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Figure 3. Kaplan-Meier survival curves for ccRCC patient according to high and low SMARCB1 expression. A. Sur-
vival analysis using Cox proportional hazard model for 177 patients with diagnosed ccRCC. B. Fuhrman grade. C.
Performance status. D and E. Gender. F. Examples of low (P7 and P8) or high (P9 and P10) intensity of IHC-staining
for INI1 in ccRCC samples used in this study. The green and red color lines indicated patients with low and high risk.
Numbers of patients in each group and log-rank p values, hazard ratio (HR) and confidence intervals (Cl) are shown
below the graph.

Figure 4. Set of genes misregulated in ccRCC and identified as direct INI1 target genes. A. Venn diagram of INI1
target genes and genes upregulated in ccRCC samples. B. Selected Gene Ontology terms enriched in genes up-
regulated in ccRCC and INI1 target. C. Venn diagram of INI1 target genes and genes downregulated in ccRCC. D.
Selected Gene Ontology terms enriched in genes downregulated in ccRCC and INI1 target.

2282 Am J Cancer Res 2017;7(11):2275-2289



INI1 in ccRCC

A B C Gene signature: CXCL12/CXCR4/CXCRT7
15 p = 0.02269; HR=1.71 [95% C.| 1.08-2.72]
* 1.0 = e
c ——— c ek ok \“
'% 1.5 'cﬁ 10 0.8 M
g g T 06| \
s\ ) E L
2 2 s 504 | SE—
g 3 ® 02
! ' ; ’ == T
» O > O > G
& S ® & @ O Time (months)
< & o ¢ Sl & 137 48 19 13 1
CxcLi2 CXCR4 CXCR7 40 10 “ 2 0
D Gene signature: CXCL12/CXCR4/CXCR7 [E  Gene signature: CXCL12/CXCR4/CXCR7 F Gene signature: CXCL12/CXCR4/CXCR7
GRADE=3 Female Male
p =0.01109; HR=2.2 [95% C.| 1.2-4.03] p = 0.5941: HR=1.22 [95% C.| 0.59-2.53] p = 0.004109; HR=2.42 [95% C.| 1.32-4.42]
1.0}, = et 1.0 wae 1.0}, = e
08|, 08| 08
- ™ = 5 T 06
Foe L g osl £08 %
% 04| % 0.4 — i 204 . L
02| 0.2 0.2 —
0.0 0.0 0.0{
0 100 150 200 0 50 150 200
0 50Time1(21%nths; 200 Time (months) Time (months)
71 28 10 6 1 58 22 9 6 0 79 26 10 7 1
23 5 3 1 0 17 7 2 2 0 23 3 2 0 0

Figure 5. CXCL12/CXCR4/CXCR7 axis in ccRCC samples. A. CXCL12. B. CXCR4 and CXCR7 expression levels in
ccRCC patients samples compared to normal kidney tissue. C. Survival analysis using Cox proportional hazard
model for 177 patients with diagnosed ccRCC depending on CXCL12/CXCR4,/CXCR7 genes expression. D. Fuhrman
grade. E, F. Gender. The green and red color lines indicated patients with low and high risk, respectively. Below
the graph are shown numbers of patients in each group and log-rank p values, hazard ratio (HR) and confidence

intervals (Cl).

genes involved in various cellular processes
including these related to cancer progression
and metastasis formation such as: cell motility,
blood vessels development, cell proliferation
and programmed cell death (Figure 4B). Using
Gene Ontology analysis we found that among
371 genes downregulated in ccRCC and target-
ed by INI1 (Figure 4C) the following GO terms
were enriched: cell differentiation, epithelium
development, morphogenesis of epithelium,
response to chemical (Figure 4D). Detailed
analysis for genes directly targeted by INI1 with
misregulated expression in ccRCC resulted in
identification of genes encoding CXCL12 and
CXCRY proteins, which are involved in metasta-
ses formation in various cancers by CXCL12/
CXCR4/CXCR7 axis [29] (Figure 5A and 5B).
Additionally, ccRCC is also characterized by the
misexpression of CXCR4, however this gene
was not found as INI1 direct target gene (Figure
5B). The Cox proportional hazard regression
analysis showed that the CXCL12/CXCR4/
CXCRY axis transcript alterations correlate with
poor prognosis (survival) for ccRCC grade 3 and
male patients (Figure 5C-F). This indicates that
INI1 may be directly involved in cancer progres-
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sion and metastases formation. Subsequently,
we found that overexpression of INI1 protein in
A498 renal cancer cells (Figure 6A and 6B)
caused downregulated expression of CXCR4
and CXCR7 genes (Figure 6C), which provides
evidence that INI1 loss observed in ccRCC may
promote cancer metastases formation by direct
regulation of CXCL12/CXCR4/CXCR7 axis in
this type of cancer (Figure 6D). Moreover, we
found that the overexpression of INI1 in A498
line caused elevated expression of SMARCB1
gene which has already been reported as the
direct target for the INI1 protein [28]. This sug-
gests INI1-dependent regulation of SMARCB1
gene.

Discussion

Clear cell renal cell carcinoma is the most com-
mon renal cancer in adults. When limited to kid-
ney it can be successfully cured by surgery.
Around 30% of patients relapse after nephrec-
tomy or has metastatic disease at the time of
diagnosis [30] which corresponds to poor prog-
nosis. Therefore, the understanding of mecha-
nism of ccRCC development and metastases
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Figure 6. INI1 influences CXCL12/CXCR4/CXCR7 chemokine axis. A. INI1-FLAG overexpression in A498 cells, which
correspond with ccRCC grade 2. As a loading control membrane stained with TCE (stain free) was used. B. Western
blot with anti-INI1 antibody demonstrating increase of INI1 abundance in A498 cell line overexpressing INI1 pro-
tein. As a loading control membrane stained with TCE (stain free) was used. C. gRT-PCR analysis for CXCR4, CXCR7
and SMARCB1 (endogenous transcript) genes expression in A498 cell lines overexpressing INI1 protein. D. Model
describing self-regulation of the SMARCB1 gene by INI1 protein and the interdependence of INI1, AR pathway and

CXCL12/CXCR4/CXCRT7 axis.

formation is very important and potentially may
lead to development of new forms of therapy.
The TCGA study [31] as well as some other
reports provided evidence that the aberrations
of the SWI/SNF chromatin remodeling complex
(CRC) functions may play important role in
ccRCC.

In this study we show, that INI1 - the core sub-
unit of SWI/SNF chromatin remodeling complex
may play an important role in ccRCC develop-
ment. INI1 has been already reported as a
tumor suppressor [32]. Mutations inactivating
INI1 were found in various types of cancer in
adults as well as in highly malignant pediatric
rhabdoid tumors (MRT) [13, 14, 33-35]. In
mouse model, the INI1 deficient xenografts
resembles these observed in MRT, which cor-
responds with rhabdoid phenotype [36].
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Moreover, the INI1 loss was detected in rhab-
doid tumor with minute focus of clear cell renal
cell carcinoma in 65-year-old patient [16]. On
the other hand, the kidney MRT in children is
recognized as high-grade malignancy com-
posed completely of rhabdoid cells [37]. In con-
trast, another report shows that in most ccRCC
with rhabdoid component the INI1 protein level
was intact [17]. To clarify this contradiction we
analyzed the INI1 protein level in three cases of
ccRCC with rhabdoid component. All three
cases showed strong INI1 staining and high-
grade differentiation (Fuhrman grade 4). This
observation is in line with Kryvenko statement
that rhabdoid component of ccRCC is probably
not a distinct type of cancer but rather dedif-
ferentiated form of high-grade ccRCC, not relat-
ed to pediatric rhabdoid tumors [24]. This con-
clusion is further supported by the study of
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Agaimy and colleagues, who analyzed 32 cases
of undifferentiated and rhabdoid RCC and
found that 4 were INI1 negative, 10 showed
reduced INI1 and 18 exhibited intact INI1 pro-
tein level [17].

Interestingly, in contrast to the rhabdoid com-
ponent of ccRCC, statistically significant down-
regulation of INI1 protein in conventional ccRCC
cells was found in our study. Moreover, we
found the decrease of INI1 protein level in all
ccRCC cases included in this study. We also
checked the relationships between INI1 protein
and mRNA in some of ccRCC cases and found
that the decrease of protein level correlated
with significantly lower SMARCB1 transcript
level in ccRCC cancer cells when compared to
normal Kkidney tube epithelial cells. The
decrease of INI1 protein level was independent
of Fuhrman grade, but discrete differences in
statistical significance were found between
grade 1-2 and 3-4 and gender. Using Cox pro-
portional hazard model analysis we found that
the higher expression level of SMARCB1 in the
tumor correlates with poor prognosis in the
male group, however there was no correlation
in female patients. This analysis also showed
correlation with poor prognosis for patients
with Fuhrman grade 3 interestingly the stron-
gest correlation was found for patients in rela-
tive good condition.

Correlation between higher expression of
SMARCB1 gene in some ccRCC tumor samples
(however still decreased when compared to the
control tissue) and poor prognosis for male
patients may be likely explained by the involve-
ment of SWI/SNF CRC in androgen biosynthe-
sis pathway according to ENCODE database
[38, 39] and regulation of androgen dependent
genes by direct interacting with androgen
receptor (AR) [40], and AR association with
higher tumor stage and promotion of ccRCC
migration and invasion [26]. However further
confirmatory study is required.

Our comparative analysis of INI1 target genes
and genes misregulated in ccRCC samples fol-
lowed by the Gene Ontology classification
resulted in identification of GO terms statisti-
cally enriched for INI1-target genes upregulated
in ccRCC, related to cancer progression and
metastasis formation. They were: programmed
cell death e.g. PDK1 (3-phosphoinositide-
dependent protein kinase-1) which suppresses
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apoptosis when overactive [41]; cell prolifera-
tion, blood vessels development, leukocyte
activation and cell motility. GO terms statisti-
cally enriched for INI1-target genes downregu-
lated in ccRCC were related to cell differentia-
tion, epithelium development and morpho-
genesis, and response to chemicals. Close
inspection of the INI1-target genes misregulat-
ed in ccRCC resulted in identification of CXCR7
(upregulated) and CXCL12 (downregulated)
both belonging to the CXCR4/CXCR7/CXCL12
chemokine axis, well known regulators of tumor
growth and metastasis formation in many types
of cancer [29]. The Cox analysis showed that
affected expression of these genes correlates
with poor prognosis for ccRCC patients.
Noteworthy, this correlation was significant for
ccRCC Fuhrman grade 3 and male group only,
analogous to what was observed for SMARCB1
expression. It has already been reported that
CXCR4/CXCR7/CXCL12 axis and AR interplay to
promote cancer progression and metastasis
formation, as CXCL12/CXCR4 promote ligand
independent activation of androgen receptor
[42]. AR together with CXCR4 and CXCR7 regu-
late the CXCL12 dependent cell motility in pros-
tate cancer [43]. Consistently, the overexpres-
sion of INI1 in A498 cancer cells which
corresponds to clear cell renal cell carcinoma
grade 2, caused downregulated expression of
CXCR4 and CXCR7 genes. Our observation
regarding the INI1-dependent CXCR4 and
CXCR7 regulation is in line with the recently
reported strong effect of INI1 reexpression in
MRT cell lines, where the restored expression
of INI1 protein induced G, cell cycle arrest and
lead to the modification of p21 or pl6 loci
expression [44]. In summary, our data strongly
suggest close relation of INI1 and ccRCC devel-
opment, tumor progression and metastases
formation. So far the knowledge about tran-
scriptional control of SMARCB1 gene expres-
sion is strongly limited, however there are some
evidences indicating that among other mecha-
nisms the SWI/SNF complex may be directly
involved in this process [28, 45]. In fact, during
our study we found that the INI1 overexpres-
sion in A498 cell line indeed caused elevated
expression of the SMARCB1 gene. This finding
clearly indicated that the alterations of self-
control of SMARCB1 expression by the INI1
(and likely INI1-containing SWI/SNF complex)
may be one of the possible explanations of
observed INI1 loss in ccRCC. On the other hand,
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we can’t exclude the existence of other mecha-
nisms controlling SMARCB1 expression level
like i.e. the SWI/SNF and Polycomb (PcG,
Polycomb Repressive Group) antagonism (SWI/
SNF complex has been reported as the impor-
tant factor in the eviction of Polycomb proteins
[46]) which may result in altered DNA or histone
methylation on SMARCB1 promoter or the exis-
tence of a long non-coding RNA which may
interfere with SMARCB1 transcript, or other
unrecoghized yet mechanisms. However, the
complete elucidation of the mechanism under-
lying decreased expression of SMARCB1 gene
in ccRCC requires further examination.

Proper SWI/SNF complex function usually
requires INI1 protein [10, 47, 48, 49]. However
there is emerging evidence that in some tumors
the SWI/SNF complex activity may act indepen-
dently of INI1 [50] and INI1 protein deficiency in
cancer cells redefines the SWI/SNF subunits
composition [51].

Alteration in stoichiometry of complex composi-
tion is likely to lead to loss of proper SWI/SNF
function or gaining of a novel, cancer related
function, which may cause dramatic conse-
quences in global gene expression by transcrip-
tional regulation, epigenetic and higher order
chromatin structure disturbances. It has been
already shown, that during pancreatic cancer
development the BRG1 ATPase (another core
subunit of SWI/SNF CRC) acts as either tumor
suppressor or oncogene depending on stage of
the disease [52]. This may explain the correla-
tion between higher (although decreased when
compared to control kidney tissue) SMARCB1
gene expression and poor prognosis observed
in our study. Additionally, the identified correla-
tion of stronger INI1 staining in ccRCC cells with
lymphocyte infiltration supports this hypothesis
as consistently immune infiltration in ccRCC
associates with poor prognhosis in male
patients, higher tumor grade and stage [53].
Taken together our findings support the hypoth-
esis that downregulation of INI1, the core sub-
unit of SWI/SNF CRC may occur on a very early
stage of carcinogenesis, and can promote
ccRCC development and poor prognosis. On
the other hand, as the ccRCC with rhabdoid
component shows higher aggressiveness, poor
prognosis and usually intact INI1 protein level,
the involvement of INI1 in cancer progression
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and metastases still requires further careful
investigation.
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