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Abstract

There is increasing literature showing the presence of cancer stem cells (CSCs) in renal clear cell carcinoma
(RCCC) which is associated with poor prognosis. Characterization of CSCs may lead to better understanding
and treatment of RCCC.

4um-thick formalin-fixed paraffin-embedded RCCC samples from ten patients underwent 3,3-diaminoben-
zidine (DAB) immunohistochemical (IHC) staining for the embryonic stem cell (ESC) markers NANOG,
SOX2, OCT4, c-MYC, KLF4 and progenitor cell marker CD44. NanoString (n = 4) and in-situ hybridization
(ISH, n = 6) mRNA analyses were performed on RCCC samples to investigate transcript expression of these
ESC markers. Cell counting was performed on the IHC- and ISH-stained slides and statistical analyses were
performed using t-tests. Immunofluorescence (IF) IHC staining was performed on two RCCC samples to
localize the expression of these ESC markers.

DAB IHC staining demonstrated expression of NANOG, SOX2, OCT4, c-MYC, KLF4 and CD44 in all
ten RCCC samples. Cell counting revealed a high abundance of SOX2, NANOG and ¢c-MYC and a low
abundance of KLF4 and OCT4. ISH and NanoString analyses confirmed the presence of mRNA transcripts
for NANOG, OCT4, ¢c-MYC and KLF4 while SOX2 was detected only by ISH. IF IHC staining showed
expression of OCT4 in cells expressing SOX2, NANOG and KLF4. c-MYC was expressed by cells express-
ing SOX2 and NANOG, with a subset also expressing KLF4. These findings suggest the presence of CSC
subpopulations within RCCC with a lower proportion of CSCs expressing the more primitive markers OCT4
and KLF4, and a higher proportion expressing the more downstream markers SOX2, NANOG and c-MYC.
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Introduction

Renal cell carcinoma (RCC) is the ninth most common cancer, with approximately 338,000 new cases annually, resulting in 144,000
deaths worldwide in 201201, The incidence of RCC is highest in developed countries attributed to the common use of imaging!'.

Established risk factors for RCC include obesity, hypertension and smoking!?, and protective factors include physical ac-
tivity and legume consumption?!. Renal clear cell carcinoma (RCCC) constitutes 80-85% of all RCCs, contributing significantly to
the morbidity and mortality from RCC!.

Current treatment for localized RCC is partial or total nephrectomy which is associated with a 40% local recurrence rate!
with 30% of patients eventually developing metastatic disease, which typically resists chemotherapy and radiotherapy®. Advanced
disease is treated with combined therapies including total nephrectomy and systemic targeted-drug therapies. Targeted therapies
include mammalian target of rapamycin inhibitors that reduce both cellular growth and proliferation!®®! and vascular endothelial
growth factor receptor (VEGFR) inhibitors that reduce the angiogenic ability of the tumor, along with vascular endothelial growth
factor (VEGF) ligand-directed therapy, which can bind and neutralize circulating VEGF to decrease tumor growth!®”. However,
despite the use of targeted therapies for advanced disease, the prognosis of RCC remains dismal with a 10% 5-year survival rate
for patients with metastatic disease’®®!. Immunotherapy agent nivolumab has demonstrated superior efficacy over everolimus for
patient with metastatic RCC that failed previous line of tyrosine kinase inhibitor®. The combination of nivolumab/ipilimumab also
demonstrated superior efficacy over sunitinib as first-line therapeutic agents!'”,

Genetic links to the development of RCC include mutations to the Von Hippel Lindau (VHL) gene and deletions of the
short arm of chromosome 3!Y. Loss of VHL protein has been attributed to the inability to degrade hypoxia induced factor resulting
in changes to cells that contribute to the development of RCCH!!L.

It has been proposed that tumor development and proliferation is driven by cancer stem cells (CSCs) that possess self-
renewal and pluripotent properties and are responsible for metastasis and recurrence®!?. Research has shown that many types of
cancer express embryonic stem cell (ESC) markers allowing the identification of CSCs using the ESC markers NANOG, OCT4,
SOX2, KLF4, c-MYC and progenitor cell marker CD44!3-151, The importance of these proteins in maintaining pluripotency and self-
renewal capabilities of ESC like cells!'!”! was highlighted by Takahashi and Yamanaka® who successfully transformed adult
human fibroblasts to ESC-like cells by inserting the OCT4, SOX2, c-MYC and KLF4 genes, while Thompson™”! showed similar
results by substituting c-MYC and KLF4 with LIN28 and NANOG.

NANOG, OCT4 and SOX2 are transcription factors that play a central role in maintaining pluripotency of ESCs and their
ability for self-renewal!>'8], OCT4 is a transcription factor that is key for the self-renewal and pluripotent abilities of ESCs!'+181,
KLF4 is a protein critical for the regulation of cellular proliferation, differentiation and self-renewal!>-2!l. SOX2 is another transcrip-
tion factor required to maintain the proliferative ability and pluripotency of ESCs!'*!8l. ¢-MYC which is important for promoting
cell proliferation and differentiation, has been found to be present at elevated levels in RCC!822, CD44, a progenitor cell marker
involved in cell adhesion and migration, are associated with increased cancer aggressiveness, metastatic disease and morbidity of
RCC[15,23,24].

Earlier literature on RCC have used progenitor cell markers CD44 and CD133 as markers of CSCs in RCC?*2¢ and more
recent literature suggests the presence of CSCs in RCC that express ESC markers such as OCT4, NANOG, SOX2, KLF4 and
c-MYCB12141 Expression of CSC markers in RCC has been shown to be associated with a poorer prognosis!'>*'?71, Interestingly,
KLF4 is expressed at lower levels in cancer compared to normal tissues suggesting it acts as a tumor suppressor gene'l, Liu et al.,[*”
report up-regulation of c-MYC in RCC, suggesting its role as an oncogene. CD44 has previously been found to be expressed in RCC
and has been linked to poorer prognosis and treatment resistancel'>?1,

Current cancer treatments do not target CSCs, highlighting the need for the identification and characterization of CSCs,
potentially leading to the development of novel therapy by targeting this population within this tumor!®!,

In this study we identified and characterized CSCs in RCCC using IHC staining, in situ hybridization (ISH) and NanoString
mRNA analyses using CD44 as a marker for CSCs as in previous publications and ESC markers OCT4, NANOG, SOX2, KLF4 and
c-MYC.

Materials and Methods

Tissue Samples

RCCC tissue samples from six female and four male patients, aged 65-77 (mean 69.7) years were sourced from the Gillies
Mclndoe Research Institute Tissue Bank and used in this study, which was approved by the Northern B Health and Disability
Ethics Committee (Ref. 16/NTB/10). Informed written consent was obtained from all participants.

Histochemical Staining and Immunochemical Staining

Hematoxylin and eosin (H&E) staining was performed on 4um thick formalin-fixed paraffin-embedded sections of RCCC to
confirm the presence of RCCC on the slides, by an anatomical pathologist (HDB). All sections underwent 3,3-diaminobenzidine
(DAB) IHC staining carried out on the Leica Bond Rx auto-stainer (Leica, Nussloch, Germany) as previously described?®.. Primary

antibodies used for IHC staining were CD44 (1:1500; cat #MRQ-13; Cell Marque, Rocklin, CA, USA), NANOG (1:100; cat#ab80892,
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Abcam, Cambridge, MA, USA), OCT4 (1:30; catfMRQ-10, Cell Marque), SOX2 (1:200; cat#PA1-094, Thermo Fisher Scientific,

Rockford, IL, USA), KLF4 (1:200; cat#NBP2-24749SS, Novus Biologicals LLC, Littleton, CO, USA) and ¢-MYC (1:1000;
cat#9E10, Abcam).

To demonstrate co-expression of the proteins, two representative RCCC samples from the original cohort of ten patients
underwent immunofluorescence (IF) THC staining using the same primary antibodies as well as using a combination of Vectafluor
Excel anti-rabbit 594 (ready-to-use; cat# VEDK -1594, Vector Laboratories, Burlingame, CA, USA) and Alexa Fluor anti-mouse
488 (1:500; cat# A21202, Life Technologies) to detect combinations of NANOG, OCT4, SOX2, c-MYC and KLF4.

Human tissues used for positive controls for the primary antibodies were seminoma for NANOG and OCT41%, skin for
SOX2B% breast cancer for KLF4U'"), prostate tissue for c-MYCP!! and tonsil for CD4452. Negative controls were performed using a
section of RCCC tissue with the use of primary isotype mouse (ready-to-use; cat# IR750, Dako, Copenhagen, Denmark) and rabbit
(read-to-use; cat# IR600, Dako) anti-bodies, to determine the specificity of the amplification cascade.

Cell Counting and Statistical Analyses

Counting of cells that stained positively on DAB IHC staining for the ESC markers NANOG, SOX2, OCT4, c-MYC and KLF4 was
carried out on six fields of view, containing the highest number of positive staining for each marker and for each RCCC sample at
400x magnification. A combined total was taken and the proportion of cells that stained positively for each CSC marker was then
calculated, as previously described™!.

Statistical analysis with related sample t-tests was performed using SPSS Statistics version 22. y* tests were also carried out
to investigate the presence of significant difference in the proportions of cells staining positively between the markers.

In-situ Hybridization

Representative 4pm-thick formalin-fixed paraffin-embedded sections of six RCCC samples from the original cohort of ten patients
used for the DAB THC staining underwent ISH staining, carried out on the Leica Bond Rx auto-stainer and detected using the
ViewRNA™ ¢Z Detection Kit 1-Plex (Affymetrix, Santa Clara, CA, USA), as previously described®®.. The probes used were as
follows: NANOG (NM_024865), SOX2 (NM_003106), OCT4 (NM_002701), c-MYC (NM_002467), KLF4 (NM_004235), all
sourced from Affymetrix. Human positive controls used were seminoma for NANOG and OCT4, skin for SOX2, prostate tissue for
¢-MYC and breast cancer for KLF4. A negative control was performed on each run using the Baccillus (L38424) probe.

Image Analysis

DAB IHC- and ISH-stained slides were viewed and the images were taken using the Olympus BX53 light microscope fitted with an
Olympus DP21 digital camera. They were processed with the cellSens 2.0 Software (Olympus, Tokyo, Japan). IF IHC-stained slides
were viewed and the images were taken using the Olympus FV1200 biological confocal laser-scanning microscope and processed
using the 2D deconvolutional module of cell Sens Dimension 1.11 software (Olympus).

NanoString mRNA Analysis

RNA was extracted from four snap-frozen RCCC samples of the original cohort of ten patients used for the DAB IHC staining, and
analyzed using the NanoStringnCounter™ Gene Expression Assay (NanoString Technologies, Seattle, WA, USA), as previously
described!®24, RNA was extracted from tissues using a RN easy Mini Kit (Qiagen, Hilden, Germany) and quantitated by Qubit® 2.0
Fluorometer (Life Technologies). The RNA was quantitated using a Qubit® 2.0 fluorometer (Life Technologies) and then subjected
to 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) for integrity analysis prior to NanoStringnCounter™ expression
analysis assay, which was completed by New Zealand Genomics Ltd (Dunedin, NZ). Probes for the mRNA genes encoding NANOG
(NM_024865.2), SOX2 (NM_003106.2), OCT4 (NM_002701.4), c-MYC (NM_002467.3), KLF4 (NM_004235.4) and the house-
keeping gene GUSB (NM_000181.1) were designed and manufactured by NanoString Technologies.

Results

Histochemical and DAB Immunohistochemical Staining

H&E staining confirmed the presence of RCCC on the slides (Fig. 1A) for all ten RCCC samples used for DAB IHC staining,
which demonstrated cytoplasmic staining for CD44 (Fig. 1B), moderate to strong nuclear staining for NANOG (Fig. 1C) and
SOX2 (Fig. 1D) weak nuclear staining for OCT4 (Fig. 1E), moderate to strong nuclear staining for c-MYC (Fig. 1F) and moderate
cytoplasmic staining for KLF4 (Fig. 1G). There was no staining for these ESC markers on a normal kidney sample (data not shown).
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Figure 1: Representative hematoxylin and eosin stained section of renal clear cell carcinoma (A) and 3,3-diaminobenzidine immunohistochemical
stained sections (B-G) showing membranous staining for CD44 (B, purple), nuclear staining of NANOG (C, purple , arrows), SOX2 (D, brown,
arrows), OCT4 (E, brown, arrow) and c-MYC (F, purple, arrows) and cytoplasmic staining of KLF4 (G, purple, arrows). Nuclei were counter

-stained with hematoxylin (A-G, blue). Original magnification: 400x.

Positive control human tissues: seminoma for NANOG (Fig. 2A), skin for SOX2 (Fig. 2B), seminoma for OCT4 (Fig. 2C),

prostate tissue for c-MYC (Fig. 2D), breast cancer for KLF4 (Fig. 2E) and tonsil for CD44 (Fig. 2F) showed the expected staining
pattern for each marker. As expected there was minimal staining of RCCC tissue in both the DAB IHC mouse and rabbit isotype
negative controls (Fig. 2G).
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Figure 2: Positive human control tissues of 3,3-diaminobenzidine immunohistochemical (DAB IHC)-stained sections of seminoma for NANOG (A,
purple), skin for SOX2 (B, brown), seminoma for OCT4 (C, brown), prostate tissue for c-MYC (D, brown), breast cancer for KLF4 (E, purple) and
tonsil for CD44 (F, brown). Negative control (G) performed on a renal clear cell carcinoma section using isotype negative controls for the DAB IHC,
confirmed specificity of the primary isotype antibody (G). Nuclei were counter-stained with hematoxylin (A-G, blue). Original magnification:
400x.

Cell Counting and Statistical Analyses

Cell counting of the DAB IHC-stained slides demonstrated relatively high proportions of cells stained positively for
SOX2 (83%), NANOG (86%), and c-MYC (80%); a lower proportion of cells stained positively for KLF4 (14%) and
for OCT4 (8%) (Fig. 3). Statistical analysis demonstrated a significant difference between the proportion of cells that
stained positively for OCT4 and KLF4 compared to the proportion of cells that stained positively for the other markers
(p<001).
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Figure 3: Proportion of cells stained positively for NANOG, SOX2,c-MY C,KLF4 and OCT4 on DAB IHC-stained slides of renal clear cell carcinoma
samples from six patients. Statistical analysis showed these results to be significant (p < 0.001). Error bars represent mean +/- standard deviation.

Immunofluorescence Immunohistochemical Staining

To demonstrate co-expression of ESC markers, IF IHC staining was carried out on two representative RCCC samples from the original cohort of
ten patients included for the DAB IHC staining. The expression of CD44 (Fig. 4A-C, green) was localized to the cell membrane of the cells that
also expressed nuclear staining for SOX2 (Fig. 4A, red), NANOG (Fig. 4B, red) and KLF4 (Fig. 4C, red). OCT4 (Fig. 4D-F, green) was localized
to the nuclei of a subpopulation of the cells that also expressed SOX2 (Fig. 4D, red), NANOG (Fig. 4E, red) and KLF4 (Fig. 4F which appeared
orange white arrows). The expression of c-MYC (Fig. 4G-I, green, white arrows) was localized to the cytoplasm of the cells that also expressed
SOX2 (Fig. 4G, red). NANOG (Fig. 4H, red), and intriguingly in a subpopulation that also expressed KLF4 (Fig. 41, red, white arrows).

Figure 4: Representative immunofluorescence immunohistochemical stained sections of renal clear cell carcinoma demonstrating the co-expres-
sion of CD44 (A-C) with SOX2 (A), NANOG (B) and KLF4 (C). Staining for OCT4 (D-F, green) performed with SOX2 (D, red), NANOG (E,
red) and KLF4 (F, red) c-MYC (G-I, green) was co-expressed with SOX2 (G, red) and NANOG (H, red) with only a proportion that also expressed
KLF4 (1, red, white arrows). Cell nuclei are displayed by 4’6’-diamidino-2-phenylindole staining (A-I, blue). Scale bars: 20um.

Images of the individual IF IHC stains shown in Figure 4 are presented in Figure 5. As expected, there was minimal staining
of sections of RCCC in IF THC staining mouse and rabbit isotype negative controls (Fig. 5S).
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Figure 5: Split images of immunofluorescence immunohistochemical-stained sections of renal clear cell carcinoma shown in Figure 4 demonstrat-
ing expression of SOX2 (A, red) and CD44 (B, green), NANOG (C, red) and CD44 (D, green), KLF4 (E, green) and CD44 (F, green), SOX2 (G,
red) and OCT4 (H, green), NANOG (I, red) and OCT4 (J, green), KLF4 (K, green) and OCT4 (L, green), KLF4 (M, green) and c-MYC (N, green),
SOX2 (O, red) and c-MYC (P, green), NANOG (Q, red) and c-MYC (R, green). An isotype negative control section of RCCC showed specificity
of the fluorescent antibody (S). Cell nuclei (A-S, blue) are displayed by 4’6’-diamidino-2-phenylindole staining. Scale bars: 20um.
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NanoString mRNA Analysis
NanoString mRNA analysis confirmed the presence of mRNA transcripts for NANOG, OCT4, c-MYC and KLF4 while SOX2 was
below detectable levels (Fig. 6). RNA integrity analysis confirmed that 2 of the 4 samples had RIN > 7.

Figure 6: NanoString mRNA analysis showing relative expression of the embryonic stem cell marker genes over the housekeeping gene GUSB,
confirming the presence of mRNA transcripts of NANOG, c-MYC, KLF4 and OCT4 in renal clear cell carcinoma, while SOX2 was below de-
tectable levels.

In-situ Hybridization
ISH confirmed the presence of mRNA transcripts for NANOG (Fig. 7A), SOX2 (Fig. 7B), OCT4 (Fig. 7C), c-MYC (Fig. 7D) and
KLF4 (Fig. 7E) in all six RCCC samples examined.

Figure 7: Representative in situ hybridization stained sections of renal clear cell carcinoma demonstrating mRNA expression of NANOG (A, pink,
arrows), SOX2 (B, pink, arrows), OCT4 (C , pink, arrows), c-MYC (D , pink, arrows) and KLF4 (E , pink, arrows). Nuclei were counter-stained
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with hematoxylin (A-E , blue). Original magnification: 1000x.

Appropriate staining was seen on positive control tissues for NANOG (Fig. 8A), SOX2 (Fig. 8B), OCT4 (Fig. 8C), c-MYC
(Fig. 8D) and KLF4 (Fig.8E) indicating the presence of mRNA transcripts in the controls. The negative control performed on each
run showed no mRNA transcripts for any of the markers (Fig. 8F).

Figure 8: Positive human control in situ hybridization stained sections of seminoma for NANOG (A pink, arrows), skin for SOX2 (B pink, ar-
rows), seminoma for OCT4 (C, pink, arrows), normal prostate tissue for c-MYC (D pink, arrows) and breast cancer (E, pink, arrows). Negative
control (F) performed on a section of Bacillus confirmed the specificity of the secondary antibody. Nuclei were counter-stained with hematoxylin
(A-F, blue). Original magnification: 1000x

Discussion

There is a growing body of evidence supporting the crucial role of CSCs in cancer development and proliferation with the
expression of CSC markers being linked to poor prognosis®*”. In this study, DAB IHC staining showed the expression of the
progenitor cell marker CD44 as reported in previous studies®*** and ESC markers NANOG, SOX2, OCT4, c-MYC and KLF4, in all
ten RCCC samples examined. Expression of these five ESC markers was confirmed by ISH, which showed the presence of mRNA
transcripts for all five ESC markers in all the ten RCCC samples studied. NanoString mRNA analysis demonstrated the expression
of c-MYC and KLF4, NANOG and OCT4 relative to the housekeeping gene, GUSB. Interestingly the expression of SOX2 was
below detectable levels in all four samples studied. This finding may be explained, in-part, by the degradation of RNA in the
samples.

KLF4 has been associated with tumor suppressor functions in various cancer types including melanoma, breast cancer
and RCCE'. Qur study demonstrated relatively low expression of KLF4 by IHC staining, but with higher levels of expression by
NanoString mRNA analysis, which may be attributed to sampling bias.

Intriguingly the high proportion of cells staining positively for SOX2 by DAB IHC staining was supported by ISH, but not
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NanoString mRNA analysis. This transcriptional finding is consistent with other reports, which have shown decreased transcriptional
expression of SOX2 in RCC compared to normal tissue®?”. The relatively high proportion of cells that stained positively on IHC
staining may represent potentially ‘hang-over protein’ following transcriptional deactivation.

NANOG was expressed at high abundance by IHC staining and by NanoString mRNA analysis. This finding is in contrast
to a recent report showing decreased expression of NANOG in RCCE” although that study included all types of RCC, and not just
RCCC.

We have observed a high abundance of ¢c-MYC by IHC staining and NanoString analysis. IF THC staining demonstrated
co-expression of c-MYC with both the SOX2 and NANOG by immuno-reactive cells, with a subpopulation of the c-MYC" cells also
expressing KLF4. This suggests that the more abundant CSCs express SOX2, NANOG and c-MYC, with a putative subset of these
cells that also expresses KLF4, although this remains a topic of further investigation.

IHC staining showed a similar abundance of cells expressing OCT4, as that for KLF4. It is intriguing that that only some
of the cells that express SOX2 and NANOG, while all of the cells that express KLF4 also express OCT4. We therefore infer that the
OCT4" cells are a subset of NANOG'/SOX2" CSCs and propose that the OCT4*/KLF4" cells represent a relatively less abundant
but putatively more primitive CSCs, consistent with a putative hierarchy in glioblastomal!33¢!,

Our study shows the expression of progenitor cell marker CD44 in RCCC using IHC staining, as reported in a large body of
literature to identify CSCs in RCC!'S and we have expanded the panel of markers to include ESC markers NANOG, SOX2, OCT4,
¢-MYC, KLF4 which are markers also involved in iPSCI'®!7, THC staining showed relatively high expression of CD44 co-expressed
with SOX2 and NANOG. This suggests the presence of putative progenitor cells within RCCC that also express the ESC markers!!'>24,

Taken together it is exciting to speculate that the most abundant and potentially the most ‘mature’ CSC phenotype in RCCC
is the SOX2*/NANOG'/c-MYC" subpopulation with a subset that also express KLF4 and OCT4, being the most ‘primitive’ CSC
phenotype. However, the proof of this is beyond the scope of this study.

There is evidence supporting the presence of a hierarchy in CSCs!'#3¢l, Our findings suggest the putative presence of
CSC heterogeneity within RCCCP”38, with a more primitive and least abundant CSCs expressing OCT4 and KLF4, and a more
downstream CSC phenotype expressing SOX2, NANOG, and c-MYC, although further work is needed to conclusively determine
this.

A limitation to the study is the relatively small sample size, however, our novel findings may shed light on a putative CSC
hierarchy in RCCC, and future larger studies are required to confirm the significance of this.

Previous reports have shown an increased rate of metastases and a lower survival in patients with RCC that express ESC
markersl), highlighting the need for further investigation into the use of ESC markers to monitor disease progression and treatment
outcome. It is hoped that this research will add to the current knowledge of CSCs in RCC and provide a basis for further research
into this very exciting field of research.

CSCs are present in RCCC and with a spectral abundance level at both the transcriptional and translational levels. These
findings are in support of heterogeneity of CSC phenotypes within RCCC.
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