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Mammary duct luminal epithelium controls
adipocyte thermogenic programme
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Sympathetic activation during cold exposure increases adipocyte thermogenesis

via the expression of mitochondrial protein uncoupling protein1 (UCP1)Y. The
propensity of adipocytes to express UCP1is under a critical influence of the adipose
microenvironment and varies between sexes and among various fat depots®”. Here
we report that mammary gland ductal epithelial cells in the adipose niche regulate
cold-induced adipocyte UCP1 expression in female mouse subcutaneous white adipose
tissue (scWAT). Single-cell RNA sequencing shows that glandular luminal epithelium
subtypes express transcripts that encode secretory factors controlling adipocyte UCP1
expression under cold conditions. We term these luminal epithelium secretory factors
‘mammokines’. Using 3D visualization of whole-tissue immunofluorescence, we reveal
sympathetic nerve-ductal contact points. We show that mammary ducts activated by
sympathetic nerves limit adipocyte UCP1 expression viathe mammokine lipocalin 2.
Invivo and ex vivo ablation of mammary duct epithelium enhance the cold-induced
adipocyte thermogenic gene programme in scWAT. Since the mammary duct network
extends throughout most of the scWAT in female mice, females show markedly less
scCWAT UCP1 expression, fat oxidation, energy expenditure and subcutaneous fat mass

loss compared with male mice, implicating sex-specific roles of mammokinesin
adipose thermogenesis. These results reveal a role of sympathetic nerve-activated
glandular epitheliumin adipocyte UCP1expression and suggest that mammary duct
luminal epithelium has animportant role in controlling glandular adiposity.

scWAT depotsinfemale mice are mostly mammary gland white adipose
tissue (MgWAT), which is a highly heterogenous tissue consisting of
adipocytes, preadipocytes, mesenchymal stem cells, immune cells,
endothelial cells, sympathetic nervous system (SNS) nerve fibres and
mammary epithelial cells forming a ductal structure. The epithelial
cellsaredivided into myoepithelial (basal) cells and luminal cells, which
canbe luminal hormone-sensing or alveolar®. In virgin female mice, the
mammary gland already has ductal structuresin the anterior and pos-
terior scWAT, and metabolic cooperativity between luminal ductal cells
and stromais known to beimportant for mammary gland function and
development®’. Profound changes in mammary ducts and adipocytes
are seen during gestation, pregnancy, lactation and post-involution'®*,
Theimportance of adipocytes for mammary duct morphogenesis, the
dedifferentiation of adipocytes during lactation and their reappear-
ance during post-involution, suggest adynamic homeostaticinterplay

between ductal luminal epithelial cells and adipocytes™ . However, it
isunclear what paracrine signalling programmes from mammary ducts
regulate adipocyte metabolism and the thermogenic programme.
Notably, our current-state-of knowledge of beige adipocytes, white
adiposetissue thermogenesis and UCP1expressionis based mainly on
male scWAT, which lack mammary glandular epithelial cells. Notably,
besides the role ofimmune cellsin the adipose microenvironment, the
contribution of other celltypesin controlling adipocyte UCP1 expres-
sion remains to be clarified.

To study cellular heterogeneity, inter-tissue communication and
cellular transcription dynamics in mgWAT in a thermogenic condi-
tion, we isolated the stromal vascular fraction (SVF) from the mgWAT
of 10-week-old virgin female mice exposed to 24-h cold (cold, 4 °C)
or room temperature (RT) and performed single-cell RNA sequenc-
ing (scRNA-seq) (Fig. 1a). The processed dataset consisted of 42,052
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Fig.1|Deconstruction of mgWAT shows cold-induced remodelling of
mammary duct epithelium. a, Cartoondepiction of the scRNA-seq experiment
using the 10X Genomics (single-cell separation) workflow, showingisolation
of SVF from mgWAT of10-week-old female mice after 24 hRT or cold exposure.
b, t-SNE plot of single cells from mammary gland and surrounding SVF from the
presentstudy coloured by cell type. Cell types were identified on the basis of
expression of canonical marker genes.aCD8 T, activated CD8* T cell; cDC,
conventional dendritic cell; Endo-stalk, endothelial stalk cell; Endo-tip,
endothelial tip cell; IPC,immune precursor cell; Lymph, lymphatic endothelial
cell;Mac, macrophage; mCD4 T, memory CD4 "' T cell; migDC, migratory
dendritic cells; Myoep, myoepithelial cell; nCD4 T, naive CD4" T cell; ncMon,
non-classical monocytes; NK, natural killer cell; pDC, plasmacytoid dendritic
cell; Peri, pericyte; T, T regulatory cell; VEndo, vascular endothelial cell.

¢, t-SNE plot of single cells from mammary gland and surrounding SVF coloured

genes across 12,222 cells, with approximately 2,300-4,650 cells from
each sample, and a median of 2,411 genes and 7,252 transcripts were
detected per cell. We integrated our dataset with eight other publicly
available single-cell datasets from mammary gland tissues™%, includ-
ing Broad Institute Adipose SVF Single Cell Atlas'®, Tabula Muris and
Tabula Muris Senis''®: (1) for cell-type identification, (2) to increase
confidence in the projected cell type, (3) for sex and age differences,
and (4) for mammary gland development (Extended Data Fig. 1a and
Supplementary Tables 1and 2). This integrated dataset enabled us to
precisely annotate various cell types in mgWAT of female mice. Fur-
ther subclustering of our integrated dataset based on known cell-type
marker genes identified clusters of adipocyte precursor cells (APCs),
B cells, macrophages, T cells, endothelial cells,immune precursor cells,
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by celltype and separated by sample (RT or 4 °C (cold) exposure). Relative
fractions of luminal cell typein each sample are indicated. Cell-type annotation
asinb.d, Uniform manifold approximation and projection (UMAP) plot of
luminal epithelial cell types from RT or cold-exposed mgWAT. e, The fraction
ofluminal cell subtypes from RT or cold conditions, derived from analysisind.
f.g, Differentially expressed genes between cold-treated mice and RT mice
across luminal-HS (f) and luminal-AV (g) cells. Selected significant DEGs
(adjusted Pvalue < 0.05) are highlighted, with the average log fold change (FC)
between cold and RT treatmentindicated on the y axis. Genesindicated with
redarrows encode secreted and extracellular signalling factors. f,g, Wilcoxon
rank sumtest for cold versus RT cells; adjusted Pvalue based on Bonferroni
correction.h, RNAscope FISH (see Methods) of indicated probes from mgWAT.
Representative images from threeindependent RNAscope FISH experiments.
Scalebars, 50 um. Cartooninacreated using BioRender.com.

Z

dendritic cells, Schwann cells, myoepithelial cells and luminal-hormone
sensing (luminal-HS), luminal-alveolar (luminal-AV), luminal-hormone
sensing alveolar (luminal-HS-AV) and myoepithelial cells (Fig. 1b and
Extended Data Fig. 1b,c).

Togaininsightinto the remodelling of stromal cells under adrenergic
stress, we segregated the cumulative ¢-distributed stochastic neighbour
embedding (¢-SNE) plotinto RT and cold treatments by animal replicate.
The t-SNE and dot plots reveal global changes in the relative propor-
tions of SVF clusters between RT and cold treatments (Fig.1c). Among
all the clusters, luminal cells showed marked differences in cell-type
percentages (RT 1: 7.2%, RT 2: 7.5%, cold 1: 16.9% and cold 2:19.1%) and
exhibited marked differencesin their global transcriptomic profilesin
the t-SNE two-dimensional projection in which cells from RT and cold
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treatments were segregated (Fig. 1c). To quantitatively determine the
transcriptional effect of cold treatment onindividual cell types, we char-
acterized differentially expressed genes as a function of cluster types
and found ahigh degree of transcriptional variationin luminal-HS and
luminal-AV under the cold conditions (Extended Data Fig. 1d). Further
subclustering of luminal epithelial cell types® (luminal-HS, luminal-AV
and luminal-HS-AV) revealed marked differencesin clustering between
RT and cold treatments (Fig. 1d,e and Extended Data Fig. 1e,f).

Luminal cell clusters showed remarkable cell fraction and transcrip-
tional differences in cell clusters between RT and cold treatments,
implicating a potential remodelling of the luminal epithelium upon
cold exposure (Fig. 1c-e and Extended Data Fig. 1d-f). We performed
differentially expressed gene (DEG) analysis on RT and cold-exposed
luminal subclusters to probe for factors that are differentially
expressed inluminal cells under cold exposure. We found upregulation
of Wnt4, adropin (Enho), leucine rich a-2 glycoprotein (Lrgl), diglyc-
eride acyltransferase (Dgat2), haptoglobin (Hp), B-defensin 1 (DefbI)
and angiopoietin-like 4 (Angptl4) in luminal-HS cells, lipocalin2 (Lcn2),
Angptl4,lactotransferrin (Ltf) and apolipoprotein B editing complex
(Apobec3) in luminal-AV cells, and neuregulin 4 (Nrg4), ceruloplas-
min (Cp) and Angptl4 in luminal-HS-AV cells (Fig. 1f,g and Extended
DataFig.1g). Many of these genes (shown by red arrows in Fig.1f,g and
Extended DataFig.1g) encode secreted factors that have essential roles
inlocal and systemic lipid and adipose metabolism™ 2, We call these
mammary duct secretory factors ‘mammokines’. -SNE plots of normal-
ized gene expression levels for cold-induced mammokines in mgWAT
(this study), male scWAT SVF and mature adipocytes’ show that most
of the cold-induced mammokine genes showed relatively localized
expressioninductal epithelial celladhesion molecule (Epcam)-positive
cells (Extended Data Fig. 1h-k). Our RNAscope fluorescent in situ
hybridization (FISH) analysis showed a highly localized expression
of the mammokine genes Enho, MfgeS8, Lrgl, Lcn2, Hp, Nrg4 and Wnt4
in Epcam’ and Krt8' (a luminal epithelial marker) in mammary ductal
luminal cells (Fig. 1h).

Shifts in the luminal epithelium transcriptomic state with the cold
andlocalized expression of the 3,AR gene Adrb1 in luminal cells, suggest
that these cells may directly respond to cold-induced SNS activation®
(Fig. 1d and Extended Data Fig. 1h). To determine whether sympa-
thetic nerves innervate ductal epithelial cells, we used Adipoclear,
arobust protocol based on immunolabelling-enabled 3D imaging of
solvent-cleared organ (iDISCO)}, for high-resolution 3D imaging of
mammary tissue. We analysed the 3D distribution and density of a
sympathetic marker, tyrosine hydroxylase (TH), and its relationship
to EPCAM" mammary ductal cells in mgWAT from mice exposed to RT
or cold. Cold exposure produced noticeable morphological changes
inmammary ducts, suchasincreased EPCAM* branching and terminal
ductal bifurcations (Fig.2a and Extended Data Fig. 2a), consistent with
data showing increased branch morphogenesis upon treatment with
the B,AR and 3,AR agonist isoproterenol®. Our data further revealed
that nervefibres areinterwoven with mammary gland ducts and alveo-
lar structuresin mgWAT (Supplementary Videos1and 2). However, we
did notsee an effect of cold treatment on duct volume, nerve volume or
the ratio of duct-to-nerve volume by light sheet fluorescence micros-
copy (LSFM) (Fig. 2b). To examine interactions between sympathetic
innervation and mammary gland ducts in more detail, we performed
confocal imaging in six regions of the mgWAT fat pad from each of six
RT andfive cold-treated mice. Consistent with our scRNA-seq data, we
saw a significant increase in EPCAM staining and EPCAM’ cells in the
ducts of cold-exposed mgWAT (Fig. 2¢,d). We also identified contacts
between TH" nerve fibres and EPCAM™ ducts (neuroductal points)
with a trend to increased volume of nerve contacts (normalized for
duct volume) in cold-treated mice (P= 0.09; Extended Data Fig. 2e).
Notably, TH intensity—which has been reported to increase with
sympathetic activation—was significantly higher at the neuroductal
pointsin cold-exposed mgWAT compared with controls (Fig.2c,gand
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Supplementary Videos 3 and 4). Similarly, EPCAM intensity was sig-
nificantly increased at neuroductal points in keeping with local induc-
tion of expression (Fig. 2c,e,f). There was atrend (P=0.08) towards
anincrease in TH volume*** with 24 h cold exposure (Extended Data
Fig.2j), butnosignificant changesin ductor nerve volume or THinten-
sity across the fat pad (Extended Data Fig. 2c-i). Overall, our data show
asubstantial remodelling of mammary ducts and their contacts with
sympathetic innervation upon 24 h of cold exposure.

To explore the biological relevance of cold-induced increase in
luminal population transcriptional state (Fig. 1) and EPCAM intensity
and SNS innervation of mammary ducts (Fig. 2), we purified EPCAM*
and EPCAM" cells from mgWAT of RT and cold-exposed mice and
stained them for EPCAM and CD49F for fluorescence-activated cell
sorting (FACS) analysis to probe for changes in luminal cell populations
under cold stress (Supplementary Fig. 2). We observed three distinct
populations: of cells: EPCAM"°CD49F" (stromal), EPCAM*"CD49F"
(luminal) and EPCAM"°CD49F" (basal) (Extended Data Fig. 3a). Lumi-
nal cells were enriched only in EPCAM’ purified cells and showed a
cold-dependent increase in cell population compared with RT condi-
tions. We also observed a marked reduction in the basal cell popula-
tion upon cold treatment in EPCAM" purified cells, consistent with
the scRNA-seq data in Fig. 1c (myoepithelial cluster: RT, 2.15%; cold,
0.65%). The presence of minute traces of stromal cells in the EPCAM*
population could indicate a non-specific interaction with the EPCAM
antibody beads (Extended Data Fig. 3a). These data suggest a differ-
ential response to cold stress by luminal and basal cells in the ductal
epithelium (Extended Data Fig. 3a). Since luminal epithelial cells
expressed Adrb1, we used the 3,AR and 3,AR agonist isoproterenol
to mimic the direct response of luminal cells to SNS catecholamine
production under cold exposure. We tested mammokine expression
inisolated primary EPCAM" mgWAT with or without isoproterenol
treatment; cold-induced mammokines showed increased expression
upon isoproterenol treatment (Extended Data Fig. 3b). To determine
whether adrenergic-activated luminal cells areinvolved in the mgWAT
adipose thermogenic programme, we depleted EPCAM" cells from
mgWAT SVF by positive selection using magnetic cell sorting (MACS)
and differentiated SVF cells ex vivo with and without ductal cells into
beige adipocytes (Fig. 3a). Depletion of EPCAM" cells from the SVF of
RT mgWAT potentiated expression of thermogenic genes such as Ucpl,
Cox8b, Ppargclaand Cidea, and this potentiation of thermogenic genes
was markedly amplified in the cold-exposed condition (Fig. 3a and
Extended Data Fig. 3c). To further test the crosstalk of epithelial cells
and adipocytes, we developed anin vitro co-culture systeminvolving
acontrolled mixture of adipogenic 10T1/2 cells with nontransformed
mouse mammary gland (NMuMG) cells, which are derived from ‘normal’
mammary epithelium with a luminal-specific phenotype®. A seeding
density of aslow as 2.5% NMuMG cells resulted in asignificant reduction
of Ucpl and beiging potential of 10T1/2 cells compared with the pure cul-
ture (Extended Data Fig. 3d-g), withno change in general adipocyte dif-
ferentiation. The higher the fraction of NMuMG cells in the co-culture,
the lower therelative expression of Ucpl and other thermogenic genes
such as Cox8B and Ppargcla (Extended Data Fig. 3d-g). The crosstalk
and anti-thermogenic effect of luminal cells on adipocytes from beige
differentiated SVF cells,10T1/2 and APCs were further confirmedin a
Transwell co-culture system (Fig. 3b and Extended DataFig. 3h-m). Our
mitochondrial respiration analysis using the Seahorse assay further
confirmed the inhibition of the adipocyte thermogenic programme
by luminal cells (Fig. 3b, inset and Extended Data Fig. 3j-I).

To test the role of ductal epithelial cells in adipose thermogene-
sis ex vivo and in vivo, we compared aged-matched female mgWAT
with four complimentary ductal ablated models; (1) oestrogen
receptor-a-knockout (Esr1-KO) mice¥, (2) male mice lacking or
possessing only rudimentary glandular ducts, (3) inguinal (ducts) or
dorsolumbar (no ducts) portions of mgWAT from five-week-old female
mice, and (4) genetic and chemical ablation of ducts. First, to test the
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Fig.2|SNSfibresdirectly innervate mammary ductal epithelium. a, LSFM
images of mgWAT isolated from female mice exposed to RT or cold for24 h
and stained with TH antibody (to mark SNS fibres) and EPCAM antibody

(for ductal cells). Representative mgWAT images from six mice per condition.
White arrows show terminal ductal bifurcations under the cold condition.
Scalebars, 200 pm. b, Quantification of ductal volume and nerve volume asa
percentage of total volume, and the ratio of nerve volume to ductal volume in
RT or cold-exposed mgWAT. RT: n = 6; cold: n = 5. ¢, Confocalimages of mgWAT

role of ductal cells in adipose thermogenesis, we isolated SVF from
maleinguinal white adipose tissue (iWAT) and female mgWAT and dif-
ferentiated them into beige adipocytes in the presence or absence of
isoproterenol. We found that SVF cells from male iWAT show markedly
higher beiging and isoproterenol-mediated UcpI expression compared
with EPCAM* SVF cells from female mgWAT (Fig. 3c and Extended Data
Fig. 4a). In agreement with the ex vivo data, female mgWAT showed
markedly less expression of cold-induced thermogenic genes such as
Ucpl, Cox8b and Ppargcla compared with male iWAT (Fig. 3d). Since
adrenal glands also produce catecholamines, we performed adrenalec-
tomy in male and female mice to confirm the local effect of SNS-derived
catecholamines in the thermogenic phenotypes of male iWAT and
female mgWAT. We continued to observe amarkedly lower induction
ofthe cold thermogenic gene programmein adrenalectomized female
mice compared with adrenalectomized male mice (Extended Data
Fig.4b).Since mgWAT makes up almost all the subcutaneous fat massin
female mice, wereasoned that a highly reduced adipocyte thermogenic
programme could potentially influence energy metabolism. To test this,
we performed indirect calorimetry on age-matched male and female
mice with RT and 24 h cold exposure using a metabolic chamber. We
found that female mice showed highly reduced energy expenditure and
oxygen consumption (VO,) during cold exposure compared with male
mice (Fig. 3e and Extended Data Fig. 4c¢). Female mice showed markedly

. L]
w T -
E o8 E g y
5 [<]
B o L " g
= g . 5 100
S e{ 2 . " 2
s 5 B
g g 4 3
& > S
g 4 g §
E 3 2 50
3 Q S
S
Z o 24 °
S 27 e 5
[}
a 2 z
0 0- 0-
RT  Cold RT  Cold RT  Cold
d
4 550
,il o — Hkk
60 E [
. —
E . E 3 % 500 :
£ 3 i 3
=) >% S
X 40 TE 3
Y 23 2 °
2 572 £ 450
2 g3 2
5 5e 3
é i 5% E 400
2 # o
g
z
0- 0 350 -
RT  Cold RT  Cold RT  Cold
e Ducts f 50, Neuroductal g Neuroductal
200 points 14 points
pres -
H ** .
150 12
2z > 1001 ey
2 2 2 =
9 2 2 .
S 1004 = £ 10
E4 < b=
g g 50 =
w w -
501 8
H
0 0- 64
RT  Cold RT  Cold RT  Cold

isolated from female mice exposed toRT or cold for 24 hand stained with EPCAM
and THantibodies. Merged staining of EPCAM and TH represent neuroductal
points. Representative image of six mice per condition. Scale bars, 100 um.
d-g, Quantification of EPCAM" cells and cell volume (d), EPCAM intensity in
ducts (e), EPCAM intensity at neuroductal points (f) and TH intensity at
neuroductal points (g). RT:n=6; cold:n=35.b,d-g, Unpaired Student’s t-test.
*P<0.05;**P<0.01;***P<0.001.Dataaremean + s.e.m.

higher respiratory exchange ratio (RER) than males under cold expo-
sure, indicating a possibility that mgWAT maintains adiposity under
coldstress by inhibiting cold-induced lipid mobilization, fat oxidation
and thermogenesis (Fig. 3e and Extended Data Fig. 4d). Generalized
linearmodel (GLM)-basedregressionanalysesshowedasignificantgroup
and interaction effectin RER between males and females based on fat
mass as a covariate (Extended Data Fig. 4d). We did not see significant
differences in locomotor activities and food consumption between
the sexes (Extended Data Fig. 4e). These RER data were further sup-
ported by our body composition analysis, which showed that male mice
lose significant body weight and fat mass during cold stress, whereas
female mice show no differences before and after cold stress (Fig. 3f
and Extended Data Fig. 4f-h). We also observed markedly lower UCP1
proteinlevelsin cold-exposed female mgWAT compared with male iWAT
(Extended Data Fig. 4i,j). Next, we compared the cold-induced ther-
mogenic gene expression programme between wild-type and EsrI-KO
mice. EsrI-KO mice are known to possess hypoplastic mammary ducts
thatremain rudimentary throughout the life span of afemale mouse®.
As shown in Fig. 3g and Extended Data Fig. 5a, cold-exposed mgWAT
from Esr1-KO mice showed markedly increased numbers of multilocular
adipocytes and increased expression of UcpI and other thermogenic
genes compared with wild-type controls. At five weeks after birth, the
mammary ducts are concentrated in the inguinal portion closer to the
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Fig.3|Mammary ductal cells directly inhibit adipocyte thermogenesis.

a, Quantitative PCR (qPCR) analysis of gene expression with beige differentiation
ofindicated cells treated with and without 10 pM isoproterenol (Iso) for 24 h.

b, qPCR analysis of gene expression from a Transwell system of beige
differentiated (Crtl-SVF) orisoproterenol-treated (Iso-SVF) SVF (SVF:NMuMG)
inthe presence of NMuMG cells with or withoutisoproterenol. Inset, average
oxygen consumption rate (OCR) normalized to proteinlevelin SVF and
SVF:NMuMG (two-way ANOVA with Bonferroni posthoctest). SVF:n=9;
SVF:NMuMG: n=9. Oligo, oligomycin; rote/AA, rotenone plus antimycin A.

¢, qPCRanalysis of gene expression in beige differentiated SVF cellsisolated
fromiWAT from male and female mice, treated with and withoutisoproterenol.
Ctrl, control; NS, notsignificant. d, qPCR analysis of gene expression in iWAT
from male and female mice, exposed to the cold condition for 24 h. Male:n=13;
female:n=13.e, Energy expenditure (EE;inkcal h™) and RER of male and female
mice exposed to22°C(21h) or4 °C (24 h) (the white region represents the light

nipple, confined near the lymph node, and almost completely absent
toward the dorsolumbar region of the mgWAT, providing distinct ana-
tomical areas within the mgWAT to test therole of the ductal epithelium
inadipose thermogenesis®. We exposed five-week-old female mice to
cold, and dissected the inguinal and dorsolumbar regions to assess
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DAPI DAPI

cycleandthegreyregionrepresent the night cycle). RT: n=6; cold:n=6.f, Fat
mass of mice frome.RT:n=6; cold: n=6.g, qPCR analysis of gene expression
fromwild-type and Esr1-KO mgWAT exposed to cold for 24 h. Wild type: n=5;
Esrl-KO:n=5.Scalebars,100 pm. h, qPCR analysis of gene expression in
dorsolumbar oringuinal parts of cold-exposed five-week-old mice. dorsolumbar:
n=6;inguinal:n=6.i,j, qPCRanalysis of Ucpl gene expression (i) and H&E staining
and immunofluorescence microscopy of UCP1 (j) in mgWAT of wild-type
female mice exposed to cold for 24 hand intraductally injected with PBS or 70%
ethanol. j, The yellow arrow shows ablated ducts and yellow dotted outlines
indicate ductal epithelium. mRNA expression was normalized to PBS control
andrepresented as afold change.n =8inguinaland n = 8 dorsolumbar mgWAT.
Scalebars,100 um. a-c, Results are from threeindependent experiments.
a-i,Unpaired Student’s t-test. Dataare mean + s.e.m. Cartoonsina,b,icreated
using BioRender.com.

thermogenic transcripts. Epcam transcripts were present only in the
inguinal region; however, the expression of thermogenic genes was
similar between the inguinal and dorsolumbar regions except for Ucpl
expression, whichwasincreasedin theinguinal part (Fig. 3h). Chietal.
previously reported regional differences between the inguinal and
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Fig.4|LCN2 preserves mgWAT adiposity. a,Immunostaining of LCN2 and DAPI
inthe mgWAT of Lcn2-KO and wild-type mice. Regions1and 2 areenlarged on
theright. Dashed yellow outlinesindicate LCN2" ducts. Representative images
fromthree experiments. Scale bars, 200 pm. b, RNAscope analysis of indicated
probes from mgWAT of RT or 24 h cold-exposed mice. White arrowheads indicate
increased LCN2 signals. Representative images from three experiments. Scale
bars, 50 um. ¢, Confocalimages ofimmunofluorescence in organoids derived
from Krt8-rtTA-DTA mice treated with and without isoproterenol and Dox.
Representative images from three experiments. Scale bars, 10 pm.d,e, Volcano
plot (d) and bar plot (e) from gene expression analysis in mgWAT of Lcn2-KO
mice treated with adipose-specific AAV-LCN2 or AAV-GFP. Data are represented
asfold change of LCN2/GFP ratio as afunction of the Pvalue. AAV-LCN2: n=4;
AAV-GFP:n=4.d, Statistics for RNA-sequencing data derived using Wald test in

dorsolumbar regions’, and there could be a regional control of Ucpl
expressionin five-week-old miceindependent of ductal cells. However,
consistent with our RER data (Fig. 3e and Extended Data Fig. 4d,h),
we observed significantly lower expression of genes involved in lipid
mobilization, such as Pnpla2 and Lipe, in inguinal regions compared
with dorsolumbar regions, indicating that the ductal epithelium is
potentially inhibiting cold-induced lipid mobilization. To further test
the role of mammary ducts in adipose thermogenesis, we performed
chemical ablation using 70% ethanol. Ethanol is a safe compound with
multiple clinical applications as an ablative and sclerosing agent, and
hasbeen successfully used to ablate ducts in the mammary gland® .
Intraductal injection of 70% ethanol effectively eliminates the mam-
mary epithelium without damaging the surrounding stroma and vas-
culature in the mouse ductal tree*’. To confirm a precise delivery of
agentsintothe mammary duct, we validated our intraductal injection
technique in the fourth and fifth nipples of mgWAT using Evan’s blue
or GFP-expressing adenovirus (Extended Data Fig. 5b,c). We then per-
formed intraductal ethanol or PBS control injections and, consistent
with the datainFig.3d,g,h, intraductalinjection of 70% ethanol caused
site-specific ductal ablation and markedly increased thermogenic

DESeq2 Bioconductor. e, log, fold change and statistics from DESeq2, which
provides Pvalues, meanands.e.m.RNA-sequencingrlog values for GFP and
LCN2groupsare providedin the Source Data. f, qPCR analysis of expression of
indicated genes from beige differentiated mgWAT SVF derived from Lcn2-KO
micetreated withand without recombinant LCN2 (rLCN2). Datafromthree
independentexperiments. g, Left, cartoonrepresentingintraductal injection
of Ad-GFP or Ad-LCN2in the fourth and fifth nipple. Bottom right, qgPCR analysis
ofexpression of indicated genes in mgWAT of Lcn2-KO female mice reconstituted
withadenovirus for LCN2 (Ad-LCN2) or GFP (Ad-GFP) expression by intraductal
injection. Data were normalized to GFP and plotted asa violin plot. Top right,
immunostaining for LCN2 and GFP show ductal-specific expression.n= 6 per
group.Scalebars,100 pm. f,g, Unpaired Student’s t-test. Dataare mean + s.e.m.
Cartoonin gcreated using BioRender.com.

gene expression and protein levels of UCP1 compared with controls
(Fig. 3i,j and Extended Data Fig. 5e,f). Similarly, diphtheria toxin A
(DTA)-mediated ablation of luminal cells ina mouse model expressing
diphtheria toxin receptor (DTR) under control of the Krt8 promoter
(Krt8-DTR) showed increased UCP1 expression surrounding the ducts
compared with PBS controls (Extended Data Fig. 5d). Unexpectedly,
we noted prominent UCP1stainingin the ductal epithelium of control
mice (Extended DataFig. 5d). We also performed intraductal injection
of 0.5% trypsin, which was shown to ablate the luminal cell population
inthe ducts of the prostate gland*’. However, compared with ethanol,
trypsin caused substantial damage to the stromal cells, including adi-
pocytes, and thermogenic gene expression was similar to that in PBS
controls (Extended Data Fig. 5e,g). Overall, our data suggest a unique
role of the mammary duct epithelium in maintaining mgWAT adiposity
by blocking adipose thermogenesis, beiging and energy utilization.
Ourresults demonstrate a possible SNS-mediated crosstalk between
mammary ductal cells and adipocytes to control adipocyte thermo-
genesis. DEG analysis of mammary ductal cells under adrenergic
stimulation showed upregulation of genes that encode factors such as
adropin (Enho) and LRG1(LrgI) in luminal-HS (Fig.1f) and LCN2 (Lcn2) in
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luminal-AV (Fig. 1g), which are known to have regulatoryrolesinadipose
metabolism?%?%, These factors were also shown to be highly enriched
inmammary Epcam’ cells by scRNA-seq and RNAscope FISH (Fig. 1).
Enho and Lrgl showed a highly localized expressionin mammary ductal
cells upon cold exposure, but we also noted some signals outside of
mammary ducts in RT samples (Extended Data Fig. 6a,b). The addition
of recombinant adropin or LRG1 to beige differentiated mgWAT SVF
did notalter the overall thermogenic gene programme compared with
controls (Extended Data Fig. 6¢), and mgWAT from cold-exposed LRG1
knockout (LrgI-KO) and wild-type (WT) female mice showed similar
thermogenic gene expression (Extended Data Fig. 6¢,d). These data
suggest that the expression of adropin and LRG1 by luminal-HS cells
may not be directly involved in adipose thermogenesis and could have
other metabolic roles in mgWAT. Lcn2 demonstrates a strong and
significant downregulation in female gonadal white adipose tissue*
(gWAT) and concomitantly female gWAT, which lacks mammary ducts
and express exceedingly high levels of Ucpl compared to male gWAT?.
To further study Lcn2and Ucpl expression correlation, we performed
ameta-analysis on white adipose tissue data from the Hybrid Mouse
Diversity Panel (HMDP)*, consisting of more than 100 strains and more
than300 mice, and found a highly significantinverse correlation of Lcn2
and Ucpl expressionin female mice but notin male mice (Extended Data
Fig. 6e). Cold-stressed female mgWAT expresses markedly higher levels
of Epcamand Lcn2 and lower levels of Ucpl compared with male scWAT
(Fig. 3d and Extended Data Fig. 6f), and scRNA-seq data from male
and female SVF show that luminal cells in female mgWAT are the main
source of LCN2 (Extended Data Fig. 6g). LCN2 protein was detected
almost exclusively in the duct epithelial cells of mgWAT and showed
acold- and isoproterenol-mediated increase in protein and mRNA
levels in the ducts of mgWAT (Fig. 4a,b and Extended Data Fig. 6h-j).
Our generegulatory network analysis in luminal cells using single-cell
regulatory network inference and clustering (SCENIC)* revealed
highly dynamic cold-induced transcription factor activity (Extended
Data Fig. 6k), regulon activity implicated BHLHE41 as a master regu-
lator of genes in luminal-HS cells, and ELF5 showed a cold-specific
gene transcriptional activity, which could be directly involved in the
expression of mammokines such as Lcn2 and Igfbp5 (Extended Data
Fig. 6k,1). ELF5 (ref. 46) is an important transcriptional regulator of
mammary luminal alveolar development and our dataimplicate ELF5
asanadrenergic-activated master regulator in luminal cells that could
enhance the expression of mammokines under cold stress, further
supporting the luminal-specific activity of mammokine LCN2 under
coldstress. In conjunction with our datain Fig.3d-fand Extended Data
Fig. 4e-g, Lcn2-KO female mice under cold exposure show a marked
decrease in body weight and scWAT weight compared with wild-type
controls and male Lcn2-KO mice (Extended Data Fig. 6m,n). The secre-
tion of LCN2 by luminal epithelium could be a potential mechanism
by which mammary ducts block excess thermogenesis and preserve
adiposity and could also potentially explain conflicting results****in
adipose metabolic studies involving LCN2 in male and female mice. To
test the cell-autonomous adrenergic ligand-dependent expression of
LCN2 proteininluminal cells, we used organoids from agenetic mouse
model based on a doxycycline (Dox)-based tet-inducible DTA system
derived from interbreeding of mice expressing the tetracycline-on
transcription factor rtTA under the control of the luminal epithelial
cell-specific Krt8 gene promoter (Krt8-rtTA mice) with mice expressing
tet-inducible DTA (tetO-DTA) that can be activated in the presence of
Dox. Thismodel enables the ablation of luminal cellsinatemporally reg-
ulated manner. Mammary duct organoidsisolated from Kr¢8-rtTA-DTA
mice*” show increases in LCN2 protein expression on isoproterenol
treatment, and these increases were diminished with Dox treatment
(Fig. 4c and Extended Data Fig. 60-t), showing a direct response of
luminal cells producing LCN2. To test the physiological role of LCN2
inregulating mgWAT thermogenesis, we mimicked cold inductionand
adipocyte-specific uptake of LCN2 in mgWAT by inducing exogenous
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Lcn2 expression specifically in white adipose tissue of Lcn2-KO mice
by injecting adeno-associated viruses (AAV) expressing LCN2 or GFP
under the adipocyte-specific Adipog promoter (adipoAAV-LCN2 or
adipoAAV-GFP) (Methods). Our unbiased bulk RNA-sequencing data
from mgWAT of adipoAAV-LCN2-injected mice show that Lcn2 expres-
sion was not supraphysiological compared with controls (Fig. 4d,e).
The results shown in Fig. 4d,e demonstrated that exogenous expres-
sion of Lcn2 significantly decreased the expression of thermogenic
genes such as Ucpl, Cidea and Ppara and increased the expression of
adipogenic genes, including Lep, Mmp12 (refs. 48,49), Zfp423 (ref. 50)
and Lbp®.. Lcn2 overexpressionalsoled to anincrease in Aldhlal, which
was recently shown to inhibit adipose thermogenesis by downregulat-
ing Ucpl expression®**3, We validated our RNA-sequencing data by
directed qPCRin Lcn2-reconstituted mgWAT of Lcn2-KO and wild-type
mice (Extended Data Fig. 7a) and in treated beige differentiated SVF
cells isolated from Lcn2-KO mgWAT with and without recombinant
LCN2 expression (Fig. 4f). To test the role of LCN2 under cold stress,
we exposed male and female Lcn2-KO and wild-type control mice to low
temperature for 24 h. Compared with RT controls, wild-type controls
and male Lcn2-KO mice, mgWAT from cold-exposed female Lcn2-KO
mice showed more beiging or browning and gene expression analysis
showed anincrease inthermogenic genes such as Ucpl, indicating that
LCN2is a potential limiting factor involvedin regulating the propensity
of mgWAT to beige (Extended Data Fig. 7b,c). Furthermore, reconsti-
tution of LCN2 specifically in the mammary epithelium of Lcn2-KO
mgWAT by intraductal injection of adenovirus encoding LCN2 res-
cued the anti-thermogenic effect seenin Lcn2-KO mgWAT (Fig. 4gand
Extended DataFig.7d). Together, our scRNA-seq analysis and mgWAT
mammary duct-specific experimental data demonstrate that LCN2
is a mammokine expressed in luminal-AV cells that could function
to inhibit thermogenesis and maintain adiposity in mgWAT during
cold stress.

Insummary, our studies uncover adirectinhibitory role of mammary
duct luminal cells in adipocyte UcplI expression and the thermogenic
programme. SNS fibres directly innervate EPCAM* luminal cells, and
adrenergic stimulation of luminal cells transduces mammokines such
as LCN2, whichregulates UcpI expressionin mgWAT adipocytes under
cold exposure. Depletion of EPCAM* luminal epithelial cells potenti-
ates the capacity of ex vivo differentiated mgWAT preadipocytes to
express UCP1, and female mice with loss of ductal epithelium show
higher cold-induced UCP1 expression compared to controls. Notably,
female mice demonstrate significantly lower scWAT adipocyte UCP1
expression than male mice under cold exposure. Our findings highlight
mammary gland epithelium as a highly active metabolic cell type and
implicate a broad role of mammokines in controlling female adipose
metabolism. Our results also provide a insights into mammary gland
biology, expand our understanding of therole of sex, fat depots and the
adipose microenvironment in adipocyte UCP1 expression, and reveal
the potential of mammokines to regulate sex-specific local and systemic
energy homeostasis.
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Methods

Animal studies

C57BL/6 WT male and female mice (000664), female Esr1-KO (004744),
andmale and female Lcn2-KO (24630) mice were acquired from The Jack-
son Laboratory and maintained in a pathogen-free barrier-protected
environment (12:12 h light:dark cycle, 22-24 °C and 40-60% humid-
ity with ad libitum access to chow diet and water) at the Mount Sinai
animalfacilities. The female Krt8-DTR was from the laboratory of C.B.
and the female Krt8-rtTA-TetO-DTA mouse model was described previ-
ously”. The female Lrg1-KO mouse model was a gift from P. Cohen?. All
mice used inthis study were 8to 12 weeks old. For the timecourse cold
exposure experiment, mice at 8 to 10 weeks of age were singly housed
at4 °Croominanon-bedded cage without food and water for first 6 h;
thereafter food, water, and one cotton square were added. For the24 h
collection, 3 h before collection, food, water, and cotton square were
removed and then mice were collected. At the end of the experiment,
mgWAT was resected for analysis. Adrenalectomy was performed by
TheJackson Laboratory Surgical Services. For overexpression studies,
recombinant adeno-associated virus serotype 8 (AAV8) expressing
LCN2 or GFP under the Adipog promoter was generated and injected
as described previously?. Indirect calorimetry was performed using
Promethion Systems (Sable Systems). Mice were placed individually
inchambers atambient temperature (22.0 °C) for 21 hfollowed by 24 h
cold (4.0 °C) with 12 h:12 hlight:dark cycles. Animals had free access to
food and water. Respiratory measurements were made in 5 minintervals
afteraninitial 7-9 hacclimation period. Energy expenditure was calcu-
lated from VO, and RER using the Lusk equation, energy expenditure
(kcal h™) = (3.815 +1.232 x RER) x [VO, (ml min™)]. Indirect calorimetry
datawere analysed using CALR web-based software*. Body composi-
tion (fat mass) was determined using EchoMRI Body Composition
Analyzer. Animal experiments were conducted inaccordance with the
Mount Sinai Institutional Animal Care and Use Committee (IACUC).
Sample sizes were based on our previous experience in the field and
past publications®>*. We did not use randomization in our allocation
process since the experimental groups were primarily separated based
ongenotype or sex. For animal experiments, mice were separated based
on genotype or sex, so the investigators were not blinded.

RNA sequencing

RNAisolation, library preparation, and analysis were conducted as pre-
viously described®*. Flash-frozen mgWAT samples were homogenized
in QIAzol (Qiagen), and following chloroform phase separation, RNA
wasisolated according to the manufacturer’s protocol using miRNeasy
columns (Qiagen). Libraries were prepared from extracted mgWAT
fat RNA (Agilent 2200 Tapestation eRIN >8.2) using KAPA Stranded
mRNA-seq Kit (KK8421, KAPA Biosystems), per the manufacturers’
instructions. The pooled libraries were sequenced using an lllumina
HiSeq 4000 instrument with SE50bp reads (Illumina). Reads were
aligned to the mouse genome mm10 using STAR® or HISAT2 (ref. 56)
aligner and quantified using the Bioconductor R packages as described
inthe RNA-Seq workflow”. Pvalues were adjusted using the Benjamini-
Hochberg procedure of multiple hypothesis testing.

Single-cellisolation from SVF

Single-cell SVF populations from adipose tissue were isolated as
described previously®. The fourth iWAT depot mgWAT from mice
exposed to cold stress (4 °C) or room temperature for 24 h was dis-
sected and placed on asterile 6-well tissue culture plate with ice-cold 1x
DPBS. Excess liquid was removed from fat pads by blotting. Each tissue
was cutand minced with scissors and then placed in15 ml conical tubes
containing digestion buffer (2 mIDPBS and Collagenasellat3 mg ml™
(Worthington Biochemical)) for 40 min of incubation at 37 °C with
gentleshakingat100 rpm.Followingtissuedigestion,enzymeactivitywas
stopped with 8 ml of resuspension medium (DMEM/F12 with Glutamax

supplemented with 15% FBS and 1% pen/strep (Thermo Scientific)).
The digestion mixture was passed through a100-pm cell strainer and
centrifuged at 150g for 8 min at room temperature. To remove red
blood cells, the pellet was resuspended and incubated in RBC lysis
buffer (Thermo Scientific) for 3 min at room temperature, followed
by centrifugation at 150g for 8 min. The pellet was then resuspended
in resuspension medium and again spun down at 150g for 8 min. The
cell pellet was resuspended in 1 ml of 0.01% BSA (in DPBS) and passed
through a40-pm cell strainer (Fisher Scientific) to discard debris. Cell
number was counted for 10X Genomics single-cell application.

SVF single-cell barcoding and library preparation

Toyield anexpected recovery of 4,000-7,000 single cells, an estimated
10,000 single cells per channel were loaded onto Single Cell 3’ Chip
(10X Genomics). The Single Cell 3’ Chip was placed on a10X Genomics
instrument to generate single-cell gel beads in emulsion. Chromium
Single Cell 3’ v3 Library and Cell Bead Kits were used according to the
manufacturer’s instructions to prepare scRNA-seq libraries.

Illumina high-throughput sequencing libraries

Qubit Fluorometric Quantitation (ThermoFisher) was used to quan-
tify the 10X Genomics library molar concentration and a TapeStation
(Aligent) was used to estimated library fragment length. Libraires were
pooled and sequenced onanIllumina HiSeq 4000 (lllumina) with PEI0O
reads and an 8-bp index read for multiplexing. Read 1 contained the
cell barcode and unique molecular identifier and read 2 contained the
single-cell transcripts.

scRNA-seq pre-processing and quality control

To obtain digital gene expression matrices (DGEs) in sparse matrix
representation, paired end reads from the Illumina HiSeq 4000 were
processed and mapped to the mm10 mouse genome using 10X Genom-
ics’ Cell Ranger v3.0.2 software suite. In brief, .bcl files from the UCLA
Broad Stem Cell Research Center sequencing core were demultiplexed
and converted to fastq format using the ‘mkfastq’ function from Cell
Ranger. Next, the Cell Ranger ‘counts’ function mapped reads from
fastq files to the mm10 reference genome and tagged mapped reads
as either exonic, intronic, or intergenic. Only reads which aligned to
exonic regions were used in the resulting DGEs. After combining all
four sample DGEs into asingle study DGE, we filtered out cells with (1)
unique molecular identifier counts <700 or>30,000, (2) gene counts
<200 or >8,000, and (3) mitochondrial gene ratio >10%. This filtering
resulted in adataset consisting of 42,052 genes across 12,222 cells, with
approximately 2,300-4,650 cells from each sample. Amedian of 2,411
genes and 7,252 transcripts were detected per cell.

Identification of cell clusters

To achieve high-resolution cell-type identification and increased
confidencein our cell-type clustering we brought in external publicly
available single-cell datafrom SVF and mammary tissues. Specifically,
we included single-cell data from 9 datasets comprising 91,577 single
cells from the mammary gland and multiple adipose depots, across 4
different single-cell platforms (Supplementary Table 1). These external
datasets and the SVF data from this study were allindependently nor-
malized using sctransform*®® and integrated using Seurat***°v3.1.5. in
RStudio 3.3.0. The single-cell expression profiles were projected into
two dimensions using UMAP® or -SNE®* and the Louvain®® method for
community detection was used to assign clusters. Thisintegrated data
wasonly used toidentify and define the cell types. All plots which are not
explicitly designated asintegrated with at least one external dataset and
alldownstreamanalyses (for example, differential expression analyses)
were conducted onnon-integrated datato retain the biological effect
of the cold treatment. Visualization of the non-integrated data was
conducted on a subsampled dataset where all samples had the same
number of cells to give an equal weight to each sample, however, all



downstream analyses (for example, differential expression analyses)
leveraged the full dataset.

Cell-type-specific marker gene signatures

Cell-type-specific marker gene signatures were generated by identify-
ing genes with expression levels twofold greater (adjusted P values
<0.05) thanall other cell types. To ensure consistency across samples,
Seurat’s FindConservedMarkers function (Wilcoxon rank sum test with
ameta Pvalue) was applied across each sample.

Resolving cell identities of the cell clusters

Toidentify the cell-type identity of each cluster, we used a curated set
of canonical marker genes derived fromthe literature (Supplementary
Table2) tofind distinct expression patternsin the cell clusters. Clusters
whichuniquely expressed known marker genes were used as evidence
toidentify that cell type. Cell subtypes that did not express previously
established markers were labelled by both general cell-type markers and
novel markers obtained with Seurat’s FindConservedMarkers function
were used to define the cell subtype.

Differential gene expression analysis

Within each identified cell type or subtype, cold-treated and room
temperature single cells were compared for differential gene expres-
sion using Seurat’s FindMarkers function (Wilcoxon rank sum test) in
amanner similar to Li et al.”>. DEGs were identified using two criteria:
(1) anexpression difference of >1.5-fold and adjusted Pvalue <0.05ina
grouped analysis between room temperature (n =2) and cold-treated
(n=2) mice; (2) an expression difference of >1.25-fold and consist-
ent fold-change direction in all 4 possible pairwise combinations of
cold-treated versus room temperature mice.

Generegulatory network inference

Gene regulatory network inference was performed with pySCENIC*
following the workflow described by Van de Sande et al.®*. In brief,
starting with counts data, gene modules which are co-expressed with
transcription factors were identified with GRNBoost2 (ref. 65). Next,
candidate regulons were created from transcription factor-target
gene interactions and indirect targets were pruned based on motif
discovery with cisTarget®. Finally, regulon activity was quantified at
cellular resolution with AUCell* which allowed for the prioritization
of regulons for each cell type based on the quantified activity.

Real-time qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse
transcribed with the iScript cDNA synthesis kit (Biorad). cDNA was
quantified by real-time PCR using SYBR Green Master Mix (Diagenode)
on a QuantStudio 6 instrument (Themo Scientific). Gene expression
levels were determined by using a standard curve. Each gene was nor-
malized to the housekeeping gene 36B4 and was analysed in duplicate.
Primers used for real-time PCR are presented in Supplementary Table 3.

RNAscope FISH

mgWAT from RT or cold-exposed mice (Jackson Laboratory, 000664)
was fixed in 10% formalin overnight, embedded with paraffin, and
sectioned into unstained, 5-um-thick sections. Sections were baked
at 60 °C for 1h, deparaffinized, and baked again at 60 °C for another
hour prior to pre-treatment. The standard pre-treatment protocol
was followed for all sectioned tissues. In situ hybridization was per-
formed according to manufacturer’sinstructions using the RNAscope
Multiplex Fluorescent Reagent Kit v2 (323136, Advanced Cell Diagnos-
tics,). Opal fluorophore reagent packs (Akoya Biosciences) for Opal
520 (FP1487A), Opal 570 (FP1488A), Opal 620 (FP1495A), and Opal
690 (FP1497A) were used at a1:1,000 dilution in TSA buffer (322809,
Advanced Cell Diagnostics). RNAscope probes from Advanced Cell
Diagnostics were used for the following targets: EPCAM (catalogue

no.418151), ENHO (873251), LRG1(423381), LCN2 (313971), HP (532711),
WNT4 (401101), NRG4 (493731), KRT8 (424528), and MFGES (408778).
Slides were mounted with ProLong Diamond Antifade Mountant with
DAPI (P36962, Life Technologies). Fluorescent signals were captured
with the 40x objective lens on alaser scanning confocal microscope
LSM880, (Zeiss, White Plains, NY).

Fluorescence-activated cell sorting

mgWAT from RT or cold-exposed mice (Jackson Laboratory, 000664)
was dissected, cut, minced and digested with collagenase D (S mg ml™,
11088882001) and dispase (2 mg ml™, 17105041) over 40 min at 37 °C
with gentle shaking at 100 rpm. Enzymatic digestion was stopped with
DMEM/15% FBS and the cell suspension was filtered through a100-um
nylon mesh cell strainer and centrifuged for 10 minat 700g. SVF pellet
was resuspended in 1 ml Red Blood Cell lysis buffer (41027700) and
incubated for 5 minatroomtemperature. Cell suspension was diluted
in4 mIDPBS and filtered through a40-pm nylon mesh cell strainer and
centrifuged for 10 min at 700g. Single-cell suspension was blocked for
10 minonicein500 pl DPBS/5% BSA (blocking buffer), centrifuged for
10 minat700g, resuspendedin 200 pl of DBPS/0.5% BSA (FACS buffer)
solution containing the desired antibody mix, and incubated for1 hat
4°Cinthe dark with gentle rotation. Antibody-stained samples were
washed with 800 pl FACS buffer, centrifuged 10 min at 700g, and resus-
pended in FACS buffer containing DAPI (at 1 ug ml™). Flow cytometry
analysis was performed on a BD FACS Canto Il (BD Biosciences) and
resultsanalysed on FCS Express software (DeNovo Software). Fluores-
cently tagged anti-mouse antibodies (BioLegend) were used to label
cell surface markers for flow cytometry analysis: EPCAM-FITC (clone
G8.8,118207,1:250), Sca-1-APC (Ly6, clone E13-161.7, 122512, 1:500),
CD49f-APC (clone GoH3, 313616, 1:250). For flow cytometry analysis,
negative selection of CD45-expressing cells using CD45 microbeads
(130052301) was performed immediately prior to the EPCAM positive
selection protocol described above.

Isolation, selection and ex vivo treatment of EPCAM-positive
cells

MACS microbeads (Miltenyi Biotec) were used for immuno-magnetic
labelling positive selection of EPCAM-expressing cells (anti-CD326,
130105958). Before magnetic labelling, a single-cell suspension from
the SVF of female mouse iWAT was prepared in MACS buffer (PBS, pH7.2,
0.5% bovine serum albumin (A7030, Sigma) and 2 mM EDTA), filtered
through a MACS pre-separation 30-pum nylon mesh (130041407) to
remove cell clumps. Then, for magnetic labelling of EPCAM-expressing
cells, 10 pl of EPCAM microbeads were added per 1 x 10 total cells
in 100 pl buffer, incubated for 15 min with rotation at 4 °C, washed
with 1 mlbuffer, centrifuged at 700g for 5 min, resuspended in 500 pl
buffer,and added to a pre-equilibrated MACS LS column (130042401)
in the magnetic field of a MACS separator (130042302). Unlabelled
EPCAM-negative cells were collected in the flow-through with three sub-
sequent washes. The column was removed from the magneticfield, 5 ml
of MACS buffer were added to the column, and the magnetically labelled
EPCAM-positive cells retained in the column were collected by flushing
the cells down the column witha plunger. Finally, EPCAM-negative and
EPCAM-positive cell populations were centrifuged at 700g for 5 min,
resuspended in DMEM/F12 with Glutamax supplemented with 15% FBS
and 1% pen/strep (Thermo Scientific) and plated on collagenI-coated
12-well tissue culture plates (354500, Corning). Medium was replaced
every other day for 6 days, followed by cell lysis with TriZol for phenol/
chloroform RNA extraction, and real-time qPCR analysis.

Adipocyte differentiation and treatments

10T1/2 (Source: ATCC), SVF (from the laboratory of P.R.) or APCs iso-
lated using APC isolation kit (Miltenyi Biotec,130-106-639) from the
fourth and fifth mgWAT was isolated from 8-week-old wild-type or
Lcn2-null female mice, respectively. 10T1/2 cells were maintained as
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previously described?®. The SVF and APC cells were maintained in Dul-
becco’s Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F12)
supplemented with 1% Glutamax, 10% fetal calf serum and 100 U mI™
of both penicillin and streptomycin (basal medium). Two days after
plating (day 0), when the cells reached nearly 100% confluency, the
cells were treated with induction medium containing basal medium
supplemented with 4 ug ml?insulin, 0.5 mM IBMX, 1 uM dexametha-
sone, and 1 uM rosiglitazone. After 48 h, the cells were treated with a
maintenance medium containing the basal medium supplemented
with 4 pg mi?insulin, and 1 pM rosiglitazone, with a medium change
every 2 days until day 10. For qPCR, differentiated cells were treated
with1pg ml? recombinant LCN2 (Sino Biological), LRG1(0-80 ng ml ™,
R&D Systems), or Adropin (0-100 nM, Phoenix Pharmaceutical) for
24 h and then treated with isoproterenol (Sigma) or norepinephrine
(Sigma) for 6 h after which RNA was collected.

iDISCO and Adipoclear tissue labelling and clearing

Sample collection.Immediately after cold exposure mice were anaes-
thetized withisoflurane (3%) and perfused with heparinized saline fol-
lowed by 4% paraformaldefyde (PFA) (Electron Microscopy Sciences).
Fat pads were carefully dissected and postfixed overnight in 4% PFA at
4 °C.Thefollowing day the tissue was washed three times in PBS before
proceeding with the optical clearing protocol.

Optical clearing. Whole-mount staining and clearing was performed
using the Adipoclear protocol as previously described'. Dissected fat
pads were dehydrated at room temperature with a methanol/Bln buffer
(0.3 M glycine, 0.1% Triton X-100 in H,0, pH 7) gradient (20%, 40%,
60%, 80%, 100%), incubated 3 times (1 h, overnight, 2 h) in 100%
dichloromethane (Sigma-Aldrich) toremove hydrophobiclipids, washed
twice in100% methanol, and bleached in 5% H,0, overnight at 4 °C to
reducetissue autofluorescence. Fat pads were thenrehydrated witha
methanol/Blnbuffer gradient (80%, 60%,40%,20%) and then washed
twicein100% B1n buffer (1 h, overnight). Primary antibodies (EPCAM,
ThermoFisher, 1:250; TH, Millipore Sigma, 1:1,000) were diluted in
modified PTxwH (PBS with 0.5% Trixon X-100, 0.1% Tween-20, 2 pg ml™
heparin, as previously described®®) and applied for 6 days at 37 °C.
Following 5washes with modified PTxwH over 1day with the last wash
performed overnight, secondary antibodies (EPCAM: Donkey anti-Rat
IgG (H+L) Cross-Adsorbed Secondary Antibody, DyLight 550, Invit-
rogen, 1:500; TH: Alexa Fluor 647 AffiniPure Donkey Anti-Rabbit IgG
(H+L),Jackson Immunoresearch,1:500) were diluted in modified PTxwH
(1:500) and samples were incubated for 6 days at 37 °C. Samples were
washed 5 times over 1day in modified PTxwH at 37 °C, 5 times over
1dayinPBSatroomtemperature,embeddedin1%agarose, dehydrated
withamethanolgradientin H,0 (12%, 50%, 75%,100%), washed 3 times
for1hin100% methanol followed by 3 times for1hindichloromethane
before being transferred to dibenzylether (Sigma-Aldrich) to clear.

Imaging. Z-stacked optical sections of whole fat pads were acquired
withanUltramicroscopell (LaVision BioTec) at a x1.3 magnification with
a4 pm step size and dynamic focus with amaximum projection filter.
Samples were thenimaged inglass-bottom p-dishes (81158, Ibidi) using
aninverted Zeiss LSM 710 confocal microscope with a x10 (NA: 0.3)
objective and astep size of 5 um.

Image analysis. Imaris versions 9.6.0-9.7.2 (Bitplane) were used to
create digital surfaces covering ducts, TH* innervation and total sample
volume (x1.3 LSFMimages and x10 confocal images) to automatically
determine volumes and intensity data. Volume reconstructions were
performed using the surface function withlocal contrast background
subtraction. For detection of EPCAM" ducts in x1.3 LSFM images, a
smoothing factor of 5 pm was used and the threshold factor was set to
correspondto thelargest duct diameter in each sample. For detection
of TH* nerves in x1.3 LSFM images, a smoothing factor of 3 pmand a

threshold factor of 80 pm were used. For detection of EPCAM* ducts
in x10 confocal images, a smoothing factor of 3.35 umwas used and a
threshold factor correspondingto the diameter of the thickest duct wall
in each sample was used. For detection of TH" nerves in x10 confocal
images, asmoothing factor of2 umand athreshold factor of 5 pum were
used. In x10 confocal images, nerve-duct interactions were defined
by masking the TH channel using the TH" nerve surface to remove any
background, and then masking it again using the EPCAM" duct surface.
This process revealed TH" innervation overlapping with EPCAM" stain-
ing. A new surface was created to cover this overlapping TH" innerva-
tion using a smoothing factor of 2 um and a threshold factor of 5 pm.

Mammary gland organoid culture

For organoid culture, we used a previously published protocol®. In
brief, fat pads of 8- to 9-week-old K8rtTA/TetO-DTA* virgin female mice
were dissected, and the lymph nodes removed. Tissues were briefly
washed in 70% ethanol and manually chopped into 1 mm?® pieces. The
finely minced tissue was transferred to a digestion mix consisting of
serum-free Leibovitz’s L15 medium (Gibco) containing 3 mg ml™ col-
lagenase A (Sigma) and 1.5 mg ml™ trypsin (Sigma). This was incubated
for1hat37°Ctoliberate epithelial tissue fragments (organoids). Iso-
lated organoids were mixed with 50 pl of phenol-red-free Matrigel (BD
Biosciences) and seeded in 24-well plates. The basal culture medium
contained phenol-red-free DMEM/F12 with penicillin/streptomycin,
10 mM HEPES (Invitrogen), Glutamax (Invitrogen), N2 (Invitrogen)
and B27 (Invitrogen). The basal medium was supplemented with Nrgl
(100 ng mI™, R&D), Noggin (100 ng ml™, Peprotech) and R-spondin 1
(100 ng ml™, R&D). Then, 500 pl supplemented basal culture medium
was added per well and organoids were maintained in a37 °C humidi-
fied atmosphere under 5% CO,. After one week in culture, mammary
organoids were released from the Matrigel by breaking the matrix
with aP1000 pipette on ice. After 2-3 passages of washing and cen-
trifugationat1,500 rpm (140 g) for 5 minat 4 °C, mammary cells were
resuspended in Matrigel, seeded in 24-well plates and exposed to the
previously described culture conditions. Organoids were treated
either with 10 pg mi™ of Dox to promote luminal cell ablation or with
10 uM isoproterenol (Sigma) for 6 h. After 6 h treatment, organoids
were collected from Matrigel as mentioned before to perform further
analysis.

RNA extraction and real-time qPCR in organoid samples
Toperform RNA extraction, isolated organoids were collected into kit
lysis buffer. RNA was extracted with Qiagen RNeasy Micro Kit. After
nanodrop RNA quantification and analysis of RNA integrity, purified
RNA was used to synthesize the first-strand cDNA in a 30 plfinal volume,
using Superscript Il (Invitrogen) and random hexamers (Roche).
Genomic contamination was detected by performing the same pro-
cedurewithoutreverse transcriptase. Quantitative PCR analyses were
performed with 1 ng of cDNA as template, using FastStart Essential DNA
green master (Roche) and a Light Cycler 96 (Roche) for real-time PCR
system. Relative quantitative RNA was normalized using the house-
keeping gene Gapdh. Analysis of the results was performed using Light
Cycler 96 software (Roche) and relative quantification was performed
using the AAC, method using Gapdh as a reference.

Immunofluorescence in organoid samples

Forimmunofluorescence, collected organoids were pre-fixed in 4% PFA
for 30 min at room temperature. Pre-fixed organoids were washed in
2% FBS-PBS, embedded in OCT and kept at -80 °C. Sections of 4 um
were cut using a HM560 Microm cryostat (Mikron Instruments).
Tissue sections wereincubated in blocking buffer (BSA 1%, HS 5%, Triton
X-100 0.2%in PBS) for 1 h at room temperature. The different primary
antibodies wereincubated overnight at4 °C. Sections were thenrinsed
in PBS and incubated with the corresponding secondary antibodies
diluted at 1:400 in blocking buffer for 1 h at room temperature. The



following primary antibodies were used: rat anti-K8 (1:1,000, Troma-I,
Developmental Studies Hybridoma Bank, University of lowa), rabbit
anti-EPCAM (1:1,000, ab71916, Abcam), goat anti-LCN2 (1:50, AF1857,
R&D). The following secondary antibodies, diluted 1:400, were used:
anti-goat (A11055) conjugated to Alexa Fluor 488 (Invitrogen), anti-rat
(712-295-155) rhodamine Red-X and anti-rabbit (711-605-152) Cy5 (Jack-
son ImmunoResearch). Nuclei were stained with Hoechst solution
(1:2,000) and slides were mounted in DAKO mounting medium sup-
plemented with 2.5% DABCO (Sigma).

Immunofluorescence microscopy of mgWAT sections

Fat pads were removed and fixed in 10% formalin and for 24 h then
transferred to a 100% ethanol. Tissue sections were embedded in
paraffin and sectioned at 5 um using a Leica RM2125 microtome on
glass slides for downstream processing. Inguinal fat samples were
immunohistochemically stained to detect GFP (primary antibody:
Rabbit anti-GFP, Invitrogen, CAT: A-11122, dilution 1:200; secondary
antibody: Goat anti-Rabbit Alexa Fluor 488, Invitrogen, CAT: A-11008,
dilution 1:200), UCP1 (primary antibody: Rabbit anti-UCP1, Abcam,
CAT: ab10983, dilution 1:200; secondary antibody: Goat anti-Rabbit
Alexa Fluor 488, Invitrogen, CAT: A-11008, dilution 1:200), or LCN2
(primary antibody: Goat anti-LCN2, R&D Systems, CAT: AF1857, dilution
1:150; secondary antibody: Donkey anti-Goat Alexa Fluor 568, Invit-
rogen, CAT: A-11057, dilution 1:200). All slides were and cover slipped
with Vectasheild Antifade Mounting Medium containing DAPI. Tissue
sections were analysed using a Zeiss Axiolmager Z2M with ApoTome
microscope. Exposure times for DAPI, GFP, and mCherry channels were
kept consistent between samples. Images were subsequently analysed
using Fiji image processing software (NIH).

Intraductal injection

Anaesthetized mice were injected with 10 pl viral suspension or abla-
tion agent directly into the mammary ducts of the fourth and fifth
nipple pairs, using Pasteur pipettes (World Precision Instruments)
fittedinto 10 plor 50 plgastight syringes (Hamilton). Luminal epithe-
lial cells were ablated in WT mice with 70% molecular biology-grade
ethanolindistilled water injected into the fourth and fifth nipple pairs
of each mouse; PBS was injected of each mouse as a control. For LCN2
reconstitution experiment, LCN2 expression was reintroduced into
fourth and fifth nipples of Lcn2-KO mice using Ad-CMV-LCN2 overex-
pression viruses at 2 x 10'° total plaque-forming units (PFU) perinjec-
tion, diluted in PBS; GFP adenoviruses at 2 x 10° total PFU per injection
were injected contralaterally as a control. Seventy-two hours after
injection, mice were exposed to cold for 24 h and mgWAT containing
the targeted ducts were collected. To reflect differing ductal densi-
ties, iWAT and dorsolumbar sections of mgWAT were separated for
some analyses.

Adeno-associated virus generation

For overexpression studies, recombinant AAV8 expressing LCN2 or GFP
was generated as described previously?. In brief, mouse Lcn2 cDNA or
GFP was clonedinto an AAV expression plasmid under an adiponectin
promoter (AAV8-hAdp) with a liver-specific miRNA target sequence
(miR122T) for adipose-specific expression. Viral packaging, propaga-
tion, and purification were carried out at the University of Pennsylvania
Gene Therapy programme vector core.

Generation of adenoviruses

Ad-CMV-LCN2 plasmid was made using the pAd/CMV/V5-DEST Gateway
recombination system (Life Technologies). For Ad-CMV-LCN2, the
mouse full-length Lcn2 was amplified by PCR using primers; Lcn2 for-
ward primer:tactacggatcc ACCATGGCCCTGAGTGTCATGTGTCTG; Lcn2
reverse primer: TACTACGAATTCTCAGTTGTCAATGCATTGGTCGGT.
Thefull-length Lcn2was cloned into the pENTR vector by double digest
with BamHI and EcoRI. PENTR vector containing full-length Lcn2 was

recombined with pAd/CMV/V5-DEST. Adenoviruses were packaged
and produced in 293A cells. Titres were determined by plaque assay.

Transwell experiments

APCs, SVF and10T1/2 cells were seeded at density of 100,000 cells per
well in 12-well plate format in Corning DMEM F12 or DMEM medium
withinitial beige differentiation drugsinsulin (5 pg mI™) and T3 (1 nM).
Six Transwell (Corning, 3401) permeable polycarbonate membrane
0.4-pm pore size Transwell inserts were added to wells intended for
co-culture. NMuMG cells (Source:ATCC) at density of 5,000 cells per
well were seeded in DMEM medium to each Transwell insert with ini-
tial beige differentiation drugs insulin (5 pg ml™) and T3 (1 nM). After
two days of cells seeding, beige differentiation full cocktail (Insulin
5ug ml™, T31nM, rosiglitazone 1 uM, IBMX 0.5 mM, Indomethacin
125 uM, dexamethasone 2 pg ml™) were added in all cells including
Transwell inserts with appropriate cell culture medium. After 48 h
of full cocktail in all the cells for beige differentiation programme
induction, Full cocktail were replaced with the beige maintenance
medium (insulin 5 pg mI™, T3 1 nM, rosiglitazone 1 uM). Beige main-
tenance medium were replaced on every two days. After significant
density of lipid droplets formation at day 6 of the assay, Treatment
wells were treated with 10 pM isoproterenol and control wells with
noneinbeige maintenance medium. After 24 h of 10 uMisoproterenol
treatment, all the control and isoproterenol-treated well cells were col-
lected using Trizol reagent for real-time qPCR or Seahorse respirometry
experiment.

Mitochondrial respirometry

OCR (in pmoles min™ (ug protein)™) was measured using a Seahorse
XFe96 Extracellular Flux Analyzer (Agilent). The morning of the assay,
SVF, SVF:2NMuMG, APCs or APC:NMuMG cells were seeded into XFe96
plates (Agilent) at a density of 15,000 cells per well Following attach-
ment, cells were washed twice with Seahorse XF Base Medium (Agilent)
and cultured in XF Base Medium supplemented with 25 mM glucose,
2 mM sodium pyruvate and 2 mM glutamine (pH 7.4) for 1hat 37 °Cin
anon-CO, incubator. Following three baseline measurements, cells
were sequentially exposed toisoproterenol (10 pM) or noradrenaline
(10 pM), oligomycin (5 puM), FCCP (1 pM) and antimycin A (5 ptM) as
indicated. After completion of the assay, the microplate was saved, and
proteinisolated for normalization. Inacertain set of experiments, cells
were pre-treated with 10 uM noradrenaline or vehicle control for 5h
before switching cells to Seahorse base medium and measurement of
OCR. The Seahorse XF Cell Mito Stress Test Report Generator (Agilent)
was used to calculate the acute response to noradrenaline according
to the manufacturer’s instructions. Statistical significance was based
on two-way ANOVA with Bonferroni’s post hoc test.

Data and statistical analyses

Measurements were taken from distinct samples and data were ana-
lysed using Microsoft Excel and GraphPad Prism V8.4.3. Significance
was determined by two-tailed unpaired t-test (parametric distribu-
tion), two-way ANOVA Bonferroni’s post hoc test, analysis of covariance
(ANCOVA) or by a Mann-Whitney test (non-parametric distribution)
or Bioconductor DSeq2 Wald test. Statistics for scRNA-seq data were
derived using Wilcoxon rank sum test and adjusted Pvalues were based
onBonferronicorrection. Significance was set at an alphalevel of 0.05.

Graphical and cartoon representation

Models were generated using BioRender.com under Icahn School
of Medicine-Diabetes Institute’s Plan Academic Subscription, which
includes journal publishing rights.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Source dataforall figures are provided with the paper. The scRNA-seq
dataset (Fig. 1) generated for this paper has been uploaded to the
Gene Expression Omnibus under accession number GSE231394.
The bulk RNA-sequencing dataset (Fig. 4) generated for this paper
has been uploaded to the GEO under accession number GSE121098
(GSM7287577-GSM7287584).Source data are provided with this paper.
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Extended DataFig.1|Cold-associated increaseincell percentages of
luminal epitheliumsubtypes.a) UMAP plots of integrated single cell data
fromthisstudy and 8 external datasets (see Methods and Supplementary
Table1). Each pointrepresents asingle celland are colored by dataset. b) UMAP
plots of integrated single cell data from this study and 8 external datasets (see
Methods). Each point represents asingle celland clusters are colored by cell
type. c) Expression of known canonical markers for cell typesin the SVF and
mammary gland. Color corresponds to average expression level and size
corresponds to percentage of cells which express the gene within the cluster.
d) Differentially expressed genes between COLD (24 hr) treated mice and RT
animals across all cell types. Significant DEGs (adjusted p-value < 0.05) are
highlighted with the average log fold change between 4 degree and RT indicated
onthey-axis. Celltypes are ordered on the x-axis based on the number of
significant DEGs. e) Relative fractions of cell types within each sample. Dots

indicateaveragerelative fractionsacross all samples. f) Aggregated UMAP
plotof subclustering of luminal single cells from RT and cold-exposed mice.
g) Differentially expressed genes between COLD treated mice and RT animals
across Luminal-HS-AV. Select significant DEGs (adjusted p-value < 0.05) are
highlighted with the average log fold change between 4 degree and RT
indicated onthey-axis. Genesindicated by red arrows encode for secreted
factors. h) UMAP and violin plots of normalized gene expression levels for
genes of interest in luminal cells. Violin plots also show expression levels of
Adrbl, Adrb2,and Adrb3inluminal subtypes.i-k) tSNE plots of cell type clusters
and normalized gene expression levels for genes of interest across multiple
datasetsincluding female mgWAT SVFs (i), male iWAT SVFs (j), and mature
mgWAT adipocytes (k). Statistics for scRNA-seq data (d,g) was derived using
Wilcoxon rank sum test between cold vs RT cells for cellsand the adjusted
p-valueis based on Bonferronicorrection.
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Extended DataFig.3 | Mammary gland ductal epitheliuminhibits cold-
induced adipocyte thermogenesis. a) Representative FACS plot of CD49fand
EPCAM expressionin EPCAM bead selected EPCAM+ or EPCAM-ve epithelial
cells from RT or cold mice. 2 mice per condition and 4 mammary fat pads per
mouse. Representative datafrom4 independent experiments. b) Real-time
gPCRofindicated genesinbeige differentiated SVFs from mgWAT treated
withindicated concentration of Iso for 5 h. ¢) Real-time qPCR of indicated
genes from beige differentiated primary mgWAT SVF (Parent) and EPCAM-ve
(EPCAM-NEG) cellsisolated from cold exposed mice treated with and without
10 pMisoproterenol (ISO) for 24 h ex vivo. d) Images showing cell morphology
of DO-D9 beige differentiated 10T1/2 and NMuMG (0, 5, and 10%) mixture cells.
Yellow enclosures show NMuMG epithelial cells surrounded by 10T1/2 cells.
Scalebarat100 pm. e) Real-time qPCR of indicated genes from beige
differentiated and Iso treated 10T1/2 and 5-10% NMuMG mixture cells.

f) Images showing cellmorphology of DO-D8 beige differentiated 10T1/2 and
NMuMG (0-10%) mixture cells. Yellow enclosures show NMuMG epithelial cells
surrounded by 10T1/2 cells. Scale bar at 100 pm. g) Real-time qPCR of indicated
genes from beige differentiated and Iso treated 10T1/2 and 2.5-10% NMuMG

mixture cells. h-i) Real-time qPCR of indicated genes from a transwell system
ofbeige differentiated norepinephrine (NE) treated (h) or Iso treated (APC)

(i) APCsinthe presence (APC:NMuMG) or absence (APC) of NMuMG. j) Average
oxygen consumptionrate (OCR) in APC and APC:NMuMG pretreated with
(NE-APC and NE:APC:NMuMG) and without (Ctrl APC and Ctrl-APC:NMuMG)
10 pM norepinephrine (NE) followed by acute treatment with NE (10 pM), 5 uM
oligomycin (Oligo), 1 uM FCCP, and 5 pM antimycin A (AA). Mean of N=6,6.

k) Foldincrease in OCR from basal respiration (J) with and without acute NE
injection.N=6,6.1) Average OCR normalized to protein level (ug protein) in
SVF and SVF:NMuMG with10 M NE, 5 pM Oligo,1 pM FCCP,and 5 uM AA.
N=9,9.m)Real-time qPCR of indicated genes from a transwell system of beige
differentiated (Ctrl10T1/2) orIsotreated (Iso-10T1/2) 10T1/2 cellsin the presence
of NMuMG with (Is0-10T1/2:NMuMG) or without iso (Ctrl-10T1/2:NMuMG).
Resultsare fromthreeindependent experiments.* p < 0.05;** p < 0.01,

*** p<0.001comparinglso-10T1/2 and Iso-10T1/2:NMuMG. Unpaired
Student’s ¢ Test (E,G,H,I),2way ANOVA Bonferroni posthoc test (k,I,m),

*, p<0.05,*,p<0.01;** p<0.001, ns, not significant. Data are represented
asmean = S.E.M. Cartoon modelsin h,i,m created using BioRender.
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Extended DataFig. 4 |Maintenance of adiposity in female mice under cold
exposure. a) Images showing cellmorphology of beige differentiated SVFs
isolated from male and female iWATSs. Scale bar at 100 um. b) Real-time qPCR
ofindicated genes from the scWATs of 24 h cold exposed male and female
adrenalectomized mice.N = 6,6. c-e) Individual mice data for oxygen
consumption (VO2 ml/hr), and energy expenditure (EE kcal/hr) (c), respiratory
exchange ratio (RER) and generalized linear model (GLM)-based regression
plots of RER with total body weight (Total), lean mass (Lean) and fat mass (Fat)
as co-variates (Two-way ANCOVA) showing p-value for Mass effect, Group
effect, and Interaction effect (d), and total food consumed (kcal), locomotor
activity (beam breaks), and total distance in cage (m) (e) of male and female
mice exposedto 22 °Cfor21hand4 °Cfor24 hinSable Promethion metabolic

chambers (12 hlight/dark cycle, 45 h total duration, white bar represents
light cycle and grey bar represents night cycle). N=6,6.fand g) Body weight
(f) and lean mass (g) of male and female mice before (RT) and after 24 h cold
exposure (COLD).N=6,6.h) Weights of indicated fat depotsin cold exposed
male and female mice. N = 8,8.iandj) Gross appearance, H&E staining, and
immunostaining of UCP1of male dorsolumbar iWATs and female dorsolumbar
mgWATs exposed to 24 h cold (i) and Western blot of UCP1in iWAT from 24 h
cold-exposed males and females (j). Actin was used as aloading control and
UCP1bands were quantified and normalized to Actinintensity. N = 4,4.Scale
barat 200 pum. Unpaired Student’s ¢ Test (b,f,h) and ANCOVA (d) *, p < 0.05,
** p<0.01;*** p<0.001,n.s., notsignificant. Data arerepresented as
mean+S.E.M.
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Extended DataFig. 5| Mammary ductablation potentiates the beiging of
mgWAT. a) Wholetissueimages and H&E sections of mgWATs of WT and
Esr1KO cold exposed mice. Blue asterisks represent same samples at different
magnifications. Scale barat100 pm. b and ¢) Cartoon showingintraductal
injectioninto the 4™ and 5" nipples of female mice (b) with adjacent cartoon

showinginjection of Evan’s blue or GFP expressing virus for confirmation ductal-

specificinjection (c). Scalebar at 100 pmd) Intraductal injection of Krt8-Dtr
mice with contralateralinjection of DTA or PBS and immunohistochemistry
with DAPlor UCP1. White arrows indicated UCP1signalsin the stromaand
yellow arrows indicated UCP1signalin ducts. Scale bar at 50 pm e) H&E

staining of mgWAT from mice intraductally injected with PBS, 70% EtOH, or
0.5% Trypsin. Yellow arrows indicate ablated ducts. Red asterixis indicate
images used in Main Fig. 3j. Representative section from 7 mice. Scale bar at
50 um. f) Immunofluorescence microscopy for UCP1or DAPlin mice
intraductally injected with PBS or EtOH. Dotted yellow outlines are ductal
epithelium. Scalebarat100 pm. g) Real-time qPCR analysis of indicated genes
from mgWATs of mice intraductally injected with PBS or Trypsin.N =9,9. Data
arerepresented asmean +S.E.M. Cartoonmodelsinb,d,g created using
BioRender.
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Extended DataFig.6|LCN2isacold-induced mammokineinvolvedin
blocking cold-induced adipocyte UCP1expression.aandb) RNAScope

FISH of indicated probes from mgWAT of RT or 24 h cold exposed (Cold) mice.
Yellow asterisk indicate image used in Main Fig. 1f for Enho RNAScope. Scale
barat 50 pm. c¢) Real-time qPCR of indicated genes from mgWAT beige
differentiated SVFs treated with 0-100 pm recombinant Adropin (Top) or
0-80 ng/mlrecombinant LRG1(Bottom) for 24 h. d) Real-time qPCR of indicated
genes from mgWATs derived from 24 h cold-exposed WT or LRG1KO mice.
N=7,8.e)Gene correlation plots of Ucpl and Lcn2 expressionin WATs from
male and female mice from the HMDP studies. f) Real-time qPCR of indicated
genes from 24 h cold-exposed male and female iWATs. N = 6,6. g) tSNE plots of
celltype clustersand normalized gene expression levels for Lcn2across
scRNA-seq datasets of female mgWAT SVFs and male iWAT SVFs. h) Real-time
qPCRof Lcn2in mgWAT EPCAM+and EPCAM- cells from RT or 24 h cold-exposed
mice. Inset shows violin plot of Lcn2from scRNA-seq data. i) RNAscope FISH
ofindicated probes from mgWAT of 24 h cold exposed or Iso treated mice.
Yellow asterisks indicateimages used in Main Fig. 4b. Scale bar at 50 pm.

Jj) Immunofluorescence microscopy for LCN2 or DAPlin mice exposed to24 h
cold or RT. Yellow outlines indicated ductal epithelium. Scale bar at 50 um.

k) Thetopfive transcription factor regulons for luminal cell types at RT and
COLDidentified using SCENIC program.I) Subnetworks of transcription factor
regulons of interest for Bhlhe41in hormone sensing luminal cells (Up) and EIf5
inluminalalveolar cells (Down) derived using SCENIC. Transcription factors
indicatedindiamondsin the center and genesinthe reguloninthe surrounding
circles. Genesinred werederived from the RT data, genesin blue were derived
fromthe COLD data, and genes with both were presentin the regulonsinboth
conditions. Red arrow shows cold-induced mammokine Lcn2. mand n) Body
weights (n) and scWAT weights (m) of 24 h cold exposed WT and Lcn2 KO male
and female mice. N = 6,6 0) Real-time qPCR of indicated genesin organoids
derived from K8rtTA-DTA mice treated with and without ISO and Doxycycline
(Dox). Results from 3 organoid experiments. p-t) Confocal images of
immunostaining of indicated antibodiesin organoids derived from K8rtTA-
DTA micetreated withand without Iso and Dox. Scale bar at 10 um.
Representative images from 3 organoid experiments. Each point represents
threeindependent experiments (c, h, 0). Unpaired two-tailed Student’s t test

*, p<0.05* p<0.01;** p<0.00L*** p<0.0001.Dataarerepresented as
mean+S.E.M.
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Extended DataFig.7|LCN2isamammokineinvolvedinblockingcold-
induced adipocyte UCP1expression. a) Real-time qPCR of indicated genes
from mgWAT of AAV-GFP or AAV-LCN2 treated Lcn2KO mice. N=4,4.b) Gross
appearance and H&E section of mgWAT from RT and cold-exposed LCN2KO
mice (Top) and WT or LCN2KO mice exposed to 24 h cold (Bottom). Scale bar at
100 pm. ¢) Real-time qPCR of indicated genes from 24 h cold exposed females
(Top) and males (bottom) WT and LCN2KO scWATs. N = 6,6.d) Intraductal
injection of Ad-GFP or Ad-LCN2 contralaterally in the 4™ and 5™ nipple and
immunofluorescence microscopy of GFP or LCN2 from Ad-GFP or Ad-LCN2

injected mice withindicated viral concentrations and barplot showing intensity
of GFP or LCN2 from microscopy. Scalebar at100 pm. Yellow asterisks indicate
images alsousedin MainFig.4g. Representative image of twoindependent
injections. For bar plots, quantification of intensity was calculated as amean
from multiple ducts from 1image except for 2X10'° PFU for Ad-GFP (N =3)

and 2X10° for Ad-LCN2. (N = 2). Unpaired two-tailed Student’s ttest*, p < 0.05;
** p<0.01;*** p<0.001.Dataarerepresented as mean + S.E.M. Cartoon model
inD created using BioRender.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Illumina Hiseq4000, Zeiss Confocal Microscope LSM880, BD FACS Canto Il, Lavision Biotec Ultramicroscpe Il, Zeiss Lightsheet Microscope 710,
Zeiss Axiolmager Z2M, ThermoFisher QuantStudio5, Agilent Seahorse XFe96 Extracellular Flux Analyzer, Sable Promethion Metabolic
Chambers, EchoMRI machine.

Data analysis Microsoft Excel, GraphPad Prism V8.4.3, R Studio 3.3.0, 10X Genomics’ Cell Ranger v3.0.2 software suite, Seurat v3.1.5, pySCENIC, GRNBoost2,
AUCell, FCS Express Software for FACS, Imaris versions 9.6.0-9.7.2, Seahorse XF Cell Mito Stress Test Report Generator, CalR, STAR, HISAT2,
Bioconductor R package.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Source data for all figures are provided with the paper. The scRNA-seq dataset (Fig.1) generated for this paper is uploaded to accession number GSE231394. Bulk
RNA-sequencing dataset (Fig.4) generated for this paper is uploaded to accession number GSE121098 (GSM7287577-GSM7287584).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size based on our previous experience (>10 years) in the field and past publications (PMID: 29249357, PMID: 31644425, PMID:
31767179).
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Data exclusions  No data were excluded from the analyses.

Replication Cell based assays were from at least three independent experiments, microscopy and animal experiments were replicated at least twice, and
iDISCO data was derived from six replicates.

Randomization  Typically, we did not use randomization in our allocation process since the experimental groups were primarily separated based on genotype
or sex.

Blinding Cell-based assays were not blinded since the investigators who analyzed the data also allocated experimental groups and replicates. For
animal experiments, mice were separated based on genotype or sex, so the investigators were not blinded. For iDISCO, the investigator
processing the 3D data was initially blinded to RT vs. cold conditions. For microscopy data (histology, immunofluorescence, and RNAScope),
the same investigators performed the experiments and analyzed the data, so blinding was not performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used For FACS: BioLegend; EPCAM-FITC (clone G8.8, #118207, 1:250), Sca-1-APC (Ly6, clone E13-161.7, #122512, 1:500), CD49f-APC (clone
GoH3, #313616, 1:250)

For organoid immunoflurorescence: rat anti-K8 (1:1,000, Troma-I, Developmental Studies Hybridoma Bank, University of lowa),
rabbit anti-EPCAM (1:1,000, ab71916, Abcam), goat anti-Lcn2 (1:50, AF1857, R&D). The following secondary antibodies, diluted
1:400, were used: anti-goat (A11055) conjugated to Alexa Fluor 488 (Invitrogen), anti-rat (712-295-155) rhodamine Red-X and anti-
rabbit (711-605-152) Cy5 (Jackson ImmunoResearch)

For immunofluorescence microscopy of mgWAT sections: GFP (primary antibody: Rabbit anti-GFP, Invitrogen, CAT: A-11122, dilution
1:200; secondary antibody: Goat anti-Rabbit Alexa Fluor 488, Invitrogen, CAT: A-11008, dilution 1:200), UCP1 (primary antibody:
Rabbit anti-UCP1, Abcam, CAT: ab10983, dilution 1:200; secondary antibody: Goat anti-Rabbit Alexa Fluor 488, Invitrogen, CAT:
A-11008, dilution 1:200), or LCN2 (primary antibody: Goat anti-LCN2, R&D Systems, CAT: AF1857, dilution 1:150; secondary antibody:
Donkey anti-Goat Alexa Fluor 568, Invitrogen, CAT: A-11057, dilution 1:200). All slides were and cover slipped with Vectasheild
Antifade Mounting Medium containing DAPI.

For iDISCO: EPCAM (Primary antibody: Rat anti-Epcam, ThermoFisher/eBIOSCIENCE, Cat: 14-5791-85; Clone#G8.8, 1:250; Donkey
anti-Rat 1gG (H+L) Cross-Adsorbed Secondary Antibody, DyLight™ 550, Invitrogen, CAT#: SA5-10027, CLONE# Polyclonal

Dilution: 1:500) and TH (Anti-Tyrosine Hydroxylase, Millipore-Sigma, CAT#: AB152, CLONE# Polyclonal, Dilution: 1:1000; Secondary
antibodies-Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit 1gG (H+L), Jackson Immunoresearch, CAT#: 711-605-152, CLONE#:




Polyclonal, Dilution: 1:500)

Validation EPCAM-FITC (https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd326-ep-cam-antibody-4971?GrouplD=BLG5748)
Sca-1-APC (https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6a-e-sca-1-antibody-3897)
CD49f-APC (https://www.biolegend.com/en-us/products/apc-anti-human-mouse-cd49f-antibody-5617)
Krt8 (Troma-I, Developmental Studies Hybridoma Bank, University of lowa)
EPCAM (https://www.abcam.com/products/primary-antibodies/epcam-antibody-ab71916.html)
Len2 (https://www.rndsystems.com/products/mouse-lipocalin-2-ngal-antibody_af1857)
GFP (https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/A-11122)
UCP1 (https://www.abcam.com/products/primary-antibodies/ucpl-antibody-ab10983.html)
TH (https://www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody, MM_NF-AB152)

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 10T1/2 and NMuMG (ATCC), 293A (Lab of Dr. Andrew Stewart, Mount Sinai), primary SVF (Rajbhandari Lab), and APC
(Rajbhandari Lab) isolated using published strategy (PMID: 29249357)

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

Authentication The commercial cell lines underwent authentication through STR (Short Tandem Repeat) profiling, which was carried out by
commercial vendors. On the other hand, the Rajbhandari Lab cell line was authenticated using morphology and the NGS data
published by the lab in the past (PMID 29249357).

Mycoplasma contamination The cell lines were not routinely tested for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6 WT male and female mice (#000664), female ESR1 KO (#004744), male and female Lcn2 KO (#24630) were acquired from
The Jackson Laboratory and maintained in a pathogen-free barrier-protected environment (12:12 h light/dark cycle, 40-60%humidity,
22°C-24°C) at the Mount Sinai animal facilities. The female Krt8-Dtr was from the lab of Dr. Cédric Blanpain and female Krt8rtTA-
TetO-Dta mouse model was described previously (PMID: 32848220). Female LRG1 WT and LRG1 KO mouse model were gift from Dr.
Paul Cohen (The Rockefeller University) (PMID: 36346018). All mice used in this study were 8-12-week-old.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Mouse studies were approved by the Mount Sinai Institutional Animal Care and Use Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mammary gland white adipose tissue (mgWAT) from RT or cold exposed mice (Jackson Laboratory, #000664) was dissected,
cut, minced, and digested with collagenase D (5 mg/mL, #11088882001, Roche, Germany) and dispase (2 mg/mL,
#17105041, Gibco, Grand Island, NY) over 40 min at 37°C with gentle shaking at 100 RPM. Enzymatic digestion was stopped
with DMEM/15% FBS and the cell suspension was filtered through a 100 um nylon mesh cell strainer and centrifuged for 10
minutes at 700 x g. SVF pellet was resuspended in 1 mL Red Blood Cell lysis buffer (#41027700, Roche, Germany) and
incubated for 5 minutes at room temperature. Cell suspension was diluted in 4 mL DPBS and filtered through a 40 um nylon
mesh cell strainer and centrifuged for 10 minutes at 700 x g. Single cell suspension was blocked for 10 minutes on ice in 500
uL DPBS/5% BSA (blocking buffer), centrifuged for 10 min at 700 x g, resuspended in 200 pL of DBPS/0.5% BSA (FACS buffer)
solution containing the desired antibody mix, and incubated for 1 hour at 4°C in the dark with gentle rotation. Antibody-
stained samples were washed with 800 plL FACS buffer, centrifuged 10 minutes at 700 x g, and resuspended in FACS buffer
containing DAPI (at 1 ug/mL).




Instrument Flow cytometry analysis was performed on a BD FACS Canto Il (BD Biosciences, San Jose, CA)
Software Results were analyzed on FCS Express software (DeNovo Software, Pasadena, CA).

Cell population abundance RT : Stromal cells (1.76%); Basal Cells (74.29%); Luminal Cells (22.798%)
Cold: Stromal cells (7.87%); Basal Cells (36.63%); Luminal Cells (22.798%)

Gating strategy MACS microbeads (Miltenyi Biotec, Auburn, CA) were used for immuno-magnetic labeling positive selection of EPCAM-
expressing cells (anti-CD326, #130105958). Flowthrough from RT (23.64%) and Cold (27.23%) and Bead Elution from RT
(18.06%) and Cold (21.22%) were gated at FSC-A (64.9-262.1X1000) and SSC-A (20-1262.1 X1000). Singlets from FSC-W and
FSC-A were gated within 64.9-196.4 X1000. EPCAM-ve flowthrough singlets were 84.05% (RT) and 78.83% (Cold) and EPCAM
+ve bead elutions were 83.78% (RT) and 79.04 % (Cold). Live cells from singlets were gated within the range of 65.5-196.9
X1000 and 1072-1074 Violet-A. Gated live cells were 79.60% (Flowthrough RT), 74.16% (Flowthrough Cold), 73.83% (Bead
Elution RT), and 79.19% (Bead Elution Cold). Live cells were then gated for EPCAM and CD49F high, low, positive, and
negative population.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

>
Q
5
(e
c
()
©
O
=
S
e
-
D
©
O
=
>
(@)
wm
(e
3
3
Q
S=




	Mammary duct luminal epithelium controls adipocyte thermogenic programme

	Online content

	Fig. 1 Deconstruction of mgWAT shows cold-induced remodelling of mammary duct epithelium.
	Fig. 2 SNS fibres directly innervate mammary ductal epithelium.
	Fig. 3 Mammary ductal cells directly inhibit adipocyte thermogenesis.
	Fig. 4 LCN2 preserves mgWAT adiposity.
	Extended Data Fig. 1 Cold-associated increase in cell percentages of luminal epithelium subtypes.
	Extended Data Fig. 2 SNS fibers directly innervate ductal epithelial cells.
	Extended Data Fig. 3 Mammary gland ductal epithelium inhibits cold-induced adipocyte thermogenesis.
	Extended Data Fig. 4 Maintenance of adiposity in female mice under cold exposure.
	Extended Data Fig. 5 Mammary duct ablation potentiates the beiging of mgWAT.
	Extended Data Fig. 6 LCN2 is a cold-induced mammokine involved in blocking cold-induced adipocyte UCP1 expression.
	Extended Data Fig. 7 LCN2 is a mammokine involved in blocking cold-induced adipocyte UCP1 expression.




