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Abstract: Clear cell renal cell carcinoma (ccRCC) incidence has been rising in recent years, with
strong association between differential microRNA (miRNA) expression and neoplastic progression.
Specifically, overexpression of miR-155-5p has been associated with promoting aggressive cancer in
ccRCC and other cancers. In this study, we further investigate the role of this miRNA and one of its
protein targets, Jade-1, to better understand the mechanism behind aggressive forms of ccRCC. Jade-1,
a tumor suppressor, is stabilized by Von-Hippel Lindau (VHL), which is frequently mutated in ccRCC.
Experiments featuring downregulation of miR-155-5p in two ccRCC cell lines (786-O and Caki-1)
attenuated their oncogenic potential and led to increased levels of Jade-1. Conversely, knockdown
experiments with an anti-Jade-1 shRNA in 786-O and Caki-1 cells showed increased metastatic
potential through elevated proliferation, migration, and invasion rates. In a mouse xenograft model,
downregulation of miR-155 decreased the rate of tumor implantation and proliferation. Direct
interaction between miR-155-5p and Jade-1 was confirmed through a 3′UTR luciferase reporter assay.
These findings further elucidate the mechanism of action of miR-155-5p in driving an aggressive
phenotype in ccRCC through its role in regulating Jade-1.

Keywords: miR-155-5p; Jade-1; Clear cell renal cell carcinoma (ccRCC); metastasis; Von-Hippel
Lindau (VHL); microRNAs

1. Introduction

Renal cell carcinoma (RCC) is a malignant neoplasm of the kidney that currently
constitutes about 2% of all global cancer diagnoses [1]. RCC is heterogeneous and can be
further partitioned histologically, with clear cell renal cell carcinoma (ccRCC) being the most
common [2] and associated with the worst survival prognosis [1]. Incidence rates of these
tumors have been steadily rising over the past two decades due to advanced cross-sectional
imaging, with the greatest absolute increase in small renal masses (<4 cm) [3]. Despite the
traditional association with good prognosis for these lesions [4] and the opportunity for
early intervention conferred through advancement in diagnostics, approximately 20–30%
of small renal masses are potentially aggressive lesions [5]. As a result, while pathologic
stage has been the principal indicator of ccRCC progression [6], recent studies have fo-
cused on identifying alternative methods to classify and address these small renal masses.
Biomarkers, which are molecular markers that can aid in predicting disease progression [7],
can be used in this manner. The expression levels of protein [7], microRNAs (miRNAs) [8],
long non-coding RNAs [9], and transcription factors [10] have shown utility in predicting
patient outcomes in ccRCC patients.

MiRNAs are small, non-coding RNAs of about 22 nucleotides in length that gener-
ally function to repress mRNA expression by binding to the 3′UTR and inducing degra-
dation [11]. Each miRNA can modulate the expression of numerous targets, and each
transcript may be regulated by hundreds of miRNAs, creating a network of interaction
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between these factors and their downstream effectors [12]. Several algorithms have been
created to help identify these potential targets by estimating potential base pair alignments
of miRNAs and the UTRs of protein coding genes. While the human genome likely encodes
over 2500 miRNAs (https://www.mirbase.org/, accessed on 23 January 2023), this study
furthers the investigation of miR-155-5p, which has been shown to play a vital role in
oncogenesis [13,14].

MiR-155-5p has been shown to act as a proinflammatory, oncogenic miRNA in a
variety of cancers [15]. Specifically, upregulation of miR-155-5p promotes proliferation and
metastasis by targeting various tumor suppressing genes in bladder [16], colorectal [17,18],
and breast cancer [19]. In addition, increased levels of miR-155-5p have been associated
with poorer survival in several cancers, including pancreatic [20], bladder [21], hepatocellu-
lar [22], and non-small cell lung cancer [23]. Previous studies also indicate that miR-155-5p
plays a role in ccRCC development and progression [24,25]. In individuals diagnosed with
RCC, miR-155-5p upregulation was associated with decreased time to progression [24,26].
Additionally, miR-155-5p induces epithelial–mesenchymal transition (EMT) in RCC and
therefore promotes cellular processes associated with metastasis [13]. The oncogenic effects
of miR-155-5p have been demonstrated at both the organismal and cellular level; in a
xenograft mouse model, miR-155-5p promoted growth of RCC [13] neoplasms, and in
RCC cells, transfection with anti-miR-155-5p suppressed growth while miR-155-5p mimic
promoted proliferation and migratory ability [13]. Moreover, our previous investigation
noted that increased levels of miR-155-5p were associated with pT1 small renal masses that
later progressed to metastatic disease [27]. The impact of a specific miRNA on cell behavior
is through the transcripts and pathways with which they interact, allowing miRNA to
regulate the entire network. As such, identifying protein targets is imperative to unraveling
the mechanisms of oncogenesis.

Function of the Von Hippel–Lindau (VHL) protein is diminished in more than 80%
of ccRCC cases, through allele deletion, promoter methylation, or mutations [28].The
VHL protein normally functions in controlling cellular functions such as cell growth
and division [29]. In ccRCC, VHL downregulation is mirrored by downregulation of
Jade-1 [30]. The Jade-1 protein, a growth-suppressive ubiquitin ligase [31], is a suspected
tumor suppressor thought to regulate apoptosis and cancer cell growth [32–34] and is
predominantly localized in cell nuclei [35]. Two forms of Jade-1 have been reported: a
full-length protein Jade-1L (95 kD) and a smaller splice variant Jade-1S (58 kD), the smaller
form being the one most well described [36]. Jade-1 has previously been noted for its strong
interaction with VHL [29], and it is suspected that VHL stabilizes and prolongs Jade-1
half-life [29]. Furthermore, in cell lines without VHL, Jade-1 degradation was significantly
increased [33]. Clinically, Jade-1 expression has been associated with RCC irrespective of
VHL [33], together suggesting an important role for Jade-1 in ccRCC development, and
RCC patients with lower levels of Jade-1 had significantly shorter survival [34].

Here, miR-155-5p and Jade-1 are investigated in two ccRCC cell lines; in particular,
through their connection to the key metastatic processes of proliferation, migration, and
invasion. In addition, this study seeks to clarify the potential role of the interaction between
miR-155-5p and Jade-1 and how this may affect phenotypes associated with metastasis
in ccRCC.

2. Results
2.1. Survival Analyses

Jade-1 was investigated because it was identified by four prediction algorithms to
be a likely target of miR-155-5p, and its dysregulation has been implicated in ccRCC
oncogenesis [33,34]. Expression levels of mir-155-5p (n = 516) and Jade-1 (n = 528) from the
ccRCC TCGA dataset [37] were examined for their association with overall survival. All
stages of ccRCC were included, and the median expression level was used as the cutoff.
Higher expression levels of miR-155-5p and lower levels of Jade-1 transcript expression were

https://www.mirbase.org/
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associated with significantly poorer overall survival (HR = 1.89, 95% CI 1.39–2.57 p < 0.001
and HR = 1.62, 95% CI 1.20–2.19 p = 0.002, respectively) (Figure 1).
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Figure 1. Overall survival data for all stage ccRCC patients from the TCGA dataset. (A) Higher miR-
155-5p expression in ccRCC tumors was significantly associated with poorer overall survival. (B) Lower
Jade-1 expression in ccRCC tumors was significantly associated with poorer overall survival.

2.2. Knockdown of miR-155-5p and Jade-1

To investigate the effects of miR-155-5p and Jade-1 in ccRCC cell lines, stable knock-
down lines were established. The transcript levels of miR-155-5p were attenuated through
CRISPR/Cas9 knockout in cell line 786-O (Figure 1A). PCR assaying and two independent
rounds of Sanger sequencing were utilized to ensure deletion of the miR-155-5p genomic
region (see Supplementary Materials for details). Likewise, lentiviral transduction of anti-
miR-155-5p in cell line Caki-1 led to diminished expression of miR-155-5p (Figure 2A).
Additionally, Jade-1 protein levels were significantly reduced following transfection with
lentiviral shRNA constructs with unique sequences in 786-O and Caki-1 (Figure 2B). West-
ern blot analysis resulted in a consistent band across all samples and gels of ~60 kD, which
is consistent in size with the Jade-1S splice variant. We did not observe consistent bands in
the molecular weight range of Jade-1L.

2.3. miR-155-5p Directly Targets the 3′UTR of Jade-1

All four of the prediction algorithms we utilized identified Jade-1 as a target of miR-
155-5p. Each algorithm identified a site in the 3′UTR at positions 1257–1264 (Figure 3A).
In addition, two algorithms identified a site at positions 492–498, and a single algorithm
identified a third site at positions 77–90. Unique plasmids were prepared containing the WT
Jade-1 3′UTR as well as a 3′UTR with a mutated 1257–1264 site (see supplemental materials
for details). A luciferase reporter assay was performed to confirm the interaction of miR-
155-5p and the Jade-1 3′UTR. A significant reduction in the Renilla/Firefly luminescence
ratio was observed 24 h after co-transfection of miR-155-5p with either plasmid, compared
to negative control in 786-O cells (Figure 3B). In addition, there was a significant reduction
in the luminescence ratio of the WT in comparison to the mutant plasmid. These results
indicate that miR-155-5p directly binds to the 3′UTR of Jade-1. Furthermore, the protein
expression levels of Jade-1 were significantly increased when miR-155-5p was knocked
down in both 786-O and Caki-1 cells (Figure 3C).



Int. J. Mol. Sci. 2023, 24, 7825 4 of 14Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Knockdown of miR-155-5p and Jade-1. (A) Expression levels of miR-155-5p following 
CRISPR/Cas9 knockout in cell line 786-O (786-O Δ155) and lentiviral transduction with anti-miR-
155-5p in Caki-1 (Caki-1 α155). (B) Protein levels of Jade-1 following lentiviral shRNA transduction 
of 786-O and Caki-1. Representative Simple Western™ images inset to the right: the first lane of each 
pair corresponds to JADE-1 and the second is total protein detected for the same lane. * p < 0.05, ** 
p < 0.01, *** p < 0.001. 

2.3. miR-155-5p Directly Targets the 3′UTR of Jade-1 
All four of the prediction algorithms we utilized identified Jade-1 as a target of miR-

155-5p. Each algorithm identified a site in the 3′UTR at positions 1257–1264 (Figure 3A). 
In addition, two algorithms identified a site at positions 492–498, and a single algorithm 
identified a third site at positions 77–90. Unique plasmids were prepared containing the 
WT Jade-1 3′UTR as well as a 3′UTR with a mutated 1257–1264 site (see supplemental 
materials for details). A luciferase reporter assay was performed to confirm the interaction 
of miR-155-5p and the Jade-1 3′UTR. A significant reduction in the Renilla/Firefly lumi-
nescence ratio was observed 24 h after co-transfection of miR-155-5p with either plasmid, 
compared to negative control in 786-O cells (Figure 3B). In addition, there was a significant 
reduction in the luminescence ratio of the WT in comparison to the mutant plasmid. These 
results indicate that miR-155-5p directly binds to the 3′UTR of Jade-1. Furthermore, the 
protein expression levels of Jade-1 were significantly increased when miR-155-5p was 
knocked down in both 786-O and Caki-1 cells (Figure 3C). 

Figure 2. Knockdown of miR-155-5p and Jade-1. (A) Expression levels of miR-155-5p following
CRISPR/Cas9 knockout in cell line 786-O (786-O ∆155) and lentiviral transduction with anti-miR-
155-5p in Caki-1 (Caki-1 α155). (B) Protein levels of Jade-1 following lentiviral shRNA transduction
of 786-O and Caki-1. Representative Simple Western™ images inset to the right: the first lane of each
pair corresponds to JADE-1 and the second is total protein detected for the same lane. * p < 0.05,
** p < 0.01, *** p < 0.001.
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Figure 3. MiR-155-5p targets the 3′UTR of Jade-1. (A) The consensus binding site for miR-155-5p
at positions 1257–1264 of the Jade-1 3′UTR. (B) Luciferase activity with the WT Jade-1 3′UTR and
a mutant site compared to scramble negative control. (C) Protein expression of Jade-1 significantly
increased following knockdown of miR-155-5p in 786-O and Caki-1 cell lines. Representative Simple
Western™ images inset to the right: the first lane of each pair corresponds to JADE-1 and the second
is total protein detected for the same lane. * p < 0.05, ** p < 0.01.
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2.4. miR-155-5p and Jade-1 Affect Phenotypes Associated with Metastasis in ccRCC Cell Lines

Reduction of miR-155-5p expression significantly decreased the rates of proliferation,
migration, and invasion for both 786-O and Caki-1 cell lines in vitro compared to negative
controls (Figure 4A–E). In addition, the rate of tumor implantation decreased significantly
for the miR-155 knockdown line in vivo (20% for ∆155 cells vs. 90% for WT, p = 0.006), and
the reduction in miR-155 expression significantly diminished ccRCC tumor growth in vivo
(Figure 4F,G).
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Figure 4. The reduction in levels of miR-155-5p significantly impacted cell attributes associated
with metastasis in both ccRCC cell lines. (A,B) Representative images of the migration and invasion
assays (scale bars represent 200µm). With decreased levels of miR-155-5p decreases for in vitro
(C) proliferation, (D) migration, and (E) invasion rates were observed. In vivo xenograft tumor
results for (F) tumor volume and (G) tumor weight. * p < 0.05, ** p < 0.01.

Reduced levels of Jade-1 significantly increased the rates of proliferation, migration,
and invasion for both 786-O and Caki-1 cell lines compared to negative controls (Figure 5).



Int. J. Mol. Sci. 2023, 24, 7825 6 of 14Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 5. The reduction in the level of Jade-1 significantly enhanced cell attributes associated with 
the metastatic phenotype in both ccRCC cell lines. (A,B) Representative images of the migration and 
invasion assays (scale bars represent 200µm).. (C) Cell proliferation following transfection with anti-
Jade-1 shRNA. (D) Cell migration following transfection with anti-Jade-1 shRNA. (E) Cell invasion 
following transfection with anti-Jade-1 shRNA * p < 0.05, ** p < 0.01. 

3. Discussion 
MiRNAs are important regulators of gene expression and have been implicated in 

cancer, both as oncogenic and tumor suppressive players [38]. This is especially true for 
ccRCC, where miRNAs such as miR-15a [39], miR-21 [40], miR-221 [41] and miR-149-5p 
[42] have been identified in connection with the disease. In addition, miRNAs have the 
potential to serve as biomarkers and may help to serve in the management of RCC [43]. 
Of particular interest is miR-155-5p, which has been explored both in terms of its role in 
promoting EMT in ccRCC [13,44,45] and its link with poorer patient outcomes [27,46,47]. 
For clinicians, identifying and addressing recurrence is vital in managing disease, and 
miR-155-5p specifically has been linked to increased recurrence risk [38]. Within ccRCC 
specifically, the oncogenic characteristics of miR-155-5p have been confirmed in previous 
work by our lab [27], which identified an association between high expression of miR-155-
5p in stage I ccRCC and progression to metastatic disease. MiR-155-5p has also been 
demonstrated to mediate characteristics of ccRCC progression such as proliferation, mi-
gration, and invasion [13,44,45]. Furthermore, other studies have examined the utility of 
miR-155-5p as a biomarker for prognostic outcomes in those with ccRCC [48,49]. Beyond 
prognosis, a recent paper by Sequeira et al. 2022 found that miR-155-5p aided in accurate 
detection of RCC from patient plasma [50]. 

The evidence detailed in this study further supports the oncogenic role of miR-155-
5p in ccRCC. Expression levels of miR-155-5p in the ccRCC TCGA dataset demonstrate a 
significant association between higher levels of miR-155-5p and poorer overall survival 
(Figure 1A). We established stable lines knocking down miR-155-5p in Caki-1 cells with 
an anti-miR, and in 786-O cells via CRISPR/Cas9 (Figure 2A). Proliferation, migration, and 

Figure 5. The reduction in the level of Jade-1 significantly enhanced cell attributes associated with
the metastatic phenotype in both ccRCC cell lines. (A,B) Representative images of the migration and
invasion assays (scale bars represent 200µm). (C) Cell proliferation following transfection with anti-
Jade-1 shRNA. (D) Cell migration following transfection with anti-Jade-1 shRNA. (E) Cell invasion
following transfection with anti-Jade-1 shRNA * p < 0.05.

3. Discussion

MiRNAs are important regulators of gene expression and have been implicated in
cancer, both as oncogenic and tumor suppressive players [38]. This is especially true for
ccRCC, where miRNAs such as miR-15a [39], miR-21 [40], miR-221 [41] and miR-149-
5p [42] have been identified in connection with the disease. In addition, miRNAs have the
potential to serve as biomarkers and may help to serve in the management of RCC [43].
Of particular interest is miR-155-5p, which has been explored both in terms of its role in
promoting EMT in ccRCC [13,44,45] and its link with poorer patient outcomes [27,46,47]. For
clinicians, identifying and addressing recurrence is vital in managing disease, and miR-155-
5p specifically has been linked to increased recurrence risk [38]. Within ccRCC specifically,
the oncogenic characteristics of miR-155-5p have been confirmed in previous work by our
lab [27], which identified an association between high expression of miR-155-5p in stage
I ccRCC and progression to metastatic disease. MiR-155-5p has also been demonstrated
to mediate characteristics of ccRCC progression such as proliferation, migration, and
invasion [13,44,45]. Furthermore, other studies have examined the utility of miR-155-5p
as a biomarker for prognostic outcomes in those with ccRCC [48,49]. Beyond prognosis, a
recent paper by Sequeira et al. 2022 found that miR-155-5p aided in accurate detection of
RCC from patient plasma [50].

The evidence detailed in this study further supports the oncogenic role of miR-155-5p
in ccRCC. Expression levels of miR-155-5p in the ccRCC TCGA dataset demonstrate a
significant association between higher levels of miR-155-5p and poorer overall survival
(Figure 1A). We established stable lines knocking down miR-155-5p in Caki-1 cells with an
anti-miR, and in 786-O cells via CRISPR/Cas9 (Figure 2A). Proliferation, migration, and
invasion were significantly decreased in both cell lines following knockdown (Figure 4),
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supporting the role of miR-155-5p in driving ccRCC progression. In addition, in a mouse
xenograft model, the knockdown of miR-155 expression significantly decreased the rate
of tumor implantation and proliferation (Figure 4). Western blotting in both stable lines
revealed an increase in Jade-1 compared to negative control, suggesting an association
between these two factors. A limitation of this study is that we limited the in vivo study to
measurements of tumor size and implantation rate, but we did not specifically monitor for
metastasis, nor did we investigate other protein markers specifically related to invasiveness
or the EMT phenotype.

Direct binding of miR-155-5p to the 3′UTR was confirmed with a luciferase assay
(Figure 3B). Luciferase expression was significantly lower when transfected with the WT
3′UTR and miR-155-5p compared to WT and negative control (p < 0.01) or mutant and
miR-155-5p (p < 0.05). Interestingly, even with mutation of the 1257–1267 binding site of
the Jade-1 3′UTR, a significant reduction in luciferase ratio compared to negative control
was observed (p < 0.05), but significantly less so than the WT plasmid. This significant
reduction for the mutated plasmid suggests the presence of miR-155-5p binding not only at
the 1257–1267 site but also to additional target site(s) within the Jade-1 3′UTR—possibly
site 492–498 and/or site 77–90. A limitation of our work is that we only investigated a
single region of the Jade-1 3′UTR.

Lower levels of Jade-1 transcript expression were associated with significantly poorer
overall survival in the ccRCC TCGA dataset (Figure 1B), the converse of the association
for miR-155-5p. Likewise for the TCGA dataset, lower levels of Jade-1 were associated
with significantly poorer overall survival in lung adenocarcinoma and prostate cancer
(https://www.proteinatlas.org/, accessed on 23 January 2023). We examined the effects
of Jade-1 on the cancer phenotype in ccRCC cell lines by establishing stable cell lines with
a lentiviral anti-Jade-1 shRNA (Figure 2B). Proliferation, migration, and invasion were
increased in both cell lines compared to negative control following knockdown of Jade-1
(Figure 5). We note a limitation of this study: although it would have been interesting to
try and restore the levels of Jade-1 in an effort to investigate if increased levels of Jade-1
are associated with a less aggressive phenotype, it has been demonstrated that artificially
increasing levels of Jade-1 can be cytotoxic [36]; therefore, we limited our investigation to
inferring the effects of Jade-1 based on knockdown of the protein.

Jade-1 expression is shown here to be at least partially regulated by miR-155-5p. The
strengths of our study include that to our knowledge, this study is the first to investigate
the regulation of Jade-1 by non-coding RNA in ccRCC. The significance of Jade-1 as a
tumor suppressor has previously been identified, particularly through its association with
VHL [29]. Jade-1 expression is stabilized by VHL [29], and in the absence of VHL, Jade-1
degradation was significantly increased [33]. Within ccRCC specifically, Jade-1 expression
has been shown to be prognostic for renal cancer regardless of VHL expression [33]. This
finding is supported by the present study, as Jade-1 knockdown enhanced the aggressive-
ness in the two cell lines we tested, which included both VHL mutant (786-O) and wild
type (Caki-1) cell lines. In addition to its interaction with VHL, the tumor-suppressive role
of Jade-1 has also been demonstrated through its regulation as a transcription factor of
AKT [51] and beta-catenin [52].

To our knowledge, there are no prior reports of Jade-1 with respect to the metastatic
phenotypes of proliferation, migration, and invasion in ccRCC, though there are studies
highlighting the role of VHL in this regard [53–55]. Due to the prominent role of VHL in
ccRCC, and its reported strong interaction with Jade-1, this is a potential mechanistic axis
for study. In pancreatic cancer stem cells, Jade-1 has been implicated in the EMT phenotype
through the AKT/mTOR pathway [56]. Additionally, Zeng et al. [51] reported that reduced
Jade-1 expression is a poor prognostic factor in ccRCC and is associated with activation of
an AKT signature. In light of these details, and the well supported role of AKT/mTOR in
regard to EMT in ccRCC [57], increased scrutiny of Jade-1 as a tumor suppressor of ccRCC
and a potential agent inhibiting the EMT phenotype is much needed.

https://www.proteinatlas.org/
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4. Materials and Methods
4.1. Cell Culture

The human ccRCC lines 786-O (ATCC® CRL-1932™) and Caki-1 (ATCC® HTB-46™)
(American Type Culture Collection, Manassas, VA, USA) were cultured under standard
conditions (37 ◦C, 5% CO2). 786-O, a VHL mutant RCC cell line with altered HIF and
VEGF pathways, was derived from a primary epithelial clear cell adenocarcinoma and
maintained in RPMI 1640 (ATCC). Caki-1, derived from a metastatic site on the skin, is a
VHL wild type RCC cell line characterized by high VEGF production, and was grown in
McCoy’s 5A media (ATCC). All media were supplemented with 10% fetal bovine serum,
penicillin/streptomycin, and L-glutamine.

4.2. Identification of miR-155-5p Protein Targets

Potential protein targets of miR-155-5p were identified using four prediction algo-
rithms: TargetScan v7.0 (https://www.targetscan.org/, accessed on 11 October 2021) [58],
miRmap (https://mirmap.ezlab.org/, accessed on 11 October 2021) [59], miRDB (https:
//mirdb.org/, accessed on 11 October 2021) [60], and microT-CDS v5.0 (https://diana.
e-ce.uth.gr/home, accessed on 11 October 2021) [61]. We screened for protein targets
that were predicted by all of these algorithms. From a consensus list, the potential pro-
tein targets of miR-155-5p were screened through an extensive literature search focusing
on reported tumor suppressor genes identified as being dysregulated in ccRCC. Subse-
quently, we finalized candidates using the Human Protein Atlas (https://www.proteinatlas.
org/, accessed 18 October 2021) [62]. We focused on downregulated tumor suppressor
genes associated with poor outcomes in both early- and later-stage ccRCC, using the
TCGA dataset.

4.3. Knockdown of miR-155 by CRISPR/Cas9

Parental wild type (WT) 786-O cells were used to generate a miR-155 knockout (∆155)
cell line. Knockout cells were generated by Synthego (Redwood City, CA, USA) using
single guide RNAs (sgRNA) specific to miR-155. The two sgRNA sequences used were
CAGGUGGCACAAACCAGGAA and AUGGAACAAAUUGCUGCCGU. sgRNAs and
SpCas9 were transfected into cells by optimized electroporation to form a ribonucleo-
protein (RNP) complex. Successful excision was verified by PCR followed by Sanger
sequencing, using the forward TGCCTAAAGGTAACAATGTCATCT and reverse TGAA-
CAAGCCAAAACCTGCA PCR primers. ∆155 cells were enriched through four rounds of
limiting dilutions. For each repeat, DNA was isolated from cells using the Qiagen QIAamp
DNA Blood Mini Kit (51104, Qiagen, Hilden, Germany). Subsequently, PCR was conducted
using a second set of custom primers (forward TCACTCCAGCTTTATAACCGCA and
reverse GGTCACTGGGATGTTCAACCT), also designed to flank the miR-155 region, and
deletion was verified by agarose gel electrophoresis. Additionally, the deletion of miR-155
was confirmed in the selected line via sequencing by a third party (Azenta, Burlington,
MA, USA).

4.4. Lentiviral Transduction of ccRCC Cells with shRNA and Anti-miR

Lentiviral shRNA constructs targeting Jade-1 were obtained from Origene (Rockville,
MD, USA), while anti miR-155-5p miArrest™ construct was acquired from Genecopoeia
(Rockville, MD, USA). The individual manufacturer’s protocols were used to establish
stable cell lines for each construct in addition to negative control. Caki-1 and 786-O WT cells
were transduced with the Jade-1 shRNA construct, with unique sequences used for each
cell line (Caki-1: TL302510VA-GTTGGAGGATGAGTTCTACACCTTCGTCA and 786-O:
TL302510VB-GACGGCAATGAGATGGTGTTCTGTGACAA) as well as a corresponding
scrambled negative control. Caki-1 cells exclusively were transduced with the anti-miR-155-
5p construct and corresponding scrambled negative control. Stable parental cell strains of
shRNA constructs targeting Jade-1 and anti-miR-155-5p (α-miR-155-5p) were maintained

https://www.targetscan.org/
https://mirmap.ezlab.org/
https://mirdb.org/
https://mirdb.org/
https://diana.e-ce.uth.gr/home
https://diana.e-ce.uth.gr/home
https://www.proteinatlas.org/
https://www.proteinatlas.org/
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in media supplemented with selection agent (puromycin and hygromycin respectively)
while cell assays were performed with daughter cells in media devoid of selection agent.

4.5. Real-Time PCR of miR-155-5p Expression

Relative expression levels of miR-155-5p were measured in the ∆155 and α-miR-155-5p
cell lines and compared with controls via Real-Time PCR. Reverse transcription of RNA
and expression measurements of miR-155-5p and the normalization control RNU43 were
assessed using the TaqMan system (assay IDs 467534 and 001095, Applied Biosystems,
Foster City, CA, USA) following the manufacturer’s instructions on a CFX thermal cycler
(Bio-Rad, Hercules, CA, USA). The normalization of miR-155-5p expression was performed
using the comparative C(T) method [63].

4.6. Cell Proliferation Assay

Cells were seeded into 35 mm dishes (Corning Costar Corporation, Cambridge, MA,
USA) in duplicate at a density of 2 × 104 cells/mL, determined using a hemocytometer
(American Optical Corporation, Buffalo, NY, USA). Forty-eight [48] hours after culturing,
RealTime-Glo™ MT Cell Viability Assay (Promega, Madison, WI, USA) reagents were
added to each dish at a 1:2000 dilution. Luminescence readings were obtained utilizing the
GloMax® 20/20 Luminometer (Promega, Madison, WI, USA) 1 h after the addition of the
Cell Viability reagents. This process was repeated at 72 h after culturing.

4.7. Cell Migration and Invasion Assays

In vitro migration and invasion assays were conducted using modified Boyden cham-
bers containing Transwell membrane filter inserts (8 µm pores, Corning) in 24 well plate
reservoirs. Migration assays were conducted by planting chambers in wells filled with
serum free medium supplemented with fibronectin (10 µg/mL). For the invasion assay for
the wild type and ∆155 786-O cells, was run with the upper surface of the membrane coated
with Matrigel (Becton-Dickinson, Franklin Lakes, NJ, USA), diluted 1:80 and placed in wells
filled with 10% media. For the remaining 786-O and Caki-1 cell lines, Corning® BioCoat™
Matrigel® Invasion Chamber, 8.0 µm PET Membrane 24-well permeable supports (354480,
Corning Costar Corporation, Cambridge, MA, USA) were used. For all invasion assays,
cells were seeded in serum-free media on the upper surface of the membrane and allowed
to move towards the underside of the membrane for 24 h (786-O) or 36 h (Caki-1) cell lines,
at 37 ◦C. For each assay, cells that crossed the membrane were fixed in 10% w/v neutral-
buffered formalin (Simport, QC, Canada) and stained with DAPI (Invitrogen, Carlsbad,
CA, USA) (1:500 dilution in PBS, 1% Triton X-100).

Cell counts for all migration and invasion assays of wild type and ∆155 786-O cells
were obtained using a fluorescent capable microscope (Evos; Advanced Microscopy Group,
Bothwell, WA, USA)—three unique image frames per well, and three wells per individual
experiment. Cell counts for the remaining invasion assays of 786-O and Caki-1 cell lines were
obtained from four unique image frames per well and two wells per individual experiment.

4.8. Xenograft Model

The effects of miR-155 on in vivo ccRCC cell growth were explored in a xenograft
model using ten nude athymic mice (Jackson Laboratories, Bar Harbor, ME, USA). All mice
were housed in a facility with a controlled humidity, room temperature, and light cycle.
They were fed in the isolation cages with access to food and water ad libitum. 786-O WT
(negative control) and 786-O CRISPR edited ∆155 cells were subcutaneously inoculated
into opposing flanks of the mice with a 20 G needle with a quantity of 5 × 106 cells,
administered in 200 uL of sterile 1× PBS. The cell lines were tested for Mouse Parvovirus
(MPV/MVM) by Charles River Laboratories (Wilmington, MA, USA) prior to inoculation.
After ten weeks, the mice were euthanized, and, subsequently, the tumors were removed,
measured, and weighed. The tumor volume was calculated using the following formula:
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length × width2 × 3.14/6. Animal experiments were approved by the Institutional Animal
Care and Use Committee of Lahey Hospital and Medical Center.

4.9. Luciferase Assay

Vectors were prepared with the full-length human Jade-1 3′UTR linked to the Firefly
luciferase gene as well as the Renilla luciferase gene for normalization (Genecopoeia,
Rockville, MD, USA). One vector comprised the WT 3′UTR of Jade-1 that contained the
theoretical interaction sites of miR-155-5p. An additional vector was created to assess a
potential binding site of miR-155-5p through site-directed mutagenesis. 786-O WT cells
were seeded at a density of 5 × 104 cells/mL into CELLSTAR 24-well dishes. After 24 h,
the media was replaced with Opti-MEM™ Reduced Serum Medium (31985062, Invitrogen).
Cells were then transfected with the appropriate vector (0.2 ug) along with either pre-miR-
155-5p or pre-miR-Precursor Negative Control #1 (30 nM each, Invitrogen, Cat# 4464066,
assay ID MC28440 and AM17110), delivered with Endofectin (Genecopoeia). Twenty-four
hours after transfection, the cells were lysed following the manufacturer’s protocol, and
luminescence was measured using the Luc-Pair™ Duo-Luciferase Assay kit (Genecopoeia)
using a GloMax luminometer (Promega). Firefly luminescence was normalized relative to
Renilla luminescence.

4.10. Western Blot Analysis

Cells were lysed in 200 µL/well of boiled 1× SDS-Laemmli (250 mM Tris-HCl, 4%
SDS, 10% glycerol, 0.003% bromophenol blue) from dishes displaying 70–80% confluency.
Lysates were obtained by scraping the dishes manually, followed by shearing with a
24-gauge needle. Protein concentration of each sample was determined via the BCA assay
(Pierce, Waltham, MA, USA). Lysates were standardized for total protein concentration
and volume using ProteinSimple sample buffer containing DTT, heated at 95 ◦C for 5 min,
then loaded in a unique well of a 12–230 kDa separation module on the Simple Western
Jess system (ProteinSimple, Santa Clara, CA, USA). Jade-1 primary antibody (PA5-30831,
Invitrogen) at a concentration of 1:10 was diluted in Antibody Diluent 2 (ProteinSimple).
Anti-rabbit secondary antibody (042-206, ProteinSimple) was used as supplied according to
the manufacturer’s protocol. Normalization of Jade-1 values against total protein expression
was conducted in a single capillary, using RePlex and Total Protein Detection reagents
(ProteinSimple), and each sample was tested in duplicate.

4.11. Statistical Analysis

All experiments were performed with a minimum of three independent trials. For the
cell assays, a two-tailed Welch’s t-test was conducted to determine if a statistically signifi-
cant difference in traits exists for cells undergoing treatment compared to negative control.
For the in vivo analyses of tumor volume and tumor weight, zero values (representing
failed implantations) were excluded from the analyses. The corresponding plots depict
the mean relative response rate for treated cells relative to negative controls (NC). Each
trial utilized a negative control corresponding to the appropriate cell line, and the response
values for each treatment are relative to the corresponding NC. Error bars represent the
standard error of the mean for each treatment. Since NC values are set to one, no error bars
are depicted for that condition. Although a unique NC was used for both cell lines, we
display a single NC bar in each chart for purposes of clarity. The categorical analysis for
tumor implantation was performed using Fisher’s Exact test.

The association of miR-155-5p with overall survival in ccRCC was investigated using
the Pan-cancer Kaplan-Meier Plotter (http://kmplot.com/analysis/ accessed 27 September
2021) [64], which utilizes the TCGA miRNA expression dataset. In addition, the association
of potential protein targets of miR-155-5p with overall survival were investigated for ccRCC,
using the TCGA gene transcript expression dataset at the Human Protein Atlas. For both
analyses, the median expression level was used as the cutoff, and groups were compared by
the log-rank test. For all analyses, a p-value less than 0.05 was considered to be significant.

http://kmplot.com/analysis/
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5. Conclusions

Upregulation of miR-155-5p has previously been established as an important risk
factor of ccRCC progression and aggressiveness. In the present study, we demonstrate
that this miRNA modulates proliferation, migration, and invasion in ccRCC cells, and
that its upregulation contributes to the suppression of Jade-1 in ccRCC cells. Furthermore,
we demonstrate that Jade-1 knockdown in ccRCC cells leads to increased proliferation,
migration, and invasion. These results highlight the need for investigations of Jade-1 and
miR-155-5p with respect to their treatment potential in the clinical setting.
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