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DICER1 gene alterations and decreased expression are associated
with developmental disorders and diseases in humans. Oscillation
of Dicer1 phosphorylation and dephosphorylation regulates its
function during the oocyte-to-embryo transition in Caenorhabditis
elegans. Dicer1 is also phosphorylated upon FGF stimulation
at conserved serines in mouse embryonic fibroblasts and
HEK293 cells. However, whether phosphorylation of Dicer1 has a
role in mammalian development remains unknown. To investigate
the consequence of constitutive phosphorylation, we generated
phosphomimetic knock-in mouse models by replacing conserved
serines 1712 and 1836 with aspartic acids individually or together.
Dicer1°7836D/51836D mjice display highly penetrant postnatal lethal-
ity, and the few survivors display accelerated aging and infertility.
Homozygous dual-phosphomimetic Dicer! augments these de-
fects, alters metabolism-associated miRNAs, and causes a hyper-
metabolic phenotype. Thus, constitutive phosphorylation of
Dicer1 results in multiple pathologic processes in mice, indicating
that phosphorylation tightly regulates Dicer1 function and activity
in mammals.

ERK signaling | microRNA | infertility | mouse model | aging

icerl is an essential riboendonuclease that processes pre-
miRNAs into functional miRNAs. DICERI mutations are
associated with developmental defects and diseases in humans
(1-3). Patients with DICER1 syndrome carry germline hetero-
zygous mutations in DICERI (missense and truncating). These
patients present with multinodular goiter, macrocephaly, global
developmental delay, lung cysts, overgrowth, and increased risk
for a variety of cancers (3, 4). DICERI somatic heterozygous
mutations are also frequently observed in human cancers (5-8).
These data highlight the relevance of DICER1 in human disease.
Multiple mechanisms regulate Dicerl function and activity.
For example, DICERI is positively regulated by the universal
transcription factor SOX4 in melanoma cells (9). Following
melanocyte differentiation, DICERI is regulated in a lineage-
specific manner by the melanocyte master transcriptional regu-
lator MITF (10). Additionally, miRNA-103/107, miRNA-192,
and the let-7 miRNA family control Dicer! transcript levels in
a negative feedback loop in cultured cells (11-15). Alterations in
DICERI mRNA and protein levels are associated with macular
degenerative blindness, infertility, aging, and cancer (16, 17). These
findings emphasize that Dicerl is globally expressed in cells and
tissues, and its function is under tight regulatory control.
Recently, we discovered that ERK-dependent phosphoryla-
tion of Caenorhabditis elegans DCR1 at Ser (S) 1705 and
Ser1833 is essential for oogenesis, whereas dephosphorylation is
essential for progression of embryogenesis (18). Thus, oscillation
of Dicerl phosphorylation and dephosphorylation is essential for
oogenesis and embryogenesis. This discovery highlighted that
Dicerl function is under tight posttranslational control during
development. In mammals, we found that Dicerl is phosphory-
lated at the conserved serines in mouse embryonic fibroblasts
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(MEFs) and human embryonic kidney cell lines upon FGF stim-
ulation (18). Moreover, Dicerl is phosphorylated at Ser1712 and
Ser1836 in the developing mouse uterine glands in vivo (18). In all
of these cases, phosphorylation of Dicerl was coupled with its
translocation from the cytoplasm to the nucleus (18). Burger et al.
(19) identified an additional serine that is phosphorylated by ATM/
ATR during DNA damage response, resulting in translocation of
Dicerl from cytoplasm to the nucleus in cultured human cells.
These results suggest that phosphorylation of Dicerl is a conserved
event; however, the role of Dicerl phosphorylation and dephos-
phorylation in vivo in mammals remains unknown.

To test whether phosphorylation of Dicerl regulates its function
and activity in mammals, we generated and characterized three
phosphomimetic Dicer! knock-in mouse models. These models test
the physiological impact of constitutive and unregulated
Dicerl phosphorylation. We demonstrate that phosphomimetic
Dicerl at Ser1712 (DicerS'7"?”51712P is nonphenotypic. A phos-
phomimic at Ser1836 (Dicer®'*°PS"89) reqults in highly penetrant
early postnatal lethality. The few survivors display infertility
and accelerated aging. Dual phosphomimic at both serines
(Dicer’sP”?5P) phenocopies the DicerS'83°P/S1836D mytant with
increased severity. We find that DicerS'7'?P is primarily cytoplas-
mic, whereas Dicer®'®°P is partially nuclear and Dicer®SP
is primarily nuclear, suggesting that nuclear translocation is as-
sociated with the phenotypes observed. Additionally, Dicer®S?
homozygosity drives a hypermetabolic phenotype in MEFs and
mice, suggesting that an increased rate of metabolism may be the
earliest defect in these animals. This defect is coupled with an
alteration of a small subset of metabolic miRNAs. Together,
these results demonstrate that regulation of Dicerl phosphorylation
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in vivo in mammals is likely under tight control for balanced
Dicerl function and normal development.

Results

Phosphorylation at Ser1836 Impairs Dicer1 Function. To examine the
role of phosphorylation-mediated regulation of Dicerl function
in mammals, we generated three phosphomimetic Dicerl knock-
in mouse models (Fig. 1 4 and B and SI Appendix, Fig. S1). Mice
with Ser1712 replaced with aspartic acid (Dicer’’’’?P) were
generated by using CRISPR/Cas9 technology (SI Appendix, Fig, SlDD).
Mice with Ser1836 replaced with aspartic acid (Dicer®7°7)
and Ser1712 and Ser1836 replaced with aspartic acids (Dicer”s?)
were obtained by using the traditional embryonic stem (ES) cell
technology. Additionally, CRISPR/Cas9-mediated targeting also
resulted in generation of Dicerl alleles with frame-shift trunca-
tion starting at position 1712 (Dicer™) and 3-bp in-frame deletion
of codon 1712 (Dicer*'”*?).

Dicerl-null mice are embryonic-lethal at embryonic day (E)
7.5 (2). To determine if phosphomimetic Dicer! alleles mimicked
loss of Dicerl activity, we assayed for lethality in homozygous
mutant mice for each allele generated. DicerS!7/2P/S1712D anq
Dicer*'71?/41712 mice were born at the expected Mendelian ratios
(Fig. 1B). Dicer™™ mice, as expected, were embryo-lethal.
DicerS'830PIS1830D mytants were born, but only 11% of progeny
(11 of 103) were homozygous mutants at weaning instead of the
expected 25% freguency indicating partial lethality (P = 0.003;
Fig. 1B). DicerSP?SP mice, like the DicerS'836P/S1830D mjce, were
also partially lethal, as only 7% of progeny (8 of 115) were ho-
mozygous mutants at weaning (P < 0.001). Examination of
E18.5 embryos from Dicer’?P heterozygous crosses revealed
that homozygous mutant embryos were viable. Of the 42 embryos

examined, 10 were WT, 22 were heterozygous, and 10 were ho-
mozygous mutants. Histopathologic examination of E18.5 embryos
did not reveal any defects in homozygous mutants; however, we
observed dead pups within 4 d after birth that were genotyped as
homozygous mutants, suggesting that lethality is postnatal. Com-
bined, these data reveal that constitutive phosphorylation at
Ser1836 impairs Dicerl function and causes postnatal lethality.

Next, we examined if mutant Dicerl alleles are functionally
hypomorphic by introducing a null allele over each mutant
background. Dicer’’¥*¢P/~ and Dicer”*®’~ mice were nonviable,
whereas the Dicer’’”’?”/= and Dicer’”’?'~ mutants were viable
(SI Appendix, Fig. S2). These data demonstrate that constitutive
phosphomimic or deletion of Ser1712 has seemingly no impact
on Dicerl functions, whereas phosphomimic at Ser1836 is suf-
ficient to alter Dicerl functions with lethal consequences.

Studies have shown that Dicerl loss activates the p53 pathway
(20, 21). We therefore genetically tested whether postnatal le-
thality in Dicer”*?"** mice is [PSS—dependent by concomitantly
deleting p53 in the Dicer”s?"*S background. Of the 72 progen
born from Dicer*”*SP p53+/~ intercrosses, none were Dicer”P?S
P53~ (P = 0.01). This result indicates that loss of p53 does not
rescue the postnatal lethality in the Dicer™”?5P mice, suggesting
that a distinct pathway is responsible for lethality.

Constitutive Dicer1 Phosphorylation at Ser1836 Leads to Growth
Retardation and Infertility. To determine whether the
Dicer51830P/S1835D and DicerP?5P mice that survived postnatal
lethality displayed developmental defects, we extensively char-
acterized survivors and found multiple striking defects. The most
obvious of these defects was growth retardation. Male and fe-
male DicerS'835P/518350 and Dicer’SP'?SP survivors displayed a

— DEXD helicase |—{ouF |- Paz }——4 RNase llla H Rnase niib |H dreD|
Ser1712 Ser1836
Allele DicerS'7120 Dicer?'712 Dicer™ DicerS18360 Dicer?s?
Mutation Ser1712Asp Ser1712Deletion Ser1712-4aa-STOP  Ser1836Asp Ser1712,1836Asp
wT 17 (21) 21(17) 8(7) 28 (26) 34 (29)
Het 48 (43) 35 (34) 20 (14) 64 (52) 73 (58)
Homo 20 (21) 12 (17) 0(7) 11 (26) 8 (29)
P-Value 0.440 0.300 0.008 0.003 <0.001
Fig. 1. Dicerl alleles and phenotype of homozy-
Males Females gous mutants. (A) Sites of Dicer1 phosphorylation
407 & WT are shown. dRBD, dsRNA binding domain; DUF, do-
-+ DicerS1836D/S1836D main of unknown function; PAZ, Piwi Argonaute and
301 -+ Dicer2SD/2SD Zwille binding domain. (B) Homozygous viability of
20 ‘X;/PPH—FH all Dicer1 mutants was tested by inbreeding het-
(ﬁ—%ﬁiiitﬁ erozygous mutants (nomenclature and associated
10 —F i ; l i mutations are listed). Observed and expected num-
bers (in parentheses) of all genotypes are listed. Het,
s e e e e B — 1T LA A S heterozygous mutants; Homo, homozygous mu-
1234586780910 123456780910 y9 y9 .
Age (months) Age (months) tants. y“ tests were performed, and P values are lis-
ted. (C) Representative images of 1-wk-old (Top) and
ke i 25DI2SD :
Genotype Sex # Mating pairs # Litters Average litter size 2-wk-old .(Bottom) Dicer* mice (asterisk) and
- normal littermates. (D) One- to 10-mo-old WT,
Dicers17120/s17120 Male 5 5 8.4 Dicer®'836D/S1836D and Dicer®”'?*P male (Left; n = 12,
Dicers'7120/81712D Female 5 5 7.8 n =12, and n = 10, respectively) and female (Right;
712712 n =12, n =29, and n = 11, respectively) mice were
Dicer Male 3 3 8.7 weighed regularly. Average weights with SDs
Dicera712/a1712 Female 4 4 8.0 at multiple time points (in months) are presented. At
Dicers18360/s1836D Male 1 0 0 least three mice were present for all genotypes at
) the endpoint (some animals died before reaching
Dicers18360is1836D Female 9 0 0 the endpoint). (E) Fertility of all homozygous mu-
Dicer2sb/2sd Male 11 0 0 tants was tested by mating with WT mice. Number of
. litters and average litter size for all mutants (males
Dicer2sbi2sb Female 13 0 0
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35-50% reduction in size compared with their WT sex-matched
littermates, and the growth retardation phenogyge Persisted
throughout their lifespan (Fig. 1 C and D). DicerS'#7°P/S1836D anq
Dicer%D/ZSD mice also displayed fertility defects as assayed via
housing homo %ous mutant males with WT females and vice
versa. Dicer’'7?PIS1712D and Dicer! 7241712 mice were fertile
and produced eight to nine rogeny per litter (Fig. 1E); however,
DicerS830P/S1836D apq DicerESD 5P mice (males and females) did
not give rise to any progeny (Fig. 1E). These results suggest that
constitutive Dicerl phosphomimic at Ser1836 is sufficient to
drive early postnatal lethality, retard growth, and cause in-
fertility. Dicer”?*P mice display similar phenotypes with
greater magnitude (i.e., increased postnatal lethality and growth
retardation) compared with DicerS/$35P/51835P mice. Thus, we
focused on Dicer”SP"*SP mice from this point forward.

Constitutive Dicer1 Phosphorylation at Serines 1712 and 1836 Drives
Accelerated Aging Phenotypes. Aging phenotypes in mice are
assessed by several criteria, including growth retardation, infertility,
reduced survival, kyphosis (i.e., curvature in the spine), osteoporo-
sis, skin atrophy, cardiomyopathy, muscular dystrophy, reduced fat
mass, anemia, and alopecia (22-26). As Dicer”>?*5P mice display
retarded growth, infertility, and early lethality, which suggests
accelerated aging, we examined other phenotypes of accelerated
aging in these mice. Examination of mutant and WT mice as they
aged revealed pronounced hunched posture in Dicer”P?5P mice
starting at 6 mo of age compared with normal posture in WT lit-
termates 5(F'g. 24). Quantitative micro-CT scans of 7-9-mo-old
Dicer”P?P and WT mice confirmed significant kyphosis in mu-
tant mice relative to WT mice (kyphosis indices of 2.5 and 3.7 re-
spectively; P = 0.02; Fig. 2.4 and B). Micro-CT scans also revealed
severe osteoporosis in Dicer”>”?SP mice with significant reduction
in bone volume fraction (BVF; 38% vs. 65%; P = 0.0003; Fig. 2C)
and bone mineral density (BMD; 347 mg/em® vs. 420 mg/em’; P =
0.008; Fig. 2D) in the spine of mutant mice compared with WT
mice. Histopathologic examination of the femur and tibia showed
that the bone marrow was infiltrated by adipocytes in mutant mice
as early as 2 mo of age, and the adipocytes replaced most of the
hematopoietic cells by 9 mo (Figs. 2 E and F and 34). We also
observed bone loss throughout the skeletons of mutant mice (Fig. 2
A and E). As hematopoietic cells are predominantly found in the
bone marrow in mice, we examined the mutant animals for
compromised hematopoiesis. Complete blood count analysis
revealed no change in platelet count (P = 0.89), a 33% reduction
in total white blood cell (WBC) count (4.18 x 10*/uL vs. 6.22 x
103/pL; P =0.01), and a 15% reduction in red blood cell (RBC
count (8.6 x 10°/uL vs. 10.3 x 10°/uL; P = 0.007) in Dicer*”'?$

mice compared with WT (Fig. 3B). These results suggest that
phosphomimetic Dicerl dramatically impacts the skeletal in-
tegrity and bone marrow adipogenesis with an associated re-
duction of hematopoiesis.

We examined multiple organs from Dicer™”?*” and WT mice
microscopically to assay tissue degeneration. Consistent with our
previous observation of infertility in the mutant mice, sections of
testes from 2—7 mo-old mutant mice lacked mature spermatozoa
and had reduced numbers of Leydig cells compared with WT
mice (Fig. 2F). Similarly, the ovaries from homozygous mutant
mice were reduced in size and contained fewer follicles, and the
majority of ovarian parenchyma was composed of vacuolated
cells (Fig. 2F). The epidermis in mutant mice was thin with
abnormal tissue architecture and reduced amounts of s.c. adi-
pose tissue (Fig. 2F). Mutants older than 6 mo of age consis-
tently lacked abdominal fat (SI Appendix, Fig. S34). Young
Dicer”SP?5P mice (1-2 mo old) also developed neutrophilic
conjunctivitis, and, as the mice aged, they occasionally de-
veloped corneal lesions (SI Appendix, Fig. S3 B and C). Addi-
tionally, reproductive tissues including the prostate, seminal
vesicles, and uterus were reduced in size, and the accessory sex
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glands contained less secretory material in mutants. We also
observed chronic cardiomyopathy, membranoproliferative glo-
merulonephritis, hepatocellular karyomegaly, and pulmonary
bronchus-associated lymphoid tissue (BALT) hyperplasia in some
mutant mice. The BALT hyperplasia and membranoproliferative
glomerulonephritis indicate nonspecific chronic immune stimula-
tion. Because these lesions indicated chronic immune stimula-
tion in multiple organs of Dicer’”?5? mice, we suspected
that the mutant mice might have altered serum enzyme levels
in circulation. Blood chemistry analysis revealed elevated levels
of aspartate aminotransferase (AST; 729 vs. 136 U/L), ala-
nine aminotransferase (ALT; 703 vs. 63 U/L), and alkaline
phosphatase (202 vs. 100 U/L) in mutant mice as compared to
WT mice (Fig. 3C). All phenotypes present in Dicer*S?/?5P
mice were also evident in Dicer’'70P/S7836P mice, albeit with less
severity. These results together suggest that phosphomimetic
Dicerl disrupts normal tissue function, resulting in infertility,
tissue atrophy, and changes often associated with aging, including
osteoporosis, reduced hematopoiesis, and increased bone marrow
adipogenesis.

The end result of accelerated z;gingD is shortened lifespan.
Whereas all Dicer* and DicerS'”"?P5171°D mice were alive by the
540-d time point of this study, Dicer™??P and DicepS'836P/S1836D
mice had median survival times of 236 d and 302 d, respectively
(P = 0.0001; Fig. 2G). In line with previous observations that
Dicer”SP?"*SP mice dislg)lay phenotypes with greater magnitude
than Dicer'830P/S1836D mice. the difference in overall survival
between Dicer®'$39P51530 and Dicer®”'*SP mice was also sta-
tistically significant (P = 0.02). Together, these results reveal that
constitutive Dicerl phosphomimic at Ser1836 or dual phosphomimic
drives accelerated aging phenotypes, and further support our
hypothesis that phosphorylation alters Dicerl functions.

Phosphorylation Alters Dicer1 Localization. As phosphorylation
leads to nuclear localization of Dicerl in C. elegans, we examined
Dicerl localization in mutant and WT testes. Immunofluores-
cence staining using a Dicerl antibody on testes sections from
WT and mutant mice revealed that Dicer] protein accumulated in
the nucleus in 3% of WT, 10% of Dicer’/72PS1712D 309, of
Dicer’1836P51836D - and 100% of Dicer™P?P spermatocytes that
were positive for Dicerl staining (Fig. 4 4 and B). By using stringent
criteria, spermatocytes with low levels of Dicerl protein in the nu-
cleus (<50% of nuclear surface) were considered negative for nu-
clear accumulation, and cells that were not stained with the
Dicerl antibody were excluded during quantification (SI Appendix,
Fig. S5). Nuclear accumulation of Dicer”>P was also confirmed in
kidney and liver sections (SI Appendix, Fig. S4). This result
provides two insights. First, phosphorylation at both sites is es-
sential for efficient nuclear translocation of Dicerl protein.
Second, phosphomimetic mutation at Ser1836, with some nu-
clear Dicerl protein in most cells, was sufficient to drive the
observed phenotypes in mice. This suggests that phosphomimic
at Ser1836 is sufficient to impair Dicerl functions, irrespective of
the degree of nuclear localization.

Constitutive Dicer1 Phosphorylation at Serines 1712 and 1836 Alters a
Subset of Metabolic miRNAs. To determine whether phosphoryla-
tion of Dicerl at serines 1712 and 1836 altered its canonical
miRNA processing function, we identified the mature miRNAs
by using next-generation deep sequencing in MEFs and testes of
WT and DicergSDQSD mice. MEFs were profiled to determine the
earliest molecular changes before manifestation of gross patho-
logic processes. Testes were profiled because we saw clear
morphological changes in this tissue as the animal aged. We
found that a subset of miRNAs were down-regulated in the
MEFs and testes samples from Dicer”??5P mice compared with
WT samples (Fig. 4C). Of the 359 and 368 miRNAs expressed
in MEFs and testes, respectively, 49 miRNAs in the mutant

Aryal et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814377116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814377116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814377116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814377116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814377116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1814377116

Dicer 25D/2SD

5 *
34 -
e —
P T
[
o 2 _L >
Ny
g, “ 20
<

WT  Dicer?SP/2SD WT  Dicer?SP/2SD

WT  Dicer?°P/2SD

Fig. 2. Accelerated aging phenotypes in Dicer?s?/?s?

mice. (A) Representative micro-CT scans (isosurface

— DicerS1836D/51836D

— Dicer2Sb/2sD

threshold, 1,000) of WT and Dicer?”*”?°® mouse
skeletons. (B) Kyphosis index for WT (n = 4) and
Dicer*?'2SP mice (n = 4) was quantified and averaged
and is presented with SD (*P = 0.02, Student’s t test).
(C) BVF in the spine of WT (n = 4) and Dicer???sP
mice (n = 4) was quantified and averaged and is
presented with SD (***P = 0.0003, Student’s t test).
(D) BMD of spine for WT (n = 4) and Dicer*”?P mice

- DicerS17120/$1712D
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4%'30 (n = 4) was quantified and averaged and is presented
with SD (**P = 0.008, Student’s t test). (E) Repre-
sentative H&E longitudinal sections of the femoral

diaphysis (1.25x) from 6-mo-old WT and Dicer?s?/2sP
mice. Measurements are shown for the thinnest
section of the cortical bone. (F) Representative H&E
sections of testes (magnification 20x), ovaries (10x),
skin (20x), and femoral epiphyses and metaphyses
(5%) from 8-mo-old WT and Dicer**??*P mice. Leydig
cells (arrow) in testes section, ovarian parenchyma

Dicer2SD/2SD

(asterisk), s.c. adipose tissue (scale bar) in skin, ir-
regular thickness of growth plate cartilage (arrow),
and replacement of physeal cartilage by bone (ar-
rowhead) and adipocyte infiltration (star) in the
femoral epiphyseal bone marrow are marked. (G)
Survival curve of WT (n = 57), Dicer®'712P517120 (n =
15), Dicer*'836P51836D (n = 21), and Dicer**?*P (n =

MEFs (14%) and 52 miRNAs in the mutant testes (14%) were
down-regulated more than twofold (more than eightfold on
average; Datasets S1 and S2). Of the 49 down-regulated
miRNAs in mutant MEFs, only 17 miRNAs were expressed
in testes, and 16 of these 17 miRNAs (94%) were down-
regulated in both tissues (Fig. 4D). Similarly, of the 52 down-
regulated miRNAs in mutant testes, 39 were expressed in
MEFs, and 16 of these 39 miRNAs (41%) were down-regulated
in both tissues (Fig. 4D). This overlap strongly suggests that
phosphomimetic mutations in Dicerl modulate the generation
of a subset of miRNAs. Pathway analysis on the differentially
down-regulated miRNAs in mutant testes highlighted meta-
bolic pathways as most affected (Fig. 4E). Pathway analysis on
differentially down-regulated miRNAs from MEFs also led to
the identification of the metabolic pathways, further under-
scoring the specificity of dysregulated processing of the af-
fected miRNAs (SI Appendix, Fig. S6). As aging is linked with
altered metabolism, these results suggest that down-regulation
of metabolism-associated miRNAs may be the driving force
behind the accelerated aging phenotypes in mutant mice (27,
28). This led us to investigate whether dual phosphomimetic
Dicerl mice have altered metabolism.

Constitutive Dicer1 Phosphorylation at Serines 1712 and 1836 Drives a

Hypermetabolic Phenotype. Our identification of down-regulated
miRNAs in Dicer”s?’*5” mutants as players in metabolic path-

Aryal et al.

21) mice followed for 560 d.

ways suggested that metabolism may be altered in these mice. To
determine whether metabolic changes may be underlying the
accelerated aging phenotypes of Dicer””?*P mutants, we used
the Comprehensive Lab Animal Monitoring System (CLAMS) test
to measure activity and rates of respiration in 3-4-mo-old mutant
mice and WT littermates. We observed that the mutant mice had a
significant increase (24%) in average oxygen consumption rate
(OCR) relative to WT mice (52.6 vs. 42.3 mL/kg/min; P = 0.04; Fig.
5 A and B). This difference was more pronounced during the light
period when the mice typically rest (38% increase relative to WT,
52.7 vs. 38.1 mL/kg/min; P = 0.02; Fig. 5B). Similar to the increase
in respiration rates, the mutant mice displayed a 50% increase in
wheel activity vs. WT mice (10,555 vs. 7,057 rotations), and the
difference was 2.5 fold during the light period (4,605 vs. 1,853 ro-
tations; Fig. 5C). Together, these results indicate that Dicer”S”*P
mice exhibit an increased metabolic rate and hyperactivity during
the resting period relative to WT mice.

To investigate whether metabolic changes precede the phe-
notypic manifestation, we assayed MEFs from mutant and WT
mice and measured their glycolytic and mitochondrial respira-
tion rates by using the Seahorse Bioanalyzer. Consistent with the
results from the CLAMS test, Dicer”>”S? MEFs displayed a
statistically significant increase in OCR (118.7 vs. 88.6 pmol/min;
P =0.02) and extracellular acidification rate (111.8 vs. 84.4 mpH/
min; P = 0.04) compared with WT MEFs (Fig. 5 D and E). These
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results indicate that the increased metabolic rates are likely the
earliest defects presented in Dicer”P5P mice during embryonic
development and influence the defects that manifest later. Taken
together, these results demonstrate that phosphomimetic Dicerl
regulates metabolic pathways and suggest that increased metabolic
rates may be the underlying mechanism behind accelerated
: icer?SD/25D i
aging phenotypes of Dice mice.

Discussion

Dicerl is critical for normal vertebrate development because
mutations in any of the core functional domains in DICER1 are
associated with severe human diseases (3, 4, 29-43). For exam-
ple, patients with DICER1 syndrome with heterozygous germ-
line mutations in DICERI (missense and truncating) present
with multinodular goiter, macrocephaly, global developmental
delay, lung cysts, overgrowth, and increased risk for a variety of
cancers (3, 4). Similarly, conditional mouse models with loss of
Dicerl in a tissue-specific manner point to Dicerl’s role in reg-
ulating insulin resistance, one aspect of aging (17, 41, 44),
spermatogenesis (35, 36), oocyte meiotic maturation (38), me-
lanogenesis (10), and a variety of cancers (5-8). Our studies show
that constitutive phosphorylation of Dicerl also causes disease.
We find that a phosphomimetic mutation at Ser1836 as well as
the dual phosphomimetic mutations at serines 1712 and
1836 significantly impact Dicerl function in mice. Phosphoryla-
tion at Ser1836 partially drives its nuclear localization, and se-
verely compromises its function, whereas dual phosphorylation
at Ser1712 and Ser1836 results in primarily nuclear localization
of Dicerl and a stronger phenotype than phosphorylation at
Ser1836 alone. In addition, dual phosphorylation of Dicerl leads
to down-regulation of a subset of miRNAs and a phospho-
Dicerl-specific miRNA signature. These data lead us to specu-
late that not all DICER1-associated human diseases may be
caused by mutations in DICERI, as they may also arise from
mutations in the phosphatases that dephosphorylate DICERI.
Thus, phosphorylated DICER1 may serve as a biomarker for
human disease.
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Our observations that dual phosphorylation leads to nuclear
accumulation of Dicerl and associated aging phenotypes led us
to propose that Dicerl nuclear accumulation impairs the cytoplas-
mic functions of Dicerl and potentiates its nuclear functions,
resulting in cellular stress. In addition to accumulation of unwanted
protein in the nucleus, phosphomimetic Dicerl may interfere with
other cellular processes by carrying out potential nuclear functions
even when it is not required, resulting in activation of stress re-
sponse that may contribute to the phenotypes. Unlike naturally
phosphorylated Dicerl, phosphomimetic Dicerl cannot be
dephosphorylated in the nucleus and exported to cytoplasm.
However, even nonphenotypic DicerS!7/2P/S1712D " mytants
show nuclear accumulation of phospho-Dicerl in 10% of cells
(spermatocytes), and DicerS'5%PP1536P mytants display phenotypes
despite lacking nuclear accumulation of Dicerl in most cells. Ad-
ditionally, a previous study in MEFs shows that approximately 5%
of Dicerl is nuclear, suggesting that the phenotypes are primarily
driven by constitutive phosphorylation, and mislocalization only
partially contributes to exacerbate the phenotypes.

In yeast, Dicer1 shuttles between cytoplasm and nucleus under
normal homeostasis, and nuclear accumulation is obligatory for
the assembly of heterochromatin at centromeric repeats (45).
ERK-mediated phosphorylation and dephosphorylation at Ser1712
and Ser1836 drives nuclear import and export, respectively, during
oocyte-to-embryo transition in C. elegans. In this context, nuclear
accumulation is likely driven by increased phosphorylation or in-
hibition of dephosphorylation at Ser1712 and Ser1836. Studies in
human transformed cells reveal that DICER1 phosphorylation at
S1728 and S1852 is required in DNA damage response, and nuclear
accumulation was driven by an additional phosphorylation at
Ser1016 mediated by ATM/ATR (19). During DNA damage re-
sponse, phosphorylation at Ser1016 likely delays/prevents nuclear
export of Dicerl, independent of dephosphorylation at Ser1712 and
Ser1836, resulting in nuclear accumulation. Thus, nuclear accu-
mulation and activity of Dicerl is mediated by different post-
translational events under different stress conditions (18, 19).
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Fig. 4. Phosphorylation alters Dicer1 localization and miRNA profile. (A) Immunofluorescence with an anti-Dicer1 antibody on representative testes sections
(20x) from WT, Dicer®'7'2P/51712D  pjceS1836D/51836D and pjcer®sP/25P mice. Dicer1 is stained red and nuclei are stained blue with DAPI. (Scale bars: 10 um.) (B)
Percentage of spermatocytes (excluding spermatids and spermatozoa) with nuclear Dicer1 was calculated in the seminiferous tubules of three WT,
Dicers'712PI51712D | pyjcepS1836DI51836D and pjcer?SP/?SP testes. Cells were binned as cytoplasmic or nuclear/both. Average was calculated with SD (S/ Appendix,
Fig. S5). (C) Differential expression of miRNAs in testes (n = 3 for Dicer**??%° and n = 2 for WT) and MEFs (n = 4 for Dicer**”"?*" and n = 3 for WT) from WT and
Dicer*sP?SP mice. Green, red, and yellow dots represent down-regulated, up-regulated, and unaffected miRNAs, respectively, in Dicer”*??*P samples com-
pared with WT samples. Blue lines represent twofold cutoff. (D) Number of down-regulated miRNAs (>10 reads per million and more than twofold difference)
and overlap in mutant testes and MEFs. Overlapping miRNAs are listed. (E) Pathway analysis of down-regulated miRNAs in mutant testes was performed by
using DIANATOOLS. The top 22 pathways on the list are presented.
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Fig.5. Higher metabolism in Dicer?*??*P mice and MEFs. (A) CLAMS test was used to measure OCR of WT (n = 2) and Dicer**?">*P mice (n = 4) from 10 AM to 9
AM. Rate of oxygen consumption (VO,) in milliliters per kilogram per minute with SD is shown for every measurement. Vertical lines separate the light period
(6 AM to 6 PM) and dark period (6 PM to 6 AM) during the experimental measurements. On the x-axis, 1 unit is equal to 6 min from the beginning of
measurement. (B) OCR rates were averaged and grouped into light and dark periods (*P = 0.02 for the light period, Student’s t test). (C) CLAMS test was used
to measure wheel activity of WT (n = 2) and Dicer*®?° (n = 4) mice. Measurements were combined and grouped into light and dark periods. Each dot
represents one mouse. (D) Seahorse mitochondrial stress test assay was used to measure OCR of WT (n = 7) and Dicer**??*P (n = 9) MEFs. Average mea-
surements with SD are plotted (*P = 0.02, Student’s t test). (E) Seahorse glycolytic stress test assay was used to measure extracellular acidification rates (ECAR)
of WT (n = 7) and Dicer”*”"*P (n = 9) MEFs. Average measurements with SD are plotted (*P = 0.04).

During DNA damage response, phosphorylated DICER1 pro-
cesses nuclear dsSRNA for DNA damage repair. In C. elegans, re-
duction of Dicerl function upon phosphorylation alters 26G endo-
siRNAs for oocyte-to-embryo transition, whereas miRNAs are
unaffected likely as a result of maternal rescue (18). In mice, we
show that a subset of miRNAs is down-regulated in a physio-
logical context upon constitutive Dicerl phosphorylation. Whether
Dicer1 regulates dSRNA or miRNAs in different contexts will need
further mechanistic studies. Together, these studies unveil the role
of Dicer]l phosphorylation in modulating the small RNA landscape
in multiple contexts across evolution and in vivo.

Our studies show that phosphomimetic Dicerl affects a
broader spectrum of tissues and phenotypes than have been
previously described for Dicerl hypomorphic alleles. Previous
reports show that reduction of Dicer! transcripts to below 20%
causes severe embryonic lethality (similar to the null allele),
whereas mutant mice with >20% Dicer] transcript levels survive
with minimal phenotypes (43, 46, 47). Relative to the Dicerl-null
and hypomorphic mice (with >20% Dicerl transcript levels), which
display a fully g)enetrant embrgonic lethality (2, 43, 46), many
Dicer®'83PS1836D and Dicer”SP?*P mice survive a partial postnatal
lethality. In addition, one copy of each mutant allele over a null
allele is not viable, whereas Dicerl heterozygous mice are viable and
normal. These results demonstrate that phosphorylation is a critical
regulator of Dicerl function in mammals, and phosphorylation-
mediated alteration in Dicerl function and the associated pheno-
types are different from DicerI-null or hypomorphic alleles.

Human patients with DICERI alterations are prone to de-
velopmental defects, childhood mortality, and cancer (3, 4). In
addition, DICERI alterations have been associated with diseases
such as aging, infertility, and blindness. As homozygosity of
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phosphomimetic Dicerl drives early postnatal lethality, accelerated
aging phenotypes, and infertility, we suspect that dysregulation of
this controlled posttranslational modification process occurs in pa-
tients. We propose that dysregulation of Dicerl phosphorylation
may be associated with multiple human pathologic conditions, and
pharmacological intervention to control this process may have far-
reaching benefits.

Methods

Construct Design and Generation of Mouse Models. The targeting construct
was designed to generate a double-phosphomimetic mutant (S1712D and
$1836D in the same allele) with possibilities to obtain single mutants. The
construct contains a floxed neomycin-resistance gene (neoR) inserted into
intron 24 of Dicer1 with a 5.9-Kbp 5’ homologous arm and a 2.7-Kbp 3’
homologous arm. The 5’ arm contains S1712D mutation (TCT — GAT) and
the 3’ arm contains $1836D mutation (TCT — GAT). The $1712D mutation on
the 5’ arm divides the homologous region into a 4.2-Kb outer region and
1.7-Kb inner region (considering neoR as the center). Similarly, the S1836D
mutation divides the 3’ arm into a 2.0-Kb outer region and 0.7-Kb inner
region. When homologous recombination (HR) occurs at the outer region of
both homologous arms, both mutations will be introduced and a double
mutant will be generated. On the contrary, if HR occurs at the outer region
of one homologous arm (i.e., mutation is introduced) and inner region of
the other homologous arm (i.e., mutation is not introduced), single mutants
will be generated.

The construct was fully sequenced and successfully electroporated into
TC1 mouse ES cells. Neomycin-resistant clones were screened by Southern blot
analysis by using 5’ and 3’ external probes. Spel-digested genomic DNA was
used for Southern blot screening. Positive clones were confirmed by PCR and
sequencing of targeted region. Two lines of ES clones that were accurately
generated were injected into blastocysts, which were then implanted into
pseudopregnant females to generate chimeras. Male chimeras were crossed
to C57BL/6 females for germline transmission of the mutant allele. One male
progeny carrying the mutant allele was crossed with C57BL/6 female mice
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carrying Zp3-Cre transgene to remove neoR. Male progeny carrying the
mutant allele (without neoR) were crossed with WT C57BL/6 females for two
more generations.

CRISPR/Cas9-Based Gene Targeting. As previously described (48), a target site
was selected, sgRNA was synthesized, and fertilized zygotes were injected
with sgRNA, Cas9 mRNA, and donor oligo containing the mutation. Briefly, a
43-base sequence (20 bases on either side of the targeted codon) was used
to score all possible target sites by using the Zhang Lab Guide Design Re-
sources (zlab.bio/guide-design-resources) tool. A site with high score and
containing the mutagenesis site in the seed region of sgRNA was selected for
targeting. Six possible off-target sites with a PAM sequence were also se-
lected for screening of unintended mutations.

The template for sgRNA synthesis was generated by annealing two
complementary oligonucleotides. The T7 promoter sequence is underlined,
and sgRNA target sites are in bold:

5'GAAATTAATACGACTCACTATAGACCCACGGCAGCATTCTCCGTTTTA-

GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT-
GAAAAAGTGGCACCGAGTCGGTGC 3

Five micrograms of each oligo were mixed in nuclease-free water, boiled
for 5-10 min, and cooled at room temperature for 2 h to overnight. To
hundred to four hundred nanograms of the template was used to synthesize
sgRNAs by using the MEGAshortscript Kit (AM1354; Invitrogen), and sgRNAs
were purified by acid phenol-chloroform extraction and ethanol pre-
cipitation (Invitrogen), resuspended in 70 pL of RNase-free water, and fur-
ther purified by using Biospin P30 chromatography columns (no. 732-6223;
Biorad) per manufacturer’s protocol. A final injection solution containing
10 ng/pL Cas9 mRNA (PrecisionX hspCas9 SmartNuclease mRNA; System
Biosciences), 7.5 ng/uL of sgRNA, and 20 ng/pL of donor oligo was prepared
in Tris-EDTA buffer (5 mM Tris, 0.1 mM EDTA). The final solution was in-
jected into the pronucleus of 200-250 zygotes. The zygotes were then
implanted into pseudopregnant mice (n = 20-25 per animal). All injections
and implantations were done in the MD Anderson Cancer Center genetically
engineered mouse facility.

Selection and Screening of Off-Target Sites. List of all possible off-target sites
were obtained from the Zhang Lab Guide Design Resources site. Previously
described criteria (48) were used to select the sites for screening. Primers are
designed approximately 500 bases upstream and 500 bases downstream of
the selected sites, and the region is PCR amplified and Sanger-sequenced:

OTS1 forward, GCTCAGTGGCTGGCATATATG; OTS1 reverse, CCCAA-
CTGCAGCTCCTTTG;

OTS2 forward, GCCGTGATTTGGGACAAAAAG; OTS2 reverse, CCCCATA-
GGTGGGTTTGTATG

OTS3 forward, CCCCCATAGCTGGTTCAAAC; OTS3 reverse, GGCAACA-
AGGGCAGATACATG;

OTS4 forward, CCTCTAGGCCTGTGATCAGAATAG; OTS4 reverse, GGCGG-
GTTAATGACTCATACAG;

OTS5 forward, GGCTGGACATAGTTGTCTGTTG; OTS5 reverse, GCTC-
CACCTGGCTTCATTATG; and

OTS6 forward, GAGGACCGATGGTTGTGAAAAATC; OTS6 reverse,
CCTGGCACCTAGGAGAATTTAG.

Mouse Breeding, Maintenance, Screening and Genotyping. Mice were main-
tained in >90% C57BL/6 background. All mouse studies were conducted in
compliance with an institutional animal care and use committee protocol.
Live mice were weaned at the age of 3 wk, and ear biopsy specimens were
collected. The tissues were digested by lysis buffer (1x PCR buffer, 1% Triton
X, 250 pg/pL Proteinase K) at 55 °C overnight and heated at 95 °C for 15 min
to denature Proteinase K. Two microliters of the lysed tissue extract was
used for PCR to amplify a 1-Kb region of the targeted site. The PCR product
is gel purified and Sanger-sequenced to identify any indels at the target site.

S1712D screening primer forward, GTGCCAGGGATGTAGAAGAG;
S1712D screening primer reverse, GGGCTGCAGGAATTCGATATC;
$1836D screening primer forward, CACGTGGTACCTTAAGATGCATG; and
$1836D screening primer reverse, GCGGGTGACTTGAACCTAAG.

Aryal et al.

Homozygous Viability Test. For each mutant allele, heterozygous mice were
inbred and the progeny were genotyped at weaning. From five Dicer™s772P
mating pairs, 10 litters with a total of 85 progeny were genotyped at
weaning. From four Dicer'72 mating pairs, eight litters with a total of
68 progeny were genotyped at weaning. From three Dicer*’~ mating pairs,
five litters with a total of 28 progeny were genotyped at weaning. From
seven Dicer*S"83%P mating pairs, 14 litters with a total of 103 progeny were
genotyped at weaning. From 10Dicer™?*® mating pairs, 18 litters with a total
of 115 progeny were genotyped at weaning.

E18.5 Embryo Dissection. Dicer*>® and Dicer*’*'#3¢P heterozygous animals
were inbred, and plugs were examined every morning. Females positive for
plug (E0.5) were euthanized 18 d from that date (E18.5). Uteri were dis-
sected, and each decidua was separated and placed in a 10-cm plate with
PBS buffer. Each decidua is dissected to recover the embryos. Embryos were
examined for viability, weighed, and euthanized, and tail biopsy specimens
were collected and genotyped.

Weight Measurements. Weaned WT (12 males and 12 females), Dicer®'836P/s76360
(12 males and 9 females), and Dicer**?*P (10 males and 11 females) mice were
weighed (to 0.1 g) every week from 4 wk after birth by using an electronic scale.
When a mutant mouse was euthanized, its littermate WT mouse was also killed.
At least three mice were present at all time points (males and females) from all
genotypes. An end point of 10 mo was selected because only two Dicer???P
mice (one male and one female) survived past this age.

Fertility Test. Eight- to 12-wk-old homozygous mice (males and females) of all
mutant alleles were mated with WT mice (8-16 wk old). The mating pairs
were monitored daily and maintained until one or two litters were born.
Litter size was counted and recorded at the time of weaning. In the absence
of any progeny, WT animals were replaced with younger (8-16 wk old) WT
mice every 2 mo for 6 mo.

Micro-CT Scan. Micro-CT scans were performed at the small animal imag-
ing facility of MD Anderson Cancer Center as described at https:/Awww.
mdanderson.org/research/research-resources/core-facilities/small-animal-
imaging-facility/equipment/micro-ct_.html. Briefly, four Dicer®”?® mice
(two males and two females, 6-8 mo old) and their four WT littermates (two
males and two females) were anesthetized using isoflurane, immobilized,
and scanned using the Explore Locus RS preclinical in vivo scanner (GE
Medical Systems), which is a cone-beam volume CT system that permits live
imaging of rodents. The X-ray source and CCD-based detector gantry is ro-
tated around the subject in approximately 1.0° increments. Geometric
models were produced by the system. MicroView software was used to
create isosurface with thresholds of 700 and 1,000. Quantifications of BMDs
and BVFs of spine were done at a threshold of 700. Kyphosis index was
calculated as previously described (49).

Histopathology and Immunofluorescence Staining. As previously described,
tissues harvested from mice were fixed in 10% neutral buffered formalin and
paraffin-embedded. Four-micrometer sections were stained with H&E and
examined by light microscopy. Tissue processing, paraffin embedding, sec-
tioning, and H&E staining were performed by the MD Anderson Department
of Veterinary Medicine & Surgery Histology Laboratory. Selected unstained
sections were analyzed by immunofluorescence with respective antibodies.
Total Dicer1 antibody (1:30, MABN461; EMD Millipore) and phospho-Dicer—
specific antibody [1:100, generated by us (18)] were used. Quantification of
cells with nuclear Dicer1 in testes sections was performed manually (S/ Ap-
pendix, Fig. S5). Tissue sections stained with total Dicer1 antibody and DAPI
were used. Three 20x images of each testis section (different regions; three
testes sections from WT, Dicer’ 7720517120 pjceps1836D/51836D gnd pjcer?SP/2SP
mice) were taken. Images were opened by using ImageJ software, and total
number of spermatocytes (round nuclear staining by DAPI, spermatids and
spermatozoa excluded) were counted per seminiferous tubule. Cells with
Dicer1 staining in >50% of nucleus were considered positive for nuclear
staining. To avoid bias, a blinded study was performed.

Survival Curve. A cohort of Dicer’’7'2P/517120 (n = 15), Dicer’>'836P/578360 (n =
21), Dicer®*P"?5P (n = 21), and WT (n = 57) littermate mice was generated and
monitored every day after weaning (3 wk after birth). Moribund animals
were euthanized, and their tissues were harvested. When the mutant mice
were euthanized, the littermate control mice were also euthanized. Mice
that had to be euthanized for nonmoribund reasons were excluded from
the study.
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MEF Preparation and Cell Culture. Dicer*’?® heterozygous animals were in-
bred, and plugs were examined every morning. Females positive for plug
(E0.5) were euthanized 13 d from that date (E13.5). Uteri were dissected,
and each decidua was separated and placed in a 10-cm plate with PBS
buffer. Each decidua is dissected to recover the embryos. Fetal liver, head,
and limbs (collected for genotyping) were removed from each embryo, and
the remaining tissues were chopped and treated with trypsin for 5-10 min at
37 °C. Five milliliters DMEM media supplemented with 10% FBS and peni-
cillin/streptomycin was added to each sample, and the cells were dissociated
by pipetting up and down. Cells were centrifuged, washed with PBS solu-
tion, resuspended in 10 mL media, transferred to 10-cm plates, and in-
cubated at 37 °C. Media was changed every 24 h, and the cells were
harvested and replated (into three to four plates) when they reached con-
fluence. Early-passage (2-3) MEFs were used for analysis.

Small RNA Sequencing and Pathway Analysis. RNA from testes and MEFs were
extracted and purified per manufacturer’s protocol (Direct-zol RNA Miniprep
plus; ZYMOL) and submitted to the MD Anderson Cancer Center sequencing
core facility. Barcoded libraries were prepared by using the Illumina TruSeq
small RNA sequencing kit. The libraries were sequenced on a NextSeq
500 system. Quality assessment of the Illumina raw reads was performed
with FASTQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/).

A total of 1,915 mature miRNA sequences from the mouse genome as-
sembly GRCm38 were obtained from the miRBase and used as reference for
subsequent short-read mapping (50). Contaminating adapter sequences
were removed by using the adapter scan function implemented in SeqMan
NGen version 14 (DNASTAR). Sequences with median quality lower than a
phred of 30 were discarded from the analysis. Short-read mapping to ref-
erence mature miRNAs was also performed with SeqMan NGen with the
following specifications: mer size (the minimum length of a mer, over-
lapping region of a fragment read, in bases, required to be considered a
match when assembling reads into contigs) 15, minimum match percentage
(minimum percentage of matches in an overlap that are required to join two
sequences in a contig) 95%, and minimum aligned length (minimum length
of at least one aligned segment of a read after trimming) 18. Duplicate
sequences were marked and combined.

Statistical analysis of mapped data from technical and biological replicates
was performed with ArrayStar (DNASTAR). Briefly, normalization of mapped
data was done by using the reads per million (RPM) method, and fold change
in miRNA abundance between the WT and mutant samples was calculated
from log2 of total RPM (51). Significance of observed differences was de-
termined with the Student’s t test, and the Benjamini-Hochberg correction
was employed for multiple hypothesis testing; false discovery rate was set at
0.05. Hierarchical clustering was performed with the Euclidean distance.

Finally, all miRNAs with less than 10 reads per million in both groups (WT
and mutant) were filtered out. Differentially expressed miRNAs with less than
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