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CRISPR/Cas9 has enabled inducible gene knockout in
numerous tissues; however, its use has not been reported in
brown adipose tissue (BAT). Here, we developed the brown
adipocyte CRISPR (BAd-CRISPR) methodology to rapidly
interrogate the function of one or multiple genes. With BAd-
CRISPR, an adeno-associated virus (AAV8) expressing a sin-
gle guide RNA (sgRNA) is administered directly to BAT of mice
expressing Cas9 in brown adipocytes. We show that the local
administration of AAV8-sgRNA to interscapular BAT of adult
mice robustly transduced brown adipocytes and ablated
expression of adiponectin, adipose triglyceride lipase, fatty acid
synthase, perilipin 1, or stearoyl-CoA desaturase 1 by >90%.
Administration of multiple AAV8 sgRNAs led to simultaneous
knockout of up to three genes. BAd-CRISPR induced frame-
shift mutations and suppressed target gene mRNA expression
but did not lead to substantial accumulation of off-target
mutations in BAT. We used BAd-CRISPR to create an induc-
ible uncoupling protein 1 (Ucp1) knockout mouse to assess the
effects of UCP1 loss on adaptive thermogenesis in adult mice.
Inducible Ucpl knockout did not alter core body temperature;
however, BAd-CRISPR Ucpl mice had elevated circulating
concentrations of fibroblast growth factor 21 and changes in
BAT gene expression consistent with heat production through
increased peroxisomal lipid oxidation. Other molecular
adaptations predict additional cellular inefficiencies with an
increase in both protein synthesis and turnover, and
mitochondria with reduced reliance on mitochondrial-
encoded gene expression and increased expression of
nuclear-encoded mitochondrial genes. These data suggest that
BAd-CRISPR is an efficient tool to speed discoveries in adipose
tissue biology.

Adipose tissues play important physiological roles in the
maintenance of whole-body energy homeostasis and meta-
bolism. Beyond simply storing excess energy in the form of
triacylglycerols, adipose tissues are found throughout the body
in distinct depots, each with unique functions. Classically,
adipose tissues are categorized as white (WAT), which are
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found in subcutaneous and visceral depots, or brown (BAT),
which are found in the interscapular, periaortic, perirenal,
paravertebral, and intercostal depots (1, 2). Beige/BRITE adi-
pocytes, a distinct adipocyte population induced by cold
exposure and adrenergic agonists, are found within a subset of
WAT depots (3). Adipose tissues are also located in more
specialized areas, such as in the bone marrow, intramuscular,
periarticular, pericardial, epicardial, retro-orbital, and dermal
depots (1, 4, 5). Collectively, these tissues comprise the largest
endocrine organ in the body and regulate satiety, carbohydrate
and lipid metabolism, bone homeostasis, blood pressure, and
the immune response (6, 7). Thus, investigation of adipose
tissues is integral to our understanding of their roles in
metabolic disorders such as obesity or lipodystrophy (8).
Research on adipose tissues has relied heavily on transgenic
mouse models. Conditional models using the Cre/LoxP system
have enabled tissue-specific knockouts to study genes of in-
terest. Several Cre-recombinase lines have been developed in
which adipose-Cre expression is driven by promoters/en-
hancers for adiponectin (Adipoq), Fabp4, PdgfRa, Prxl, or
uncoupling protein 1 (Ucpl) (9-11). In addition, inducible
transgenic models including Adipog-Cre™®?, Ucpl-Cre™*7,
and “AdipoChaser” have afforded control over the timing of
gene knockout (9, 10, 12, 13). Although these transgenic
mouse models have led to tremendous advances in our un-
derstanding of adipose tissue development and physiology,
they are not without limitations. For example, Adipog-Cre
causes recombination in some osteoblasts, whereas Fabp4-
Cre causes widespread recombination due to early expres-
sion in development (9, 11, 14, 15). Moreover, tamoxifen
administration to Cre™® mice has been shown to decrease
food intake and adipose mass, and in some cases, interact with
the genetic deficiency to influence the resulting phenotype
(16). Cre expression can also change from generation-to-
generation in mouse colonies (14). Another critical limitation
is that Cre mice must be bred to mice harboring a floxed allele,
which necessitates the generation of a new mouse strain.
Generating novel transgenic strains requires a substantial in-
vestment of time and financial resources before experiments
can be performed, and knocking out multiple genes is possible
but onerous. Therefore, the field would benefit from more
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efficient strategies to investigate gene function in adipose
tissues.

An alternative strategy to modulate gene expression in vivo
has centered upon the use of CRISPR/Cas9 delivery for
inducible knockout in somatic tissues. CRISPR/Cas9 com-
prises a Cas9 endonuclease, which creates double-strand DNA
breaks, and a single guide RNA (sgRNA), which is a pro-
grammable RNA molecule that directs Cas9 to its target site
for mutagenesis (17, 18). Both the Cas9 endonuclease and
sgRNA can therefore be genetically encoded and packaged into
a virus for somatic knockout in adult tissues (19). Viral delivery
of the CRISPR/Cas9 machinery for inducible gene deletion
offers several advantages over conventional germline knock-
outs as the timing, tissue, and target can be closely controlled
(19). Moreover, embryonically lethal genes can be studied in
this context. Several iterations of viral CRISPR/Cas9 delivery
have been developed (20). For example, both Cas9 and sgRNA
have been packaged into viral vectors and administered to the
lung epithelium, liver, and hippocampus (21-23). In addition,
transgenic approaches have created inducible and tissue-
specific Cas9-expressing mouse models to which sgRNAs are
delivered using adeno-associated viruses (AAVs) (20). Platt
et al. (24) developed a Cre-dependent Cas9 knockin mouse,
which when bred to mice expressing Cre enables somatic-
genome editing in specific tissues. As a proof of concept,
AAVs encoding a sgRNA to Kras, p53, or Lkb1 were delivered
to the lung to accurately model adenocarcinoma disease pro-
gression. This Cas9 model has been further adapted for
inducible somatic gene knockout in heart, skin, intestine, and
thymus, thereby demonstrating its broad versatility across
different tissues (25, 26).

Although AAV-mediated CRISPR/Cas9 gene transfer has
proven useful for modeling disease in numerous tissues, its use
in adipose tissues has been limited. This, in part, is because
adipose tissues are located throughout the body, making
transduction difficult (27-29). Moreover, mature adipocytes
only comprise 11 to 40% of the total cell population of adipose
tissues and lack unique cell-surface receptors, which make it
challenging for vectors to navigate specifically to the adipo-
cytes (27-29). Currently, mutagenesis by CRISPR/Cas9 has
been accomplished in preadipocyte culture models and in
posterior subcutaneous WAT (psWAT). For example, Shen
et al. (30) transduced primary preadipocytes using a nonviral
vector to administer CRISPR/Cas9 and disrupt expression of
the NripI gene. In another study, Kamble et al. (31) electro-
porated CRISPR/Cas9 into human preadipocytes and
demonstrated efficient knockout of Pparg and FkbpS5.
Although these studies show that CRISPR/Cas9 can function
in cultured preadipocyte models, the field has yet to unlock the
full potential of CRISPR/Cas9 for somatic gene editing in vivo.
Toward that goal, the Rosen laboratory used AAV-mediated
CRISPR/Cas9 mutagenesis to inducibly knockout Herc6 in
inguinal WAT and suppress the expression of Herc6 mRNA in
adipocytes (32). Although this study demonstrated that
CRISPR/Cas9 can be used in adipose tissue, it did not fully
characterize its application or evaluate utility in BAT. Thus, we
optimized AAV-mediated CRISPR/Cas9 to knockout genes in
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interscapular BAT, which is an important site of adaptive
thermogenesis and uncoupled oxidative phosphorylation (33).
BAT also secretes endocrine and local factors that stimulate
thermogenesis by increasing hypertrophy, vascularization,
innervation, and blood flow to BAT (34). In humans, active
BAT is inversely associated with body mass index, making it a
potentially attractive target for combatting obesity (35).

Herein, we report the use of CRISPR/Cas9 to induce gene
knockout in BAT. Our methodology, termed brown adipo-
cyte CRISPR (BAd-CRISPR), integrates viral delivery with the
established Cre/LoxP approach to significantly decrease the
time and investment required to knockout genes in the BAT
of adult mice. We accomplished this by administering AAVS-
sgRNA to brown adipocyte-specific Cas9 expressing mice.
BAd-CRISPR efficiently targeted Adipog, adipose triglyceride
lipase (Atgl), fatty acid synthase (Fasn), perilipin 1 (Plinl),
stearoyl Co-A desaturase 1 (Scdl), or Ucpl in BAT,
decreasing expression by 80 to 99%. We also showed that
BAd-CRISPR inducible gene knockout recapitulates previ-
ously reported phenotypes for Atgl, Plinl, and Fasn knockout
mice. Importantly, we show that BAd-CRISPR streamlines
the path to generate transgenic mice, and affords the ability
to disrupt the expression of up to three genes simultaneously
in interscapular BAT. Lastly, we used BAd-CRISPR to create
inducible Ucpl knockout mice and found that loss of UCP1
in adult mice did not impair adaptive thermogenesis
following cold exposure. However, we observed an increase
in circulating fibroblast growth factor 21 (FGF21), alterations
to mitochondrial gene expression, and dramatic changes to
the transcriptome predicted to increase heat production
through peroxisomal lipid oxidation and futile cycling
through elevated protein synthesis and degradation. Thus,
BAd-CRISPR is an effective approach for generation of
inducible knockouts to study gene function in interscapular
BAT of adult mice.

Results

Transfection of adipocyte precursors with sgRNAs
predominantly causes frameshift mutations in the target gene

To induce gene knockout in adult mice, we devised the
BAd-CRISPR method, in which AAV-sgRNAs are adminis-
tered to mice expressing Cas9 in brown adipocytes. We
created a cloning strategy that facilitates incorporation of a U6
promoter-driven sgRNA into an AAV expression vector
(Fig. S1A). The AAV expression vector also contains a CMV-
driven mCherry fluorescent marker and 5’ and 3’ inverted
terminal repeats (Fig. 1A4). We designed sgRNAs using the
CRISPOR design tool and selected sgRNAs that targeted early
coding regions, lacked 0- or 1-base mismatch off-target sites,
and had high cutting frequency determination (CFD) scores
(36). The CFD score, developed by Doench and Fusi, calculates
the off-target potential of a sgRNA by considering the posi-
tions and identities of mismatched nucleotides in the sgRNA
sequence (37). As a general rule, sgRNAs should have a CFD
score 20.2 (37). All of the sgRNAs used in the following studies
had a CFD score >0.4 (Fig. S1B).
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Figure 1. Transfection of adipocyte precursors with sgRNAs predominantly causes frameshift mutations in the target gene. A, U6 promoter-driven
sgRNAs were cloned into an AAV expression vector using Pmll and Kpnl. The expression vector also contained CMV promoter-driven mCherry and 5’ and 3’
ITRs to facilitate packaging of the cassette into AAV8. B-D, Sanger sequencing traces from Cas9-expressing adipocyte precursors transfected with AAV8-
sgRNAs targeted to Adipog, Atgl, and Plin1. For each target, the primers (purple arrows) were designed upstream and downstream of the sgRNA cut site
(vellow arrow). Chromatograms of the reverse strand are shown, and the cut site (black dotted line) and PAM (red underline) are displayed for each sgRNA.
The highest frequency indels for each sgRNA and percent contribution as determined by TIDE and the Synthego ICE Analysis tool are shown. Frameshift
mutations were calculated by dividing the number of frameshifts over the total number of mutations, as estimated by the Synthego ICE Analysis tool. AAV,
adeno-associated virus; Adipoq, adiponectin; ATGL, adipose triglyceride lipase; PAM, protospacer-adjacent motif; PLIN, perilipin; sgRNA, single guide RNA;

TIDE, tracking of indels by decomposition.

To test sgRNAs targeting Adipoq, Atgl, and Plinl, AAV-
expression vectors were transfected into primary adipocyte
progenitor cells isolated from Rosa26-Cas9 knockin mice (24).
The transfected cells were sorted for mCherry expression us-
ing flow cytometry, and DNA was analyzed by Sanger
sequencing. Primers flanking sgRNA cut sites were used to
sequence Adipoq, Atgl, and Plinl, and the traces were analyzed
using the Tracking of Indels by Decomposition (TIDE) and the
Synthego ICE Analysis tool (38). Corresponding sgRNA
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efficiencies were observed in both the forward" and reverse
sequence traces (Fig. 1, B—D). The Synthego ICE Analysis tool
identified 1-base deletions as the predominant indel contri-
bution across all sgRNAs tested. To calculate the total muta-
tions resulting in a frameshift, we divided the number of
frameshift mutations by the total number of predicted

* Data not shown.

J. Biol. Chem. (2021) 297(6) 101402 3



BAd-CRISPR: Inducible gene knockout in BAT of adult mice

mutations. The frameshift mutations accounted for 97.5%,
92.5%, and 95.5% of the total mutations for sgRNAs targeting
Adipog, Atgl, and Plinl, respectively (Fig. 1, B—D). Analyzing
CRISPR/Cas9-induced mutations using decomposition of
Sanger sequence traces is an easy to use and cost-effective
method for assessing a small number of samples (39). TIDE
and next generation sequencing analyses have been shown to
be highly correlated; however, frequencies calculated using
TIDE often underrepresent true editing efficiency when
compared with next generation sequencing (40). Thus, the
true editing efficiency for each sgRNA is likely higher. After
validating sgRNA efficiencies in vitro, AAV-expression vectors
were used to generate AAVs encoding a sgRNA and mCherry
fluorescent marker. For transducing adipose tissues, AAV
serotype 8 (AAV8) has been used most extensively owing to its
favorable tropism for brown and white adipocytes (27, 29, 32,
41-46).

BAd-CRISPR mice express Cas9 exclusively in BAT

Although AAV8 is the gold standard for transducing adi-
pose tissues, its relatively small genome size (~4.7 kb) limits
the ability to package Streptococcus pyogenes Cas9 with the
sgRNA and mCherry transgene (27-29). Therefore, we
developed a mouse line that expresses Cas9 specifically in
brown adipocytes (BAd-CRISPR) by breeding two existing
mouse lines: Ucpl promoter-Cre recombinase (B6.FVB-Tg
(Ucpl-cre)1Evdr/]) and Cre-dependent Cas9-GFP (Rosa26-
LSL-Cas9) (Fig. S24) (10, 24). As expected, Cas9 is detected
by immunoblot analyses in lysates from BAT of BAd-CRISPR
mice but not from psWAT, parametrial WAT (pmWAT), or
liver, nor is it found in tissues from mice lacking Ucpl-Cre
expression (Fig. S2B). Confocal microscopy of freshly
dissected tissues showed Cas9-GFP expression exclusively in
BAT but not in psWAT, pmWAT, or liver (Fig. S2C). Thus,
these mice are a suitable model to assess the effectiveness of
CRISPR/Cas9 for inducible gene knockout specifically in
brown adipocytes.

Local injection of AAV8-mCherry to interscapular BAT robustly
transduces BAT with minimal leak to other tissues

Next, we optimized a delivery strategy using AAV8 to
administer sgRNAs for BAd-CRISPR inducible gene knockout.
Initially, we attempted tail vein injection or intraperitoneal
injection of 100 pl 10" vg/ml AAV8-mCherry to transduce all
adipose tissues; however, both methods were unsuccessful and
led to substantial transduction of liver. However, direct in-
jection of AAVS8 into adipose depots has been shown to
significantly improve transduction efficiency and reduce vector
accumulation in liver, heart, and lung (27, 29, 41). To test this
approach, we directly injected 100 pl 10" vg/ml AAVS-
mCherry into interscapular BAT or psWAT and sacrificed
mice after 14 days in accordance with previously established
protocols (41, 47). In our hands, direct injection into psWAT
transduced only a minority of white adipocytes; however,
direct injection of interscapular BAT showed widespread and
robust mCherry expression throughout the entire depot
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(Fig. S3, A and B). After direct injection of BAT, a small
number of cells in liver were also mCherry-positive, but
mCherry was not detected in examined WAT depots (Fig. S3,
A and B). Using quantitative PCR (qPCR), we found that
mCherry mRNA expression was enriched in interscapular BAT
after local injection, with low or undetectable expression in
psWAT, pmWAT, liver, spleen, heart, lung, and kidney
(Fig. S3B).

BAd-CRISPR induces efficient knockout of Adipog, Atgl, Fasn,
Plin1, or Scd1 in brown adipocytes of adult mice

After validating robust BAT transduction using AAVS8
direct injection, we next applied the BAd-CRISPR method to
create inducible gene knockouts. We targeted genes that are
highly expressed in brown adipocytes and administered 100 pl
10'* vg/ml AAV8-sgRNASs targeting Adipoq, Atgl, Fasn, Plinl,
Scdl, or a control sgRNA, directly into the interscapular BAT
of BAd-CRISPR mice (n = 3 or 4 mice). BAd-CRISPR mice
were sacrificed 14 days postinjection, and BAT was homoge-
nized to isolate mRNA and protein. Impressively, mRNA and
protein expression for each target were reduced by 80 to 99%
(Fig. 2, A=E). It should be noted that despite performing a
transcardial perfusion, we detected albumin in BAT homoge-
nate,” suggesting that blood was not completely cleared from
the tissue. Thus, cellular ADIPOQ protein levels are likely
reduced more than what is observed in the immunoblot
(Fig. 2A). To further assess AAVS8 transduction efficiency in
BAT, we performed immunofluorescence for ATGL expres-
sion in BAd-CRISPR Azgl mice (Fig. 2F). ATGL was detected
in only a few brown adipocytes (white arrows), indicating that
the direct injection of AAV8 transduces the vast majority of
brown adipocytes, and that expression of sgRNA and Cas9
efficiently ablates Atgl.

BAd-CRISPR Atgl, Plin1, and Fasn inducible knockouts
recapitulate previously described BAT phenotypes

To investigate whether use of the BAd-CRISPR method-
ology recapitulates known knockout phenotypes in BAT, we
further characterized BAd-CRISPR Atgl, BAd-CRISPR Plini,
and BAd-CRISPR Fasn inducible knockouts described in
Figure 2 and compared our results with phenotypes reported
using traditional transgenic approaches (48-52). BAd-
CRISPR Atgl inducible knockout caused significant BAT
hypertrophy compared with BAd-CRISPR control mice, and
histological evaluation revealed a striking whitening of BAT
(Fig. 3, A and B). These results mirror the phenotypes re-
ported in global and BAT-specific inducible Azgl knockout
mice, which also have marked hypertrophy and whitening of
BAT (48, 49). By contrast, BAd-CRISPR Plinl inducible
knockout led to a decrease in BAT weight coupled with the
loss of multilocular brown adipocyte morphology, and the
emergence of distinct unilocular lipid droplets dispersed
throughout BAT (Fig. 3, A and B). These data are similar to
the global Plinl knockout mouse models, which had smaller
or complete loss of lipid droplets in BAT (50, 51). Interest-
ingly, BAT weight was not altered in the two reported
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Figure 2. BAd-CRISPR induces efficient knockout of Adipogq, Atgl, Fasn, Plin1, or Scd1 in brown adipocytes of adult mice. A-E, mRNA and protein
expression in BAT of BAd-CRISPR mice administered 100 pl 10'? vg/ml AAV8-sgRNA targeting Adipog, Atgl, Fasn, Plin1, Scd1, or control; mRNA expression
was normalized to Ppia (n = 3-4). F, immunofluorescence analysis of paraffin-sectioned BAT from BAd-CRISPR Atgl mice stained for DAPI and immuno-
labeled against ATGL; 600x magnification. The scale bar represents 50 um. White arrows indicate brown adipocytes that were not mutated. The data shown
are from male (Adipog, Atgl, Fasn, Plin1, and control) and female (Scd1 and control) mice. The data are presented as mean + SD. * indicates significance at
p < 0.05. AAV, adeno-associated virus; Adipoq, adiponectin; ATGL, adipose triglyceride lipase; BAd-CRISPR, brown adipocyte CRISPR; BAT, brown adipose
tissue; CRISPR, clustered regularly interspaced short palindromic repeats; FASN, fatty acid synthase; PLIN, perilipin; SCD, stearoyl CoA desaturase; sgRNA,
single guide RNA.
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Plinl knockout models (50, 51). This difference may be
explained by the fact that BAd-CRISPR inducible knockout
mice lose PLIN1 expression in adulthood, whereas global
knockout mice lack PLIN1 from birth. In addition, both re-
ported Plinl knockout models are whole-body deletions,
whereas BAd-CRISPR Plinl inducible knockout occurs spe-
cifically within brown adipocytes. Lastly, BAd-CRISPR Fasn
mice showed a decrease in total lipid droplet size and BAT
tissue weight relative to BAd-CRISPR control mice (Fig. 3, A
and B). These data replicate the phenotype observed in
Ucpl-Cre FASN1¥/1°% mice, which had a reduction of lipid
droplet size in brown adipocytes (52). Thus, BAd-CRISPR
can be used to inducibly knockout genes of interest in
brown adipocytes of adult mice, and its effects on several
brown adipocyte genes phenocopy previously reported loss-
of-function models.

BAd-CRISPR enables simultaneous knockout of two or three
genes in brown adipocytes

To test whether BAd-CRISPR can be used to knockout
multiple genes in BAT concurrently, we targeted Atgl and
Plinl using two separate AAV8 vectors. We chose Atgl and
Plinl as targets because they have opposing functions; ATGL
hydrolyzes triacylglycerols, whereas PLIN1 protects against
this hydrolysis (53, 54). Moreover, it has been established that
Atgl knockout in BAT causes hypertrophy and whitening,
whereas Plinl knockout in BAT decreases tissue size and
causes a darker morphology; therefore we would have a visual
phenotype with which to evaluate the feasibility of a double
knockout (Fig. 3, A and B) (48-51). BAd-CRISPR mice and
Rosa26-LSL-Cas9 mice lacking functional Cas9 (BAd-CRISPR
Control) were administered 100 pl 10*° vg/ml AAV8-sgRNA
targeting Atgl alone, Plinl alone, or Atgl and Plinl in combi-
nation. BAd-CRISPR Atgl mice had profound whitening and
BAT hypertrophy, whereas BAd-CRISPR Plinl mice had a
darker BAT morphology and decreased tissue size (Fig. 4, A
and B). By contrast, BAd-CRISPR Atgl + Plinl mice displayed
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an intermediary morphology characterized by the presence of
multilocular lipid droplets (Fig. 4, A and B).

Next, we explored whether three genes could be knocked
out simultaneously. To accomplish this, BAd-CRISPR mice
and Rosa26-LSL-Cas9 mice lacking functional Cas9
(BAd-CRISPR control) were administered 100 pl 10'* vg/ml
AAVS8-sgRNA targeting Atgl alone, Atgl and Plinl together, or
Atgl, Plinl, and Ucpl in combination (Fig. 4C). Immunoblot
analyses showed loss of targeted protein expression specifically
in BAT, whereas gene expression was unchanged in psWAT,
eWAT, and liver," indicating that CRISPR/Cas9 mutagenesis is
BAT-specific (Fig. 4C). Of note, despite complete loss of UCP1
expression in BAT, we did not detect UCP1 expression or
beiging of psWAT when UcpI-deficient mice were housed at
21 to 22 °C," which is considered a mild cold stress (55, 56).
Further, BAd-CRISPR is specific to interscapular BAT, with
loss of ATGL and UCP1 in paravertebral BAT observed in
only 1 to 2% of brown adipocytes.” Collectively, these data
demonstrate that BAd-CRISPR is scalable for inducible
knockout of multiple genes in interscapular BAT.

BAd-CRISPR ablates Ucp1 expression in brown adipose tissue

The global Ucpl knockout mouse model has been exten-
sively studied since it was first generated by Enerbéck et al. in
1997 (57). Thus, it is well known that UCP1-deficient mice
(Ucp1™'™) rely on compensatory mechanisms such as increased
shivering, activation of futile cycles, or recruitment of beige/
BRITE adipocytes to maintain body temperature when cold
stressed (58). These adaptations allow Ucpl ™~ mice to tolerate
a stepwise reduction in ambient temperature from thermo-
neutrality (~30 °C) to extreme cold (-10 °C); however,
immediate cold exposure at 4 °C can prove lethal for mice
lacking functional UCP1 (58-61). Although a plethora of
papers have reported on molecular and physiologic conse-
quences of constitutive global UcpI knockout, whether similar
effects are observed when Ucpl is inducibly knocked out of
adult animals has not been explored.
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Figure 4. BAd-CRISPR enables simultaneous knockout of two or three genes in brown adipocytes. A, freshly dissected BAT from Rosa26-LSL-Cas9 +

AAV8-Atgl sgRNA + AAV8-Plin1 sgRNA (BAd-CRISPR Control), BAd-CRISPR Atgl,

BAd-CRISPR Plin1, and BAd-CRISPR Atgl + Plin1 mice administered 100 pl 10'°

vg/ml of the designated AAVS8 (n = 2). B, H&E staining of BAT; 200x magnification. The scale bar represents 50 pm. C, BAd-CRISPR mice were administered
100 pl 10" vg/ml of a control AAV8-sgRNA or combinations of AAV8-sgRNAs to Atgl, Plin1, and Ucp1 (n = 2-3). The expression of indicated proteins was
determined by immunoblot analyses in the lysates from BAT, psWAT, and eWAT. Laminin is included as a loading control. The data shown are from male
mice. AAV, adeno-associated virus; ATGL, adipose triglyceride lipase; BAd-CRISPR, brown adipocyte CRISPR; BAT, brown adipose tissue; CRISPR, clustered
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cutaneous white adipose tissue; sgRNA, single guide RNA; UCP1, uncoupling protein 1.

To investigate BAd-CRISPR UcpI mice further, we admin-
istered 100 pl 10" vg/ml AAV8-Ucpl sgRNA directly into
interscapular BAT and sacrificed mice at O (no virus), 2, 7, or
14 days post-injection to assess degree of knockout (n = 3 mice
per timepoint). As expected, confocal microscopy of freshly
dissected tissues at 14 days revealed robust mCherry expres-
sion in BAT, with no mCherry detected in psWAT or
pmWAT, and a low signal detected in liver relative to BAT
(Fig. 5A). Importantly, Cas9-GFP expression was exclusive to
BAT and was not detected in other examined tissues (Fig. 5A4).
We also observed an increase in mCherry mRNA expression
between 0 and 14 days (Fig. 5B). To assess for mutations in
BAd-CRISPR Ucpl mice, we performed a genomic cleavage
assay on cDNA as Ucpl mRNA is expressed specifically in
brown adipocytes (Fig. 5C). We observed aberrant PCR
product bands at 7 and 14 days postinjection but only the
wildtype band at 0 and 2 days (Fig. 5C). We observed multiple
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PCR products with or without addition of T7 endonuclease at
7 and 14 days, suggesting the amplification of mutations
causing substantial deletions at the target site. To further
confirm mutations, we performed Sanger sequencing on
cDNA at the Ucpl sgRNA cut site and observed aberrant
traces in mice at 14 days (Fig. 5D). Impressively, Ucpl mRNA
expression was decreased by ~90% 2 days postinjection and by
~99% at 7 and 14 days (Fig. 5E). These results were further
confirmed by immunoblot analyses, which showed dramatic
reduction in UCP1 protein expression at 7 days and near total
loss by 14 days without loss of ADIPOQ expression (Fig. 5F).
Increased lipid accumulation, observed as whitening of BAT
on histological evaluation, has been reported previously for
Ucpl™~ mice, and we also observe slight whitening in histo-
logical sections of BAT at 2, 7, and 14 days postinjection,
relative to mice that were not administered AAVS8-Ucpl
sgRNA (day 0) (Fig. S4A4) (57). UCP1 protein turnover occurs
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in the basal state by ~4 days and parallels the proteolytic rates
of other mitochondrial proteins, consistent with our observa-
tion of protein loss starting at day 7 (62, 63).

To determine whether BAd-CRISPR Ucpl inducible
knockout occurs as a result of CRISPR/Cas9 mutagenesis, we
administered AAV8-Ucpl sgRNA to Rosa26-LSL-Cas9 mice
that were bred to UcpI-Cre mice (Ucpl-Cre®) or not (Ucpl-
Cre™). UCP1 knockout occurred only when Rosa26-LSL-Cas9
mice were bred to the UcpI-Cre background and therefore had
functional Cas9 expression (Fig. S4, B and C). We also found
that UCP1 knockout only occurred when BAd-CRISPR mice
were administered AAV8-Ucpl sgRNA and not when
administered AAV8-Control sgRNA (Fig. S4, D and E). To
quantify transduction efficiency, we performed immunofluo-
rescent analyses on fixed BAT from BAd-CRISPR Ucpl or
BAd-CRISPR control mice. BAd-CRISPR Ucp! caused a near
total loss of UCP1 expression in brown adipocytes, suggesting
that viral transduction is almost 100% (Fig. S4F). We observed
very few UCPIl-positive cells dispersed throughout BAT
(Fig. S4F). Although the anti-UCP1 antibody cross-reacted
with endomucin-positive cells of the vasculature, loss of
UCP1 in BAd-CRISPR Ucpl mice is readily observed
(Fig. S4F). Collectively, these data provide strong evidence that
CRISPR/Cas9 induces knockout of Ucpl in brown adipocytes
of adult mice in vivo.

BAd-CRISPR Ucp1 inducible knockout mice defend core body
temperature and have elevated circulating FGF21

Next, we used BAd-CRISPR Ucp1 mice to determine if adult
mice maintain body temperature when cold stressed at 5 °C
after inducible UCP1 knockout in BAT. Female 8- to 10-week-
old mice were implanted with an intraperitoneal telemeter to
monitor core body temperature 1 week before AAV8 admin-
istration. All mice were singly housed at room temperature
(20-21 °C), and nest building materials were withheld
throughout the study. We administered 100 ul 10"* vg/ml
AAVS8-Ucpl sgRNA or AAVS8-Control sgRNA to the inter-
scapular BAT (n = 4 or 5 mice) and the mice were allowed to
recover for 14 days (Fig. 6A). The mice were then cold stressed
at 5 °C for 24 h. BAd-CRISPR induced complete loss of UCP1
expression at both the mRNA and protein level (Fig. 6, B and
C). Despite an apparent total knockout of UCP1 in inter-
scapular BAT, there was no difference in body temperature
when mice were housed at room temperature (20-21 °C) or
cold stressed (5 °C) (Figs. 6, D and E and S5A). The same is
true for the aforementioned Llcp]’/’ mice, which, when pre-
acclimated to mild cold stress, are cold-tolerant (61). We did
not observe changes to body weight, BAT weight, or average
daily food intake between BAd-CRISPR control and BAd-
CRISPR UcpI mice (Fig. S5, B—D). Moreover, UCP1 protein
expression was undetectable in inguinal WAT of these mice,
suggesting that thermogenic mechanisms besides beige/BRITE
adipogenesis are operative in BAd-CRISPR Ucpl mice
(Fig. S5E). Interestingly, we did observe a significant increase
in Fgf21 expression in BAT (Fig. 6F). It has been reported that
circulating FGF21 is increased in response to cold stress as a
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compensatory mechanism for adaptive thermogenesis (34, 64,
65). Thus, we repeated this experiment using BAd-CRISPR
Ucpl inducible knockout mice, Ucpl™'~ mice, and Rosa26-
LSL-Cas9 (BAd-CRISPR Control) mice. Interestingly, we
observed an “intermediate” increase in serum FGF21 concen-
trations in BAd-CRISPR Ucpl inducible knockout mice
compared with Ucpl™'~ and BAd-CRISPR control mice after
being cold stressed at 5 °C for 24 h (Fig. 6G). These data
further support the role of FGF21 in adaptive thermogenesis
(34, 64, 65).

Gene profiling of BAT from BAd-CRISPR Ucp1 mice suggests
peroxisomal lipid oxidation and increased protein synthesis/
turnover as a compensatory thermogenic process

Although thermoneutrality in mice is approximately 30 °C,
mice are typically housed at 20 to 22 °C and are therefore
under a mild but chronic cold stress (55, 56). To explore po-
tential mechanisms by which BAd-CRISPR UcpI mice adapt to
a moderate cold stress in the absence of UCP1, we performed
RNA-Seq on BAT from mice administered 100 pl 10'* vg/ml
AAV8-Ucpl sgRNA or AAV8-Control sgRNA. Of the >20,000
genes identified by RNA-Seq, 1056 were found to be differ-
entially expressed. Consistent with the allele suppression
observed using the BAd-CRISPR method, the most statistically
significant difference was ~90% suppression of Ucpl mRNA in
BAT of BAd-CRISPR lcpl mice.” We then used gene set
enrichment analysis (GSEA) to identify pathways that are
significantly up- and down-regulated in response to inducible
UCP1 knockout. GSEA indicated up-regulation of pathways
involved in fatty acid metabolism, peroxisome function,
unfolded protein response, protein secretion, and mTORC
signaling (Fig. 7A). The pathways related to mitochondrial
electron transport chain and heat production by uncoupling
proteins were down-regulated, as was the citric acid cycle
(Fig. 7A). Next, we mined GSEA pathways for genes that were
significantly up- or down-regulated. We clustered genes based
on pathways to generate a heatmap and found that BAd-
CRISPR Ucpl inducible knockout mice have increased
expression of peroxisome and lipid metabolism genes, which
strongly suggests reliance on peroxisomal B-oxidation of fatty
acids to generate heat (Fig. 7B) (66). Peroxisomal B-oxidation
differs from mitochondrial B-oxidation in that peroxisomes
lack a respiratory chain, and thus electrons from FADH, are
transferred to O, to form H,0O,, and energy is released as heat
(66). Thus, it is likely that in response to acute loss of
UCP1 expression in interscapular BAT, adult mice have
increased reliance on peroxisomal [B-oxidation to maintain
thermoneutrality.

We also observed down-regulation of eight mitochondrial-
encoded genes that encode proteins of the electron transport
chain and coupled respiration, as well as the nuclear-encoded
mitochondrial gene, Ndufa412 (Fig. 7B). These data support
work showing that UCP1-deficient BAT mitochondria exhibit
dramatic reduction in proteins of the electron transport chain
(67). However, we also observed induction of many nuclear-
encoded  mitochondrial  genes, including substrate
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transporters and subunits of ATP synthase (Fig. 7B). In addi-
tion, we observed elevated expression of eukaryotic initiation
factors and tRNA synthetase genes, both of which are pre-
dicted to increase rates of protein translation (68, 69). We also
detected up-regulation of genes encoding subunits of the
proteasome, suggesting a futile cycle involving both increased
synthesis and turnover of proteins (Fig. 7B). It may be that
elevated de novo synthesis of proteins is required for adaptive
thermogenesis and for protection against cellular stress in
BAd-CRISPR Ucpl mice (70, 71). Lastly, we compared
differentially expressed genes in BAd-CRISPR Ucpl mice and
Ucpl™'~ mice housed at 20 °C (72). In total, 256 genes were
found to overlap between datasets (Fig. 7C), including 45 of
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the 130 heatmap genes shown in Figure 7B. Clustering of these
256 genes with Enrichr software identified pathways involved
in the peroxisome, lipid metabolism, mitochondria, trans-
lation, and proteasome, providing further evidence for a
common compensatory mechanism for adaptive thermogen-
esis in the absence of UCP1.

CRISPR/Cas9 does not lead to observable off-target mutations
in the BAT of BAd-CRISPR Ucp1 mice

CRISPR/Cas9 mutagenesis has been shown to have off-
target effects at loci that bear similarity to the sgRNA
sequence (73). These off-target mutations can impact genome
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integrity and cause undesirable phenotypic changes. Using
CRISPOR and the Synthego CRISPR Design tool, we identified
seven off-target loci for the Ucpl sgRNA (Fig. 84). The off-
target loci had 3- or 4-base mismatches; no off-target sites
contained fewer than 3-base mismatches. We focused on the
highest predicted off-target site identified by both tools, which
occurred in an intergenic space on chromosome 18, and off-
target sites found within exons or introns of genes (Fig. 8A).
To check for mutations at off-target sites, we performed un-
biased whole genome sequencing on BAT from two BAd-
CRISPR UcplI mice. The whole genome sequencing data was
analyzed using the Integrative Genome Viewer and CRISP-
Resso2 (74, 75). We observed mutations in 36.1% of reads at
the Ucpl locus compared with 1.78% at the intergenic space
and 0.0% at all other sites, respectively (Fig. 84). To probe the
intergenic off-target site in more detail, we analyzed whole
genome sequencing data from both BAd-CRISPR Ucpl mice
using CRISPResso2 and found a single substitution at position
one of the sgRNA sequence in one out of 51 total reads at this
locus (Fig. 8B). CRISPResso2 did not identify insertions or
deletions in reads at this off-target site. Next, we performed a
genomic cleavage assay on genomic DNA from BAd-CRISPR

Ucpl mice sacrificed at different timepoints and observed no
aberrant mutant PCR or T7 cleavage products at the intergenic
off-target site (Fig. 8C), suggesting that mutations at this off-
target site are rare. In addition, we probed RNA-Seq data
from BAd-CRISPR Ucpl mice and found no differences in
expression of Ypel2, Katnall, Ago3, Adamts14, or Neu2, all of
which were potentially subject to off-target exonic or intronic
mutations (Fig. 8D). Although one off-target site located
within an intron of Rftnl had decreased mRNA expression in
the BAd-CRISPR UcplI mice, this locus has three mismatches
proximal to the protospacer-adjacent motif, and we did not
detect mutations with whole genome sequencing (Fig. 8, A and
D). Thus, it is likely that reduction in Rftnl expression is
secondary to UCP1-deficiency rather than the result of off-
target mutagenesis. Taken together, these data suggest that
BAd-CRISPR knockout does not lead to substantial off-target
mutations.

Discussion

Although viral CRISPR/Cas9 delivery has proven to be a
powerful tool for manipulating the somatic genome in liver,
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Figure 8. CRISPR/Cas9 does not lead to observable off-target mutations in BAT of BAd-CRISPR Ucp1 mice. A, off-target sequence mismatches for Ucp1
sgRNA predicted by CRISPOR and the Synthego sgRNA Design tool. The UcpT sgRNA sequence is highlighted in yellow and base mismatches are colored red.
Percent mutations were calculated using whole genome sequencing data visualized by the Integrative Genome Viewer (IGV) and CRISPResso2. B, indel
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lung, heart, skeletal muscle, small intestine, thymus, and the
central nervous system, its use has not been reported in BAT
to date (19-26). The adipose field is heavily reliant upon the
use of transgenic mice, which require significant time and
financial investment. With nearly 40% of adults in the United
States considered to be obese, more efficient strategies to study
adipose tissues are required to improve our understanding of
how these tissues contribute to metabolic disease and to
identify potential therapies (76). BAd-CRISPR inducible gene
knockout distills the laborious process of generating a
transgenic mouse into two basic steps: constructing an AAVS-
sgRNA and administering it to interscapular BAT of
Cas9-expressing mice. Our method couples the novelty of
CRISPR/Cas9 with the established Cre/LoxP system to enable
highly efficient inducible gene knockout in BAT. Although we
implemented this model for BAT using BAd-CRISPR mice, it
is easily amendable to other cell types or tissues by crossing the
Cre-dependent Rosa26-LSL-Cas9 with other tissue-specific
promoter-driven Cre lines (24). Using our cloning strategy, a
sgRNA can be incorporated into the AAV-expression vector,
validated in vitro, used to generate any AAV serotype, and
delivered to a tissue of interest. Our work has thus shown for
the first time that CRISPR/Cas9 can be harnessed to signifi-
cantly improve our understanding of BAT function. We
anticipate that with further optimization, this methodology
will become generally applicable to white, marrow, and other
adipose depots.

We designed and validated highly efficient sgRNAs that
caused frameshift mutations in cultured cells in >92% of the
total sequences. In general, we prioritized sgRNAs that tar-
geted early coding regions of genes to introduce frameshift
mutations and disrupt translation of mRNA. We also observed
profound suppression of mRNA expression for each targeted
allele, suggesting a mechanism for inhibiting gene transcrip-
tion. Rational design and validation of sgRNAs in vitro allowed
us to select highly efficient sgRNAs for gene knockout in vivo.
We showed that administration of a single AAV8-sgRNA to
interscapular BAT resulted in near total knockout of Adipog,
Atgl, Fasn, Plinl, Scdl, or Ucpl specifically in brown adipo-
cytes. We also demonstrated that multiple sgRNAs could be
administered simultaneously using different AAV8 vectors to
achieve concomitant knockout of up to three genes. Of note,
we observed striking morphologic differences between BAT of
mice administered AAV8-Atgl sgRNA, AAV8-Plinl sgRNA, or
a combination of the two. Ideally, future iterations of BAd-
CRISPR will entail multiple sgRNAs cloned into a single
AAV expression vector. In our model, we were limited by
packaging restrictions from the mCherry fluorescent marker,
which we included to quantify transduction efficiency. How-
ever, based on our data, it is apparent that local AAV8
administration to the interscapular BAT leads to robust
transduction and subsequent gene knockout. As such, the
mCherry marker could be replaced with multiple U6
promoter-driven sgRNAs to different genomic targets. Pack-
aging multiple sgRNAs into a single AAV is preferable to
administering multiple AAVs to deliver single sgRNAs, as only
one viral particle needs to transduce a brown adipocyte for
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gene knockout. Moreover, packaging sgRNA along with Cas9
into one AAV could provide an all-in-one system for inducible
gene knockout. Novel Cas9 orthologs smaller than S. pyogenes
Cas9 (~1300 aa) such as Neisseria meningitidis Cas9 (1082 aa),
Staphylococcus aureus Cas9 (1053 aa), Campylobacter jejuni
Cas9 (984 aa), and Geobacillus stearothermophilus Cas9 (1089
aa) have all been identified for potential use to permanently
modify the genome (77, 78). Thus, future iterations may
include more compact, highly efficient Cas9 orthologs for an
all-in-one AAV system.

BAd-CRISPR enabled us to generate the first inducible
UCP1 knockout model and to determine that adult knockout
mice can defend core body temperature when acutely cold
stressed at 5 °C. Although UCP1 ablation was limited to
interscapular BAT, mutations within brown adipocytes were
sufficient to impact whole body physiology through the
elevation of circulating FGF21, which is known be up-
regulated by Ucpl deficiency and in response to cold stress
(34, 64, 65). RNA-Seq analysis identified dramatic changes to
the transcriptome of BAT in BAd-CRISPR Ucpl mice. We
observed an increase in genes associated with peroxisomal
B-oxidation and lipid metabolism, suggesting that alternative
adaptive thermogenic mechanisms are activated in response to
inducible UCP1 loss in adult mice. We also found that
inducible loss of UCP1 disrupted mitochondrial gene expres-
sion, with reduced mitochondrial-encoded electron transport
chain genes, but induction of many nuclear-encoded mito-
chondrial genes. Gene profiling also suggests that thermo-
genesis in the absence of UCP1 may be accomplished by a
futile cycle of increased protein synthesis and turnover. It is
important to note that UCP1 loss was exclusive to the inter-
scapular BAT, which is the largest BAT depot in rodents.
However, the mice also have smaller BAT depots located in
the periaortic, perirenal, paravertebral, and intercostal areas
(79, 80). Therefore, it is likely that UCP1-mediated adaptive
thermogenesis in these intact BAT depots helps to maintain
body temperature in BAd-CRISPR Ucpl knockout mice.

Importantly, we did not detect evidence of substantial off-
target mutations in vivo using unbiased whole genome
sequencing and RNA-Seq analyses. It is known that the total
number of mismatched base pairs is a determinant for
S. pyogenes Cas9 efficiency, and that protospacer-adjacent
motif-proximal mismatches are less tolerated than more
distal mismatches (73). Hsu et al. (73) reported that three or
more mismatches eliminated Cas9 cleavage activity at most
genomic loci. In the example of Ucpl sgRNA, we did not
observe significant mutations at seven off-target loci. Each of
these loci contained 3 to 4 base mismatches. Although
CRISPResso2 detected mutations in 1.8% of the reads at the
intergenic off-target site on chromosome 18, we did not detect
evidence of mutations at this locus using a genomic cleavage
assay. Although we cannot definitively rule out off-target
mutations at this site, the data suggests off-target mutations
are quite rare, and thus are not likely to influence BAT
physiology.

Although we have demonstrated that BAd-CRISPR is an
efficient and versatile tool for generating inducible gene
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knockout in interscapular BAT, this method is not without its
limitations. For instance, BAd-CRISPR permanently alters the
genome of brown adipocytes only, and thus gene expression is
not altered in stromal vascular cells even if transduced with
AAV8-sgRNA. Thus, precursor cells that subsequently differ-
entiate into brown adipocytes are unlikely to be mutated, and
although adipocyte turnover in humans is estimated to be
~10% per year, long-term studies may necessitate additional
injections for sustained knockout (81, 82). For broader appli-
cation of BAd-CRISPR to brown adipocytes, stromal vascular
cells, and precursor cells, the Rosa26-Cas9 knockin mouse can
be used. In this model, all the cells express Cas9-GFP; there-
fore, gene knockout is enabled in all cell types within a tissue.
Indeed, we have shown that local injection of AAVS to the
interscapular BAT also leads to detectable transduction in
liver, where expression of sgRNAs would be expected to cause
mutations in Rosa26-Cas9 knockin mice. However, incorpo-
rating microRNAs to the AAV vector can prevent transgene
expression in off-target tissues. For example, Jimenez et al.
(41) added liver and heart-specific microRNAs to AAVS,
which significantly reduced transgene expression in each tis-
sue, respectively. Thus, several strategies can be used to modify
BAd-CRISPR for targeted gene knockout in whole tissues.

We have thus shown for the first time that CRISPR/Cas9
can be used for inducible gene knockout in BAT in vivo.
Further optimization of AAV design and Cas9 isoforms can
improve BAd-CRISPR to target white or marrow adipose tis-
sues for gene knockout, inactivation, or overexpression.
Importantly, we have shown that BAd-CRISPR enables the
generation of transgenic animals with relative ease,
less financial investment, and in significantly less time (i.e.,
1-2 months) compared with traditional approaches. Future
work further characterizing the biological consequences of
each inducible knockout in BAT of adult mice will be required.
We hope that BAd-CRISPR will prove useful to the field of
adipose tissue and beyond for CRISPR/Cas9 inducible gene
knockout in somatic tissues.

Experimental procedures
sgRNA design and cloning

sgRNAs were designed using CRISPOR or the Synthego
CRISPR Design tool (36). We selected sgRNAs that targeted
early coding regions, did not have 0 or 1-base mismatch off-
target sites, and had CFD scores >0.2. The 20-base sgRNA
sequence was then used to synthesize a gBlocks Gene fragment
that contained a U6 promoter and a gene-specific sgRNA
scaffold, as well as the restriction sites Pmll and KpnlI (Fig. S1)
(IDT). The control sgRNA was designed to target Gas, but was
repurposed as a control because it did not cause mutations or
reduce Gas mRNA or protein. The AAV-expression vector
plasmid was generously provided by the University of Michi-
gan Vector Core. We inserted Pmll and Kpnl restriction sites
into the AAV-expression vector plasmid to enable cloning the
U6-sgRNA gBlocks (NEB). The digested AAV expression
vector plasmid and sgRNA gBlocks were separated using gel
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electrophoresis and purified using the Wizard SV Gel and PCR
Clean-Up System (Promega Corporation). sgRNA gBlocks
were ligated into the AAV-expression vector using T4 DNA
ligase according to the manufacturer’s protocol (NEB). The
AAV-sgRNA expression plasmid can be accessed from
Addgene (Plasmid 174540).

AAV production

AAV-sgRNA expression plasmids were transformed into
competent DH5a E. coli (Thermo Fisher Scientific). The
plasmids were then isolated using the Qiagen Plasmid Maxi
Kit (Qiagen). The plasmids were sequenced before being
used to generate AAVs (Eurofins Genomics). All AAVS-
sgRNAs were prepared by the University of Michigan
Vector Core.

Cell culture

Primary adipocyte progenitor cells were isolated from the
ears of Rosa26-Cas9 knockin mice (#024858, Jackson Lab), as
previously described and cultured at 5% CO, (24, 83). Sub-
confluent cells were maintained in DMEM:F12 medium
(Thermo Fisher Scientific) containing 10% fetal bovine serum
(Sigma-Aldrich) and supplemented with 10 ng/ml recombi-
nant basic fibroblast growth factor (PeproTech Inc). The
AAV-sgRNA expression plasmids were transfected to Cas9
cells using Lipofectamine 3000 according to the manufac-
turer’s protocol (Thermo Fisher Scientific). The cells were
collected 4 days after transfection and sorted using the Sony
MA900 Cell Sorter operated by the University of Michigan
Flow Cytometry Core. The cells were lysed, and DNA was
isolated using the Genomic Cleavage Detection Kit (Thermo
Fisher Scientific).

Assessment of mutations

Mutations were assessed using TIDE (https://tide.nki.nl/),
the Synthego ICE Analysis tool (www.ice.synthego.com), and
the Genomic Cleavage Detection Kit (Thermo Fisher Sci-
entific). For each of these assays, we designed primers that
flanked the cut site and were >100 bp upstream and
downstream from the sgRNA binding site. The DNA was
amplified using Platinum SuperFi II DNA Polymerase
(Thermo Fisher Scientific). For TIDE and the Synthego ICE
Analysis, amplicons were sequenced (Eurofins Genomics),
and traces were uploaded to the servers for analysis. The
Genomic Cleavage Detection Kit was used according to the
manufacturer’s protocol. The sequencing primers are listed
in Table SI.

Animals

All mouse strains for this study originated at Jackson Labs.
Cre-dependent Cas9-GFP mice (Rosa26-LSL-Cas9, #026175)
were bred with Ucpl promoter-Cre recombinase (B6.FVB-
Tg(Ucpl-cre)1Evdr/], #024670) to generate BAd-CRISPR
mice. Rosa26-Cas9 knockin mice (#024858) were also used.
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UCPI1-deficient mice (Ucpl™~, #003124) were generously
provided by Dr Liangyou Rui at the University of Michigan.
The mice were housed in 12-h light/12-h dark cycles with free
access to food and water. Room temperature was set at 20 to
21 °C with humidity at 28 to 38%. For cold stress studies, the
mice were singly housed without nesting materials in thermal
chambers for 24 h at 5 °C. The telemeters were implanted into
the abdominal cavity to measure core body temperature, and
surgeries were performed by the Michigan Mouse Phenotyp-
ing Center. All animal studies were approved by and con-
ducted in compliance with the policies of the University of
Michigan Institutional Animal Care and Usage Committee.
Daily care of mice was overseen by the Unit for Laboratory
Animal Medicine at the University of Michigan. Genotyping
Primers are listed in Table S1. All mice reported herein were
BAd-Crispr except for the ATGL alone group in Figure 4C,
which expressed Cas9 globally.

AAV8 injection

AAVS injections were performed, as previously described
(27, 47). In brief, female or male 8- to 10-week-old BAd-
CRISPR, Rosa26-LSL-Cas9, or Rosa26-Cas9 knockin mice
were singly housed for 24 h before injections. The mice were
anesthetized with 2 to 4% inhaled isoflurane in O,, and a small
area in the interscapular region was shaved to access BAT. A 1
to 2 cm incision was made, and the skin was peeled back to
visualize the interscapular BAT. AAV8-sgRNAs were diluted
in PBS (10" vg/ml or 10" vg/ml as indicated) to a final vol-
ume of 100 pl and injected into the interscapular BAT by
carefully inserting the needle into each lobe at 2 to 3 distinct
spots and dispensing the virus (~50 pl per BAT lobe). Body
weight and food intake were monitored daily to ensure mice
remained healthy.

Quantitative PCR

Total RNA was purified from frozen tissue using RNA
STAT-60 (Tel Test) according to the manufacturer’s in-
structions. One pg of the total RNA was reverse-transcribed to
cDNA using M-MLV Reverse Transcriptase (Invitrogen).
qPCR was performed using a StepOnePlus System (Applied
Biosystems). All the qPCR primers were validated with a
cDNA titration curve, and product specificity was evaluated by
melting curve analysis and gel electrophoresis of the qPCR
products. Gene expression was calculated using a ¢cDNA
titration curve within each plate and then normalized to the
expression of peptidylprolyl isomerase A (Ppia) mRNA. The
qPCR primer sequences are listed in Table S2.

RNAseq

Total RNA was isolated, as described using RNA STAT-60
(Tel Test) and treated with DNAse. The samples were sub-
mitted to Beijing Genomics Institute (BGI) for quality con-
trol, library preparation, and paired-end sequencing to
generate 101 base pair reads using DNB-SEQ-G400 platform.
FASTQ files were downloaded for each sample. The quality
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of raw read data was checked using FastQC (version 0.11.9)
to identify features of the data that may indicate quality
problems (low-quality scores, over-represented sequences,
and inappropriate GC content) and filtered using fastp
(version 0.21.0). The reads were aligned to the GRCm39
reference genome (Ensembl version 104) and quantified us-
ing STAR (version 2.7.7a). Quality control was performed on
the read tables to ensure adequate depth, knockout of Ucpl,
and to identify outlier samples. Differential expression anal-
ysis was carried out using DESeq2 (version 1.30.1). The plots
were generated using variations or alternative representa-
tions of native DESeq2 plotting functions, ggplot2, plotly,
and other packages within the R environment (version 4.0.3).
To compare BAd-CRISPR Ucpl and Ucpl™”’~ mice, RPKM
values were taken from GEO entry GSE127251. The
expression levels of genes between BAd-CRISPR Ucpl and
Ucpl™'~ mice were compared using DESeq2. The resulting
data were filtered for genes with significant differential
expression (adjusted p-value < 0.05).

Immunoblot analysis

The frozen tissues were homogenized in 1% NP-40,
120 mM NaCl, 50 mM Tris-HCl; pH 7.4, 50 mM NaF, and
1x protease inhibitor cocktail (Sigma Aldrich), as previously
described (84, 85). The homogenates were centrifuged at
18,000g for 10 min at 4 °C. Protein concentrations were
determined using the BCA protein assay (Thermo Fisher
Scientific). The samples were diluted to equal protein con-
centrations in lysis buffer and SDS sample buffer (20 mM Tris;
pH 6.8, 2% SDS, 0.01% bromophenol blue, 10% glycerol, and
5% 2-mercaptoethanol) and heated at 95 °C for 5 min. The
proteins were separated by SDS-PAGE on 4 to 12% gradient
polyacrylamide gels (Invitrogen) and transferred to Immobilon
PVDF membranes (Millipore). The membranes were blocked
in 5% nonfat dried milk in Tris-buffered saline (pH 7.4)
containing 0.05% Tween-20 (TTBS) for 30 min at room
temperature and then immunoblotted with the indicated
primary antibodies (1:1000) in 5% BSA in TTBS overnight at
4 °C. The blots were probed with horseradish peroxidase-
conjugated secondary antibodies (1:5000) diluted in 5%
nonfat dried milk in TTBS for 2.5 h at room temperature and
visualized with Clarity Western ECL Substrate (Bio-Rad,). The
antibodies are listed in Table S3.

Histology

Soft tissues were harvested and fixed in 10% neutral
buffered formalin overnight at 4 °C. The tissues were then
dehydrated in an ethanol gradient (30% for 30 min, 50% for
30 min, and 70% indefinitely) and prepared for paraffin
embedding. The paraffin-embedded tissues were sectioned at
5 pm thickness and stained with hematoxylin and eosin
(H&E), as previously described (86). The stained sections
were imaged using a Zeiss inverted microscope at 100x or
200x magnification.
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ELISA

Serum collected from mice was analyzed for circulating
FGF21 using the Mouse/Rat FGF-21 Quantikine ELISA Kit
(R&D Systems) by following the manufacturer’s protocol.

Immunofluorescence analysis

Blocks of paraffin-embedded BAT from AAV8-Atgl, AAVS-
Plinl, and AAV8-Control sgRNA injected mice (n = 3 mice)
were sectioned at 5 um and floated onto microscope slides in a
39 °C water bath. Paraffin was removed from sections by three
sequential 5-min washes in 100% xylene. The sections were
next rehydrated in a series of ethanol washes from 100%, 95%,
70%, and 50% with each concentration consisting of two 10-
min washes, followed by two 5-min washes in deionized wa-
ter. Antigen retrieval was achieved by a 20-min incubation in
sodium citrate buffer (10 mM sodium citrate and 0.05%
Tween-20, pH 6.0) at 95 °C. The sections were cooled to room
temperature, circled by a hydrophobic barrier, and then
washed twice in deionized water for 5 min. The sections were
permeabilized with 0.2% Triton X-100, 1x PBS for 10 min, and
blocked in 10% normal donkey serum prepared in TNT buffer
(0.1 M Tris-HCl pH 7.4 and 0.15 M NaCl, 0.05% Tween 20) for
1 h. Primary antibodies against ATGL (1:200), UCP-1 (1:100),
endomucin (1:250), and PLIN1 (1:100) were prepared in 2.5%
normal donkey serum in TNT buffer and then centrifuged at
15,000¢ for 10 min to remove aggregates. The sections were
incubated in primary antibody dilutions for 16 h at 4 °C. The
sections were washed three times in TNT buffer for 5, 10, then
15 min. The conjugated secondary antibodies against rabbit,
goat, and rat were diluted 1:100 in TNT buffer and then
centrifuged at 15,000g¢ for 10 min to remove aggregates. The
sections were incubated in secondary antibody dilutions for
1.5 h at room temperature and then washed twice for five then
10 min. Nuclei were stained with 14.3 uM DAPI in PBS for
5 min and then washed twice in 1x PBS for 5 min. No. 1.5
coverslips were mounted to the slides with ProLong Gold
mountant (Thermo Fisher Scientific) and cured for 2 days at
room temperature before imaging. Immunofluorescent mi-
croscopy was performed using a Nikon Al laser scanning
confocal with Plan Apo VC 60x oil DIC N2 objective. The
antibodies are listed in Table S3.

Whole genome sequencing

Whole genome sequencing was performed by the University
of Michigan Advanced Genomics Core using a NovaSeq 6000
system (Illumina, Inc). Genomic DNA quality control and
NGS library prep services were all performed by the University
of Michigan Advanced Genomics Core. FASTQ files were
aligned using the mouse genome (Ensembl GRCm38) with
bowtie2 (version 2.3.5.1). Indels were identified with CRISP-
Resso2 (version 2.0.45) and visual inspection within the Inte-
grative Genomics Viewer (74).

Statistics

All data are presented as mean + SD. When comparing two
groups, significance was determined using Student’s two-tailed
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¢t test. When comparing multiple experimental groups, an
ANOVA was followed by post hoc analysis with Dunnett’s or
Sidak’s test as appropriate. The differences were considered
significant at p < 0.05 and are indicated with asterisks.

Data availability

FASTQ files, along with count tables and metadata, can be
accessed at GSE176453. All analysis code can be found at
github.com/alanrupp/romanelli-jbiolchem-2021.
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