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A novel pVHL-independent but NEMO-driven pathway in
renal cancer promotes HIF stabilization

AM Nowicka', | Hauselmann?, L Borsig®, S Bolduan® M Schindler?, P Schraml', M Heikenwalder'**° and H Moch'*®

Activation of hypoxia-inducible factor (HIF) is due to loss of von Hippel-Lindau protein (pVHL) function in most clear cell renal cell
carcinomas (ccRCCs). Here we describe a novel pVHL-independent mechanism of HIF regulation and identify nuclear factor (NF)-«B
essential modulator (NEMO) as a hitherto unknown oncogenic factor influencing human ccRCC progression. Over 60% of
human ccRCCs (n=157) have negative or weak NEMO protein expression by immunohistochemistry. Moderate/strong NEMO
protein expression is more frequent in VHL wild-type ccRCCs. We show that NEMO stabilizes HIFa via direct interaction and
independently of NF-kB signaling in vitro. NEMO prolongs tumor cell survival via regulation of apoptosis and activation of epithelial-
to-mesenchymal transition, facilitating tumor metastasis. Our findings suggest that NEMO-driven HIF activation is involved in
progression of ccRCC. Therefore, NEMO may represent a clinically relevant link between NF-kB and the VHL/HIF pathways. Targeting
NEMO with specific inhibitors in patients with metastatic ccRCC could be a novel treatment approach in patients with ccRCC

expressing functional pVHL.
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INTRODUCTION

The majority of clear cell renal cell carcinomas (ccRCCs) are
characterized by loss of functional von Hippel-Lindau protein
(pVHL) because of genetic mutation, deletion or hypermethylation
of the VHL promoter."? pVHL triggers the oxygen-dependent
proteasomal degradation of hypoxia-inducible factor a (HIFa), the
main regulatory factor during hypoxia.>* HIF1a and HIF2a are
related transcription factors that regulate numerous genes directly
connected to tumor development and progression.” Loss of pVHL
function leads to HIFa stabilization and has been shown to be
associated with tumor progression due to CXCR4 (chemokine
(C-X-C motif) receptor 4) activation.® However, clinical studies
failed to demonstrate any correlation between expression of HIFa
or mutations in VHL and patient outcome in primary ccRCC.””®
Furthermore, pVHL loss was not sufficient to cause tumor
formation.'®"! Therefore, deregulation of the VHL/HIF axis alone
may not be sufficient to induce metastasis. Recently, Vanharanta
et al.'? proposed that epigenetic modifications could modulate
HIF target gene regulation and contribute to metastasis.

Renal cancer is resistant to radio- and chemotherapy.'® The
activation of nuclear factor-kB (NF-kB) transcription factor has
been implicated in this poor response to therapy; however, the
precise role of NF-kB signaling pathway in ccRCC has remained
elusive."*'® NF-kB was also suggested to be a downstream target
of pVHL loss and HIF activation,'”"'® but the interplay between HIF
and NF-kB signaling has not been anticipated yet. The NF-kB
essential modulator (NEMO) could represent the potential link
between NF-kB and the VHL/HIF pathways. NEMO is a regulatory
subunit of the IkB kinase (IKK) complex that functions to activate
the NF-kB transcription factor through the canonical pathway.'®2°

NEMO regulates a number of cellular processes, including
apoptosis and necrosis.2'® As an adaptor protein, NEMO was
shown to stabilize its interaction partners as exemplified by
interaction with ATM (ataxia telangiectasia mutated) during
genotoxic stress or binding to c-Myc,?*2 the activation of
which was also demonstrated during renal tumor growth.333°
Previously, HIF2a was suggested as a binding partner of mouse
Nemo in HEK293T cells.3® Nevertheless, the role of NEMO in renal
cancer was not elucidated so far. In this study we identify NEMO as
the link between these two pathways and describe a novel
alternative mechanism of HIF activation in ccRCC with
functional pVHL.

RESULTS
NEMO expression is reduced in most human ccRCC tissue samples

To determine the prevalence of NEMO protein expression in renal
cancer, we performed immunohistochemistry on tissue microarray
(TMA) with different RCC subtypes.®” The staining intensity
obtained with a NEMO-specific antibody was assessed as negative,
weak, moderate or strong, and was further quantified in
an objective manner by densitometric, digital color-intensity
analysis (Supplementary Figure S1a). Over 60% of ccRCC samples
(n=157/250) had negative or weak NEMO expression levels
(Figure 1a and Supplementary Table S1). Reduced NEMO
expression was significantly more frequent in ccRCC than in
papillary RCC and oncocytoma, both representing renal cortical
tumors with wild-type VHL (P < 0.001; Supplementary Figure S1b).
Furthermore, we determined mRNA expression of NEMO by using
data from previously performed DNA microarray analysis of frozen
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Figure 1. Expression of NEMO is decreased

in ccRCC and correlates with HIF expression
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in  ccRCC human tissue samples.

(@) Immunohistochemical staining of NEMO on tissue microarray. Comparison of ccRCC and normal kidney human tissue samples; Pearson'’s
x° association test: ***P < 0.001. (b) Immunoblot analysis of indicated proteins in lysates from normal kidney (N) and corresponding ccRCC
tumor (T) human tissue samples. () Immunohistochemical staining of NEMO on tissue microarray containing matched ccRCC and
corresponding normal kidney human tissue samples. Scale bar: 20 um. (d, e) Correlation between NEMO and HIF1a expression (d) or HIF2«
expression (e) in ccRCC human tissue samples on tissue microarray and representative pictures of ccRCC immunohistochemically analyzed
cases including the measured level of the staining intensity; Pearson’s 2 association test: *P < 0.05. Scale bar: 50 um; r.a.c., relative area cover.

ccRCC tissue (n=74).3% Overall, we observed no difference in
mMRNA expression levels between different renal tumor subtypes
and non-neoplastic renal tissue (Supplementary Figure S1c).

To analyze tumoral NEMO expression in comparison with
normal renal tissue expression, we performed immunoblotting
analysis for matched pairs of normal kidney and tumor tissues
from 10 ccRCC patients (Figure 1b and Supplementary Figure S1d).
Of the 10 cases, 6 (60%) exhibited significantly lower tumoral
NEMO protein expression compared with matching normal renal
tissue. Again, there were no differences in NEMO mRNA
abundance (Supplementary Figure Sle). To verify this finding,
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we performed an immunohistochemical NEMO protein expression
analysis in 15 matching pairs of normal/tumor samples using
formalin-fixed, paraffin-embedded tissues (Figure 1c and
Supplementary Table S2). This analysis also revealed negative or
weak tumoral NEMO staining compared with moderate or strong
NEMO expression in normal renal tissues in 11 of 15
patients (73%).

In 70-90% of ccRCCs, HIF1a and/or HIF2a subunits are stabilized
because of loss of functional pVHL."**° Therefore, we correlated
NEMO expression with nuclear HIFa staining, indicating activated
protein using our previously obtained HIF1a and HIF2a expression
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data3”*° The degree of NEMO protein expression positively NEMO protein expression than pVHL-expressing tumors (P < 0.05;
correlated with nuclear HIF1a and HIF2a staining (P < 0.05; Figure 2b). To further account for promoter methylation-
Figures 1d and e and Supplementary Figure S2), as well as with dependent inactivation of pVHL, we studied NEMO expression in
the expression of different HIF targets (Supplementary Table S3). two different cohorts of ccRCC patients: (1) those carrying VHL
mutation leading to loss of pVHL expression and (2) those with
wild-type VHL and pVHL expression (Supplementary Figure S3b).
The statistical analysis revealed an even stronger correlation
between NEMO expression and VHL status, confirming preferential

NEMO is upregulated in VHL wild-type tumors
NEMO protein levels were compared with the VHL mutation

status, which was previously reported.*" Surprisingly, we observed  NEMO expression in tumors with functional pVHL (P < 0.001). No
that ccRCCs with VHL gene mutations displayed negative/weak such differences were observed for mMRNA expression
NEMO protein expression more frequently than those with wild- (Supplementary Figure S3c).

type VHL gene (P < 0.05; Figure 2a). This was also verified by Subsequently, we elucidated whether we can reproduce this
immunohistochemistry for pVHL (Supplementary Figure S3a). observation in cell lines with different endogenous pVHL

pVHL-negative ccRCCs showed more frequently negative/weak expression. We used cell line microarray with a panel of RCC cell
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Figure 2. VHL wild-type tumors have increased NEMO expression. (a) Correlation of NEMO expression and VHL mutation status in ccRCC
human tissue samples on tissue microarray and regresentative pictures of ccRCC immunohistochemically analyzed cases including the
measured level of the staining intensity; Pearson’s x“ association test: *P < 0.05. Scale bar: 50 pm; r.a.c., relative area cover. (b) Correlation
between NEMO and pVHL expression in ¢ccRCC human tissue samples on tissue microarray and representative pictures of ccRCC
immunohistochemically analyzed cases including the measured level of the staining intensity; Pearson’s x> association test: *P < 0.05. Scale
bar: 50 pm. (c) Immunohistochemical staining of NEMO on cell line microarray and quantification of the intensity of the staining from at least
20 random spots. Data are expressed as mean + s.d. Scale bar: 10 um.
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lines exhibiting different VHL mutations, as well as normal
proximal tubular HK-2 and kidney embryonic HEK293 cells.*?
Consistent with our human tissue data, NEMO expression was also
higher in VHL wild-type «cells (P<0.001; Figure 2c and
Supplementary Figure S3d). We next checked NEMO expression

in RCC4 cells with introduced pVHL expression carrying type 2A
and 2B missense mutations at positions Tyr98 and Tyr112
(Supplementary Figures S3e-h). NEMO expression was signifi-
cantly decreased in cell lines with destabilized pVHL (P < 0.001).
These findings show that NEMO is stronger expressed in ccRCCs

a 786-0 b 786-0 c 786-0 RCC4
Untr  Mock siSCR siNEMO  kDa Mock NEMO  kDa O siSCR
m sINEMO#1
HIF2a | s SN L 100 HIF2a [ -], g ];]* & k) SiNemosz
50 50
- o 2
v v
) 50 50 g g
0.0 0.5 1.0 1.5 0.0 0.5 1.0 15
Relative luciferase activity Relative luciferase activity
RCC4 RCC4
tr  Mock siSCR SINEMO kD Mock NEM kD:
Untr o siSCR sil ¢} a oc| [0} a d 786-0 RCC4
HIFla ;!! 80 HIFla o ————
= Mock
HIF2a ——— 100 HIF2a L 100 - o ., = NEMO
= - 50 50 o ]* a ]i
NEMO '.’ NEMO —
5 | o Q@
GLUT1 L GLUT1 [} S
50 - 50 5 <
cao [ D [ CA9 | S| 50 = L (S
B-actin | N — 40 B-actin | N—_—C— 0.0 05 1.0 15 00 05 10 15 20 25
Relative luciferase activity Relative luciferase activity
e 786-0 RCC4 f HK-2 786-0 RCC4
Untr  Mock siSCR siHIF2a  kDa Untr  Mock siSCR siHIFla siHIF2a kDa Mock HIFla HIF2a Mock HIFla HIF2a Mock HIFla HIF2a kDa
1 o NN o [ -
- 50
newo (R T . HiFzo [ - | 100 - - [
- 50
. 50
B-actin| "E—G——— newo | - NEMO [ S S e S et S S
B-actin | EG———— | Bactin | SR | ..

g 786-0 RCC4 h 786-0 RCC4 1 786-0 RCC4
peptide: Untr Ctrl NBD  Untr  Ctrl NBD kDa peptide:  Untr Ctrl uBl Untr  Ctrl uBl kDa = Ctrl
% = NBD
HIFLa | R — |50 HIF1a W & ]*]t % k ]t = ot
— — — HIF2a “ — —

HIF2a | -— | 100 —— I 100 Y 0

< 9

IKK0|------L80 T o0 2 £

|KKB| - IKKBI » = - [ — > | . o

0.0 05 1.0 15 0.0 05 1.0 15

80
50
NEMO | —— - — f

B»actinl _— e ey G l_4o

LES
newo | I |
B-actin | ————

Relative luciferase activity Relative luciferase activity

Figure 3. NEMO regulates HIF activation. (a, b) Immunoblot analysis of indicated proteins in lysates from 786-O and RCC4 cell lines after
treatment with small interfering RNA (siRNA) against NEMO (a) and transient overexpression of NEMO (b). (c, d) Luciferase gene reporter assay.
Relative luciferase activity differences in HIF activity after treatment with siRNA against NEMO (c) and after transient overexpression of NEMO
(d). Renilla luciferase expression was used for normalization. Data are expressed as mean =+ s.d. from two independent repeats. Student’s t-test:
*P < 0.05; **P < 0.01; ***P < 0.001. (e) Immunoblot analysis of indicated proteins in lysates from 786-O and RCC4 cell lines after treatment with
siRNA against HIFTa and HiF2a. (f) Immunoblot analysis of indicated proteins in lysates from HK-2, 786-O and RCC4 cell lines after transient
overexpression of HIF1a and HIF2a. (g, h) Immunoblot analysis of indicated proteins in lysates from 786-O and RCC4 cell lines after treatment
with NBD (g) and UBI (h) peptide inhibitors. The peptide consisting protein transduction (PTD) sequence derived from antennapedia was used
as a control. (i) Luciferase gene reporter assay. Relative luciferase activity differences in HIF activity after treatment with NBD and UBI peptide
inhibitors. Renilla luciferase expression was used for normalization. Data are expressed as mean =+ s.d. from two independent repeats. Student'’s
t-test: *P < 0.05; **P < 0.01. Results are representative of at least three independent experiments unless stated otherwise.

>

Figure 4. NEMO regulates HIFax via a direct protein-protein interaction. (a) Immunoblot analysis of indicated proteins after co-
immunoprecipitation with anti-HA or anti-FLAG antibodies. Hemagglutinin (HA)-HIF 1o, HA-HIF2a or FLAG-NEMO proteins were overexpressed
in 786-O and RCC4 cell lines. (b) Immunoblot analysis of indicated proteins after co-immunoprecipitation with HIF1a, HIF2a or NEMO of
endogenously expressed proteins in 786-O and RCC4 cell lines. (c) FACS-based FRET analysis of HEK293T cells transfected with YFP-NEMO and
CFP-HIF1a or CFP-HIF2a proteins. Cells transfected with YFP and CFP alone or YFP-CFP fusion were used as a negative and positive control.
Data are expressed as mean =+ s.d. (d) Confocal microscopy analysis of localization of YFP-NEMO (in green) and CFP-HIF1a or CFP-HIF2« (in red)
fusion proteins in HEK293T cell line. Representative pictures are presented in XYZ planes and 3D opacity. Arrows indicate 5pm.
(e) Immunoblot analysis of indicated proteins in 786-O and RCC4 cell lines after treatment with small interfering RNA (siRNA) against NEMO
and subsequently with MG-132 inhibitor for 20 h. (f) Immunoblot analysis of indicated proteins in 786-O and RCC4 cell lines after treatment
with siRNA against NEMO and subsequently with cycloheximide (CHX) for 0, 2, 4 and 8 h. (g) Immunoblot analysis of indicated proteins in
786-O and RCC4 cell lines after transient overexpression of NEMO and subsequent treatment with CHX for 0, 2, 4 and 8 h. Results are
representative of at least three independent experiments.
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with wild-type VHL, although pVHL does not directly regulate
NEMO expression.

HIFa subunits are downstream targets of NEMO

To further elucidate the exact role of NEMO in the regulation of
the HIF signaling pathway, we performed in vitro experiments on
ccRCC cell lines. VHL is mutated in most ccRCCs, therefore we used
the 786-O and RCC4 cell lines lacking functional pVHL. 786-O cells
constitutively express HIF2a, and RCC4 cells express both HIF1a
and HIF2a (Supplementary Figure S4a). We silenced NEMO with
two distinct small interfering RNA oligonucleotides that led to a
decrease in protein expression of HIF1a and HIF2a (Figure 3a and
Supplementary Figures S4b and c). Moderate silencing of NEMO
(52+18%) was already sufficient to cause a reproducibly strong
HIFa downregulation (79 = 11%). In contrast, transient overexpres-
sion of NEMO resulted in HIF1a and HIF2a upregulation (Figure 3b
and Supplementary Figure S4d). The expression of the HIFa target
genes GLUTT and CA9 was similarly affected. It is noteworthy that
HIFa subunit mRNA levels remained unchanged (Supplementary
Figures S4e and f). NEMO silencing or overexpression also led to a
transcriptional downregulation or activation of HIF, respectively, as
measured by luciferase reporter assay (Figures 3c and d).
Activation of kB-responsive elements was also affected, as seen
by the luciferase reporter assay and by monitoring the expression
of NF-kB target genes (Supplementary Figures S4g-j).

To determine the influence of HIFa on NEMO, we silenced both
HIFa proteins in ccRCC cells (Figure 3e). The expression levels of
NEMO remained unchanged. Furthermore, transient HIFa over-
expression in 786-O, RCC4 and HK-2 cells did not affect NEMO
expression (Figure 3f).

To confirm that NEMO activity functions as an upstream
regulator of HIFa subunits, we used two NEMO peptide inhibitors:

(1) NEMO binding domain inhibitor (NBD) that prevents IKK
complex formation and (2) NEMO ubiquitin binding domain
inhibitor (UBI) that specifically blocks NEMO activation by
impeding ubiquitin binding to NEMO. Upon treatment with both
inhibitors, protein expression of HIFa subunits in 786-O and RCC4
cells was decreased (Figures 3g and h), whereas mRNA levels
remained unaffected (Supplementary Figure S5a). HIF and NF-«kB
transcription factors were also simultaneously downregulated
(Figure 3i and Supplementary Figure S5b). Thus, NEMO positively
regulates HIF1a and HIF2a protein expression.

NEMO stabilizes HIFa subunits

We investigated the mechanism of NEMO-HIFa regulation. As
changes in HIFa expression occurred only on the protein level, and
NEMO is a known scaffold protein, we hypothesized that NEMO
stabilizes HIFa via direct binding. To test this hypothesis, we
overexpressed FLAG-NEMO, hemagglutinin-tagged HIF1a or
hemagglutinin-tagged HIF2a in 786-O and RCC4 cells and
performed co-immunoprecipitation assay (Figure 4a). We
observed binding between NEMO and HIF1a as well as HIF2q,
with HIF2a being more efficiently pulled down. The same was
observed for the endogenously expressed proteins (Figure 4b). In
these experiments, immunoprecipitated proteins run slightly
slower in comparison with that in protein extracts, presumably a
result of the abundance of protein within immunoprecipitated
samples and different salt content. In contrast, an interaction
between NEMO and pVHL could not be detected (Supplementary
Figure S6). We corroborated these findings using a flow
cytometry-based Forster resonance energy transfer (FRET)
assay.”® It clearly indicated strong binding of NEMO to HIF2a
and, in contrast, much weaker FRET of NEMO with HIF1a
(Figure 4c). FRET efficiency can be optimized by increasing the
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amount of acceptor molecules to minimize unpaired donors.
In line with this, we observed an increased FRET signal
while increasing the ratio between yellow fluorescent protein
(YFP)-NEMO and cyan fluorescent protein (CFP)-HIF1a or
CFP-HIF2a expressing plasmids, also confirming the specificity
of the weak binding between NEMO and HIF1a (Supplementary
Figure S7a). Furthermore, both HIFa subunits colocalized with
NEMO (Figure 4d and Supplementary Figure S7b).

We then investigated whether HIFa is stabilized upon binding
to NEMO. Thus, we treated 786-O and RCC4 cells with the
proteasome inhibitor MG-132, after previous silencing or inhibi-
tion of NEMO (Figure 4e and Supplementary Figures S8a and b).
Blocking of proteasomal degradation restored the presence of
HIFq, reversing the effect of small interfering RNA knockdown of
NEMO. We also used cycloheximide to block protein synthesis.
Silencing or inhibition of NEMO and treatment with cycloheximide
resulted in faster destabilization and degradation of HIF1a and
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HIF2a (Figure 4f and Supplementary Figures S8c and d). On the
other hand, HIF1a and HIF2a levels remained unaffected for a
longer time in cells with overexpressed NEMO (Figure 4g). These
data demonstrate that binding of NEMO protects HIFa subunits
from proteasomal degradation and promotes its accumulation.

HIF activation is independent of pVHL presence

Subsequently, we checked whether NEMO-driven regulation of
HIF1a and HIF2a depends on pVHL. We used 786-OVHL and
RCC4VHL cell lines with reconstituted pVHL expression, leading to
decreased levels of HIFa subunits (Supplementary Figure S4a).
Silencing of NEMO in these cells caused a drop in the expression
of HIF1a and HIF2a (Figure 5a). The NF-kB pathway was also
affected, as indicated by the expression of target genes
(Supplementary Figure S9a). Furthermore, we introduced point
mutations at positions Tyr98 and Tyr112 into the VHL gene in
RCCAVHL cells. Exchange of tyrosine for histidine is a type 2A
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mutation and does not affect pVHL function with respect to HIFa
degradation, whereas introduction of asparagine residues at these
positions represents type 2B mutations leading to the destabiliza-
tion of pVHL and HIFa accumulation. Silencing of NEMO resulted
in decreased HIF1a and HIF2a expression levels, independently of
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pVHL stabilization (Figures 5b and c and Supplementary Figures
S9b and c).

Next, we evaluated whether pVHL regulates the expression of
NEMO. We used the pVHL-deficient ccRCC cell lines 786-O, RCC4
and A498 as well as their corresponding stable pVHL transfectants
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(Figure 5d and Supplementary Figure S9d). The levels of NEMO
remained unchanged upon reintroduction of pVHL. Silencing of
VHL in HK-2 and KU19-20 cell lines endogenously expressing pVHL
also did not affect the expression of NEMO (Figure 5e and
Supplementary Figure S9e). Altogether, our data demonstrated
that pVHL does not directly regulate NEMO, and NEMO-mediated
increase or decrease in HIFa subunit expression is independent of
pVHL signaling.

NEMO regulates HIF independently of NF-kB signaling

NEMO is a member of the canonical NF-kB signaling cascade.?
Therefore, we also tested the dependence of NEMO-HIFa
regulation on the NF-kB transcription factor. We treated 786-O
and RCC4 cells with the specific transcriptional inhibitors of p65
activation,  6-amino-4-(4-phenoxyphenylethylamino)quinazoline
and JSH-23. The expression of HIF1a and HIF2a did not change
in response to the treatment (Figures 6a and b and
Supplementary Figure S10a). The transcriptional activation of HIF
signaling also remained unaffected, although the kB-responsive
elements were efficiently blocked, as shown by increased level of
phosphorylated p65, reporter luciferase assay and expression of
HIF and NF-kB target genes (Figures 6¢ and d and Supplementary
Figures S10b-e). Subsequently, we used 786-O and RCC4 cells
overexpressing NEMO and treated them with NF-kB transcrip-
tional inhibitors (Figure 6e). This treatment did not abolish the
effect of NEMO on HIFa subunit expression, confirming that NEMO
induces HIF upregulation independently of NF-kB pathway.

IKKB participates in HIFa stabilization

The IKK complex consists of two kinases IKKa and IKKB and its
regulatory subunit NEMO."? As the NBD peptide inhibitor disrupts
the whole IKK complex, we examined whether the catalytic
subunits of the IKK complex are necessary for HIFTa and HIF2a
regulation. Knockdown of IKKB, but not IKKa, resulted in a
decrease of HIFa subunit expression (Figure 7a). Protein expres-
sion of NEMO was also reduced to a greater extent by IKKB than
by IKKa silencing. At the same time, activation of the NF-kB
signaling pathway (kB-responsive elements) was strongly reduced
upon IKKa as well as IKKB silencing (Supplementary Figures S11a
and b). To confirm the involvement of IKKB in HIFa subunit
stabilization, we treated cells with the IKKB specific inhibitor
TPCA1 that resulted in a drop of HIFla and HIF2a levels
(Figure 7b). Transcriptional activation of NF-kB was also blocked
(Supplementary Figures S11c and d).

We next checked whether IKKB forms a protein complex
together with NEMO and HIF1a or HIF2a. Co-immunoprecipitation
of IKKa and IKKB confirmed that only IKKB binds to both HIFa
subunits (Figure 7c). To elucidate whether decreased level of IKKB
leads to HIF1a or HIF2a destabilization, we silenced or inhibited
IKKB followed by treatment with MG-132 inhibitor (Figure 7d and
Supplementary Figure S11e). In both cases, HIF1a and HIF2a
accumulated after incubation with MG-132. We also checked the
expression levels of IKKB upon silencing or overexpression of

NEMO induces HIF activation
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observed, indicating a primary role of NEMO in HIFa stabilization.
It is noteworthy that the expression of IKKB was increased in the
presence of pVHL in 786-O and RCC4 cells, suggesting that IKKP
might be needed for NEMO upregulation in the presence of wild-
type VHL (Supplementary Figure S12b).

To elucidate the relevance of these data in human tissue in situ,
RCC TMA was stained with antibodies for IKKa and IKKB and
subsequently quantified by measurement of staining intensity
levels (Supplementary Figures S12c and d). Low expression of IKKa
was associated with weak, nuclear staining of HIF1a (P < 0.05), but
not HIF2a (Figure 7e). In contrast, expression of IKKB significantly
correlated with both HIF1a and HIF2a expression levels (P < 0.05
and P < 0.01 respectively; Figure 7f). As in the case of NEMO, the
expression of IKKa and IKK{ also correlated with expression levels
of different HIFa target genes (Supplementary Tables S4 and S5).
Moreover, IKKa expression levels were independent of VHL
mutation status, whereas the expression of IKKB was increased
when wild-type VHL was expressed (P < 0.05; Figures 7g and h).

NEMO promotes cell death and migration in ccRCC

We examined the impact of NEMO on cell viability and
proliferation in 786-O and RCC4 cells. Treatment with NBD or
UBI inhibitors exerted reduced metabolic activity as shown by the
MTT assay (Figure 8a). We confirmed that observed cell death was
caused by the activation of caspases leading to apoptosis and
could be blocked by caspase inhibitor Q-VD-OPh (QVD) (Figure 8b
and Supplementary Figure S13a). At the same time, the cell
proliferation rate remained unchanged (Figure 8c). A similar
observation was made upon silencing of NEMO with small
interfering RNA (Figures 8d and e).

Subsequently, we analyzed whether inhibition of IKKB activa-
tion also influences the cell death pathway. TPCA1 treatment
caused a decrease in cell survival and induced caspase 3/7 activity
(Figures 8f and g). In line, this effect was seen after silencing of
IKKB but not IKKa (Supplementary Figure S13b). It is noteworthy
that cell proliferation was not affected by blocking IKKB function
(Figure 8h).

An important feature of cancer cells is their ability to migrate.
We thus assessed the migration potential of the cells by
performing a transmembrane migration assay of 786-O and
RCC4 cells transiently overexpressing NEMO (Figure 8i). Cells with
increased levels of NEMO migrated more efficiently through the
membrane (P<0.001 and P <0.05 respectively). Epithelial-to-
mesenchymal transition (EMT) is essential during tumor formation
as well as in the later stages of tumor development.**** Therefore,
we checked whether the expression of several EMT markers
changed upon overexpression of NEMO (Figure 8j). Many
indicators of mesenchymal transition, like Vimentin or SNAIL, were
significantly upregulated upon increased expression of NEMO. We
also determined whether the increase of EMT markers is due to
accumulation of HIFa subunits or activation of NF-kB signaling.
Therefore, we used ccRCC cells stably overexpressing NEMO and
silenced HIFa subunits or inhibited NF-kB (Supplementary Figures
S14a and b). We observed that some genes like CXCR7 are

NEMO (Supplementary Figure S12a). No differences were regulated through the HIF pathway, whereas others like MMP9 are
<
Figure 7. IKKp participates in HIFa stabilization. (@) Immunoblot analysis of indicated proteins in lysates from 786-O and RCC4 cell lines after

treatment with small interfering RNAs (siRNAs) against /IKKa and IKKB. (b) Immunoblot analysis of indicated proteins in lysates from 786-O and
RCC4 cell lines after treatment with TPCAT inhibitor. (c) Immunoblot analysis of indicated proteins after co-immunoprecipitation with IKKa and
IKKB antibodies of endogenously expressed proteins in 786-O and RCC4 cell lines. (d) Immunoblot analysis of indicated proteins in 786-O and
RCC4 cell lines after treatment with siRNA against IKKB and subsequently with MG-132 inhibitor for 20 h. (e, f) Correlation between IKKa (e) or
IKKB (f) and HIFTa (upper panel) or HIF2a expression (lower panel) in ccRCC human tissue samples on tissue microarray and representative
pictures of ccRCC immunohistochemically analyzed cases including the measured level of the staining intensity; Pearson’s 2 association test:
*P < 0.05; **P < 0.01; n.s., not significant; r.a.c., relative area cover. Scale bar: 50 um. (g, h) Correlation between IKKx (g) or IKKpB (h) expression
and VHL mutation status in ccRCC human tissue samples on tissue microarray and representative pictures of ccRCC immunohistochemically
analyzed cases including the measured level of the staining intensity; Pearson’s x> association test: *P < 0.05. Scale bar: 50 um. Results are

representative of at least three independent experiments.
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regulated through NF-kB signaling. Levels of CXCR4 and c-Myc
were shown to be elevated in metastatic ccRCC.533344647
Therefore, we checked whether overexpression of NEMO can also
cause activation of CXCR4 and c-Myc and demonstrated that
expression levels of both proteins were increased when NEMO
was overexpressed in ccRCC cells (Figures 8k and | and
Supplementary Figure S15). These findings indicate that NEMO

activates CXCR4 and c-Myc as well as regulates the expression of
some EMT markers and therefore ccRCC progression.

NEMO is essential for ccRCC tumor progression

Our TMA analyses as well as in vitro data indicated a major role of
NEMO in ccRCC formation. To further validate these observations
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in situ, we correlated NEMO expression from our RCC TMA with
available clinicopathological parameters of ccRCC patients
(Supplementary Table S6). Moderate/strong NEMO protein expres-
sion was associated with poor histologic tumor differentiation
grade (P<0.05) and presence of sarcomatoid differentiation,
associated with poor patient outcome (P < 0.05; Figure 9a and
Supplementary Figures S16a and b). Although both parameters
are strong biomarkers for poor patient outcome, there was no
association with local tumor stage (pT category) at presentation
and overall survival in patients with high NEMO expression
(Supplementary Figures S16c and d).

In RCC, survival is mainly influenced by development of
metastasis, and one of the most common metastatic sites of
ccRCC is the brain.*® To determine the relevance of NEMO in the
process of metastasis, we used our recently described TMA with
tissue samples from brain metastases of 52 ccRCC patients.*®
Strong NEMO staining was significantly more frequently observed
in brain metastases (n=32/52) than in primary tumors (n =93/250;
P < 0.05; Figure 9b), but no difference in the mRNA expression of
NEMO was observed (Supplementary Figure S16e). Subsequently,
we compared matched pairs of primary and metastatic ccRCC
from 10 different patients (Figure 9¢). In 7 of them (70%), there
was higher NEMO expression in metastases than in matching
primary tumors, suggesting that high NEMO expression facilitates
brain metastasis.

To further determine the involvement of NEMO in metastasis,
we used a lung metastasis mouse model. NOD/SCID (nonobese
diabetic severe combined immunodeficient) mice were intrave-
nously injected with RCC4 cells that express both HIF1a and HIF2a
and stably overexpress NEMO. At 42 days after injection, mouse
lungs were analyzed by histology (hematoxylin and eosin) and by
immunohistochemistry with an antibody against GLUT1, a HIF
target gene and marker for pVHL inactivation in ccRCC. GLUT1-
positive tumor cells were detected in lung vessels of 60% of mice
injected with cells overexpressing NEMO. In the case of controls
with mock-transfected RCC4 cells, only one mouse (20%) showed
GLUT1-positive tumor cells in the lungs (P < 0.01; Figure 9d).
These data strongly indicate involvement of NEMO in metastasis
of ccRCC.

DISCUSSION

In this study, we identified a novel mechanism of HIFa stabilization
in ccRCC involving a member of the canonical NF-kB pathway.
NEMO binds to HIFa subunits, thereby stabilizing HIFa and
activating the HIF signaling pathway (Figure 9e). This NEMO-HIF
regulation is independent of canonical NF-kB signaling and also
occurs in the presence of pVHL—a negative regulator of HIFa. In
addition, we showed that NEMO prevents cancer cells from
entering apoptosis, promoting cancer cell survival and tumor
metastasis.

The upregulation of HIF2a upon NEMO overexpression was
previously indicated by Bracken et al.>® By in situ and in vitro
experiments we confirmed the role of NEMO as an upstream

NEMO induces HIF activation
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regulator of HIFa in ccRCC cells. HIF1a and HIF2a stabilization by
NEMO leads to activation of HIF, as confirmed by luciferase gene
reporter assay and expression levels of several HIF targets. To date,
several research groups have reported NF-kB activation in ccRCC
patients and have attempted to link it with tumor
development.'>*°>2 Moreover, p62, an upstream regulator of
NF-kB, was recently shown to promote renal carcinogenesis.>® Qur
data demonstrate that NF-kB signaling per se does not directly
participate in HIFa regulation, and previously observed activation
of NF-kB could be a result of increased NEMO expression.

Furthermore, we identified a novel mechanism of NEMO-
induced HIF activation. We showed that NEMO binds HIFa
subunits and stabilizes them in ccRCC cells, leading to HIFa
accumulation and transcriptional HIF activation. Nevertheless,
interaction of NEMO with HIFTa appears to be weaker than with
HIF2a and occurs less frequently. Previously, Sato et al.? identified
another HIFa stabilization mechanism involving the TCEBT gene
mutation (3% of ccRCC cases) that abrogates the interaction
between pVHL and CUL2.

Importantly, especially ccRCCs with functional pVHL have
elevated NEMO expression. Higher NEMO expression was also
observed in papillary RCC and oncocytoma, both representing
renal neoplasms without VHL mutations. Our in vitro experiments
indicated that pVHL is not a direct regulator of NEMO. It is
tempting to speculate that HIF1a and HIF2a stabilization by NEMO
is particularly important for ccRCC with functional pVHL that
constitutes 10 to 30% of all ccRCC, thus opening new therapeutic
options."® Our findings may explain the HIF signaling pathway
activation in the group of ccRCC patients with functional pVHL.

The IKK complex consists of two catalytic subunits IKKa and
IKKB.>* Here, we show that silencing or inhibition of IKK@, but not
IKKa, results in downregulation of HIFa subunits and that IKK is
present in the same complex with HIF1a or HIF2a. We also
observed a drop in NEMO expression upon IKKp silencing that, as
a consequence, could affect HIFa stabilization. As IKKp is a serine/
threonine kinase, we hypothesize that IKKB might phosphorylate
NEMO during HIF regulation and activate it. Previously, it was
reported that several posttranslational modifications lead to
activation of NEMO. NEMO was shown to be phosphorylated by
several kinases, including IKKB.>>*® Moreover, we observed
elevated expression of IKKB in the presence of wild-type VHL,
and therefore activation of NEMO in ccRCC cases with functional
pVHL could be a result of IKKB upregulation. Although IKKp plays a
role in stabilization of HIFq, it does not seem to be essential for the
whole process, as NEMO can activate the HIF pathway on its own.

Recently, we and others have shown that NEMO is important for
development of liver, pancreatic and breast cancer.?’?*27>7 We
now present in vivo and in vitro data indicating that NEMO is also
relevant for ccRCC progression. In addition, we show that NEMO
prevents cancer cells from entering apoptosis and induces cell
migration. We identified a tremendous increase in NEMO
expression in human ccRCC metastases compared with their
primary tumors. These data were corroborated using a mouse
metastasis assay, demonstrating tumor thrombus formation in

<
Figure 8.

NEMO induces apoptosis in ccRCC cells. MTT cell survival assay (a), caspase 3/7 apoptosis assay (b) and BrdU proliferation assay (c) in

786-0 and RCC4 cell lines after treatment with NBD and UBI peptide inhibitors. Data are expressed as mean + s.d. Student’s t-test: *P < 0.05;
**p < 0.01; ***P < 0.001, n.s., not significant. MTT cell survival assay (d) and caspase 3/7 apoptosis assay (e) in 786-O and RCC4 cell lines after
treatment with small interfering RNA (siRNA) against NEMO at different time points (0, 24, 48 and 72 h). Data are expressed as mean +s.d.
Student’s t-test: ***P < 0.001. MTT cell survival assay (f), caspase 3/7 apoptosis assay (g) and BrdU proliferation assay (h) in 786-O and RCC4 cell
lines after treatment with TPCA1 inhibitors. Data are expressed as mean +s.d. Student’s t-test: *P < 0.05; ***P < 0.001. (i) Representative
pictures for transmembrane migration assay in 786-O and RCC4 cell lines transiently overexpressing NEMO. Nuclei were stained with DAPI and
number of nuclei was quantified under the fluorescence microscope. Data are expressed as mean+s.d. Student’s t-test: *P < 0.05;
***¥P < 0.001. Scale bar: 50 pm. (j) mRNA expression analysis (heat map) of EMT markers in 786-O and RCC4 cell lines after overexpression of
NEMO. Data are presented as a mean of AACt values in log10 scale from three independent experiments (blue: downregulated, red:
upregulated). (k, I) Immunoblot analysis of indicated proteins in lysates from 786-O and RCC4 cell lines after overexpression of NEMO. Results

are representative of at least three independent experiments.
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Figure 9. Elevated expression level of NEMO is associated with metastasis formation in ccRCC patients. (a) Correlation between NEMO
expression and the presence of sarcomatoid differentiation in ccRCC human tissue samples on tissue microarray and representative pictures
of ccRCC immunohistochemically analyzed cases including the measured level of the staining intensity; Pearson’s ¥ association test: *P < 0.05.
Scale bar: 50 pm; r.a.c., relative area cover. (b) NEMO expression in primary and metastatic ccRCC human tissue samples on tissue microarray
and representative pictures of ccRCC immunohistochemically analyzed cases including the measured level of the staining intensity; Pearson’s
¥ association test: *P < 0.05. Scale bar: 50 pm. (c) Immunohistochemical staining of NEMO on corresponding primary and metastatic human
tissue samples from ccRCC patients. Scale bar: 20 pm. (d) Immunohistochemical hematoxylin and eosin (H&E) and GLUT1 staining on mouse
lungs after intravenous (i.v.) injection of RCC4 cells stably overexpressing NEMO (n = 5) or mock transfected with an empty vector (h=7) and
quantification of mice with developed metastasis; Wilcoxon signed-ranks test: **P < 0.01. Scale bar: 100 pm. (e) Model summarizing the
proposed mechanism of HIFa subunit stabilization: In normoxia, pVHL recognizes hydroxylated HIF1a and HIF2a and targets them for
polyubiquitin chain attachment followed by proteasomal degradation (left panel). In most of ccRCC tumors, pVHL is inactive and therefore
HIFa subunits are stabilized, leading to tumor formation (middle panel). In normoxia, independently of pVHL presence, HIF1a and HIF2« is
stabilized via interaction with NEMO, resulting in ccRCC tumor formation. NEMO activation also leads to the induction of cell survival and

activation of CXCR4 and c-Myc followed by tumor metastasis (right panel).

lung vessels, with very few tumor cells invading surrounding
tissues. This observation suggests that NEMO extends tumor cell
survival, rather than increasing their invasive potential. As NEMO
expression level was decreased in primary tumor compared with
normal kidney tissue, NEMO signaling must be turned on in
metastatic lesions at later tumor stages. Moreover, NEMO-induced
HIF activation results in elevated expression of CXCR4 and c-Myc,
factors with well-established roles in ccRCC progression. One-third
of ccRCC patients exhibit locally advanced tumors and/or distant
metastasis at the time of diagnosis and patients with metastatic
ccRCC have poor prognosis.”'® Thus, targeting NEMO with specific
inhibitors in patients with advanced disease could be a viable new
approach to RCC therapy that might be particularly efficacious in
patients with tumors expressing functional pVHL.

In summary, our results elucidate a novel function of NEMO in
HIFa stabilization that is independent of canonical NF-kB signaling
and pVHL presence. To date, HIF activation has been well defined in
ccRCC biology as a driver of tumor formation.? Our data uncover an
additional mechanism essential for ccRCC development, as well as
reveal a novel signaling pathway leading to metastasis formation
and therefore tumor progression. NEMO is ubiquitously expressed
and has been demonstrated to be involved in different cancers. As
hypoxia is a common feature of growing tumors, we hypothesize
that the mechanism of HIF activation described here is a
fundamental concept, not restricted to ccRCC.

MATERIALS AND METHODS

Tissue specimens and TMA construction

Four different TMAs comprising 262 ccRCC, 48 papillary, 15 chromophobe,
22 oncocytoma and 28 normal samples as well as 54 metastases with
corresponding primary tissues (10 cases) or matched normal and primary
ccRCC tissue samples (15 pairs) collected from the University Hospital
Zurich (Zurich, Switzerland) were used. All tissue samples were histologi-
cally reviewed by one pathologist (HM) and selected on the basis of
hematoxylin and eosin-stained tissue sections.>® The composition of the
TMAs and clinicopathological data has been previously described.>”4%4°
The cell line microarray composed of 23 different human cell lines
originated from RCC or kidney was also used.*? This study was approved
by the Local Ethics Commission (reference number StV 38-2005).

Flow cytometry-based FRET assay

pPECFP-N1 was used to generate N-terminal tagged fusions of CFP and
HIF1a or HIF2a and pEYFP-C1 to generate N-terminal tagged fusions
between YFP and NEMO. HEK293T cells were co-transfected with vectors
expressing YFP-NEMO and CFP-HIF1a or CFP-HIF2a using the calcium
phosphate method. FRET signals were measured by Flow cytometry 1 day
post transfection using a FACS Cantoll (BD Bioscience, Heidelberg,
Germany) according to the previously described protocol by Banning
et al.*® At least 2000 CFP/YFP-positive cells were analyzed for FRET.

© 2015 Macmillan Publishers Limited

Mice and lung colonization assay

Female, 7-8 weeks old NOD/SCID mice were purchased from Charles River
Laboratories (Sulzfeld, Germany) and maintained under specific pathogen-
free conditions. Experiments were approved by Zirich Cantonal Veterinary
Committee according to the guidelines of the Swiss Animal Protection law.
RCC4 cells (250000) stably overexpressing NEMO or mock transfected
were injected into lateral tail vein. Mice were killed after 6 weeks and lungs
were harvested. In all, 5 mice were injected with RCC4 cells stably
overexpressing NEMO and 7 mice with RCC4 mock-transfected cells
(expressing an empty vector). Mouse lungs were blindly analyzed for the
presence of tumor cells. No randomization method was used.

Statistical analysis

Statistical significance between experimental groups was assessed using
an unpaired two-tailed Student’s t-test (GraphPad Prism 5, La Jolla, CA,
USA). Contingency table analysis and Pearson’s x> association tests for
correlation assessment of TMA stainings, Wilcoxon signed ranks test for
lung colonization assay analysis and univariate survival analysis by the
Kaplan-Meier method and log-rank tests were used (IBM SPSS Statistics 21
software, Armonk, NY, USA). P-values of <0.05 were considered
statistically significant.
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