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SUMMARY

Janus kinases 1 and 2 and STAT transcription factors are critical signaling nodes for numerous growth fac-

tors. In the mammary gland, JAK2 and STAT5a/b are essential for alveolar cell differentiation and lactation,

but little is known about the cooperative roles of JAKs and STATs before pregnancy. We examined female

mice conditionally deficient in JAK1/2 and discovered that both kinases jointly regulate epithelial cell prolif-

eration and ductal morphogenesis. To assess the role of downstream STATs, we generated genetic models

co-deficient in STAT3/5a/5b with or without STAT1 or JAK1. Although loss of STAT3/5a/5b leads to a JAK1-

dependent upregulation of STAT1, the formation of mammary ducts is unaffected by the lack of expression

and activation of all seven STAT proteins. Additionally, STAT deficiency impairs the cytokine-induced auto-

phosphorylation of JAK1/2. These findings suggest that mammary duct development is orchestrated by

STAT-independent signaling mechanisms of JAK1 and JAK2, potentially beyond their roles as tyrosine

kinases.

INTRODUCTION

The postnatal development of the mammary gland is dependent

on a multitude of cellular programs that are orchestrated by

growth factor signaling networks.1–4 Rudimentary mammary

ducts without a defined lumen and distinct epithelial bilayer are

present at birth. After a short period of allometric growth, the

mammary gland undergoes a significant growth spurt at puberty

under the influence of steroid and protein hormones, in particular

estrogen and insulin-like growth factor.5 This major phase of

postnatal mammogenesis is characterized by the bifurcation

and extension of epithelial ducts that eventually fill the entire

mammary fat pad. Progesterone and prolactin (PRL) are essen-

tial for the formation of terminal ducts with lobuloalveolar units in

mature glands of virgin females, as well as the proliferation and

differentiation of milk-producing alveolar cells during pregnancy

and lactation.6–9 Locally produced cytokines such as IL-4 and IL-

13 support the development of alveolar cells,10 whereas essen-

tial functions of IL-6-class inflammatory cytokines (IL-6, LIF, and

oncostatin M [OSM]) are restricted to the postlactational remod-

eling of the gland after the weaning of the offspring.11

More than 50 protein hormones and cytokines activate a vari-

ety of receptor complexes that share one or more of the four Ja-

nus tyrosine kinases (JAKs) and downstream signal transducers

and activators of transcription (STATs). JAK1 and JAK2 are ex-

pressed ubiquitously and have pleiotropic functions, and the

deficiency in either JAK1 or JAK2 causes embryonic or postnatal

lethality.12–15 While it had been proposed that STATs can be

phosphorylated by receptor tyrosine kinases, such as the

epidermal growth factor receptor,16,17 molecular studies using

conditional knockout mice and transplantation models demon-

strated that JAK1 and JAK2 are essential for STAT activation,

and more importantly, they show a remarkable specificity in the

tyrosine phosphorylation of individual STAT proteins in particular

cell types.14,15,18,19,20 Of the seven mammalian STATs, five

(STAT1, 3, 5a, 5b, and 6) have been reported to be activated
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in the epithelium during mammary gland development.21–23 JAK2

is the pivotal kinase that couples PRL and GH signaling to

STAT5a and STAT5b.14,18,19,24 PRL, the PRL receptor (PRLR),

JAK2, and STAT5a/b are obligatory for the proliferation, differen-

tiation, and survival of alveolar cells during pregnancy and lacta-

tion.8,9,18,19,24 On the other hand, the activation of STAT1, STAT3,

and STAT6 is primarily facilitated by JAK1.15,20 Despite the

broader impact of JAK1 deficiency on STAT activation, biologi-

cally relevant functions of this JAK are limited to postlactational

remodeling. The loss of JAK1 uncouples LIF and OSM signaling

from its downstream effector STAT3 and causes a delay in the

removal of differentiated alveolar cells.20,25 STAT1 is not required

for alveolar morphogenesis, and STAT6 was reported to play a

minor role in the functional differentiation of the gland during

mid-pregnancy.10,26,27

The collective results from studies using genetically engi-

neered models deficient in individual JAKs and STATs suggest

that only three of these signal transducers (i.e., JAK2 and

STAT5a/b) are essential for mammogenesis. However, their

functions are limited to morphological changes during preg-

nancy and lactation. Females that lack JAK1, JAK2, or individ-

ual STAT proteins develop a mammary epithelial ductal tree.

This is also the case for transplanted recipient mice with an

epithelial cell-specific deletion of the PRLR or the growth hor-

mone receptor (GHR).28,29 Aside from established functions of

individual growth factor pathways, little is known about the

cooperative, epithelial cell-intrinsic roles of protein hormone

and cytokine signaling in pre- and postpuberal mammogenesis

prior to pregnancy. In this study, we generated females with an

epithelial-specific double knockout of JAK1 and JAK2 and

discovered that both tyrosine kinases jointly control the post-

natal development of mammary ducts. Depending on the inhibi-

tion of individual JAK/STAT cascades, we observed that STAT

proteins exhibit compensatory activation profiles. Most notably,

STAT1 is significantly upregulated in the mammary epithelium

of STAT3/5a/5b triple-knockout mice. Using quadruple-

knockout mouse models that are deficient in STAT3, STAT5a/

b, along with STAT1 or its upstream activator JAK1, we demon-

strate that the growth of the mammary ductal epithelium does

not require the expression and activation of all seven mamma-

lian STAT proteins. Therefore, the development of the postnatal

mammary gland is governed by STAT-independent functions of

JAK1 and JAK2. We also discovered that STAT deficiency di-

minishes or blocks the cytokine-induced autophosphorylation

of JAK1 and JAK2, which is a prerequisite for their function as

tyrosine kinases. Based on these collective findings, we pro-

pose that the post-natal development of the mammary

gland is mediated by noncanonical signaling mechanisms of

JAK1 and JAK2 that may not exclusively rely on their kinase

functions.

RESULTS

Cooperative signaling through JAK1 and JAK2 is

essential for postnatal mammary gland development

We generated female mice with a mammary-epithelial specific

knockout of JAK1 and JAK2 (MMTV-Cre Jak1fl/fl Jak2fl/fl) to

investigate whether protein hormones and cytokines that signal

through these kinases have synergistic or compensatory roles in

mammary gland development. While the formation of a mam-

mary epithelial ductal tree was completed by 12–14 weeks of

age in wild-type control animals and single-knockout mice that

lack JAK1 or JAK2 (Figures 1A, I–III), adult females conditionally

deficient in both JAKs exhibited a severe impairment of ductal

development (Figures 1A, IV). Interestingly, several age-matched

JAK1/2 double-deficient mice showed rudimentary ducts that

were similar to newborn or prepubescent pups (Figures 1A, V).

MMTV-Cre Jak1fl/fl Jak2fl/fl females were fertile and, on

average, gave birth to the same number of pups per litter as

Jak1fl/fl Jak2fl/fl breeder animals (7.4 ± 0.7 N = 15 and 7.39 ±

0.39 N = 43, respectively). None of the postpartum JAK1/2 dou-

ble-knockout dams were lactating and able to support their

offspring, despite some ductal growth after multiple full-term

pregnancies (Figures 1A, VI).

The comparison of the mammary glands from single-

knockout females confirmed our previous observation that,

despite the complete development of the epithelial compart-

ment, the ductal tree in mice lacking JAK2 had fewer tertiary

side branches with alveolar buds,19 whereas glands from nullip-

arous JAK1 knockout females were indistinguishable from

age-matched controls (Figures 1A, I–III). To assess potential dif-

ferences in the contribution of the two JAKs to ductal develop-

ment, we analyzed conditional knockout mice that express only

one copy of either JAK1 or JAK2 in the mammary epithelium

(Figure 1B). In the complete absence of JAK1, one copy of

JAK2 was sufficient to complete the development of the entire

ductal tree. In contrast, haploinsufficiency of JAK1 in the condi-

tional JAK2 knockout led to a significant impairment of epithelial

growth. Approximately 70% of the glands (17 of 24) collected

from 12- to 19-week-old nulliparous MMTV-Cre Jak1fl/wt

Jak2fl/fl females exhibited an incomplete filling of their mammary

fat pads (75% or less epithelial ducts), and 5 glands were

severely underdeveloped with less than 30% ductal develop-

ment. The collective findings of the phenotypic analysis of fe-

males conditionally deficient in JAK1 and JAK2 suggested

that cooperative signaling of cytokines through JAKs plays

essential roles in postnatal development. JAK2 appears to be

the pivotal driver for ductal morphogenesis, and one wild-type

allele of this kinase was sufficient to propel the elongation of

ducts. While two copies of Jak1 may compensate for the loss

of JAK2, the absence of just one Jak1 allele in the context of a

JAK2 knockout impaired mammary gland development.

The cooperative functions of JAK1 and JAK2 in

mammary gland development are epithelial cell intrinsic

The MMTV-Cre is expressed in basal and luminal epithelial cells

but not in the mammary stroma. This transgene is also known to

exhibit a mosaic expression pattern in several other tissues,

including skin, salivary gland, thymus, and spleen.30,31 The

mammary gland is a derivative of the ectoderm, and variations

in the severity of the mammary gland phenotype resulting from

the deletion of JAK1/2 (Figures 1A, IV and V) were likely a

consequence of differences in the timing and uniformity of

Cre expression that starts in the embryonic ectoderm and in-

creases significantly during the first week of postnatal develop-

ment. To exclude the possibility that the defect in mammary
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gland development in the conditional double-knockout females

is a secondary consequence of the loss of JAK1/2 in other or-

gans, we performed a transplantation experiment of GFP-

labeled epithelial cells of mutant mice and controls into epithe-

lial-free fat pads of the contralateral #4 (inguinal) mammary

glands of six wild-type recipient females (Figure 2A). 6–8 weeks

after transplantation, we confirmed the successful engraftment

of the transplanted epithelia. We observed a significant delay in

the elongation of JAK1/2-deficient ducts compared to JAK1/2

haploinsufficient controls (Figure 2B). Two transplanted recipi-

ents were bred, and the examination of the glands immediately

following the birth of the offspring revealed a major difference

in epithelial growth (Figure 2C). In contrast to the strongly

GFP-positive contralateral control gland, the JAK1/2 double-

knockout transplant lacked the expression of GFP and ex-

hibited alveolar development. This observation suggested

that pregnancy hormones fueled a selective growth and differ-

Figure 1. Combined signaling through

JAK1 and JAK2 is essential for postnatal

mammary gland development

(A) Carmine alum-stained mammary glands from

14-week-old nulliparous (I–V) and nonpregnant

multiparous (VI) female mice with a mammary

epithelial cell-specific knockout of JAK1 (II), JAK2

(III), or both Janus kinases (IV–VI) in comparison to

a wild-type control (I); LN, lymph node; bars, 2 mm.

The dotted oval in panel V marks the location of the

rudimentary JAK1/2-deficient mammary epithe-

lium. The circles within each panel illustrate the

combination of wild-type (blue) and knockout

(white) alleles.

(B) Mammary glands of 6-, 8-, and 12-week-old

mice that are haploinsufficient in JAK2 with a JAK1

conditional knockout (middle; MMTV-Cre Jak1fl/fl

Jak2fl/wt) and vice versa (right; MMTV-Cre Jak1fl/wt

Jak2fl/fl), as well as JAK1/2 heterozygous knockout

controls (left; MMTV-Cre Jak1fl/wt Jak2fl/wt); bars,

2 mm. The images are representative of 6–12 fe-

males per genotype and time point.

entiation of epithelial cells that did not

express the MMTV-Cre transgene.

Similar to the findings from the trans-

plantation experiment, we also observed

a strong negative selection of cells with a

co-deletion of JAK1 and JAK2 when

primary mammary epithelial cells were

explanted and immortalized through

the expression of the SV40 large T anti-

gen. None of the resulting cell cultures

exhibited a loss in the expression of

JAKs as determined by immunoblot

(Figure 2D, upper panel; Figure S1A).

The flow cytometric analysis showed

that, in contrast to the controls, the

vast majority of expanding cells from

the JAK1/2 double-knockout mice were

GFP-negative (Figure 2E), and both

JAKs were still expressed in cultures

derived from sorted GFP-positive clones (Figure 2D, lower

panel; Figure S1B).

Deficiency in STAT3 and STAT5a/b does not phenocopy

the impaired ductal development in JAK1/2 double-

knockout females

Given the phenotypic resemblance of conditional knockout mice

lacking JAK2 and STAT5a/b, as well as JAK1 and STAT3,19,20,24,25

it was rational to assume that the block in postnatal mammary

gland development in JAK1/2 double-deficient females was due

to the lack of tyrosine phosphorylation of STAT5a/b and STAT3.

This notion would imply that STAT proteins may function in a

compensatory manner during early postnatal mammary gland

development. To examine the activation of STAT3 and STAT5 in

the glands of newborn mice, we employed the MMTV-tTA TetO-

H2B-GFP double transgenic reporter to determine the sex of

newborn pups using GFP visualization goggles (Figure S2A).
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The specific GFP signal was used to microdissect the mammary

glands of 3-day-old pups under a fluorescent stereoscope

(Figure S2B). The histological analysis of immunostained sections

of these glands revealed that STAT3 was highly active in immature

mammary ducts (Figure S2C). The strongest nuclear accumula-

tion of STAT3 was observed in the outer epithelial cells adjacent

to the stroma, and the staining was gradually weaker toward

the center of the ducts, where most of the GFP-positive cells

resided. Since the knockout of JAK1 and the consequential lack

of STAT3 activation were not essential for ductal development,20

we postulated that their functions could be compensated by

JAK2/STAT5 signaling (Figure S2D). To address this notion, we

examined mammary gland sections of prepubescent JAK1 condi-

tional knockout females (MMTV-Cre Jak1fl/fl). As anticipated,

active STAT3 was absent in the JAK1-deficient mammary epithe-

lium (Figure S2E, upper panel). Although we observed pSTAT3

Figure 2. Epithelial cell-intrinsic functions

of JAK1 and JAK2 are essential for the

growth of mammary ducts

(A) Schematic outline of the transplantation of

GFP-labeled mammary epithelium from JAK1/2

conditional knockout females (MMTV-Cre Jak1fl/fl

Jak2fl/fl CAG-LSL-GFP) and heterozygous JAK1/2

knockout controls (MMTV-Cre Jak1fl/wt Jak2fl/wt

CAG-LSL-GFP) into the contralateral epithelial-

free fat pads of 3-week-old wild-type recipient

females (N = 6).

(B) Carmine alum-stained mammary gland

wholemounts of a recipient female 6 weeks after

transplantation; bars, 1 mm.

(C) Mammary gland wholemounts of a postpartum

recipient female 18 weeks after transplantation;

carmine alum-stained (upper panel) and corre-

sponding GFP fluorescent image (lower panel)

prior to fixation and staining; bars, 1 mm.

(D) Immunoblot analysis of JAK1 and JAK2

expression in immortalized explanted mammary

epithelial cells from heterozygous and homozy-

gous JAK1/2 conditional knockout mice and wild-

type control (upper panel), as well as unsorted and

GFP-sorted immortalized epithelial cells from the

mammary glands of MMTV-Cre Jak1
fl/fl Jak2fl/fl

CAG-LSL-GFP females in addition to MMTV-Cre

Jak1fl/wt Jak2fl/wt CAG-LSL-GFP heterozygous

control females (lower panel; two biological re-

peats per genotype). Beta-actin (ACTB) was used

as a loading control. The densitometry results of

immunoblots from 3 technical repeats of the 2

biological repeats are shown in Figures S1A and

S1B.

(E) Fluorescence-activated sorting and enrich-

ment scores of GFP-labeled mammary epithelial

cells from JAK1/2 conditional double-knockout

females and heterozygous knockout controls

shown in (D).

in the epithelium of wild-type controls,

the immunofluorescent signal was less

intense compared to newborn females,

but more importantly, the nuclear expres-

sion of STAT5 was markedly higher in

the JAK1-deficient epithelium compared to wild-type controls

(Figure S2E, lower panels).

To determine the biological relevance of the observed compen-

satory activation of STAT5 when JAK1/STAT3 signaling is in-

hibited, we utilized a conditional knockout mouse model where

the three evolutionarily related Stat3, Stat5a, and Stat5b genes

can be deleted in a single recombination event (Figure S3A). The

lack of the encoded STAT proteins was validated in Stat3/5fl/fl

embryonic fibroblast cultures expressing Cre recombinase

(Figure S3B). Male and female conditional triple-knockout

mice (MMTV-Cre Stat3/5fl/fl) were fertile and similar in size to

Stat3/5fl/fl littermates, and an off-target deletion of STAT3 and

STAT5 was not detected in immune cells (Figure S3C). Contrary

to the notion that a combined deficiency in STAT3 and STAT5a/

b may phenocopy the critical cooperative functions of their up-

stream JAK1 and JAK2 in early mammogenesis, the mammary
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epithelial-specific knockout of the entire Stat3/5 locus did not

cause any developmental abnormalities in the formation of the

epithelial ductal tree (Figure 3A). However, postpartum females

were unable to nurse their offspring due to the complete absence

of secretory alveolar cells that are known to depend on the expres-

sion and activation of JAK2 and STAT5 (Figures 3B and S3D). The

strong and uniform fluorescence of GFP from the CAG-LSL-GFP

reporter (Figure 3A) and the complete absence of alveologenesis

during pregnancy were indicative that there was no negative se-

lection of MMTV-Cre-expressing ductal epithelial progenitors

and their descendants within luminal and basal epithelial cell

lineages, as validated by immunostaining (Figure 3C). In conclu-

sion, the impaired development of mammary epithelial ducts in

JAK1/2 double-knockout mice was not a direct consequence of

a deficiency in the activation of STAT3 and STAT5a/b.

Figure 3. Mammary gland-specific STAT3

and STAT5a/b triple-knockout females

develop mammary ducts but exhibit

impaired alveologenesis

(A) GFP fluorescence and carmine alum-stained

mammary gland wholemounts of a STAT3- and

STAT5a/b conditional knockout female (MMTV-Cre

Stat3/5fl/fl CAG-LSL-GFP) and a haploinsufficient

control (MMTV-Cre Stat3/5fl/wt CAG-LSL-GFP); LN,

lymph node; bars, 2 mm.

(B) Hematoxylin and eosin (H&E)-stained sections of

mammary gland tissues from a postpartum STAT3-

and STAT5a/b triple-knockout female and control

without the MMTV-Cre transgene 3 h after the birth

of their offspring; bars, 100 μm.

(C) Immunofluorescent co-staining of GFP along

with cytokeratin 8 (CK8) or cytokeratin 14 (CK14) on

histologic sections of mammary glands from a

nulliparous MMTV-Cre Stat3/5fl/fl CAG-LSL-GFP

female; bars, 20 μm. Arrows point to examples of

CK14-positive basal epithelial cells expressing

GFP.

A mammary epithelial cell-specific

knockout of STAT3 and STAT5

causes a sustained upregulation of

STAT1 in ductal and functionally

differentiated alveolar cells

The absence of STAT3, STAT5a, and

STAT5b in the mammary epithelium of

conditional triple-knockout females was

validated by immunoblot, supporting the

notion that these three STAT proteins

are not essential for the postnatal devel-

opment of the epithelial ductal tree

(Figure 4A). However, the lack of STAT3/

5 resulted in significantly elevated levels

of total and tyrosine phosphorylated

STAT1 but not STAT6 (Figure 4A). The

compensatory upregulation of STAT1

was specific to the mammary epithelium

(Figure 4B) and independent of the repro-

ductive state (Figure S4). Interestingly, a

sustained increase in STAT1 was also

observed when STAT3 and STAT5a/b were deleted in cultured

mammary epithelial cells (Figures 4C and S5), suggesting that

the molecular determinants for the elevated levels of STAT1 are

not dependent on the mammary gland stroma. The compensa-

tory expression of STAT1 was specific to mammary epithelial

cells and not observed in cultured fibroblasts that lack STAT3

and STAT5a/b (Figure 4D).

Next, we generated and analyzed mammary epithelial-specific

knockout females with a targeted deletion of STAT3 and STAT5

in developing alveolar cells during late pregnancy and lactation

(WAP-Cre Stat3/5fl/fl). The transcriptional activation of the whey

acidic protein (Wap) gene promoter, which targets a high expres-

sion of Cre recombinase to functionally differentiated alveolar

cells, is dependent on PRL signaling and the JAK2-mediated

phosphorylation of STAT5 (Figure S6A). Similar to JAK2 and
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STAT5a/b conditional knockouts, the combined deficiency in

STAT5 and STAT3 resulted in the loss of secretory alveolar cells

and impaired milk production and secretion (Figures S6B and

S6C). While these findings confirm that the survival of secretory

epithelial cells is contingent on STAT5, they also indicate that the

loss of STAT5-deficient epithelial cells did not require the cell

death-promoting functions of STAT3. More importantly, the tri-

ple knockout of STAT3 and STAT5a/b was accompanied by a

strong upregulation of pY-STAT1 (Figure 4E), suggesting that

the acute compensatory activation of this STAT protein is not

specific to the ductal epithelium and also occurs in differentiated

luminal alveolar cells that express the late milk protein WAP.

The compensatory expression and activation of STAT1

in the absence of STAT3 and STAT5 are not essential for

postnatal mammary gland development

To determine the biological significance of the observed conse-

quential activation of STAT1 when STAT3 and STAT5a/b

Figure 4. Upregulation and tyrosine phos-

phorylation of STAT1 in mammary epithelial

cells lacking STAT3 and STAT5a/b

(A) Immunoblot analysis of the expression and

activation of selected STAT proteins in mammary

epithelial cells from STAT3 and STAT5a/b condi-

tional triple-knockout mice (MMTV-Cre Stat3/5fl/fl;

N = 4) and age-matched Stat3/5fl/wt controls (N = 2

and 4, respectively). E-cadherin (CDH1) and beta-

actin (ACTB) were used as loading controls. PC,

wild-type control epithelial cells treated with IL-4

served as a positive control for tyrosine-phos-

phorylated STAT6 (pY-STAT6).

(B) Immunohistochemistry of tyrosine-phosphor-

ylated STAT1 (pY-STAT1) on histologic sections of

mammary glands from postpartum STAT3/5 tri-

ple-knockout and control females; bars, 20 μm.

(C and D) Immunoblot analysis of active and total

levels of STAT1 before and after the retroviral-

based expression of Cre recombinase in three

immortalized mammary epithelial cell lines (C) and

three mouse embryonic fibroblast lines (D). Wild-

type mammary epithelial cells and interferon

gamma-treated wild-type mouse fibroblasts

served as positive controls (C) for STAT5a and

active STAT1, respectively. The densitometry re-

sults of the STAT proteins in (C) from 3 technical

repeats of the 3 biological repeats are shown in

Figure S5.

(E) Immunohistochemistry of active STAT1 (pY-

STAT1) in alveolar cells of mammary glands of a

postpartum WAP-Cre Stat3/5
fl/fl female and an

age-matched control; bars, 20 μm.

were deleted from the mammary epithe-

lium, we generated conditional knockout

mice that lack STAT3 and STAT5a/b on a

STAT1-deficient background (MMTV-

Cre Stat3/5fl/fl Stat1−/−; Figure 5A). As

we and others reported previously,26,27

a knockout of STAT1 did not have any

noticeable effect on the growth and func-

tional differentiation of the mammary gland. Remarkably, the

combined deficiency in STAT3, STAT5a/b, and STAT1 in the

epithelium did not result in a developmental arrest of mammary

ducts before or after puberty. The mammary glands of mature

nulliparous quadruple-knockout mice were indistinguishable

from age-matched littermate controls expressing STAT3 and

STAT5 (Figure 5B). The targeted deletion of STAT3 and

STAT5a/b in STAT1-deficient mammary epithelial cells of

MMTV-Cre Stat3/5fl/fl Stat1−/− females was validated by immu-

noblot (Figure 5C, upper panel). Moreover, we confirmed the

absence of STAT4, whose expression is restricted to immune

cells. The STAT2 protein, typically absent in the mammary

epithelium, was co-upregulated along with STAT1 when

STAT3 and STAT5 were deleted (Figure 5C, middle panel).

STAT2 was not detected in the STAT1/3/5a/5b quadruple-

knockout epithelial cells, supporting the notion that the atypical

expression of STAT2 was dependent on STAT1. Out of the seven

known STAT proteins, only STAT6 was expressed in the
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mammary epithelium of the quadruple-knockout mice. How-

ever, this signal transducer was neither upregulated nor tyrosine

phosphorylated (Figure 5C, lower panel), suggesting that STAT6

did not compensate for the loss of all other members of the STAT

family.

A conditional knockout of JAK2 in mouse mammary epithelial

cells had no effect on the PRL-induced activation of the mitogen-

activated protein kinase pathway, c-SRC, and the focal adhesion

kinase. However, the targeted deletion of JAK2 resulted in

reduced PI3K/AKT signaling.32 In developing alveolar cells dur-

ing late pregnancy, PRL signaling through JAK2 and STAT5 en-

hances the transcriptional expression and activation of AKT1 as

well as the regulatory and catalytic subunits of the PI3K (p85 and

p110a).33,34 A weaker activation of AKT was observed when

JAK2-expressing mammary epithelial cells from non-pregnant

females were treated with growth hormone (Figure S7A). Accom-

panied by the absence of phosphorylated STAT5, a knockout of

JAK2 in these cells suppressed the activation of AKT, but JAK2-

deficient cells still exhibited a robust activation of AKT in

response to cytokine signaling through JAK1 and STAT1/3

(Figure S7B). Since these results confirmed the previously estab-

lished roles of JAKs for the cytokine-induced activation of PI3K/

AKT signaling, we investigated whether the development of

mammary epithelial ducts in the absence of STAT protein

expression in the presence of JAK1/2 was a consequence of a

compensatory increase in PI3K/AKT signaling (Figure S8).

Compared to the previously observed high expression of AKT

in functionally differentiating alveolar cells of pregnant mice,

the activation of PI3K/AKT signaling in the normal mammary

epithelium of non-pregnant females was very low. More impor-

tantly, we did not observe a compensatory upregulation of active

AKT, and we found that epithelial cells from STAT1/3/5a/5b

quadruple-knockout females completely lacked the expression

of the smaller regulatory PI3 kinase subunits, confirming that

p50 and p55 encoded by the Pik3r1 locus are direct targets of

JAK1/STAT3 signaling.20,35

Noncanonical, STAT-independent functions of JAK1

and JAK2 govern the development of the postnatal

mammary gland

The combined knockout of STAT1, STAT3, STAT5a, and STAT5b

in the mammary epithelium resulted in a complete deficiency in

the expression or activation of all seven STAT proteins. This sug-

gested that, unlike the upstream kinases JAK1 and JAK2, STAT

proteins and their canonical activation by JAKs may not be

required for the postnatal development of mammary epithelial

Figure 5. The mammary epithelial-specific expression and

compensatory activation of STAT proteins are not required for the

formation of the mammary ductal tree

(A) Schematic of the knockout of STAT1, STAT3, STAT5a, and STAT5b in

canonical JAK/STAT signaling cascades of the mammary gland.

(B) Carmine alum-stained mammary gland wholemounts of nulliparous female

mice with a targeted deletion of four Stat genes in the mammary epithelium

(MMTV-Cre Stat3/5fl/fl Stat1−/−) and a STAT1 single-knockout littermate

control; bars, 1 mm.

(C) Immunoblot analysis of the seven known mammalian STAT proteins in

mammary epithelial cells (MECs) from STAT1/3/5a/5b quadruple-knockout

females (N = 4) in comparison to age-matched STAT3/5a/5b triple-knockout

mice (N = 2). Other controls: C1 and C2, positive controls for active STAT3 and

STAT5, mammary gland tissues from wild-type mice on day 1 of involution and

lactation, respectively; C3, spleen as a positive control for STAT4; C4, wild-

type MECs as a negative control for STAT4; C5 and C6 interferon-treated and

untreated MECs as positive and negative controls for STAT2; C7 and C8, IL-4-

treated and untreated wild-type MECs as positive and negative controls for

active STAT6. GAPDH and ACTB served as loading controls.
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ducts. To validate this important finding, we first investigated

whether the compensatory upregulation of active STAT1 in

response to the deletion of STAT3 and STAT5a/b was dependent

on JAK1. For this purpose, we treated three STAT3/5 triple-

knockout epithelial cell lines expressing high levels of active

STAT1 (Figure 4C) with the JAK1-selective inhibitor itacitinib.

The administration of this pharmacological agent led to the com-

plete inhibition of the tyrosine phosphorylation of STAT1 and a

consequential decrease in total STAT1 (Figures 6A and S9A).

The paradoxical increase in pY-JAK1 expression that we

observed in itacitinib-treated cells suggested that the mode of

JAK1 inhibition by this drug was similar to ruxolitinib, which traps

Figure 6. Differential control of postnatal

mammary gland development by JAKs and

STATs

(A) Immunoblot analysis of STAT1 and JAK1

expression and activation in response to the

pharmacological inhibition of JAK1 using 1 μM

itacitinib in three mammary epithelial cell lines co-

deficient in STAT3, STAT5a, and STAT5b. Beta-

actin (ACTB) was used as a loading control. The

densitometry results of immunoblots from 2

technical repeats of the 3 biological repeats are

shown in Figure S9A.

(B) Schematic of a quadruple knockout of STAT3,

STAT5a, and STAT5b along with JAK1 to geneti-

cally ablate the compensatory activation of STAT1

in the STAT3/5a/5b triple-knockout mammary

epithelium and to determine the STAT-indepen-

dent contribution of JAK2 to mammary gland

development.

(C) Carmine alum-stained mammary gland whole-

mounts of 4- and 6-week-old nulliparous females

that are conditionally deficient in STAT3, STAT5a/b,

and JAK1 (MMTV-Cre Stat3/5
fl/fl Jak1fl/fl) and

littermate controls without the MMTV-Cre trans-

gene; bars, 1 mm. Dotted lines mark the invasive

fronts of the terminal ends of ducts.

(D) Immunoblot analysis of STAT1 expression

and activation in response to the knockout of JAK1

in the mammary epithelium of STAT3/5a/5b tri-

ple-knockout females; 4 biological repeats of

quadruple-knockout females compared to 2 wild-

type controls and 2 STAT3/5a/5b triple-knockout

mice. Beta-actin (ACTB) served as a loading con-

trol. The densitometry results of immunoblots from

the 4 biological and 2 technical repeats are shown

in Figure S9B.

JAKs in a tyrosine phosphorylated, yet

functionally inhibited, conformation that

prevented its dephosphorylation.36

After determining the JAK1-dependent

upregulation of active STAT1, we gener-

ated a conditional quadruple knockout

of JAK1, STAT3, and STAT5a/b to block

the activation of STAT1 and the remain-

ing STATs. The main goal of this line of

investigation was to study the develop-

ment of the postnatal mammary gland

when only JAK2 was present in epithelial

cells that were devoid of JAK1 and the expression or compensa-

tory activation of STAT proteins, in particular, STAT5a and

STAT5b, which are the main effectors of JAK2 (Figure 6B). Unlike

the genetic ablation of the STATs, the deletion of JAK1 in addi-

tion to STAT3/5a/5b led to a minor but noticeable delay in ductal

elongation before and after the onset of puberty (Figure 6C). In

contrast to the terminal ends of epithelial ducts that reached

the lymph nodes at 4 weeks of age in wild-type control females,

the JAK1/STAT3/5a/5b-deficient epithelium in age-matched

quadruple knockouts exhibited a delay in ductal growth. The

decelerated formation of the ductal tree and incomplete filling

of the mammary fat pad were still noticeable at 6 weeks
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(Figure 6C, lower panel), but the knockout glands were morpho-

logically indistinguishable from those in wild-type controls at

12 weeks of age. The immunoblot analysis of isolated mammary

epithelial cells from mature virgin quadruple-knockout females

showed that the knockout of JAK1 was sufficient to block

the high compensatory activation of STAT1 in the glands of

STAT3/5a/5b-deficient females (Figures 6D and S9B). The col-

lective data from the JAK1/STAT3/5a/5b quadruple-knockout

model reaffirmed that the expression and compensatory activa-

tion of STAT proteins are not essential, suggesting that STAT-in-

dependent functions of JAK1 and JAK2 govern the early post-

natal development of the mammary gland.

The analysis of mammary glands that are haploinsufficient in

either JAK1 or JAK2 on the background of a bi-allelic knockout

of the JAK1 or JAK2 counterparts revealed that JAK2 was likely

the pivotal driver for the postnatal growth spurt of the mammary

epithelial ducts (Figure 1B). This finding was confirmed by the

direct comparison of the fully developed mammary glands of

JAK2 conditional knockout females with age-matched glands

from the two quadruple-knockout models that are deficient in

the expression and activation of STATs alone and in combina-

tion with the knockout of JAK1 (Figure S10). In comparison to

JAK1/2 double knockouts (Figure S10, II), JAK2-deficient

mammary epithelial cells expressing JAK1 in aging MMTV-Cre

Jak2fl/fl nulliparous females (Figure S10, IV) were capable of

filling the fat pad. However, the JAK2-deficient ducts were nar-

rower and had fewer side branches compared to littermate con-

trols expressing JAK1/2 (Figure S10, I and III) and females that

were conditionally deficient in STAT1/3/5a/5b (Figure S10, VIII)

or JAK1/STAT3/5a/5b (Figure S10, VI). This suggested that the

pivotal biological functions of JAK2 in postnatal mammary gland

development are independent of the canonical activation of its

downstream targets STAT5a/b and the other STATs controlled

by JAK1. The main discriminating feature between the STAT-

deficient glands and wild-type controls that bore some similarity

to the JAK2 knockout was the lack of alveolar units at the termi-

nal ends of ducts, confirming the primary role of canonical JAK2/

STAT5 signaling in alveolar progenitors.19,24

The cytokine-induced tyrosine phosphorylation of JAK1

and JAK2 depends on the expression of STAT proteins

Since STAT proteins were not essential for the pivotal role of

JAK2 and the cooperating function of JAK1, we postulated

that both JAKs engage noncanonical signaling mechanisms to

promote the postnatal development of the mammary gland. In-

sulin receptor substrates 1 and 2 (IRS-1 and IRS-2, respectively)

are suggested phosphorylation targets of JAK2 and JAK1 in

response to PRL and GH signaling in the liver, as well as IL4/

IL-13 stimulation in cultured mammary epithelial cells derived

from mid-pregnant females.37,38 We conducted a series of

immunoblot analyses and found that IRS-1 and, particularly,

IRS-2 protein levels were very low in isolated mammary epithelial

cells from non-pregnant females (Figure S8). While insulin and in-

sulin-like growth factor (IGF-1) treatment resulted in the ex-

pected tyrosine phosphorylation of IRS-1 in the epithelial cells

of wild-type mice, signaling through their corresponding recep-

tor tyrosine kinase receptors did not lead to a cross-activation

of JAK1 and JAK2 (Figure S11). More importantly, autoactivated

JAK1 (Figures S11A and S11C) and JAK2 (Figure S11B) that

were capable of phosphorylating STAT6, STAT3, and STAT5

did not result in the tyrosine phosphorylation of IRS-1. Based

on these results, as well as the low expression of the insulin re-

ceptor substrates in the glands of non-pregnant females, IRS-1

may not be a biologically important candidate for noncanonical

signaling of JAKs in mammary ducts. These results correspond

to a previous report demonstrating that both IRS-1 and IRS-2

are specifically upregulated in secretory alveolar cells during

lactation, where IRS-1 plays a role in optimal milk production.39

The functionality of JAK1 and JAK2 as tyrosine kinases that

phosphorylate canonical STAT proteins and noncanonical sub-

strates such as IRS-1 is dependent on their autophosphoryla-

tion.40,41 To examine the cytokine-induced autophosphorylation

of JAK1/2 in the absence of STAT proteins, we derived primary

mammary epithelial cells from quadruple STAT1/3/5a/5b mam-

mary gland-specific knockout females and wild-type littermate

controls and treated these cells with OSM, human growth hor-

mone (hGH), and IL-4. In sharp contrast to the controls, where

the administration of the growth factors stimulated the auto-

phosphorylation of JAK1 (OSM) and JAK2 (hGH), the tyrosine

phosphorylation of both JAKs was not detected in mammary

epithelial cells that were deficient in STAT protein expression

(Figure 7A). This was also the case when the STAT1/3/5a/5b-

knockout cells were simultaneously treated with both growth

factors (Figure 7B), excluding the possibility of a JAK1/2 trans-

phosphorylation as part of heterodimeric receptor complexes.

This phenomenon was also observed when the quadruple-

knockout cells were treated with IL-4 (Figure 7C). Compared to

OSM stimulation, the tyrosine phosphorylation of JAK1 was

weaker in IL-4-treated wild-type epithelial cells, but more impor-

tantly, the JAK1 phosphorylation was largely absent in the

quadruple STAT knockout cells. This suggested that none of

the other three JAKs were engaged in the transphosphorylation

of JAK1 as part of IL-4 heterodimeric receptor complexes. As a

functional consequence, the tyrosine phosphorylation of STAT6,

which is dependent on JAK1 in normal or neoplastic epithelial

cell types,20,42,43 was lower or absent in the quadruple STAT

knockout cells that were stimulated with supraphysiological

levels of IL-4 (Figure 7C). This may explain why the only ex-

pressed STAT protein (i.e., STAT6) in the STAT1/3/5a/5b

quadruple knockout was not phosphorylated or upregulated in

a compensatory manner (Figure 5C). If, as generally accepted,

the autophosphorylation of JAKs upon cytokine receptor stimu-

lation is critical for their role as tyrosine kinases on downstream

effectors, the collective results of this line of investigation may

suggest that growth factor signaling networks rely on noncanon-

ical and perhaps kinase-independent functions of JAK1 and

JAK2 (Figure 7D).

DISCUSSION

Estrogen and epithelial cell-intrinsic signaling mechanisms of its

receptor (ERα) play pivotal roles in the elongation of epithelial

ducts following the onset of puberty.44,45 Other growth factors,

including protein hormones such as GH and PRL, and multiple

cytokines (e.g., IL-4 and IL-17) contribute directly and indirectly

to the growth, differentiation, and survival of mammary epithelial

Cell Reports 45, 116703, January 27, 2026 9

Article
ll

OPEN ACCESS



cells. Previous studies have elucidated that the nonredundant

functions of essential hormones like PRL are limited to morpho-

logical changes in the adult mammary gland during pregnancy

and lactation.3,46 Their potential contributions to mammary

epithelial cell lineage diversification and proliferation during

earlier stages of postnatal development are not well defined.

This might be due to the functional redundancy among protein

hormones and cytokines that share the same intracellular

signaling mediators, such as the receptor-associated JAK1

and JAK2. JAK1 and JAK2 are ubiquitously expressed and

execute a variety of functions in many cell types, but our previous

studies have demonstrated that both JAKs play distinctly

different roles and are only essential for mammary gland devel-

opment during the gestation cycle.18–20 Using a mammary

epithelial-specific double-knockout of JAK1 and JAK2, we

investigated, in this study, the potential cooperative roles of

growth factor signaling through these two receptor-bound

Figure 7. Lack of STAT protein expression

and activation impairs the autophosphory-

lation of JAK1 and JAK2—A case for impor-

tant noncanonical functions of JAKs?

(A and B) Immunoblot analysis of tyrosine-phos-

phorylated JAK1 and JAK2 and expression of

selected STAT proteins in mammary epithelial

cells from quadruple STAT1/3/5a/5b conditional

knockout mice and wild-type controls that were

treated with either oncostatin M (OSM) alone and

human growth hormone (hGH) alone (A) or a

combination of both (B); 2 biological repeats of

experimental and control animals. GAPDH served

as a loading control.

(C) Immunoblot analysis to assess the activation

of STAT6 and tyrosine phosphorylation of JAK1

in STAT1/3/5a/5b-deficient quadruple-knockout

cells and controls following stimulation with IL-4.

GAPDH was used as a loading control. PC, sple-

nocytes as positive controls for the validated

absence of STAT2 and STAT4 in the quadruple-

knockout epithelial cells.

(D) Summary of canonical and noncanonical

signaling mechanisms by which JAK2, in cooper-

ation with JAK1, drives the postnatal development

of the mammary gland.

JAKs and their downstream STATs. We

discovered that both tyrosine kinases

jointly control the postnatal development

of mammary ducts. Considering that

JAK1/2 conditional double-knockout fe-

males are fertile, the impaired develop-

ment and, in some cases, absence of

mammary epithelial ducts in adult fe-

males suggest that the concerted func-

tions of cytokines that engage JAK/

STAT signaling cascades precede the

actions of estrogen.

Multiple laboratories, including ours,

have established that individual STAT pro-

teins are specifically activated by either

JAK1 (STAT1/3/6) or JAK2 (STAT5a/b) in mammary epithelial

cells.19,20,24,25 It was therefore rational to investigate putative

compensatory roles of STAT proteins as mediators of the cooper-

ative functions of the two JAKs in early postnatal mammary gland

development. Interestingly, we observed that STAT3 was tyrosine

phosphorylated in mammary gland tissues of newborns. Contrary

to the cell death-promoting functions of STAT3 during postlacta-

tional involution, the functional consequences of active STAT3 in

neonatal mice are likely different and more similar to breast cancer

cells, which exhibit a persistent activation of STAT3.47,48 The loss

of STAT3 activation in JAK1-deficient females led to a prolonged

increase in the expression of pY-STAT5. An analogous compen-

satory activation of STAT3 has been previously observed in

STAT5-deficient erythroid cells,49 but both STAT proteins have

opposing roles in activating specific transcriptional targets such

as Foxp3 and Bcl6.50–52 The generation and phenotypic examina-

tion of triple-knockout mice that we conducted in this study show
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that the compensatory roles of STAT3 and STAT5a/b are not

essential for epithelial cell lineage determination and ductal

growth. However, a deficiency in these three STAT proteins re-

sulted in an unusually high expression and activation of STAT1, in-

dependent of the developmental stage and functional differentia-

tion of the mammary gland epithelium. Our findings are similar to

liver-specific STAT5a/b knockout mice, which show a compensa-

tory activation of STAT1 and STAT3.53 Given that STAT1 has tu-

mor-suppressive functions,27,54 it is interesting to note that the

very high expression and activation of STAT1 in the STAT3/5-defi-

cient mammary gland epithelium does not have any major impact

on the proliferation of ductal epithelial cells. Moreover, STAT1 did

not rescue the survival of STAT5-deficient alveolar cells that lack

STAT3 and its proapoptotic role in this epithelial subtype.25,55

The generation and analysis of mice with a conditional

knockout of STAT3/5a/5b on either a STAT1-deficient back-

ground or with a co-deletion of JAK1 demonstrated that the

expression and activation of STAT proteins are not essential

for the postnatal development of the mammary ductal tree.

Most notably, epithelial cells in MMTV-Cre Stat3/5fl/fl Stat1−/− fe-

males lack the genes or mRNA expression of five and the protein

expression of six of the seven mammalian STATs. Moreover,

these cells do not exhibit a compensatory upregulation or tyro-

sine phosphorylation of STAT6. Therefore, the cooperative roles

of JAK1 and JAK2 in early mammogenesis are likely mediated by

noncanonical mechanisms that are STAT independent. Conse-

quently, noncanonical functions of unphosphorylated STAT pro-

teins (U-STATs) and their transcriptional complexes, as reviewed

by Yang and Stark,56 seem to have no significant roles in the

development of mammary ducts.

Previous reports and confirmatory experiments conducted in

this study demonstrated that peptide hormones and cytokines

that rely on functional JAK/STAT signaling can co-activate the

PI3K/AKT pathway in mammary epithelial cells (for a compre-

hensive review and relevant citations, please refer to Rädler

et al.57). It is important to note that most signaling modalities be-

tween JAK/STAT and PI3K/AKT that have been elucidated pre-

viously are dependent on active STAT proteins and play exclu-

sive roles in secretory mammary epithelial cells. Therefore, the

transcriptional expression of the PI3 kinase regulatory subunits

p50/p55 by STAT358 (Figure S8) and the reported role of STAT5

for the upregulation of PI3K and AKT133,34 can be excluded as

critical signaling modalities of JAK1/2 for the formation of mam-

mary ducts. This notion is supported by our observation that the

postnatal development of mammary glands in the absence of

STAT protein expression and activation is not accompanied

by a compensatory upregulation of PI3K signaling. Moreover,

our extended investigations did not establish a role for IRS-1

as a noncanonical substrate for the catalytic functions of

JAK1/2, as reported previously.37,38 Despite the validated acti-

vation of the corresponding STAT proteins and autophosphory-

lation of JAK1 and JAK2 in response to stimulation with IL-4,

OSM, and GH, we did not detect a simultaneous increase in

the tyrosine phosphorylation of IRS-1. Our findings support a

study by Hadsell and co-workers39 who reported that IRS-1 is

not required for the development of mammary ducts. Its expres-

sion is significantly elevated during lactation, where IRS-1 plays

a role in milk production.

Future investigations may identify novel noncanonical sub-

strates of catalytically active JAK1 and JAK2 in mammary

epithelial cells. However, we made the surprising observation

that a deficiency in the expression of STAT proteins impaired

the autophosphorylation of JAK1 and JAK2, which is widely

accepted as a prerequisite for the functions of JAKs as tyrosine

kinases.40,41 It is, therefore, possible that biologically relevant

functions of JAKs in mammogenesis are not solely mediated

by kinase-dependent but also by kinase-independent functions,

such as those discussed for TYK2 and JAK2 by Majoros et al.59

Kinase-inactive mutants of JAK1 can mediate the expression of

interferon (IFN)-gamma transcriptional targets.60 More recently,

Keil et al.61 made the interesting observation that a catalytically

inactive JAK2 protein (JAK2YY1007/1008FF) facilitates the formation

of the heteromeric IFN-gamma receptor complex with wild-type

JAK1 that, in turn, phosphorylates STAT1. We did not detect any

evidence for a transphosphorylation of JAKs in OSM-, GH-, and

IL-4-stimulated STAT-deficient epithelial cells. Based on this

finding and the observation that STATs are dispensable for

mammary epithelial duct formation, the mechanism(s) by which

JAK2, in cooperation with JAK1, controls the development of

the gland is likely distinctly different from any of the previously

known functions of JAKs as signaling scaffolds. The notion

that biologically significant functions of JAK1/2 extend beyond

their roles as tyrosine kinases for the phosphorylation of STATs

and other noncanonical phosphorylation targets might be sup-

ported by recent observations in a study by Chang et al.,62

who reported that compared to ruxolitinib, a ruxolitinib-based

PROTAC for the targeted degradation of the JAK1 and JAK2 pro-

teins significantly improved the therapeutic outcome in a model

for acute lymphocytic leukemia. Since both pharmacological

agents blocked the JAK1/2 kinase functions, the results might

imply that noncanonical functions of JAKs outside their roles

as tyrosine kinases are critical for the growth and survival of ma-

lignant cells.

Limitations of the study

While the collective results provide experimental evidence for

STAT-independent biological roles of JAK1 and JAK2 in mam-

mary duct formation, the proposed noncanonical functions of

JAKs during postnatal mammogenesis remain to be elucidated.

In particular, the kinase-independent roles of JAK1/2, which

were inferred from the impaired autophosphorylation of JAKs

in STAT-deficient epithelial cells, need experimental validation

using genetic models that express receptor-associated JAKs

capable of functioning as signaling scaffolds without catalytic

tyrosine kinase activity.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal, pY-JAK1 (Y1034/1035) Cell Signaling Cat#74129; RRID:AB_2799851

Mouse monoclonal, JAK1 Cell Signaling Cat#50996; RRID:AB_2716281

Rabbit monoclonal, pY-JAK2 (Y1007/1008) Cell Signaling Cat#3776; RRID:AB_ 2617123

Rabbit monoclonal, JAK2 Cell Signaling Cat#3230; RRID:AB_2128522

Rabbit polyclonal, pY-STAT1 (Y701) Origene Cat#TA309955

Rabbit monoclonal, pY-STAT1 (Y701) Cell Signaling Cat#9167; RRID:AB_561284

Rabbit polyclonal, STAT1 Santa Cruz Cat#sc-592; RRID:AB_632434

Rabbit monoclonal, pY-STAT3 (Y705) Cell Signaling Cat#9145; RRID:AB_2491009

Mouse monoclonal, STAT3 Cell Signaling Cat#9139; RRID:AB_331757

Rabbit polyclonal, pY-STAT5 (Y694) Cell Signaling Cat#9351; RRID:AB_2315225

Rabbit polyclonal, STAT5 Santa Cruz Cat#sc-836; RRID:AB_632445

Rabbit monoclonal, STAT5a Abcam Cat#ab32043; RRID:AB_778107

Mouse monoclonal, STAT5b Santa Cruz Cat#sc-1656; RRID:AB_2197067

Rabbit polyclonal, pY-STAT6 (Y641) Cell Signaling Cat#9361; RRID:AB_331595

Rabbit polyclonal, STAT6 Santa Cruz Cat#sc-981; RRID:AB_632450

Rabbit monoclonal, STAT2 Cell Signaling Cat#72604; RRID:AB_2799824

Rabbit monoclonal, STAT4 Cell Signaling Cat#2653; RRID:AB_ 2255156

Chicken polyclonal, GFP Av�es Labs Cat#GFP-1020; RRID:AB_10000240

Rat monoclonal, CK8/18 Developmental

Studies Hybridoma Bank

Cat# TROMA-I; RRID:AB_531826

Rabbit polyclonal, CK14 Covance Cat# PRB-155P; RRID:AB_292096

Rabbit monoclonal, pT308-AKT Cell Signaling Cat#4056; RRID:AB_331163

Rabbit polyclonal, pS473-AKT Cell Signaling Cat#9271; RRID:AB_329825

Rabbit polyclonal, AKT Cell Signaling Cat#9272; RRID:AB_329827

Rabbit monoclonal, EpCAM Cell Signaling Cat#93790; RRID:AB_2800214

Rabbit monoclonal, E-cadherin Cell Signaling Cat#3195; RRID:AB_2291471

Rabbit monoclonal, p110a Cell Signaling Cat#4249; RRID:AB_2165248

Rabbit polyclonal, p85 (p50/p55) Upstate Cat#06–195; RRID:AB_310069

Rabbit polyclonal, pFoxO3a (S318/321) Cell Signaling Cat# 9465; RRID:AB_2106498

Rabbit polyclonal, FoxO3a Cell Signaling Cat# 9467; RRID:AB_2106672

Rabbit polyclonal, IRS-1 Cell Signaling Cat# 2382; RRID:AB_330333

Rabbit polyclonal, IRS-2 Cell Signaling Cat# 3089; RRID:AB_2125771

Mouse monoclonal, phosphotyrosine Sigma-Aldrich Cat# 05–321; RRID:AB_2891016

Rabbit monoclonal, pIGF-I Receptor β (Y1135) Cell Signaling Cat# 3918; RRID:AB_10548764

Rabbit polyclonal, IGF-I Receptor β Cell Signaling Cat# 3027; RRID:AB_2122378

Mouse monoclonal, ACTB Santa Cruz Cat#sc-47778; RRID:AB_626632

Rabbit monoclonal, GAPDH Cell Signaling Cat#5174S; RRID:AB_10622025

Digital anti-Mouse-HRP Kindle Biosciences Cat# R1005; RRID:AB_2800463

Digital anti-Rabbit-HRP Kindle Biosciences Cat# R1006; RRID:AB_2800464

Alexa Fluor 488 goat anti-chicken Invitrogen Cat# A11039; RRID:AB_2534096

Alexa Fluor 594 donkey anti-rat Invitrogen Cat# A-21209; RRID:AB_2535795

Alexa Fluor 594 donkey anti-rabbit Invitrogen Cat# A21207; RRID:AB_141637

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

One ShotTM Stbl3TM Chemically Competent E. coli Thermo Fisher Cat#C737303

Biological samples

Mouse: Mammary glands: MMTV-Cre Jak1 fl/fl This paper N/A

Mouse: Mammary glands: Jak1 fl/fl Jak2 fl/fl This paper N/A

Mouse: Mammary glands: MMTV-Cre Jak2 fl/fl This paper N/A

Mouse: Mammary glands: MMTV-Cre Jak1 fl/fl Jak2 fl/fl This paper N/A

Mouse: Mammary glands: MMTV-Cre Jak1 fl/+ Jak2 fl/+ This paper N/A

Mouse: Mammary glands: wildtype FVB control This paper N/A

Mouse: Mammary glands: MMTV-Cre Jak1 fl/fl Jak2 fl/+ This paper N/A

Mouse: Mammary glands: MMTV-Cre Jak1 fl/+ Jak2 fl/fl This paper N/A

Mouse: Mammary glands: MMTV-Cre Stat3/5 fL/fL This paper N/A

Mouse: Mammary glands: MMTV-Cre Stat3/5 fL/+ This paper N/A

Mouse: Mammary glands: Stat3/5 fL/wt This paper N/A

Mouse: Mammary glands: Stat3/5 fL/fL This paper N/A

Mouse: Mammary glands: MMTV-Cre Stat3/5 fL/fL Stat1 −/− This paper N/A

Mouse: Mammary glands: Stat3/5 fL/fL Stat1 −/− This paper N/A

Mouse: Mammary glands: MMTV-Cre Stat3/5 fL/fL Jak1 fl/fl This paper N/A

Mouse: Mammary glands: WAP-Cre Stat3/5 fL/fL This paper N/A

Mouse: Spleen This paper N/A

Chemicals, peptides, and recombinant proteins

Puromycin dihydrochloride Sigma Cat#P7255-100G

Human growth hormone Invitrogen Cat#RP-10928

Recombinant human IGF-I Invitrogen Cat#PHG0071

Mouse mammalian IFN-β Pbl Assay sciences Cat#12405

Recombinant mouse IL-4 BD Pharmingen Cat#550067

Recombinant mouse interferon gamma Millipore Cat#IF005

Recombinant mouse Oncostatin M (OSM) R&D Systems Cat#495-MO

Critical commercial assays

KwikQuant Western Blot Detection Kit Kindle BioSciences Cat#R1002

DynabeadsTM Protein A Invitrogen Ref #10001D

SensiTek HRP Anti-Polyvalent Staining System ScyTek Laboratories Cat#AFG-600

BD PharmingenTM AEC Substrate Kit BD Pharmingen Cat#551015

Experimental models: Cell lines

Mouse: Immortalized mammary epithelial cell line

Wildtype FVB (Cell line 1)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

Wildtype FVB (Cell line 2)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

MMTV-Cre CAG-GFP Jak1 fl/+ Jak2 fl/+ (Cell line 1)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

MMTV-Cre CAG-GFP Jak1 fl/+ Jak2 fl/+ (Cell line 2)

This paper N/A

Mouse: Immortalized Mammary epithelial cell line

MMTV-Cre CAG-GFP Jak1 fl/fl Jak2 fl/fl (Cell line 1)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

MMTV-Cre CAG-GFP Jak1 fl/fl Jak2 fl/fl (Cell line 2)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

Stat3/5 fL/fL (Line 1)

This paper N/A

(Continued on next page)

16 Cell Reports 45, 116703, January 27, 2026

Article
ll

OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Genetically modified mouse strains

Our team generated genetically engineered mice with conditional knockout alleles for JAK1 (Jak1fl, Jak1tm1Kuw)15 and JAK2 (Jak2fl,

Jak2tm1Kuw)14 as well as MMTV-Cre line A [Tg(MMTV-cre)1Mam], WAP-Cre [Tg(Wap-cre)11738Mam], and MMTV-tTA [Tg(MMTV-

tTA)25754Kuw] transgenic lines.30,64 The generation of the STAT3/5a/5b conditional triple-knockout mouse model was recently

described.65 The CAG-LSL-GFP reporter strain [Tg(CAG-cat,-EGFP)39Miya] was a gift from Dr. Miyazaki at Osaka University.66

The TetO-H2B-GFP [Tg(tetO-HIST1H2BJ/GFP)47Efu/J] reporter line67 and the STAT1 knockout strain [B6.129S(Cg)-Stat1tm1Dlv/

J]68 were purchased from the Jackson Laboratory. Cdkn2a knockout mice [Cdkn2atm1Rdp]63 were obtained from the Mouse Model

for Human Cancer Consortium (MMHCC) at the National Cancer Institute in Frederick, MD. Individual strains with targeted alleles and

transgenes were maintained on an FVB/N background. To investigate the roles of JAKs and STATs in the development of the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Immortalized mammary epithelial cell line

Stat3/5 fL/fL (Line 2)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

Stat3/5 fL/fL (Line 3)

This paper N/A

Mouse: Immortalized Embryonic Fibroblasts

Stat3/5 fL/fL (Line 1)

This paper N/A

Mouse: Immortalized Embryonic Fibroblasts

Stat3/5 fL/fL (Line 2)

This paper N/A

Mouse: Immortalized Embryonic Fibroblasts

Stat3/5 fL/fL (Line 3)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

MMTV-Cre CAG-GFP Stat3/5 fL/fL Stat1−/− (Cell line 1)

This paper N/A

Mouse: Immortalized mammary epithelial cell line

MMTV-Cre CAG-GFP Stat3/5 fL/fL Stat1−/− (Cell line 2)

This paper N/A

Experimental models: Organisms/strains

Mouse: Jak1fl, [Jak1tm1Kuw] Sakamoto et al., 2016a15 MGI:5688302

Mouse: Jak2fl, [Jak2tm1Kuw] Krempler et al., 200414 MGI:3045140

Mouse: MMTV-Cre line A, [Tg(MMTV-cre)1Mam] Wagner et al., 1997 MGI:2176165

Mouse: CAG-LSL-GFP, [Tg(CAG-cat,-EGFP)39Miya] Provided by Dr. Miyazaki

(Osaka University)

Kawamoto et al., 2000

Mouse: WAP-Cre, [Tg(Wap-cre)11738Mam] Wagner et al., 1997 MGI:2176167

Mouse: MMTV-tTA, [Tg(MMTV-tTA)25754Kuw] Sakamoto et al., 2012 MGI:5300558

Mouse: TetO-H2B-GFP, [Tg(tetO-HIST1H2BJ/GFP)47Efu/J] Jackson Laboratory Strain #: 005104

Mouse: Stat3/5fL/fL Provided by Dr. Casanova Moll et al., 2019

Mouse: Stat1null/null,[B6.129S(Cg)-Stat1tm1Dlv/J] Jackson Laboratory Strain #: 012606

Mouse: cdkn2a, [Cdkn2atm1Rdp] Serrano et al., 199663 MGI:1857942

Mouse: FVB/N Charles River Strain Code: 207

Mouse: Athymic, NCrnu/nu Charles River Strain Code: 553

Oligonucleotides

See Table S1 for Genotyping PCR primer sequences This paper N/A

Recombinant DNA

pBabe-puro-Cre This Lab Krempler et al., 2002

pBabe-puro SV40-LT Addgene Plasmid #: 13970

Software and algorithms

Prism v6 (v6.07) GraphPad Software RRID:SCR_002798

ImageJ URL: https://imagej.net/ij/ RRID:SCR_003070

Fiji URL: https://fiji.sc/ RRID:SCR_002285

KwikQuant Image Analyzer 5.9 for Mac OS Kindle Biosciences N/A

Cell Reports 45, 116703, January 27, 2026 17

Article
ll

OPEN ACCESS

https://imagej.net/ij/
https://fiji.sc/


mammary gland, only female experimental mice and age-mateched controls were used for all experiments. Depending on the study,

the nulliparous mice were between 3 days and 12 to 19 weeks old. The genotypes of the mice for all transgenes and targeted endog-

enous alleles were determined by PCR as described in the method details section. The PCR primers for genotyping all transgenic

constructs and alleles are provided in Table S1. Animals were maintained under pathogen-free conditions in micro-isolator cages

on a 12h/12h light/dark cycle. The care of animals followed the ARRIVE guidelines and was in accordance with the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The animal study protocols were approved by the Institutional

Animal Care and Use Committees at the University of Nebraska Medical Center and Wayne State University.

METHOD DETAILS

Genotyping

For PCR-based genotyping of mice, genomic DNA was extracted from digested tail biopsies of mice (10 mg/mL proteinase K in 1%

SDS, 50nM Tris/HCl pH8, 100nM NaCl, and 50 mM EDTA) using an AutoGenprep2000. The PCR primer sets listed in Table S1 were

used to genotype the genetically engineered alleles and transgenes.

Mammary epithelial transplantation

The surgical procedures to clear the endogenous mammary epithelium from the #4 inguinal fat pads of 3-week-old female recipient

mice and the transplantation of tissue fragments from donor mice were established by DeOme et al.69 Briefly, Athymic Nude female

mice (CrTac:NCr-Foxn1nu) were anesthetized, and the epithelia from the #4 inguinal mammary glands were excised. Mammary gland

tissues containing GFP-positive ducts from controls and JAK1/2 double-knockout donor females were cut into fragments of 1–2 mm

in size under a fluorescent stereoscope. Next, GFP-positive fragments were placed inside the cleared mammary fat pads of six recip-

ient females. Four transplanted recipients were maintained as nulliparous females for 6–8 weeks and analyzed. Two recipients were

bred, and the mammary glands were examined immediately following the birth of the offspring.

Histological analysis and immunostaining

For wholemount preparation and analysis, mammary glands were spread on glass slides and examined with a Discovery.V8 fluores-

cence stereoscope (Carl Zeiss, Inc.) for GFP expression. Next, the glands were fixed in Carnoy’s fixative, rehydrated, stained with

Carmine Alum for 3 days, dehydrated, and covered with Permount mounting medium and a coverslip. For histological examination,

mammary gland tissues were fixed in 10% buffered formalin overnight at room temperature and stored in 70% ethanol before paraffin

embedding and sectioning. For routine histology, slides were stained with hematoxylin and eosin (H&E) and scanned on a brightfield

slide scanner from Leica Microsystems, Inc. For immunostaining, histologic sections were deparaffinized three times in 100% Histo-

Clear (National Diagnostics) for 10 min each, rehydrated in decreasing concentrations of ethanol (100%, 95%, 90%, 70%, 50%, and

30% for 3 min each), and washed for 5 min in 1x PBS. Tissue sections were pressure-cooked in ImmunoRetriever with Citrate (Bio SB

#BSB0022) using a Bio SB TintoRetriever pressure cooker, which was set to 116◦C–121◦C for 1 min for antigen retrieval. Once the

slides had returned to room temperature, they were washed for 5 min in 1x PBS and blocked with 3% BSA blocking buffer for 1h. The

primary antibodies were added based on the recommended dilutions listed in Table S2. Slides were incubated with primary anti-

bodies overnight at 4◦C in a wet chamber and then washed three times in 1x PBS for 5 min. Fluorophore-conjugated secondary an-

tibodies were added, and slides were incubated in the dark for 1h at room temperature. After washing the slides twice with distilled

water, Vectashield DAPI mounting media (Vector, H-1200) and coverslips were applied. For the immunohistochemical staining of pY-

STAT1, slides were deparaffinized, rehydrated, and an antigen heat retrieval was performed in a Citrate-based solution, pH = 6

(DAKO, S2369). After cooling the slides down to room temperature, the endogenous peroxidase was inhibited with 3% H2O2 in

PBS for 10 min. A blocking step was performed before the slides were incubated with the primary pY-STAT1 antibody (Cell Signaling,

9167) 1:100 overnight at 4◦C. Next, the detection was carried out using the SensiTek HRP staining system (ScyTek Laboratories,

AFG-600), and the signal was visualized with AEC (BD Pharmingen AEC Substrate Kit, 551015) followed by counterstaining with he-

matoxylin. Stained slides were examined with an Axio Imager microscope (Carl Zeiss) equipped with an SPOT Flex camera.

Generation of primary and immortalized cell cultures

Mouse embryonic fibroblasts (MEFs) were derived from 12.5-day-old embryos and cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 10% heat-inactivated fetal bovine serum (FBS), L-glutamine, nonessential amino acids, gentamicin, and peni-

cillin-streptomycin as described.70 Primary mammary epithelial cells (MECs) were derived from enzymatically dissociated mammary

glands of 12 to 16-week-old female mice and maintained in DMEM/F12 medium supplemented with 5% FBS, insulin, epithelial

growth factor, linoleic acid complex, fungizone, pen/strep, hydrocortisone, bovine serum albumin, gentamicin, and beta-mercaptoe-

thanol. To establish isogenic immortalized fibroblasts and mammary epithelial cell lines with and without expression of STAT3 and

STAT5a/b, we isolated primary MEFs and MECs from 16-week-old Stat3/5fL/fL females that were bred on a CDKN2A knockout back-

ground (Cdkn2a−/−). Using retroviral gene transfer to express Cre recombinase and delete both Stat3/5a/5b alleles, cells were in-

fected with pBabe-Cre-puro and pBabe-puro as a control and selected with increasing concentrations of puromycin (1, 3, and

7 μg/mL) as described previously.70 To establish immortalized MEC cultures from 12 to 16-week-old MMTV-Cre Jak1fl/fl Jak2fl/fl fe-

males and MMTV-Cre Jak1fl/wt Jak2fl/wt controls, primary mammary epithelial cells were infected with pBabe-puro retroviral particles
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expressing the SV40 large T antigen (Addgene #13970)71 and selected with puromycin. All parental primary cell lines and derived

subcultures were authenticated by PCR and Western blots using the primers and antibodies in Tables S1–S3. Cell lines were routinely

tested for mycoplasma contamination.

Kinase inhibition and cytokine treatment

To inhibit JAK1 and the tyrosine phosphorylation of STAT1, immortalized STAT3/5a/5b triple-knockout MEC cultures were treated for

48 h with 1 μM itacitinib (INCB039110). Before cytokine treatment, MECs were maintained in serum-free DMEM/F12 medium for 16 h

and treated for 15 min with a single cytokine or a combination of the following growth factors: 500 ng/mL hGH (Invitrogen, RP-10928),

25 ng/mL recombinant mouse OSM (R&D Systems, Cat. # 495-MO), 50 ng/mL recombinant mouse IL-4 (BD Pharmingen, 550067),

200 IU/mL mouse IFN-β (Pbl Assay sciences, Cat. #12405), 10 ng/mL IFN-γ (Millipore, IF005), and 100 nM human recombinant IGF-I

(Invitrogen, Cat. #PHG0071). Cells were harvested, flash-frozen on dry ice, and stored at −80◦C before being used in immunoblotting

analyses.

Fluorescence-activated cell sorting

Mammary epithelial cells that were heterogeneous for the expression of GFP were prepared for FACS sorting by detaching cells from

culture plates using 0.05% trypsin. Trypsin was quenched by FACS buffer (1% FBS in DMEM/F12), centrifuged at 900 rpm for 5 min,

resuspended with 4 mL of FACS buffer, and then filtered through 40 μm nylon mesh filters (Fisher Scientific) to remove cell aggre-

gates. Cell count and viability were determined using an automated cell counter (CellDrop, Denovix) or by manual counting on a he-

macytometer through the Trypan Blue exclusion method. Eight x 106–107 cell suspensions were then prepared for sorting along with

appropriate positive and negative controls. Fluorescence-activated sorting of GFP-labelled cells was performed using a 130 μm

nozzle on the SH800 cell sorter (Sony Biotechnology). Sorted GFP-positive and GFP-negative cells were plated and maintained in

DMEM/F12 with 5% FBS.

Immunoprecipitation and western blot analysis

Cell pellets or homogenized tissues were sonicated for 4 s in complete lysis buffer containing 1% Nonidet P-40, 0.5% sodium de-

oxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.4 units/mL aprotinin, 1 mM NaF, leupeptin, and 0.1 mM so-

dium orthovanadate. Alternatively, one tablet of the complete Mini Protease Inhibitor Cocktail (Roche, 11836153001) was dissolved

in 10 mL of 1% NP-40 to formulate a lysis buffer. Lysed protein samples were kept on ice for 30 min. Whole-cell extracts were

resolved by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Invitrogen). The membranes were blocked

for 1 h at room temperature in 5% dry milk in 1x TBST (Tris-buffered saline with 0.05% Tween 20) buffer or 5% Bovine Serum Albumin

(BSA) in 1x TBST for phosphotyrosine-specific antibodies. Next, membranes were incubated overnight with primary antibodies in a

blocking buffer at 4◦C. Table S3 lists the source of primary and secondary antibodies with recommended dilutions that were used for

immunoblotting. Next, membranes were washed three times for 5 min in 1x TBST and incubated for 1h at room temperature with

horseradish peroxidase-conjugated secondary antibodies [Digital anti-Mouse-HRP (R1005) or Digital anti-Rabbit-HRP (R1006)

from KwikQuant] in blocking buffer. Membranes were washed three times for 10 min with 1x TBST and then two times for 10 min

in 1x TBS (Tris-buffered saline without Tween 20) and finally for 5 min in ultrapure water. Protein bands were detected using the

ECL chemiluminescence kit for immunoblot analysis [KwikQuant Ultra Digital-ECLTM Substrate Solution (Cat. #R1002)] according

to the manufacturer’s instructions (Kindle Biosciences, LCC). Chemiluminescence and brightfield images of the blots with size

markers were taken using a D1001 KwikQuant Imager (Kindle Biosciences, LLC). The protein band intensity of selected immunoblots

was quantified using KwikQuant Image Analyzer 5.9 (Kindle Biosciences, LLC). Membranes were stripped using a mild glycine strip-

ping buffer (Abcam protocol) for consecutive detection of various proteins.

For immunoprecipitation experiments, cell pellets were lysed in complete lysis buffer as described above without the sonication

step and were kept on ice for 1 h. Clarified lysates corresponding to 500 μg to 1 mg of total protein were immunoprecipitated with an

antibody against IRS-1 (1:50 dilution) and Dynabeads Protein A according to the manufacturer’s instructions (Invitrogen Cat.

#10001D). The immunoprecipitated proteins were then analyzed by western blotting as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphic illustrations and statistics were performed with GraphPad Prism (v6.07; GraphPad Software, La Jolla, CA). All reported mea-

surements were taken from distinct samples. Unless otherwise indicated in the figure legends, experimental data are shown as mean

values ± SEM or mean ± SD. For statistical analysis, the data were assessed for normality followed by unpaired Student’s t-tests, and

p-values < 0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) were considered statistically significant.

ADDITIONAL RESOURCES

N/A.
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