDG
glycosylation pathway. Our results indicate a significant
and substantial loss of GYLTLIB expression levels
through both the TCGA and our tissue-based analysis.
LARGE2 was only recently recognized as being a critical
mediator of dystroglycan in prostate epithelial cells [22],



Miller et al. Molecular Cancer (2015) 14:141

Page 9 of 12

A B
T 0.8 1
M *® Disease Progression © 100 - 0
>
- Bl Localized ; - 13
c 0.6 '’ ] 15
< e
» e (/2]
b = ] g PRI IR M
]
© 0.41 P T - ]
o - e w50 bw. NS
. = ]
° b s o
e 0.27 o " O
° Pamuranet] e ]
2 Punnrea} S o
o ", e
o 0.0 T T 0 T T 1
Detected Absent 0 5 10 15
IIH6 Staining Follow Up
C D
T 1.019 —
e #% Disease Progression = 1001 0
>
® 0.8+ Bl Localized E - 13
2 5
<
(72
® 0.6 e . NS
@ o
© -
S 0.4 ':.; 50
o (7]
: 8
c
S 0.2 g7
o [a]
]
o 0.0- 0 T T 1
Detected Absent 0 5 10 15
8D5 Staining FoIIowUp
Fig. 6 Neither loss of DG glycosylation nor expression assessed by immunohistochemistry associates with disease recurrence. Following scoring,
data was compiled and analyzed comparing patients experiencing disease recurrence and those that remained disease-free. Neither aDG
(a, b) nor DG (¢, d) demonstrated a significant association with disease recurrence when analyzed by Fisher's exact test (a, ) or by log-rank
assessment (b, d)

and these findings support its function in renal epithe-
lium as well. Additionally, this work indicates a strong
inverse association between loss of ISPD and mortality
suggesting a critical role for this enzyme during disease
progression. Interestingly, this indicates disruption of
dystroglycan glycosylation at both early (ISPD) and late
(LARGE2) events involved in the production of the
laminin-binding DG glycan. This study is the first to in-
dicate a role for ISPD in contributing to DG hypoglyco-
sylation in tumors. Unlike other genes that have been
implicated in DG hypoglycosylation in cancer, such as
B3GnT1, LARGE, and LARGE2; ISPD does not yet have
a defined glycosyltransferase enzymatic activity and how
it is involved in the process of DG glycosylation is un-
clear [26]. However, we have not shown here that loss of
ISPD is causally involved in the loss of DG glycosylation
in ccRCC, and this is a clear focus for future studies.

We found that DAGI and POMGNT?2 both exhibit
high rates of loss of heterozygosity in ccRCC, most likely
due to their proximity to the VHL gene. Thus, ccRCC
represents a tumor type that is uniquely sensitized to

disruption of DG function. Loss of heterozygosity for
any of the genes involved in DG glycosylation has not
been reported in any other tumor type to date. Despite
this, we did not find evidence for secondary mutations
in DAGI (or in any of the other genes examined). None-
theless, the frequency of DG disruption at the protein
level is very high, with nearly 90 % of a- and B-DG
stained samples exhibiting reduction compared to the
normal tubules. While this work showed that a number
of the DG glycosyltransferases were downregulated in
ccRCC tumors, it was still unclear whether downregula-
tion of any of these enzymes lead to hypoglycosylation
of aDG. However, our data indicates that GYLTL1B was
significantly downregulated in ccRCC tumors that showed
loss of aDG glycosylation by immunostaining when
compared to adjacent normal tissue. Given this observa-
tion and our findings from the TCGA dataset, it is highly
likely that a reduction of GYLTLIB expression is a fre-
quent causative event in aDG hypoglycosylation in
ccRCC, consistent with our previous findings in prostate
cancer [22].



Miller et al. Molecular Cancer (2015) 14:141

Page 10 of 12

A 1.0 CpG Island .
! l P I Il Normal
o
° Tumor
=
= |
>
<
]
= 0.5
]
>
2 I
s
. l
x 1
A° 2 AV A% A® oM e A s o P
K'Y A o & A% oY a7 A% o
ARSI SR S ARSI
o™ o* o™ o™ o o* o o™ o* o* o
RO IO OO LIS
DS AN NN A
Genomic Position
c
o
< 0.157 0.3
= -
>
=
3 | g
= =
S 0107 5 0.21
o >
© <
° o
> =
< 9.05 © 0.1
T a
c 3)
=
@
) J
9 0.00 T 0.0
) > o -1
& <&
o PS4
S

Fig. 7 Methylation of the GYLTL1B CpG island negatively correlates with its expression. a. Relative methylation analyzed at each of the sites targeted
by the Infinium HumanMethylation450 bead array pooled for all samples, normal and tumor, and plotted based upon chromosome position. The CpG
island is shown in brackets above. b. a table showing the correlation values between methylation and GYLTL1B expression. The CpG island is
highlighted in green. c. All CpG island sites were average per tumor sample and compared to normal controls. d. Combined methylation
values were plotted against log-transformed GYLTL1B RSEM values demonstrating correlation
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Building upon the findings above, we sought to deter-
mine whether DG could be used as a predictor of disease
recurrence following surgical resection with curative intent.
While loss of DG immunostaining has previously been
linked to grade and increased mortality in patients with
ccRCC [18, 19], we did not observe any association be-
tween DG expression and disease recurrence in our cohort
of 63 patients. We note that these previous studies utilized
a binary scoring system of high/low. We believe that our
quartile system provides a more accurate representation of
the various staining patterns we observed in our studies.
Consistent with the previous studies, we did observe a loss
of aDG staining in patients that recur, although this
finding was not statistically significant in our study. In-
deed, a limitation of this aspect of our study is the
relatively small size of our retrospective cohort. A lar-
ger cohort would be necessary to evaluate significance
of the association between DG staining and disease re-
currence. It will also be of interest to determine if loss
of DG glycosylation is associated with lympho-vascular
invasion, which was also not significantly associated
with DG glycosylation status (data not shown).

Little is known about the transcriptional control of the
genes that are involved in DG glycosylation. We found
evidence that the promoter region of GYLTLIB is hyper-
methylated relative to normal tissue indicating that this
mechanism may be involved in silencing its expression
in ccRCC, similar to what has been proposed for LARGE
in breast cancer [24]. While the magnitude of this
methylation is not strikingly high, it demonstrates a clear
inverse association with gene expression indicating at
least a measure of gene regulation. Utilization of bio-
informatics allowed us to analyze if any of these genes
might be coordinately regulated. This analysis identified
a number of genes that have moderate levels of correl-
ation that suggest the possibility of shared upstream
regulatory control. (Additional file 2: Figure S2). This
finding is interesting in light of our recent publication
demonstrating selective regulatory control of LARGE
and LARGE2 by SNAIL and/or ZEB1 [42]. Additionally,
ZEB1 has been implicated in promoting chromatin
modifications, possibly coupled to DNA methylation
that could account for LARGE2 promoter hypermethy-
lation [43—45].
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Conclusions

Collectively, this work shows that aDG hypoglycosyla-
tion is frequent in ccRCC and is often directly associated
with reduced expression of GYLTLIB. Figure 8 summa-
rizes the major findings in this study related to the ex-
pression DG and its glycosylation pathway in ccRCC.
(Fig. 8a) The Dagl gene is frequently monoallelically lost
in ccRCC due to its proximity to the VHL gene, however
we did not find evidence for mutations in the remaining
allele. (Fig. 8b) The GYLTL1B promoter region is fre-
quently hypermethylated. (Fig. 8c) This may contribute
to downregulation of GYLTL1B mRNA. ISPD mRNA is
also frequently downregulated and both events predict
increased mortality for ccRCC patients. (Fig. 8d) Re-
duced expression of ISPD and GYLTL1B activity in the
endoplasmic reticulum (ER) and Golgi, respectively, may
result in hypoglycosylation of aDG. Note: the precise en-
zymatic activity is unknown as is whether it is resident
in the ER. (Fig. 8e) Reduced functional glycosylation of
aDG on surface of ccRCC cells may reduce their ability
to bind extracellular matrix proteins including laminins.
While the prognostic implications as assessed by IIH6
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immunohistochemistry are limited in this study, the
mRNA level analysis in the TCGA dataset illustrates a
number of genes involved in aDG glycosylation. These
include GYLTLIB and ISPD, both of which have signifi-
cant clinical correlations, and may warrant further inves-
tigation as prognostic biomarkers.

Additional files

<
Additional file 1: Figure S1. Isotype staining controls demonstrate low

background signal in staining protocol. Control staining performed on
human prostate demonstrates low background staining for both alpha
(A) and beta (C) with strong positive signal seen for both (B and D,
respectively). (PPTX 5109 kb)

Additional file 2: Figure S2. Glycosyltransferase genes show variable
levels of correlation across ccRCCC samples. A heat map and associated
dendrogram illustrating frequency of correlation between the various
genes. Color intensity indicates the strength of the correlation. Blue is
negatively correlated and red is positively correlated. (PPTX 141 kb)
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