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SUMMARY
The use of the dual recombinase-mediated intersectional genetic approach involving Cre-loxP and Dre-rox
has significantly enhanced the precision of in vivo lineage tracing, aswell as genemanipulation. However, this
approach is limited by the small number of Dre recombinase driver constructs available. Here, we developed
more than 70 new intersectional drivers to better target diverse cell lineages. To highlight their applicability,
we used these new tools to study the in vivo adipogenic fate of perivascular progenitors, which revealed that
PDGFRa+ but not PDGFRa–PDGFRb+ perivascular cells are the endogenous progenitors of adult adipocytes.
In addition to lineage tracing, we used members of this new suite of drivers to more specifically knock out
genes in complex tissues, such as white adipocytes and lymphatic vessels, that heretofore cannot be selec-
tively targeted by conventional Cre drivers alone. In summary, these new transgenic tools expand the inter-
sectional genetic approach while enhancing its precision.
INTRODUCTION

Unraveling the cellular and molecular mechanisms that underlie

the generation of specialized cell types and their coordinated

functions is critical for deepening our understanding of organ

development, tissue homeostasis, and regeneration. Recombi-

nase-mediated genetic targeting provides an important platform

to track cellular origins and fates in vivo, while also elucidating the

genetic regulation of cell behavior in multiple biological pro-

cesses, such as embryogenesis, tumorigenesis, and tissue

regeneration (Kretzschmar andWatt, 2012; JensenandDymecki,
2014; Baron and van Oudenaarden, 2019; Liu et al., 2020). Over

the past three decades, among many types of recombinases,

the Cre-loxP system represents the most widely used approach

for in vivo molecular and cellular study in animal models (Sauer

and Henderson, 1988; Lakso et al., 1992; Schwenk et al.,

1995). The linchpin of this system for precise genetic manipula-

tion depends on the specificity of the genetic promoter used to

expressCre (Molkentin andHouser, 2013; Tian et al., 2015).How-

ever, many of the Cre drivers used are not sufficiently specific,

inadvertently resulting in inaccurate data interpretation and

thus sometimes in contradictory conclusions regarding cell fate
Cell Stem Cell 28, 1–17, June 3, 2021 ª 2021 Elsevier Inc. 1
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and gene function analyses (Eschenhagen et al., 2017; He et al.,

2020). Indeed, this lack of specificity of single promoters to drive

Cre expression is highlighted by recent single-cell RNA

sequencing (scRNA-seq) technology that has identified the ge-

netic complexity of numerous cell populations within a given tis-

sue (Cohen et al., 2018;Di Talia andPoss, 2016; Aranet al., 2019).

One important way to understand newly identified cell sub-

types requires their in vivo manipulation at both the cellular and

molecular levels, so that one can understand if the cells play crit-

ical function(s) during normo- and pathophysiology. Although

many newmarkers have been identified to define these subpop-

ulations of cells, most often it is technically challenging to use a

single marker to genetically target a specific sub-type of cells

in vivo. It has been reported that other orthogonal recombinases

could be combined with Cre-loxP (Jensen et al., 2008; Kim et al.,

2009; He et al., 2016) to enhance the specificity of targeting a

subpopulation of cells that would otherwise not be achievable

with reliance on a single recombinase. Recently, a suite of

diverse reporters that respond to the recombinases Cre, Dre,

and Flpe has permitted enhanced cell type targeting and func-

tionality in vivo (Daigle et al., 2018; Li et al., 2018). However,

the demand for genetic tools with enhanced specificity and per-

formance still far exceeds their current availability (Zhao and

Zhou, 2019). We therefore aimed to generate a diverse set of

cell type-specific mouse lines for the Dre recombinase, which

is orthogonal to the Cre-loxP system (Anastassiadis et al.,

2009; Hermann et al., 2014). In the present study, we generated

more than 70 new Dre lines, which, together with several distinct

types of intersectional genetic approaches also reported here,

provide an invaluable genetic tool of broad utility in multiple

diverse life science fields.

Several decades of pioneering research into adipogenesis

have consistently suggested that de novo formation of adipo-

cytes takes place close to the vessel wall, leading to the infer-

ence of the existence of perivascular stem cells or progenitors

(Gesta et al., 2007; Tang et al., 2008; Berry et al., 2014; Vishva-

nath et al., 2016; Min et al., 2016). However, the exact nature

of such perivascular stem cells remains incompletely known

and even controversial in the field (Guimarães-Camboa et al.,

2017; Vishvanath et al., 2017; Guimarães-Camboa and Evans,

2017; Cano et al., 2017). Previous studies using lineage tracing

on the basis of Pdgfrb-Cre or inducible Pdgfrb-rtTA revealed

pericytes as perivascular progenitor cells of adipocytes (Tang

et al., 2008; Vishvanath et al., 2016). Additional studies using

different Cre drivers support a mural cell origin of adipocytes in

the adult stage (Long et al., 2014; Jiang et al., 2014; Berry

et al., 2017). However, another recent study showed that peri-

cytes or smooth muscle cells labeled by Tbx18-CreER main-

tained their identity in diverse pathological settings without

contributing to other cell lineages (e.g., adipocytes) (Guimar-

ães-Camboa et al., 2017), challenging the current view of endog-

enous pericytes as perivascular progenitors of adipocytes.

Studies using Pdgfra labeling reported that perivascular
Figure 1. Generation and characterization of new Dre or DreER mouse

(A and B) Schematic diagram illustrating the knockin strategies of Dre or DreER

(C) Examples of immunostaining images on tissue sections collected from 36 ne

Scale bars, 100 mm. Each image is representative of five individual biological sam

and Tables S1 and S2.
PDGFRa+ cells make a significant contribution to mature adipo-

cytes in adult fat depots (Lee et al., 2012; Berry and Rodeheffer,

2013; Jeffery et al., 2015; Cattaneo et al., 2020). Despite re-

ported specific and efficient labeling of mural cells by the afore-

mentioned markers, such as PDGFRb (Vishvanath et al., 2017),

PDGFRb is also reported to be expressed in a subset of adven-

titial fibroblasts (Guimarães-Camboa and Evans, 2017; Cattaneo

et al., 2020). Here we used intersectional genetic approach to re-

assess the contribution of perivascular stem cells marked by

distinct gene signatures to adipocytes in adult tissues.

In addition to enhancing the precision of genetic lineage

tracing, intersectional genetics enables more specific gene dele-

tion in cell lineages that is not achievable with previous Cre-loxP

strategies. Here we provided two examples on how to use NOT

or AND logic to perform any flox gene deletion specifically in tis-

sues that have not been previously achieved using singular Cre

drivers. By developing NOT-logic sequential intersectional ge-

netics, we successfully delete genes specifically in white adipo-

cytes (WAs). Using AND-logic sequential intersectional genetics,

we generated the first authentic Cre driver for both lineage

tracing and gene deletion exclusively in lymphatic vessels. Our

expansion here of the available Dre driver suite increases the

ability to genetically manipulate cell lineages of interest more

precisely, allowing a deeper understanding of cell behaviors

and gene functions in multiple life science disciplines.

RESULTS

Generation and characterization of new Dre or DreER
drivers
To enable the broader application of intersectional approaches

in multiple fields, we developed more than 70 new genetic

drivers, each of which was basedmainly on a Dre or DreER strat-

egy. In these new mouse lines, cDNA encoding Dre or DreER

was knocked into the endogenous gene locus by replacing the

translational start codon (ATG) using CRISPR-Cas9 (Figure 1A).

For some alleles, it is critical to keep the endogenous gene intact,

as the heterozygote state might have functional effects on cells.

For this purpose, cDNA encoding Dre or DreER linked down-

stream to an internal ribosome entry site (IRES) or self-cleaved

2A peptide was then knocked into the translational stop codon

just upstream of the 30 UTR (Figure 1B). For the first strategy,

we named the mouse line gene name-Dre or gene name-DreER,

and for the second strategy we named the lines gene name-2A/

IRES-Dre or gene name-DreER. The nomenclatures reflect the

different targeting strategies in this study. Of all these knockin

mouse lines, the majority were generated by homologous

recombination using CRISPR-Cas9, while a few were generated

by a conventional embryonic stem cell (ESC)-based strategy us-

ing positive and negative selection of correct targeted clones.

To systematically characterize the Dre or DreER drivers, we

crossed each of these mice with Dre-rox-responsive tdTomato

or ZsGreen reporter lines (Madisen et al., 2015; He et al., 2017b).
alleles

into the 50 UTR or 30 UTR of genes of interest by homologous recombination.

w mouse lines. Nuclei are stained with DAPI. BAT, brown adipose tissue.

ples. Information for more mouse lines is listed in Table S1. See also Figure S1
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Figure 2. Generation of intersectional genetic strategies for labeling of PDGFRa+ and/or PDGFRb+ perivascular cells
(A) Schematic diagram illustrating genetic labeling of PDGFRa+ cells by Pdgfra-DreER and its reporter R26-RSR-tdT. Lower panel shows immunostaining on

heart sections for tdT and PDGFRa. Right panel shows quantification of the percentage of tdT+ cells expressing PDGFRa (specificity) and the percentage of

PDGFRa+ cells expressing tdT (efficiency).

(B) Schematic diagram illustrating the genetic labeling of PDGFRb+ cells byPdgfrb-CreER and its reporterR26-GFP. Lower panel shows immunostaining on heart

sections for GFP and PDGFRb. Right panel shows quantification of the percentage of GFP+ cells expressing PDGFRb (specificity) and the percentage of

PDGFRb+ cells expressing GFP (efficiency).

(C) Schematic diagram illustrating intersectional genetic labeling of PDGFRa+ cells (tdT+), PDGFRb+ cells (GFP+), and PDGFRa+PDGFRb+ cells (tdT+GFP+) by

Pdgfra-DreER;R26-RSR-tdT;Pdgfrb-CreER;R26-GFP mice (top) and the tamoxifen (Tam) induction strategy and tissue collection (bottom).

(D–R) Immunostaining for tdT and GFP on tissue sections collected from multiple organs. The lower panel images in each organ are split channels. BAT, brown

adipose tissue; WAT, white adipose tissue.

(S) Quantification of the percentage of labeled cells expressing tdT, GFP, or both in the indicated tissues. Data are mean ± SEM; n = 5.

Scale bars, 100 mm. Each image is representative of five individual biological samples. See also Figure S2.
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Figure 3. Contribution of PDGFRa+ and/or PDGFRb+ cells to adipocytes after cold exposure

(A) Schematic diagram illustrating the experimental design.

(B) H&E-stained tissue sections collected from inguinal WAT of mice under room temperature (RT) or during cold exposure for 1 or 2 weeks.

(C) Quantification of the percentage of PDGFRa+ cells expressing tdT or PDGFRb+ cells expressing GFP in RT or cold exposure for 2 weeks. Data are mean ±

SEM; n = 5; ns, non-significant.

(legend continued on next page)
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For example, we found that endocardial cells in the trabecular

myocardium were labeled mainly by Npr3-2A-DreER but not by

Apln-DreER, while FABP4+ coronary endothelial cells in the

compact myocardium were traced mainly by Apln-DreER but

not by Npr3-2A-DreER (Figure 1C, first two images), consistent

with previous fate mapping results on the basis of Npr3-CreER

andApln-CreERdrivers (Zhangetal., 2016; Tianet al., 2013). Simi-

larly, we generated Dre or DreER drivers on the basis of different

promoters, such as Sox9, Prox1, K14, Cela1, Myh11, SMA,

Cdh1, Lyz1, Plin1, Ly6g, Sca1, Hopx, P63, and K5, and crossed

these lines with Dre-responding ZsGreen or tdTomato reporters.

After sectioning of the relevant tissues, we performed immuno-

staining for ZsGreen or tdTomato along with cell lineage markers

for each tissue, and we found that most of the drivers exhibited

high specificity for targeting the expected cell lineage (Figure 1C).

In addition to the Dre and DreER drivers, we also generated

some Cre-induced Dre drivers that contained a Stop cassette

flanked by two loxP sites (LSL) upstream of the Dre allele (Fig-

ure S1A). The strategy of placing LSL before Dre for Cre induc-

tion was recently reported to be useful in detecting transient

gene activity in specific cell lineages in vivo, including epithe-

lial-to-mesenchymal (EMT)-related gene activity during tumor

growth and metastasis (Li et al., 2020). We therefore included

additional Cre-responsive Dre drivers such as Twist, Zeb1,

Snai1, Sma, Pdgfrb, TP63, Krt5, and Cx40-LSL-Dre lines in the

Dre tool resource (Figure S1B). We then tested the Twist-LSL-

Dre or Zeb1-LSL-Dre lines in combination with a Kit-CreER

driver (Figure S1C) and found that we could successfully fate

map their transient gene activity in mammary epithelial cells dur-

ing tumor growth (Figures S1D–S1J) using MMTV-PyMT mouse

model (Guy et al., 1992). The information for all these Dre, DreER,

and LSL-Dre knockin lines appears in Table S1, listingmouse line

name, gene targeting strategies, targeting tissues or cell line-

ages, and available stock number deposited in Shanghai Model

Organism company mouse database (https://www.modelorg.

com/en/). Genotyping PCR primers were provided in Table S2.

Generation of intersectional genetics for tracing
perivascular adipocyte progenitors
With the full suite of new genetic drivers in place, we wanted to

begin to use a few of them to resolve some unsettled issues in

the stem cell field. In particular, over the past decade there has

been an intense debate regarding whether pericytes or adventi-

tial fibroblasts behave as in vivo mesenchymal stem cells.

PDGFRa is a marker used for perivascular adventitial cells or fi-

broblasts, and by examining heart and adipose tissue sections

collected from Pdgfra-DreER;R26-rox-Stop-rox (RSR)-tdT, we

found that PDGFRa+ cells were specifically and efficiently

labeled (Figure 2A; Figures S2A–S2C). These labeled cells also

expressed fibroblast marker FSP1 (Figure S2D). Of note, we

also found that Pdgfra-DreER efficiently labels PDGFRa+ cells
(D) Immunostaining for tdT, GFP, and Perilipin 1 (PLIN1) on inguinal WAT sections

or 2 weeks (right). All tdT, GFP, and PLIN1 are pseudo-colored in images as

tdT+GFP+PLIN1+ adipocytes.

(E) Quantification of percentage of adipocytes expressing tdT, GFP, or both in ingu

non-significant.

(F) Immunostaining for tdT, GFP, and UCP1 on inguinal WAT sections from mice

(G) Illustration showing de novo adipogenesis from PDGFRa+ and PDGFRa+PDG

Scale bars, 100 mm. Each image is representative of five individual biological sam
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in other organs or tissues collected from Pdgfra-DreER;R26-

RSR-tdT;Pdgfrb-CreER;R26-GFP mice (Figures S2E and S2F),

and the various mosaicism is likely due to the different recombi-

nation efficiencies by tamoxifen. PDGFRb is amarker reported to

be expressed in pericytes and by examining heart and adipose

tissue sections from Pdgfrb-CreER;R26-GFP, we found that

PDGFRb+ cells were also specifically and efficiently labeled (Fig-

ure 2B; Figures S2G–S2I). These labeled cells also expressed

pericyte marker NG2 (Figure S2J).

Lineage-tracing studies based on individual traditional

markers for fibroblasts or pericytes may have unintentionally

traced a subset of cells that express both of thesemarkers, there-

fore confounding the interpretation of the fate mapping results.

Taking advantage of Dre drivers in combination with Cre lines,

we developed an intersectional genetic approach to labeling

three populations of perivascular cells simultaneously in vivo:

PDGFRa+, PDGFRb+, and PDGFRa+PDGFRb+ cells (Figure 2C).

We performed immunostaining for tdT, GFP, and DAPI, on multi-

ple tissue sections from Pdgfra-DreER;R26-RSR-tdT;Pdgfrb-

CreER;R26-GFP mice treated with Tam 2 days before tissue

collection (Figure 2C). For a brief period after Tam treatment

(%48 h), the tdT or GFP labeling represented PDGFRa and

PDGFRb expression in those labeled cells, most of which were

found close to vascular endothelial cells in examined organs

and tissues (Figures 2D–2R). We found that tdT+ and GFP+ cells

were largely two distinct cell populations in most organs or tis-

sues (Figures 2D–2R). A subset of fluorescent cells did express

both tdTandGFP, indicatingPDGFRa+PDGFRb+cells in theperi-

vascular niche (Figures 2D–2R). For example,�15%of all labeled

perivascular cells expressed both tdT and GFP in the brain and

heart, and �10% in the brown adipose tissue (BAT) or white ad-

ipose tissue (WAT), while the majority of labeled cells express

either tdTorGFPalone in these tissues (Figure 2S).Quantification

data of all examined tissues revealed that different percentages

of labeled cells were tdT+GFP+ (Figure 2S). For example, we de-

tected tdT+GFP+ cells in the adventitia (outermost layer) of the

aorta (Figure 2H), consistent with results from a previous study

based on PDGFRa and PDGFRb antibody staining of the aortic

wall (Cattaneo et al., 2020). Therefore, this intersectional genetic

approach enables simultaneous genetic tracing of three molecu-

larly distinct cell populations in vivo, namely, PDGFRa+,

PDGFRa+PDGFRb+, and PDGFRb+ perivascular cells.

PDGFRa+PDGFRb+ cells preferentially contribute to de

novo adipogenesis in adult mice
Having established the genetic labeling of perivascular cell popu-

lations, we next exposed mice to cold conditions to induce the

beiging of adipocytes in the WAT, which has been reported to

occur at least partly through de novo differentiation from perivas-

cular adipocyte progenitors (Wang et al., 2013). By combining

such stimulation with our intersectional genetic fate mapping
from mice housed at RT for 13 weeks (left) or cold exposed for 1 week (middle)

indicated. White arrowheads, tdT+PLIN1+ adipocytes; yellow arrowheads,

inal WAT under different conditions. Data are mean ± SEM; n = 5; *p < 0.05; ns,

under different conditions.

FRb+ under cold exposure condition.

ples. See also Figures S2–S4.
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Figure 4. Generation and characterization of Plin1-dCreER and Ucp1-Dre mouse lines

(A) Schematic diagram illustrating the generation of Plin1-dCreER by homologous recombination using CRISPR-Cas9.

(B) Whole-mount bright-field and fluorescence images of intracapsular brown adipose tissue (BAT), inguinal white adipose tissue (ingWAT), and epididymal white

adipose tissue (epiWAT) from adult Plin1-dCreER;R26-tdTomato mice treated with tamoxifen (Tam) or without tamoxifen (No Tam).

(C) Immunostaining for tdTomato and PLIN1 on BAT, ingWAT, and epiWAT tissue sections.

(D) Quantification of the percentage of PLIN1+ adipocytes expressing tdTomato (tdT) in Tam or No Tam-treated groups. Data are mean ± SEM; n = 5.

(E) Schematic diagram illustrating the generation of Ucp1-Dre by homologous recombination using CRISPR-Cas9.

(F) Whole-mount bright-field and fluorescence images of BAT, ingWAT, and epiWAT collected from Ucp1-Dre;R26-rox-tdTomato mice.

(G) Immunostaining for tdTomato and PLIN1on BAT, ingWAT, and epiWAT tissue sections.

(H) Quantification of the percentage of PLIN1+ adipocytes expressing tdTomato (tdT) in BAT, epiWAT, and ingWAT tissues. Data aremean ± SEM; n = 5; *p < 0.05.

Scale bars, 1 mm (yellow); 100 mm (white). See also Figure S5.
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Figure 5. White adipocyte-inducible Cre (WA-iCre) targets mainly white but not brown adipose tissue

(A) Schematic diagram illustrating the strategy for targeting white adipocytes (WAs) but not brown/beige adipocytes (BAs) using dual recombinases.

(B) Whole-mount fluorescence of BAT and ingWAT from Plin1-dCreER;R26-tdTomato or WA-iCre;R26-tdTomato mice treated with Tam (B) or no Tam. Right

panel shows immunostaining images of BAT and ingWAT sections of WA-iCre;R26-tdTomato mice without Tam. Insets, bright-field images.

(C) Immunostaining for tdTomato and PLIN1 on BAT or ingWAT sections from Plin1-dCreER;R26-tdTomato or WA-iCre;R26-tdTomato mice (Tam).

(D) Quantification of the percentage of PLIN1+ adipocytes expressing tdTomato. Data are mean ± SEM; n = 5.

(E) Immunostaining for tdTomato and UCP1 on ingWAT sections from Plin1-dCreER;R26-tdTomato or WA-iCre;R26-tdTomato mice treated with Tam.

(legend continued on next page)
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strategy, we aimed to determine whether, and to what extent,

perivascular progenitor cells contribute to new adipocytes in

inguinalWAT (ingWAT) after cold exposure (Figure 3A). Hematox-

ylin and eosin (H&E) staining of ingWAT sections revealed a

striking change in adipocyte morphology over the course of the

2-week cold challenge, with a vast increase in beige cell-like

structures (Figure 3B). Quantification of immunostained sections

revealed that the percentage of PDGFRa+ cells expressing tdT

didnot change significantly among themice kept at room temper-

ature or at 6�C for 1 or 2 weeks (Figure 3C). Additionally, the GFP

labeling percentage of PDGFRb+ cells were statistically similar

among these groups (Figure 3C), suggesting that the abundance

of differentially labeled cell populations does not appear to be

significantly regulated by cold exposure in our models.

We next examined the contribution of different perivascular

cell populations to adipocytes in mice kept at room temperature

and those kept at 6�C for 1 or 2 weeks. By immunostaining for

tdT, GFP, and the adipocyte marker PLIN1 on ingWAT sections,

we found that most of the tdT+, GFP+, or tdT+GFP+ perivascular

cells did not express PLIN1 in mice housed at room temperature

(Figure 3D). Except for rare tdT+ adipocytes indicative of a

PDGFRa+ cell origin, we did not detect any appreciable GFP+

or GFP+tdT+ adipocytes in ingWAT at room temperature (Fig-

ure 3E). In the groups of mice exposed to cold for 1 or 2 weeks,

we found readily detectable tdT+ and tdT+GFP+ adipocytes in

the midst of non-labeled adipocytes in the ingWAT (Figure 3D).

Notably, several small clusters of tdT+ multilocular beige adipo-

cytes were detected in samples of mice housed in the cold for

2 weeks. Quantitatively, 1.38% ± 0.27%, 1.59% ± 0.65%, and

0.0036%± 0.0023%of PLIN1+ adipocytes were tdT+, tdT+GFP+,

and GFP+, respectively, in ingWAT after 1 week of cold expo-

sure, while 4.08% ± 0.67%, 5.16% ± 0.61%, and 0.023% ±

0.011% of such adipocytes were tdT+, tdT+GFP+, and GFP+,

respectively, after 2 weeks of cold exposure (Figure 3E).

Although the number of tdT+ perivascular mesenchymal cells

was 4 times greater than that of tdT+GFP+ cells at the time initial

labeling (Figure 2S), there was no significant difference between

their contributions to new adipocytes after cold exposure (Fig-

ure 3E), indicating that PDGFRa+PDGFRb+ perivascular mesen-

chymal cells were more potent in their contribution to new

adipocytes after cold exposure, compared with those of

PDGFRa+ cells. Immunostaining for the beige cell marker

UCP1 confirmed that most of the labeled adipocytes began to

express UCP1 after cold exposure (Figure 3F), indicating their

beige cell fate after differentiation from adipocyte progenitors

(Figure 3G). Of note, a substantial number these UCP1+multiloc-

ular adipocytes were derived from pre-existing adipocytes

labeled by Plin1-CreER (Figures S2K–S2M). Additionally, we

used an alternative model of skin wound healing for adipogene-

sis as previously reported (Plikus et al., 2017). After skin injury,

we found that PDGFRa+ and PDGFRa+PDGFRb+ mesenchymal

cells, but not PDGFRb+ cells, regenerate fat cells during wound

healing process (Figure S3).
(F, H, and J) qRT-PCR analysis of Pparg (F), b-catenin (H), and Pten (J) expression

dCreER, or WA-iCre allele. Data are mean ± SEM; n = 4 or 5; ns, non-significant

(G, I, and K)Western blotting of PPARg (G), b-catenin (I), and PTEN (K) and control

in (F)–(J). n = 3 biological repeats.

Scale bars, 1 mm (yellow), 100 mm (white). See also Figure S6.
To characterize the gene profiles of these distinct perivascular

cell populations in adipose tissues, we next performed scRNA-

seq analysis of cells isolated from ingWAT of 8-week-old wild-

typeC57BL/6mice (FigureS4). Clustering andUMAPvisualization

of the cells revealed at least eight cellmolecularly distinct cell pop-

ulations, which we annotated as fibroblasts, pericytes, macro-

phages, endothelial cells, T cells, B cells, natural killer (NK) cells,

and neutrophils (Figures S4A and S4B). Re-clustering of 5,044

fibroblasts identified two unique stromal cell populations with

distinct molecular signatures (Figures S4C–S4E). One of them ex-

presses Pdgfra transcripts, and the second population expresses

both Pdgfra and Pdgfrb; they constitute 72.48% and 27.52% of

fibroblasts, respectively. Indeed, PDGFRa+ single-positive cells

are molecularly distinct from PDGFRa+PDGFRb+ double-positive

cells at molecular levels (530 differentially expressed genes).

PDGFRa+ cells express Pi16, Sbsn, and Dpp4, whereas double-

positive cells express Cxcl14, Steap4, and Col15a1 (Figure S4D).

Of note,we found that CD81, a newly identified adipocyte progen-

itor cell marker (Oguri et al., 2020), was expressed in both popu-

lations (Figure S4D). Gene Ontology (GO) enrichment pathways

analysis revealed that upregulated genes in PDGFRa+PDGFRb+

are related to extracellular structure organization, response to

wounding, and positive regulation of fat cell differentiation

(Figure S4F).

The increased specificity of gene knockout in white
adipocytes by intersectional genetics
Having shown the utility of intersectional genetics for more accu-

rate lineage tracing, we next used some of the new drivers for

gene manipulation in cell types that has not previously been

achieved by traditional Cre drivers. For functional study of genes,

investigators generally use floxed alleles from the currently avail-

able mouse resources. Here, we explored two different but com-

plementary sequential intersectional genetic approaches that

permit Dre-controlled Cre targeting for in vivo gene functional

study in cell lineages that are previously difficult to specifically

target; notably, WAs and lymphatic endothelial cells (LECs).

For the former we used a so-called NOT strategy, while for the

latter we used a so-called AND strategy.

There are two distinct types of adipose tissues in mammals:

WAT and BAT. Despite their significant differences in function

and associated gene regulation, the current main approach for

gene knockout mainly uses pan-adipose Cre driver, such as adi-

ponectin-Cre (Eguchi et al., 2011). But such genetic drivers are

not specific for WAs, so to date all gene knockout strategies to

targetWAT also delete the gene of interest in BAT. To specifically

delete genes in WAs, we took advantage of intersectional ge-

netic approach and generated a Dre-controlled Cre driver to

restrict Cre activity specifically in WAs. In this design, we used

two markers: PLIN1 and UCP1, which are a pan-adipocyte

marker and a brown adipocyte (BA) marker, respectively. There-

fore, PLIN1+UCP1+ cells are specific to BAT, while PLIN1+UCP1–

cells are more enriched in WAT.
in the three indicated flox homozygousmouse strains containing no Cre, Plin1-

; *p < 0.05.

a-tubulin or b-actin in BAT, ingWAT, and epiWAT of the threemice groups used
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Figure 6. Generation of lymphatic endothelial cell-specific inducible Cre (LEC-iCre)

(A) Schematic diagram illustrating the knockin strategy for generation of Prox1-rox-Stop-rox-CreER (Prox1-RSR-CreER) mice.

(B) Schematic diagram illustrating the strategy for generation of LEC-iCre mice using sequential intersectional genetics.

(C) Whole-mount fluorescence images of E15.5–E16.5 Prox1-2A-CreER;R26-tdT (left) and LEC-iCre;R26-tdT (right) embryos treated with Tam.

(legend continued on next page)
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We first generated Plin1-rox-CreER-rox mice, in which CreER

could be deleted by Dre recombinase (Figure 4A).We named this

mouse Plin1-dCreER to indicate deletion of CreER in the pres-

ence of Dre recombinase. We crossed Plin1-dCreER mice with

an R26-tdTomato reporter mouse strain and treated the

offspring Plin1-dCreER;R26-tdTomato mice with Tam. As ex-

pected, tdT+ signals were detected in intracapsular BAT, in-

gWAT, and epididymal WAT (epiWAT) in the Tam-treated groups

(Figure 4B). Additionally, Plin1-dCreER did not target organs or

tissues other than adipose tissues (Figure S5). Very rare tdT+ sig-

nals could be detected in adipose tissues or other organs ofmice

without Tam treatment (Figures 4B–4D; Figure S5). Immuno-

staining for tdT and PLIN1 on BAT, ingWAT, and epiWAT sec-

tions confirmed the high efficiency of pan-adipocyte labeling

(Figures 4C and 4D). These data indicate that in the absence of

Dre, Plin1-dCreERworked as a general pan-adipocyte-inducible

Cre driver. We next generated a Dre driver to specifically remove

CreER from Plin1-dCreER in BAs. We generated Ucp1-Dremice

(Figure 4E) and crossed them with R26-rox-tdTomato reporter

mice, finding strong tdT+ signals in BAT and weak tdT+ signals

in ingWAT or epiWAT (Figure 4F). Immunostaining for tdTomato

and PLIN1 confirmed that Ucp1-Dre mainly targeted BAs in the

BAT and minimally targeted WAs in the WAT (Figures 4G

and 4H).

Having successfully generated Plin1-dCreER and Ucp1-Dre

drivers, we crossed mice harboring these alleles to develop

an inducible Cre driver for WAs (WA-iCre; Figure 5A). In this

design of intersectional genetics (i.e., the NOT-logic strategy),

WA-iCre mainly targets UCP1–PLIN1+ WAs but not UCP1+-

PLIN1+ BAs, as CreER in Plin1-dCreER allele has already

been removed by Ucp1-Dre in BAs (Figure 5A). Different from

Plin1-dCreER or any other previous pan-adipocyte Cre drivers

that target both BAs and WAs, WA-iCre mainly targeted WAs

but not BAs (Figure 5A). Whole-mount fluorescence images

showed that ingWAT but not BAT exhibited bright tdT+ signals

in WA-iCre mice, while both BAT and ingWAT have bright tdT+

signals in Plin1-dCreER littermates (Figure 5B). We detected

very rare tdT+ cells in BAT or ingWAT of WA-iCre mice without

Tam treatment (Figure 5B). Immunostaining for tdT and PLIN1

on tissue sections revealed that the majority of adipocytes in

the BAT and ingWAT of Plin1-dCreER mice were tdT+ (Figures

5C and 5D). In WA-iCre mice, although the majority of adipo-

cytes in ingWAT were tdT+, there were minimal tdT+ cells in

BAT (Figures 5C and 5D). Noticeably, a subset of unlabeled ad-

ipocytes in the ingWAT of WA-iCre mice were small in size and

morphologically unlike generally large WAs containing large

lipid droplet (Figure 5C). In the consecutive sections stained

with tdT and UCP1, we detected that these few unlabeled adi-

pocytes in the ingWATofWA-iCremicewereUCP1+ (Figure 5E).

In contrast, these UCP1+ adipocytes were labeled by Plin1-

dCreER (Figure 5E). Of note, we also detected some tdT+

multilocular adipocytes in ingWAT of WA-iCre mice in both ho-
(D–G)Whole-mount fluorescence and bright-field images of brain, liver, heart, and

TNNI3, and Crya1 on tissue sections from Prox1-2A-CreER;R26-tdT (left) and LE

(H) Immunostaining for tdT and PROX1 on LEC-iCre;R26-tdT embryos treated w

(I) Quantification of the percentage of specific type of cells expressing tdT. Data

(J) Illustration indicating the genetic targeting by Prox1-2A-CreER and LEC-iCre

Scale bars: yellow, 1 mm; white, 100 mm. Each image is representative of five in
meostasis and after cold exposure (Figures S6A–S6C), sug-

gesting that some beige adipocytes may maintain thermogenic

activity via UCP1-independent pathways (Roesler and Kazak,

2020; Ikeda et al., 2017; Jun et al., 2020).

As this intersectional genetic approach resulted in Cre activity

as the ultimate readout in WAs, we next examined whether WA-

iCre could specifically delete genes in WAs. We crossed WA-

iCremice with peroxisome proliferator-activated receptor gamma

(Pparg)-flox mice, as Pparg is an important transcriptional modu-

lator of adipocyte fate (Cristancho and Lazar, 2011), and gener-

ated Plin1-dCreER;Ucp1-Dre;Ppargfl/fl mice (Figure 5F). As tech-

nical controls, we included littermates Plin1-dCreER;Ppargfl/fl

mice and Ppargfl/fl mice in the following experiments (Figure 5F).

qRT-PCRanalysis showeda significant lower expression of Pparg

mRNA in the BAT, ingWAT, and epiWAT ofPlin1-dCreER;Ppargfl/fl

mice compared with those of Ppargfl/fl mice (Figure 5F). Although

Pparg mRNA in ingWAT and epiWAT was significantly lower in

Plin1-dCreER;Ucp1-Dre;Ppargfl/fl mice compared with those in

Ppargfl/fl mice, there was no significant difference of Pparg

mRNA in the BAT between the these two groups (Figure 5F).

Western blotting analysis showed that PPARg protein expression

was significantly reduced in Plin1-dCreER;Ppargfl/fl mice

comparedwithPpargfl/fl in BAT, ingWAT, and epiWAT (Figure 5G).

Although PPARg protein in ingWAT or epiWAT was noticeably

reduced in Plin1-dCreER;Ucp1-Dre;Ppargfl/fl mice compared

with that of Ppargfl/fl mice, PPARg protein expression in BAT

was comparable between these two groups (Figure 5G), indi-

cating specific Pparg deletion inWAsbut not BAs. Phenotypically,

we found smaller volumes of adipose tissues and larger adipocyte

size in both Plin1-dCreER;Ucp1-Dre;Ppargfl/fl and Plin1-

dCreER;Ppargfl/fl mice compared with Ppargfl/fl in the ingWAT

and epiWAT (Figures S6D–S6F). Of note, larger adipocyte size in

BAT were noticed in the Plin1-dCreER;Ppargfl/fl mice but not in

Plin1-dCreER;Ucp1-Dre;Ppargfl/fl mice (Figure S6F). We next

tested if Wnt signaling or Pten is required for adipose tissue

homeostasis by crossing WA-iCre with b-Catenin-flox and Pten-

flox alleles. We found similar results by b-Catenin- or PTEN-medi-

ated gene deletion by qRT-PCR (Figures 5H and 5J) and western

blotting analysis (Figures 5I and 5K). However, we did not detect

strong phenotypic change in adipose tissues in these twomutants

(Figures S6G–S6J). Taken together, the intersectional genetics

(i.e., the NOT-logic strategy) enables gene manipulation in a sub-

set of cell populations, such as WAs, that would otherwise be un-

achievable using a simple Cre-loxp strategy.

Generation of Dre-controlled Cre line for specific
targeting of LECs
In addition to the NOT-logic strategy outlined above, we also

applied an AND-logic strategy for intersectional genetics by

Dre-controlled Cre activity in the intersectional common part of

two genes. Although themost widely used Cre tools for targeting

LECs are Prox1-CreER lines (Srinivasan et al., 2007; Bazigou
eye. Immunostaining for tdT and difference cell lineagemarkers NeuN, HNF4a,

C-iCre;R26-tdT (right).

ith tamoxifen (Tam) or no Tam.

are mean ± SEM; n = 5.

mouse line.

dividual biological samples. See also Figure S7.
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Figure 7. Specific gene knockout in lymphatic vessels by LEC-iCre

(A) Schematic diagram illustrating the strategy for LEC-iCre mediated Mettl3 gene knockout.

(B) Immunostaining for METTL3, PROX1, and tdTomato on LEC-iCre;R26-tdT (top) and LEC-iCre;Mettl3fl/fl;R26-tdT (bottom) embryo skin. Yellow arrowheads,

METTL3+PROX1+tdTomato+ LECs; white arrowheads, METTL3–PROX1+tdTomato+ LECs.

(C) Quantification of the percentage of tdTomato+ LECs expressing METTL3. Data are mean ± SEM; n = 5; *p < 0.05.

(D) Whole-mount bright-field and fluorescence images of LEC-iCre;R26-tdT (left) and LEC-iCre;Mettl3fl/fl;R26-tdT (right) embryos.

(E) Whole-mount fluorescence images of LEC-iCre;R26-tdT (left) and LEC-iCre;Mettl3fl/fl;R26-tdT (right) hearts. Insets are bright-field images.

(legend continued on next page)
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et al., 2011), they actually target other cell lineages, as Prox1

expression is more broadly expressed in tissues beyond

lymphatic vessels. For example, Prox1 is expressed and also

functionally required in differentiation of neural stem cells (Torii

et al., 1999), cardiomyocytes in the developing heart (Risebro

et al., 2009), hepatocyte maturation during liver development

(Sosa-Pineda et al., 2000), and epithelial cells and fiber cells in

the lens (Wigle et al., 1999). Thus, from our new suite of intersec-

tional genetic drivers, we developed a specific Cre driver for

lymphatic vessels using a sequential intersectional genetics-

based AND-logic strategy.

Similar to the previously reported Prox1-IRES-CreER knockin

line (Srinivasan et al., 2007), we inserted a CreER cassette into

the Prox1 gene locus after the last coding exon to maintain the

endogenous Prox1 expression while allowing simultaneous

CreER expression using a self-cleaved 2A peptide. But we also

included an additional rox-Stop-rox (RSR) cassette upstream

of CreER, therefore preventing basal CreER expression from

the Prox1 locus (Figure 6A). This rox-flanked Stop cassette al-

lows the introduction of another set of genetic control by Dre

drivers, such as the endothelial cell-specific driver Cdh5-Dre.

As lymphatic vessels originate mainly from venous endothelial

cells (Srinivasan et al., 2007), the intersectional part of Cdh5

and Prox1 was expected to restrict the Cre activity in the endo-

thelial cell-derived PROX1+ lymphatic vessels, but not in any

other non-endothelial cell lineages or derivatives, such as

PROX1+ neurons, cardiomyocytes, hepatocytes, or epithelial

cells in lens. We therefore crossed Cdh5-Dre mice with Prox1-

RSR-CreER mice to generate an LEC-specific Cre (LEC-iCre).

In this design, Dre-rox recombination switches Prox1-RSR-

CreER into a Prox1-2A-CreER genotype. Tam-induced Cre-

loxP recombination would subsequently result in genetic target-

ing in all organs and tissues of LECs only (Figure 6B).

To first examine if Prox1-2A-CreER after Dre-rox recombina-

tion worked in the same way as previously reported Prox1-

IRES-CreER drivers, we conducted germline removal of RSR

by CAG-Dre (Anastassiadis et al., 2009) and generated a

Prox1-2A-CreER mouse strain for crossing with R26-tdT re-

porter mice (Madisen et al., 2010) (Figure S7A). We used the pre-

viously reported Prox1-IRES-CreER mice (Srinivasan et al.,

2007) for a side-by-side comparison.Whole-mount fluorescence

images of E15.5 Prox1-2A-CreER;R26-tdT embryos showed

lymphatic vascular patterning of tdT+ signals on the skin, consis-

tent with that of E15.5 Prox1-IRES-CreER;R26-tdT embryos

(Figure S7B). Whole-mount fluorescence images of individual or-

gans, such as brain, liver, heart, and eye, of the two groups mice

revealed tdT+ signals in these examined organs (Figures S7C–

S7F). Immunostaining for tdT and different lineage markers

confirmed the wide expression of Prox1 gene in neurons, hepa-

tocytes, cardiomyocytes, and lens cells in the embryos (Figures

S7C–S7F), albeit with different recombination efficiency be-
(F) Immunostaining for METTL3, tdTomato, and PROX1 on E15.5 Prox1-2A-CreER

skins. Arrowheads, METTL3–PROX1+tdT+ LECs. Right panel shows quantitation

SEM; n = 5.

(G) Immunostaining for METTL3, tdTomato, and TNNI3 on E15.5 Prox1-2A-CreER

heart sections. Arrowheads, METTL3–TNNI3+tdT+ cardiomyocytes. Right panel sh

METTL3. Data are mean ± SEM; n = 5.

(H) Illustration showing strategies for genetic lineage tracing and gene knockout

Scale bars: yellow, 1 mm; white, 100 mm. Each image is representative of five in
tween different lines. These data demonstrate Prox1-RSR-

CreER could be switched to Prox1-2A-CreER, which worked

similarly as the previously reportedProx1-IRES-CreER approach

in broadly targeting multiple tissues in addition to LECs.

Having validated the Prox1-2A-CreER allele, we next

restricted the RSR-CreER to CreER genotype switch only in

the endothelial cells by using a Cdh5-Dre (Figure 6B). We

compared the efficiency and specificity of lymphatic vessel la-

beling between Prox1-2A-CreER and LEC-iCre using the R26-

tdT reporter (Figure 6B). Whole-mount fluorescence images of

E15.5–E16.5 embryos revealed a significant difference in the

tdT+ signal patterns between the Prox1-2A-CreER;R26-tdT

and LEC-iCre;R26-tdT groups (Figure 6C). We could detect

noticeable tdT+ signals from some organs, such as the brain,

liver, and eye, in addition to the lymphatic vessel pattern on

the skin in Prox1-2A-CreER;R26-tdT mice (Figure 6C). In

contrast, a typical lymphatic vessel pattern was readily detect-

able in LEC-iCre;R26-tdT mice without any tdT+ signal from

the brain, liver, or eye (Figure 6C). Examination of individual

organs by whole-mount fluorescence and sectional immuno-

staining confirmed that there was no tdT+ neurons in the brain,

hepatocytes in liver, cardiomyocytes in heart, or epithelial cells

in the eye lens in LEC-iCre;R26-tdTmice (Figures 6D–6G). Immu-

nostaining for PROX1 and tdT in the skin revealed that virtually all

PROX1+ cells expressed tdT (Figure 6H). Quantification data

showed that the labeling efficiency of PROX1+ lymphatic vessels

was 99.08%± 0.36%,while there was no labeling of non-LECs in

the examined organs (Figure 6I), highlighting the specificity of

LEC-iCre. As technical controls, we detected very rare tdT+

LECs in LEC-iCre;R26-tdT or Prox1-2A-CreER;R26-tdT em-

bryos without Tam treatment (Figures 6H and 6I; Figures S7G

and S7H) or in Prox1-RSR-CreER;R26-tdT embryos with Tam

treatment (Figure S7I). Therefore, on the basis of intersectional

genetics (i.e., the AND-logic strategy), we generated a high-effi-

ciency LEC-specific Cre driver (Figure 6J).

Finally, we used this LEC-iCre strain to perform gene deletion

specifically in LECs. Modification of mRNA has been recently re-

ported to play essential roles in mRNA metabolism and affect

various cellular processes, including endothelial cell fate and

functions. N6-methyladenosine (m6A) is one of the key mRNA

modifications (Roundtree et al., 2017), which is methylated by

methyltransferase-like protein 3 (METTL3) (Fu et al., 2014). Ge-

netic ablation of Mettl3 in endothelial cells leads to aberrant

gene expression and malfunction of endothelial cells in embryos

(Zhang et al., 2017; Lv et al., 2018). Here we examined if Mettl3

plays functional roles in regulating lymphogenesis during embry-

onic development. We crossed LEC-iCre mice with flox allele

for Mettl3, a gene encoding a key RNA methyltransferase (Lin

et al., 2017). We analyzed the Mettl3 gene knockout efficiency

and specificity and also the LEC phenotype of LEC-iCre;-

Mettl3fl/fl;R26-tdT (mutant), in comparison with LEC-iCre;R26-
;R26-tdT;Mettl3fl/fl (upper panel) and LEC-iCre;R26-tdT;Mettl3fl/fl (lower panel)

of the percentage of PROX1+tdT+ LECs expressing METTL3. Data are mean ±

;R26-tdT;Mettl3fl/fl (upper panel) and LEC-iCre;R26-tdT;Mettl3fl/fl (lower panel)

ows quantitation of the percentage of TNNI3+tdT+ cardiomyocytes expressing

using intersectional genetic system.

dividual biological samples.
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tdT littermate controls (Figure 7A). Immunostaining for METT3,

tdTomato, and PROX1 on E15.5 embryos showed that METTL3

was expressed in PROX1+tdTomato+ LECs of control mice (Fig-

ures 7B and 7C, yellow arrowheads). However, METTL3 was not

detected in most PROX1+tdTomato+ LECs in mutant mice (Fig-

ures 7B and 7C, white arrowheads), while METTL3 was readily

detectable in other cell lineages (non-LECs), suggesting efficient

and specific Mettl3 gene knockout by LEC-iCre. Whole-mount

fluorescence images of E15.5 embryos and hearts revealed

irregular lymphatic vessel patterning in the skin and defective

cardiac lymphatic vessel growth in the mutants, compared

with those of littermate controls (Figures 7D and 7E), indicating

that Mettl3 was functionally required for lymphatic vessel growth

during embryogenesis. To further illustrate the advantage of us-

ing LEC-iCre for gene functional study, we compared the spec-

ificity of Mettl3 gene deletion by Prox1-2A-CreER and LEC-iCre.

In the skin lymphatic vessels, both Cre drivers specifically and

efficiently deleted Mettl3 (Figure 7F). While Prox1-2A-CreERtar-

geted cardiomyocytes and deleted most Mettl3 expression in

the myocardium in addition to LECs, LEC-iCre specifically tar-

geted LECs without any recombination in the cardiomyocytes

(Figure 7G). The above results also highlight the importance of

using a more specific Cre driver for precisely deleting genes

and deciphering their functions in biological processes.

DISCUSSION

Precise genetic targeting is the basis for understanding specific

cell type behavior and gene function in development, homeosta-

sis, and disease. Although most studies mainly use a singular

Cre recombinase for cell lineage tracing or gene functional study,

there is increased demand for precision in genetic targeting by

using two or more recombinases. Although previous efforts

have generated some forms of Dre+Cre combination for cell line-

age tracing and gene deletion (Hermann et al., 2014; Madisen

et al., 2015; Liu et al., 2019; Pu et al., 2018), the broad utility of

Dre+Cre is still in its infancy because of the very few Dre drivers

currently available. In this study, we provide a suit of transgenic

Dre drivers to facilitate the broader utility of combining Dre and

Cre for intersectional genetic studies.

In addition to the list of more than 70 new Dre lines reported

here, this study also provided an example on how dual recombi-

nase-mediated lineage tracing permits simultaneous fate map-

ping of a cell type that heretofore has been difficult to target

with use of only a single Cre driver. In particular, we used the

dual-recombinase system to explore the fate of multiple perivas-

cular cell types during adult adipogenesis in response to homeo-

stasis, cold stress, and injury. We also used a few Dre lines to

show their application with modified Cre drivers to more specif-

ically delete genes in tissues, such as WAs and lymphatic ves-

sels, which have not hitherto been achieved (Figure 7H). We

expect that these different Dre drivers, when used in combina-

tion with Cre, would enable more precise genetic lineage tracing

and gene functional analysis in specific cell lineages in the future.

One of the fundamental questions in adipogenesis is the origin

of new adipocytes in adult tissues. However, there are currently

different views on the perivascular stem cells that generate new

adipocytes in vivo (Vishvanath et al., 2017; Guimarães-Camboa

and Evans, 2017). Previously, the widely used mural cell marker
14 Cell Stem Cell 28, 1–17, June 3, 2021
PDGFRb was reported to be non-specific to mural cells, as it

could also be expressed by some PDGFRa+ fibroblasts in adi-

pose tissues (Cattaneo et al., 2020). In this study, our dual re-

combinase-mediated lineage-tracing strategy allowed us to

map the fate of three perivascular cell populations, namely,

PDGFRa+, PDGFRb+, and PDGFRa+PDGFRb+ cells. Their fate

mapping suggested that PDGFRa+ and PDGFRa+PDGFRb+

perivascular cells have the potential to generate new adipocytes

during cold exposure, while they contribute minimally to adipo-

cytes during homeostasis. Of note, we found that PDGFRa+-

PDGFRb+ cells have more significant potential in generating ad-

ipocytes than PDGFRa+ cells during cold exposure, highlighting

the heterogeneity of PDGFRa+ cells in their potentiality for adipo-

genesis. Alternatively, these results could also be interpreted as

indicating that among PDGFRb+ cells, only those co-expressing

PDGFRa have the potential to generate new adipocytes, partially

explaining the previous PDGFRb lineage-tracing results for adi-

pogenesis (Tang et al., 2008; Vishvanath et al., 2016). These

fate mapping results based on our intersectional genetic

approach not only reconcile some of the previous controversial

lineage tracing data based on singular PDGFRa or PDGFRb

Cre drivers but also provide new insights on which subset of

the heterogeneous cell populations has the potential to regen-

erate new adipocytes in adult tissues.

Further iterations of intersectional genetic approaches would

promote the power of dual recombinase-mediated genetic tech-

nology in not only solving unsettled scientific questions but also

opening a newwindow for exploring in vivo cell fate plasticity and

their molecular regulations in biological processes. Furthermore,

with the advent of scRNA-seq technology, further sub-types of

new cell lineages could be identified; thus subsequent elucida-

tion of their function in vivowould require precise genetic lineage

tracing and gene functional study. The many new Dre drives pro-

vided here, when used in combination with Cre lines, would

enable us to dissect the potential functions of newly identified

cell (sub)populations inmultiple fields. These potential demands,

in turn, would also promote the advancement of new technology

in genetic approaches, enlarging the pools of multiple recombi-

nasesmouse lines and creating new strategies to more precisely

probe cell behaviors and manipulate their functions.

Limitations of study
Although inducible Dre drivers are temporally controlled, their

recombination efficiencies are not high for some DreER lines in

our study. For adipocyte progenitor study, we performed

scRNA-seq analysis of the isolated cells from ingWAT to charac-

terize the gene profile of different perivascular cells. Although we

identify different gene expression in PDGFRa+PDGFRb+ or

PDGFRa+ cells, this study does not provide the underlying mo-

lecular mechanisms that account for their different ability to

generate new adipocytes. The scRNA-seq data revealed several

new markers that could be used to generate new Cre drivers to

specifically target these two distinct cell populations such that

gene functional analysis could be done in future. In this

scRNA-seq analysis, we failed to detect population of adipo-

cytes, likely because of the low density and fragility of adipocytes

during gel beads-in-emulsion generation in the 10x Chromium

Controller. It merits further investigation to understand whether

adipocytes from different perivascular progenitors (e.g.,
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PDGFRa+PDGFRb+ or PDGFRa+ cells) may exhibit different mo-

lecular profiles and functions in future.
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Mouse: Pax7-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Pdgfrb-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Pdgfb-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Pdgfrb-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Plin1-dCreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Plin1-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Prox1-RSR-2A-CreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Prox1-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Rbfox3-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Sca1-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: SiglecF-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: SMA-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: SMA-GFP-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: SMA-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Snai1-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Sox9-2A-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Twist-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Ucp1-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Upk3b-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Wnt1-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Wt1-DreER This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Zeb1-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: Pdgfra-DreER He

et al., 2017a

N/A

Mouse: Pdgfrb-CreER Gerl et al., 2015 N/A

Mouse: R26-RSR-tdTomato Zhang

et al., 2016

N/A

Mouse: R26-GFP Zhang

et al., 2016

N/A

Mouse: R26-tdTomato Madisen

et al., 2010

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: CAG-Dre Anastassiadis

et al., 2009

N/A

Mouse: Prox1-IRES-CreER Srinivasan

et al., 2007

N/A

Mouse: MMTV-PyMT Guy et al., 1992 N/A

Mouse: NR1 He et al., 2017b N/A

Mouse: Mettl3-flox Lin et al., 2017 N/A

Mouse: Pparg-flox Akiyama

et al., 2002

N/A

Mouse: b-Catenin-flox Huelsken

et al., 2001

N/A

Mouse: Pten-flox Suzuki

et al., 2001

N/A

Oligonucleotides for qRT-PCR

Primer1 of b-actin: 50-
GATCATTGCTCCTCCTGAGC �30

This paper N/A

Primer2 of b-actin: 50-
ACTCCTGCTTGCTGATCCAC �30

This paper N/A

Primer1 of Pparg: 50-
GAGCTGACCCAATGGTTGCTGATT �30

This paper N/A

Primer2 of Pparg: 50-
TGGCCATGAGGGAGTTAGAAGGTT �30

This paper N/A

Primer1 of b-catenin: 50-
CCCAGTCCTTCACGCAAGAG �30

This paper N/A

Primer2 of b-catenin: 50-
CATCTAGCGTCTCAGGGAACA �30

This paper N/A

Primer1 of Pten: 50-
TGGATTCGACTTAGACTTGACCT �30

This paper N/A

Primer2 of Pten: 50-
GCGGTGTCATAATGTCTCTCAG �30

This paper N/A

Software and algorithms

GraphPad Prism 6 software GraphPad

Software,Inc.

N/A

PhotoLine https://www.

pl32.com/

N/A

Cell Ranger (v.4.0.0) 10X Genomics https://support.10xgenomics.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Bin Zhou,

zhoubin@sibs.ac.cn.

Materials availability
Some of the newmouse lines reported in this study have been generated by and deposited to the Shanghai Model Organisms Com-

pany (https://www.modelorg.com/en/). The materials, reagents, mice lines, and original data could also be provided on reasonable

request. Some materials would be provided upon completed Materials Transfer Agreement.

Data and code availability
The single cell RNA sequencing datasets that were generated for thismanuscript are available under the SRA project accession num-

ber BioProject: PRJNA681924
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice generation and breeding
All mice used in this paper were utilized strictly in accordance with the guidelines of the Institutional Animal Care and Use Committee

(IACUC) at the Institute of Biochemistry and Cell Biology, and the Institute for Nutritional Sciences, Shanghai Institutes for Biological

Sciences, Chinese Academy of Science. Micewere raised on a standard rodent chow diet with 12-hour light and dark cycles. Tamox-

ifen (Sigma, T5648) was dissolved in corn oil (20 mg/ml) and administered by gavage at the indicated time points (0.2 mg per gram of

mouse body weight). CAG-Dre, Prox1-IRES-CreER, PDGFRa-DreER, R26-GFP, R26-tdTomato, PDGFRb-CreER, R26-RSR-tdTo-

mato,Mettl3-flox, Pparg-flox, b-Catenin-flox, Pten-floxmouse lines were described previously (Anastassiadis et al., 2009; Srinivasan

et al., 2007; He et al., 2017a; Zhang et al., 2016; Gerl et al., 2015; Madisen et al., 2015; Lin et al., 2017; Akiyama et al., 2002; Huelsken

et al., 2001; Suzuki et al., 2001). Plin1-dCreER mouse was generated by insertion of rox-CreER-rox into Plin1 gene start codon by

homologous recombination using CRISPR/Cas9. In detail, a DNA cassette withtwo homologous arms spanning the left and right

side of the ATG of Plin1 gene and containing rox flaned CreER followed with polyA sequence was used for homologous recombina-

tion using CRISPR/Cas9. Prox1-RSR-CreER mouse was generated by insertion of rox-Stop-rox-CreER into the translational stop

codon of Prox1 gene by homologous recombination using CRISPR/Cas9. Prox1-2A-CreER was generated by crossing Prox1-

RSR-CreER with CAG-Dre mouse, by which Dre-rox recombination removes RSR cassette in germline, thus generating Prox1-

2A-CreER line in the next generation. For Dre, DreER, or LSL-Dre mouse lines, these genetic cassettes were targeted to 50 UTR
or 30 UTR sites of endogenous genes by homologous recombination (Figures 1A and 1B). More detailed information for these newly

generated Dre-relatedmouse lines, please refer to Table S1. For information on genotyping PCR primers, please refer to Table S2. All

mice used were maintained on a C57BL6/ICR background.

METHOD DETAILS

Genomic PCR
Genomic DNA for genotyping was prepared from mice toes. Toes were lysed by Proteinase K and incubated overnight at 55�C, fol-
lowed by centrifugation at maximum speed for 8 minutes to obtain supernatant with genomic DNA. DNA was precipitated by adding

equal volume absolute ethyl alcohol then washed in 70% ethanol, and was finally dissolved in distilled H2O. All mice were genotyped

with specific primers that distinguish knock-in allele from wild-type allele. All genotype primers for new mice were included in Table

S2. Any information regarding to the primers for Dre mouse lines would be provided upon request.

Cold exposure and skin wound injury model
For the cold exposure study, 10 week-old mice were maintained at 6�C and on a standard rodent chow diet with 12- hour light and

dark cycles for 1-2weeks after the tamoxifen wash out. The mice were killed according to the standard protocols described previ-

ously (Tian et al., 2013). For the skin wound injury model, 8-10 week-old micewere anaesthetized with 2% isoflurane and oxygen flow

in a plexiglass chamber. The back fur was removed and the skin was disinfected as described previously (Plikus et al., 2017). The

mice were transferred onto a 37�C heat pad and maintained on anesthesia by inhalation of isoflurane with oxygen. A midline back

skin incision was made as previously described (Plikus et al., 2017). Then the animals were placed on a warming pad for recovery.

After the mice woke up, they were maintained in accordance with the IACUC guidelines.

Whole-mount fluorescence microscopy
Collected mouse tissue was washed in PBS and placed on agar for the whole-mount bright field and fluorescence imaging using the

Zeiss (AxioZoom V16). To determine magnification of specific regions, we used the automated Z stack images acquired by the Zeiss

stereo-scope (AxioZoom V16).

Whole-mount immunostaining
For embryos’ skin whole-mount immunostaining, tissue was fixed in 4% paraformaldehyde (PFA) for 2 hours at room temperature,

then tissues were washed in PBS 5 minutes for three times. Blocked in 5% normal donkey serum (Jackson Immunoresearch) and

0.1% Triton X-100 in PBS for at least 30 min at room temperature. Primary antibodies were incubated at 4�C for 48 hours in blocking

buffer. After washing in PBS for 3 times, signals were developed with Alexa fluorescence antibodies (Invitrogen, 1:1000) for 2 hours,

and nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI, Vector lab). Immunostaining images were acquired by

Zeiss confocal laser scanning microscope (LSM880), Nikon confocal laser scanning microscope (Nikon A1).

Section immunostaining
Immunostaining was performed according to the standard protocols described previously (Tian et al., 2013). In brief, tissues were

dissected in PBS and fixed in 4% paraformaldehyde (PFA Sigma) at 4�C for 60-120 min. Afterward, tissues were washed in PBS

for 3 minutes, three times, dehydrated in 30% sucrose overnight at 4�C. Following 1-5 hours of immersion in optimum cutting tem-

perature (O.C.T., Sakura) at 4�C, the tissues were embedded in blocks and frozen at � In brief, tissues were dissected in PBS and

fixed in 4% paraformaldehyde (PFA Sigma) at 4�C for 60-120 min. Afterward, tissues werimmunostaining, dried sections were

washed in PBS for 6 min, three times and then blocked with 2.5% normal donkey serum (Jackson Immunoresearch) and 0.1% Triton
e5 Cell Stem Cell 28, 1–17.e1–e7, June 3, 2021
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X-100 in PBS for at least 30 min at room temperature. Sections were incubated with the primary antibodies overnight at 4�C. The
following antibodies were used: tdTomato (Rockland, 600-401-379, 1:1000), GFP (Nacalai Tesque, 04404-84, 1:500), CDH5 (R&D,

AF1002, 1:100), PDGFRa (R&D, AF1062, 1:500), PDGFRb (eBioscience, 14-1402-82, 1:500), Troponin I (Abcam, AB56357, 1:200),

Prox1 (Abcam, AB101851), Prox1 (R&D, AF2727, 1:100), HNF4a (Cell Signaling, 3113s, 1:1000), UCP1 (Sigma, u6382, 1:200),

METTL3 (Abcam, AB195352, 1:500), FABP4 (Abcam, AB13979, 1:500), E-cadherin (Cell Signaling, 3195, 1:500), EpCAM (Abcam,

ab92383, 1:100), SMA (Sigma, F3777, 1:100). Keratin 14 (Covance, PRB-155P-100, 1:500), Amylase (Sigma, A8273, 1:1000),

SM22 (Abcam, AB14106, 1:500), Lysozyme (Dako, A0099, 1:500), Ly6g (Abcam, AB25377, 1:200), Endomucin (Stnta Cruz, sc-

65495, 1:500), Keratin 5 (Covance, 905504, 1:500), T1a (DSHB, 8.1.1, 1:100), NeuN (Merck, MAB377X,1:200), CD45 (eBio-

science,11-0451,1:100), Connexin43 (Sigma, C6219, 1:500), ZsGreen (Clontech, 632474, 1:1000), PyMT (Abcam, ab15085,

1:200), tdTomato (ChromoTek, ABIN334653, 1:100), aA-crystallin(B-2) (Santa Cruz, sc-28306, 1:200). Signals were developed

with Alexa fluorescence antibodies (Invitrogen), and nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI, Vector

lab). Immunostaining images were acquired by Zeiss stereomicroscope (AXIO Zoom, V16), Zeiss confocal laser scanning micro-

scope (LSM880), Nikon confocal laser scanning microscope (Nikon A1) and Olympus confocal microscope (FV1200).

Inguinal stromal cell preparation
To generate single-cell suspensions, inguinal stromal cell isolated from wild-type male mice (8 weeks old) were further digested in

collagenase I for 30-40 min as described. In detail, inguinal WAT was cut into small pieces, and these small pieces were digested

by 2mg/ml collagenase I (GIBCO, 17018029) in Hank’s Balanced Salt Solution (HBSS) containing 5%FBS at 37�C for 30-40minutes.

During this process, inguinal WAT was frequent stirred to ensure full digestion. After sufficient digestion, cells were filtered through a

70-mm cell strainer (BD Biosciences), and the collected cells were centrifuged 5 min at 400 g speed. Subsequently, cell pellet was

suspended in PBS or DEME for further experiments.

Single-cell RNA sequencing preparation and analysis
The cell suspense above was loaded in 10x Chromium controller to generate GEMs, which were further processed into single cell 3ʹ
gene expression libraries using Chromium Single Cell 30 Library Kit (v3.1 Chemistry). Sequencing was performed on Illumina Hiseq X

Ten PE150 platform. Raw fastq files first were cleaned by TrimGalore with parameter ‘‘-q 20–phred33–stringency 3–length 20 -e 0.1.’’

Trimmed fastq files were processed by CellRanger (v.4.0.0) pipeline. Further analysis was done by R package Seurat (v.3.2.0) with

customized parameters. Notably, Pdgfra and Pdgfrb expression was imputed by Rmagic with setting ‘‘t = ‘auto’.’’ GO enrichment

analysis was performed by Metascape using the genes upregulated in Pdgfra+Pdgfrb+ cells versus Pdgfra+ cells.

H&E staining
10-30 mm-thick cryosections were incubated in Hematoxylin A solution for 10min, washed with running tap water 2-3 times, rinsed in

1%concentrated hydrochloric acid diluted in 70%ethanol for 1min andwashedwith water 2-3 times. Then the slideswere incubated

in 1%ammonia water for 1min, washed in water 2-3 times, rinsed in 95%ethanol 10 s and then stained with Eosin-Y solution for 5-10

s, dehydrated in a series of ethanol and xylene, and lastly mounted with neutral balsam. All Image data were acquired using an

Olympus microscope (Olympus, DP72).

Western blotting
Adipose tissues were collected at the indicated stages. All samples were homogenized in RIPA lysis buffer (Beyotime, P0013B) sup-

plemented with protease inhibitors (Roche, 11836153001), incubated for 30 min on ice, and then centrifuged at maximum speed

(22,000 g) for 15 min to isolate the central layer of protein. All samples were mixed with 5x loading buffer (Beyotime, p0015L), boiled

for 10 min. Western blot analyses were performed with precast gradient gels (Beyotime, P0469M) and transferred onto polyvinyli-

denefluoride membranes (Millipore, IPVH00010) using a Mini Trans Blot system (Bio-Rad). Then the membranes were blocked

with PBS-T (10mM Tris-HCl pH8.0, 150mM NaCl and 0.1% vol/vol Tween-20) and 5% BSA for 0.5 hour at room temperature. After

that, membranes were probed with specific primary antibodies overnight at 4�C, washed for 3 times, and incubated with HRP-con-

jugated secondary antibodies for 1 hour at room temperature. Protein signals were detected via enhanced chemiluminescence kit

(Pierce), according to manufacturer’s protocol. All antibodies were commercially available: anti-PPARg (Santa Cruz, sc-7273,

1:200), anti-b-CATENIN (Santa Cruz, sc-7199, 1:1000), anti-PTEN (Sangon Biotech, D155023, 1:500), anti-b-ACTIN (Proteintech,

60008-1-Ig, 1:5000), anti-b-ACTIN (Cell Signaling Technology, 3700, 1:1000), anti-a-TUBLIN (Sigma-Aldrich, T6199, 1:5000), Perox-

idase AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch, 111-035-047, 1:4000), Peroxidase AffiniPure Donkey Anti-Mouse

IgG (Jackson ImmunoResearch, 715-035-150, 1:4000).

Quantitative real-time PCR (qRT-PCR) analysis
Adipose tissues were collected at the indicated stages. All samples were homogenized in TRIzol Reagent (Invitrogen, 15596018). RNA

fromadipose tissueswas isolatedaccording to themanufacturer’s protocol. For each sample, 1 mgof total RNAwas reverse transcribed

by using PrimeScript RT reagent Kit with gDNA Eraser (Takara, RR047A). For qPCR, the SYBR Green PCR master mix (Thermo Fisher

Scientific, 4367659) was used. And qPCR was carried out using the StepOnePlus real-time PCR system (Applied Biosystems). Gene

expression was normalized to the endogenous control (b-actin). The following primers were used: b-actin (F: GATCATTGCTCCTCCT-

GAGC; R: ACTCCTGCTTGCTGATCCAC); Pparg (F: GAGCTGACCCAATGGTTGCTGATT; R: TGGCCATGAGGGAGTTAGAAGGTT);
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b-catenin (F: CCCAGTCCTTCACGCAAGAG; R: CATCTAGCGTCTCAGGGAACA); Pten (F: TGGATTCGACTTAGACTTGACCT; R:

GCGGTGTCATAATGTCTCTCAG).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics analysis
All data were collected from at least five individual biological samples. Data for two groups were analyzed by a two-sided unpaired

Student’s t test, whereas comparison between more than two groups was performed using an analysis of variance followed by Tu-

key’s multiple comparison tests. Significance was accepted when p < 0.05. All data were presented as mean value ± SEM 3-5 indi-

vidual biological samples were included in each experiment as indicated. Mice with indicated genotypes were assigned to groups

randomly.
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Mouse Line Name Gene locus Dre/DreER Targeting tissues Biomodel Stock# Targeting 
Method

Npr3-2A-DreER Npr3 DreER Endocardial cells NM-KI-190015 Cas9

Cd11c-2A-DreER Cd11c DreER Monocytes, granulocytes, dendritic cells NM-KI-190032 Cas9

Aplnr-DreER Aplnr/Apj DreER Vascular endothelial cells, sinus venosus NM-KI-00132 ES cell

Ins-DreER Ins2 DreER Islet beta cells of pancreas NM-KI-190039 Cas9

Sox9-2A-DreER Sox9 DreER Duct cells, intestinal stem cells, bone cells, neurons Cas9

SMA-GFP-DreER SMA DreER Smooth muscle cells, myofibroblast Cas9

Cdh1-2A-DreER Cdh1 DreER Epithelial cells NM-KI-190031 Cas9

Lyz1-2A-DreER Lyz1 DreER Intestine paneth cells NM-KI-190033 Cas9

Plin1-2A-DreER Plin1 DreER Adipocytes NM-KI-190034 Cas9

Ly6g-2A-DreER Ly6g DreER Monocytes, granulocytes, neutrophils NM-KI-190036 Cas9

K19-DreER K19 DreER Epithelial cells, duct cells, luminal cells, limbal cells Cas9

Pdgfb-DreER Pdgfb DreER Endothelial cells, natural killer cells, angioblasts, pericytes Cas9

P63-DreER P63 DreER Basal epithelial cells, keratinocytes, limbal epithelial cells NM-KI-190029 Cas9

Gli1-DreER Gli1 DreER Mesenchymal stromal cells, chondrocytes Cas9

Hopx-2A-DreER Hopx DreER Alveolar type 1 cells, intestine stem cell, choroid plexus cells NM-KI-190035 Cas9

K5-DreER K5 DreER Basal epithelial cells, keratinocytes, outer root sheath cells Cas9

K19-2A-DreER K19 DreER Epithelial cells, duct cells, luminal cells, limbal cells Cas9

Hey2-DreER Hey2 DreER Oligodendrocyte procursors, Retinal progenitors, cardiomyocytes Cas9

Rbfox3-2A-DreER Rbfox3 DreER Neuronal cells NM-KI-190103 Cas9

Sca1-2A-DreER Sca1 DreER Hematopoietic cells, mesenchymal progenitors, endothelial cells Cas9

Kank1-2A-DreER Kank1 DreER Endocardial cells, oligodendrocyte procursors, chondrocytes NM-KI-190040 Cas9

Flt3-2A-DreER Flt3 DreER Granulocyte-monocyte progenitors, B or dendritic cell progenitors NM-KI-190115 Cas9

Cyp2e1-DreER Cyp2e1 DreER Perivenous hepatocytes Cas9

Wt1-DreER Wt1 DreER Mesothelial cells, epicardium Cas9

K14-Dre K14 Dre Basal epithelial cells, keratinocytes, bulge stem cells Cas9

Cx40-DreER-GFP Cx40 DreER Aortic endothelial cells, cardiomyocytes, Purkinje fiber, His bundle ES cell

Myh11-Dre Myh11 Dre Vascular smooth muscle cells, ovarian mesenchymal stromal cells Cas9

Nppb-DreER Nppb DreER Cardiomyocytes of myocardial trabecula Cas9

Epcam-2A-DreER Epcam DreER Epithelial cells, epithelial progenitors, gastrointestinal carcinomas Cas9

Lgr5-2A-DreER Lgr5 DreER Intestine stem cells, bulge stem cells, ductal cells, hepatocytes, NM-KI-200178 Cas9

Prox1-2A-DreER Prox1 DreER Lymphocytes, cardiomyocytes, hepatocytes, neurons, epithelial cells Cas9

Cela1-2A-DreER Cela1 Dre Exocrine cells, duct cells, lens vesicle cells, proerythroblasts NM-KI-190094 Cas9

Cyp2e1-2A-DreER Cyp2e1 DreER Perivenous hepatocytes Cas9

K14-2A-DreER K14 DreER Basal epithelial cells, keratinocytes, bulge stem cells NM-KI-190125 Cas9

Gja1-2A-DreER Gja1 DreER Cardiomyocytes, corneal epithelial cells, nueral crest cells NM-KI-200026 Cas9

Pax7-2A-DreER Pax7 DreER Myobalst, muscle satellite cells, neural progenitors, dermomyotome cells NM-KI-190124 Cas9

K5-Dre K5 Dre Basal epithelial cells, keratinocytes, outer root sheath cells Cas9

Myh11-2A-DreER Myh11 DreER Vascular smooth muscle cells, ovarian mesenchymal stromal cells NM-KI-190037 Cas9

Ela-DreER-GFP Ela DreER Placenta, cardiac cells Cas9

Clu-2A-DreER Clu DreER Billiary epithelial cells, brain, testis, ovary, liver and pancreas NM-KI-200025 Cas9

Cdh5-Dre Cdh5 Dre Endothelial cell, lymphatic endothelial cell Cas9

Cdh5-DreER Cdh5 DreER Endothelial cell, lymphatic endothelial cell Cas9

Lepr-2A-DreER Lepr DreER Bone marrow stromal cells, dermal papilla cells, choroid plexus cells Cas9

Axin2-2A-DreER Axin2 DreER Praxial mesoderm cells, Wnt responsive cells in liver, intestine, lung, skin Cas9

SiglecF-DreER SiglecF DreER Adipcotyes, lung macrophages, intestine, spleen, heart Cas9

Hcn4-DreER Hcn4 DreER Sinoatrial node cells, atriventricular node cells Cas9

Msln-DreER Msln DreER Mesothelial cells, meningeal cells, granulosa cells Cas9

Table S1. Newly Generated Transgenic Dre Mouse Lines, Related to Figure 1



K5-LSL-Dre K5 Dre Basal epithelial cells, buldge stem cells, basal cells, keratinocytes Cas9

Snai1-LSL-Dre Snail Dre Transcription factors in multiple tissues, EMT factors Cas9

Twist-LSL-Dre Twist Dre Transcription factors in multiple tissues, EMT factors Cas9

Pdgfrb-LSL-Dre Pdgfrb Dre Mesenchymal stem cells, pericytes, adipose mural cells, epicardial cells ES cell

SMA-LSL-Dre SMA Dre Vascular, airway smooth muscle cells, mesenchymal stem cells, pericytes Cas9

Cx40-LSL-Dre Cx40 Dre Purkinje fiber cells, His bundle cells, arterial endothelial cells Cas9

P63-LSL-Dre P63 Dre Basal cells, keratinocytes, trachea progenitor cells Cas9

Zeb1-LSL-Dre Zeb1 Dre Transcription factors in multiple tissues, EMT factors Cas9

CD45-Dre CD45 Dre Hematopoietic cells, circulating endothelial progenitors, bone marrow cells Cas9

Ms4a3-2A-DreER Ms4a3 DreER Hematopoietic cells, monocytes, granulocytes Cas9

Isl1-Dre Isl1 Dre Motor neurons, heart tube cells, cardiomyocyte progenitor cells Cas9

Wnt1-Dre Wnt1 Dre Roof or floor plate cells, dopaminergic neurons, neural crest cells Cas9

Meox1-Dre Meox1 Dre Atrioventricular node cells, intermediate mesoderm cells, muscle progenitors Cas9

Upk3b-Dre Upk3b Dre Mesothelial cells, viceral white adipocytes, extraembryonic angioblasts Cas9

Ucp1-Dre Ucp1 Dre Brown or beige adipocytes Cas9

Cx40-Dre Cx40 Dre Aortic endothelial cells, cardiomyocytes, Purkinje fiber, His bundle Cas9

F4/80-Dre F4-80 Dre Macrophages, granulocytes, Kupffer cells, Hofbauer cells Cas9

Ms4a3-2A-Dre Ms4a3 Dre Hematopoietic cells, monocytes, granulocytes Cas9

CCR2-2A-DreER CCR2 DreER Monocytes, dendritic cells, hematopoietic bone marrow cells Cas9

Brachyury T-DreER Brachyury T DreER Notochord, mesoderm, endoderm in early development Cas9

Ins-Dre Insulin Dre Islet beta cells of pancreas Cas9

Apln-DreER Apln DreER Vascular endothelial cells Cas9

Nppa-DreER Nppa DreER Atrial cardiomyocytes, trabecular cardiomyocytes Cas9

SMA-Dre SMA Dre Vascular, airway smooth muscle cells, mesenchymal stem cells, pericytes Cas9

Pdgfrb-Dre Pdgfrb Dre Mesenchymal stem cells, pericytes, adipose mural cells, epicardial cells ES cell



Mouse Primers (Mutant) Primers (Willd Type)

Primer1: 5'-AGAGAGTTTTTGCCGCCGAC-3' Primer1: 5'-GAAGCATTCTCTCTAACAGCCTGG-3'
Primer2: 5'-CAGACATCCTCATCAGGGTGTTG-3' Primer2: 5'-ACGCACTCACCTCCACAAACTG-3'
Primer1: 5'-AGAGAGTTTTTGCCGCCGAC-3' Primer1: 5'-GAAGCATTCTCTCTAACAGCCTGG-3'
Primer2: 5'-CAGACATCCTCATCAGGGTGTTG-3' Primer2: 5'-ACGCACTCACCTCCACAAACTG-3'
Primer1: 5'-CTCAGAAAGAGGGGGAAAGAGTG-3' Primer1: 5'-TGTTGGGTTGGGAGAGAGACTTAG-3'
Primer2: 5'-CAGGCTCACAGACTTGTCATCAGAC-3' Primer2: 5'-ATTTCGTGGCTGTTGCGTAGGC-3'
Primer1: 5'-CCACATCTCATCATAGCTCATTTGC-3' Primer1: 5'-CCACATCTCATCATAGCTCATTTGC-3'
Primer2: 5'-GAAGTACTCCCTAGCCATCTCAGG-3' Primer2: 5'-CAACAAGGGAGGACATTAGAGGTG-3'
Primer1: 5'-TTGTTCTCTTCTTGACCACCTTCC-3' Primer1: 5'-CTTGGGTGGTGGCTGTGTTT-3'
Primer2: 5'-CCTTCCTAATCCTGTGACCCTTT-3' Primer2: 5'-CTCAGGGTGTTAGGGGCGTA-3'
Primer1: 5'-GCCCCTCTCTTCTTTCTACCACTC-3' Primer1: 5'-GCCCCTCTCTTCTTTCTACCACTC-3'
Primer2: 5'-TACTCCTTGCCGATGTTCCTCAGG-3' Primer2: 5'-TTGCCCAGATGCTTCCTTGCTG-3'
Primer1: 5'-GAAACTTGCTCCCCATCTGATAAG-3' Primer1: 5'-GAAACTTGCTCCCCATCTGATAAG-3'
Primer2: 5'-CCCAGGCATCGCTAAAAATCTTC-3' Primer2: 5'-TGTGTCCAGAAGGGCAAATCC-3'
Primer1: 5'-CCTTACGACTCTCTGTTGGTGTTCG-3' Primer1: 5'-CCTTACGACTCTCTGTTGGTGTTCG-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-ATTAGTGAGGTGTGAGGGGCTTGG-3'
Primer1: 5'-GATGGTGCCTATCCTCTTTCCC-3' Primer1: 5'-GATGGTGCCTATCCTCTTTCCC-3'
Primer2: 5'-ATGAAGTTCTCAGCAGCCTCCTGG-3' Primer2: 5'-CGCACCACCAATGATAACCAATC-3'
Primer1: 5'-CCTTGGCTTGGTCCCTTACA-3' Primer1: 5'-GATGGTGCCTATCCTCTTTCCC-3'
Primer2: 5'-CTGGTACTCCTTGCCGATGT-3' Primer2: 5'-CGCACCACCAATGATAACCAATC-3'
Primer1: 5'-CTCCTCCCCATTTTCACTTGTG-3' Primer1: 5'-CTCCTCCCCATTTTCACTTGTG-3'
Primer2: 5'-ACTCCTTGCCGATGTTCCTCAG-3' Primer2: 5'-TCCTACATTGTTGCTGCTGCC-3'
Primer1: 5'-AACCCCGGGGATTTTACTTTC-3' Primer1: 5'-AACCCCGGGGATTTTACTTTC-3'
Primer2: 5'-ACTGACCCGGCTATTATCCTTGTT-3' Primer2: 5'-CTCTCAGGGTGTTAGGGGCGTAGG-3'
Primer1: 5'-CATCTCCCACACCAAGACCATC-3' Primer1: 5'-TGTGAGCCCGCAAGAAACT-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-ATGCGGAAAATGAACAGGAC-3'
Primer1: 5'-GAACGGCATCAAGGTGAACTTC-3' Primer1: 5'-CAGCCTCTAGAAAGTAGTAGG-3'
Primer2: 5'-CGGAAAATGAACAGGACAGTGAG-3' Primer2: 5'-CGGAAAATGAACAGGACAGTGAG-3'
Primer1: 5'-GCTACGTCCCTTCGGCCCTCAATC-3' Primer1: 5'-TGTGAGCCCGCAAGAAACT-3'
Primer2: 5'-TCTGCAGTACCCAATAACGAATGT-3' Primer2: 5'-ATGCGGAAAATGAACAGGAC-3'
Primer1: 5'-CATCTCCCACACCAAGACCATC-3' Primer1: 5'-GGGTCAGCCTTTGAAATGATAGC-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-GGTTGATACCAGCCAGGATACACC-3'
Primer1: 5'-GGGTCAGCCTTTGAAATGATAGC-3' Primer1: 5'-GGGTCAGCCTTTGAAATGATAGC-3'
Primer2: 5'-ATGAAGTTCTCAGCAGCCTCCTGG-3' Primer2: 5'-GGTTGATACCAGCCAGGATACACC-3'
Primer1: 5'-GCACAGATACTGCGATTTACAGACG-3' Primer1: 5'-CGGACAGATACTGCGATTTACAGAC-3'
Primer2: 5'-CAGACATCCTCATCAGGGTGTTG-3' Primer2: 5'-AGACCCAGAAGCACAAACAGGC-3'
Primer1: 5'-TCCTCATCCTCTCCCACATCAG-3' Primer1: 5'-ACCCTGTTTCCTCCTCTGTTGC-3'
Primer2: 5'-ACTATCAAAGCAGTAACCCTTCGC-3' Primer2: 5'-ACTATCAAAGCAGTAACCCTTCGC-3'
Primer1: 5'-CCTGGAAAAAGCCTGAGACACTG-3' Primer1: 5'-AGGGAAGGAAATGGAGAGAAAGAC-3'
Primer2: 5'-AAATGAAAGCCATACGGGAAGC-3' Primer2: 5'-CCAAGGTAAAGTTTGCTGTGTGC-3'
Primer1: 5'-GTGCACACTTGCGCACATAA-3' Primer1: 5'-GTGCACACTTGCGCACATAA-3'
Primer2: 5'-GTAGAGGCCAGGTCAGCATC-3' Primer2: 5'-TCCTCAGAGGCGAGGCTAAT-3'
Primer1: 5'-AGCAAGCCAGCGAGCAAAAC-3' Primer1: 5'-AGCAAGCCAGCGAGCAAAAC-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-CACGGGAACGAAATGAACACC-3'
Primer1: 5'-GGCTGCTTCTGCCCACTCTT-3' Primer1: 5'-GGCTGCTTCTGCCCACTCTT-3'
Primer2: 5'-GCGTAGGCTCCCTGGTCATT-3' Primer2: 5'-CCAGGTCTTTGAATGGGGAATA-3'
Primer1: 5'-CGGGCCCGGGAGGAGGTG-3' Primer1: 5'-AGCGAAGGACGCGTCCTCACTG-3'
Primer2: 5'-GGTAGAGGCCAGGTCAGCATCGTG-3' Primer2: 5'-ACCGTTGGTGCTGGACTTGCCG-3'
Primer1: 5'-GCGGGGCCTGGAGAGTG-3' Primer1: 5'-CACGCCTCTGCCAACGCCTCTCG-3'
Primer2: 5'-CATGGCGTAGTGCTTGTCG-3' Primer2: 5'-TCCAGTCCAGCTCCCTTCCAGTCG-3'
Primer1: 5'-AACCTTCCCAGCATCCTTTGCG-3' Primer1: 5'-AACCTTCCCAGCATCCTTTGCG-3'
Primer2: 5'-TCATCAGTGTCTCAGGCTTTTTCC-3' Primer2: 5'-GCCAAGCCATCACTTTACACAGAAC-3'
Primer1: 5'-AAGATACTAGGTCCCCAACTGCAAC-3' Primer1: 5'-AAACAGCAAAGTCCAGGGGG-3'
Primer2: 5'-TTCAGCATGGCGTAGTGCTTGTCG-3' Primer2: 5'-ATGGGTGTGTAGAAGAAGCCACGC-3'
Primer1: 5'-CCTCTCTTACGTGAAACTTTTGCTATCCTC-3'Primer1: 5'-GATCCGCTACAATCAAAAACCATCAGC-3'
Primer2: 5'-TCAGACAGAGGAGGCAGGCCA-3' Primer2: 5'-TCCCGGGCCTCCACC-3'

Mouse: F4/80-Dre

Mouse: Flt3-2A-DreER

Mouse: Gja1-2A-DreER

Mouse: Gli1-DreER

Mouse: Hcn4-DreER

Mouse: Hey2-DreER

Mouse: Hopx-2A-DreER

Mouse: Ins-Dre

Mouse: Ins-DreER

Mouse: Epcam-2A-DreER

Mouse: CD45-Dre

Mouse: Cdh1-2A-DreER

Mouse: Cdh5-Dre

Mouse: Cdh5-DreER

Mouse: Cela1-2A-DreER

Mouse: Clu-2A-DreER

Mouse: Cx40-DreER-GFP

Mouse: Cx40-LSL-Dre

Mouse: Cyp2e1-2A-DreER

Mouse: Cyp2e1-DreER

Mouse: Ela-DreER-GFP

Mouse: Cx40-Dre

Table S2. Genotyping Primers for Nwly Generated Transgenic Dre Mouse Lines, Related to Figure 1

Mouse: Cd11c-2A-DreER

Mouse: Apln-DreER

Mouse: Aplnr-DreER

Mouse: Axin2-2A-DreER

Mouse: Brachyury T-DreER

Mouse: CCR2-2A-DreER



Primer1: 5'-GGCGATGGAGCTGAGTTGG-3' Primer1: 5'-AGGAAGAGAGGTGCCCCGA-3'
Primer2: 5'-TGCTTGTCGATGGTGGTAGAGG-3' Primer2: 5'-GCAGCAACAACAACAACAAAAGG-3'
Primer1: 5'-TTGGACCTTCTAATGCGTTTGG-3' Primer1: 5'-TTGGACCTTCTAATGCGTTTGG-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-TAGGGACAATACAGGGGCTCTTCC-3'
Primer1: 5'-ATGGGAAAGTGTAGCCCGC-3' Primer1: 5'-GACGAGAAAGCCCAAAACACTTC-3'
Primer2: 5'-CTCAGGGTGTTAGGGGCGTAG-3' Primer2: 5'-ATAGCCACCTCCAATCCCACAG-3'
Primer1: 5'-AGTATTACATCACGGGGGAGGC-3' Primer1: 5'-GAAGCCCACTACAACAATCTGCC-3'
Primer2: 5'-CTCTCTGAAGGGGAAACAAGATTG-3' Primer2: 5'-CCAATCCGAAGAGAGAACAATGG-3'
Primer1: 5'-CAATCCAGCGGACCTTCCTT-3' Primer1: 5'-ATACCCGCCCCTTCAACATC-3'
Primer2: 5'-TGTCCAAGTAGGAGGCGAGA-3' Primer2: 5'-AAACACCCCCTGACCCAATG-3'
Primer1: 5'-CATCTCCCACACCAAGACCATC-3' Primer1: 5'-CATGCCCAGCCCACTAATCA-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-TCCCTCCACCTTTGTTCAGC-3'
Primer1: 5'-CATGCCCAGCCCACTAATCA-3' Primer1: 5'-CATGCCCAGCCCACTAATCA-3'
Primer2: 5'-ATGGCGTAGTGCTTGTCGAT-3' Primer2: 5'-TCCCTCCACCTTTGTTCAGC-3'
Primer1: 5'-AGCCCCACAGATGGACAGAAAC-3' Primer1: 5'-AGCCCCACAGATGGACAGAAAC-3'
Primer2: 5'-TGCCTGGAATCCCAACAACTCG-3' Primer2: 5'-TTTTGGAGCCCCCCACATTG-3'
Primer1: 5'-CCCACTCACCGAGGTTCTTTTG-3' Primer1: 5'-CCCACTCACCGAGGTTCTTTTG-3'
Primer2: 5'-TCTGCCAGGTTGGTCAGTAAGC-3' Primer2: 5'-TTCAGCCGCTCCTTGACTCTTC-3'
Primer1: 5'-GGTTGGATGAGCTTTTGGAA-3' Primer1: 5'-GGTTGGATGAGCTTTTGGAA-3'
Primer2: 5'-CCAGGCTCACAGACTTGTCA-3' Primer2: 5'-GTCTCCCACATCCACAACAA-3'
Primer1: 5'-GCCTTAGTATCCTTTACCCACGC-3' Primer1: 5'-GCCTTAGTATCCTTTACCCACGC-3'
Primer2: 5'-ACTCCTTGCCGATGTTCCTCAG-3' Primer2: 5'-ACCCATTGAGTCATCCAACGAG-3'
Primer1: 5'-CTTCTGTTCAGCCTGGTTTCAGTC-3' Primer1: 5'-CTTCTGTTCAGCCTGGTTTCAGTC-3'
Primer2: 5'-ACTCCTTGCCGATGTTCCTCAG-3' Primer2: 5'-TCAAGAGCAGCAAGCCACAAC-3'
Primer1: 5'-ACACAGGGCACAGATTTCAACC-3' Primer1: 5'-ACACAGGGCACAGATTTCAACC-3'
Primer2: 5'-TGTCTCAGGCTTTTTCCAGGTG-3' Primer2: 5'-TGCTGACTGACAAGGGAGACTTTG-3'
Primer1: 5'-CCGGGAAGGGCTTGTCAGTAT-3' Primer1: 5'-TTGCCTGCTCGGGTTTTGGTTGG-3'
Primer2: 5'-GTAGAGGCCAGGTCAGCATCGTG-3' Primer2: 5'-TGGGGGCTGGGGGTTCCTCA-3'
Primer1: 5'-TCTGAGAACCTGAACACTCAGC-3' Primer1: 5'-TCTGAGAACCTGAACACTCAGC-3'
Primer2: 5'-CCGGTTCTCTCTCCCTTCTC-3' Primer2: 5'-AAGGGGAACAAGCGAAGATT-3'
Primer1: 5'-TCACCTCCTAATTCTGTGGAGTC-3' Primer1: 5'-TCACCTCCTAATTCTGTGGAGTC-3'
Primer2: 5'-GTGGTGATGGTCTTGGTGTG-3' Primer2: 5'-GTGTGCTTGCATGTGCCTAT-3'
Primer1: 5'-AGTGCTCCTGGTACAAACGG-3' Primer1: 5'-AGTGCTCCTGGTACAAACGG-3'
Primer2: 5'-GAACACCAGCCTCAGGTCTC-3' Primer2: 5'-GGCCTAGGGATCATTCCTGC-3'
Primer1: 5'-AGAAGAAATGGACGCTCGGG-3' Primer1: 5'-AGAAGAAATGGACGCTCGGG-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-GGGCTCTGCTGTCGTTTAGTGTTC-3'
Primer1: 5'-TGACCCCATCTCTTCACTCCACAG-3' Primer1: 5'-TGACCCCATCTCTTCACTCCACAG-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-CCATTTTCCACCAACTCCACG-3'
Primer1: 5'-ACTGATAACTTTAAAAGGGCATCT-3' Primer1: 5'-ACTGATAACTTTAAAAGGGCATCT-3'
Primer2: 5'-AGGTCAGCATCGTGCAGCTGAAGG-3' Primer2: 5'-GCCAGCGAGCAGAGCCCTCAGTTT-3'
Primer1: 5'-GCACCGTTGTTGAAGACACCAG-3' Primer1: 5'-CCCACAATGAATACTCCACACAGG-3'
Primer2: 5'-ACTCCTTGCCGATGTTCCTCAG-3' Primer2: 5'-TGAATCCCCCATCCTTCCATAG-3'
Primer1: 5'-TATCAAACCTAACCCAGATGTCCC-3' Primer1: 5'-CCCGTCCTTTGGTAATCTTCAGTG-3'
Primer2: 5'-TACTCCTTGCCGATGTTCCTCAGG-3' Primer2: 5'-GGACGCAGCAGACTTTCAAGAC-3'
Primer1: 5'-CTATTGCTTCCCGTATGGCTTTCA-3' Primer1: 5'-ACAGCCACAGTACACGAACC-3'
Primer2: 5'-GTGTTGTAGGGGCTGGTGGACGAG-3' Primer2: 5'-GCATATACAGCACCTCCTAA-3'
Primer1: 5'-GAGGCACCTGAATTCTGTTATCTT-3' Primer1: 5'-TGCGCGGGACGTCCTTCTGCTAC-3'
Primer2: 5'-CTCTACTTCCGCTGCTGCTCTTAT-3' Primer2: 5'-CTCTACTTCCGCTGCTGCTCTTAT-3'
Primer1: 5'-GCAGGTGTGTAAAGGGAAGACATTG-3' Primer1: 5'-GCAGGTGTGTAAAGGGAAGACATTG-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-ATAAGGGGACTGAGGTGAGGAGAC-3'
Primer1: 5'-CATCTCCCACACCAAGACCATC-3' Primer1: 5'-GGGTGGGACTTTGGTGTAGAGAAG-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-GGAACGGATTTTGGAGGTAGTGTC-3'
Primer1: 5'-GCTAGACGCCTTGGCTGGTT-3' Primer1: 5'-GCTAGACGCCTTGGCTGGTT-3'
Primer2: 5'-CACACACCTTCTAGGACACT-3' Primer2: 5'-GAAGTTCTCAGCAGCCTCCT-3'
Primer1: 5'-GAAGAACGGCATCAAGGTGAAC-3' Primer1: 5'-GGGTGGGACTTTGGTGTAGAGAAG-3'
Primer2: 5'-CAGCAGAGAGGAAGGAAGAGCG-3' Primer2: 5'-GGAACGGATTTTGGAGGTAGTGTC-3'
Primer1: 5'-CTTCTTCCGGCCCAGCGTCAT-3' Primer1: 5'-CTGCCCCGGCCTGGACGACA-3'
Primer2: 5'-CTCTCAGGGTGTTAGGGGCGTAGG-3' Primer2: 5'-CCCTTAAAAATTGGTTCTGATGGT-3'
Primer1: 5'-ACTGCCTACAAGAACTCCTTCACG-3' Primer1: 5'-ATGTCTCCTCTGAAACCCACGG-3'
Primer2: 5'-CAGACATCCTCATCAGGGTGTTG-3' Primer2: 5'-TCCCTTCTCCTGAAAACCAACC-3'

Mouse: Plin1-2A-DreER

Mouse: Prox1-2A-DreER

Mouse: Pdgfrb-LSL-Dre

Mouse: Ms4a3-2A-DreER

Mouse: Msln-DreER

Mouse: Myh11-2A-DreER

Mouse: Myh11-Dre

Mouse: Nppa-DreER

Mouse: Nppb-DreER

Mouse: Npr3-2A-DreER

Mouse: P63-DreER

Mouse: P63-LSL-Dre

Mouse: Pax7-2A-DreER

Mouse: Pdgfb-DreER-GFP

Mouse: Pdgfrb-Dre

Mouse: Ms4a3-2A-Dre

Mouse: K19-2A-DreER

Mouse: K19-DreER

Mouse: K5-Dre

Mouse: K5-DreER

Mouse: K5-LSL-Dre

Mouse: Kank1-2A-DreER

Mouse: Lepr-2A-DreER

Mouse: Lgr5-2A-DreER

Mouse: Ly6g-2A-DreER

Mouse: Lyz1-2A-DreER

Mouse: Meox1-Dre

Mouse: K14-Dre

Mouse: Isl1-Dre

Mouse: K14-2A-DreER



Primer1: 5'-AAACTTGCTAAGAACGCCAGTCC-3' Primer1: 5'-AAACTTGCTAAGAACGCCAGTCC-3'
Primer2: 5'-AGACATCCTCATCAGGGTGTTGTAG-3' Primer2: 5'-TTCCGATGCTGTAGGTTGCTGTGG-3'
Primer1: 5'-GCAATGTAGCAGTTCCCAATGG-3' Primer1: 5'-GCAATGTAGCAGTTCCCAATGG-3'
Primer2: 5'-TCATCAGTGTCTCAGGCTTTTTCC-3' Primer2: 5'-CCCAGATACTTATGTGTGGATGGTG-3'
Primer1: 5'-CAAATGCTACAGTTCAGGAGTGGAG-3' Primer1: 5'-CAAATGCTACAGTTCAGGAGTGGAG-3'
Primer2: 5'-CAGGCTCACAGACTTGTCATCAGAC-3' Primer2: 5'-TGAGAGCGAATAACCGTCCG-3'
Primer1: 5'-CATCTCCCACACCAAGACCATC-3' Primer1: 5'-CCAAGAACCCTGTCTGTGGG-3'
Primer2: 5'-CACCCAGGCATCGCTAAAAATC-3' Primer2: 5'-CTTGTCCTCTCCGCGTTCAA-3'
Primer1: 5'-GCCTGTGACACTCCCGCTCTT-3' Primer1: 5'-GCCTGTGACACTCCCGCTCTT-3'
Primer2: 5'-TGCTGTCTTCCTCTTCAC-3' Primer2: 5'-CTTCGGGCATGGCGGACTTGA-3'
Primer1: 5'-CCAAGAACCCTGTCTGTGGG-3' Primer1: 5'-CCAAGAACCCTGTCTGTGGG-3'
Primer2: 5'-CGGGTTCCTTCCGGTATTGT-3' Primer2: 5'-CTTGTCCTCTCCGCGTTCAA-3'
Primer1: 5'-GTGACCCCGACTAGGTAGGT-3' Primer1: 5'-TGGATCCCAACTGCCAAGAC-3'
Primer2: 5'-ACTTGCCCCTTGCTCCATAC-3' Primer2: 5'-AGTTGACTACCGACCTTGCG-3'
Primer1: 5'-TCCCAAAACCGACGTGCAAG-3' Primer1: 5'-TCGCAATACGACTACGCTGACC-3'
Primer2: 5'-GCTGAAGTTAGTAGCTCCGCTTCC-3' Primer2: 5'-AACTCTGAAGGAGACAAGCCCCTC-3'
Primer1: 5'-CACGGAGGTATAAGAGCCGC-3' Primer1: 5'-GCCCGCACGGAGGTATAAGA-3'
Primer2: 5'-ACTTGCCCCTTGCTCCATAC-3' Primer2: 5'-TTGCTCAGGCTGTCGTCGG-3'
Primer1: 5'-CCTCTGGGCATAATCAGGAACTG-3' Primer1: 5'-CCTCTGGGCATAATCAGGAACTG-3'
Primer2: 5'-TAGTGCTTGTCGATGGTGGTAGAG-3' Primer2: 5'-GCAGGCTCCAAACACCTAAACAAG-3'
Primer1: 5'-TTTCCTGTTCTCCTGGCAGTCC-3' Primer1: 5'-TTTCCTGTTCTCCTGGCAGTCC-3'
Primer2: 5'-TAGTGCTTGTCGATGGTGGTAGAG-3' Primer2: 5'-TGGCTAAGGGCATCCATTGC-3'
Primer1: 5'-CGGCCCGCCTCCAGACTTATTA-3' Primer1: 5'-CGGCCCGCCTCCAGACTTATTA-3'
Primer2: 5'-CAGCCTTGCCCACCTTGAAAA-3' Primer2: 5'-CTCATGGCCAGGCTCACAGACT-3'
Primer1: 5'-TATTACATCACGGGGGAGGCAGAG-3' Primer1: 5'-GACACCGAGGGGACTCATTACTTAC-3'
Primer2: 5'-CTGGCATCAGGAAGGAACAGAC-3' Primer2: 5'-CTGGCATCAGGAAGGAACAGAC-3'
Primer1: 5'-GCCTCGAGTGTCGTAAACCA-3' Primer1: 5'-GCCTCGAGTGTCGTAAACCA-3'
Primer2: 5'-ACTTGCCCCTTGCTCCATAC-3' Primer2: 5'-GCTTTCTGCGCTTACACCTG-3'
Primer1: 5'-CCCAGGCATCGCTAAAAATCTTC-3' Primer1: 5'-CCATCTTCTCCTTCCTTGCTGTAAG-3'
Primer2: 5'-CAGTGGCTTTCTGTTTGGCTAATG-3' Primer2: 5'-CAGTGGCTTTCTGTTTGGCTAATG-3'
Primer1: 5'-AAGACTCACACGATACAACA-3' N/A
Primer2: 5'-TTGCGAACCTCATCACTCGTT-3' N/A
Primer1: 5'-ACGGGTGTTGGGTCGTTTGTTC-3' Primer1: 5'-CCGAAAATCTGTGGGAAGTC-3'
Primer2: 5'-TTCTTGTAATCGGGGATGTCGGCG-3' Primer2: 5'-GGCATTAAAGCAGCGTATCC-3'
Primer1: 5'-CAGCGACTTCTTCATCCAGAGC-3' Primer1: 5'-AAGGGAGCTGCAGTGGAGTA-3'
Primer2: 5'-AAAGCAGCGTATCCACATAGCG-3' Primer2: 5'-CCGAAAATCTGTGGGAAGTC-3'
Primer1: 5'-GGCATTAAAGCAGCGTATCC-3' Primer1: 5'-AAGGGAGCTGCAGTGGAGTA-3'
Primer2: 5'-CTGTTCCTGTACGGCATGG-3' Primer2: 5'-CCGAAAATCTGTGGGAAGTC-3'
Primer1: 5'-ACTCCTTGCCGATGTTCCTCAG-3' N/A
Primer2: 5'-TTGTCCCAAATCTGGCGGAG-3' N/A
Primer1: 5'-CACACACACACACGCTTGC-3' Primer1: 5'-CACACACACACACGCTTGC-3'
Primer2: 5'-GCCAGAGGCCACTTGTGTAG-3' Primer2: 5'-GTGGAAAGGAGCGTACACTGA-3'
Primer1: 5'-GGAAGCAAGTACTTCACAAGGG-3' Primer1: 5'-CAAATGTTGCTTGTCTGGTG-3'
Primer2: 5'-GGAAAGTCACTAGGAGCAGGG-3' Primer2: 5'-GTCAGTCGAGTGCACAGTTT-3'
Primer1: 5'-GCCTCTGCTAACCATGTTCATGC-3' Primer1: 5'-TTGGAGGCAGGAAGCACTTG-3'
Primer2: 5'-ATGTTTCAGGTTCAGGGGGAGGTG-3' Primer2: 5'-TGGAGAAAAAGGAGAGAGGCATTC-3'
Primer1: 5'-TGCTGTGCCTTTCTTAGTTGTC-3' Primer1: 5'-TGCTGTGCCTTTCTTAGTTGTC-3'
Primer2: 5'-AGGCTCAGTCCTCCTCACAA-3' Primer2: 5'-AGGCTCAGTCCTCCTCACAA-3'
Primer1: 5'-TGTAATGGAAGGGCAAAAGG-3' Primer1: 5'-TGTAATGGAAGGGCAAAAGG-3'
Primer2: 5'-TGGCTTCCAGTGCATAAGTT-3' Primer2: 5'-TGGCTTCCAGTGCATAAGTT-3'
Primer1: 5'-AGAATCACGGTGACCTGGGTTAAA-3' Primer1: 5'-AGAATCACGGTGACCTGGGTTAAA-3'
Primer2: 5'-CAGCCAAGGAGAGCAGGTGAGG-3' Primer2: 5'-CAGCCAAGGAGAGCAGGTGAGG-3'
Primer1: 5'-CTCCTCTACTCCATTCTTCCC-3' Primer1: 5'-CTCCTCTACTCCATTCTTCCC-3'
Primer2: 5'-ACTCCCACCAATGAACAAAC-3' Primer2: 5'-ACTCCCACCAATGAACAAAC-3'
Primer1: 5'-TGTGAAAGACAAGCCTGCGG-3' Primer1: 5'-TGTGAAAGACAAGCCTGCGG-3'
Primer2: 5'-TGCGAACCTCATCACTCGTTGC-3' Primer2: 5'-CATTCCTATCCTTCTCTCCACGG-3'
Primer1: 5'-TCCTTGTATCAGCAGGTTCCAGAG-3' Primer1: 5'-ATGTCTCCTCTGAAACCCACGG-3'
Primer2: 5'-ATGTTTCAGGTTCAGGGGGAGGTG-3' Primer2: 5'-TCCCTTCTCCTGAAAACCAACC-3'

Mouse: Prox1-RSR-2A-CreER

Mouse: NR1

Mouse: Mettl3-flox

Mouse: Pparg-flox

Mouse: β-Catenin-flox

Mouse: Pten-flox

Mouse: Plin1-dCreER

Mouse: MMTV-PyMT

Mouse: Upk3b-Dre

Mouse: Wnt1-Dre

Mouse: Wt1-DreER

Mouse: Zeb1-LSL-Dre

Mouse: Pdgfra-DreER

Mouse: Pdgfrb-CreER

Mouse: R26-RSR-tdTomato

Mouse: R26-GFP

Mouse: R26-tdTomato

Mouse: CAG-Dre

Mouse: Prox1-IRES-CreER

Mouse: Ucp1-Dre

Mouse: Rbfox3-2A-DreER

Mouse: Sca1-2A-DreER

Mouse: SiglecF-DreER

Mouse: SMA-GFP-DreER

Mouse: SMA-LSL-Dre

Mouse: Snai1-LSL-Dre

Mouse: Sox9-2A-DreER

Mouse: Twist-LSL-Dre

Mouse: SMA-Dre
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