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Despite a wealth of knowledge about the significance of individual signal transducers and activators of transcription (STATs),
essential functions of their upstream Janus kinases (JAKs) during postnatal development are less well defined. Using a novel
mammary gland-specific JAK1 knockout model, we demonstrate here that this tyrosine kinase is essential for the activation of
STAT1, STAT3, and STAT6 in the mammary epithelium. The loss of JAK1 uncouples interleukin-6-class ligands from their
downstream effector, STAT3, which leads to the decreased expression of STAT3 target genes that are associated with the acute-
phase response, inflammation, and wound healing. Consequently, JAK1-deficient mice exhibit impaired apoptosis and a signifi-
cant delay in mammary gland remodeling. Using RNA sequencing, we identified several new JAK1 target genes that are upregu-
lated during involution. These include Bmf and Bim, which are known regulators of programmed cell death. Using a BMF/BIM-
double-knockout epithelial transplant model, we further validated that the synergistic action of these proapoptotic JAK1 targets
is obligatory for the remodeling of the mammary epithelium. The collective results of this study suggest that JAK1 has nonre-
dundant roles in the activation of particular STAT proteins and this tyrosine kinase is essential for coupling inflammatory cyto-

kine signals to the cell death machinery in the differentiated mammary epithelium.

he postnatal growth, functional differentiation, and postlacta-

tional remodeling of the epithelial compartment of the mam-
mary gland are controlled by hormones and locally synthesized
cytokines (1). While estrogen is primarily required for the elonga-
tion of mammary ducts after the onset of puberty (2, 3), proges-
terone and prolactin orchestrate the specification, proliferation,
and differentiation of secretory alveolar cells during pregnancy
(4-6). Following lactation and the weaning of the young, circulat-
ing levels of prolactin (PRL) decline and milk stasis induces the
local production of interleukin-6 (IL-6)-class cytokines, in partic-
ular, IL-6, leukemia inhibitory factor (LIF), and oncostatin M
(OSM). These IL-6-class cytokines trigger a cascade of intracellu-
lar events that orchestrate a process known as mammary gland
remodeling, which entails the death and selective removal of ter-
minally differentiated alveolar cells (7-9).

PRL and IL-6-class cytokines signal through their correspond-
ing receptors and utilize Janus kinases (JAKs) to activate down-
stream signal transducers and activators of transcription (STATs)
that subsequently alter the transcriptional profile, growth, and
homeostasis of mammary epithelial cells. Five of the seven STAT
proteins that are known in mammals (i.e., STAT1, STATS3,
STAT5a, STAT5b, and STAT6) have been found to be sequentially
activated at defined stages of mammary gland development (10,
11). The levels of phosphorylated STAT1 have been reported to be
elevated in nulliparous females, but this particular transcription
factor seems to be largely dispensable for normal mammogenesis
(12). A pregnancy-associated surge in circulating PRL results in a
significant increase in the activation of both STAT5 proteins (i.e.,
STAT5a and STATS5b) as well as their downstream transcriptional
targets, such as genes encoding milk proteins (13—16). Although
STAT5a is the predominant isoform expressed in the mammary
epithelium, both STATS5 proteins are required for alveolar devel-

June 2016 Volume 36 Number 11

Molecular and Cellular Biology

opment and lactogenesis (17, 18). A recent report highlighted the
importance of IL-4 and IL-13 in the activation of STAT6 in the
mammary epithelium (19). Unlike STAT5-knockout mice, how-
ever, females deficient in STAT®6 are able to lactate, and therefore,
this particular STAT protein seems to play a subordinate role in
alveologenesis during late pregnancy. The beginning of the post-
lactational remodeling period is characterized by a decrease in the
levels of active STATS5 and a significant increase in the phosphor-
ylation and nuclear accumulation of STAT3 (10). LIF is suggested
to serve as the initial upstream ligand that activates STAT3 during
the reversible phase of mammary gland involution. The subse-
quent, STAT3-mediated expression of OSM establishes an auto-
crine loop for a sustained activation of this signal transducer,
which initiates the death of terminally differentiated epithelial
cells and the remodeling of the mammary gland (9).

Despite a wealth of knowledge about the significance of indi-
vidual STATs, the biologically relevant functions of their up-
stream Janus kinases during the development of the mammary
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gland are less defined. Among the four known members of the JAK
family, higher levels of JAK3 and Tyk2 expression are mainly re-
stricted to hematopoietic cells. In contrast, the biological roles of
JAK1 and JAK2 are more pleiotropic due to their ubiquitous ex-
pression profile and their suggested coupling to multiple cytokine
receptors in specific target cells (reviewed by Kisseleva et al. [20]).
A deficiency in just one of these two JAKs results in embryonic or
neonatal lethality (21-23). Using mammary gland-specific gene
deletion models, we and others have demonstrated that JAK2 is
essential for alveologenesis and the prolactin-mediated activation
of STATS5 (24, 25). The conditional excision of the Jak2 gene from
the mammary epithelium at defined stages of development re-
vealed that this kinase is equally important for the specification
and proliferation of alveolar progenitors and the survival of ter-
minally differentiated epithelial cells (25). In contrast to JAK2, the
biological significance of JAK1 during postnatal organogenesis
and tissue homeostasis in adults has not been defined. Moreover,
the specific contribution of JAKI to the sequential activation of
individual STAT proteins during normal mammary gland devel-
opment is unknown.

In this work, we report for the first time the generation and
analysis of a JAK1 conditional knockout model. We show here
that JAK1 has a nonredundant role in the activation of STATI,
STAT3, and STAT6, and we demonstrate that this particular Janus
kinase is essential for coupling extracellular cytokine signals to the
cell death machinery in the functionally differentiated mammary
epithelium.

MATERIALS AND METHODS

Mouse models and genotyping protocols. For a comprehensive protocol
about the use of bacterial artificial chromosome recombineering to gen-
erate targeting vectors and conditional knockout mice by homologous
recombination, please refer to our recent publication (26). Technical de-
tails about the cloning of the JakI genomic locus, the construction of the
targeting construct, and the production of genetically engineered mice
with two JakI conditional knockout alleles (Jak /"% [Jak 1] or Jak1""1Kuw)
or the derived null alleles (JakI ™~ or Jak1"™% K"y will be described else-
where (K. Sakamoto et al., unpublished data). The presence of one or two
Jak1 wild-type or conditional knockout (i.e., floxed) alleles was deter-
mined by PCR of genomic tail DNA using a primer set specific for a
sequence spanning the 5" loxP site within the intronic sequence that pre-
cedes the second coding exon (forward primer 2411 [5'-GAG ACA GGA
TAC CTG GTG GCT TGG-3'] and reverse primer 2412 [5'-GTA GCA
GTC CTG GACATT GAG TCC-3']). The wild-type and floxed alleles are
approximately 250 and 350 bp, respectively. A less than 390-bp recom-
bined JakI-null allele was identified by PCR using the same forward
primer, primer 2411, described above in combination with a reverse
primer specific for a sequence downstream of the 3’ loxP site within the
intronic region that follows the second coding exon (reverse primer 2373
[5"-AGG TGC CAC TCC CAC TGT CCT TTC C-3']). The PCR protocols
for genotyping of mouse mammary tumor virus (MMTV)-Cre transgenic
(line A) and WAP-Cre transgenic mice [Tg(MMTV-cre)IMam and Tg-
(Wap-cre)11738Mam, respectively] as well as the CAG-LSL-green fluo-
rescent protein (GFP) Cre/loxP reporter strain can be found elsewhere
(27-29). The generation of conventional BMF- and BIM-knockout mice
as well as BMF/BIM-double-knockout mice was described earlier (30—
32). All animals used in this study were treated humanely and in accor-
dance with institutional guidelines and federal regulations. This study was
carried out in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Research Council
(33). The protocol was approved by the Institutional Animal Care and Use
Committee of the University of Nebraska Medical Center.
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Mammary gland transplantation. Athymic nude mice (NCr strain)
were used for the transplantation studies. The surgical procedures for
clearing the fat pad of 3-week-old female mice and the method of implant-
ing tissue fragments and cell suspensions have been described previously
(25). Viably frozen fragments of mammary epithelium from BMF/BIM-
double-knockout mice (32) of about 1 mm® were implanted into the
cleared fat pad of 3-week-old recipients. The recipients were kept as nul-
liparous virgins for 12 weeks to provide sufficient time for the trans-
planted epithelium to form a ductal tree. The transplant-carrying females
were then bred, and mammary glands were taken from the recipients
immediately after delivering the young (postpartum) or 3 to 5 days later
(involution). The mammary glands were prepared as whole mounts and
stained as described below.

Administration of LIF and OSM. Nulliparous JAK1-deficient mice
and their wild-type controls were injected intraperitoneally with LIF (500
U/g body weight) or OSM (12.5 ng/g body weight). The inguinal mam-
mary glands were collected 30 min later and processed for histology and
immunostaining of tyrosine-phosphorylated STAT3 (pY-STAT3).

Cell culture. Mouse embryonic fibroblasts (MEFs) were isolated from
12.5-day-old Jak1™™", Jak1*/~, and Jakl /" embryos as described previ-
ously (34). Cells were starved in serum-free Dulbecco modified Eagle
medium for 16 h and then treated with ovine growth hormone (GH; 20
nM), recombinant mouse IL-4 (50 ng/ml; BD Pharmingen), recombinant
mouse OSM (25 ng/ml; R&D Systems), or LIF (10° U/ml; Millipore) for
15 min at 37°C. Ovine GH was kindly provided by A. F. Parlow (National
Hormone and Peptide Program) under the sponsorship of the National
Hormone and Pituitary Program. Cells were harvested, frozen on dry ice,
and stored at —80°C before immunoblotting was performed.

IP and Western blot analysis. Detailed experimental procedures for
immunoprecipitation (IP) and Western blot analysis were described else-
where (35). The following antibodies were used for immunoblotting:
anti-B-actin (catalog number I-19), anti-JAK1 (catalog number sc-7228),
anti-STATS5 (catalog number sc-836), anti-STAT1 (catalog number sc-
592), and anti-STAT6 (catalog number sc-981) from Santa Cruz Biotech-
nology; anti-phospho-Tyr (catalog number 05-321), anti-STAT3 (catalog
number 9139S), anti-phospho-STAT3 (anti-pSTAT3; Tyr705) (catalog
number 9145S), and anti-pSTATS5 (Tyr694/699; catalog number 9351S)
from Cell Signaling, Inc.; anti-pSTAT1 (phosphorylated on S727; catalog
number ab109461), anti-pSTAT6 (catalog number ab54461), anti-BIM
(catalog number ab7888), and anti-c-FOS (catalog number ab7963) from
Abcam; anti-RUNXI1 (catalog number TA307515) and anti-pSTAT]1 (cat-
alog number TA309955) from Origene; anti-pSTATS5 (Tyr694/699; cata-
log number AX1) from Advantex BioReagents; WFDCS5 (catalog number
LS-C297015) from LifeSpan BioSciences, Inc.; and anti-a-tubulin (cata-
log number 1878-1) from Epitomics. The anti-BMF mouse monoclonal
antibody (clone 17C2) was from Enzo Life Sciences.

Preparation of mammary gland whole mounts and H&E staining
and immunostaining of histological sections. Whole mounts of the 4th
inguinal mammary glands were prepared and stained in carmine alum as
described previously (36). For histological examination, mammary tis-
sues were fixed in 10% buffered formalin (Fisher Scientific Company),
paraffin embedded, and sectioned. Slides were stained with hematoxylin
and eosin (H&E) or processed for immunostaining. Detailed protocols
for immunohistochemistry and immunofluorescent staining of histolog-
ical sections can be found elsewhere (36). The sources for the following
primary antibodies were listed above: anti-pSTAT3, anti-pSTATS5, anti-
RUNX]1, and anti-c-FOS. The anti-E-cadherin antibody was purchased
from BD Transduction Laboratories. Corresponding secondary antibod-
ies conjugated to Alexa Fluor dyes 488 and 594 (Invitrogen) were used for
the detection of the specific targets. Slides were counterstained briefly with
DAPI (4',6-diamidino-2-phenylindole) or hematoxylin to visualize the
nuclei. Alternatively, the staining of biotinylated secondary antibodies
was performed using Vectastain Elite ABC kits from Vector Laboratories.
Fluorescence and bright-field images of the histological sections on the
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slides were taken on an Axio Imager microscope (Carl Zeiss) equipped
with a Spot Flex camera (Diagnostic Instruments, Inc.).

Transcriptome sequencing (RNA-Seq) analysis. Total RNA was ex-
tracted from flash-frozen mammary gland tissues of seven conditional
knockout females (three day 7 lactating mice and four day 2 involuting
females) and six wild-type control mice (three day 7 lactating mice and
three day 2 involuting females) using an RNeasy minikit (Qiagen). A
SuperScript II kit from Invitrogen with oligo(dT) primers was used to
perform the first-strand synthesis according to the manufacturer’s proto-
col. Following quality control using a Bioanalyzer 2100 instrument, RNA
samples were processed using a TruSeq RNA sample kit and sequenced
using a HiSeq2000 sequencer (Illumina). The quality of the sequenced
reads was determined using the FastQC program (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/), and contaminated
adaptor portions were trimmed using the Cutadapt program (https:
//github.com/marcelm/cutadapt). The trimmed single-end reads were
mapped to the mouse reference genome mm9 using STAR aligner soft-
ware (37). Transcript abundance was estimated using the Tuxedo tools
(Cufflinks, Cuffmerge, Cuffquant, Cuffnorm, and Cuftdiff) as described
earlier (38). Differential transcript expression between JAK1-knockout
and control mice during the two developmental stages was determined by
estimation of the number of fragments per kilobase of transcript per mil-
lion mapped reads (FPKM). To identify candidate target genes that are
upregulated in a JAK1-dependent manner during involution, we focused
our main efforts on comparison of the gene expression profiles between
the tissues of the six lactating and involuting wild-type control mice and
comparison of the tissues of the seven involuting JAK1-knockout and
wild-type control mice. Genes showing more than 2-fold up- or down-
regulation between these samples were selected. A gene set enrichment
analysis (GSEA) was performed to identify groups of genes that are con-
trolled by JAK1 according to their cellular functions and pathways, and
the Broad Institute’s Integrative Genomics Viewer (IGV) was used to
visualize the expression of individual genes and their exons.

ChIP assay and quantitative real-time PCR. The chromatin immu-
noprecipitation (ChIP) assay was performed as described previously (39)
using antibodies directed against STAT5 and STAT3 (see above) or an
isotype-matched control IgG. Input and bound chromatin was detected
by quantitative PCR using primer sets surrounding STAT binding sites
(TTCN;GAA) in the murine Bmf and Bcl2l11 loci. The sequences of the
primer sets specific for STAT binding sites will be provided upon request.
The assay background was detected using PCR primers directed against a
nonpromoter site and was used for normalization, in addition to compar-
ison against a serial dilution of genomic DNA, as described previously
(39).

ChIP-Seq analysis. Snap-frozen mammary tissues were homoge-
nized, and cross-linking of proteins to DNA was done with 1% formalde-
hyde. Following the isolation of cell nuclei in Farnham lysis buffer {5 mM
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], pH 8.0, 85 mM KCl,
0.5% NP-40}, samples were sonicated, centrifuged, and resuspended in
1 X radioimmunoprecipitation assay buffer. For ChIP, 600 to 1,000 pg of
cell lysate was incubated overnight with Dynabead-antibody complexes.
We used only validated or ChIP-certified commercial antibodies against
STAT5a and STAT3 (catalog numbers sc-1081 and sc-482, respectively;
Santa Cruz). Following IP, reverse cross-linking, and purification of DNA,
indexed libraries were generated using a TruSeq ChIP sequencing (ChIP-
Seq) sample kit from Illumina. The libraries were sequenced using a
HiSeq2000 sequencer. The single-end reads were mapped to the mouse
reference genome mm9 using the Bowtie aligner. To visualize peaks
within promoters or intragenic regions that may control alternative tran-
scripts, we used the HOMER or Galaxy program to convert BAM files into
the BedGraph or bigWig format, and the files were viewed with the IGV
browser.

Statistical analysis. All graphic illustrations were prepared and statis-
tical analyses were performed with Prism (version 6) software (GraphPad
Software, Inc., La Jolla, CA). Data are expressed as the mean = standard
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deviation (SD) unless otherwise indicated and were compared using an
unpaired Student ¢ test. A P value of less than 0.05 was considered signif-
icant.

Nucleotide sequence accession number. The RNA-Seq data sets have
been deposited in NCBI's Gene Expression Omnibus (GEO) database and
are accessible through GEO series accession number GSE79452.

RESULTS

Expressionlevels of JAK1 correlate with the activation of STAT1
and STAT6 in the mammary glands of virgin and pregnant fe-
males as well as that of STAT3 during involution. Previous stud-
ies have investigated the biological significance of five of the seven
STAT proteins (STAT1, STAT3, STAT5a, STAT5b, and STAT6)
during mammary gland development. To correlate their activa-
tion with changes in the expression of JAK1, we performed an
inaugural analysis of the phosphorylation levels of these five STAT
proteins in mammary gland tissues of virgin, pregnant, and lac-
tating females as well as during the initial phase of mammary
gland involution (i.e., day 2 postweaning). STAT1 was predomi-
nantly tyrosine phosphorylated in virgin and pregnant females
(Fig. 1A). Its activation declined during lactation, and the expres-
sion and activation of STAT1 remained lower during the onset of
involution. The highest levels of STAT3 phosphorylation were
observed during pregnancy and involution, and active STAT5 was
predominantly present in the mammary glands of pregnant and
lactating mice. Active STAT6 was observed at all stages of mam-
mary gland development, but its expression declined somewhat
during the onset of involution. JAK1 levels were high in the glands
of virgin and pregnant females. The expression of this Janus kinase
was significantly lower during late pregnancy and lactation, but we
observed a swift increase in the expression of JAK1 at the onset of
involution. The collective results of this inaugural analysis con-
firm that STATSs are sequentially activated during mammary gland
development. However, all of these signal transducers were phos-
phorylated during midpregnancy. More importantly, higher lev-
els of JAK1 expression coincided with the activation of STAT1 and
STAT6 in the mammary glands of nulliparous and pregnant mice
and more prominently with the phosphorylation of STAT3 during
involution.

JAK1 is essential for the cytokine-induced activation of
STAT1, STAT3, and STAT6 but not STAT5 in embryonic fibro-
blasts and in the mammary gland epithelium. To study the bio-
logically significant functions of JAK1 during postnatal mammary
gland development, we performed gene targeting in embryonic
stem cells and generated a Cre/lox-based conditional knockout
mouse model. A description of the construction of the targeting
vector and the phenotypic consequences of the deletion of JAK1 in
the germ line will be described elsewhere (Sakamoto et al., unpub-
lished). The insertion of loxP sites flanking the second coding exon
of the Jakl gene and the presence of the neomycin selection
marker in intron 3 did not cause any phenotypic abnormalities
when the targeted allele was crossed into homozygous mice.
Jak """ mice were phenotypically indistinguishable from the wild-
type controls (Jakl ™). In an inaugural experiment, we induced a
Cre-mediated recombination of the Jakl floxed allele (Jak™) in
the germ line of mice to validate that the conditional deletion of
the second coding exon resulted in a true null allele. Similar to the
phenotype for mice with the conventional knockout (21), the
germ line from which the Jak1" allele was deleted (Jakl ™) causes
postnatal lethality when crossed into homozygosity. Newborn
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FIG 1 JAKI is essential for the activation of STAT1, STAT3, and STAT6 in embryonic fibroblasts and in mammary epithelial cells. (A) Immunoblot analysis to
assess the expression of JAK1 and tyrosine phosphorylation of STAT1, STAT3, STATS5, and STAT6 during mammary gland development (P numbers, day of
pregnancy; L7, lactation day 7; 12, involution day 2). The individual panels represent immunoblots of tissues from different mice. (B) Expression of JAK1 and
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Jak1™’~ pups were visibly smaller, exhibited signs of apnea, and
died within hours after birth (Sakamoto et al., unpublished).
Next, we derived mouse embryonic fibroblasts from homozygous
JAK1-knockout embryos at embryonic day 12.5 and their
heterozygous and wild-type littermate controls to assess the acti-
vation of STAT proteins. As expected, the deletion of the second
coding exon, which causes a frameshift of almost the entire coding
sequence, led to a complete absence of the JAK1 protein (Fig. 1B).
A deficiency in JAK1 did not result in a compensatory upregula-
tion of JAK2, but we observed a complete absence of STAT1 and
STATS3 tyrosine phosphorylation at steady state when cells were
grown in the presence of serum (Fig. 1B). Interestingly, STAT1
was still phosphorylated on serine 727, despite its lack of tyrosine
phosphorylation, supporting the previously postulated notion
that both phosphorylation events may occur independently of
each other (40). Similar to the findings for STAT1 and STATS3, the
loss of JAK1 also abolished the phosphorylation of STAT6 in re-
sponse to IL-4 signaling (Fig. 1C), but the growth hormone-in-
duced activation of STAT5 was not affected in JAK1-deficient fi-
broblasts.

To determine the importance of JAKI for the activation of
STATs in the mammary gland, we generated conditional knock-
out mice that carried the MMTV-Cre transgene in a Jak!I-floxed
homozygous background. STAT activation in the mammary
glands of MMTV-Cre Jak """ females and their littermate controls
lacking Cre recombinase was analyzed at about gestation day 14.5,
which represents a developmental window when all five STAT
proteins exhibit elevated levels of activation (Fig. 1A). JAK1 defi-
ciency did not seem to have any noticeable effect on the preg-
nancy-associated development of alveoli (Fig. 1D). The immu-
nohistochemical analysis revealed that a deficiency in JAK1 led
to a complete absence of tyrosine-phosphorylated STAT3 (pY-
STAT3) in the epithelial compartment. Active STAT3 was pre-
dominantly localized in the ductal epithelium and was signifi-
cantly less abundant in developing alveoli. In contrast to STAT3, a
stronger nuclear accumulation of pY-STATS5 was observed in al-
veolar cells, and the activation of STAT5 was not affected by the
lack of JAKI. To assess the activation of STAT1, STAT3, and
STATS, we freshly prepared mammary epithelial organoids and
treated them for 20 min with OSM or IL-4 (Fig. 1E). Similar to the
findings for the fibroblasts, the conditional deletion of JAK1 led to an
uncoupling of these ligand-receptor signaling complexes from their
downstream mediators, STAT1, STAT3, and STAT6. Given the sim-
ilarities between mammary epithelial cells and fibroblasts, it is evident
that essential functions of JAK1 for the activation of these three STAT
proteins in response to OSM and IL-4 signaling are not restricted to
one particular cell type or organ.

JAK1 deficiency causes impaired postlactational mammary
gland remodeling. To assess the essential biological functions of
JAK1 during mammogenesis, we next examined the morphology
of mammary gland tissues from JAK1 conditional knockout fe-
males and controls during a normal gestation cycle. The inclusion

JAKT and Mammary Gland Remodeling

of a GFP-based reporter transgene for Cre recombinase in the
conditional knockout model showed that the MMTV-Cre-medi-
ated deletion of the Jak! gene occurred throughout the mammary
ductal system of virgin females (Fig. 2A, top), suggesting that there
was no negative selection against JAK1-deficient epithelial cells
prior to pregnancy. The lack of JAK1 also did not have any dis-
cernible effect on ductal elongation or branching morphogenesis
(Fig. 2A, bottom). Although JAK1 deficiency disrupts the activa-
tion of STAT®6, females lacking JAK1 specifically in the mammary
epithelium did not exhibit any noticeable delay in alveologenesis
during pregnancy. MMTV-Cre Jak ™" females lactated normally
and were capable of supporting their litters until weaning. The
histological appearance of secretory alveoli during lactation in
JAK1-deficient females was indistinguishable from that of the se-
cretory alveoli in their controls lacking Cre recombinase (Fig. 2B,
left), and there was also no apparent difference in the mammary
gland architecture 24 h after weaning of the offspring (Fig. 2B,
middle). However, JAK1 conditional knockout females exhibited
a significant delay in postlactational mammary gland remodeling
starting at day 3 postweaning (Fig. 2B, right), and these pheno-
typic abnormalities were still evident after 5 days of involution
(Fig. 2C, left). The impairment of the involution process as a con-
sequence of the ablation of JAK1 in the mammary epithelium was
confirmed using a WAP-Cre-mediated, mammary gland-specific
knockout of JAK1, where this kinase is deleted specifically in alve-
olar cells during late pregnancy and lactation (Fig. 2C, right).

Deletion of JAK1 uncouples gpl30-mediated signaling
through IL-6-class cytokine receptor complexes from its down-
stream effector, STAT3. The initial analysis of the tyrosine phos-
phorylation of STATs during mammary gland development (Fig.
1A) showed that STAT5 and STAT3 exhibited the most dramatic
switch in their activities at the onset of involution. Using immu-
nostaining, we confirmed that the high levels of nuclear pSTAT5
that were present in the lactating glands of JAK1-knockout mice
and their wild-type controls declined significantly within 24 h
after weaning (Fig. 3A). Some postlactational glands of JAK1-de-
ficient females still contained cells with a very weak but still no-
ticeable staining of pSTATS5. In sharp contrast to the findings for
STATS, there was a significant reduction in the level of nuclear,
tyrosine-phosphorylated STAT3 in JAK1-deficient females com-
pared to the wild-type controls at day 1 of involution. This finding
and our previous observation that the expression of JAK1 was
swiftly upregulated following the weaning of the offspring (Fig.
1A) suggest that JAK1 plays a pivotal role in the activation of
STATS3 in the involuting mammary gland.

LIF and OSM are two IL-6-class inflammatory cytokines that
have been shown to control mammary gland remodeling through
activation of STAT3 (8, 9). These cytokines signal through specific
ligand-receptor complexes that share the glycoprotein 130
(gp130) signal transduction subunit, which is essential for STAT3
activation in the involuting gland (41). To assess the importance
of JAK1 as a mediator of signaling through gp130, we treated

JAK2 as well as steady-state activation of STAT1 and STAT3 in primary mouse embryonic fibroblasts (MEFs) from heterozygous and homozygous JAK1-
knockout embryos that were generated through germ line deletion of the floxed locus (Jak1™~ [+/—] and Jakl~’~ [—/—], respectively) as well as MEFs from
wild-type controls (Jakl™" [+/+]). (C) IP/Western blot analysis of STAT5 and STAT6 in GH- and IL-4-treated wild-type and JAK1-knockout MEFs. (D)
Immunohistochemical staining of active STAT5 and STAT3 on mammary tissue sections from a JAK1 conditional knockout mouse (MMTV-Cre Jak flox/1lox
[MCre Jak "] and a littermate wild-type control (Jak /% [Jak1""]) at day 14.5 of gestation. The slides were counterstained with hematoxylin. Bar, 50 wm.
(E) Immunoblot analysis of phosphorylated STAT1, STAT3, and STAT6 in explanted mammary epithelial organoids from mice with mammary gland-specific
JAK1 knockout and their wild-type controls with and without treatment with OSM and IL-4.
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A MMTV-Cre Jak1™* CAG-LSL-GFP MMTV-Cre Jak1"f CAG-LSL-GFP

FIG 2 The biologically significant role of JAK1 is restricted to postlactational mammary gland remodeling. (A) (Top) Fluorescence images of unfixed mammary
gland tissues to visualize expression of GFP in mammary ducts of a nulliparous JAK1 conditional knockout female (MMTV-Cre Jak " CAG-LSL-GFP) and
its littermate control expressing JAK1 (MMTV-Cre Jak1"** CAG-LSL-GFP). (Bottom) The same glands from the top panels following carmine alum staining.
Bar, 1 mm. (B) H&E-stained histological sections of mammary glands from females with mammary gland-specific JAK1 knockout and wild-type controls during
lactation as well as at 1 and 3 days of involution. Bars, 100 pm. (C) Whole mounts of mammary glands from females with MMTV-Cre- and WAP-Cre-mediated
mammary gland-specific JAK1 knockout and their JAK1-expressing controls at day 5 of involution. Bars, 2 mm. LN, lymph node.
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FIG 3 JAKI1 is essential for the activation of STAT3 in response to OSM and LIF signaling in the mammary gland in vivo and cultured MEFs. (A) Immunobhis-
tochemical staining of active STAT5 and STAT3 on mammary tissue sections of JAK1 conditional knockout females (MMTV-Cre Jak 1) and wild-type controls
(Jak """} during lactation and the first day of involution. Bar, 50 wm. (B) Immunoblot analysis to assess the activation of STAT1 and STAT3 in heterozygous and
homozygous JAK1-knockout MEFs (JakI™~ and Jakl /", respectively) and wild-type controls (Jakl™*) with and without treatment with OSM and LIF. (C)
Staining of tyrosine-phosphorylated STAT3 on mammary tissue sections from nulliparous JAK1 conditional knockout mice and their controls with and without

administration of exogenous OSM and LIF. Bars, 50 pm.

JAK1-deficient embryonic fibroblasts and their controls with LIF
or OSM and examined the activation of STAT3 and STAT1. The
immunoblotting results shown in Fig. 3B provide clear evidence
that a deficiency in JAK1 uncouples IL-6-class cytokine signaling
from these STAT proteins. To validate these findings in the mam-
mary gland, we injected mice with both OSM and LIF and per-
formed an immunofluorescent staining of pSTAT3 (Fig. 3C).
While treatment with these IL-6-class ligands led to a swift nuclear
accumulation of pSTAT3 in the mammary epithelium as well as
surrounding stromal cells of control mice (Fig. 3C, left), active
STAT3 was not detected in epithelial cells of JAKI conditional
knockout females (Fig. 3C, right). Nuclear STAT?3 was still present
in stromal cells of ligand-treated MMTV-Cre Jak ™" females. The
staining of these cells served as an internal positive control, since
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the mammary gland stroma does not express the MMTV-Cre
transgene and is therefore wild type for JAKI. Collectively, the
results from the analysis of JAK1-deficient fibroblast and mam-
mary gland-specific knockout mice suggest that JAK1 is the major
tyrosine kinase that transduces signals through gp130-receptor
complexes downstream of IL-6-class cytokines.

Deletion of Jakl leads to deregulated expression of down-
stream target genes associated with the acute-phase response,
inflammation, wound healing, and programmed cell death. To
gain insight into the underlying mechanism(s) by which the loss of
JAK1 causes a delay in postlactational mammary gland remodel-
ing, we performed a comprehensive, genome-wide RNA-Seq
analysis of lactating and involuting mammary gland tissues of
JAK1-knockout females and their wild-type controls. Given the
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canonical function of JAK1 as an activator of STAT transcription
factors, we first focused on the identification of genes and path-
ways that were consistently upregulated during the cessation of
lactation in the wild-type controls. We then concentrated our ef-
forts on detecting a subset of genes that lack a normal increase in
their expression during involution in the absence of JAK1. A com-
parison of the gene expression profiles of tissues from three lac-
tating and three involuting wild-type mice revealed that 1,131
genes exhibited a 2-fold or higher upregulation during involution
and 1,378 genes were downregulated. As anticipated, many
known targets of PRL and JAK2/STATS5 signaling, such as EIf5,
Socs2, Cendl, Aktl, and major milk protein genes (i.e., Wap,
Csnlsl, and Csn2) were downregulated. The results of the gene set
enrichment analyses (GSEAs) of the RNA-Seq data for the tissues
from the six wild-type mice shown in Fig. 4A illustrate the syn-
chronous switch in cytokine receptor expression and the utiliza-
tion of distinctly different JAK/STAT pathways at the onset of
involution. The reduced expression of the JAK2/STATS5 target
genes coincided with significantly elevated levels of expression of
genes that were activated in response to inflammatory cytokine
receptor signaling. In addition to an increased expression of Lif,
Osmr, and their known downstream effectors, Stat3 and Socs3, we
detected an upregulation of genes associated with transforming
growth factor B signaling and apoptosis during involution (Fig.
4A). We also observed a consistent deregulated expression of me-
diators of NF-kB signaling and an upregulation of several mem-
bers of the tumor necrosis factor receptor superfamily, in partic-
ular, Tnfrsf1A, Tnfrsf10B, and Tnfrsf21.

Next, we compared the gene expression profiles of mammary
glands from four conditional knockout mice to those of mam-
mary glands from the three wild-type controls at the second day of
involution. A 2-fold or more downregulated expression was ob-
served for only 135 genes, and 203 genes exhibited elevated levels
of expression. Among the most consistently downregulated genes
in the tissues from JAK1-knockout mice (Fig. 4B) were a number
of previously identified direct or indirect transcriptional targets of
STATS3. These included Socs3, Osmr, Bcl3, and the Stat3 gene itself.
Similar to the findings for STAT3-knockout mice (42), we ob-
served a reduced expression of genes associated with the acute-
phase response and inflammation (i.e., Cd14, Saal/2, Lrgl, and
Orm2) as well as wound healing (Chi3LI). In addition to these
previously reported genes, JAK1-deficient glands lacked expres-
sion of the transcription factors Runxl and c-Fos, whose levels
sharply increased during involution in wild-type tissues. We also
identified a new WAP four-disulfide core domain protein gene
(Wfdc5), which, unlike the milk protein WAP, was specifically
upregulated during involution in a JAK1-dependent manner. Fi-
nally, we found several JAK1-induced target genes that control cell
survival and programmed cell death, and their lack of expression
in the JAK1 conditional knockout mice might be responsible for
impaired mammary gland remodeling. These genes include the
death receptor 6 gene (Tnfrsf21) and the tumor susceptibility gene
Tpl2 (Map3k8). However, the most consistently downregulated
proapoptotic factor in the JAK1-knockout glands was the gene
encoding the BH3-only protein BMF. We also observed a reduced
expression of the related genes Bim (Bcl2l11) and Bid in the ab-
sence of JAKI.

The inclusion of an additional three expression libraries from
samples from lactating JAK1 conditional knockout females com-
plemented the RNA-Seq analysis. Besides determining differences
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in the expression of genes, the remarkable fidelity of the RNA-Seq
method also allowed us to confirm the precise excision of the
floxed coding exon of JakI duringlactation and involution (Fig. 5,
top, boxed region). Jakl was transcriptionally upregulated during
the first phase of involution, which may explain the acute increase
in JAK1 protein levels at this developmental stage (Fig. 1A). JAK1
deficiency had no noticeable effect on the expression of JAK2/
STATS5-controlled genes during lactation, such as those encoding
major milk proteins (e.g., Csn2) (Fig. 5, middle). The visual reex-
amination of selected JAK1 target genes (e.g., Cd14, c-Fos, Bmf,
and Bim) confirmed their upregulation during involution and
their dependence on JAK1, but we also observed unique patterns
of promoter and exon usage of individual target genes. Similar to
the previously reported upregulation of the gene for the p50/p55
isoforms of the phosphatidylinositol 3-kinase (PI3 kinase) regu-
latory subunit (Pik3r1) (42), we found that Runx1 was selectively
expressed from an intronic promoter encoding the shorter iso-
form 3 in a JAK1-dependent manner (Fig. 5, bottom). While these
examples highlight a superior fidelity of RNA-Seq, they also em-
phasize the importance of using only appropriate antibodies that
recognize alternative isoforms for further validation on the level of
the protein.

Next, we confirmed some of the newly identified downstream
effectors of JAK1 signaling using Western blot analysis. Identical
to the immunohistochemistry results shown in Fig. 3A, deletion of
JakI had no effect on the activation of STAT5 during lactation, but
the tyrosine phosphorylation of STAT3 was abrogated at the onset
ofinvolution (Fig. 6A). Along with an increase in the level of JAK1,
we observed a significant upregulation of RUNXI, c-FOS,
WDECS5, as well as BMF and BIM in the postlactational wild-type
controls. With the exception of c-FOS, all other proteins exhibited
a reduced expression in the JAK1-deficient glands. RUNX1 and
c-FOS are known to be expressed in hematopoietic cells, but the
immunostaining of these proteins on histological sections con-
firmed that these transcription factors were selectively upregu-
lated in secretory epithelial cells during involution (Fig. 6B and C).
RUNXI1 was virtually absent from all epithelial cells in the JAK1
knockout, and even the nuclear staining of c-FOS was significantly
lower or completely lacking in many areas of the involuting
knockout glands. In summary, the Western blotting and immu-
nostaining results confirmed the JAK1-dependent activation of
STATS3 and the downregulated expression of selected JAK1 targets
that were identified by RNA-Seq.

BMF and BIM are downstream targets of JAK1, and their
combined deficiency phenocopies an impairment of mammary
gland remodeling similar to that in JAK1-deficient mice. The
comparative analysis of the mRNA profiles of lactating and invo-
luting tissues revealed that several members of the Bcl2 gene family
exhibited substantial changes in their transcriptional activation.
We observed not only a more than 2-fold upregulation of Bax,
Bcl-x (Bcl2l1), Bmf, Bim (Bcl2l11), and Bid (Fig. 4) but also a 3-
and 7-fold upregulation of Bbc3 (Puma) and Bik, respectively, as
well as a more than 2-fold downregulation of the prosurvival fac-
tor Bcl-w (Bcl212) during involution (not shown). The most sig-
nificantly downregulated member of the Bcl2 family in the JAK1-
knockout mice compared to wild-type controls was Bmf. The level
of Bim was also consistently decreased, but its transcripts were
about 4-fold less abundant than those of Bmf. To establish
whether these two proapoptotic genes are directly regulated by
STAT3 or STATS, we performed a preliminary analysis of the
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FIG 4 Deficiency in JAK1 inhibits the expression of downstream transcriptional target genes that are normally upregulated during mammary gland involution.
(A) Gene set enrichment plots with heat maps of genes that are selectively upregulated during the second day of involution compared to their regulation during
lactation. TGF-@, transforming growth factor B. (B) Heat maps of selected genes that are normally upregulated during involution but that exhibit a 2-fold or
more downregulation in females with mammary gland-specific JAK1 knockout (MMTV-Cre Jak ") compared to their regulation in the wild-type controls
(Jak™") on the second day of involution.
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FIG 5 JAKI is required for the upregulation of isoform-specific STAT3 transcriptional targets and newly identified JAK1-responsive genes during mammary gland
involution. The individual panels show the histograms of RNA-Seq data sets for selected genes, illustrating their expression levels and usage of exons in lactating and
involuting mammary tissues from females with mammary gland-specific JAK1 knockout (MMTV-Cre Jak™") and their wild-type controls (Jak ™). The box sur-
rounding the second coding exon of JakI highlights the precise deletion of this exon in the conditional knockout mice. The beta-casein gene (Csn2) served as a control
for a STAT5-responsive target gene that is downregulated during involution. Cd14 and Pik3r1 are examples of STAT3-responsive genes whose upregulation during
involution is JAK1 dependent. c-Fos, Bmf, Bim, and RunxI are newly identified targets of JAK1 signaling. Note the specific exon usage in Pik3rI, which encodes the
alternative p50/p55 PI3 kinase regulatory subunit, and that expression of RunxI during involution is driven by a shorter transcript known as isoform 3.

Involution

ChIP-Seq data set for mammary tissues obtained from females the predominant binding of STAT5 or STAT3. STAT3 was exclu-
during midpregnancy, a time that represents a developmental sively present within the Osmir, Bcl3, and Stat3 loci. More impor-
window when all STAT proteins are active in the gland in specific  tantly, we observed a higher level of enrichment of STAT3 in par-
epithelial subtypes (Fig. 7). Socs2 and Socs3 served as controls for  ticular regions in close proximity to Bmf and Bim. Next, we
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FIG 6 A reduction in the corresponding protein levels of putative JAK1 target genes correlates with a decreased phosphorylation of STAT3 in postlactational
mammary glands of JAK1 mutant females. (A) Immunoblot analysis of putative JAK1 target genes. These selected target genes exhibited a significant upregu-
lation in their mRNA levels during the lactation/involution switch in wild-type females and a reduced mRNA expression in JAK1-deficient mice. (B and C)
Immunofluorescence staining of RUNX1 (B) and c-FOS (C) on histologic sections of lactating (day 9) and involuting (day 2) mammary tissues from females with
mammary gland-specific JAK1 knockout (MMTV-Cre Jak ") and their wild-type controls (Jak’/"). Slides were counterstained with E-cadherin (CDH1) and
DAPI. Bars, 50 pum. (Inset in panel C) Example of areas that were completely devoid of c-FOS expression.

performed ChIP in combination with quantitative reverse tran-
scription-PCR (qRT-PCR) to assess whether STAT3 binding to
canonical gamma interferon activation sites (GAS) increases dur-
ing involution, when this member of the STAT family exhibits its
highest level of activity during development (Fig. 8). We found
that STAT3 occupied GAS sequences that are located near the
transcriptional start sites of Bmf and Bim, and there was a signif-
icant increase in STAT3 binding in postlactational mammary
glands. Collectively, the ChIP-Seq data and qRT-PCR results
support the notion that active STAT3 might be directly in-
volved in the transcriptional activation of the proapoptotic
genes Bmf and Bim during involution.

As a putative downstream effector of JAK1/STATS3 signaling,
we anticipated that a genomic deletion of the Bmf gene alone or in
combination with a loss of both alleles of Bim phenocopies the
delay in postlactational remodeling that we observed in the JAK1
conditional knockout mice. To address this hypothesis, we first
examined the histology of lactating and involuting mammary
glands from BMF- and BIM-single-knockout mice. While the lac-
tating mammary glands of both mutant mouse models were in-
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distinguishable from the lactating mammary glands of the wild-
type controls, we observed a delay in postlactational remodeling in
the absence of either BMF or BIM (Fig. 9). Although the pheno-
typic abnormalities were slightly more pronounced in the BMF-
deficient mice, these findings suggest that both members of the
BH3-only family are regulators of the initiation of apoptosis of
differentiated epithelial cells. Since both proteins were synchro-
nously upregulated in a JAKI-dependent manner, we assumed
that they might act synergistically during involution. To address
this notion, we transplanted mammary epithelium from BMEF/
BIM-double-knockout mice into the cleared fat pad of wild-type
recipient females. Following engraftment and ductal outgrowth,
the recipient mice were bred at 12 weeks posttransplantation and
their mammary glands were examined immediately following the
birth of the offspring (Fig. 10, postpartum). We did not observe
any morphological differences in pregnancy-induced alveologen-
esis between the double-knockout and wild-type control trans-
plants. Since postpartum mammary transplants swiftly activate
STAT3 and initiate the involution process due to milk stasis, we
removed the newborn pups and analyzed the mammary glands at
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FIG 8 Thebinding of STAT3 to STAT recognition sites located near the transcriptional start sites of Bmfand Bim increases during involution. Schematic outline
of the location of canonical STAT binding sites (i.e., gamma interferon activation sites [GAS]; TTCN;GAA) near or within the genes encoding the BH3-only
proteins BMF (A) and BIM (B). Boxes represent coding exons of the corresponding genes, Bmfand Bim; the numbers indicate the numbers of the exons. The bar
graphs show the results from quantitative real-time PCR analyses of DNA isolated by ChIP from lactating (day 7) or involuting (day 2) mammary tissues with
antibodies against STATS5, STAT3, or an IgG control. The specific primer sets that were used to amplify the regions surrounding the STAT-binding sites are
specific for sequences located within the 5" and intragenic regions of Bmfand Bcl2111 (Bim). Values were normalized against those for background DNA by using

primer sets specific for nonconsensus binding sites. Bars represent means and SDs. **, P < 0.01.

2 to 5 days postweaning. We found that mammary gland remod-
eling was dramatically delayed in the absence of BMF and BIM
compared to that in mice wild-type control transplants (Fig. 10,
involution), and a 4- or 5-day involuting mammary gland of the
double-knockout transplants was phenotypically similar to that in
JAK1-deficient mice. The BMF- and BIM-single-knockout mice
as well as the transplants that were doubly deficient in both BH3-
only proteins exhibited a normal activation of STAT3 that was
indistinguishable from that in the wild-type controls (Fig. 10).
The collective findings obtained with each of the single-knockout
mice and the double-knockout transplant model suggest that
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these proapoptotic factors genetically function downstream of
JAK1 and STATS3. Since the mammary stroma and systemic envi-
ronment in the recipient mice carrying the BMF/BIM-null epithe-
lium are wild type, it is evident that these cell death-initiating
proteins act in a cell-autonomous manner. The findings from the
transplant model therefore correspond closely to the epithelium-
specific conditional deletion of JAK1 or STAT3.

DISCUSSION

Biologically essential functions of JAK1 are restricted to post-
lactational mammary gland remodeling. The molecular charac-
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Lactation

P« 4

FIG 9 Postlactational mammary gland remodeling is delayed in mice that lack BMF or BIM. H&E-stained histological sections of lactating and involuting
mammary glands from BMF-knockout (Bmf /= Bim™’") and BIM-knockout (Bmf"/" Bim ™ ’~) females and their wild-type controls (Bmf"’" Bim™’") are

shown. Bars, 100 pm.

terization of STAT activity in the JAK1 conditional knockout mice
showed that this member of the Janus kinase family is essential for
the cytokine-induced tyrosine phosphorylation of STAT1, STAT3,
and STATS6 in cultured embryonic fibroblasts and mammary ep-
ithelial cells in vivo. Despite its critical role for the activation of
three STAT proteins in the mammary gland, the biologically rel-
evant function of JAK1 for the development of this organ is re-
stricted to the remodeling of the epithelial compartment during
postlactational involution. The phenotypic abnormalities of mice
with mammary gland-specific JAK1 knockout closely resemble
the defects in programmed cell death that were observed in
STAT3-deficient females (43) and genetic models that lack gp130
or IL-6 (7, 41). The loss of the cytokine-mediated activation of
STAT1 and STAT6 in the JAK1 conditional knockout mice seems
to play a subordinate role that did not have any major impact on
the development of the gland. It was previously reported that the
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expression and activation of STAT1 in the epithelium are dispens-
able for ductal elongation and alveologenesis (12), and recent
work by Chen et al. (44) suggested that optimal ductal branching
morphogenesis depends on the presence of active STAT1 in the
stroma. In contrast to STAT1-deficient females, STAT6 conven-
tional knockout mice exhibited a delay in the development of
alveolar cells during early pregnancy (19). These phenotypic ab-
normalities were relatively subtle at the later stages of gestation,
and STAT6-deficient females were able to nurse their offspring. A
closer examination of the immunostaining results reported by
Khaled et al. (19) showed that nuclear STAT6 was present in the
epithelium as well as some adjacent stromal cells. It is therefore
possible that activation of STAT6 in the stroma exerts paracrine
effects that control the pregnancy-induced proliferation of mam-
mary epithelial cells. This might explain why JAK1 conditional
knockout mice that lack an IL-4-mediated activation of STAT6 in
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FIG 10 Mice with an epithelium-specific double knockout of BMF and BIM in the mammary gland exhibit a dramatic impairment in postlactational remod-
eling. Whole mounts of mammary glands and histological sections from wild-type recipient mice that were transplanted with mammary epithelium from
BMF/BIM-double-knockout (Bmf /~ Bim™/~) or wild-type control (Bmf ™" Bim™’") donor females are shown. Tissues were collected within hours following
the birth of the offspring (postpartum) as well as at 3 and 4 days after weaning (involution). (Left) Carmine alum-stained mammary gland whole mounts. Bars,
500 pm. (Right) Immunohistochemical staining of tyrosine-phosphorylated STAT3. Slides were counterstained with hematoxylin. Bars, 50 pm.

the epithelium were not phenotypically similar to females that
systemically lack STAT6 expression.

JAK1 and JAK2 have nonredundant roles in the activation of
particular STAT proteins and mammary gland development.
Our previous work on JAK2 conditional knockout mice revealed a
remarkable specificity of this particular member of the Janus ki-
nase family for the activation of STATS5 in response to PRL signal-
ing (25). Despite the fact that the PRL-mediated activation of SRC
and mitogen-activated protein kinases was not affected by the loss
of JAK2 (35), neither these PRL-induced downstream mediators
nor other Janus or receptor tyrosine kinases were able to compen-
sate for the loss of JAK2 and to restore the development and func-
tion of milk-producing alveolar cells. The examination of JAK1
conditional knockout mice in this study demonstrated very clearly
that the activation of STATS5 was not affected in the absence of
JAK1. Although JAK2 was functional in the differentiated epithe-
lium throughout lactation, it was unable to effectively compensate

for the loss of JAK1 to activate STAT3 immediately after weaning.
The collective results of our studies suggest that neither JAK1 nor
JAK2 alone is sufficient to activate STAT5 or STAT3 in the same
cell type in response to a swift change in ligand-receptor signaling
complexes prior to and within hours of involution (Fig. 11). It is
therefore evident that both Janus kinases have nonredundant
roles in the activation of particular STAT proteins, and their bio-
logically important functions do not overlap during normal mam-
mary gland development. These are two new and important find-
ings because previous studies have suggested that JAK1 and JAK2
are capable of activating STAT3 in response to inflammatory cy-
tokines in diverse cell culture models (reviewed by Kisseleva et al.
[20]). Although it was recognized nearly 2 decades ago that JAK1
plays a role in IL-6 signaling (21, 45, 46), more recent work has
singled out JAK2 as the master regulator for STAT3 activation in
breast cancer and other malignancies (47—-49). This paradigm is
likely the result of the fact that pharmacological agents labeled
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FIG 11 JAK1 and JAK2 have nonredundant biological functions and discrete roles in the activation of STAT proteins in mammary epithelial cells during the
switch from lactation to postlactational mammary gland involution. PRLR, PRL receptor; LIFR, LIF receptor; IL-6Ra, IL-6 receptor.
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“JAK?2 inhibitors” were being utilized in most of the recently pub-
lished experiments. However, these drugs are known to block sev-
eral JAKs, sometimes with identical efficacies (50). A striking ar-
gument against the role of JAK2 as the master regulator of STAT3
comes from the analysis of our JAK2 conditional knockout model.
Specifically, the deletion of Jak2 after neoplastic transformation
had no effect on the constitutive tyrosine phosphorylation of
STATS3 in different mammary tumor models (51, 52). The activa-
tion of STAT3 in malignant cells has been shown to depend on an
IL-6 autocrine signaling loop that is triggered by receptor tyrosine
kinases (4749, 53, 54). If that is correct, our findings that JAK1
and not JAK2 has a central role in gp130-mediated receptor sig-
naling complexes may have significant implications beyond nor-
mal development for the treatment of breast cancer and other
malignancies.

JAK1 is an essential link between IL-6-class inflammatory
cytokines and the cell death machinery in functionally differen-
tiated mammary epithelial cells. The collective findings of this
study demonstrate that the level of JAK1 increases at the cessation
of lactation. The loss of JAK1 specifically in the mammary epithe-
lium resulted in impaired involution, and this conditional knock-
out model closely phenocopies the major developmental abnor-
malities that were previously observed in STAT3-, gp130-, or
IL-6-deficient mice (7, 41, 43). We further demonstrated that the
deletion of JAK1 uncouples IL-6-class ligands from their down-
stream effector, STAT3. Consequently, this leads to the decreased
expression of known STAT?3 target genes that are associated with
the acute-phase response, inflammation, and wound healing (42).
The genome-wide expression analysis of JAK1-knockout mam-
mary glands and control tissues revealed a number of novel target
genes that were upregulated during involution in a JAK1-depen-
dent manner. These included RunxI and c-Fos, which was identi-
fied to be one of the first cytokine-induced proto-oncogenes (55)
that can mediate tissue remodeling through expression of metal-
loproteinases (56, 57). Other potential targets of JAK1 that were
previously linked to cell death were the death receptor 6 gene
(Tnfrsf21) and the tumor susceptibility gene Tpl2 (Map3k8),
whose biological functions in the mammary gland have not yet
been determined. Among known factors that control canonical
mitochondrion-associated apoptosis, we identified the genes en-
coding the BH3-only proteins BMF and BIM (Bcl2111) to be tar-
gets of JAK1 signaling. The results of analysis of involuting mam-
mary glands of single-knockout mice confirm the findings
presented in a recent report that showed that both proapoptotic
proteins contribute to the initiation of apoptosis (58). More im-
portantly, using a BMF/BIM-double-knockout transplant model,
we now provide clear evidence that both of these JAK1 targets act
synergistically in an epithelium-specific manner. The combined
loss of these BH3-only proteins closely resembles the phenotypic
abnormalities that we observed in JAK1 conditional knockout fe-
males. According to the ChIP-Seq and ChIP/qRT-PCR results,
STAT3 isbound to the chromatin in proximity to the Bmfand Bim
loci, and its association with GAS sequences near transcriptional
start sites was increased during involution. This finding suggests
that STAT3 might be directly involved in the transcription of these
genes, and it is therefore puzzling that STAT3-knockout mice did
not show the same deregulated expression in Bmf and Bim that
was observed in the JAK1-knockout mice (58). One possible ex-
planation is that other transcription factors whose expression lev-
els are controlled by JAK1 (e.g., RunxI) also contribute to the
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expression of Bmfand Bim. Whether STAT5 acts as a suppressor
of Bim transcription, as suggested previously (58), warrants fur-
ther validation using appropriate genetic in vivo models. The fact
that the nuclear accumulation of pSTAT3 is not altered by the loss
of BMF and BIM still supports the notion that these BH3-only
proapoptotic factors function genetically downstream of the IL-
6/JAK1/STAT3 axis. This seems to be likely, since an alternative
model that may favor a major STAT3-independent function for
BMF and BIM in mammary gland remodeling would require fur-
ther clarification of how STAT3 might drive other cell death
mechanisms, such as lysosome-mediated cell death (59), that are
suggested to function without involvement of the classical apop-
totic pathway. STAT3 was strongly nuclear in the recipients of
BMEF/BIM-double-knockout epithelial transplants postpartum,
and it is therefore evident that the proposed alternative functions
of active STAT3 were insufficient to override the inhibition of
apoptosis that was caused by the impairment of the mitochondri-
on-associated cell death program. From the generation and anal-
ysis of JAK1 conditional knockout mice to the identification of
downstream targets and their validation on the molecular as well
as phenotypic level using a double-knockout transplant model,
the collective results of this comprehensive study suggest that
JAK1 is essential for IL-6-class inflammatory cytokine signaling
and mammary gland involution. This member of the Janus kinase
family is therefore essential for the coupling of extracellular cyto-
kine signals to the cell death machinery in the functionally differ-
entiated mammary epithelium.
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