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Kidney injury molecule-1 inhibits
metastasis of renal cell carcinoma

Jasper C. Lee™2¢, Demitra M. Yotis', JiYun Lee'?, Marie A. Sarabusky'?, Bradly Shrum?,
Audrey Champagne3, Ola Z. Ismail?, Elena Tutunea-Fatan?, Hon S. Leong* &
Lakshman Gunaratnam®%25"

Metastasis is present in approximately 30% of patients diagnosed with renal cell carcinoma (RCC)

and is associated with a 5-year survival rate of <15%. Kidney injury molecule 1 (KIM-1), encoded by
the HAVCR1 gene, is a proximal tubule cell-surface glycoprotein and a biomarker for early detection
of RCC, but its pathophysiological significance in RCC remains unclear. We generated human and
murine RCC cell lines either expressing or lacking KIM-1, respectively, and compared their growth and
metastatic properties using validated methods. Surprisingly, KIM-1 expression had no effect on cell
proliferation or subcutaneous tumour growth in immune deficient (Rag1l~-) Balb/c mice, but inhibited
cell invasion and formation of lung metastasis in the same model. Further, we show that the inhibitory
effect of KIM-1 on metastases was observed in both immune deficient and immune competent

mice. Transcriptomic profiling identified the mRNA for the pro-metastatic GTPase, Rab27b, to be
downregulated significantly in KIM-1 expressing human and murine RCC cells. Finally, analysis of The
Cancer Genome Atlas (TCGA) data revealed that elevated HAVCRI mRNA expression in the two most
common types of RCC, clear cell and papillary RCC, tumours correlated with significantly improved
overall patient survival. Our findings reveal a novel role for KIM-1 in inhibiting metastasis of RCC and
suggests that tumour-associated KIM-1 expression may be a favourable prognostic factor.

Metastases are the primary cause of cancer-related morbidity and mortality'. Identification of proteins that regu-
late the metastatic process can be of great clinical significance as predictive biomarkers or therapeutic targets?.
Renal cell carcinoma (RCC) is the most common form of kidney cancer and accounts for over 90% of all kidney
cancers’. The prognosis for patients with metastatic RCC is very poor with 5-year survival rates of 10-12% in
patients with stage IV RCC*. Due to a lack of effective screening tests for the early stages of the disease, over 30%
of patients present with metastases at the time of diagnosis®.

Kidney injury molecule-1 (KIM-1) is a type-1 cell surface glycoprotein expressed in over 90% of human
RCC tissue samples and is encoded by the HAVCRI gene®’. KIM-1 normally functions as a phosphatidylserine
receptor that transforms proximal tubular epithelial cells (PTECs) into semi-professional phagocytic cells that
can recognize and engulf apoptotic and necrotic cells, and is a highly upregulated marker of renal injury in the
proximal tubule®-!1,

KIM-1 is overexpressed in the two most prevalent forms of RCC, clear cell RCC and papillary RCC, and is
touted to become a novel non-invasive biomarker for the early diagnosis of the disease through the detection
of the shed ectodomain in the urine and blood of patients”!?. In contrast, KIM-1 is absent in normal kidney
tissue, and in patients with RCC tumours testing positive for KIM-1 expression before nephrectomy, showed
either complete or marked reduction in KIM-1 expression post-nephrectomy®!2. The biological significance of
KIM-1 overexpression in RCC remains unclear. While some groups have proposed that KIM-1 may drive RCC
cell proliferation and tumour progression, our data is not congruent!*-'>. KIM-1 expression by RCC cells is
associated with increased levels of TGE-f, which has been shown to promote metastatic invasion in independent
studies'®!”. We previously demonstrated that KIM-1 expression on injured renal proximal tubular cells inhibits
Gay, activation downstream signalling via RhoA—a small GTPase implicated in invasion and metastasis'®. The
precise role KIM-1 plays in RCC pathogenesis remains poorly understood. Here, we sought to determine the
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pathophysiologic and prognostic significance of tumour-associated KIM-1 in RCC using validated human and
murine models, as well as The Cancer Genome Atlas (TCGA) dataset, respectively.

Materials and methods

Mice. Female wild-type (WT) BALB/c mice (Charles River Laboratory, Wilmington, MA) and immune-defi-
cient C129-Rag (Ragl™") mice (Jackson Laboratory, Bar Harbor, ME) were used in the experimental metastasis
model. All animal protocols and experiments were approved by Western University’s Animal Use Subcommittee
in compliance with the guidelines set by the Canadian Council of Animal Care. This study was carried out in
compliance with the ARRIVE guidelines.

RCC cell lines and cell culture. Human 786-O renal cell adenocarcinoma (CRL-1932) and murine renal
adenocarcinoma (Renca) (CRL-2947) cells were purchased from American Type Tissue Collection (ATCC). We
and others have previously been reported that 786-O cells endogenously express functional KIM-1'*%°, Renca
cells were cultured in RPMI-1640 medium, supplemented with 25 mM HEPES (Lonza, Walkersville, MD), 10%
fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 2 mM L-glutamine (ThermoFisher Scientific, Waltham,
MA), 1 mM sodium pyruvate (ThermoFisher Scientific, Waltham, MA), 0.1 mM non-essential amino acids
(ThermoFisher Scientific, Waltham, MA), and 5% penicillin streptomycin (PS; Invitrogen). Stable Renca cell
lines were maintained with 2 mM puromycin dihydrochloride (Sigma-Aldrich, St. Louis, MO). 786-O cells were
cultured in complete DMEM medium (Wisent Bioproducts, Saint-Jean Baptiste, QC), supplemented with, 10%
FBS, and 5% PS. Stable 786-O cell lines were maintained with 400 wy/ml geneticin sulfate (G418; Santa Cruz
Biotechnology, Santa Cruz, CA) in a humidified incubator (5% CO,, 37 °C).

Stable expression of KIM-1.  Lentivirus open reading frame (ORF) particles containing a vector with the
murine KIM-1 gene, HAVCRI and a puromycin resistance gene (MR203831L3V; Origene, Rockville, MD) were
used to transduce Renca cells (herein referred to as KIM-1P* Renca). A lentivirus ORF particle containing the
same vector but lacking the KIM-1 transcript (PS100092V; Origene) was used as a negative control (KIM-1"¢
Renca). Polyclonal cells were selected post transfection, and stable cell lines were isolated via complete DMEM
medium supplemented with puromycin (according to manufacturer’s recommendations).

shRNA knockdown of endogenous KIM-1.  Lentiviral particles containing three human KIM-1-specific
constructs encoding shRNA (sc-61691-V; Santa Cruz Biotechnology) were used to knockdown KIM-1 in the
786-0 cell line (herein referred to as 786-O-shKIM-1). Control transduction was done using scrambled shRNA
lentiviral particles (786-O-shControl) (sc-108080; Santa Cruz Biotechnology). Polyclonal clones were selected
post transfection, and stable cell lines expressing the respective sShRNA constructs were maintained in puromy-
cin dihydrochloride (Santa Cruz Biotechnology)?'.

Invasion assay. Transwell culture plates with 8.0-um-pore-size polycarbonate membrane filter inserts with
6.5 mm diameter (Corning, NY) were used to perform invasion assays. Plate wells were filled with serum-free
media (SFM) or complete media with 10% FBS (Renca in RPMI; 786-O in DMEM). Renca cells were resus-
pended in SFM at a concentration of 2 x 10° cells/ml. 786-O cells were resuspended in SFM at a concentration
of 1x10° cells/mL. Cells were seeded in the Transwell inserts coated with 200 uL of Matrigel (1:100 dilution in
SEM; BD Biosciences, NJ) 12 h prior to seeding of cells. The assembled plates were incubated for 24 h in a 37 °C,
5% (v/v) CO, incubator. After incubation, insert membranes were dyed with eosin (Sigma-Aldrich, Oakville
CA) and toluidine blue (Sigma-Aldrich, Oakville CA). Light microscopy was used to quantify the migrated and
invaded cells (Leica Microsytems).

Experimental metastasis model. Renca cells were injected (5x10° cells/mouse) into the lateral tail
veins of 8-10-week-old female WT BALB/c mice. To study whether KIM-1-mediated inhibition of metastasis
is dependent on adaptive immunity, Renca or 786-O cells were instead injected into the tail veins of immune-
deficient BALB/c (Ragl™") mice in the same manner as described above. All mice were sacrificed at day 17 post
injection.

Western blot. Cell lysates from 786-O or Renca cell lines were collected with 4% (w/v) sodium dodecyl
sulfate (SDS; Bio Basic Inc.) in 1 x phosphate buffered saline. Total protein was quantified using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL). The lysates were boiled for 5 min at 95 °C to denature
proteins. Samples were separated by SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Mil-
lipore, Billerica, MA) for 50 min at 90 V. Membranes were blocked with 3% (w/v) BSA (bovine serum albumin;
Bio Basic Cat No. AD0023) in TBST (Tris-buffered saline, 0.2% Tween-20) for 30 min and then incubated over-
night at 4 °C with anti-murine KIM-1 goat primary antibody (dilution 1:2000; Cat No. AF1817, R&D Systems,
Minneapolis, MN) or anti-human monoclonal KIM-1 antibody (AKG, a kind gift from Dr. Bonventre) and
anti-GAPDH monoclonal monoclonal or I-19 anti-p-Actin polyclonal antibody (dilution 1:1; Cat No. Sc-32233,
and Cat No. Sc-1616, Santa Cruz Biotechnology). After incubating with the appropriate horse radish peroxidase
(HRP)-conjugated secondary antibodies, the proteins were visualized using chemiluminescent HRP substrate
(Millipore, Billerica, MA). The images for Renca cell lines were captured and analyzed using the Licor C-digit
imaging device and Image Studio Lite, respectively. Western blots of human RCC cell lines (769-P and 786-O
shControl and shKIM-1) reactive bands were observed by Super Signal West Pico (ThermoFisher Scientific,
Waltham, MA). Blots were exposed onto blue X-Ray film and developed using the Kodak M35A-X-OMAT.
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Resulting protein bands were scanned using a Brother Scanner from the film (Brother Electronics), generating
a grey scale image.

Visualization of metastatic nodules. Lungs were dyed via intra-tracheal injection of 15% India black
ink (Superball, Statesville NC). Lungs were excised and placed in a beaker of distilled water for 5 min to wash
off excess ink. Lungs were then transferred into Fekete’s solution and incubated overnight at 4 °C before being
washed with 1 x PBS. Metastases were counted under a low power light microscope (Leica Microsystems, etc.).

RNA sequencing. RNA extraction and cDNA library synthesis were performed following standard pro-
tocols. Libraries were sequenced using the Illumina NextSeq 500 sequencer (Illumina Inc., San Diego, CA).
RNA-sequencing (RNAseq) data were analyzed using the Partek Flow software (Partek Inc., St. Louis, MO) to
compare differences in gene expression between KIM-1P** and KIM-1"¢ Renca cells. Gene pathway and gene
set enrichment were performed to determine biological pathways and specific enriched genes relevant to inva-
sion and metastasis. Significant enriched genes of KIM-1P* vs. KIM-1"¢ cell lines were arranged into a heat
map. Enriched genes were filtered through TMM normalization with reads less than 100 excluded. Further
stringencies for significance and fold change were applied to only account for genes with p-values<0.05, and
fold changes of — 1.5 to 1.5. All analyses for heat maps and enriched gene lists were performed using Partek Flow
Inc. Technology.

TCGA RNAseq analyses. HAVCRI (KIM-1) mRNA expression in human RCC was observed using The
Cancer Genome Atlas (TCGA) RNA-sequencing for Pan-Kidney KIPAN database; including patient informa-
tion from KIRC (Kidney Clear Cell Carcinoma), KIRP (Kidney Papillary Carcinoma) and KICH (Kidney Chro-
mophobe Carcinoma) TCGA databases combined. KIPAN primary data were extracted from http://gdac.broad
institute.org/ with all transcripts quantified and normalized by RSEM Software??. Raw KIPAN primary data
was organized into a working Excel file to analyse all clinical and survival patient data. KIPAN data was filtered
based oft HAVCRI expression being elevated in KIRC and KIRP, but not in KICH. Using the working excel file,
KIPAN data was filtered to analyzed KIRC and KIRP combined, as well as KIRC alone and KIRP alone. Differ-
ences in HAVCRI mRNA expression between matched normal adjacent tissues vs. tumour tissues were analyzed
using Normality and Lognormality statistics for KIRC and KIRP combined, KIRC alone and KIRP alone. Fur-
thermore, differences in HAVCRI mRNA expression between non-matched normal adjacent tissues vs. tumour
tissues were analyzed using Normality and Lognormality statistics for KIRC and KIRP combined, KIRC alone
and KIRP alone. Lastly, the ratio calculated between matched normal adjacent tissues vs tumour tissues were
analyzed using Normality and Lognormality statistics for KIRC and KIRP combined, KIRC alone and KIRP
alone. Tumour stage vs HAVCRI mRNA expression was compared using Kruskal-Wallis statistical analysis for
KIRC and KIRP combined, KIRC alone and KIRP alone. Survival curves were used to compare differences
between low and high (L/H) HAVCRI expressors vs overall patient survival. Survival curves for both female and
male low and high (L/H) HAVCRI expressors vs overall patient survival were analyzed to compare differences
between sexes. All survival analyses were based off patients’ most recent follow up (months) and performed
using Kaplan-Meier statistics. Low and high (L/H) 50%, and 30% HAVCRI expressors were examined for KIRC
and KIRP combined, as well for KIRC alone and KIRP alone. Clinical characteristics of top and bottom L/H 50%
expressors for HAVCRI are listed in Table 1.

Statistical analysis. Differences in means between KIM-1P* and KIM-17% groups for all results were ana-
lyzed using unpaired two-tailed ¢ tests. Statistical significance was defined as *p <0.05; **p<0.01; ***p <0.001.
Statistical analyses were performed using the GraphPad Prism, version 8 software (GraphPad Software Inc.; La
Jolla, CA).

Results and discussion
KIM-1 expression does not alter RCC cell proliferation or tumour growth in vivo. We explored
the role of tumour-associated KIM-1 in RCC using human and murine models. We silenced endogenous KIM-1
in human 786-O cells**?** using shRNA (Fig. 1A,B), and expressed exogenous murine KIM-1 (KIM-1P%) in
murine Renca (RCC) cells using lentiviruses [Renca cells do not express endogenous KIM-1] (Fig. 1C,D). The
effectiveness of knockdown or transfection was assessed at the mRNA and protein level as shown in Fig. 1.
Targeted silencing of KIM-1 or KIM-1 overexpression had no effect on RCC cell proliferation in both human
(786-0) and murine (Renca) cells in vitro (Fig. 2A,C).

Moreover, we did not observe any significant differences in KIM-1-dependent tumour growth upon subcu-
taneous implantation of either 786-O or Renca cells into the flanks of immune-deficient (Rag-17'") Balb/c mice
(Fig. 2B,D). Taken together, these data indicate that KIM-1 does not promote RCC tumour growth characteristics.

KIM-1 expression inhibits RCC cell invasion. Given the absence of KIM-1-dependent effects on RCC
cell proliferation and tumour growth in vivo, we investigated the potential role of KIM-1 in altering the meta-
static potential of both human and murine RCC cells. First, we used the Transwell invasion assay to compare
invasion differences between shKIM-1 and shControl 786-O cells. shKIM-1 786-O cells showed significantly
reduced invasive capability compared with shControl 786-O cells (Fig. 3A). Similar differences were observed
with invasion differences between KIM-1P* and KIM-1"¢ Renca cells. KIM-1P* Renca cells showed significantly
reduced invasive capability compared with KIM-1"¢ Renca cells (Fig. 3B). Given that the Matrigel invasion
assay provides a physiologically relevant model to study the invasive potential of tumorigenic cells®, our data
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Variable Top 50% Bottom 50%
Disease code

Kidney clear cell carcinoma 273 (61.48) 259 (68.51)
Kidney papillary carcinoma 171 (38.51) 119 (26.8)
Age 60.96832579 | 60.82493369
Sex

Male 298 (67.11) | 117 (30.95)
Female 146 (32.88) 261 (69.04)
Race

White 364 (81.98) | 303 (80.15)
American Indian or Alaskan 2(0.45) 0(0)

Black or African American 53(11.93) 64 (16.93)
Asian 10 (2.25) 4(1.05)
n/a 15(3.37) 7 (1.85)
Stage

Stage I 252 (56.75) 187 (49.47)
Stage II 43 (9.68) 35 (9.25)
Stage IIT 93 (20.94) 81 (21.42)
Stage IV 42 (9.45) 57 (15.07)
n/a 14 (3.15) 18 (4.76)
Pathologic M

m0 285 (64.18) 231 (61.11)
ml 39 (8.78) 49 (12.96)
Mx 109 (24.54) | 92 (24.33)
n/a 11 (2.47) 6 (1.58)
Pathologic N

no 154 (34.68) | 135 (35.71)
nl 21 (4.72) 19 (5.02)
n2 2(0.45) 2(0.52)
Nx 267 (60.13) 221 (58.46)
n/a 1(0.26)
Pathologic T

t1 29 (6.53) 15 (3.96)
tla 137 (30.85) | 111 (29.36)
tlb 100 (22.52) 74 (19.57)
t2 36 (8.10) 38 (10.05)
t2a 12 (2.70) 7 (1.85)
t2b 4(0.90) 5(1.32)

t3 8(1.8) 6 (1.58)
t3a 77 (17.34) 83 (21.95)
t3b 35 (7.88) 27 (7.14)
t3c 1(0.22) 2(0.52)

t4 3(0.6) 10 (2.64)
Tx 2(0.45)

Histologic grade

gl 10 (2.25) 4 (1.05)

g2 123 (27.70) 105 (27.77)
g3 109 (24.54) | 97 (25.66)
g4 29 (6.53) 47 (12.43)
gx 1(0.22) 4 (1.05)
n/a 172 (38.73) | 121 (32.01)

Table 1. Clinical characteristics of the top and bottom HAVCRI (KIM-1) mRNA expressing patients in the
KIRC and KIRP TCGA databases.
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Figure 1. Knockdown of human KIM-1 in 786-O cells and expression if murine KIM-1 in Renca RCC cells.
(A) 786-0O cell lines were transduced using lentivirus encoding either KIM-1 shRNA or a control sShRNA
plasmid. RT-qPCR of 786-0O cell lines normalized to housekeeping gene (GAPDH), showing successful
knockdown of KIM-1 mRNA in 786-O-shKIM-1, but not in 786-O-shControl (*p=0.0248). (B) Western
Blot analyses confirming KIM-1 protein knockdown in 786-O-shKIM-1, but not 786-O-shControl cell lines.
(C) Renca cell lines were transduced using lentivirus encoding either KIM-1 expressing (KIM-1P*) or non-
expressing (KIM-1"8) vectors. RT-qPCR of Renca cell lines normalized to housekeeping gene (GAPDH),
showing successful upregulation of KIM-1 in Renca KIM-1P%, but not Renca KIM-1" cell lines (**p <0.001).
(D) Western blot analyses confirming strong cellular KIM-1 protein expression in Renca KIM-1P, but not in
Renca KIM-1" cell lines. The cropped Western blots images in (A) and (B) were obtained from the same gel
but the resulting membranes were cut and probed with either anti-KIM-1 or anti-GAPDH antibodies for (A).
The exposures was optimized by the digital imaging system.

led us to conclude that KIM-1 expression in 786-O and Renca cells inhibits invasion in vitro. Our findings are
consistent with what had been reported by Cuadros et al. who showed that 786-O cells with enhanced KIM-1
shedding (i.e. less cell-surface KIM-1) resulted in increased invasiveness in vitro?®. However, a later study by the
same group demonstrated that KIM-1 overexpression in 769-P cells (human RCC cells which do not generate
tumours in vivo?) resulted in increased cell proliferation but inconclusive results in terms of migration- migra-
tion in KIM-1 overexpressing cells was delayed at early time points but proceeded to migrate faster than control
cells at later time points®.

KIM-1 inhibits the metastatic potential of RCC cells independent of adaptive immunity. To
test whether KIM-1 is involved in the regulation of other potential steps of the metastatic cascade, such as
extravasation and colonization of target organs, we compared the formation of lung (metastatic) nodule upon
intravascular injection of either 786-O or Renca cells into Ragl /- Balb/c mice?. Our data indicates that immune
deficient Rag-17/~ mice injected intravenously with shKIM-1 786-O cells exhibited significantly more metastatic
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Figure 2. KIM-1 expression does not alter the proliferation or spontaneous generation of tumours by human
and murine RCC cells. (A) Quantification of proliferation responses of human RCC 786-O-shControl and
786-0-shKIM-1 cell lines using BrdU (Bromodeoxyuridine) assay. Data are represented as mean+SD of n=3
independent experiments (p=0.1000, NS). (B) 786-O-shControl and 786-O-shKIM-1 tumour volumes (mm?)
and pictorial representation after 15 days of incubation in immune deficient Ragl~~ Balb/c mice. Data are
represented as mean + SD of n=6 independent experiments (p <0.0729, NS). (C) Quantification of proliferation
responses of Renca KIM-1P* and Renca KIM-1"¢ cell lines using BrdU (Bromodeoxyuridine) assay. Data are
represented as mean + SD of n=9 independent experiments (p=0.4363, NS). (D) Renca KIM-1P°® and Renca
KIM-1"*8 tumour volumes (mm?) and pictorial representation after 21 days of incubation in immune deficient
Ragl~~ Balb/c mice. Data points are represented as mean +SD of n=>5 independent experiments (p >0.05, NS).

lung nodules compared to mice injected with shControl 786-O cells (Fig. 4A). Moreover, we found that the
immune deficient Rag-17~ mice injected intravenously with KIM-1P° Renca cells developed significantly fewer
metastatic lung nodules compared with mice injected with KIM-1"8 Renca cells (Fig. 4B). Taken together, the
above data suggest that KIM-1 expression inhibits steps involved in the metastatic cascade of RCC cells includ-
ing invasion and extravasation. The response to immune checkpoint inhibitors in patients with metastatic RCC
underscores the importance of cells of the adaptive immune system in the disease process®. To determine if
KIM-1 inhibited lung metastasis in the presence of the adaptive immune system in our murine cell line, we
repeated injections of KIM-1P* and KIM-1"*8 Renca cells intravenously into immune-competent (wild type)
Balb/c mice. Importantly, we once again found that KIM-17** Renca cells developed significantly fewer meta-
static lung nodules compared with KIM-1"¢ Renca cells in Balb/c mice (Fig. 4C).

To confirm our findings using an independent human RCC cell line, we silenced endogenous KIM-1 in
human 769-P renal adenocarcinoma cells which also express endogenous KIM-1 using the lentiviral system
used in the 786-0 cells (Fig. S2A). Since 769-P cells did not form tumours in immune deficient mice (as stated
above), we used our validated chorioallantoic membrane (CAM) of chicken embryo model to compare extrava-
sation efficiency between 769-P shKIM-1 and 769-P shControl cells. In keeping with the from the intravenous
model of metastasis suing the 786-0O cells, we found that silencing of KIM-1 in 769-P cells significantly impeded
extravasation of RCC cells from the veins of chick embryos (Fig. S2B and S2C).

Taken together, our data indicates that the KIM-1-mediated inhibition of metastasis is inherent to the cancer
cells themselves, and not a by-product of the adaptive immune system targeting KIM-1 expressing cells in a more
efficient way. These results could be due to loss of KIM-1 expression, which may contribute to the metastatic
phenotype observed in RCC cells. However, this remains to be formally studied using human RCC metastatic
tissue samples.
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Figure 3. KIM-1 expression inhibits the invasion of human and murine RCC cells in vitro. (A) Invasion assay
quantification and pictorial representation of the number of invaded 786-O-shControl and 786-O-shKIM-1
cells using Transwell methodology. (B) Invasion assay quantification and pictorial representation of the
number of invaded KIM-1P* and KIM-1"¢ Renca cells using Transwell methodology. All invasion assays
performed with serum free media (SFM) conditions. All membrane images were taken at x 10 magnification
and scale bar =10 um. All data are represented as mean number of cells + SD; n=3 independent experiments (A
***p=0.006; B **p=0.0019), unpaired two-tailed t test).

To explore mechanisms underlying KIM-1-dependent inhibition of metastasis, we compared the transcrip-
tomic profiles of KIM-1P** and KIM-1"*8 Renca cells (Fig. S1). The most significant enriched gene was for the
pro-metastatic GTPase, Rab27b*, which was downregulated 29-fold in KIM-1P% vs. KIM-1"¢ Renca cells. We
were able to corroborate these data in human RCC cells—there was approximately 50% reduction in Rab27b
mRNA between 786-O shKIM-1 vs. 786-O shControl cells (Fig. S6). Interestingly, high expression of Rab27b
mRNA was shown to correlate with worse overall survival in patients with clear cell RCC (ccRCC) and papillary
RCC (pRCC)*.

KIM-1 expression in RCC patients predicts greater overall survival. Our current findings regard-
ing KIM-1 in RCC contrast that of several groups who have claimed that KIM-1 promotes tumour growth and
exacerbates cancer progression. Microvascular invasion (MVI) is defined by the invasion of cancer cells into the
endothelial walls of small blood vessels and is associated with higher risks of metastases and death in patients
with ccRCC!'*¥. Mijuskovic et al. (2018) showed that high degrees of MVI were associated with significantly
increased expression of tumour tissue KIM-1, and that urinary KIM-1 was associated with worse disease prog-
noses and higher TNM staging®. Their study therefore suggests that KIM-1 is associated with greater risks of
invasion and metastases in patients with ccRCC. We therefore sought to access the effect of KIM-1 expression on
patient survival, so we analyzed The Cancer Genome Atlas (TCGA) RNAseq database for mRNA expression of
HAVCRI. We found that RCC patients using KIRC and KIRP patient databases (both combined and individual
database analysis) expressed higher HAVCRI mRNA within their tumour tissues compared with their normal
adjacent tissues (Fig. 5A-C, Fig. S3A-C, Fig. S4A-C, Table 1), which supports our understanding that KIM-1 is
highly expressed in RCC tumours®. When we examined the relationship between KIM-1 expression and RCC
patient survival, however, we found that higher HAVCRI mRNA levels in patients were correlated with greater
overall survival (Fig. 5D). The survival curves corresponding to the female and male patients from the same
cohort are shown in figure S5. Taken together, these data suggest that although KIM-1 is highly expressed in
RCC tumours, increased KIM-1 expression is predictive of greater overall patient survival.
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Figure 4. KIM-1 expression decreases metastasis of human and murine RCC cells to the lungs in immune
deficient and immunecompetent mice. (A) Representative images and quantification of lung metastatic nodules
from Ragl~~ mice injected with 786-O-shControl 786-0-shKIM-1 cells (**p=0.0013). (B) Representative
images and quantification of lung metastatic nodules from Ragl~~ mice injected with Renca KIM-1P* and
Renca KIM-1" cells (*p=0.036). (C) Representative images and quantification of lung metastatic nodules from
BALB/c (wild type) mice injected with 5 x 10° Renca KIM-1P* and Renca KIM-1" cells (*p=0.0226). All data
are represented as the mean + SD of n=>5 mice in each group. All lungs were removed after a 17-day incubation
period and stained with 15% India black ink, then subsequentially counterstained with Fekete’s solution to
visualize metastatic nodules.

Overall, our findings propose a novel role for tumour-associated KIM-1 in the pathogenesis of RCC that may
be advantageous to patients. Moreover, elevated KIM-1 expression in tumour samples may serve as a positive
prognostic factor for patients. Our study is limited in that the KIM-1 mRNA from the TCGA was obtained from
primary tumour samples and not from metastatic tissues. Although the heterotopic tumour model used here con-
vincingly suggested that KIM-1 does not promote tumour growth, an orthotopic (intrarenal) strategy may have
offered additional insights into mechanisms of metastasis. The above conclusions may be congruent with previ-
ous findings from our group demonstrating that KIM-1 binds to and suppresses its activity of Ga,,'**%. Ga,, has
been demonstrated to promote metastasis in RCC via its activation by lysophosphatidic acid G-protein-coupled
receptor’®!. Gay, has also been shown to promote the expression of TGF-p1 through a Rho/Rac-dependent
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Figure 5. HAVCRI (KIM-1) expression is upregulated in RCC tumours and predicts improved overall of
patient with Clear Cell and Papillary RCC. (A) Paired comparison of adjacent tissue vs matched patient

tumour tissues reveals increased HAVCRI mRNA expression in tumour tissues (****p <0.0001; Normality

and Lognormality statistical analysis). (B) Non-paired comparison of adjacent tissues vs non-matched patient
tumour tissue reveals increased HAVCRI (KIM-1) mRNA expression in tumour tissues (****p <0.0001; Mann-
Whitney ¢ test). (C) RCC tumour stages vs adjacent tissues reveals increased HAVCRI mRNA expression in
both early and late stage RCC (****p <0.0001; Kruskal-Wallis statistical analysis). (D) Overall patient survival vs
HAVCRI (KIM-1) mRNA expression using 50% low/high expression cut-offs reveals increased overall survival
in patients with increased HAVCRI (**p =0.0059; Kaplan-Meier statistical analysis).
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Figure 6. Schematic representation of the potential interaction between KIM-1 and the Rho signaling pathway
in RCC cells. KIM-1 expression on RCC cells constrictively binds and inhibits Gal2 activation by blocking
GTP-exchange*. Inactivation of Gal2 results in downstream inhibition of the small GTPase Rho which has been
implicated in promoting the progression and migration of a variety of cancer cells>®. Schematic representation
of proposed effects how KIM-1 expression inhibits transcription of pro-metastatic Rab27b, possibly inhibiting
protein effects such as invasion and metastasis of RCC cells.

pathway, which ultimately leads to the induction of invasion (Fig. 6)*'. Rho-GTPases are downstream effectors
of Ga,, and are crucial to the processes of actin remodeling and invasion®'-**.

Received: 20 December 2020; Accepted: 19 May 2021
Published online: 04 June 2021

References

1. Fidler, 1. J. The pathogenesis of cancer metastasis: The “seed and soil” hypothesis revisited. Nat. Rev. Cancer 3, 453-458. https://
doi.org/10.1038/nrc1098 (2003).

2. Steeg, P. S. & Theodorescu, D. Metastasis: A therapeutic target for cancer. Nat. Clin. Pract. Oncol. 5, 206-219. https://doi.org/10.
1038/ncponcl066 (2008).

3. De, P. et al. Trends in incidence, mortality, and survival for kidney cancer in Canada, 1986-2007. Cancer Causes Control 25,
1271-1281. https://doi.org/10.1007/s10552-014-0427-x (2014).

4. American Cancer Society T. Cancer Facts and Figures (American Cancer Society, 2016).

5. Canadian Cancer Society T. Canadian Cancer Statistics 2015 (Canadian Cancer Society, 2015).

Scientific Reports |

(2021) 11:11840 | https://doi.org/10.1038/s41598-021-90919-8 nature portfolio


https://doi.org/10.1038/nrc1098
https://doi.org/10.1038/nrc1098
https://doi.org/10.1038/ncponc1066
https://doi.org/10.1038/ncponc1066
https://doi.org/10.1007/s10552-014-0427-x

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Bonventre, J. V. Kidney injury molecule-1: A translational journey. Trans. Am. Clin. Climatol. Assoc. 125,293-299 (2014) (discus-

sion 9).

. Zhang, P. L. et al. Urine kidney injury molecule-1: A potential non-invasive biomarker for patients with renal cell carcinoma. Int.

Urol. Nephrol. 46, 379-388. https://doi.org/10.1007/s11255-013-0522-z (2014).

. Han, W. K. et al. Urinary biomarkers in the early diagnosis of acute kidney injury. Kidney Int. 73, 863-869. https://doi.org/10.1038/

5j.ki.5002715 (2008).

. Ichimura, T. et al. Kidney injury molecule-1 is a phosphatidylserine receptor that confers a phagocytic phenotype on epithelial

cells. J. Clin. Investig. 118, 1657-1668. https://doi.org/10.1172/JCI34487 (2008).

Ismail, O. Z. et al. Kidney injury molecule-1 protects against Galphal2 activation and tissue damage in renal ischemia-reperfusion
injury. Am. J. Pathol. 185, 1207-1215. https://doi.org/10.1016/j.ajpath.2015.02.003 (2015).

Arai, S. et al. Apoptosis inhibitor of macrophage protein enhances intraluminal debris clearance and ameliorates acute kidney
injury in mice. Nat. Med. 22, 183-193. https://doi.org/10.1038/nm.4012 (2016).

Han, W. K. et al. Human kidney injury molecule-1 is a tissue and urinary tumor marker of renal cell carcinoma. J. Am. Soc. Nephrol.
16, 1126-1134. https://doi.org/10.1681/ASN.2004070530 (2005).

Cuadros, T. et al. HAVCR/KIM-1 activates the IL-6/STAT-3 pathway in clear cell renal cell carcinoma and determines tumor
progression and patient outcome. Cancer Res. 74, 1416-1428. https://doi.org/10.1158/0008-5472.CAN-13-1671 (2014).
Santiago-Agredano, B. et al. Prognostic value of microvascular invasion in predicting survival in renal cell carcinoma. Actas Urol.
Esp. 37, 504-512. https://doi.org/10.1016/j.acuro.2012.07.008 (2013).

Xu, J., Sun, L., Sun, W,, Tian, J. & Guo, H. Targeted silencing of kim-1 inhibits the growth of clear cell renal cell carcinoma cell line
786-0 in vitro and in vivo. Oncol. Res. 26, 997-1003. https://doi.org/10.3727/096504017X15140544654946 (2018).

Sabbiseti, V. S. KIM-1 is a novel therapeutic target in renal cell carcinoma, 74 (American Association for Cancer Research, 2014).
Bostrom, A. K., Lindgren, D., Johansson, M. E. & Axelson, H. Effects of TGF-beta signaling in clear cell renal cell carcinoma cells.
Biochem. Biophys. Res. Commun. 435, 126-133. https://doi.org/10.1016/j.bbrc.2013.04.054 (2013).

Ismail, O. Z., Zhang, X., Bonventre, J. V. & Gunaratnam, L. G protein alphal2 (Galphal2) is a negative regulator of kidney injury
molecule-1-mediated efferocytosis. Am. J. Physiol. Renal Physiol. 310, F607-F620. https://doi.org/10.1152/ajprenal.00169.2015
(2016).

Gandhi, R. et al. Accelerated receptor shedding inhibits kidney injury molecule-1 (KIM-1)-mediated efferocytosis. Am. J. Physiol.
Renal Physiol. 307, F205-F221. https://doi.org/10.1152/ajprenal.00638.2013 (2014).

Kondratowicz, A. S. et al. T-cell immunoglobulin and mucin domain 1 (TIM-1) is a receptor for Zaire Ebolavirus and Lake Victoria
Marburgvirus. Proc. Natl. Acad. Sci. U.S.A. 108, 8426-8431. https://doi.org/10.1073/pnas.1019030108 (2011).

Ismail, O. Z., Sriranganathan, S., Zhang, X., Bonventre, J. V,, Zervos, A. S., & Gunaratnam, L. Tctex-1 a novel interaction partner
of kidney injury molecule-1 is required for efferocytosis. J. Cell. Physiol. 233(10), 6877-6895. https://doi.org/10.1002/jcp.26578
(2018).

Li, B. & Dewey, C. N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 12, 323. https://doi.org/10.1186/1471-2105-12-323 (2011).

Ichimura, T. et al. Kidney injury molecule-1 (KIM-1), a putative epithelial cell adhesion molecule containing a novel immuno-
globulin domain, is up-regulated in renal cells after injury. J. Biol. Chem. 273, 4135-4142. https://doi.org/10.1074/jbc.273.7.4135
(1998).

Williams, R. D, Elliott, A. Y., Stein, N. & Fraley, E. E. In vitro cultivation of human renal cell cancer. I. Establishment of cells in
culture. In Vitro 12, 623-627. https://doi.org/10.1007/BF02797460 (1976).

Albini, A. & Noonan, D. M. The “chemoinvasion” assay, 25 years and still going strong: The use of reconstituted basement mem-
branes to study cell invasion and angiogenesis. Curr. Opin. Cell Biol. 22, 677-689. https://doi.org/10.1016/j.ceb.2010.08.017 (2010).
Cuadros, T. et al. Hepatitis A virus cellular receptor 1/kidney injury molecule-1 is a susceptibility gene for clear cell renal cell car-
cinoma and hepatitis A virus cellular receptor/kidney injury molecule-1 ectodomain shedding a predictive biomarker of tumour
progression. Eur. J. Cancer 49, 2034-2047. https://doi.org/10.1016/j.ejca.2012.12.020 (2013).

Miyake, M. et al. Erythropoietin is a JAK2 and ERK1/2 effector that can promote renal tumor cell proliferation under hypoxic
conditions. J. Hematol. Oncol. 6, 65. https://doi.org/10.1186/1756-8722-6-65 (2013).

Gomez-Cuadrado, L., Tracey, N., Ma, R., Qian, B. & Brunton, V. G. Mouse models of metastasis: Progress and prospects. Dis.
Model Mech. 10, 1061-1074. https://doi.org/10.1242/dmm.030403 (2017).

Motzer, R. J. et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell carcinoma. N. Engl. J. Med. 378, 1277-1290.
https://doi.org/10.1056/NEJMoal712126 (2018).

Hashimoto, S. et al. Lysophosphatidic acid activates Arf6 to promote the mesenchymal malignancy of renal cancer. Nat. Commun.
7, 10656. https://doi.org/10.1038/ncomms10656 (2016).

Lee, S.J. et al. The gep oncogenes, Galpha(12) and Galpha(13), upregulate the transforming growth factor-betal gene. Oncogene
28, 1230-1240. https://doi.org/10.1038/0nc.2008.488 (2009).

Miles, E. L., Pruitt, E. L., van Golen, K. L. & Cooper, C. R. Stepping out of the flow: Capillary extravasation in cancer metastasis.
Clin. Exp. Metastasis 25, 305-324. https://doi.org/10.1007/s10585-007-9098-2 (2008).

Braga, V. M., Del Maschio, A., Machesky, L. & Dejana, E. Regulation of cadherin function by Rho and Rac: Modulation by junction
maturation and cellular context. Mol. Biol. Cell 10, 9-22. https://doi.org/10.1091/mbc.10.1.9 (1999).

Lozano, E., Betson, M. & Braga, V. M. Tumor progression: Small GTPases and loss of cell-cell adhesion. BioEssays 25, 452-463.
https://doi.org/10.1002/bies.10262 (2003).

Hendrix, A. et al. Effect of the secretory small GTPase Rab27B on breast cancer growth, invasion, and metastasis. J. Natl. Cancer
Inst. 102, 866-880. https://doi.org/10.1093/jnci/djq153 (2010).

Tsuruda, M. et al. Oncogenic effects of RAB27B through exosome independent function in renal cell carcinoma including sunitinib-
resistant. PLoS ONE 15, €0232545. https://doi.org/10.1371/journal.pone.0232545 (2020).

Eisenberg, M. S. et al. Association of microvascular and capillary-lymphatic invasion with outcome in patients with renal cell
carcinoma. J. Urol. 190, 37-43. https://doi.org/10.1016/j.juro.2013.01.044 (2013).

Mijuskovic, M. et al. Tissue and urinary KIM-1 relate to tumor characteristics in patients with clear renal cell carcinoma. Int. Urol.
Nephrol. 50, 63-70. https://doi.org/10.1007/s11255-017-1724-6 (2018).

Author contributions

J.C.L. and D.M.Y conducted the research, collected and analyzed the data, prepared figures and wrote the manu-
script. J.Y.L, M.A.S, B.S. and O.Z.I conducted some of the research and collected the relevant data. A.C. partici-
pated in data analysis. E.T.-E helped with data collection and edited the manuscript. The chick embryo studies
were carried out in the laboratory of H.S.L. We would like to thank Yohan Kim and Fabrice Lucien for their
technical help with this assay. L.G. conceived the study and participated in study design, data analysis, editing
the manuscript. L.G is the most responsible author. All authors reviewed the manuscript.

Scientific Reports |

(2021) 11:11840 | https://doi.org/10.1038/s41598-021-90919-8 nature portfolio


https://doi.org/10.1007/s11255-013-0522-z
https://doi.org/10.1038/sj.ki.5002715
https://doi.org/10.1038/sj.ki.5002715
https://doi.org/10.1172/JCI34487
https://doi.org/10.1016/j.ajpath.2015.02.003
https://doi.org/10.1038/nm.4012
https://doi.org/10.1681/ASN.2004070530
https://doi.org/10.1158/0008-5472.CAN-13-1671
https://doi.org/10.1016/j.acuro.2012.07.008
https://doi.org/10.3727/096504017X15140544654946
https://doi.org/10.1016/j.bbrc.2013.04.054
https://doi.org/10.1152/ajprenal.00169.2015
https://doi.org/10.1152/ajprenal.00638.2013
https://doi.org/10.1073/pnas.1019030108
https://doi.org/10.1002/jcp.26578
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1074/jbc.273.7.4135
https://doi.org/10.1007/BF02797460
https://doi.org/10.1016/j.ceb.2010.08.017
https://doi.org/10.1016/j.ejca.2012.12.020
https://doi.org/10.1186/1756-8722-6-65
https://doi.org/10.1242/dmm.030403
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1038/ncomms10656
https://doi.org/10.1038/onc.2008.488
https://doi.org/10.1007/s10585-007-9098-2
https://doi.org/10.1091/mbc.10.1.9
https://doi.org/10.1002/bies.10262
https://doi.org/10.1093/jnci/djq153
https://doi.org/10.1371/journal.pone.0232545
https://doi.org/10.1016/j.juro.2013.01.044
https://doi.org/10.1007/s11255-017-1724-6

www.nature.com/scientificreports/

Funding

JYL was supported by an Ontario Graduate Scholarship. This study was supported by an internal operating grant
from the Schulich School of Medicine and Dentistry (Department of Medicine)—Western University awarded
to L.G.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-90919-8.

Correspondence and requests for materials should be addressed to L.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11840 | https://doi.org/10.1038/s41598-021-90919-8 nature portfolio


https://doi.org/10.1038/s41598-021-90919-8
https://doi.org/10.1038/s41598-021-90919-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Kidney injury molecule-1 inhibits metastasis of renal cell carcinoma
	Materials and methods
	Mice. 
	RCC cell lines and cell culture. 
	Stable expression of KIM-1. 
	shRNA knockdown of endogenous KIM-1. 
	Invasion assay. 
	Experimental metastasis model. 
	Western blot. 
	Visualization of metastatic nodules. 
	RNA sequencing. 
	TCGA RNAseq analyses. 
	Statistical analysis. 

	Results and discussion
	KIM-1 expression does not alter RCC cell proliferation or tumour growth in vivo. 
	KIM-1 expression inhibits RCC cell invasion. 
	KIM-1 inhibits the metastatic potential of RCC cells independent of adaptive immunity. 
	KIM-1 expression in RCC patients predicts greater overall survival. 

	References


