Mutations in microRNA processing genes
in Wilms tumors derepress the IGF2
regulator PLAG1
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Many childhood Wilms tumors are driven by mutations in the microRNA biogenesis machinery, but the mechanism
by which these mutations drive tumorigenesis is unknown. Here we show that the transcription factor pleomorphic
adenoma gene 1 (PLAG1) is a microRNA target gene that is overexpressed in Wilms tumors with mutations in

microRNA processing genes. Wilms tumors can also overexpress PLAG1 through copy number alterations, and

PLAGI1 expression correlates with prognosis in Wilms tumors. PLAG1 overexpression accelerates growth of Wilms
tumor cells in vitro and induces neoplastic growth in the developing mouse kidney in vivo. In both settings, PLAG1
transactivates insulin-like growth factor 2 (IGF2), a key Wilms tumor oncogene, and drives mammalian target of
rapamycin complex 1 (mTORC]1) signaling. These data link microRNA impairment to the PLAG1-IGF2 pathway,

providing new insight into the manner in which common Wilms tumor mutations drive disease pathogenesis.
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Wilms tumor, the most common pediatric kidney cancer,
is treated with surgery, radiation, and chemotherapy (Ri-
vera and Haber 2005). This combination is effective for
many patients, but a cure remains difficult for those
with metastatic or anaplastic disease (Dome et al. 2006;
Chu et al. 2010). The combination of vincristine and dac-
tinomyecin, first used in the 1960s, remains the primary
treatment backbone used today (James et al. 1966). There
are no therapeutically targetable mutations in Wilms
tumor. Recent Wilms tumor sequencing studies have
classified driver mutations into two main categories. Mu-
tations affecting nephron differentiation (including WT1,
CTNNB1, AMER1, MLLT1, SIX1, and SIX2) account for
~40% of Wilms tumors, while mutations affecting micro-
RNA (miRNA| production (DROSHA, DGCRS, DICER],
and XPOS5) account for another ~20% (Rakheja et al. 2014;
Torrezan et al. 2014; Walz et al. 2015; Wegert et al. 2015;
Gadd et al. 2017). With the lack of rational, targeted ther-
apies, current trials are focused on refining risk stratifica-
tion based on high-risk copy number changes such as loss

Corresponding author: james.amatruda@utsouthwestern.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.313783.118.

of heterozygosity (LOH) of chromosome arms 1p and 16q
(Dome et al. 2015).

Insulin-like growth factor 2 (IGF2) overexpression con-
tributes to many cancers, and the IGF2 locus on chromo-
some 11pl5 is the most commonly altered genetic
location in Wilms tumor. Loss of imprinting (LOI) or
LOH at 11pl5 occurs in >70% of tumors (Ogawa et al.
1993; Moulton et al. 1994; Steenman et al. 1994). Under
normal imprinting, IGF2 is expressed only from the pater-
nal 11p15 allele, but LOI leads to biallelic expression. LOI
at 11pl5ishypothesized to be an early event in tumorigen-
esis and is commonly seen in nephrogenic rests, the pre-
cursor lesion for Wilms tumor (Ogawa et al. 1993;
Charles et al. 1998; Rump et al. 2005). However, IGF2
levels in Wilms tumor are much higher than in neighbor-
ing adjacent kidney tissue, which can also have 11pl5
LOI (Wang et al. 1996). Thus, transformation may require
cooperating mutations that further increase IGF2
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transcription, but no cooperating mutations have been
shown to augment IGF2 expression in Wilms tumor (Maiti
et al. 2000; Ruteshouser et al. 2008; Wegert et al. 2015).

We and others recently described a unique molecular
subset of Wilms tumors driven by recurrent mutations
at “hot spot” residues in genes of the miRNA processing
pathway (Rakheja et al. 2014; Walz et al. 2015; Wegert
et al. 2015; Gadd et al. 2017). IGF2 LOl is significantly en-
riched in tumors with these mutations (Walz et al. 2015).
miRNAs arise through two successive cleavage events.
Primary transcripts form a stem-loop structure and are
cleaved first by DROSHA and its cofactor, DGCRS, in
the nucleus to release a pre-miRNA hairpin, which is
transported to the cytoplasm by XPOS5. In the cytoplasm,
a second cleavage by DICER1 generates a miRNA duplex.
One strand of this duplex, the mature miRNA, directs an
Argonaute protein to target transcripts for degradation
and translational repression.

We showed previously that oncogenic mutations in
DROSHA and DICER1 have different functional effects.
Specifically, DICER1 hot spot mutations specifically im-
pair processing of miRNAs derived from the 5 arms of
pre-miRNA hairpins (referred to here as 5p miRNAs],
while DROSHA mutations result in globally reduced
miRNA processing (Rakheja et al. 2014). Thus, loss of 5p
miRNAs is a common downstream effect of both types
of mutations, while loss of 3p miRNAs occurs only in
DROSHA mutant tumors. For this reason, we hypothe-
sized that 5p miRNAs are the key tumor suppressors,
while loss of 3p miRNAs can be tolerated but does not
drive tumorigenesis; that is, we hypothesized that dere-
pression of 5p miRNA gene targets drives tumor forma-
tion. LIN28B is one key target of the 5p miRNA let-7,
and, indeed, overexpression of LIN28B in the developing
mouse kidney produces Wilms-like tumors (Urbach
et al. 2014). However, the contribution of other 5p mi-
RNAs and the derepression of their target genes has not
been investigated in Wilms tumor.

Here we show that pleomorphic adenoma gene 1
(PLAG1) is one the of most overexpressed genes in Wilms
tumors with miRNA-impairing mutations. PLAGI is a
developmental transcription factor that normally drives
IGF2 expression. We demonstrate that PLAGI can be re-
pressed by miR-16 and miR-34a, two 5p miRNAs severely
impacted by Wilms tumor miRNA processing mutations.
Ectopic PLAG1 expression in Wilms tumor cells acceler-
ates proliferation in vitro, and ectopic PLAGI expression
in the developing mouse kidney produces neoplastic le-
sions. Last, specific copy number changes can also lead
to increased PLAG1 expression, and Wilms tumors with
high PLAG1 expression are clinically more aggressive.
These data provide new insights into the pathogenesis of
common Wilms tumor mutations.

Results

Wilms tumors with miRNA processing mutations
overexpress PLAG1

To identify genes overexpressed in tumors with miRNA
processing mutations, we examined publicly accessible
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microarray data from 75 relapsed favorable histology
Wilms tumors. These data were collected and published
by the Therapeutically Applicable Research to Generate
Effective Treatments (TARGET) initiative (Walz et al.
2015). Of these 75 tumors, 14 tumors had mutations in
miRNA processing genes. When we compared gene ex-
pression profiles of tumors with and without mutations
in miRNA processing genes, we found 31 genes that
were overexpressed in these tumors (Fig. 1A).

We next performed RNA sequencing (RNA-seq) on an
independent set of 24 tumors, which we analyzed previ-
ously by exome sequencing (Rakheja et al. 2014). Four of
these 24 tumors had mutations in miRNA processing
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Figure 1. Wilms tumors with miRNA processing mutations ex-

press high levels of PLAGI. (A) Heat map of genes differentially
expressed between Wilms tumors with and without mutations
in the miRNA processing pathway (“wild-type” and “mutant,”
respectively) in TARGET microarray data (false discovery rate
<0.1). The arrowhead marks PLAGI. (B) Log, fold change of ex-
pression for 31 genes overexpressed in the microarray in mutant
tumors versus wild-type tumors, as measured by whole-transcrip-
tome sequencing. (*) P <0.05. (C) PLAG1 levels in individual sam-
ples, as measured by whole-transcriptome sequencing (FPKM
[fragments per kilobase per million mapped reads]). Horizontal
bars mark the geometric mean. (D) PLAG1 levels in individual
samples, as measured by quantitative RT-PCR (qRT-PCR). Val-
ues shown are mean + SD from three technical replicates.
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genes: DROSHA (two), DICER1 (one), or DGCRS8 (one). Of
the 31 genes that we identified as overexpressed in the
TARGET microarray, five were significantly overex-
pressed in our independent RNA-seq (Fig. 1B). The most
overexpressed gene was the transcription factor PLAGI.
Expression of PLAGI was uniformly high in tumors
with miRNA processing mutations but varied more wide-
ly in tumors without these mutations (Fig. 1C,D). Adja-
cent normal kidney tissue expressed low levels of PLAGI.

PLAG1 was originally described as a frequently translo-
cated gene in pleomorphic adenoma of the salivary glands
(Kas et al. 1997). In the most common rearrangement, the
promoters of PLAG1 and CTNNBI are switched, resulting
in PLAGI1 overexpression. PLAGI is oncogenic in
NIH3T3 cells, and mice that overexpress PLAGI in their
salivary glands develop adenomas mimicking the human
disease (Hensen et al. 2002; Declercq et al. 2005). PLAG1
is a zinc finger transcription factor expressed early in em-
bryonic development, and inherited variants in PLAGI
determine organism size (Hensen et al. 2004; Karim
et al. 2011; Rubin et al. 2012). In the contexts of both can-
cer and development, its most well-characterized target
gene is IGF2 (Voz et al. 2000, 2004; Declercq et al.
2008b). Because IGF2 is highly expressed in Wilms tu-
mors, we hypothesized that PLAGI overexpression aug-
ments IGF2 expression in Wilms tumor.

Kidney-specific PLAGI overexpression drives neoplasia

To explore the impact of PLAG1 overexpression on kidney
development in vivo, we obtained mice carrying a latent
lox-stop-lox-PLAG1 transgene (Declercq et al. 2005).
These mice develop pleomorphic adenomas when bred
to Cre driver lines active in the salivary gland. We recom-
bined this transgene using Wt1<™, which is expressed
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throughout the metanephric tissue as early as embryonic
day 10.5 (E10.5) (Wilm and Munoz-Chapuli 2016). These
Wit1°",LSL-PLAG1 mice develop severely enlarged kid-
neys by 3 wk of age and do not survive to weaning (Fig.
2A,B). As expected, the Igf2 transcript is elevated in
PLAG1-overexpressing kidneys throughout development
(Fig. 2C; Supplemental Fig. S1A).

We next examined these kidneys histologically and
found that they exhibit preneoplastic features. At E15.5,
PLAG1-overexpressing kidneys are indistinguishable
from their wild-type littermates (data not shown). Howev-
er, by postnatal day 1 (P1), these mice possess fewer glo-
meruli than their wild-type littermates (Supplemental
Fig. S1B,C). In addition, cysts have begun to form at the
corticomedullary junction. By the end of the first week
of life, these cysts have expanded to efface the entire
renal parenchyma (Fig. 2D). As they develop, PLAG1-over-
expressing kidneys progressively acquire neoplastic
characteristics. The cysts are initially lined by a simple
monolayer of cuboidal epithelium (Fig. 2E). Over a subse-
quent 2-wk period, the kidney parenchyma becomes
completely replaced by expanding cysts with developing
neoplastic characteristics with progressive cytologic and
architectural atypia/dysplasia. The cyst epithelia develop
micropapillae and multilayering, with more than one
layer of cytologically atypical cells with enlarged nuclei,
anisonucleosis, nuclear prominence, and occasional cyto-
plasmic clearing or vacuolation (atypical cysts). Similar
atypical cells are noted in solid dysplastic nodules.

Wilms tumors are thought to arise from nephron
progenitors; Wt1<™ marks both the nephron progenitor
and stromal progenitor populations of the developing kid-
ney. To further delineate the cell type responsible for
these phenotypes, we next activated the PLAG1 transgene
in specific compartments of the developing kidney. We

Figure 2. Kidney-specific PLAG1 overex-
pression drives neoplasia. (A) Gross dissec-
tion of a Wt1°",LSL-PLAG1 mouse and a
wild-type littermate at 24 d of age. (B) Sur-
vival curve of Wt1<";,LSL-PLAGI mice ver-
sus Wti%only and LSL-PLAGI-only
littermates. P < 0.05, log-rank test. (C) Rela-
tive expression of Igf2 taken from whole
kidneys in Wt1<;LSL-PLAGI mice versus
o LSL-PLAG1-only at postnatal day 8 (P8).
Values are presented as mean=SD from
four technical replicates. (*) P<0.05 by
two-sided t-test comparing mean expres-
sion levels in each group of kidneys. (D) Kid-
neys from Wt1<",LSL-PLAGI, wild-type
littermate, and Six2“"LSL-PLAGI1 mice
at P8. Bar, 500 nm. (E) High-power view of
a Wt1SLSL-PLAGI kidney at P8. (SC)
Simple cyst; (AC) atypical cyst; (D) dysplas-
tic nodule; (g) glomerulus.
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found that PLAGI activation using Six2“™, which is spe-

cific to nephron progenitors, produced a phenotype identi-
cal to Wt1<* (Fig. 2D). On the other hand, recombination
with Foxd1©™, which is specific to stromal precursors,
produced normal kidneys (Supplemental Fig. S1D). These
findings imply that the defects seen in Wt1“™LSL-
PLAGI1 mice arise from the nephron progenitor pool.
This is in contrast to LIN28-driven kidney tumors, which
arose under Wt1<™ but not Six2°™, potentially implicat-
ing a separate cell of origin (Urbach et al. 2014).

miR-16 and miR-34 repress PLAGI1

Because PLAG1 was expressed at high levels in tumors
with mutations in miRNA processing genes, we next ex-
amined its expression in the absence of miRNAs. For
this experiment, we knocked out DICER1 in WiT49 cells.
This cell line was derived from an anaplastic Wilms tumor
metastasis and bears no mutations in DROSHA, DGCRS,
XPOS5, or DICER1 (Alami et al. 2003). Specifically, we
transiently expressed Cas9 with a guide RNA targeting
the second coding exon of DICERI (Supplemental Fig.
S2A). This generated three independent clones with bial-
lelic frameshift mutations. We confirmed loss of DICER1
protein in these clones by Western blot and confirmed
miRNA depletion by quantitative RT-PCR (qQRT-PCR)
(Supplemental Fig. S2B,C). When we examined PLAG1 ex-
pression in these clones, we found that all three of these
clones overexpress PLAGI and IGF2 compared with pa-
rental cells (Supplemental Fig. S2D).

Having shown that global miRNA loss leads to an in-
crease in PLAG1 expression, we next asked which individ-
ual miRNAs could be responsible for regulating PLAG1I.
We used the TargetScan algorithm, which predicts poten-
tial miRNA-mRNA interactions using two complemen-
tary computations: context+ score and probability of
conserved targeting (Pcr) (Lewis et al. 2003; Agarwal
et al. 2015). The context+ score predicts miRNA-target
interaction based on sequence characteristics alone, while
Pt predicts biological significance based on evolutionary
conservation. When the same miRNA family can target
multiple sites of a 3’ untranslated region (UTR), the values
at each of these sites are combined to produce a “total
context+ score” and an “aggregate Pct” for that miRNA.
Based on these computations, the top two miRNA fami-
lies predicted to target the PLAG1 3’ UTR are the
miR-16 and miR-34 families (Fig. 3A). These two miRNAs
are 5p-derived and function as tumor suppressors in other
contexts (Calin et al. 2002; Chang et al. 2007; He et al.
2007). Additionally, their expression is impaired in Wilms
tumors with miRNA processing mutations (Fig. 3A,
right). The PLAG1 sequence contains one miR-34a-bind-
ing site and two miR-16-binding sites, and, at all three
sites, the entire 8-mer seed sequence is conserved from
humans to Xenopus (Fig. 3B).

Using luciferase reporter assays, we confirmed that
each of the binding sites in the PLAG1 3’ UTR responds
to miR-16 and miR-34a in a sequence-dependent manner
(Fig. 3C). These effect sizes are in line with the 10%-50%
repression typical for interactions between a miRNA and
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Figure 3. miR-16 and miR-34 repress PLAGI. (A) TargetScan
(version 6.2) predictions of miRNA families targeting PLAG1
transcript, ranked by total context+ score (more negative values
indicate stronger predicted interaction). Bars are colored by
aggregate Pt (darker bars indicate more likely biological impor-
tance). Relative expression (log, fold change) of each miRNA in
Wilms tumors with miRNA processing mutations is shown at
the right. (B) Conservation of binding sites for the miR-16 and
miR-34 families in the PLAG1 3’ UTR. (C) Luciferase reporter as-
say confirming that miR-16 and miR-34a repress sequences from
the PLAGI1 3’ UTR in a sequence-specific manner. The sequence
surrounding each site was cloned downstream from a luciferase re-
porter, and the seed sequence was mutated (marked by an aster-
isk). An SV40 polyadenylation sequence was used as a negative
control. Values are presented as mean = SD from five replicates.
(*) P<0.05. (D,E) Expression of PLAGI and IGF2 in WiT49 in re-
sponse to mimics (D) or inhibitors (E) of miR-16 and miR-34a. Val-
ues are presented as mean = SD from three technical replicates. (*)
P<0.05. (F) The density of WiT49 cells after transfection of
miRNA mimics, measured by crystal violet staining. Values are
presented as mean + SD from four technical replicates. (*) P < 0.05.
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a target mRNA (Baek et al. 2008; Guo et al. 2010). In ad-
dition, we examined the expression of PLAGI in WiT49
cells in response to manipulations of miR-16 and
miR-34a. Transfection of miR-16 or miR-34a mimics de-
creased PLAG1 and IGF2 levels in both parental WiT49
and DICER1 knockout cells (Fig. 3D; Supplemental Fig.
S2E). Conversely, transfection of a miR-16 inhibitor in-
creased endogenous PLAGI and IGF2 (Fig. 3E). WiT49
cells do not express miR-34a (data not shown). This is
consistent with observations that WiT49 is a p53 mutant
anaplastic Wilms tumor, as miR-34a expression is depen-
dent on p53 (Alami et al. 2003; Chang et al. 2007; He et al.
2007). As expected, the miR-34a inhibitor showed little
effect on PLAG1 or IGF2 expression. Furthermore, trans-
fection of these two mimics into WiT49 cells impaired
growth, implying that they may act as tumor suppressors
in Wilms tumor (Fig. 3F). Together, these results show
that miR-16 and miR-34 repress PLAG1 in Wilms tumor
cells.

PLAGI expression augments IGF2 levels

Next, we examined the effects of PLAG1 overexpression
on Wilms tumor cells in vitro. WiT49 cells express low
levels of PLAG1 at baseline, so we stably overexpressed
PLAG1 in WiT49 cells using a lentiviral vector (Fig. 4A).
This led to more rapid proliferation. We then performed
whole-transcriptome sequencing in these cells to identify
PLAGT1 transcriptional targets that might be accelerating
proliferation in an unbiased manner. Very few individual
genes were significantly overexpressed in PLAG1-overex-
pressing cells, and IGF2 was the only one whose promoter
contains PLAG1-binding sites (Fig. 4B,C).

IGF2 can be transcribed from five different promoters in
the human genome, named PO-P4 (Fig. 4D). Transcrip-
tional activity at these promoters is tightly controlled by
developmental timing and cellular context (Brouwer-
Visser and Huang 2015). PLAGI recognizes the binding
motif GRGGCNg GGG (Hensen et al. 2002; Voz et al.
2004), and the region upstream of the P3 and P4 transcrip-
tion start sites contains a high concentration of PLAG1-
binding sites (Fig. 4D). To confirm that exogenous
PLAGI1 binds to the P3 promoter, we performed chroma-
tin immunoprecipitation (ChIP) for PLAG1-3xFlag in
WiT49. Using an antibody against the Flag tag, we con-
firmed that exogenous PLAG1 was enriched at the IGF2
P3 promoter (Fig. 4E). Similarly, we also performed ChIP
in whole transgenic mouse kidneys at P4. We used prim-
ers to detect binding to the mouse Igf2 P2 promoter,
which is homologous to the human P3 promoter. As the
mouse transgene does not have a Flag tag, we used a
PLAGI1 antibody, which also recognizes endogenous
mouse Plagl and Plagll protein. Perhaps due to this
cross-reactivity, we detected enrichment in control kid-
neys that is not statistically significant (Fig. 4F). In
PLAG1-overexpressing kidneys, however, enrichment at
the P2 promoter is greater and is statistically significant.

Last, we also confirmed that IGF2 transcript levels re-
flect this promoter bias. In WiT49, PLAG1 overexpression
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specifically increased IGF2 transcripts arising from the P3
and P4 promoters (Fig. 4G). In human Wilms tumors, the
P3 and P4 promoters are the most active IGF2 promoters
(Fig. 4H).

PLAGI] overexpression drives mTOR activity

To further compare these two conditions, we next per-
formed a gene set enrichment analysis (GSEA) using the
“hallmark” gene sets in the molecular signatures database
(Subramanian et al. 2005; Liberzon et al. 2015). The most
significantly enriched gene set in PLAGI-overexpress-
ing WiT49 cells was mammalian target of rapamycin
complex 1 (mTORC1|signaling (Fig. 5A,B), a known down-
stream effector of IGF2. In parallel, we also performed a re-
verse-phase protein array to identify signaling pathways
differentially regulated in PLAGI-overexpressing WiT49
cells in an unbiased manner. Markers of mTORC]1 activi-
ty, especially the phosphorylated form of ribosomal pro-
tein S6, were among the most differentially active signals
on the array (Fig. 5C). We confirmed mTORCI activity
by Western blot for phospho-S6 (Fig. 5D).

Next, we tested whether this PLAGI1-induced increase
in mTORCI] signaling was indeed dependent on IGF2.
We tested this by silencing IGF2 with an siRNA or inhib-
iting IGF2 signaling with NVP-AEW541, a small molecule
IGF1R inhibitor. This drug previously has shown activity
against WiT49 xenografts (Bielen et al. 2012). We found
that PLAG1 overexpression did not significantly affect
sensitivity to NVP-AEW451 (Supplemental Fig. S3A).
Nevertheless, with either knockdown or drug, IGF2 inhi-
bition led to a significant reduction in S6 phosphorylation
(Fig. 5D,E). Thus, through multiple approaches, we found
that PLAG1 overexpression leads to an IGF2-dependent
increase in mTORCI signaling in WiT49 cells.

Last, we next interrogated mTORCI signaling activity
in PLAG1-overexpressing mouse kidneys. The cysts and
solid nodules stain positive for both PLAGI (nuclear) and
phospho-S6 (cytoplasmic), while the surrounding kidney
parenchyma is negative, reinforcing that these lesions
arise cell-autonomously (Fig. 5F,G; Supplemental Fig.
S3B,C). This is not the case in control kidneys (Supplemen-
tal Fig. S3D,E). Furthermore, we performed RNA-seq in
P8 kidneys to examine the effect of PLAG1 overexpression
on the transcriptome in vivo. Corroborating what we
found in WiT49, RNA-seq in PLAGI-overexpressing
kidneys showed that Igf2 was elevated and that the
mTORCI signaling gene set was enriched (Supplemental
Fig. S3F,G).

Human Wilms tumors also overexpress PLAGI through
copy number changes

Given these findings on the effects of PLAG1 overexpres-
sion both in vitro and in vivo, we returned to the observa-
tion that some tumors express high PLAG1 levels even in
the absence of mutations impairing miRNA processing.
Specifically, we looked at the correlation between copy
number changes and PLAG1 overexpression in the TAR-
GET cohort. We noted that while many Wilms tumors
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Figure 4. PLAGI expression enhances proliferation. (A) Immunoblot of WiT49 with lentivirally overexpressed PLAGI and the cell den-
sity of WiT49 with or without ectopic PLAG1 expression, measured by crystal violet staining. Values are presented as mean + SD from four
technical replicates, (*) P < 0.05. (B) Differentially expressed genes measured by whole-transcriptome sequencing of WiT49 cells with or
without ectopic PLAG1 expression in two replicates each. FPKM in parental cells is shown on the X-axis. Comparison of values in PLAG1-
overexpressing cells versus parental cells is shown as —log, ¢ of the P-value along the Y-axis. Predicted PLAG1 target genes are highlighted
inred. (C) qPCR for IGF2 in PLAG1-overexpressing WiT49. Values are presented as mean + SD from three technical replicates. (*) P < 0.05.
(D) PLAG1 consensus binding sites (GRGGCNg sGGG) aligned with IGF2 transcripts, marked by the transcription start site (PO-P4).
(E) ChIP-gPCR (chromatin immunoprecipitation [ChIP] combined with qPCR) using Flag antibody in WiT49 cells transfected with empty
vector versus PLAG1-3xFlag to detect binding to the human IGF2 P3 promoter region. Values are presented as mean = SD from four tech-
nical replicates. (*) P <0.05. (F) ChIP-qPCR using PLAG1 antibody in whole mouse kidneys at P4 to detect binding to the mouse Igf2 P2
promoter region (which is homologous to the human P3 promoter). Values are presented as mean + SD from three technical replicates.
(*) P <0.05. (G) IGF2 transcript levels in WiT49 with or without PLAG1 overexpression, as measured by RNA-seq. Values are presented
as mean = SEM, taken from two replicates. (*) P < 0.05. (H) IGF2 transcript levels in Wilms tumors and normal kidneys, segregated by the
transcription start site (PO-P4), as measured by RNA-seq.

are aneuploid, those with miRNA processing mutations the tumors with miRNA processing mutations show a

are rarely aneuploid (Supplemental Fig. S4). In fact, the
only aneuploid tumor in this subset actually has a germ-
line DROSHA p.P82T mutation (Walz et al. 2015). This
mutation is outside of the active RNase III domains and
thus is of unclear significance. In particular, several of

gain of chromosome 1q or a loss of chromosome 16q (six
of 14 or eight of 14 tumors, respectively). These two fea-
tures have been associated previously with high-risk dis-
ease, although loss of 16q was not validated in other
recent studies. However, only rarely do these tumors
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show a third high-risk copy number change: loss of chro-
mosome 1p (Bown et al. 2002).

In fact, the PLAG1 regulator miR-34a is encoded on
chromosome 1p36. In addition, chromosome 8q, where
PLAG]1 is encoded, is gained in many relapsed Wilms tu-
mors, often as a whole chromosome or chromosome
arm in the background of an aneuploid tumor (Natrajan
et al. 2007). These two copy number changes are largely
mutually exclusive of mutations in miRNA processing
genes (Fig. 6A). Tumors with any of these three changes
express high PLAG1 levels, although many other tumors
express relatively high PLAGI levels due to other mecha-
nisms (Fig. 6A,B). Last, we examined whether PLAGI ex-
pression correlated with outcome in this data set.
Regardless of mechanism, we found that high PLAGI ex-
pression significantly correlates with earlier relapse in
this cohort (Fig. 6C).

Discussion

Previous studies of miRNA target genes in Wilms tumor
have focused on let-7 and its target gene, LIN28B (Urbach
et al. 2014; Gadd et al. 2017). However, the nearly global
impairment of miRNA processing seen in some Wilms tu-
mors led us to search for other miRNA target genes that
could contribute to Wilms tumor formation. Here, using
a combination of in vitro, in vivo, and human tumor
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data, we demonstrate that PLAG1 is another important
mediator of Wilms tumor pathogenesis. It can be up-regu-
lated by impairment of miRNA processing or by copy
number changes. PLAGI overexpression enhances IGF2
levels, increases mTORCI1 activity, induces dysplasia,
and correlates with poor prognosis in human Wilms tu-
mors. The modest increases that we observed in IGF2
are comparable with the increases caused by LOI in hu-
man Wilms tumors and in mouse models of Wilms tumor
(Hu et al. 2011; Huang et al. 2016).

PLAG1 was originally described as an oncogene in sali-
vary gland pleomorphic adenomas but recently has also
been implicated in other cancers. Hepatoblastomas
(which, like Wilms tumor, commonly harbor IGF2 LOI)
are also reported to recurrently amplify the PLAGI locus,
leading to IGF2 overexpression (Zatkova et al. 2004). Like
pleomorphic adenoma, translocations resulting in PLAG1
activation and promoter switching are also seen in other
tumors, such as lipoblastoma, leiomyoma, and soft tissue
myoepithelioma (Hibbard et al. 2000; Antonescu et al.
2013). It cooperates with core-binding factor to induce
acute myeloid leukemia (Landrette et al. 2005). PLAGI
overexpression in various mouse tissues can produce sali-
vary gland tumors, cavernous angiomatosis, or mammary
gland adenomyoepitheliomas (Declercq et al. 2005, 2008a;
Van Dyck et al. 2008). Chronic lymphocytic leukemia is
commonly driven by deletion of the miR-15a/16 cluster,
and PLAG1 is often overexpressed in this disease (Pallasch
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Figure 6. Human Wilms tumors overexpress
PLAG1 through multiple mechanisms, resulting
in poorer survival. (A) Genomic aberrations in
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et al. 2009). However, to our knowledge, this is the first re-
port connecting PLAG1 to Wilms tumor.

Although our work focuses on miR-16 and miR-34, oth-
er miRNAs are also predicted to regulate PLAG1 (Fig. 3A).
Further work may elucidate how much other miRNAs
contribute to PLAGI regulation. Likewise, although we
focus on IGF2 here, PLAGI is also reported to regulate
the transcription of Wnt pathway members, cell cycle reg-
ulators, and immunomodulatory factors (Voz et al. 2004;
Declercq et al. 2008b). Future studies may distinguish
how much other PLAG1 target genes contribute to the
phenotypes that we described here. Last, regulation of
IGF2 transcription is complex and likely involves other
important factors besides PLAGI.

The genes on chromosomes 1p, 1q, and 16q that are re-
sponsible for driving poor prognosis are unknown. We
saw that Wilms tumors with mutated miRNA processing
genes rarely develop loss of 1p. We speculate that gain of 1q
or loss of 16q may cooperate with miRNA depletion, while
loss of 1p may be dispensable for these tumors because it
contains miR-34a. The finding that miR-34a can be
down-regulated by either miRNA processing mutation,
p53 mutation, or copy number loss potentially makes
miR-34a a central tumor suppressor in Wilms tumor.

Because PLAG1 is expressed at low levels in postnatal
tissues, it could be an attractive target for novel Wilms tu-
mor therapies. However, its relative importance with re-
spect to LIN28 and other miRNA target genes is yet to
be seen. Testing whether PLAGI is required for tumor
growth in the setting of miRNA-impairing mutations
may require an in vivo model of miRNA impairment-driv-
en Wilms tumor. In addition, zinc finger transcription fac-
tors traditionally have been difficult to target with small
molecules. Both inhibitors against IGF2 signaling and
small molecule MEK inhibitors have shown limited effi-
cacy in Wilms tumor (Flores et al. 2013; Weigel et al.
2014). Our work suggests that inhibitors of the mTORC1
pathway could have activity in Wilms tumor.

Alternatively, therapeutic miRNA reintroduction may
be particularly well suited to tumors driven by mutations

PLAG1 expression . . .
P 8 shown in blue. (B) PLAG1 expression in tumors

Il sion of PLAGI1 by microarray. Copy number gains
are shown in red, while copy number losses are

with gain of 8q12, where PLAGI is encoded; loss
of 1p, where MIR34A is encoded; or mutations
in the miRNA processing pathway by microarray.
(*) P<0.05, unpaired t-test versus “none.”
(C) Event-free survival in relapsed favorable his-
tology Wilms tumor patients based on PLAG1 ex-
pression (“high” is defined as PLAGI expression
intensity >6). (**) P <0.01, log-rank test.

in the miRNA processing pathway. In fact, miR-34a-based
therapies have been tested in adult hepatocellular cancer,
and miR-16-based therapies have shown promising results
in early studies of adult cancer patients (van Zandwijk
et al. 2017). Prior studies have focused on let-7, but our
work suggests that miR-16 and miR-34 may be attractive
therapeutic agents in Wilms tumor.

Materials and methods

Cell lines and cell culture

WiT49 cells were a gift from Dr. Sharon Plon’s laboratory. The
HEK293T line was obtained from American Type Culture Collec-
tion. Both lines were maintained in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum (FBS) and
1x antibiotic antimycotic (Gibco, 15240096) and cultured at
37°C with 5% CO,.

Animal models

The LSL-PLAGI mouse line (previously also known as “PTMS1”)
was a gift from Dr. Wim van de Ven’s laboratory. These mice
were maintained on a FVB/NJ background. Wt1™, Six2™, and
Foxd1“™ mouse lines were obtained from the University of Texas
Southwestern O’Brien Kidney Research Animal Models Core, and
we propagated them ona C57BL6/J background. All animal studies
were performed in accordance with University of Texas South-
western Institutional Animal Care and Use Committee protocols
2015-101096 and 2016-101824.

Clinical samples

Wilms tumor clinical samples were obtained at Children’s Med-
ical Center under approval of the University of Texas Southwest-
ern Institutional Review Board. Tumors were reviewed by a
pediatric pathologist (D. Rakheja) before RNA was extracted
from frozen specimens.

TARGET data analysis

Open access microarray data (generated on Affymetrix U133 Plus
2), copy number data (generated on Affymetrix SNP 6.0), mRNA-
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seq data (gene-level RPKM [reads per kilobase per million mapped
reads] quantification tables), and clinical metadata were down-
loaded from the TARGET data matrix for Wilms tumors (https://
ocg.cancer.gov/programs/target/data-matrix). Published whole-
exome sequencing results were then used to categorize these tu-
mors by mutational status.

For microarray data, microarray signals were log, transformed
and then compared between groups by two-sided Student’s
t-test, and the resulting P-values were corrected for multiple hy-
pothesis testing using the Bonferroni-Hochberg correction. For
copy number data, preprocessed log, segment mean values for
the PLAG1 and MIR34A loci were extracted. Copy number gain
was defined as log, segment mean value of >0.3 (i.e., >2.5 copies
in a diploid background), and copy number loss was defined as
log, segment mean value of less than —0.4 (i.e., <1.5 copies in a
diploid background).

RNA-seq and small RNA-seq from Wilms tumors

RNA was extracted from frozen specimens using the mirVana
miRNA isolation kit (Thermo Fisher). Whole-transcriptome se-
quencing was performed at the University of Texas Southwestern
McDermott Center Next-Generation Sequencing Core on the
Mlumina HiSeq2000 platform with 100-base-pair (bp) paired-end
reads according to the manufacturer. Between 66 million and
193 million reads were obtained from each sample. After adapter
removal and quality filtering, the reads were mapped to human
reference genome (hgl9) by Bowtie2 (Langmead and Salzberg
2012) and TopHat2 (Kim et al. 2013). Cufflinks (Trapnell et al.
2012) was used to assemble and estimate the relative abundances
of transcripts at the gene and isoform levels. IGF2 transcripts were
segregated by transcription start site by counting the number of
reads spanning the first divergent exon to the last common exon.

Small RNA-seq multiplexed miRNA libraries for sequencing
were prepared according to the Illumina TruSeq small RNA sam-
ple preparation protocol (Illumina). Sequencing was conducted on
an Illumina HiSeq2000 according to the manufacturer’s protocol
(Nlumina) in the McDermott Next-Generation Sequencing Core
(University of Texas Southwestern). Samples were demulti-
plexed, and adapter sequences were removed. Next, miRNAs
were identified, and read counts were generated by aligning the
reads to human miRBase (version 20) based on the Smith-Water-
man algorithm.

DICERI1 knockout in WiT49

The single-guide RNA sequence 5-ACCATCGTCTGTTTAAA
CAC-3' was cloned into the pX458 plasmid (Addgene, 48138),
which contains coding sequences for both SpCas9 and GFP. Sev-
enty-two hours after this plasmid was transiently transfected into
WiT49, the ~25% brightest cells were isolated by fluorescence-
activated cell sorting. The following day, the sorted cells were
seeded into 96-well plates by limiting dilution to isolate mono-
clonal populations. After these clones had reached a sufficient
size, they were genotyped by loss of the Pmel site (GTTTAAAC).
Biallelic frameshift insertions/deletions (indels) were confirmed
by TA cloning.

gqRT-PCR

RNA was extracted using Trizol reagent (Thermo Fisher) accord-
ing to the manufacturer’s protocol. Complementary DNA was re-
verse-transcribed using the RT?> HT first strand kit (Qiagen).
qPCR was then performed with the iTaq Universal SYBR Green
Supermix (Bio-Rad) using the primers listed in Supplemental Ta-
ble 1 in three replicates per condition except where otherwise
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noted. Data were analyzed using the 2724C¢

ing to the expression of 18s RNA.

method by normaliz-

Luciferase reporter assay, miRNA mimic/inhibitor, and siRNA
transfection

An ~500-bp region surrounding each miRNA-binding site was
cloned from human genomic DNA into the Xbal site of the
pGL3 control plasmid using the primers listed below. The 8-bp
miRNA seed sequence in each case was then mutated into a
NotlI site by site-directed mutagenesis to serve as a seed mutant
control. These plasmids were transfected into HEK293 cells in
48-well format, with a Renilla luciferase plasmid as a transfection
control at a 50:1 ratio using Lipofectamine RNAiMax transfec-
tion reagent (Thermo Fisher). miRIDIAN miRNA mimics or con-
trol mimics (4 pmol per well) were cotransfected simultaneously
(Dharmacon). This was performed in five replicates per condition,
and luciferase activity was assayed 48 h after transfection using
the dual-luciferase reporter assay system (Promega).

Parental WiT49 cells were transfected with control, miR-16, or
miR-34a miRIDIAN miRNA mimics or inhibitors. Cells were
seeded at 5 x 10° cells per well in a six-well plate and transfected
with 60 pmol of mimic or 50 pmol of inhibitor per well using
RNAIMAX. DICER1 knockout clones were seeded at 1.5x 10°
cells per well in a 12-well plate and transfected with 30 pmol of
each miRNA mimic per well. Transfected cells were harvested
for RNA after 48 h. RNA was then prepared using TRIzol reagent
(Thermo Fisher Scientific) and used for qRT-PCR.

Both parental and PLAGI-overexpressing WiT49 cells were
transfected with control or IGF2 targeting Silencer Select siRNA
(Thermo Fisher Scientific) using RNAiMAX. Cells were seeded at
2.5x 10° cells per well in a six-well plate and transfected with
60 pmol of siRNA. After 48 h, cells were harvested for RNA or
protein lysate and used for immunoblotting.

PLAGI ectopic expression

The PLAG1-coding sequence was amplified from human cDNA
using the oligos listed below to add a Flag tag. It was then cloned
into pLX303 plasmid (Addgene, 25897)—into which cyan
fluorescent protein had been inserted adjacent to the blasticidin
selection gene—Dby gateway cloning. WiT49 was exposed to lenti-
virus packaged with this plasmid, and transduced cells were se-
lected in blasticidin. For the purposes of ChIP, the PLAGI
lentiviral vector was modified to change the C terminus to con-
tain a 3xFlag tag prior to infection.

Growth curves were calculated by seeding 15,000 cells per well
into 24-well plates in four replicates per condition. Over subse-
quent days, individual plates were stained with crystal violet sol-
ubilized in acetic acid before absorbance at 595 nm was detected.

RNA-seq from WiT49

RNA was isolated using TRIzol reagent (Thermo Fisher) accord-
ing to the manufacturer’s protocol from two biological replicates
of WiT49 and WiT49 + PLAGI each. RNA-seq was performed by
DNA Link. ¢cDNA libraries were constructed by using KAPA
stranded RNA-seq kit with RiboErase (HMR) (Kapa Biosystems).
Amplified cDNA was validated and quantified on an Agilent Bio-
analyzer. The purified libraries were normalized, pooled together,
denatured, and diluted, followed by one 75-bp sequencing on a
NextSeq500 (Illumina). From each sample, we obtained ~25 mil-
lion reads.

For gene expression analysis, reads were aligned to the refer-
ence genome (GRCh38) using TopHat version 2.0.14 and Bowtie
version 2.10. The distribution of alignments was analyzed using


https://ocg.cancer.gov/programs/target/data-matrix
https://ocg.cancer.gov/programs/target/data-matrix
https://ocg.cancer.gov/programs/target/data-matrix
https://ocg.cancer.gov/programs/target/data-matrix
https://ocg.cancer.gov/programs/target/data-matrix
https://ocg.cancer.gov/programs/target/data-matrix
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.313783.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.313783.118/-/DC1

Cufflinks version 2.2.1, and FPKM (fragments per kilobase per
million mapped reads) values were quantile-normalized. Differ-
ential expression testing was performed using Cuffdiff version
2.2.1. PLAG1 target genes were defined as protein-coding genes
whose promoters (from 1000 bp upstream of to 100 bp down-
stream from each transcription start site in hgl9) contain a se-
quence with a >90% match for the JASPAR_CORE-PLAGI-
MAO0163.1-binding motif using the MotifDb package (version
1.12.1).

RNA-seq from mouse kidneys

RNA was isolated from mouse pup kidneys at specified ages using
the TRIzol reagent. Total RNA-seq was performed by DNA Link
on the Illumina NextSeq 500 platform with 75-bp single-end
reads. Between 23 million and 32 million reads were obtained
from each sample before demultiplexing and quality filtering.
The mm10 mouse reference genome was modified manually to
add the human PLAGI-coding sequence that is expressed in the
LSL-PLAG1 mouse model. RNA-seq reads were mapped to this
modified reference genome using HISAT2 (Kim et al. 2015).
Stringtie was used to assemble transcripts and estimate the rela-
tive expression of transcripts at the gene and isoform levels (Per-
tea et al. 2016).

ChIP

ChIP was performed using both cell lines and mouse kidney tis-
sue. Cells were grown to 80% confluency in multiple 15-cm dish-
es and fixed in formaldehyde. Whole kidneys were dissected from
mouse pups at P4, dissociated using TrypLE Select (Gibco), incu-
bated for 90 min at 37°C with intermittent mixing to achieve sin-
gle-cell suspension, and then rescued with DMEM with 10% FBS
before fixation.

Cells from both preparations were fixed using formaldehyde at
a final concentration of 1% for 10 min. Formaldehyde was
quenched using glycine at a final concentration of 125 mM for
1 min. Nuclei were then isolated in Farnham lysis buffer (5 mM
HEPES, 85 mM KCl, 0.5% NP-40, 1x protease inhibitors) by pass-
ing the solution through a 20-gauge needle and sonicated in RIPA
buffer in TPX microtubes using the Bioruptor UCD-200 (Diage-
node). WiT49 chromatin was sonicated for four cycles of 10 min
(30 sec on/30 sec off), while mouse kidney chromatin was soni-
cated for three cycles of 10 min (30 sec on/30 sec off). Remaining
cellular debris was pelleted, and the soluble chromatin was dilut-
ed in dilution buffer (2 mM EDTA, 150 mM NaCl, 20 mM Tris-
HCI at pH 8) and used for immunoprecipitation.

Sonicated chromatin was rotated overnight at 4°C with 5 pg of
either anti-PLAG1 monoclonal antibody (Sigma, WH000532
4M2), anti-Flag M2 monoclonal antibody (Sigma, F1804), or
mouse IgG isotype control (Invitrogen, 10400C). Protein G Dyna-
beads (Invitrogen, 10003D) were washed and blocked in 5% BSA
in 1x PBS by rotating overnight at 4°C. The next day, the blocked
Dynabeads were pelleted on the DynaMag-2 rack (Thermo Fisher
Scientific), resuspended in dilution buffer, and added to each im-
munoprecipitation reaction before rotating for 4 h at 4°C. The
beads bound to chromatin—protein immunocomplexes were pel-
leted and then washed in a series of buffers by incubating for
15 min on ice: TSE I (0.1% SDS, 1% Triton, 2 mM EDTA,
20 mM Tris-HCI, 150 mM NaCl), TSE I (0.1% SDS, 1% Triton,
2 mM EDTA, 20 mM Tris-HCI, 500 mM NaCl), TSE III (0.25 M
LiCl, 1% Igepal-630, 1 mM EDTA, 10 mM Tris-HCl, 1% deoxy-
cholate), and TE (10 mM Tris, 1 mM EDTA). Chromatin-protein
complexes were eluted off of the beads by incubating twice in elu-
tion buffer (1% SDS, 0.75% NaHCQ3) for 15 min at 55°C. The
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eluted chromatin was then decross-linked overnight at 65°C.
All remaining RNA and protein were digested by 20 pug of RNase
A for 30 min at 37°C followed by 20 pg of proteinase K for 30 min
at 55°C. The chromatin was then column-purified using the QIA-
quick PCR purification kit (Qiagen). Purified chromatin was used
for gPCR.

Reverse-phase protein array

Two biological replicate cell pellets of WiT49 and WiT49 +
PLAGI1 were sent to the Reverse Phase Protein Array Core Facility
of the M.D. Anderson Cancer Center, Houston, TX. Normalized
median-centered log, values were averaged within replicates,
and the difference of these averages was plotted.

NVP-AEW451

To assess the effect of NVP-AEW451 on cell viability, parental
and PLAGI-overexpressing WiT49 cells were seeded in four rep-
licate wells of a 96-well plate at 3 x 10° cells per well. The next
day, medium containing NVP-AEW541 (Selleck Chemicals) was
added at concentrations ranging from 125 uM to 2 nM. After
72 h, the number of viable cells was quantified using CellTiter-
Glo 2.0 (Promega). The IC50 was calculated using a nonlinear
fit with variable slope (GraphPad Prism). Data are presented as
IC50 in micromolar (95% confidence interval).

To assess the effect of NVP-AEW451 on S6 phosphorylation,
parental WiT49- and PLAGI1L-overexpressing cells were each
seeded in three wells of a six-well plate at 2.5 x 10° cells per
well. The next day, cells were treated with either 0.02% DMSO
for 6 h or 5 pM NVP-AEW541 (Selleck Chemicals) for 3 or 6
h. The cells were then harvested for protein lysate and used for
immunoblotting.

Immunohistochemistry

Immunohistochemical staining for PLAGI and phospho-S6 was
performed using standard immunoperoxidase techniques with
hematoxylin counterstaining. Prior to staining, heat-based anti-
gen retrieval was performed using Trilogy pretreatment solution
(Cell Marque). A monoclonal antibody against PLAGI raised in
mice was used at a 1:1000 dilution (clone 3B7, Sigma-Aldrich),
while a polyclonal antibody against phospho-S6 was used at a
1:400 dilution (Cell Signaling Technology, 2211).
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