Our analysis of miRNA and mRNA gene expression in CsA-treated HK-2 cells
provides an updated and more in-depth profiling of RNA expression in this model of
CIN. Slattery et al. originally probed 7,070 genes by microarray to assess differential
regulation in HK-2 cells by CsA treatment (Slattery et al. 2005). 128 genes were
identified as significantly up or down-regulated. Analysis of these genes and subsequent
cellular and functional assays led the authors to conclude that CsA-induced EMT of
PTECs was a key event in the progression of CIN leading ultimately to fibrosis. Further,
from their analysis they identified TGFBI (one of the up-regulated genes) as a key
mediator of this pathophysiology. Their analysis did not include analysis of non-coding
RNAs or miRNAs.

In our study, we used the same cell line, drug concentration and length of
treatment. By using mRNA-seq to determine digital gene expression in treated vs control
cells we were able to achieve complete transcriptome coverage. Also, this method
allowed us to use ample replicates to assign significance to differential expression
calculations. We therefore were able to identify a much larger number of differentially
expressed genes with a high level of confidence. We used GSEA to systematically
identify the most enriched pathways and biological processes in treatment and control
cells. Our results did indeed support the standing model that CsA induces EMT which
contributes to CIN pathology. Further, we identified several signaling pathways which
are associated with EMT that were activated (Erbb/RTK, KRAS, TGF-8, ERK, WNT,
PI3K/AKT, NOTCH1). GSEA also confirmed at the transcriptional level some of the key
events in CsA-induced EMT which have been demonstrated at the cellular level: down-

regulation and disruption of cell-cell junction organization, ECM organization, and loss
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of apical-basal polarity. By focusing on families of genes we observed widespread down-
regulation of important tight junction and adherens junction genes, the claudins and
cadherins. In addition to the gene sets which maintain the structural integrity of the
epithelium we also observed direct dysregulation of the enzymes which impart some of
the PTECs’ specialized functions. Namely, a vast number of solute carrier family genes
were dysregulated (the majority were down-regulated). Thus, by transcriptional re-
programming, both structural and functional elements of the proximal tubule epithelium
are compromised by CsA.

In our mRNA-seq analysis we also identified discrepancies with the conventional
model of CsA-induced EMT in PTECs. Namely, although we identified evidence of
TGF-p signaling in GSEA we did not observe induction of the 7TGFBI gene itself nor the
TGFBI inducible gene. Further, two conventional markers of EMT and fibrosis
progression, ACTA2 and S100A44, were down-regulated rather than up-regulated. In
accordance with previous data, we observed up-regulation of VIM, SNAII, and SNAI2.
These discrepancies bear further validation by methods such as immunoblotting, ELISA,
and intracellular staining. The role and expression of TGF-f has been controversial in
studies examining CsA action on immune cells as well. At this point, we can only
speculate why we observed contrary results. One possibility is that factors related to the
culture of HK-2 cells are confounding results obtained by different labs. Although
guidelines for the culture of keratinocytes are prescribed by ATCC, there is great
variability in adherence to protocols within the literature. For instance, DMEM rather
than specified keratinocyte medium is often used. Typical DMEM formulations contain

far higher concentrations of glucose than base keratinocyte media. The effects of high
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glucose on TGF-f and PKC signaling have previously been reported (Ha, Yu, and Lee
2001). Often FBS is used when serum-free preparations are recommended, which may
confound signaling responses. Passage number and confluency of cells may also
contribute to the differences in reported results. Thus, it will be essential to perform
controlled experiments to determine the individual effects of each media component in
CsA treatment of proximal tubule epithelial cells.

Our mRNA-seq analysis uncovered several interesting connections to other
diseases and tissue-specific cellular processes. It is important to note that systemic
treatment with CsA in patients does not only impart direct toxicity to the kidneys, but
also may result in hypertension, neurotoxicity, metabolic abnormalities, gastrointestinal
side effects, infections, and risk of malignancies (Hardinger and Magee 2017). These
comorbidities may be directly related to nephrotoxicity, as, for instance, hypertension
may be caused by CsA-induced renal vasoconstriction and increased sodium transport
(Esteva-Font et al. 2007; Takeda et al. 1995). However, the pathophysiology of the
majority of CsA-induced comorbities is poorly understood.

Our GSEA analysis of the gene expression re-programming that takes place in
HK-2 cells revealed a number of pathways and genes which were altered that have
documented roles in neuron development and function as well as several types of cancer
and metastases. For instance, we identified by GSEA that CsA down-regulated a number
of genes which are expressed on the apical membrane surface of PTECs. This was also
the gene set with the largest absolute enrichment score in our analysis of the MiSigDB
Hallmark gene sets. A particularly interesting finding within this gene set was that CsA

reduced expression of the gene encoding amyloid beta precursor protein, A PP, by over
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50%. Although this protein is expressed in many tissues its functions are best understood
in the synapses of neurons where it has been implicated in regulating synapse function,
neural plasticity, and iron export (Priller et al. 2006; Turner et al. 2003; Duce et al. 2010).
As indicated by the name of this gene, the encoded protein is infamously cleaved to
produce beta amyloid (Af), the major component of amyloid plaques associated with
Alzheimer’s disease. Although CsA transport may be restricted by the blood-brain
barrier, studies have already demonstrated positive effects of CNIs on dementia in organ
transplant recipients (Taglialatela, Rastellini, and Cicalese 2015). Further, studies are
ongoing to evaluate the neuroprotective capacity of CsA in treatment of traumatic brain
injury (Dixon et al. 2016). Apical surface genes MAL and NTNG/ also have critical roles
in cells of the nervous system and in axonal growth. Further experiments are necessary to
determine the role of these apical genes in either the neurotoxic side effects observed in
CsA-treated patients or the potential therapeutic effects in Alzheimer’s disease and
traumatic brain injury.

Our gene expression analysis and GSEA also revealed unmistakable connections
to cancer and metastasis, especially breast cancer. First, as the gene expression profiling
corroborates the working model that CsA induces EMT progression of target PTECs,
long-term CsA treatment may promote cancer invasiveness and metastasis of renal and
non-renal tissues insofar as EMT is a key mediator of these pathological events. Further
work needs to be done to determine whether CsA induces EMT in other tissues and
identify what role CsA may have in cancer tumorigenesis and metastasis. Currently, the
link between transplant-related immunosuppression and malignancy is well-established

(Durnian et al. 2007). Notably, skin cancers (mostly squamous cell carcinomas) and
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lymphoproliferative disease are common malignancies associated with
immunosuppressive regiments including CNIs. In mice, CsA induces renal cancer cells to
acquire an invasive phenotype and promotes tumour growth in vivo (Hojo et al. 1999).
Initially, cancer progression and invasiveness induced by CsA was attributed to TGF-3
synthesis (Hojo et al. 1999). Subsequent studies have also implicated CsA-induced VEGF
expression as tumorigenic due to angiogenesis (Durnian et al. 2007). Our data in PTECs
supports the induction of VEGFA and VEGFB genes but not TGFBI. Lastly, DNA repair
mechanisms have been reported to be inhibited experimentally by CsA in keratinocytes
which may contribute to tumorigenesis (Durnian et al. 2007; Herman et al. 2001). Our
GSEA analysis of CsA-treated PTECs confirmed down-regulation of major DNA repair
gene sets and pathways.

The gene expression changes we observed in PTECs due to CsA-treatment may
have consequences for breast cancer in particular. In breast cancer, EMT, albeit debated
for years, is understood to play roles in progression, invasion, and metastasis
(Tomaskovic-Crook, Thompson, and Thiery 2009). Further, mutations which affect the
expression of DNA repair genes BRCAI and BRCA?2 are associated with increased breast
cancer risk (Fackenthal and Olopade 2007; Wilson et al. 1999; Miki et al. 1994; Wooster
et al. 1995). Low claudin expression in breast cancer has been shown to define a subtype
and may affect prognosis (Kwon 2013; Dias et al. 2017). Together, our data demonstrate
that CsA is capable of altering gene expression programs in human cells that may
contribute to processes related to tumorigenesis and metastasis such as EMT, DNA

repair, cell junction, and apical polarity. Further work must be done to determine the
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consequences of this expression re-programming in renal and non-renal cells in the
context of cancer.

Non-coding RNAs have emerged as major sources of both transcriptional and
post-transcriptional regulation in virtually every critical cell process. Understanding the
roles of non-coding RNAs in normal biology and disease states is as crucial to our
broader understanding of eukaryotic gene expression. Perhaps one of the most
challenging aspects to this endeavor is identifying the networks of RNAs which regulate
one another physiologically. For instance, our understanding of miRNA biology was
formed and shaped by the early findings that seed complementarity to the 3’UTR could
repress target gene expression. Only until recently, with the development of more
sophisticated methods of analyzing miRNA-mRNA interactions globally, has the field
adopted more “non-canonical” mechanisms by which miRNAs (and the miRISC
complex) regulate target genes. Thus, in order to more fully define the miRNA-mRNA
targetome in the model of CIN previously described and expand upon the understanding
of global miRNA regulation, we employed PAR-CLIP on control and CsA-treated
PTECs.

Using PAR-CLIP, we found that a unique set of miRNAs was enriched in the
RISC complex of HK-2 cells. This RISC-enriched profile was altered after treatment with
CsA, suggesting that differential targeting is a fundamental mechanism for regulating the
CsA-induced gene program in these cells. Surprisingly, overall changes in total miRNA
abundance after CsA treatment defined by RNA-seq of total cellular RNA did not
correlate with increased or decreased miRNA RISC binding. This suggests that miRNAs

in the RISC complex represent a subset of total cellular miRNAs and that only a fraction
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of expressed miRNAs actively target mRNAs. This phenomenon has been observed
previously in an AGO-PAR-CLIP study of TP53-dependent miRNA-AGO?2 association
where most miRNAs differentially associated to AGO2 did not correspond to altered
abundance in total RNA samples (Krell et al. 2016). Comparing RNA-seq and PAR-CLIP
data revealed that while 868 mRNA clusters in CsA treated samples and 1503 in vehicle
controls identified by PAR-CLIP were also observed by RNA-seq, PAR-CLIP identified
68 and 286 mRNA clusters that were uniquely present in CsA or vehicle samples.
Together, these data suggest that changes in total cellular miRNA abundance alone
cannot predict functional targeting of mRNAs.

While control and CsA-treated cells exhibited expression of unique sets of
miRNAs that were enriched in the targeting complex we did observe a relatively small
degree of overlap. 21.29 (23/108) and 31.08% (23/74) of the mRNAs predicted to be
targeted by the top ten miRNAs in vehicle and CsA treated samples respectively were
present in both samples. This suggests that although we could identify miRNAs in our
PAR-CLIP data present in CsA-treated samples and vehicle controls, it appears that
under each condition each miRNA targets different genes. It is possible that this overlap
may be related to the amount of time cells were exposed to CsA and that with a longer
exposure this overlap will shrink. Nevertheless, it seems apparent that functional
consequences of targeting are the result of a balance between differential expression of
both miRNAs and mRNAs.

Analysis of the AGO-bound miRNA sequences by miRdeep?2 indicated that three
miRs (hsa-miR-1246, hsa-miR-1290, and hsa-miR-7641) were the most enriched in the

RISC-complex and therefore the most active in targeting. While experiments have
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demonstrated various roles for hsa-miR-1246 and hsa-miR-1290 in cancer cells, close
analysis of our PAR-CLIP reads suggests that these miRNAs have been incorrectly
assigned based on the miRDeep2 analysis parameters. Hsa-miR-1246 and hsa-miR-1290
share perfect or near-perfect sequence homology with a processed fragment of the RNU2
gene. In the PAR-CLIP reads assigned to hsa-miR-1290, 99.9% (26,158/26,185)
contained an alignment mismatch. The majority of these reads align perfectly to the
RNU2 gene. Further, no sequence reads aligning to hsa-miR-1290 were detected by
miRNA-seq. Because mature hsa-miR-1246 shares perfect homology with the RNU2
gene we cannot exclude the possibility that it is in fact present in the cells and in the
RISC complex at some level. However, most reads assigned to hsa-miR-1246 also
contain a mismatch that aligns perfectly to the RNU2 gene. Hsa-miR-7641 shares perfect
homology with 5S ribosomal RNAs and it has been suggested that this miRNA is in fact
derived from rRNA repeats. One study has provided evidence for miR-7641 targeting of
the cytokine CXCL1 in HUVEC cells (Yoo et al. 2013). However, in our study, there was
no supporting evidence of the mature hsa-miR-7641 in miRNA-seq despite the apparent
enrichment in the RISC complex.

To identify the genome-wide target sites of the miRNAs we identified in the
RISC complex we performed PIPE-CLIP analysis on AGO-PAR-CLIP libraries, which
identifies enriched clusters using sequence read counts and locates reliable binding sites
using cross-linking-induced mutations. Statistically significant target sites were identified
across all annotated genomic regions. After normalization to relative region size, we
found that sites were enriched in the mature transcript regions of genes (5’UTR, exons,

and 3’UTR). Within the gene body, we observed that the enrichment for sites in the
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5’UTR and exon regions were both almost 2-fold greater than the canonical 3’UTR
region. We also found enrichment in promoters regions (-1Kb to +100bp) and to a lesser
degree transcription termination sites (-100bp to 1Kb). This is somewhat surprising since
canonical miRNA-mRNA targeting is thought to largely occur in the 3’UTR. Analysis of
other PAR-CLIP studies has revealed that genomic location distributions vary widely by
study and method of analysis used to determine clusters (Bottini et al. 2017). In the
original PAR-CLIP study, Hafner et al. observed crosslink-centered regions
predominantly in the 3’UTR and coding sequence (CDS) regions (Hafner et al. 2010).
Although the authors acknowledged that widespread miRNA binding to the CDS had
been previously reported and that miRNA-binding to individual 5’UTRs and CDS sites
were experimentally functional, they re-iterated the standing belief that miRNAs
predominantly regulate target mRNAs by acting on the 3’UTR (Bartel 2009; Easow,
Teleman, and Cohen 2007; Lewis, Burge, and Bartel 2005; Forman, Legesse-Miller, and
Coller 2008; Lytle, Yario, and Steitz 2007; Tay et al. 2008). Using their PAR-CLIP data
as a reference, Hafner et al experimentally tested this by inhibiting the 25 most abundant
miRNAs in HEK293 cells and examining mRNA stability by microarray. They
concluded that destabilization was dependent on length of seed-complementary region
(imperfect pairs did not destabilize), multiple binding sites within a crosslink region were
more destabilizing, and CDS-localized sites only marginally reduced mRNA stability
compared to 3’UTR sites (Hafner et al. 2010). Although there were differences in mRNA
destabilization effects, the authors conceded that CDS sites were associated with an
increased incidence of rare codon usage, which could in principle reduce translational

rate (Hafner et al. 2010). As previously mentioned, the PAR-CLIP studies that followed
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demonstrated varying degrees of enrichment in the three transcript regions. An alternate
method of CLIP which also ligates mRNAs to miRNAs in the RISC complex, CLASH,
identified widespread ‘non-canonical’ sites which did not require canonical seed pairing
and were often located in the 5’UTR and CDS. Even compared to these studies our
enrichment for 5’UTR is quite high. In the subsequent analyses of functional sites we
included all mRNA-located sites as well as focused on 3’UTR sites, since the tools to
validate them are well established.

Future work must be done to more completely evaluate the functionality of these
miRNA-mRNA sites in vitro and in vivo. For instance, inhibition and overexpression of
miRNA oligos (i.e. miR-101-3p) followed by RN A-seq would define the global
destabilizing effects of the miRNA. Similarly, stable isotope labeling with amino acids in
cell culture (SILAC) or proteomic assays would evaluate the degree translational
repression that occurs in these putative target genes. Further, the development of assays
to validate individual functions of non-canonical sites within the CDS and 5’UTR must
be developed to properly evaluate the extent of regulation which may occur by these
mechanisms.

PIPE-CLIP annotation of PAR-CLIP clusters allowed us to identify AGO2
crosslinking regions within 3’UTRs with a high degree of confidence. We coupled this
information with Ingenuity Pathway Analysis (IPA) to identify pathways in which genes
in the RISC complex play a role. In vehicle-treated proximal tubule cells, the top
canonical pathways enriched in the AGO2-PAR-CLIP target gene set were Cellular
Effects of Sildenafil (Viagra), Calcium Signaling, Actin Cytoskeleton Signaling, Protein

Kinase A Signaling, and Tight Junction Signaling. In CsA treated cells, the top pathways
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enriched were Integrin Linked Kinase Signaling, Actin Cytoskeleton Signaling, Cellular
Effects of Sildenafil (Viagra), Epithelial Adherens Junction Signaling, and
Glucocorticoid Receptor Signaling. Interestingly, 11 of the top 20 canonical pathways
were enriched in CsA treated samples and vehicle controls. While this may be related to
the relatively short exposure to CsA in vitro, these data nevertheless suggest that
miRNAs play a central role in controlling several complex signaling pathways in control
samples. CsA appears to influence tubular epithelial cells by affecting additional
pathways such as the Intergrin Linked Kinase Signaling pathway which has been is
known to play a major role in TGFf induced EMT (Lee et al. 2004). It also appears to
affect Epithelial Adherens Junction Signaling which is critical for maintenance of E-
cadherin junctions, which when disrupted drive EMT through effects on cytoskeleton
reorganization, stress fiber formation, and cell adhesion (Béttinger and Bitzer 2002).
Identification of these pathways that are central to EMT strongly suggests that our data
reflect physiologically relevant regulation of processes occurring because of CIN that are
regulated by the RISC complex.

CsA inhibits T cell activation by inhibiting calcineurin, thereby affecting NFAT
localization to the nucleus that is required for IL-2 transcription. However, CsA has also
been suggested to suppress activation of JNK and p38 upstream of mitogen activated
protein kinase kinases (MAPKKs), MAP3K, independently of its effect of calcineurin
(Matsuda et al. 2000). We noted that targeting of the 3’'UTR of MAP3K1/MEKK1 was
identified by PAR-CLIP in CsA-treated cells. Moreover, our RNA-seq data showed a
corresponding decrease in expression. The cluster sequence we identified in the 3’UTR

of MAP3K1 contained seed complementarity to several miRNAs identified in the RISC
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complex. Among these miRNAs, hsa-miR-101-3p and hsa-miR-27a-3p were up-
regulated in CsA treated HK-2 cells suggesting a possible targeting interaction. Indeed,
expression of the pre-miR-101 hairpin in HK-2 cells resulted in reduced expression of
MAP3KI1 protein as determined by western blot, suggesting that miR-101 functionally
targets MAP3K. We suggest that CsA suppresses JNK and p38 by inducing targeting of
MAP3K1 by miR-101-3p. Future work must be done to validate the downstream effects
of MAP3K1 repression by miR-101-3p. It must also be determined whether blockade of
miR-101-3p prevents CsA-induced inhibition of JINK and p38 signaling. Further, other
putative miRNAs must also be evaluated, as multiple miRNAs may regulate this gene
target for maximal effect.

Our results define a microRNA-mRNA targetome for calcineurin inhibitor
induced nephrotoxicity. By identifying active targeting interactions that occur because of
CsA treatment, we define pathways that are likely to be affected and contribute to CIN.
This analysis also provided novel insight to a poorly understood mechanism by which
CsA affects calcineurin independent processes that could contribute to side effects by
affecting cellular activation and or cell death. While the physiological role of the
pathways, miRNAs and mRNAs we identified that are specifically associated with CsA
treatment remain to be elucidated, these data serve as a resource for the community and
could lead to the identification of new druggable targets that could reduce toxicity

associated with CsA.
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