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controlled through the hormone-

activated JAK/STAT5 signaling pathway.

Their findings suggest the possibility of

vertical transmission of SARS-CoV-2

through breast milk and non-pulmonary

tissue damage.
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SUMMARY
ACE2 binds the coronavirus SARS-CoV-2 and facilitates its cellular entry. Interferons activate ACE2
expression in pneumocytes, suggesting a critical role of cytokines in SARS-CoV-2 target cells. Viral
RNA was detected in breast milk in at least seven studies, raising the possibility that ACE2 is expressed
in mammary tissue during lactation. Here, we show that Ace2 expression in mouse mammary tissue is
induced during pregnancy and lactation, which coincides with the activation of intronic enhancers. These
enhancers are occupied by the prolactin-activated transcription factor STAT5 and additional regulatory
factors, including RNA polymerase II. Deletion of Stat5a results in decommissioning of the enhancers
and an 83% reduction of Ace2 mRNA. We also demonstrate that Ace2 expression increases during lacta-
tion in lung, but not in kidney and intestine. JAK/STAT components are present in a range of SARS-CoV-2
target cells, opening the possibility that cytokines contribute to the viral load and extrapulmonary path-
ophysiology.
INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2), the receptor for

SARS-associated coronavirus (SARS-CoV) (Imai et al., 2005)

and SARS-CoV-2 (Hoffmann et al., 2020), has been detected in

a range of target cells, including absorptive enterocytes (Lamers

et al., 2020), colon organoids (Stanifer et al., 2020), small intes-

tine and colonocytes (Lee et al., 2020), secretory goblet cells

(Zhao et al., 2020), the olfactory system (Brann et al., 2020)

and several epithelial cell types (Brann et al., 2020; Lukassen

et al., 2020; Qi et al., 2020). Although SARS-CoV-2 infection of

lung epithelium is a critical driver of disease, extrapulmonary

manifestations of coronavirus disease 2019 (COVID-19) infection

(Gupta et al., 2020) have been associated with direct viral dam-

age of tissues that carry the ACE2 receptor, such as intestinal en-

terocytes and renal tissue (Monteil et al., 2020). Deciphering the

regulation of the ACE2 gene in SARS-CoV-2 target cells is a step

forward in linking ACE2 levels with viral damage and COVID-19

pathology. This is relevant not only in the context of cytokine

storms but also in patients with different physiological condi-

tions, such as pregnancy and lactation.

Although a body of work has focused on the pathology of

COVID-19 during pregnancy (Khalil et al., 2020), the extent to

which hormones control ACE2 expression during pregnancy

and lactation, and possibly the susceptibility of cells to SARS-

CoV-2 infection, has not been investigated. One hallmark of

pregnancy is the development of functional mammary tissue
This is an open access article under the CC BY-N
that produces large quantities of milk during lactation. Both

mammary development and milk production are governed by

the cytokine prolactin and the downstream Janus kinase (JAK)/

signal transducer and activator of transcription (STAT) signaling

pathway (Liu et al., 1997). STAT5 is activated by prolactin and is

essential for both mammary development and milk production.

Its role in the activation of transcriptional enhancers during preg-

nancy is well established (Lee et al., 2018; Yamaji et al., 2013).

SARS-CoV-2 RNA has been detected in breast milk of infected

individuals (Bastug et al., 2020; Buonsenso et al., 2020; Costa

et al., 2020; Groß et al., 2020; Kirtsman et al., 2020; Tam et al.,

2020;Wu et al., 2020), suggesting the possibility of vertical trans-

mission. However, the presence of ACE2 inmammary tissue and

its regulation during pregnancy has not been investigated.

Because interferons (IFNs) can activate ACE2 expression in

pneumocytes (Ziegler et al., 2020), the question arose whether

other cytokines can regulate ACE2 in mammary cells through

the JAK/STAT pathway. In addition, the widespread expression

of JAK/STAT components and associated receptors, their over-

lapping activities, and potential redundancy might affect ACE2

expression in a range of epithelial cell types. Based on the pres-

ence of SARS-CoV-2 RNA in milk, we investigated the presence

and regulation ofAce2 inmammary tissue throughout pregnancy

and lactation in mice. Specifically, we asked whether the hor-

monal milieu results in the activation of enhancer structures

that induce Ace2 expression and the genetic role of the tran-

scription factor STAT5 during pregnancy and lactation.
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Figure 2. Occupation of a Candidate Ace2 Enhancer during Lactation

(A and B) ChIP-seq data for STAT5, STAT3, GR, NFIB, MED1, and histone markers H3K27ac and H3K4me3 provided structural information about the locus

including the Ace2 gene in L10 mammary tissue. Solid arrows indicate the orientation of genes. Black bars indicate GAS motifs (STAT binding sites). Orange

shades indicate candidate regulatory elements.
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RESULTS

Ace2 Expression in Mammary Tissue during Pregnancy
Expressionof theACE2gene in type IIpneumocytes is activatedby

IFNs (Ziegler et al., 2020), opening the possibility that the cytokine

storm in COVID-19 patients, and peptide hormones in general,

might lead to increased levels of ACE2 in a range of putative

SARS-CoV-2 target tissues.This in turncould result inelevatedviral

loadand subsequent tissuedamage.To explore thepossibility that
Figure 1. Ace2 Activation in Mammary Tissue during Lactation

(A) Ace2 and Stat5mRNA levels in mammary tissue from non-parous and L10 wil

Cish gene served as a control. Results are shown as the means ± SEM of indepe

significance of differences between virgin and lactation mice. ns, not significant. (

pregnancy and lactation were measured by RNA-seq. Day 6 of pregnancy (p6),

ANOVA followed by Tukey’s multiple comparisons test was used to evaluate the s

0.05, **p < 0.001, ****p < 0.00001.

(C) ACE2 protein level was analyzed by western blot in mammary tissues of virg
Ace2 gene expression is regulated by cytokines through the family

of STAT transcription factors, we initially mined scRNA-seq data

(Ziegler et al., 2020). The abundant presence of interferon receptor

(IFNAR) and its downstreammediators JAK1, JAK2, and TYK2, as

well as STAT1, STAT3, and STAT5 supports a pivotal contribution

of the JAK/STAT pathway in the activation ofACE2by IFN-a/b and

IFN-g. STAT1 levelsare increasedsharply incells treatedwith IFNs,

supporting the notion that an autoregulatory loop (Yuasa and Hiji-

kata, 2016) is needed to activate IFN target genes.
d-type mice were measured by qRT-PCR and normalized to Gapdh levels. The

ndent biological replicates (n = 3). ANOVA was used to evaluate the statistical

B and D) mRNA levels of genes in mouse mammary tissue at different stages of

day 13 of pregnancy (p13), day 18 of pregnancy (p18), L1, and L10. Two-way

tatistical significance of differences in p6 and other developmental stages. *p <

in mice, as well as pregnant and lactating mice.
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The presence of a range of cytokine receptors and JAK/STAT

components suggests that ACE2might be activated by a selec-

tion of cytokines including prolactin, which controls mammary

development and other physiological parameters during preg-

nancy and lactation. In a first step, we determined whether

Ace2 expression in lung, kidney, and intestine, well-established

SARS-CoV-2 target tissues, is regulated during pregnancy and

lactation in female mice (Figure 1A). Although Ace2 levels in kid-

ney and intestine were equivalent between non-parous and day

10 of lactation (L10) mice, a 2-fold increase was observed in lung

tissue, which harbors the prolactin receptor and all necessary

downstream signaling components. Following up on reports of

SARS-CoV-2 RNA inmilk, we exploredAce2 expression inmam-

mary tissue. Ace2 mRNA was present in mammary tissue, and

an approximately 13-fold increase was observed during lacta-

tion (Figure 1A). Gene expression in mammary tissue during

pregnancy and lactation is activated by prolactin through

STAT5 (Liu et al., 1997), and increased expression of Stat5a dur-

ing lactation is the result of an autoregulatory enhancer (Metser

et al., 2016). Next, we mined RNA sequencing (RNA-seq) data

from our lab and demonstrated increased Ace2 expression

throughout pregnancy and lactation (Figure 1B) with a pattern

similar to that of other prolactin-regulation genes (Lee et al.,

2018; Yamaji et al., 2013). In concordance, ACE2 protein levels

increased during pregnancy and lactation (Figure 1C). In

contrast, expression of the ACE2-associated serine protease

Tmprss2 and the novel putative SARS-CoV-2 receptor neuropi-

lin-1 (Nrp1) was not further induced, suggesting that they are not

under overt control of the JAK/STAT pathway. Surfactant protein

D (SFTPD) is a secreted protein expressed in both lung tissue

and mammary tissue, and its gene is induced during pregnancy

and lactation (Figure 1B). Expression of Stat5a, a key driver of

prolactin signaling in mammary tissue, increases during preg-

nancy and lactation (Figure 1D).
Activation of STAT5 Enhancers
The Ace2 expression pattern during pregnancy and lactation

mirrored that of mammary-specific prolactin-regulated genes,

suggesting a key role of STAT5 in its regulation. To explore this

further, we dug deeper and analyzed chromatin immunoprecip-

itation sequencing (ChIP-seq) profiles aimed at identifying mam-

mary regulatory elements at L10 (Figure 2). ChIP-seq for histone

H3 lysine 4 monomethylation (H3K4me1) and histone H3 lysine

27 acetylation (H3K27ac) suggested the presence of several en-

hancers in the extended locus (Figure 2A), with two putative in-

tronic enhancers in the Ace2 gene (Figure 2B). STAT5 binding

coincided with two GAS motifs, which constitute bona fide

STAT binding sites. STAT5 binding was at sequences void of

H3K27ac marks, suggesting direct transcription factor binding

to histone-free areas. In addition to STAT5, co-occupancy of

several other transcription factors, including the glucocorticoid

receptor (GR), nuclear factor 1 B (NFIB) and mediator complex

subunit 1 (MED1), was observed (Figure 2B). Because of the
Figure 3. Assembly of the Ace2 Enhancer during Pregnancy and Lacta

(A and B) ChIP-seq data for transcription factors and histone markers provided en

after L10. Solid arrows indicate the orientation of genes. Orange and blue shade
absence of bona fide binding motifs for these factors, we pro-

pose that they bind by contacting STAT5, rather than binding

independently to DNA. RNA polymerase II (RNA Pol II) occu-

pancy supports the validity of this regulatory region. No STAT3

occupancy was observed, suggesting a predominance of

STAT5.

To directly link the activation of the intronic enhancer to

increased Ace2 expression, we analyzed ChIP-seq datasets

throughout pregnancy, lactation, and involution (Figure 3).

Although signs of enhancers were detected at day 6 of preg-

nancy (p6), complete occupation with transcription factors and

activation occurred only at L10 (Figure 3A). Upon cessation of

lactation, the enhancers were decommissioned within 24 h of

involution (I24), similar to what was observed with other preg-

nancy-regulated genes (Willi et al., 2016). Notably, coinciding

with the loss of STAT5 occupancy at the enhancers, limited

STAT3 binding was observed, similar to that of other mammary

genes (Willi et al., 2016). The Stat1 enhancer served as a control

(Figure 3B).
Ace2 Is under Direct STAT5 Control
Although the ChIP-seq experiments strongly suggest that Ace2

expression is under the control of STAT5, experimental genetics

is required to proof a direct relationship. To directly address the

contribution of STAT5, we analyzed mammary tissue from two

lines of Stat5 mutant mice (Yamaji et al., 2013). One line lacked

the twoStat5a alleles (Stat5a�/�;Stat5b+/+), and the other lacked

both Stat5 genes. In lactating mammary tissues, STAT5a ac-

counts for at least 75% of total STAT5 (Yamaji et al., 2013). In

the absence of STAT5a, Ace2 expression at day 1 of lactation

(L1) was reduced by 83% (Figure 4A). A similar reduction was

observed in the absence of both Stat5 genes, suggesting an

insignificant contribution of STAT5b.

ChIP-seq experiments validated the absence of STAT5a bind-

ing in mice lacking both Stat5a alleles (Figure 4B). In addition,

STAT5b binding was impaired in these mutant mice, suggesting

that the presence of STAT5a is required for Stat5b binding or that

a specific threshold of STAT5 is needed. The Cish gene served

as a control for STAT5b binding in mutant mice (Figure 4B).
DISCUSSION

Our study directly demonstrates that theAce2 gene is expressed

inmammary tissue and activated during pregnancy and lactation

through intronic enhancers built on the transcription factor

STAT5. Our findings built a framework needed to assess and un-

derstand the contributions of a range of cytokines faced under

various physiological conditions in extrapulmonary manifesta-

tions of COVID-19 (Gupta et al., 2020). The hormonal milieu

associated with pregnancy and lactation is unique, and high

levels of prolactin, a cytokine that activates the pan-JAK/STAT

signaling pathway, control hundreds of target genes. Although

these target genes have been well characterized in mammary
tion

hancer structures of the Ace2 locus in mammary tissues at p6, L1, L10, and I24

s indicate regulatory elements. The Stat1 gene served as a ChIP-seq control.
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Figure 4. STAT5 Is Required for Ace2 Expression and Enhancer Activation in Mammary Epithelium

(A) Ace2mRNA levels in mouse mammary tissue from wild-type and Stat5mutant mice were measured by RNA-seq (Yamaji et al., 2013). One-way ANOVA was

used to evaluate the statistical significance of differences in WT and mutants. ***p < 0.0001.

(B) STAT5 enhancers were profiled using ChIP-seq data from wild-type and Stat5 mutant tissue.
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tissue (Yamaji et al., 2013), less is known about them in other cell

types. Because cytokine receptors and downstream JAK/STAT

components are present in a range of cell types, it can be pre-

dicted that pregnancy hormones significantly, and possibly

cell-preferentially, affect genetic programs. Our finding that

Ace2 expression was increased in lung tissue during lactation

is significant, because it might place women during pregnancy

and lactation at a higher risk. A retrospective study would be

warranted.

Although SARS-CoV-2 has been detected in breast milk in at

least seven studies and our research has demonstrated that its

receptor ACE2 is present in mammary tissue and highly induced

during lactation, the impact of these findings on COVID-19 re-

quires further investigation. Interrogating the mechanism of

Ace2 regulation observed in mammary tissue during pregnancy

through the use of cell lines will likely be futile, because cell lines

do not mimic the complexity of functional mammary tissue. The

use of primary tissue and organoids from pregnant women

cannot be pursued. Vertical transmission of SARS-CoV-2

through breast feeding (Lackey et al., 2020) would depend on

the infectivity of the virus in milk and upon passing through the

gastrointestinal tract. Because human colonic organoids and

gut enterocytes can be productively infected in vitro (Lamers

et al., 2020; Stanifer et al., 2020), the transmission of milk-borne

SARS-CoV-2 to the infant needs further examination. Clearly,

other viruses are vertically transmitted through milk (Reid et al.,

1984).

Based on a pneumocyte study (Ziegler et al., 2020) and our re-

sults, we predict that cytokines regulate ACE2 levels in a range of

SARS-CoV-2 target cells by drawing on JAKs and STAT tran-

scription factors. Although the impact on virus-induced non-pul-

monary pathology remains to be determined, the effectiveness

of JAK/STAT pathway inhibitors in mitigating ACE2 levels needs

to be evaluated. Interfering with individual STATs results in

compensational recruitment of other STAT members to cytokine

receptors (Cui et al., 2007), with all its transcriptional conse-

quences (Hennighausen and Robinson, 2008). In contrast, JAK

inhibitors could prove effective. They are used to suppress cyto-
6 Cell Reports 32, 108199, September 29, 2020
kine storms induced by the pan-JAK/STAT pathway, and inflam-

mation in COVID-19 patients treated with the JAK1/2 inhibitor

ruxolitinib is reduced (La Rosée et al., 2020). Similarly, baricitinib,

which inhibits the proinflammatory signal of several cytokines by

suppressing JAK1/JAK2, has a beneficial impact in COVID-19

patients (Cantini et al., 2020).

Future investigations aimed at understanding the mechanism

of ACE2 gene regulation in SARS-CoV-2 target tissues, such as

kidney and intestine, need to address the range of cytokines and

all components of the pan-JAK-STAT pathway. The presence of

JAK/STAT components and their respective receptors is likely

not sufficient to activate Ace2 expression, as shown in kidney

and intestine of this study, and additional cell-specific transcrip-

tion factors and receptors might be required. Candidates are

mammary-enriched transcription factors NFIB, ELF5, and GR.

Based on our study and previous data (Ziegler et al., 2020) it is

likely that IFNs and prolactin can activate Ace2 expression

through STAT1 and STAT5. By including steroid hormones and

males and females of different ages in future studies, insight

into the sex differences seen in COVID-19 morbidity and mortal-

ity (Galbadage et al., 2020) might emerge.
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Thorvaldsdóttir, H., Robinson, J.T., andMesirov, J.P. (2013). Integrative Geno-

mics Viewer (IGV): high-performance genomics data visualization and explora-

tion. Brief. Bioinform. 14, 178–192.

Wickham, H. (2009). Ggplot2: elegant graphics for data analysis (Springer).

Willi, M., Yoo, K.H., Wang, C., Trajanoski, Z., and Hennighausen, L. (2016). Dif-

ferential cytokine sensitivities of STAT5-dependent enhancers rely on Stat5

autoregulation. Nucleic Acids Res. 44, 10277–10291.

Wu, Y., Liu, C., Dong, L., Zhang, C., Chen, Y., Liu, J., Zhang, C., Duan, C.,

Zhang, H., Mol, B.W., et al. (2020). Coronavirus disease 2019 among pregnant

Chinesewomen: case series data on the safety of vaginal birth and breastfeed-

ing. BJOG 127, 1109–1115.

Yamaji, D., Kang, K., Robinson, G.W., andHennighausen, L. (2013). Sequential

activation of genetic programs in mouse mammary epithelium during preg-

nancy depends on STAT5A/B concentration. Nucleic Acids Res. 41, 1622–

1636.

Yuasa, K., and Hijikata, T. (2016). Distal regulatory element of the STAT1 gene

potentially mediates positive feedback control of STAT1 expression. Genes

Cells 21, 25–40.

Zhao, Y., Zhao, Z., Wang, Y., Zhou, Y., Ma, Y., and Zuo, W. (2020). Single-cell

RNA expression profiling of ACE2, the receptor of SARS-CoV-2. Am. J. Respir.

Crit. Care Med. 202, 756–759.

Ziegler, C.G.K., Allon, S.J., Nyquist, S.K., Mbano, I.M., Miao, V.N., Tzouanas,

C.N., Cao, Y., Yousif, A.S., Bals, J., Hauser, B.M., et al. (2020). SARS-CoV-2

Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial

Cells and Is Detected in Specific Cell Subsets across Tissues. Cell 181,

1016–1035.

http://refhub.elsevier.com/S2211-1247(20)31188-8/sref29
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref29
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref29
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref30
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref30
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref30
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref30
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref31
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref31
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref31
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref32
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref32
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref33
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref33
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref33
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref34
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref34
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref34
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref34
https://doi.org/10.1093/cid/ciaa673
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref36
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref36
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref36
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref37
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref38
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref38
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref38
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref39
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref39
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref39
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref39
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref40
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref40
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref40
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref40
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref41
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref41
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref41
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref42
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref42
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref42
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref43
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref43
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref43
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref43
http://refhub.elsevier.com/S2211-1247(20)31188-8/sref43


Report
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ACE2 Proteintech Cat# 21115-1-AP; RRID: AB_10732845

Rabbit monoclonal anti-GAPDH Cell signaling Cat# 5174; RRID: AB_10622025

Chemicals, Peptides, and Recombinant Proteins

SsoAdvanced Universal Probes Suplermix Bio-rad Cat# 172-5281

Critical Commercial Assays

PureLink RNA Mini Kit Invitrogen Cat# 12183018A

SuperScript III First-Strand Synthesis

SuperMix

Invitrogen Cat# 18080-400

Deposited Data

ChIP-seq and RNA-seq data NCBI GEO dataset GSE115370

ChIP-seq data NCBI GEO dataset GSE121438

ChIP-seq data and RNA-seq data NCBI GEO dataset GSE127139

ChIP-seq data NCBI GEO dataset GSE40930

ChIP-seq data NCBI GEO dataset GSE37646

RNA-seq data NCBI GEO dataset GSE148829

Mouse reference genome UCSC, mm10 UCSC Genome Browser http://hgdownload.soe.ucsc.edu/

downloads.html#mouse

Experimental Models: Organisms/Strains

C57BL/6 mice Charles River N/A

Oligonucleotides

mouse Ace2 probe (Mm01159006_m1) Thermo Fisher scientific Cat# 4351370

mouse Stat5a probe (Mm03053818_s1) Thermo Fisher scientific Cat# 4351370

mouse Stat5b probe (Mm00839889_m1) Thermo Fisher scientific Cat# 4351370

mouse Cish probe (Mm01230623_g1) Thermo Fisher scientific Cat# 4351370

mouse Gapdh probe Applied Biosystems Cat# 4352339E

Software and Algorithms

Trimmomatic (version 0.36) Bolger et al., 2014 http://www.usadellab.org/cms/?

page=trimmomatic

Bowtie (version 1.1.2) Langmead et al., 2009 http://bowtie-bio.sourceforge.net/manual.

shtml

Picard http://broadinstitute.github.io/picard/

Homer (version 4.8.2) Heinz et al., 2010 http://homer.ucsd.edu/homer/

Integrative Genomics Viewer Thorvaldsdóttir et al., 2013 http://software.broadinstitute.org/

software/igv/

STAR (2.5.4a) Dobin et al., 2013 https://anaconda.org/bioconda/star/files?

version=2.5.4a

HTSeq Anders et al., 2015 https://htseq.readthedocs.io/en/master/

R (3.6.3) https://www.R-project.org/

Bioconductor Huber et al., 2015 https://www.bioconductor.org/

DESeq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

RUVSeq Risso et al., 2014 https://bioconductor.org/packages/

release/bioc/html/RUVSeq.html
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dplyr https://cran.r-project.org/web/packages/

dplyr/index.html

ggplot2 Wickham, 2009 https://ggplot2.tidyverse.org/

PRISM GraphPad (8.2.0) https://www.graphpad.com/

scientific-software/prism/
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Lothar

Hennighausen (lotharh@nih.gov).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
RNA-seq data shown in Figures 1B and 1D andChIP-seq data shown in Figures 2, 3, and 4were generated in our lab and deposited in

the Gene Expression Omnibus (GEO). ChIP-seq and RNA-seq data of mouse lactating tissue were obtained from GEO: GSE115370,

GSE121438 and GSE127139. ChIP-seq and RNA-seq data from lactating tissue from Stat5 mutant mice were obtained from GEO:

GSE40930 and GSE37646. RNA-seq data of human bronchial cell line (BEAS-2B) and airway basal cells from human donors treated

with IFNa2, IFNg, IL4 or IL17A were obtained from GEO: GSE148829.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animals were housed and handled according to the Guide for the Care and Use of Laboratory Animals (8th edition) and all animal

experiments were approved by the Animal Care and Use Committee (ACUC) of National Institute of Diabetes and Digestive and Kid-

ney Diseases (NIDDK, MD) and performed under the NIDDK animal protocol K089-LGP-17. Two-month-old C57BL/6 female mice

(Charles River) were bred and the mammary gland tissue was harvested at days 6, 13 and 19 of pregnancy (p6, p13 and p18), at

day 1 and 10 (L1 and L10) after parturition, and after 24 hours of involution (I24). For the I24 time point, pups were separated from

lactating dams at day 10 of lactation and tissue was harvested after 24 hours.

METHOD DETAILS

Chromatin immunoprecipitation sequencing (ChIP-seq) analysis
Quality filtering and alignment of the raw reads was done using Trimmomatic (Bolger et al., 2014) (version 0.36) and Bowtie (Lang-

mead et al., 2009) (version 1.1.2), with the parameter ‘-m 1’ to keep only uniquely mapped reads, using the reference genomemm10.

Picard tools (Broad Institute. Picard, http://broadinstitute.github.io/picard/, 2016) was used to remove duplicates and subsequently,

Homer (Heinz et al., 2010) (version 4.8.2) software was applied to generate bedGraph files, seperately. Integrative Genomics Viewer

(Thorvaldsdóttir et al., 2013) (version 2.3.81) was used for visualization.

RNA-seq analysis
mRNA-seq read quality control was done using Trimmomatic (Bolger et al., 2014) (version 0.36) and STAR RNA-seq (Dobin et al.,

2013) (version STAR 2.5.4a) using 50bp paired-end mode was used to align the reads (mm10). HTSeq (Anders et al., 2015) was

to retrieve the raw counts and subsequently, R (https://www.R-project.org/), Bioconductor (Huber et al., 2015) and DESeq2 (Love

et al., 2014) were used. Additionally, the RUVSeq (Risso et al., 2014) package was applied to remove confounding factors. The

data were pre-filtered keeping only those genes, which have at least ten reads in total. Genes were categorized as significantly differ-

entially expressed with an adjusted p value (pAdj) below 0.05 and a fold change > 2 for upregulated genes and a fold change of < �2

for downregulated ones. The visualization was done using dplyr (https://cran.r-project.org/web/packages/dplyr/index.html) and

ggplot2 (Wickham, 2009).

Western blot
Proteins (100 mg) frommousemammary tissues were extractedwith lysis buffer (50mMTris-Cl pH 8.0, 150mMNaCl, 0.5%Na-DOC,

1% NP-40, 0.1% SDS, 5 mM EDTA, 1 mM PMSF, and protease inhibitor cocktail), separated on a 4%–12% NuPage gradient gel
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(Invitrogen) and transferred to a PVDF membrane (Invitrogen). Membranes were blocked for 1 h with 5% nonfat dry milk in PBS-T

buffer (PBS containing 0.1% Tween 20) and incubated for 1.5 hr at 4�C with the primary antibody against ACE2 (Proteintech,

21115-1-AP) and GAPDH (Cell signaling, #5174). After washing, membranes were incubated for 1 h with HRP-conjugated secondary

antibodies (Cell signaling). Labeled protein bands were detected using an enhanced chemiluminescence system (Thermo scientific)

and Amersham Imager 600 (GE healthcare). Band density was analyzed using this imager.

RNA isolation and quantitative real-time PCR (qRT–PCR)
Mammary tissues were harvested from non-parous and day 10 of lactating female mice and homogenized using an electronic ho-

mogenizer. RNA was extracted using the PureLink RNA Mini Kit (Invitrogen) according to the manufacturer’s instructions. cDNA

was synthesized from total RNA using Superscript II (Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed using Taq-

Man probes (Ace2, Mm01159006; Stat5a, Mm03053818; Stat5b, Mm00839889; Cish, Mm01230623, Thermo Fisher scientific;

mouse Gapdh, 4352339E, Applied Biosystems) on the CFX384 Real-Time PCR Detection System (Bio-Rad) according to the man-

ufacturer’s instructions. PCR conditions were 95�C for 30 s, 95�C for 15 s, and 60�C for 30 s for 40 cycles. All reactions were done in

triplicate and normalized to the housekeeping gene Gapdh. Relative differences in PCR results were calculated using the compar-

ative cycle threshold (CT) method.

QUANTIFICATION AND STATISTICAL ANALYSIS

For comparison of samples, data were presented as standard deviation in each group and were evaluated with a t test and ANOVA

multiple comparisons using PRISM GraphPad. Statistical significance was obtained by comparing the measures from wild-type or

control group, and each mutant group. A value of *p < 0.05, **p < 0.001, ***p < 0.0001, ****p < 0.00001 was considered statistically

significant.
Cell Reports 32, 108199, September 29, 2020 e3


