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Loss of function of theDIS3L2 exoribonuclease is associat-
ed with Wilms tumor and the Perlman congenital over-
growth syndrome. LIN28, a Wilms tumor oncoprotein,
triggers theDIS3L2-mediated degradation of the precursor
of let-7, a microRNA that inhibits Wilms tumor develop-
ment. These observations have led to speculation that
DIS3L2-mediated tumor suppression is attributable to
let-7 regulation. Here we examine new DIS3L2-deficient
cell lines and mouse models, demonstrating that DIS3L2
loss has no effect on mature let-7 levels. Rather, analysis
ofDis3l2-null nephron progenitor cells, a potential cell of
origin of Wilms tumors, reveals up-regulation of Igf2, a
growth-promoting gene strongly associated with Wilms
tumorigenesis. These findings nominate a new potential
mechanism underlying the pathology associated with
DIS3L2 deficiency.

Supplemental material is available for this article.

Received April 17, 2018; revised version accepted May 23, 2018.

Several lines of evidence strongly implicate the let-7 fam-
ily of microRNAs (miRNAs) as important suppressors of
Wilms tumor, the most common pediatric malignancy of

the kidney (Ward et al. 2014). Hot spot mutations in the
miRNA-processing enzymes DROSHA and DICER that
impair production of a subset of miRNAs, including
let-7, are common in Wilms tumor (Rakheja et al. 2014;
Torrezan et al. 2014; Walz et al. 2015; Wegert et al.
2015). Additionally, the negative regulator of let-7 matu-
ration LIN28B is frequently overexpressed in advanced-
stageWilms tumors (Viswanathan et al. 2009), and overex-
pression of LIN28 in developing mouse kidneys leads to
Wilms tumor-like pathology, which is suppressed by en-
forced expression of let-7 (Urbach et al. 2014). LIN28 in-
hibits let-7 maturation by binding to precursor let-7
(pre-let-7) hairpins, recruiting a terminal uridylyl transfer-
ase to catalyze the addition of a series of uridines to the
pre-let-7 3′ end (Supplemental Fig. S1A; Hagan et al.
2009; Heo et al. 2009). Uridylation of pre-let-7 serves as
a trigger for degradation by DIS3L2 (Chang et al. 2013),
an exoribonuclease that, interestingly, is also recurrently
mutated in Wilms tumors (Astuti et al. 2012; Torrezan
et al. 2014; Wegert et al. 2015; Gadd et al. 2017).
DIS3L2 is a highly conserved 3′–5′ exoribonuclease that

preferentially degrades uridylated RNA substrates (Chang
et al. 2013; Lubas et al. 2013; Malecki et al. 2013; Ustia-
nenko et al. 2013). In addition to pre-let-7, it has also
been reported to target histone mRNAs and many small
noncoding RNAs (Labno et al. 2016; Pirouz et al. 2016;
Reimao-Pinto et al. 2016; Ustianenko et al. 2016). While
somatic mutations inDIS3L2 occur in sporadicWilms tu-
mors, germline mutations in DIS3L2 result in Perlman
syndrome, an overgrowth syndrome characterized by neo-
natal death, genitourinary (GU) anomalies, hypotonia,
neurodevelopmental delay, and frequent Wilms tumors
(Astuti et al. 2012; Higashimoto et al. 2013; Soma et al.
2017). DIS3L2 mutations in both Perlman-associated
and sporadic cases of Wilms tumor suggest the impor-
tance of this gene as a tumor suppressor, yet the mecha-
nisms through which it functions as such remain unclear.
The importance of let-7 in Wilms tumorigenesis and

the established role of DIS3L2 in LIN28-dependent let-7
repression have led many to postulate that DIS3L2 acts
as a tumor suppressor by influencing let-7 expression
(Chang et al. 2013; Urbach et al. 2014; Hohenstein et al.
2015; Wegert et al. 2015). However, our current under-
standing of the role of DIS3L2 in the LIN28 pathway is
not congruent with this hypothesis (Supplemental Fig.
S1B). For example, Dis3l2 knockdown in embryonic
stem (ES) cells results in accumulation of uridylated pre-
let-7, but this species is not a substrate for DICER process-
ing, and mature let-7 levels are accordingly unaffected by
DIS3L2 inhibition in this cell type (Heo et al. 2008; Chang
et al. 2013). Furthermore, since DIS3L2 is believed to be
the terminal nuclease in the LIN28 pathway, the expected
consequence of loss of this proteinwould be a potential in-
crease in let-7 expression, an effect thatwould be expected
to suppress, rather than enhance, Wilms tumor develop-
ment. Nevertheless, knockdown of DIS3L2 in HeLa cells
was reported to result in reduced mature let-7 levels,
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leading to speculation that this protein may act in a cell
type-specific manner to regulate let-7 expression (Ustia-
nenko et al. 2013).

Given the potentially paradoxical role of DIS3L2 in
the LIN28–let-7 pathway and its role as a tumor suppres-
sor in Wilms tumor, we sought to more thoroughly inves-
tigate the influence of DIS3L2 on let-7 expression in
additional cell types, particularly those most relevant to
Wilms tumor development. We observed that genetic in-
activation of DIS3L2 does not affect mature let-7 family
members in a broad panel of mammalian cell lines. To ad-
dress whether this holds true in relevant cell types in vivo,
we generated two distinct conditional Dis3l2 mutant
mouse lines harboring a null allele that removes the
DIS3L2 catalytic site or an allele modeled after the most
commonly reported mutation in Perlman syndrome pa-
tients (Astuti et al. 2012; Higashimoto et al. 2013). Resul-
tant phenotypes in both mouse models not only resemble
some keyPerlman syndrome features but also are indistin-
guishable from each other, providing evidence that dis-
ease-causing DIS3L2 mutations observed in Perlman
syndrome patients are phenotypically equivalent to null
alleles. Moreover, examination of Dis3l2-null primary
nephron progenitor cells (NPCs), a cell type proposed to
be a Wilms tumor cell of origin (Huang et al. 2016), dem-
onstrates that loss of this protein has no effect on mature
let-7 expression in this context but rather results in up-
regulation of Igf2, a principal Wilms tumor oncogene
(Hu et al. 2011).

Results and Discussion

Loss of DIS3L2 does not affect mature let-7 levels in
cell lines

The effect of DIS3L2 loss on mature let-7 expression has
thus far been examined in three cell types—mouse ES
(mES) cells, HeLa cells, and P19 teratocarcinoma cells—
exclusively using knockdown approaches (Chang et al.
2013; Ustianenko et al. 2013; Nowak et al. 2017). We first
set out to examinewhether DIS3L2 influencesmature let-
7 levels in a wider range of cell lines by using a genome-
editing approach to completely eliminateDIS3L2 activity.
Cell lines with undetectable LIN28A or LIN28B were
selected (HeLa and HCT116), as were lines with varying
levels of either LIN28 paralog (E14tg2a [a mES cell line]
and Igrov1 with LIN28A expression or HEK293T and
Huh7 with LIN28B expression) (Fig. 1A). For each cell
line, we used either transcription activator-like effector
nuclease (TALEN) pairs or clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 to generate fra-
meshifting insertion–deletion (indel) mutations in an ear-
ly coding exon (Fig. 1B). In all examinedDIS3L2 knockout
cell lines, confirmed by both DNA sequence analysis
(Supplemental Fig. S2) and resultant loss of protein (Fig.
1C), mature let-7 levels remained comparable with paren-
tal cells (Fig. 1D,E). Notably, this included HeLa cells,
where DIS3L2 knockdown was reported previously to re-
sult in reduced let-7 abundance (Ustianenko et al. 2013).
Consistent with prior reports, we did detect an increase
in uridylated pre-let-7 in DIS3L2-deficientmES cells (Sup-
plemental Fig. S3). These data indicate that, irrespective
of LIN28 expression, DIS3L2 is not a major regulator of
mature let-7 abundance in commonly used mammalian
cell lines.

Dis3l2 loss of function partially recapitulates Perlman
syndrome in mice

Although DIS3L2 deficiency did not influence mature let-
7 levels in a broad panel of cell lines, it remained possible
that loss of DIS3L2 results in altered let-7 expression in
Wilms tumor-relevant cell populations within the con-
text of the developing kidney. To investigate this possibil-
ity, we used CRISPR/Cas9 to generate mice with either
conditional or germline-inheritable Dis3l2 mutations.
Given that Perlman syndrome-associated DIS3L2 muta-
tions are presumed to result in loss of function (Astuti
et al. 2012), we initially generated a Dis3l2-null allele by
targeting mouse exon 11 (orthologous to exon 10 of the
human gene), which encodes highly conserved residues
essential for catalytic activity (Fig. 2A; Chang et al.
2013) and whose deletion results in a frameshift and pre-
mature termination codon. Single-guide RNAs (sgRNAs)
targeting sequences flanking exon 11 together with Cas9
mRNA and oligonucleotides containing loxP sites were
coinjected into fertilized oocytes, resulting in the genera-
tion of both exon 11-deleted (Dis3l2Δ11) and exon 11-
floxed (Dis3l211fl) alleles.

Analysis of offspring derived from Dis3l2+/Δ11 inter-
crosses revealed fully penetrant perinatal lethality of
Dis3l2Δ11/Δ11 mice, with no homozygous animals surviv-
ing the first postnatal day (Supplemental Table S1). Con-
sequently, litters were delivered by caesarean section at
embryonic day 18.5 (E18.5), revealing the presence of all
genotypes at the expected Mendelian frequencies and
grossly normal development of Dis3l2Δ11/Δ11 animals
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Figure 1. DIS3L2 loss does not affectmature let-7 levels in cell lines.
(A) Western blot analysis of LIN28A/B. (B) Schematic of the gene-ed-
iting strategy used to generate DIS3L2 knockout cell lines. Arrow-
heads indicate editing sites for human and mouse cells. (C ) Western
blot analysis of DIS3L2 in knockout and parental cell lines. (D,E)
QuantitativeRT–PCR (qRT–PCR)measurement of let-7 familymem-
bers normalized to U6 in DIS3L2 wild-type or knockout cell lines in
which neither LIN28 paralog is expressed (D) or lines expressing ei-
ther LIN28A or LIN28B (E). Due to the lower level of expression of
let-7 family members in LIN28-expressing cell lines, these values
were plotted separately. n = 3 biological replicates for each cell line as-
sayed. Error bars for this and all subsequent figures represent standard
deviations.
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(Fig. 2B; Supplemental Table S1). Unlike caesarean-
delivered Dis3l2+/+ and Dis3l2+/Δ11 mice, however,
Dis3l2Δ11/Δ11 animals failed to initiate respiration, result-
ing in underinflated lungs (Supplemental Fig. S4) and
rapid death. Consistent with the hypotonia commonly re-
ported in Perlman syndrome, Dis3l2Δ11/Δ11 animals ex-
hibited bradykinesia and abnormal curvature of the
lumbar spine (Fig. 2B, arrowheads), a characteristic of
neuromotor defects (Turgeon and Meloche 2009). Also
consistent with Perlman syndrome, highly penetrant
GU abnormalities, including hydroureter, hydronephro-
sis, and prematurely filled bladders, were present in
knockout mice (Fig. 2C; Supplemental Table S2). Despite
the presence of these Perlman syndrome features, over-
growth of E18.5 Dis3l2Δ11/Δ11 animals was not observed,
and kidney development appeared overtly normal, with-
out evidence of neoplastic pathology at this time point
(Fig. 2D–G). Western blotting confirmed a loss of detect-
able DIS3L2 protein in Dis3l2Δ11/Δ11 kidneys (Supple-
mental Fig. S5).
Since Dis3l2Δ11/Δ11 animals die prior to the completion

of nephrogenesis (Hartman et al. 2007), we used the condi-
tional Dis3l211fl allele in combination with Wt1Cre,
which is expressed in the uninduced metanephric mes-
enchyme from which all nephrons and stroma of the kid-
ney derive (Armstrong et al. 1993; Zhou et al. 2008), in

order to examine the consequences of DIS3L2 loss on later
stages of kidney development. As expected, Wt1Cre/+;
Dis3l211fl/11fl mice exhibit efficient elimination of exon
11-containing Dis3l2 mRNA in the kidneys (Supplemen-
tal Fig. S6A). Nevertheless, these animals survive into
adulthood and display normal kidney histology without
evidence of malignancy up to at least 6 mo of age (Supple-
mental Fig. S6B), a time point by which other Wilms
tumor mouse models develop malignancies at high pene-
trance (Hu et al. 2011; Urbach et al. 2014). These findings
demonstrate that loss of function of DIS3L2 in mice reca-
pitulates some key features of Perlman syndrome, such as
GU anomalies and neonatal death, but is not sufficient to
impair kidney development or initiate Wilms tumor
formation.

Modeling the most common Perlman syndrome
mutation in mice

Although it is widely assumed that Perlman syndrome
results from complete loss of function of DIS3L2, the fail-
ure of Dis3l2Δ11/Δ11 mice to recapitulate all aspects of
this disorder led us to consider the possibility that dis-
ease-causing alleles may function as hypomorphs or neo-
morphs. Interestingly, among the reported Perlman
syndrome mutations, the majority is in-frame deletions
or point mutations. Moreover, all genetically character-
ized Perlman syndrome patients who developed Wilms
tumor carry at least one mutation of this type (Fig. 3A).
To directly assess the phenotypic consequences of a dis-
ease-associated mutation, we again used CRISPR/Cas9
to produce deleted and floxed alleles of mouse Dis3l2
exon 10 (Dis3l2Δ10 and Dis3l210fl, respectively) (Fig. 3B),
which mimic deletion of human DIS3L2 exon 9, the
most common mutation observed in Perlman syndrome
patients. Importantly, this deletion, which is associated
with Wilms tumor development, preserves the DIS3L2
reading frame and removes only 1% of the residues in
the catalytic RNB domain. Nevertheless, DIS3L2 protein
levels were dramatically reduced in the kidneys of E18.5
Dis3l2Δ10/Δ10 mice, suggesting that this mutation destabi-
lizes the protein (Supplemental Fig. S5). Accordingly, the
phenotype of Dis3l2Δ10/Δ10 mice was indistinguishable
fromDis3l2Δ11/Δ11 mice, with fully penetrant perinatal le-
thality associated with lung hypoinflation, bradykinesia,
and spinal curvature indicative of neuromotor defects,
GU abnormalities, and an absence of overgrowth or kid-
ney neoplasms (Fig. 3C–I; Supplemental Fig. S4; Supple-
mental Tables S1, S2). These data indicate that Perlman
syndrome-associated mutations are functionally equiva-
lent to null alleles.

DIS3L2 does not regulate mature let-7 in Wilms
tumor-relevant cell populations in vivo

We next took advantage of our DIS3L2-deficient mouse
lines to directly investigate whether loss of DIS3L2 influ-
ences mature let-7 levels in Wilms tumor-relevant cell
populations in the context of the developing kidney. For
these studies, we adopted recently reported methods to
isolate primaryNPCs, a population of cells in the develop-
ing kidney that have the capacity to both self-renew
and produce nephrons (Fig. 4A; Boyle et al. 2008;
Kobayashi et al. 2008; Brown et al. 2015). Wilms tumor-
initiating cells have been shown to express NPC marker
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Figure 2. Dis3l2 loss of function partially recapitulates Perlman syn-
drome in mice. (A) Strategy for generating exon 11-floxed (Dis3l211fl)
and exon 11-deleted (Dis3l2Δ11) alleles. Highly conserved residues in
the DIS3L2 active site are indicated (DLDDAL). (B) Embryonic day
18.5 (E18.5) embryos of the indicated genotypes. Arrowheads mark
abnormal curvature of the spine. (C ) Representative images of a pre-
maturely filled bladder (arrowhead) and hydroureter (asterisk) in
E18.5 Dis3l2Δ11/Δ11 mice. (D,E,F ) Total body weight (D), liver weight
normalized to body weight (E), and kidney cross-sectional area (F ) in
E18.5 mice. n = 31–33 per genotype for whole body; n = 10–12 per ge-
notype for livers; n = 6 per genotype for kidneys. (G) H&E-stained sec-
tions of E18.5 kidneys.

DIS3L2 loss results in up-regulation of Igf2
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genes (Pode-Shakked et al. 2013), and Wilms tumors
have been demonstrated to arise from NPCs in mouse
models (Huang et al. 2016). Consistent with our earlier
studies of DIS3L2-deficient cell lines, no significant dif-
ferences in expression of mature let-7 family members
were detected between NPCs derived from Dis3l2+/+ and
Dis3l2Δ11/Δ11 mice (Fig. 4B).

To further investigate whether let-7 activity is affected
by loss of DIS3L2, we performed RNA sequencing (RNA-
seq) on littermate-matched Dis3l2+/+ and Dis3l2Δ11/Δ11

NPCs (Supplemental Table S3). These experiments dem-
onstrated that expression of Targetscan-predicted let-7
target genes (Agarwal et al. 2015) was not globally altered
in Dis3l2Δ11/Δ11 NPCs (Supplemental Fig. S7). Overall,
these analyses of DIS3L2 deficiency in a diverse panel of
mammalian cell lines as well as in a primary cell popula-
tion documented to give rise to Wilms tumors strongly
implicate a let-7-independent mechanism of tumor sup-
pression by DIS3L2.

DIS3L2 deficiency leads to Igf2 overexpression in NPCs

To identify potential let-7-independent tumor suppressor
functions of DIS3L2, we further examined the RNA-seq
data from Dis3l2Δ11/Δ11 NPCs. As reported previously in
other cell types (Labno et al. 2016; Pirouz et al. 2016;
Reimao-Pinto et al. 2016; Ustianenko et al. 2016), we de-
tected up-regulation of many histone mRNAs and RNA
polymerase III (Pol III) transcribed small noncoding
RNAs, including Vaultrc5, Rny1, Rny3, and Rpph1 (Fig.
4C; Supplemental Table S3). Strikingly, among the most
significantly up-regulated protein-coding genes was Igf2,
along with the neighboring genes H19 and Igf2os. This
finding was noteworthy, as IGF2 is recognized to be one
of the most important Wilms tumor oncogenes. The
IGF2 locus is imprinted in nearly all tissues such that
IGF2 is transcribed exclusively from the paternal allele,
while the neighboring H19 gene is transcribed from the
maternal allele. Loss of imprinting or loss of heterozygos-
ity of this locus, resulting in IGF2 overexpression, is ob-
served in a majority of Wilms tumors (Wegert et al.
2015). Moreover, biallelic expression of IGF2 underlies
Beckwith-Wiedemann syndrome, an overgrowth syn-
drome with similarities to Perlman syndrome, including
Wilms tumor susceptibility (Lapunzina 2005). Therefore,
overexpression of IGF2 could potentially contribute to
both overgrowth and Wilms tumor development in Perl-
man syndrome. Quantitative RT–PCR (qRT–PCR) con-
firmed overexpression of both Igf2 and H19 in
independently derived Dis3l2Δ11/Δ11 NPCs (Fig. 4D).

Given that Igf2 andH19 share a common set of enhanc-
ers (Nordin et al. 2014), their coordinated up-regulation in
DIS3L2-deficient NPCs is most consistent with increased
transcription of these genes. Indeed, we observed up-
regulation of unspliced Igf2 and H19 transcripts in
Dis3l2Δ11/Δ11 NPCs (Fig. 4E), strongly supporting this pre-
mise. Moreover, transcripts derived from all four annotat-
edmouse Igf2 promoters exhibited a proportional increase
in expression, consistent with a general increase in
transcription across the Igf2/H19 locus (Supplemental
Fig. S8). Since loss of imprinting is a commonmechanism
of increased IGF2 transcription in Wilms tumor, we as-
sessed the imprinting status of this locus in Dis3l2 mu-
tant NPCs. Intercrosses of C57BL/6 and BALB/cJ mice
carrying the Dis3l2Δ11 allele allowed generation of NPCs
with defined single-nucleotide polymorphisms (SNPs) in
exons of Igf2 andH19 thatwere used to track allele-specif-
ic expression of each gene (Supplemental Fig. S9).Monoal-
lelic expression of both Igf2 and H19 was observed in
Dis3l2Δ11/Δ11 NPCs, demonstrating that loss of DIS3L2
does not impact imprinting of this locus. We conclude
that DIS3L2 loss of function results in transcriptional ac-
tivation of the Igf2/H19 locus in NPCs, most likely by
leading to the activation of shared cis-regulatory elements
that control these genes.

IGF2: a new candidate driver of overgrowth and Wilms
tumor in DIS3L2-deficient settings

The strong predisposition to Wilms tumor in Perlman
syndrome aswell as the presence of recurrent somaticmu-
tations in DIS3L2 in sporadic Wilms tumor provide com-
pelling genetic evidence that this gene functions as a
tumor suppressor in this malignancy. Given the role of
DIS3L2 as the terminal nuclease in the LIN28–let-7 path-
way and the evidence linking the LIN28–let-7 pathway to
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Figure 3. A Perlman syndrome-causing Dis3l2 mutation phenocop-
ies complete loss of function. (A) A schematic of DIS3L2 protein do-
mains (top), the exon structure of the human DIS3L2 gene showing
the location of Perlman syndrome mutations (middle), and a table
of alleles present in 10 Perlman syndrome patients showing the pres-
ence or absence of Wilms tumors (bottom). Note that patient 10 was
heterozygous for the ΔExon 19 allele but did not have detectable
DIS3L2 expression from the wild-type allele (Astuti et al. 2012).
Red indicates a frameshift allele, and green represents a frame-pre-
serving allele. (B) Strategy for generating exon 10 (orthologous
to human exon 9) floxed (Dis3l210fl) and deleted (Dis3l2Δ10) alleles.
(C ) E18.5 embryos of the indicated genotypes. Arrowheads mark ab-
normal curvature of the spine. (D) Representative images of a prema-
turely filled bladder (arrowhead) and hydroureter (asterisk) in E18.5
Dis3l2Δ10/Δ10 mice. (E,F,G) Total body weight (E), liver weight nor-
malized to body weight (F ), and kidney cross-sectional area (G) in
E18.5 mice. n = 10–11 per genotype for whole body; n = 7–10 per geno-
type for livers; n = 4 per genotype for kidneys. (H) H&E-stained E18.5
kidney sections. (I ) Summary of Perlman syndrome-associated phe-
notypes in Dis3l2Δ11/Δ11 and Dis3l2Δ10/Δ10 mice.
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Wilms tumor pathogenesis, it has been widely speculated
that altered let-7 expression underlies tumor formation in
DIS3L2-deficient settings. In this study, we interrogated
this hypothesis using the broadest set of cell types tested
to date, including NPCs, a primary cell population of the
developing kidney that has been demonstrated to give rise
toWilms tumors inmousemodels. Our data unequivocal-
ly show that loss ofDIS3L2 does not affectmature let-7 ex-
pression in these settings. Instead, using a novel Dis3l2-
null mouse model, we uncovered IGF2 as a novel candi-
date gene that could potentially drive fetal overgrowth
andWilms tumor in DIS3L2-deficient contexts. However,
an important caveat of this model is that, while DIS3L2
loss of function in mice recapitulates some key Perlman
syndrome-associated phenotypes, Dis3l2-null mice do
not exhibit overgrowth or Wilms tumor development.
The lack of overgrowth is most likely due to cell type spe-
cificity of Igf2 regulation by DIS3L2, since we did not ob-
serve an increase in Igf2 expression in the livers of
Dis3l2Δ11/Δ11 mice (data not shown), and overexpression
was not reported in previous RNA-seq studies of
DIS3L2-deficient cell lines (Lubas et al. 2013; Labno
et al. 2016; Ustianenko et al. 2016). It is plausible that
IGF2 is more broadly overexpressed in humans lacking
DIS3L2, resulting in Perlman-associated overgrowth. Im-
portantly, while genetic or epigenetic alterations of the
IGF2 locus have been ruled out as causes of Perlman syn-
drome (Alessandri et al. 2008; Astuti et al. 2012; Higashi-
moto et al. 2013), IGF2 expression has not been directly
examined in patients. Based on our findings reported
here, it will be important to do so in the future, since tar-
geting IGF2 signaling could represent an effective thera-
peutic intervention.

The lack of tumor formation inDis3l2-null mice is con-
sistent with the previous demonstration that isolated Igf2
overexpression is not sufficient to triggerWilms tumor de-
velopment in mouse models (Sun et al. 1997; Hu et al.
2011). Wilms tumors have been successfully generated
in mice by combining multiple genetic lesions that co-oc-
cur in patients, such as Igf2 loss of imprinting and Wt1
deletion (Hu et al. 2011). Similar strategies using the
new conditional Dis3l2 mutant alleles reported here in
combination with co-occurring Wilms tumor mutations
in genes such as DGCR8, WTX, and others (Torrezan
et al. 2014; Wegert et al. 2015; Gadd et al. 2017) are likely
to produce new Wilms tumor models representing addi-
tional genetic subtypes of this malignancy. It is therefore
anticipated that the new DIS3L2-deficient cell lines and
mouse models generated in this study will provide a valu-
able resource for further study of the pathogenesis and
treatment of Perlman syndrome and Wilms tumor.

Materials and methods

Mouse strains

Dis3l2mutant alleles were generated usingCRISPR/Cas9 as described pre-
viously (Yang et al. 2013). In brief, Cas9mRNA (Sigma), in vitro transcribed
sgRNA, and loxP-containing Ultramer oligos (Integrated DNA Technolo-
gies) were injected directly into C57BL/6J oocytes. Relevant oligonucleo-
tide sequences are in Supplemental Table S4. Successfully generated
alleles were maintained by backcrossing to C57BL/6J. Wt1Cre (Zhou et al.
2008) and BALB/cJ mice were obtained from The Jackson Laboratory. All
mouse experiments were approved by the Institutional Animal Care and
Use Committee of the University of Texas Southwestern Medical Center.

Data access

RNA-seq data have been deposited in Gene Expression Omnibus under ac-
cession number GSE114673.
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