Laboratory Investigation (2007) 87, 1252-1264
© 2007 USCAP, Inc All rights reserved 0023-6837/07 $30.00

Nuclear E-cadherin and VHL immunoreactivity are
prognostic indicators of clear-cell renal cell carcinoma

Michelle L Gervais', Pauline C Henry?, Arthy Saravanan?, T Nadine Burry', Brenda L Gallie®, Michael AS Jewett?,
Richard P Hill°, Andrew J Evans® and Michael Ohh'

The loss of functional von Hippel-Lindau (VHL) tumor suppressor gene is associated with the development of clear-cell
renal cell carcinoma (CC-RCC). Recently, VHL was shown to promote the transcription of E-cadherin, an adhesion molecule
whose expression is inversely correlated with the aggressive phenotype of numerous epithelial cancers. Here, we
performed immunohistochemistry on CC-RCC tissue microarrays to determine the prognostic value of E-cadherin and
VHL with respect to Fuhrman grade and clinical prognosis. Low Fuhrman grade and good prognosis associated with
positive VHL and E-cadherin immunoreactivity, whereas poor prognosis and high-grade tumors associated with a lack of
E-cadherin and lower frequency of VHL staining. A significant portion of CC-RCC with positive VHL immunostaining
correlated with nuclear localization of C-terminally cleaved E-cadherin. DNA sequencing revealed in a majority of nuclear
E-cadherin-positive CC-RCC, subtle point mutations, deletions and insertions in VHL. Furthermore, nuclear E-cadherin was
not observed in chromophobe or papillary RCC, as well as matched normal kidney tissue. In addition, nuclear E-cadherin
localization was recapitulated in CC-RCC xenografts devoid of functional VHL or reconstituted with synthetic mutant VHL
grown in SCID mice. These findings provide the first evidence of aberrant nuclear localization of E-cadherin in CC-RCC

harboring VHL mutations, and suggest potential prognostic value of VHL and E-cadherin in CC-RCC.
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Renal cell carcinoma (RCC) accounts for approximately 3%
of all adult malignancies, with the clear-cell type (CC-RCC)
comprising 80% of RCC." Approximately 25-30% of
CC-RCC patients have metastatic disease at diagnosis, and
20-30% of patients with clinically localized CC-RCC
develop metastasis post-nephrectomy.” Recent advances in
the use of antiangiogenesis-targeted agents appear to have
revolutionized treatment.*” Currently, a prediction of pa-
tient survival is based on traditional clinical parameters, in-
cluding tumor size and Fuhrman nuclear grade.® However,
the emerging understanding of the molecular pathways im-
plicated in CC-RCC genesis and progression is providing
previously unappreciated markers, which may serve as ad-
ditional or better prognostic indicators of CC-RCC.

The principal cause of sporadic CC-RCC and familial von
Hippel-Lindau (VHL) disease-associated CC-RCC is the
inactivating mutations of VHL. Although VHL patients also

develop tumors in other organs including the central nervous
system, retina and the adrenal gland, CC-RCC remains to be
the leading cause of morbidity and death for VHL patients.”
The most well-established function of VHL is its role in the
oxygen-dependent negative regulation of hypoxia-inducible
factor (HIF). VHL is a substrate-conferring component of an
E3 ubiquitin ligase ECV (elongins/Cul2/VHL) that poly-
ubiquitylates the catalytic a-subunit of HIF that has under-
gone hydroxylation on conserved prolyl residues within the
oxygen-dependent degradation (ODD) domain. Prolyl hy-
droxylation is mediated by a class of prolyl hydroxylases
(PHD1-3) in an oxygen-dependent manner. Thus, under
hypoxia or in the absence of a functional VHL, HIF«x be-
comes stabilized and binds to its common and constitutively
expressed f-subunit, forming an active HIF transcription
factor capable of transactivating numerous hypoxia-inducible
genes such as vascular endothelial growth factor (VEGF),
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glucose transporter-1 (GLUTI) and erythropoietin (EPO).’
These discoveries have confirmed VHL as a critical regulator
of the ubiquitous mammalian oxygen-sensing pathway.

HIFo is overexpressed in most tumors including CC-RCC.
The re-introduction of VHL into VHL-null CC-RCC abro-
gates the tumorigenic potential of these cells in a mouse
xenograft model.'”"" Kondo et al'* have shown that the ex-
pression of a non-degradable form of HIF2a was able to
restore the tumorigenic phenotype in CC-RCC cells ectopi-
cally expressing VHL. Conversely, shRNA-mediated knock-
down of HIF2a was sufficient to suppress the tumorigenic
capacity of VHL-null CC-RCC cells."> Notably, the emerging
evidence suggests that VHL mutations affecting HIF regula-
tion were invariably associated with a subtype of VHL disease
with a greater propensity of CC-RCC. Although these reports
support the notion that deregulated accumulation of HIFo
upon the loss of VHL is crucial for the development of
CC-RCC, the precise downstream target(s) of HIF that are
responsible for renal epithelial oncogenesis have, until
recently, remained unclear.

The regulation of adhesive interactions between cells is
critical during cell growth and differentiation, and the loss of
cell-cell adhesion is frequently associated with tumor pro-
gression and metastasis.'* Recently, VHL was shown to pro-
mote the transcription of E-cadherin via HIF-dependent
activation of E-cadherin-specific  transcriptional re-
pressors.ls_17 Thus, a loss of VHL in CC-RCC results in the
hyperactivation of HIF that triggers the expression of
E-cadherin repressors, which in turn attenuates the expres-
sion of E-cadherin.'” ' E-cadherin, a homophilic adhesion
molecule associated with catenins that functions as a major
component of cell junctions in polarized epithelial cells, is an
established tumor suppressor. The graded loss of E-cadherin
correlates with the aggressiveness of numerous carcinomas
and the worsening of prognosis, while forced expression of
E-cadherin suppresses tumor development and invasion in
various in vitro and in vivo tumor model systems.'*

The full-length E-cadherin (120 kDa) can be proteolytically
cleaved at a cleavage site near the transmembrane domain,
which releases an extracellular N-terminal 80-kDa fragment
and generates a 38-kDa C-terminal fragment that can be
further processed into a 33-kDa soluble cytosolic fragment.'®
The proteolytic ectodomain release or ‘shedding’ of E-cad-
herin is emerging as an important regulatory mechanism and
has been suggested to cause rapid changes in cell adhesion,
signaling and apoptosis.'®~** Furthermore, increased levels of
the soluble N-terminal fragment have been associated with
several tumors, including prostate,23 gastric,24 hepatocel-
lular** and bladder cancer and may be of prognostic value.*!
Whether the C-terminal intracellular fragment of E-cadherin
has oncogenic roles, for example, via promoting [f-catenin-
mediated signaling, is unclear.

Here, we examined the prognostic value of VHL and
E-cadherin in CC-RCC. While CC-RCC with negative
E-cadherin staining exhibited no VHL immunoreactivity as
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expected, a significant portion of CC-RCC had aberrant
nuclear E-cadherin staining despite positive VHL staining.
DNA sequencing revealed in a majority of the nuclear
E-cadherin-positive CC-RCC, subtle point mutations, dele-
tions and insertions in VHL. The nuclear E-cadherin was not
observed in chromophobe or papillary RCC, suggesting this
to be specific to CC-RCC. Low Fuhrman grade and better
prognosis associated with positive VHL and nuclear E-cad-
herin immunoreactivity, whereas high-grade tumors asso-
ciated with a lack of nuclear E-cadherin staining and lower
frequency of VHL staining. These findings provide the first
evidence of an aberrant nuclear localization of E-cadherin in
CC-RCC harboring VHL mutations, and suggest potential
prognostic value of VHL and E-cadherin status in CC-RCC.

MATERIALS AND METHODS

Cell Culture

Human 786-O CC-RCC cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% heat-inactivated
fetal bovine serum (Sigma, Saint Louis, MI, USA) at 37°C in
a humidified 5% CO, atmosphere. 786-O subclones stably
expressing hemagglutinin (HA)-tagged wild-type VHL3O0,
HA-VHL19(WT), HA-VHL19(MUT) with V84M and P192Q
mutations, or empty plasmid were generated as previously
described.**°

Antibodies

Anti-HA (12CA5; Roche Applied Science, Basel, Switzer-
land), anti-TCP1 (Abcam Inc., Cambridge, MA, USA),
C-terminal-specific anti-E-cadherin (BD Biosciences, Mis-
sissauga, ON, Canada), N-terminal-specific anti-E-cadherin
(Vector laboratories, Burlingame, CA, USA), anti-VHL
(IG32) (BD Biosciences, Mississauga, ON, Canada), and
anti-f-catenin (BD Biosciences, Mississauga, ON, Canada)
monoclonal antibodies and anti-Glutl polyclonal antibodies
(Alpha Diagnostic International Inc., San Antonio, TX, USA)
were obtained from the companies indicated.

Plasmids

The mammalian expression plasmid pRc-CMV-HA-VHL30
was previously described.”*® pRc-CMV-HA-VHL19(WT)
was generated from the pRc-CMV-HA-VHL30 plasmid using
primer set 5'-CCCAAGCTTATGTATCCATATGATGTTCCA
GATTATGCTGAGGCCGGGCGGCCG-3'/5'-GCTCTAGATC
AATCTCCCATCCGTTGATGTGC-3'. pRe-CMV-VHL19(MUT),
V84M and P192Q), was serendipitously generated from pRc-
CMV-HA-VHL30 using the above primers in a PCR reaction.
The authenticity of the plasmids was confirmed by direct
DNA sequencing.

Immunoprecipitation and Immunoblotting

Cells were lysed in EBC buffer (50 mM Tris (pH 8), 120 mM
NaCl, 0.5% NP-40) supplemented with protease and phos-
phatase inhibitors (Roche, Laval, QC, Canada). Samples were
supplemented with the indicated antibody and immobilized
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on protein A-Sepharose beads (Amersham Biosciences,
Uppsala, Sweden). The samples were then washed five times
with NETN buffer (20 mM Tris (pH 8), 120 mM NaCl, 1 mM
EDTA, 0.5% NP-40), eluted by boiling in sodium dodecyl
sulfate (SDS)-containing sample buffer, separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and electro-
transferred to a polyvinylidene difluoride membrane (Bio-Rad,
Mississauga, ON, Canada). Specific protein bands on Wes-
tern blots were visualized using the various antibodies in-
dicated. All primary antibodies were diluted in phosphate-
buffered saline (PBS) containing 0.1% Tween 20. Horseradish
peroxidase-conjugated goat anti-mouse, goat anti-rabbit or
rabbit anti-goat antibody (Pierce, Rockford, IL, USA) was
used at 1:20 000 dilution as a secondary antibody, after which
enhanced chemiluminescence (PerkinElmer Life Sciences,
Woodbridge, ON, Canada) was performed for detection.

Metabolic Labeling

Metabolic labeling was performed as previously described.”’
Briefly, radioisotope labeling was performed by methionine
starvation for 45min, followed by growth in 5ml of
methionine-free Dulbecco’s modified Eagle’s medium sup-
plemented with [**S]methionine (100 uCi/ml of medium;
PerkinElmer Life Sciences, Woodbridge, ON, Canada) and
2% dialyzed fetal bovine serum at 37°C in a humidified 5%
CO, atmosphere for 3 h for the interaction studies and 1 h for
half-life analysis.

RNA Extraction

RNA was extracted from cells using RNeasy kit according
to the manufacturer’s instructions (Qiagen, Mississauga, ON,
Canada).

Quantitative Real-Time PCR

Quantitative real-time PCR was performed as previously
described.”® Briefly, first-strand cDNA synthesis was per-
formed as follows: 1ul of oligo(dT),; primer (Sigma,
St Louis, MI, USA) was incubated with 5 ug of RNA and dH,O
(total reaction volume was 20 ul) for 10 min at 70°C in a
thermal cycler (M] research, Boston, MA, USA). The mixture
was cooled to 4°C, at which time 4 ul of 5 x first-strand
reaction buffer, 2 ul of 0.1 M DTT, 1 ul of 10 mM dNTPs and
1 pl Superscript II reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) were added. ¢cDNA synthesis was performed for
1.5h at 42°C, followed by 15min at 70°C in the thermal
cycler. Human genomic DNA (Roche, Mannheim, Germany)
standards or ¢cDNA equivalent to 20 ng of total RNA were
added to the qPCR reaction in a final volume containing 1 x
PCR buffer (without MgCl,), 3 mM MgCl,, 0.25 U Platinum
Taq DNA polymerase, 0.2 mM dNTPs, 0.3 ul SYBR Green I,
0.2 ul ROX reference dye and 0.5 M primers (Invitrogen,
Carlsbad, CA, USA). Amplification conditions were as fol-
lows: 95°C (3 min); 40 cycles of 95°C (10s), 65°C (155), 72°C
(205s), 60°C (15s) and 95°C (15s). qPCR was performed
using the ABI Prism 7900HT Sequence Detection System
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(Applied Biosystems, Foster City, CA, USA). Gene-specific
oligonucleotide primers designed using Primer Express
(Applied Biosystems) were as follows: GLUT-I primer set 1
(5'-CACCACCTCACTCCTGTTACTTACCT-3' and 5'-CAAG
CATTTCAAAACCATGTTTCTA-3"), GLUT-1 primer set 2
(5'-CTCCCAGCAGCCCTAAGGAT-3" and 5-ATCTGTCAG
GTTTGGAAGTCTCATC-3') and f3-actin primer set (5'-GGA
TCGGCGGCTCCAT-3' and 5'-CATACTCCTGCTTGCTGAT
CCA-3’). SYBR I fluoresces during each cycle of the qPCR by
an amount proportional to the quantity of amplified cDNA
(the amplicon) present at that time. The point at which the
fluorescent signal is statistically significant above the back-
ground is defined as the cycle threshold (C;). Expression
levels of the various transcripts were determined by taking
the average C, value for each ¢cDNA sample performed in
triplicate, and measured against a standard plot of C, values
from amplification of serially diluted human genomic DNA
standards. Since the C, value is inversely proportional to the
log of the initial copy number, the copy number of an ex-
perimental mRNA can be obtained from linear regression of
the standard curve. A measure of the fold difference in copy
number was determined for each mRNA. Values were nor-
malized to the expression of f-actin mRNA and represent the
average value of both GLUT-1 primers in three independent
experiments performed in triplicate.

In Vitro Ubiquitination Assay

An in vitro ubiquitination assay was performed as previously
described.”” The [**S]methionine-labeled reticulocyte lysate
HA-HIF-12: ODD translation product (4 ul) was incubated in
786-O RCC S100 extracts (100-150 ug) supplemented with
8 ug/pl ubiquitin  (Sigma), 100ng/ul ubiquitin aldehyde
(Boston Biochem Inc., Cambridge, MA, USA) and an ATP-
regenerating system (20 mM Tris (pH 7.4), 2mM ATP, 5mM
MgCl,, 40mM creatine phosphate and 0.5 ug/ul creatine
kinase) in a reaction volume of 20-30 ul for 1.5h at 30°C.

Protease Digestion Assay

Protease sensitivity was assayed as previously described.”
Briefly, lysates were incubated with chymotrypsin (10 ug/ml)
for 10 min on ice. Reactions were stopped by the addition
of 1mM PMSF before immunoprecipitation (IP) and
SDS-PAGE.

SCID Mouse Xenograft Assay

Multiple 786-O subclones expressing HA-VHL30, HA-
VHL19(MUT) or empty plasmid were grown to ~90%
confluence in a humidified 5% CO, atmosphere at 37°C.
Cells were harvested with a solution of 0.25% trypsin and
1 mM EDTA. Cells (1 x 10”) in 100 ul of 1 x PBS were in-
jected intramuscularly into the left hind legs of male SCID
mice (Charles River Laboratories Inc., Wilmington, MA,
USA). Tumor growth was assessed and measured weekly by
carefully passing the tumor-bearing leg through a series of
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holes of decreasing diameter (0.5-mm decrements) in a
plastic rod.

Immunohistochemistry

SCID mouse xenograft tumors were fixed in 10% neutral
buffered formalin and later embedded in paraffin. Formalin-
fixed, paraffin-embedded sections from 19 nephrectomy
specimens with CC-RCC were obtained from the Depart-
ment of Pathology and Laboratory Medicine at The Uni-
versity Health Network (Toronto, ON, Canada). These tissue
blocks were used and processed in accordance with a Uni-
versity Health Network Research Ethics Board-approved
protocol concerning gene expression in RCC. Tissues were
fixed in 10% neutral buffered formalin for 24-36h. Re-
presentative sections of tumor with adjacent non-tumor
renal parenchyma, 3-4 mm in thickness, were embedded in
paraffin and 5-um sections were cut and placed on coated
slides for light microscopy.

Tumor morphology and classification were assessed using
standard hematoxylin and eosin (H&E) staining. The tumors
were classified as conventional clear-cell type according
to criteria described in the WHO classification of renal
tumors.”’ Immunohistochemical staining for VHL was per-
formed manually using a standard avidin—biotin—peroxidase
complex method. Briefly, unlabeled anti-HA, anti-Glutl,
anti-E-cadherin (BD biosciences, Mississauga, ON, Canada),
anti-E-cadherin (Vector laboratories, Burlingame, CA, USA)
and anti-f-catenin were used at a 1:2000 dilution, and an
overnight incubation following microwave pretreatment for
antigen retrieval. The sections were then incubated with a
biotinylated secondary antibody (horse anti-mouse IgG,
1:200 dilution) and the avidin—peroxidase complex. The co-
lored reaction was visualized using nova red as the chro-
mogen. The tissue was then mildly counterstained with
hematoxylin.

Tissue Microarray

Tissue microarray (TMA) consisting of quadruplicate re-
presentative 1.0-mm cores from 56 CC-RCC with various
Fuhrman grades (grades 1-4) and stages (pT1-pT4) were
used to analyze the correlation between E-cadherin and VHL
protein expression. Sections (5 um) from the CC-RCC TMA
were stained with anti-E-cadherin and anti-VHL antibodies
as described above. The slides were then scanned using a
ScanScope (Aperio Technologies, Vista, CA, USA) and scored
by two observers. In order to be considered for evaluation, at
least half of the TMA core was required to be present on the
slide, with at least 50% of the tissue present being tumor cells.
Cores were being scored as either positive or negative. Only
tumors with the majority of cores in agreement (3 out of 4 or
2 out of 3) were used for further analysis.

VHL Sequencing
VHL was amplified from patient samples using primers
5'-CAGTAACGAGTTGGCCTAGC-3'/5-GGATGTGTCCTG
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CCTCAAG-3' for exon 1, 5'-GGACGGTCTTGATCTCCTGA-
3'/5'-GATTGGATACCGTGCCTGAC-3' for exon 2 and 5'-CT
GCCACATACATGCACTCA-3'/5'-AAGGAAGGAACCAGTCC
TGT-3' for exon 3. PCR reactions were performed using the
Qiagen Multiplex Master Mix (Qiagen, Mississauga, ON, Canada)
according to manufacturer’s instructions. Exons were se-
quenced with the Cy5/Cy5.5 Dye Primer Cycle Sequencing kit
(Amersham, Quebec/Visible Genetics, Toronto) according to
the manufacturer’s instructions. Each primer mixture con-
tained two primers, labeled with either Cy5 or Cy5.5. Primers
used for sequencing were 5'-/5Cy5/-CTAGCCTCGCCTCCGT
TA-3'/5'-/5Cy5/-GCCTCAGTTCCCCGTCTG-3' for exon 1,
5'-/5Cy5-GATACCGTGCCTGACATCAG-3' for exon 2 and
5'-/5Cy5/-CAGGTAGTTGTTGGCAAAGC-3' for exon 3. Two
primers were used for exon 1 as it is a large exon. The
sequences generated were compared with wild-type VHL
(GenBank accession number AC_000046) for sequence altera-
tions, using the OpenGene Automated DNA System and Gene
Librarian software, version 3.1 (Visible Genetics, Suwanee,
GA, USA).

Statistics

Fisher’s exact test was used to determine whether positive
VHL immunoreactivity and nuclear E-cadherin subcellular
localization were interdependent. Two-tailed P-values less
than 0.05 were considered significant.

RESULTS
Nuclear Localization of E-cadherin is Associated with
CC-RCC-Harboring VHL Mutation
VHL acts as the substrate-recognition moiety of an E3 ubi-
quitin ligase that ubiquitylates HIFo for 26S proteasome-
mediated destruction. Recently, we and others have shown
that upon the loss of VHL, HIF negatively regulates the
transcription of E-cadherin by upregulating the transcrip-
tional repressors of E-cadherin.'”™'” Consequently, CC-RCC
cells devoid of VHL fail to express E-cadherin."”™"” Although
CC-RCC on TMA with negative VHL immunoreactivity
correlated with negligible E-cadherin staining as predicted, a
significant portion (49% or 22/45) of the samples that met
the quality standard criteria (see Materials and Methods)
showed previously undocumented nuclear E-cadherin loca-
lization (Figure la, left panel). The majority (77% or 17/22)
of these 22 nuclear E-cadherin-positive samples stained po-
sitive, while 14% (3/22) negative and 9% (2/22) uncertain for
VHL, indicating a statistically significant correlation between
nuclear E-cadherin staining and positive VHL im-
munoreactivity (P=0.009) (Figure la, right panel). Of the 23
CC-RCC samples that were negative for nuclear E-cadherin,
39% (9/23) were positive, 48% (11/23) were negative and
13% (3/23) were inconclusive for VHL immunoreactivity.
The vast majority (approximately 80%) of CC-RCC have
VHL mutations. Thus, a positive VHL immunostaining
would not necessarily indicate a wild-type VHL status. We
next determined via direct DNA sequencing the VHL status
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Figure 1 Nuclear localization of E-cadherin correlates with positive VHL immunostaining in CC-RCC. (a) CC-RCC TMA were immunostained with anti-
E-cadherin antibody and scored for nuclear E-cadherin expression (left panel). Nuclear E-cadherin-positive CC-RCC samples were then scored for VHL
immunoreactivity (right panel). (b) Immunohistochemical staining of a representative tumor tissue sample (patient no. 9) with VHL mutation using the
indicated antibodies. (c) Immunohistochemical staining of a representative normal kidney tissue sample (patient no. 9), as well as representative samples on
TMA slide constructed using quadruplicate samples from chromophobe and papillary RCC subtypes using the indicated antibodies. Notably, chromophobe
RCC is known to express E-cadherin, while papillary RCC has been shown to be a non-expresser of E-cadherin.*?

of CC-RCC samples with positive nuclear E-cadherin stain-
ing. Seventeen of the 22 nuclear E-cadherin-positive CC-RCC
samples were available for VHL sequencing. Of these 17
samples, 13 stained positive for VHL, two were negative and
two had indeterminate VHL staining. Consistent with the
prevalence of VHL inactivation in CC-RCC, we found VHL
mutations in 62% (8/13) of CC-RCC samples that stained
positively for VHL (Table 1). Therefore, a high percentage
of CC-RCC with nuclear E-cadherin staining contained
detectable VHL mutations despite positive VHL immuno-
reactivity. Moreover, we found that the two samples that had
negative staining for VHL (sample number 18 and 19) har-
bored VHL mutations, indicating that these mutations may
have affected the ability of VHL to be recognized by anti-
VHL antibody, and one of the two samples that had un-
certain VHL staining (sample number 17) had VHL muta-
tion. Although unable to establish statistical significance due
to currently available small sample size, nuclear E-cadherin
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staining showed a positive trend with the presence
of a VHL mutation. Notably, nuclear E-cadherin is likely
a cleavage product of the membranous full-length E-cadherin
(discussed below). In keeping with this notion, a signi-
ficant portion of CC-RCC samples with nuclear E-cadherin
staining also exhibited membranous E-cadherin staining
(Table 1).

E-cadherin is a type I transmembrane glycoprotein that
has been shown to be proteolytically cleaved in its trans-
membrane domain, resulting in an 80-kDa N-terminal so-
luble fragment and an intracellular C-terminal fragment.*!
We asked whether the observed nuclear E-cadherin in CC-
RCC is the full-length protein or a truncated form. TMA were
immunostained with an anti-E-cadherin antibody generated
against the N-terminus or C-terminus of E-cadherin. While
both antibodies immunostained membranous E-cadherin,
the nuclear E-cadherin was exclusively recognized by the
C-terminus-specific anti-E-cadherin antibody, as illustrated
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Table 1 VHL mutational analysis of CC-RCC samples with positive nuclear E-cadherin staining

Patient no. VHL mutation VHL Membranous E-cadherin Furhman Pathological Tumor
staining staining grade stage size (cm)
1 N/A — — 2 Tib 5.0
2 Exon 1-c.163_164 ins G + + 2 Tla 2.0
3 N/A + + 2 Tla 25
4 Exon 1-c.163G>T(E55X) + + 2 Tib 45
5 N/A + + 2 T1b 4.8
6 Exon 2-c444 del T + + 2 Tib 4.1
7 Exon 2-9.5386_5396 del 11 + + 2 T3a 7.2
8 WT* + + 2 Tla 3.0
9 Exon 2-c.407T>C(F136S) + + 2 Tla 2.5
10 Exon 3-¢.509 del T ins CG + + 2 T1b 4.5
1" WT + + 2 Tla 2.1
12 N/A + + 2 Tla 22
13 WT + + 2 T1a 3.8
14 Exon 1-c¢.203 C> A(S68X) + + 2 Tla 1.8
15 N/A + + 2 Tla 1.8
16 Exon 1-¢.294C> G(Y98X) + + 2 T1b 6.0
17 Exon 3-c.533del (6) ins (7) + + 2 Tla 35
18 Exon 1-c.247del G - - 3 T3b 135
19 Exon 1-c.233 A>T(N78I) — - 3 T2 8.0
20 WT + + 3 Tla 35
21 WT + - 3 Tib 6.0
22 WT + - 3 T3a 120

CC-RCC, clear-cell renal cell carcinoma; N/A, not available; VHL, von Hippel-Lindau.

*WT indicates wild-type; + indicates 3 or 4 cores out of four stained positive; + indicates 2 cores out of four stained positive;—indicates 0 or 1 core out of four

stained positive.

in the representative Figure 1b (and data not shown) re-
presenting a CC-RCC sample from patient no. 9 shown to
have F136S substitution mutation in VHL (Table 1). Notably,
the normal kidney tissue from patient no. 9 showed an ar-
chetypal membranous E-cadherin staining of the proximal
tubule cells, regardless of the antibody used and, importantly,
no nuclear localization of E-cadherin was observed (Figure
1c). We next asked if nuclear localization of E-cadherin is a
phenomenon unique to CC-RCCs. We stained a TMA slide
constructed using quadruplicate samples from chromophobe
and papillary RCC subtypes with the C-terminal E-cadherin
antibody that showed nuclear staining in the CC-RCC cases.
Chromophobe RCC has been reported to express E-cadherin,
while papillary RCC has been shown to be a non-expresser of
E-cadherin.’® As expected, chromophobe RCC cells exhibited
membranous E-cadherin immunoreactivity, but no nuclear
protein was found. Papillary RCC was negative for E-cad-
herin immunoreactivity (Figure lc). These results suggest
that the aberrant nuclear localization of C-terminal E-cad-
herin is specific to RCC of clear-cell type.
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The Synthetic VHL19 Mutant Exhibits the Biochemical
Signature of a Disease-Prone Mutation
The molecular validation of critical pathways implicated
in VHL-associated CC-RCC development and progression
has been widely studied in immune-compromised Nude
or SCID mice. We asked whether the aberrant nuclear
localization of E-cadherin is recapitulated in human CC-RCC
xenograft transplanted in SCID mice. VHL gene
produces two wild-type forms, a full-length VHL30 and
an internally translated VHLI19.>>7> Although ectopic
expression of either isoform has been shown to suppress
CC-RCC tumor formation in Nude mice,'®'"**?> demon-
strating that both isoforms possess tumor suppressor func-
tions, VHL19 is more abundantly produced than VHL30.
Therefore, the general perception is that VHL19 is the
dominant isoform, at least, in cell lines. However, mutations
in the context of VHL19 have not been examined in a mouse
xenograft assay.

No disease-causing mutation in the exclusive context
of VHLI9 has been reported. Thus, we generated 786-O
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CC-RCC subclones stably expressing HA-VHL19(MUT)
with synthetic V84M and P192Q substitutions, which
would simultaneously represent o- and f-domain-related
VHL mutations based on the reported crystal structure of
VHL19/elongin B/elongin C complex.’® Cells expressing
HA-VHL19(MUT), HA-VHL19(WT) or empty plasmid
were metabolically labeled with [*°S]methionine, lysed,
immunoprecipitated with an anti-HA antibody and the
bound proteins were resolved by SDS-PAGE (Figure 2a).
In comparison with HA-VHL19(WT) or HA-VHL30(WT),
which generated similar associated-protein profile as
expected,”’>° HA-VHLI9(MUT) was deficient in co-pre-
cipitating elongins B/C and Cullin 2 (Cul2), the components
of the ECV complex (Figure 2a; Supplementary Figure 1).
Consistent with reduced elongin/Cul2 binding, 786-
VHL19(MUT) showed reduced HIFo (ODD) ubiquitylation
in an in vitro ubiquitination assay and CC-RCC cells
expression VHL19(MUT) had correspondingly increased
level of HIF-target GLUTI expression under normal oxygen
tension (Supplementary Figure 2). Although there are con-
flicting reports with regards to VHL19—fibronectin interac-
tion, possibly due to the heterogeneity of cultured CC-RCC
cell lines,>**” we found that HA-VHLI9(WT) but not
HA-VHL19(MUT) co-precipitated fibronectin (Figure 2a).
Moreover, VHL30(WT) has previously been shown to as-
sociate with the eukaryotic chaperonin TRiC/CCT complex
(see also Supplementary Figure 1).**~** Proper TRiC-medi-
ated folding of VHL30 is required for binding elongins B/C
and VHL disease-causing mutants have been shown to have
elevated binding of the TRiC complex.**™** Indicative of
a mutant phenotype, HA-VHLI9(MUT) showed markedly
increased binding of the TRIC complex, including one
of the components TCP1, than HA-VHL19(WT) or
HA-VHL30(WT) (Figure 2a and b; Supplementary Figure 1).
A consequence of increased TRIiC interaction is the
attenuated resistance to protease digestion, suggesting that a
mutant VHL has a loose unfolded structure that is sensitive
to proteases such as chymotrypsin and thermolysin.*
In accordance, HA-VHL30(WT) was resistant to protease
digestion as expected, whereas HA-VHLI9(MUT) was sen-
sitive to chymotrypsin (Figure 2c). HA-VHL30(C162F)
served as a positive control for protease sensitivity (Figure
2¢), as this disease-causing mutant is incapable of
binding elongin C and remains bound to the TRiC

complex.’®*? We next asked whether the sensitivity to
protease digestion correlated with shortened half-life.
786-MOCK, 786-VHL30 and 786-VHL19(MUT) cells were
pulsed with [**S]methionine for 1h (or treated with cyclo-
hexamide; data not shown) and chased for the indicated
number of hours (Figure 2d). As expected, HA-VHL30 had a
long protein half-life, whereas HA-VHLI9(MUT) had a
dramatically shortened half-life (Figure 2d). These results
taken together demonstrate that HA-VHLI9(MUT) has all
the biochemical signatures of a defective, disease-prone VHL
mutation.

CC-RCC Tumor Xenograft in SCID Mice Exhibits Nuclear
E-Cadherin Expression

As predicted from the biochemical analysis, stable expression
of HA-VHL19(MUT) failed to suppress the tumor growth
of 786-VHLI9(MUT) cells in SCID mice (Figure 3a). VHL-
null 786-MOCK subclones grew tumors, whereas 786-
VHL30(WT) cells did not form tumors, as expected (Figure
3a). The tumors were resected from the hind legs of mice,
fixed in 10% neutral buffered formalin and embedded in
paraffin. Sections (5um) were placed on coated slides for
standard H&E staining (Figure 3b, first panel). Both the 786-
MOCK and 786-VHL19(MUT) tumors were characterized by
nests and clusters of cells surrounded by a delicate micro-
vascular network. This feature is characteristic of CC-RCC.”’
The tumor cells in both xenografts had large, moderately
pleomorphic nuclei with prominent nucleoli and variable
amounts of pale eosinophilic cytoplasm. The nuclear features
are consistent with those seen in high-grade (Fuhrman grade
3-4) RCC. They also contained foci in which the tumor cell
nuclei adopted a spindleform morphology, indicative of
sarcomatoid differentiation. 786-VHL19(MUT) tumors also
stained positive for HA as predicted, indicating the presence
of HA-VHL19(MUT) in tumor cells (Figure 3b, second
panel), and both tumor types stained for GLUT1 expression
(Figure 3b, third panel), which indicates a failure in the
negative regulation of HIF in the VHL-null or VHLI19
mutant cells.

In an effort to determine the affect of mutations in VHL19
on E-cadherin subcellular localization, 786-MOCK and 786-
VHL19(MUT) xenografts were stained with an anti-E-cad-
herin antibody specific to the C-terminus or N-terminus
of E-cadherin (Figure 3b, fourth panel or fifth panel,

>

Figure 2 VHL19 mutant exhibits biochemical signature of a disease-prone mutation. (a) The indicated 786-O subclones were radiolabeled with
[33SImethionine, lysed and immunoprecipitated with anti-HA antibody. The bound proteins were resolved on SDS-PAGE and visualized by autoradiography.
(b) The indicated 786-O subclones were lysed and immunoprecipitated with anti-HA antibody (lanes 1-3) or anti-TCP1 antibody (lane 4), and
immunoblotted with an anti-TCP1 antibody (upper panel) or anti-HA antibody (lower panel). (c) The indicated 786-O subclones were lysed and treated with
10 ug/ml chymotrypsin for 10 min on ice. Reactions were stopped with 1 mM PMSF and the lysates were immunoprecipitated with an anti-HA antibody.
Bound proteins were resolved by SDS-PAGE and immunoblotted with an anti-HA antibody. (d) The indicated 786-O subclones were pulsed with
[**SImethionine for 1h, chased for the indicated times and then cell lysates were immunoprecipitated with an anti-HA antibody. Bound proteins were
resolved by SDS-PAGE and visualized by autoradiography. Experiments were performed multiple times using several subclones with similar outcome.

* Represents nonspecific proteins. IP, immunoprecipitation; 1B, immunoblot.
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respectively). Interestingly, both tumor types did not exhibit
membranous E-cadherin but showed nuclear E-cadherin,
which was exclusively stained by C-terminus-specific anti-
E-cadherin antibody. This is consistent with the C-terminally
cleaved nuclear E-cadherin observed in CC-RCC samples on

Nuclear E-cadherin and VHL in CC-RCC
ML Gervais et al

TMA. However, the nuclear E-cadherin expression in
786-MOCK xenograft is inconsistent with CC-RCC cells with
negative VHL status, which correlated with negligible
E-cadherin expression with no detectable nuclear E-cadherin
staining. Human colon tissue was used as a positive control,
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Figure 3 786-MOCK and 786-VHL19(MUT) xenografts in SCID mice display nuclear E-cadherin. (a) SCID mice were injected intramuscularly in the left hind
leg with the indicated 786-O subclones and tumor size measured over time. The total number of mice that grew tumor is indicated in parentheses. This is a
representative experiment of three independent experiments using multiple isogenic clones. (b) A representative photomicrographs of 786-MOCK and
786-VHL19(MUT) xenografts fixed and embedded in paraffin for the indicated immunohistochemical analysis. H&E, hematoxylin and eosin staining.
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Figure 4 VHL immunoreactivity associates with low-grade tumors and better prognosis. (a) The CC-RCC samples on TMA were categorized as either low
grade (Fuhrman grades 1 and 2) or high grade (Fuhrman grades 3 and 4) and scored for VHL and nuclear E-cadherin immunoreactivity. Solid bars represent
the percentage of samples with positive nuclear E-cadherin staining. Open bars represent the percentage of samples with negative nuclear E-cadherin
staining. Hatch bars represent the percentage of samples with indeterminate nuclear E-cadherin staining. (b) Representative sections from 19 CC-RCC were
analyzed according to tumor behavior, based on clinical follow-up information. Good-prognosis cases were selected based on the absence of recurrent
disease over 5 years of follow-up. Poor-prognosis cases were selected based on the presence of metastases at the time of presentation or development of
metastases within 1 year of nephrectomy. VHL staining (left panel) for these sections was scored semi-quantitatively as being negative (open bars), weak
(hatch) or strong (solid bars). Nuclear E-cadherin staining (right panel) was scored as either positive (solid bars) or negative (open bars).

which stained membranous E-cadherin using both E-cad-
herin antibodies (data not shown).

VHL Immunoreactivity, which Correlates with Nuclear
E-Cadherin, is Associated with Low-Grade Tumors and
Better Prognosis

Fifty CC-RCC samples on TMA met the quality standard
criteria (see Materials and Methods) with regards to VHL
immunoreactivity. Tumors were categorized as either low
grade (Fuhrman grades 1 and 2) or high grade (Fuhrman
grades 3 and 4). A total of 74% (26/35) of low-grade tumors
had positive VHL immunoreactivity, in contrast to 47%
(7/15) of the high-grade tumors (Figure 4a). In addition, a
high percentage (46% or 16/35) of the low-grade tumor
samples stained positive for nuclear E-cadherin, whereas only
29% (10/35) were nuclear E-cadherin negative. The re-
maining 26% (9/35) had uncertain or inconclusive nuclear
E-cadherin staining (ie, 2 out of 4 cores stained positive).
Furthermore, of the 26 VHL-positive low-grade tumors, 15
exhibited nuclear E-cadherin expression while only four were
negative, and the remaining seven were inconclusive of nu-
clear E-cadherin staining (Figure 4a). In contrast, a majority
(67% or 10/15) of the high-grade tumors showed negative
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nuclear E-cadherin staining. Five of those 10 were VHL
positive and the other five VHL negative (Figure 4a).

In an effort to assess the relationship between VHL
immunoreactivity and tumor behavior, we selected re-
presentative sections from 19 CC-RCC according to tumor
behavior based on clinical follow-up information. Specifi-
cally, good prognosis cases were selected based on the absence
of recurrent disease over 5 years of follow-up. Poor prognosis
cases were selected based on the presence of metastases at the
time of presentation or development of metastases within 1
year of nephrectomy. VHL staining for these sections was
scored semi-quantitatively as being negative, weak (focal or
moderately diffused) or strong. A total of 60% (6/10) of the
tumors in the good prognosis group showed strong VHL
immunoreactivity, as compared with 22% (2/9) of the tu-
mors from the poor-prognosis group (Figure 4b). Moreover,
none of the good-prognosis tumors showed negative VHL
staining and 4/10 had weak staining, whereas 67% (6/9) of
the poor-prognosis tumors showed only weak expression,
including one case that was negative for VHL expression
(Figure 4b). Furthermore, 70% (7/10) of good-prognosis
tumors had nuclear E-cadherin, whereas only 33% (3/9)
of poor-prognosis tumors had E-cadherin localized to
the nucleus (Figure 4b). These results suggest that VHL
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immunoreactivity and E-cadherin expression/subcellular
localization are associated with clinical outcome, such that
there is a trend where higher Fuhrman grade or more
aggressive CC-RCC have reduced VHL and E-cadherin
immunoreactivity. CC-RCC with preserved VHL immuno-
reactivity, but a VHL mutation, associate with E-cadherin
localized to both the membrane and the nucleus, and with
low-grade tumors with more favorable clinical behavior.

DISCUSSION

Enhanced ability to predict tumor behavior in patients with
CC-RCC will result in better selection of established and
novel therapies. In this study we examined 45 patient CC-
RCC samples for VHL and E-cadherin immunoreactivity,
and 50 samples for Fuhrman grade and VHL im-
munoreactivity. CC-RCC samples that stain positive for VHL
are associated with better prognosis and low Fuhrman grade,
whereas CC-RCC samples devoid of VHL expression have
worse clinical outcome and high Fuhrman grade. In addition,
nuclear localization of E-cadherin is correlated with positive,
albeit mutant, VHL immunoreactivity. Therefore, CC-RCC
can be subdivided into two groups where the first group is
associated with the loss of VHL and E-cadherin expression
and likely have poor prognosis. The second subset has po-
sitive . VHL immunoreactivity correlating with nuclear
E-cadherin localization and likely have better prognosis.
Despite the positive staining of VHL in this subset, direct
DNA sequencing revealed VHL mutations in the vast ma-
jority of CC-RCC samples. This is also consistent with the
report by Yao et al,*’ demonstrating that the presence of VHL
alteration is associated with better outcome for patients with
stage I-IIT CC-RCC.

Although this is the first report of nuclear E-cadherin in
CC-RCC, aberrant staining of E-cadherin in the nucleus has
been reported in other types of cancer, including Merkel cell
carcinoma, signet ring cell carcinoma, and solid pseudopa-
pillary tumors (SPT) of the pancreas.**™*® The cytoplasmic
domain of E-cadherin is in a complex with f-catenin,
implicating a potential ‘outside-in’ signaling, where a loss of
E-cadherin or cleavage of E-cadherin releasing the in-
tracellular fragment of E-cadherin would promote nuclear
accumulation of f-catenin to associate with the leukocyte
enhancer factor (LEF)/T-cell factor (TCF) to regulate the
transcription of cell cycle (eg, cyclin D1) or invasion-related
genes (eg, metalloproteinase matrilysin).'* Interestingly, an
increased level of cyclin D1 has been observed in RCC cells
devoid of VHL at high cell density.*” Whether the nuclear
localization of E-cadherin in CC-RCC is associated with in-
creased nuclear f-catenin is currently unknown. Further-
more, gastric and colorectal signet ring cell carcinomas and
SPT with nuclear E-cadherin showed increased f-catenin
levels in the nucleus.***® However, an expression of nuclear
E-cadherin is not an invariable predictor of nuclear ff-cate-
nin, as the nuclear localization of E-cadherin in Merkel
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cell carcinoma was not associated with increased nuclear
fB-catenin expression.*’

Although the general morphology and the micro-
vasculature of the CC-RCC xenografts in SCID mice were
reminiscent of patient CC-RCC, the nuclear features were
more like those seen in high grade/sarcomatoid RCC. The
apparently aggressive morphologic features seen in these
grafts may be a result of repeated subculturing and ‘pheno-
typic drift’ over time. This phenomenon may well account
for the discrepancies observed between the xenografts and
patient samples used in our study. Notably, while CC-RCC
xenografts in SCID mice recapitulated nuclear E-cadherin
expression profile, nuclear E-cadherin staining was also ob-
served in VHL-null CC-RCC xenografts, which is different
from human tumor samples where CC-RCC with negative
VHL staining lacked E-cadherin expression.

Proper regulation of cell-cell adhesion is crucial for
growth, differentiation and development. The deregulation of
cell adhesion leading to a disruption in cell anchorage can
lead to pathological processes including tumor invasion and
metastasis caused by alterations in cell movement and sig-
naling.”! E-cadherins are Ca’*-dependent homophilic ad-
hesion molecules that are associated with catenins and are
major members of adherens junctions in polarized epithelial
cells. E-cadherin has been shown to be regulated by several
different mechanisms, including post-translational mod-
ification and regulation of gene expression.”"** Proteolytic
ectodomain release of transmembrane receptors, such as
E-cadherin, is proving to be an important mechanism in
regulating signaling functions of the cell surface proteins,
resulting in the aberrant cell adhesion and altered in-
tracellular signaling.”' Release of the E-cadherin—f-catenin
complex from the membrane has previously been shown to
result in elimination of cell-cell junctions.49 Furthermore,
several type I transmembrane molecules have been shown to
translocate to the nucleus following cleavage, including
Notch, ErbB-4 and y-protocadherin.so_52 For example, the
translocation of Notch to the nucleus promotes Notch-
mediated activation or repression of target genes through its
interaction to transcription factors.” Although the function
of nuclear E-cadherin is unknown, it is possible that like
Notch, the E-cadherin cleavage product might influence the
transcription of target genes when it localizes to the nucleus.

The soluble cleaved form of E-cadherin has been observed
in serum under non-pathological conditions, but increased
levels of the soluble form have been detected in patient
peripheral blood samples**>* and urine samples™ in a variety
of diseases.”' It has been suggested that the 80-kDa soluble
fragment may serve as a useful biomarker of disease pro-
gression for a number of cancers, including prostate,” gas-
tric,”* hepatocellular** and bladder cancer.”® There has also
been a correlation between tumor stage, histological grade
and elevated levels of soluble E-cadherin, likely because the
detection of soluble E-cadherin has been associated with
increased invasiveness.”>”>>” Although reasonable, it is
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currently unknown whether the detection of the C-terminal
fragment of E-cadherin in the nucleus of CC-RCC correlates
with increased serum level of soluble N-terminal E-cadherin
fragment. Thus, future analysis of serum E-cadherin of
CC-RCC patients may prove to be a valuable biomarker for
CC-RCC.

Ectodomain shedding of transmembrane proteins is
mediated by the action of membrane-associated proteases.
The matrix metalloproteases (MMP), cathespins and kallik-
reins are proteases reported to cleave E-cadherin within its
ectodomain.'®*"*>?%62 I addition, hepatocyte growth
factor/scatter factor (HGF/SF) expression has been associated
with E-cadherin ectodomain shedding and increased inva-
siveness of cancer cells.”” The protease(s) responsible for
E-cadherin cleavage in CC-RCC has not been identified.
However, it has been shown that VHL regulates the expres-
sion of tissue inhibitors of metalloproteinases (TIMPs) and
MMP2 and 9, and their deregulation have been shown to
promote branching morphogenesis in cells devoid of func-
tional VHL.%* Furthermore, HGF/SF and its receptor c-MET
are frequently overexpressed in CC-RCC.%>™® Therefore, it
would be of interest to determine whether the overexpression
of MMP2, MMP9 or HGF/SF is responsible for the cleavage
of E-cadherin in CC-RCC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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