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Transcription of immediate-early genes—as well as multiple genes affecting muscle function, cytoskeletal
integrity, apoptosis control, and wound healing/angiogenesis—is regulated by serum response factor (Srf).
Extracellular signals regulate Srf in part via a pathway involving megakaryoblastic leukemia 1 (Mkl1, also
known as myocardin-related transcription factor A [Mrtf-a]), which coactivates Srf-responsive genes down-
stream of Rho GTPases. Here we investigate Mkl1 function using gene targeting and show the protein to be
essential for the physiologic preparation of the mammary gland during pregnancy and the maintenance of
lactation. Lack of Mkl1 causes premature involution and impairs expression of Srf-dependent genes in the
mammary myoepithelial cells, which control milk ejection following oxytocin-induced contraction. Despite the
importance of Srf in multiple transcriptional pathways and widespread Mkl1 expression, the spectrum of
abnormalities associated with Mkl1 absence appears surprisingly restricted.

Megakaryoblastic leukemia 1 (MKL1) was initially identified
in acute megakaryoblastic leukemias (AMKLs) that occur in
infants and young children due to its involvement in the
RBM15-MKL1 fusion protein created by the t(1;22) chromo-
somal translocation found uniquely in these leukemias (41, 48).
As a result of this translocation, the MKL1 gene (alternatively
known as MAL [megakaryocytic acute leukemia], MRTF-A
[myocardin-related transcription factor A], or BSAC [basic,
SAP {SAF-A/B, acinus, PIAS}, and coiled-coil domain]) (48,
63, 78) from chromosome 22 is juxtaposed and fused in-frame
downstream of another novel gene, which encodes RNA-bind-
ing motif protein 15 (RBM15, alternatively known as OTT [one
twenty-two]) and is found on chromosome 1; the RBM15-
MKL1 fusion protein generated by the 1;22 chromosomal re-
arrangement is believed to possess oncogenic properties that
contribute to the development of AMKL (41, 47).

MKL1 has recently been shown to be a member of a three-
protein family that also includes MKL2 (alternatively known as
MRTF-B) and myocardin. These myocardin/MKL proteins
serve as serum response factor (Srf) coactivators, binding to
Srf and strongly activating Srf target genes (13, 50, 65, 76, 78).
Serum response factor is a MADS (minichromosome mainte-
nance protein 1, agamous, deficiens, Srf) box transcription

factor that regulates serum and growth factor-inducible imme-
diate-early genes, as well as many muscle-specific and -impor-
tant genes, by binding to serum response elements (SREs),
also known as CArG boxes, in their promoter sequences (34,
55, 67). It has been known for more than a decade that ternary
complex factor (TCF)—which is comprised of the three ETS-
related factors ELK1, SAP1, and SAP2—serves as a coactiva-
tor of Srf when it is activated by mitogen-activated protein
kinase-mediated phosphorylation. Once stimulated by phos-
phorylation, TCF activates SRE-containing genes by binding to
both the Srf protein and a short DNA sequence element on the
5� flank of the SRE sequences (75). Inhibition of the TCF-
dependent activation of Srf does not, however, result in a
complete abrogation of the serum induction of SRE-contain-
ing reporter genes, indicating that a second, TCF-independent
pathway exists to activate Srf-responsive genes (34). This TCF-
independent signaling pathway has been shown to involve Rho
GTPases since inhibition of RhoA blocks serum induction of
SRE-containing genes and, conversely, constitutively activated
RhoA activates SRE-containing gene promoters (30). Until
recently, the mechanism by which Srf was regulated in this
RhoA-mediated activation pathway remained unclear, given
that the Srf protein is constitutively localized to the nucleus
and bound to SRE sequences, and no direct modifications of
the protein are required for its regulation (34).

The identification of the myocardin/MKL protein family
provided a critical break that led to increased understanding of
the mechanisms underlying the regulation of TCF-indepen-
dent Srf activation. The founding member of this family, myo-
cardin, was shown to be expressed specifically in only cardiac
and smooth muscle cells and to activate cardiac and smooth
muscle gene promoters by associating with Srf, and it was
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suggested to be required for myocardial cell differentiation in
Xenopus based on studies using an engineered dominant-neg-
ative myocardin mutant protein (76); furthermore, myocardin
has been shown to regulate the Srf-dependent expression of
various smooth muscle genes and to be sufficient to activate
smooth muscle genes in nonmuscle cells (17, 21, 38, 39, 80, 82).
The three members of the myocardin/MKL family all strongly
activate CArG box reporter genes and stably bind Srf (13, 50,
64, 65, 76, 78, 79). In contrast to myocardin, which has cardiac
and smooth-muscle-specific expression (17, 21, 76, 82), Mkl1
and Mkl2 are expressed in a wide range of embryonic and adult
tissues (41, 63, 78). Dominant-negative Mkl1 blocks Srf re-
porter gene activation by serum, activated RhoA, and activated
mDia, the latter being an effector of Rho GTPase signaling
that functions to promote F-actin assembly and Srf activation
via the TCF-independent pathway (13, 19, 50, 77). Dominant-
negative Mkl1 also blocks serum induction of endogenous Srf
target genes, especially those genes without apparent TCF-
binding sites (13, 28, 65, 70).

It has recently been found that Rho GTPases regulate Srf via
their ability to induce F-actin polymerization, which in turn
releases cytoplasmic Mkl1 that is tethered to monomeric G-
actin and allows Mkl1 nuclear accumulation, where it fulfills its
function as an Srf coactivator (50). As with the mammalian
protein, Drosophila Mkl1 is responsive to activated Diapha-
nous (the fly counterpart of mDia), which affects actin cy-
toskeletal dynamics; consistent with these observations, cell
stretching/tension mediated via cytoskeletal changes results in
Drosophila Mkl1 nuclear accumulation, and cell migration dur-
ing fly development requires intact Mkl1 and Srf function (69).
Mkl2 appears to be a less potent transcriptional coactivator
than Mkl1 (78), but complete abrogation of RhoA-induced Srf
target gene expression requires inhibition of both Mkl1 and
Mkl2 (13), suggesting at least partial redundancy of function
between the two proteins. Taken as a whole, these data clearly
indicate that the myocardin/MKL protein family mediates sig-
nal transduction to Srf in the TCF-independent activation
pathway, thereby controlling muscle and immediate-early gene
expression; it remains to be determined, however, to what
extent the three members of this family serve unique versus
redundant transcriptional control functions.

With the exception of a recently published study of Drosoph-
ila Mkl1 (69), the characterization of Mkl1 function has been
performed to date using in vitro cellular systems only; thus, the
functions of the protein in vivo are not yet fully clear. Here we
investigate the physiological roles of mammalian Mkl1 during
development and in adults using gene-targeting techniques to
generate Mkl1 null mice. We demonstrate an absolute require-
ment for Mkl1 function in the normal mammary gland physio-
logic responses that prepare the gland for lactation in the latter
stages of pregnancy and maintain lactation during the postpar-
tum period. The absence of Mkl1 is associated with the devel-
opment of an involution-like phenotype in the mammary tissue
that precludes the ability of Mkl1�/� mothers to sustain the
nutritional requirements of their progeny; in addition, Mkl1
deletion significantly impairs the expression of Srf-dependent
muscle genes in the mammary myoepithelial cells, which nor-
mally contract and cause milk ejection in response to suckling
and resultant oxytocin release. We also demonstrate that, al-
though Mkl1 is not absolutely required for embryonic heart

development, a subset of our Mkl1�/� embryos suffer death at
approximately embryonic day 10.5 (E10.5) due to myocardial
cell necrosis that may reflect an impaired ability of the myo-
cardium to respond to environmental stresses. In contradis-
tinction to the global effects upon transcriptional control ex-
erted by Srf, the relatively restricted phenotypic abnormalities
we report here help to define the unique and essential roles
that Mkl1 plays in modulating Srf function and regulating
mammalian development and function.

MATERIALS AND METHODS

Generation and analysis of Mkl1�/� mice. A genomic DNA fragment
encompassing the 3� portion of the mouse Mkl1 gene from strain 129SvEv
mice (Stratagene) was isolated. An Mkl1 targeting vector was constructed using
this DNA fragment to delete coding exons 9 to 14, inclusive, which encode amino
acids 240 to 794 of the Mkl1 protein. The Mkl1 targeting vector (10 �g) was
electroporated into embryonic stem (ES) cells from strain 129Sv mice (Specialty
Media), which were selected in G418 (Invitrogen) and ganciclovir (Roche Bio-
sciences). Two hundred ES clones were screened by Southern blot analysis for
homologous recombination events within the Mkl1 locus. Genomic DNAs from
these clones were digested with BstEII, then Southern hybridization using a
500-bp intronic probe located external to the 5� extent of the targeting construct
was carried out. Four ES cell clones were shown to be both correctly targeted and
karyotypically normal. These four clones were injected into C57BL/6 blastocysts,
and germ line transmission of the deleted Mkl1 allele was obtained from chimeric
males derived from two individual ES cell clones. The genotypes of the mice were
determined by PCR using primer 1 (5� TGCTTGCATGTATGGCTGTT 3�) and
primer 2 (5� TGTTTGGTGCTCAGCAGTTC 3�) from the intronic sequences
between exons 14 and 15 and primer 3 (5� CAGAAAGCGAAGGAGCAAAG
3�) from the neo resistance gene; the PCR generated 340-bp wild-type and
500-bp targeted bands.

Hemizygous or homozygous Mkl1-deficient mice were mated at approximately
6 weeks of age. For timed-mating pregnancies, Mkl1�/� male and female mice
were mated overnight and the females with copulation plugs were removed from
the breeding cages the next morning and either sacrificed to collect embryos at
various times during pregnancy or observed until delivery. For oxytocin and
prolactin injections, oxytocin (600 milliunits/kg of body weight/day) (Sigma) or
prolactin (0.5 mg/mouse/day) (NIDDK National Hormone & Peptide Program
[www.humc.edu/hormones]) were injected intraperitoneally every 8 h for 10 days
beginning on postpartum day 3.

Immunoprecipitations and immunoblotting. For immunoprecipitations,
mouse embryonic fibroblasts (MEFs) were lysed in radioimmunoprecipitation
assay buffer, and the protein in the lysates was immunoprecipitated with an
anti-Mkl1 polyclonal rabbit antiserum kindly provided by Ron Prywes (13). The
precipitated proteins were immunoblotted with the same anti-Mkl1 serum, using
a 1:1,500 dilution.

Histological analysis. For light microscopic histological examination, mam-
mary gland tissues were fixed in 4% neutral buffered formalin, embedded in
paraffin, and sectioned at 4-�m intervals. After a graded alcohol dehydration
and two xylene-clearing stages, the sections were stained with conventional
hematoxylin-eosin reagents. For electron microscopy, the mammary glands
were processed, embedded, sectioned, and examined using previously de-
scribed methods (24, 51).

Immunohistochemistry. Slides of 4-�m-thick sections cut from formalin-fixed
paraffin-embedded tissues were deparaffinized in xylene, and immunohistochem-
istry was performed with a DAKO autostainer following the manufacturer’s
instructions. For �-smooth muscle actin (SMA) staining, monoclonal mouse
anti-human �-smooth muscle actin (clone 1A4; catalog no. M0851), which also
reacts with the mouse protein, was obtained from DAKO and complexed to
biotin prior to use with an animal research kit (catalog no. K3954; DAKO).
Mouse immunoglobulin (Ig) G2a kappa (clone C1.18.4; catalog no. 557274;
Pharmingen) was used as a negative control at the same concentration as the
SMA antibody. Heat-induced epitope retrieval was performed at �95°C for 30
min in citrate buffer (pH 6.0) (catalog no. 00-5000; Zymed). Slides were allowed
to cool for 30 min and were placed in Tris-buffered saline (catalog no. S3006;
DAKO) for 10 min prior to the assay. Endogenous peroxidase activity was
blocked by incubation with 3% H2O2 (Humco) for 5 to 10 min. The slides were
then incubated with biotinylated anti-SMA antibody (1:20, 30 min) or with the
biotinylated negative control antibody. Slides were subsequently incubated for 10
min with streptavidin conjugated to horseradish peroxidase (catalog no. K1016;
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DAKO) and for 10 min with substrate containing the chromogen 3,3� diamino-
benzidine tetrahydrochloride (catalog no. K3468; DAKO). The slides were coun-
terstained for 3 min with a 1:5 dilution of hematoxylin (catalog no. S3309;
DAKO), dehydrated, and placed on coverslips.

Assessment of apoptosis. Terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assays were performed using the Dead
End kit (catalog no. PRG7130; Promega) adapted for use on the Discovery
stainer (Ventana Medical Systems, Tucson, Ariz.). Slides of 4- to 6-�m-thick
sections cut from formalin-fixed, paraffin-embedded tissues were baked at 60°C
for 30 min and placed on the Discovery stainer. All steps of the Dead End kit
protocol were followed exactly, except that deparaffinization of the slides was
programmed as part of the TUNEL protocol on the stainer, and an additional
step consisting of a 10-min incubation with proteinase K (catalog no. S3020;
DAKO) at room temperature was included prior to terminal transferase incu-
bation.

Microarray analysis. Total RNA was extracted with RNA STAT-60 (Tel-Test,
Inc.) according to the manufacturer’s instructions. For differential expression
analysis, the mammary tissues from Mkl1�/� (n � 3) and wild-type (n � 3) mice
were obtained at postpartum day 5. RNA quality and integrity prior to microar-
ray analysis were assessed using the Agilent 2100 Bioanalyzer. Double-stranded
cDNA was synthesized from total RNA using the SuperScript double-stranded
cDNA synthesis kit (Life Technologies) and primer T7-dT24-DNA (5� GGCC
AGTGAATTGTAATACGACTCACTATAGGGAGGCGG 3�) per the manu-
facturer’s instructions. Using this double-stranded cDNA as a template, a labeled
antisense cRNA was synthesized with biotinylated UTP and CTP by in vitro
transcription using a T7 RNA transcript labeling kit (ENZO Diagnostics). The
labeled cRNA was passed through a CHROMASPIN-100 column (Clontech),
fragmented by heating and ion-mediated hydrolysis, and then used for hybrid-
ization to the Mouse Genome 430 2.0 GeneChip oligonucleotide microarrays
(Affymetrix), which contain 45,037 probe sets (�34,000 genes). After hybridiza-
tion, the oligonucleotide arrays were washed and stained with phycoerythrin-
conjugated streptavidin (Molecular Probes). The arrays were then scanned with
a laser confocal scanner (Agilent), gene expression signals were scaled to a target
intensity of 500, and detection values were determined with the default settings
of Affymetrix Microarray Suite 5.0.

Statistical analysis. Unless otherwise specified, R 2.0.1 software (R Founda-
tion for Statistical Computing, Vienna, Austria) was used for both identification
and functional classification of differentially expressed genes. First, probe sets
designated by Affymetrix Microarray Suite 5.0 as “absent” in all six arrays were
filtered out (this eliminated 25,888 probe sets, leaving 19,149 probe sets for
further analysis). Then, the local-pooled-error method (33) and q-value es-
timation for the false discovery rate (72) available in the local-pooled-error
and q value packages, respectively, from the Bioconductor project (27), were
used to identify genes that were differentially expressed between Mkl1�/� and
wild-type mice.

Two hundred forty-eight probe sets, representing 182 different genes, were
identified as being significantly differentially expressed at q values of 	0.05.
These 248 probe sets were then functionally classified using the biological pro-
cess categories of the Gene Ontology Consortium (3). Fisher’s exact test was
used to determine the overrepresented gene ontology biological process catego-
ries in these probe sets, and the P values were corrected for multiple testing using
the false discovery rate controlling procedure of Benjamini and Hochberg (11).

Real-time PCR quantification of gene expression. cDNAs were generated
from 200 ng of total RNA prepared from either whole mammary glands or
purified mammary myoepithelial cells using SuperScript II RNase H� reverse
transcriptase (Invitrogen) and nonamer random primers. Beta-actin was used as
an internal standard. Real-time PCR was performed with an ABI Prism 7700
sequence detector system (Applied Biosystems). Oligonucleotide primers and a
TaqMan probe were designed for each gene using Primer Express version 2.0
software (Applied Biosystems). Primer sequences are available from the authors
upon request. The expression of each gene examined by real-time PCR was
normalized relative to the expression of beta-actin.

Promoter sequence analysis. One kilobase of the promoter sequences was
sought from each of the 48 down-regulated genes (65 probe sets) that were
identified using the University of California Santa Cruz (UCSC) genome browser
(UCSC mouse database release mm5, May 2004); the upstream sequences were
available for 37 of these genes (42 probe sets). We then used Clover (cis-element
overrepresentation) (23) to scan a precompiled library of 542 vertebrate motifs
from the TRANSFAC Professional database (46), version 8.3, against the 1-kb
promoter sequences of each of the 37 genes to identify significantly overrepre-
sented motifs. A P value threshold of less than 0.01 was used to determine
significance.

Purification of mammary myoepithelial cells. Myoepithelial cells of mammary
glands were isolated from mice on postpartum day 5 as described previously in
the literature (54), with modifications. Briefly, mammary gland tissues dissected
from mice that had been decapitated were minced and washed in Ca2�- and
Mg2�-free phosphate-buffered saline (PBS). The minced tissues were incubated
with 2,000 protease units/ml of Dispase (Invitrogen) in Dulbecco’s modified
Eagle’s/F-12 medium (Sigma) containing 100 IU/ml penicillin (Sigma) and 100
�g/ml streptomycin (Sigma), supplemented with 5% fetal bovine serum (ICN)
and 0.0001% DNase I (Sigma) for 90 min on a shaker at 37°C. The tissues were
washed with PBS, then incubated for 30 min at 37°C in PBS. Thereafter, the
tissues were again washed with PBS prior to digestion with 0.5 to �1.0 mg/ml
collagenase (Type III; Worthington) in the medium described above for 15 min
at 37°C. The digested tissue was washed with PBS, and cells were dissociated in
PBS containing 0.02% EDTA using a Pasteur pipette. The cell suspension in PBS
was serially filtered with nylon mesh (pore sizes, 150 and 25 �m), and the
solution of filtrate was replaced with Dulbecco’s modified Eagle’s/F-12 medium.
The cell suspension was layered on top of a Percoll discontinuous gradient
(1.050, 1.060, 1.065, 1.070, 1.075, 1.080 g/ml) in normal Ringer’s solution con-
taining 2% Ficoll, 20 mM HEPES (pH 7.5) and 2% bovine serum albumin
(Sigma) and centrifuged for 30 min at 800 
 g. Myoepithelial cells, which
sediment at a density of 1.070 to 1.080 g/ml, were separated from secretory
epithelial cells (sedimentation at 	1.065 g/ml), collected, washed three times
with cold PBS (containing 1% FCS), and then filtered through 56-�m-pore-size
gauze (Henry Simon, Ltd., Stockport, United Kingdom) and counted. The cells
were labeled with anti-CD10 primary rabbit IgG antibody (Santa Cruz Biotech-
nology) at a ratio of 1 
 106 cells/10 �l antibody in a 0.5-ml final volume for 10
min at 4°C, with occasional gentle inversion. The cells were then washed twice by
carefully adding 10 ml PBS buffer (PBS, pH 7.2, with 0.5% bovine serum albumin
and 2 mM EDTA) and centrifuged at 300 
 g, and then the supernatant was
completely removed. The cell pellet was resuspended in 80 �l of PBS buffer per
107 cells, and MACS goat anti-rabbit IgG MicroBeads (20 �l; Miltenyi Biotec)
were added and incubated for 15 min at 6 to 12°C. Thereafter, the cells were
washed with 20 ml PBS buffer and resuspended in 500 �l buffer per 108 cells, then
purified by magnetic separation per the manufacturer’s instructions.

RESULTS

Generation of Mkl1-knockout mice. The Mkl1 gene was dis-
rupted by homologous recombination in murine ES cells, with
replacement of exons 9 to 14, inclusive, by a neomycin resis-
tance cassette (Fig. 1A). These deleted exons encode the
amino acids (240 to 794) that comprise the entirety of the
basic, glutamine-rich, SAP, and coiled-coil motifs of Mkl1, as
well as a portion of the transactivation domain of the protein.
Germ line transmission of the deleted Mkl1 allele was achieved
from chimeric males derived from two individually targeted
unique ES cell clones; the phenotypic abnormalities reported
herein were identical in each of the two lines of Mkl1 knockout
mice generated using these targeted ES cells. Mkl1 hemizygous
(�/�) mice appeared healthy throughout their lives and were
intercrossed to obtain homozygous Mkl1-deficient (�/�) ani-
mals, as confirmed by Southern blot analysis of tail DNA
samples (Fig. 1B). The null mutation of Mkl1 in Mkl1�/� mice
was confirmed by Western blotting analysis of lysates from
MEFs isolated from E13.5 embryos, which revealed the com-
plete absence of detectable Mkl1 protein expression (Fig. 1C).
Mkl1 hemizygous and homozygous null viably born pups and
adult mice were indistinguishable from their wild-type lit-
termates at birth; their appearance was grossly normal, and
their organs were found to be histologically normal by light
microscopy.

Mkl1 deficiency results in partial embryonic lethality
caused by cardiac cell death. In vitro studies have suggested
that Mkl1 is a transcriptional cofactor that strongly activates
Srf-responsive muscle-specific and -important gene promoters
by physically associating with Srf (13, 50, 78). In addition, the
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overexpression of Mkl1 has been associated with cell survival;
specifically, this prosurvival effect is able to partially rescue the
cell death of Traf-2 and -5 double-deficient MEFs induced by
tumor necrosis factor (63).

These findings suggest that Mkl1 could play a role in the
development and/or survival of cardiac, smooth, and skeletal
muscle tissues; however, no readily apparent abnormalities in
muscle development or function were discernible in Mkl1�/�

FIG. 1. Generation of Mkl1�/� mice. (A) Targeted disruption of Mkl1. The genomic sequences containing Mkl1 exons 9 to 14, inclusive, were
replaced with a neomycin resistance cassette. The 5� probe used for Southern blot analysis and the expected BstEII DNA restriction fragments are
indicated. Bs, BstEII; EV, EcoRV; B, BamHI. The schematic of Mkl1 shows the portion of the protein encoded by the deleted exons. MHD,
myocardin/MKL homology domain; B, basic amino acid-rich region; Q, glutamine-rich region; SAP, putative DNA-binding/chromatin association
domain; CC, coiled-coil domain; TAD, transcriptional activation domain; aa, amino acid. (B) Southern blot analysis of mouse tail genomic DNA. The
expected DNA fragments for the targeted and wild-type alleles are 8 and 5 kb, respectively. �/�, wild type; �/�, heterozygote; �/�, homozygote.
(C) Sequential immunoprecipitation (IP)/immunoblot (IB) analysis using an Mkl1-specific rabbit polyclonal antibody. Note the absence of Mkl1 protein
from homozygously targeted (�/�) MEFs compared to wild-type (�/�) MEFs, both of which were isolated from E13.5 embryos.
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pups or adult mice. Based on the hypothesis that defects in the
ability of mesenchymal tissues to develop normally to specific
muscle lineages might result in a partial fetal wastage of
Mkl1�/� embryos, we examined the integrity of embryonic
development in the absence of Mkl1. To analyze the Mende-

lian frequency of viable Mkl1�/� births, we genotyped the
progeny from Mkl1�/� hemizygote intercrosses. This analysis
revealed that only 34 (14.8%, rather than the expected 25%)
Mkl1�/� pups were born out of a total of 229 progeny from
these crosses (Fig. 2A), indicating that approximately 40%

FIG. 2. Partial embryonic lethality associated with abnormal cardiogenesis due to Mkl1 absence. (A) Mendelian frequency of the progeny
born to Mkl1 hemizygote intercrosses. Note that only 14.8% of the offspring are homozygous Mkl1�/� mice (34 of a total of 229 pups), which
is less than the expected frequency (25%), indicating partial embryonic lethality in embryos that lack Mkl1. (B) Cardiac sections of E10.5
Mkl1�/� mouse embryos. (A and B) Hematoxylin and eosin staining. (A) Magnification, 40
. (B) Magnification (400
) of boxed area in
panel A. There is substantial necrosis of myocardial cells of the ventricular and atrial walls, which appear as hyalinized eosinophilic cells with
shrunken and fragmented nuclei (arrows). (C and D) Electron microscopy of E10.5 Mkl1�/� embryonic heart. Mitochondria (arrows) of the
affected myocardiocytes are markedly swollen and are shown in various stages of degeneration. There is no cytosolic swelling or change in
nuclear morphology suggestive of an apoptotic cell death process; similarly, no electron microscopic evidence of autophagic death (i.e.,
double-membraned autophagosomes or autophagolysosomes in the cytoplasm) was observed.
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(40.8%, if Mendelian genetics were to hold exactly true) of
Mkl1�/� fetuses died during embryogenesis.

Isolation of embryos ranging from developmental stages E10
to E18.5 from intercrosses between Mkl1�/� male and female
mice revealed that 35% of E10.5 Mkl1�/� embryos suffered
dilated cardiac atrial and ventricular chambers, as well as di-
lation of their outflow vessels (aortic and pulmonary arteries)
(data not shown). In addition, edema was seen around the
hearts within the pericardial space, consistent with effusions
that may have resulted from abnormalities of the cardiac mus-
culature that were also observed (see below) and/or heart
failure (Fig. 2B, panel A). By contrast, the remaining 65% of
Mkl1�/� mice, as well as Mkl�/� and wild-type, embryos
showed no evidence of cardiac abnormalities (data not shown).
Similarly, no evident differences were observed histologically
between postnatal wild-type, Mkl1�/�, and Mkl1�/� mice in
the overall development of the cardiac structures; for example,
the thicknesses of both the atrial and ventricular myocardial
layers were not substantively altered in the absence of Mkl1.
Thus, Mkl1 function is not required for the specification and
formation of the heart from mesenchymal precursor tissues.

By contrast, however, Mkl1 function was apparently re-
quired to maintain the integrity of the myocardium in the
subset of Mkl1�/� embryos that succumbed during develop-
ment; specifically, histological analyses demonstrated myocar-
dial cell death associated with coagulative necrosis in the atrial
and ventricular walls (Fig. 2B, panels A and B). Examination
of E10.5 and earlier embryos by in situ TUNEL assay revealed
indistinguishable numbers of apoptotic cardiac cells in
Mkl1�/� and wild-type embryos (data not shown), suggesting
that apoptosis was not a major cause of the myocardial cell
death. Electron microscopic examination of the cardiac mus-
culature also failed to show the typical signs of apoptotic cell
death (nuclear condensation, association of chromatin with the
nuclear periphery, DNA fragmentation, membrane blebbing,
lack of major ultrastructural changes of the cytoplasmic or-
ganelles, engulfment and lysosomal degradation of dying cells
by phagocytes) (Fig. 2B, panels C and D). Likewise, no mor-
phological evidence indicative of autophagic cell death (the
presence in the cytoplasm of dying cells of double-membrane
structures known as autophagosomes, as well as autophagoly-
sosomes resulting from the fusion of autophagosomes with
lysosomes) was observed in electron microscopic images of the
myocardium. Although neither global cytosolic swelling nor
substantial changes in nuclear morphology were identified, the
mitochondria of the myocardiocytes were markedly swollen
and in various states of degeneration (Fig. 2B, panels C and
D). These results suggest a nonprogrammed (i.e., neither apop-
totic nor autophagic) mechanism of myocardial cell death in
Mkl1�/� embryos that most closely resembles cellular necrosis
(7, 35). No other apparent abnormalities were observed in
these Mkl1�/� embryos up to the time of their death, or in the
Mkl1�/� embryos that survived to term.

Failure-to-thrive syndrome and death of pups born to
Mkl1�/� mothers. As noted, approximately 60% of Mkl1�/�

mice were viable following full-term pregnancies. These ani-
mals were born with an equal male-to-female ratio. Extensive
gross and histological examination revealed no evident abnor-
malities, and Mkl1�/� mice that attained adulthood appeared

indistinguishable from their wild-type or hemizygote adult lit-
termates.

Similarly, the fecundity of Mkl1�/� mice was found to be
normal compared with wild-type and hemizygous mice; no
significant differences were observed in the numbers of litters
or pups per litter born to intercrosses between Mkl1�/� males
or females with wild-type, hemizygous, or Mkl1�/� breeding
partners. Thus, Mkl1�/� males were fertile, and Mkl1�/� fe-
males possessed no inherent gestational or parturition defects.
However, pups born to Mkl1�/� mothers failed to thrive. Al-
though initially comparable in size and appearance to pups
born to wild-type or Mkl1�/� mothers, pups born to Mkl1�/�

mothers failed to gain weight following their first week of life
(Fig. 3A). Pregnant Mkl1�/� mice were observed to build typ-
ical nests and, after delivery, the offspring were cleaned and
present in the nest. In addition, the mothers quickly retrieved
offspring that were moved outside of the nest. Thus, the ma-
ternal behavior of Mkl1�/� females appeared normal.

Despite the ostensibly normal maternal behavior, the off-
spring of Mkl1�/� females died 14 to 17 days postpartum. The
death of the pups occurred independently of their genotype
but tracked with the genotype of their mothers. Therefore, we
performed experiments in which we placed 8-day-old wild-type
pups with Mkl1�/� nursing females and 8-day-old Mkl1�/�

pups with wild-type nursing females to determine the conse-
quences of such a switch (Fig. 3). Consistent with an abnor-
mality associated specifically with the Mkl1�/� dams, all
Mkl1�/� pups removed from their Mkl1�/� birth mothers and
placed with wild-type dams survived to weaning and adulthood,
whereas no wild-type pups placed with Mkl1�/� mothers sur-
vived to weaning (Fig. 3D). Taken as a whole, these results
suggest the inability of Mkl1�/� mothers to support the nutri-
tional requirements of their suckling pups to the point at which
they can be weaned.

Treatment of Mkl1�/� nursing females with oxytocin and/or
prolactin fails to correct the failure-to-thrive syndrome. To
help rule out the possibility that hormones critical for normal
lactation and nursing are deficient in Mkl1�/� females, we
injected five Mkl1�/� females intraperitoneally with oxytocin
(600 milliunits/kg/day) and/or prolactin (0.5 mg/mouse/day)
every 8 h from postpartum day 3 to postpartum day 13. Anal-
ysis of the growth curves of suckling pups born to these
Mkl1�/� mothers demonstrated that the injections of neither
oxytocin alone, prolactin alone, nor the two together, had any
effect on the growth or survival of the offspring, with all pups
dying within 17 days of birth (data not shown).

Additional evidence suggesting that the hormonal milieu of
Mkl1�/� females is probably normal was provided by exami-
nation of the pituitary glands of these animals, which demon-
strated an increase in the size of the pars intermedia at post-
partum day 9 compared to wild-type postpartum controls; by
contrast, examination of the pituitary glands of virgin and
19-day-pregnant females showed no differences in the size of
the pars intermedia between Mkl1�/� and wild-type females
(see the figure in the supplemental material). In the mouse,
melanocyte-stimulating hormone, which is synthesized by the
pars intermedia, is normally released after suckling stimuli, in
turn prompting the release of prolactin from the pars distalis of
the pituitary to help maintain lactation (73). Although we
cannot unequivocally rule out more subtle defects in reproduc-
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tive and/or postnatal endocrinology, the inability of exog-
enously administered oxytocin and prolactin to reverse the
weight loss and death of pups that suckle Mkl1�/� mothers,
together with the apparent physiologic, compensatory enlarge-
ment of the pars intermedia observed in Mkl1�/� females
during the postpartum period, support instead the presence of
primary, intrinsic mammary gland defects that prevent normal
responses to the hormones that control lactation and nursing
in females lacking Mkl1.

Identification of genes differentially expressed in the mam-
mary glands of Mkl1�/� mice during lactation. As an initial
step to explore mammary gland function in Mkl1�/� females,
we performed gene expression profiling by microarray analysis.
Total RNA from mammary glands in early lactation (postpar-
tum day 5) was extracted and analyzed using mouse genome
oligonucleotide microarrays (430v2.0; Affymetrix). The RNA
samples were taken in triplicate from mammary glands from
three individual Mkl1�/� mice as well as three control wild-
type mice at postpartum day 5. Data analysis showed that 248
probe sets, representing 182 different genes, were differentially
expressed between Mkl1�/� and wild-type mammary gland
tissues (Fig. 4; see Tables S1 and S2 in the supplemental
material). In order to establish correlations between gene func-
tion and gene expression patterns, the transcripts with known
function were assigned to categories, and statistically signifi-
cant (adjusted P value, 	0.05) associations among specific
gene functions were identified using gene ontology biological
process categories. This analysis revealed that the 182 differ-
entially expressed gene transcripts cover 14 biological pro-
cesses (see Table S2 in the supplemental material) that were
significantly altered in Mkl1�/� mammary glands. These pro-
cesses include cell motility, muscle contraction and develop-
ment, cell death regulation, responses to stress and biotic stim-
uli (including acute-phase responses), control of cellular
homeostasis (especially concerning inorganic di- and trivalent
metal cation [e.g., iron and zinc] transport), regulation of cell
proliferation, acetyl-coenzyme A (CoA) and acetate metabo-
lism, cell surface receptor-linked signal transduction, nucleic
acid metabolism, nitric oxide-mediated signal transduction,
and the regulation of peptidyl-tyrosine phosphorylation by Egf
and Pdgf (see Table S2 in the supplemental material). The
three most significant differentially represented functional pro-
cesses seen in Mkl1�/� and wild-type mammary tissues in-
volved in muscle contraction, the acute-phase response, and

FIG. 3. Failure-to-thrive syndrome of pups suckling Mkl1�/� moth-
ers. (A) Weight gain of pups born to intercrosses between either
Mkl1�/� males 
 Mkl1�/� females or Mkl1�/� males 
 Mkl1�/� fe-
males at each time point indicated during the postnatal period. Each
data point represents the average weight (in grams) of 20 pups. Note
that pups of Mkl1�/� mothers failed to gain weight after their first
week of life. (B) Photographs of 11-day-old pups. Pup A (Mkl1�/�) was
born from a hemizygote (�/�) parental intercross, pup B (Mkl1 �/�)
was born from a hemizygote female (�/�) 
 null male (�/�) cross,
pup C (Mkl1 �/�) was born from a null female (�/�) 
 hemizygote
male (�/�) cross, and pup D (Mkl1�/�) was born from a null male
(�/�) 
 null female (�/�) intercross. All four mice were kept with
their respective birth mothers during the entire 11-day postnatal pe-
riod. Mkl1�/� pups born in the same litters as pups A and B, but not
C, gained weight and appeared healthy, similar to their wild-type and

Mkl1�/� littermates (not shown); all littermates of pup D exhibited a
failure-to-thrive phenotype. (C) Survival rates of the progeny from
intercrosses of parents with various Mkl1 genotypes. Male/female (7-
week-old) breeding pairs with the indicated genotypes produced the
number of progeny shown. The pups born to these crosses were kept
with their birth mothers and observed for a 16-day postnatal period.
Note that Mkl1 absence does not alter the fecundity of either male or
female parents and, importantly, that no progeny of Mkl1�/� mothers
survived the postnatal observation period. (D) Survival rates of 8-day-
old pups (wild-type or Mkl1�/�) after placing them with Mkl1�/� or
wild-type nursing foster mothers. The pups were interchanged between
their birth mothers at postpartum day 8, then observed for an addi-
tional 8-day period. Note that the ability to survive the immediate
postnatal period is independent of the Mkl1 status of the pups but
correlates with the genotype of the foster mothers.
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transition metal ion homeostasis (P value, 0.000067 for each of
the three). For example, of a total of 53 genes present on the
microarray chips known to be important for muscle contrac-
tion, the expression of 7 was reduced in Mkl1�/� mammary

glands (Fig. 4A). Among 506 stress-regulated transcripts, 16
genes were altered in Mkl1�/� mammary glands, and 6 of these
16 transcripts represent acute-phase response-associated genes
(see Table S2 in the supplemental material). Of 23 genes

FIG. 4. Differential gene expression in Mkl1�/� mammary glands compared with wild-type mammary tissue. (A) Hierarchical clustering of the
248 probe sets (representing 182 different genes) that are significantly differentially expressed (q value, 	0.05) between mammary tissue from
Mkl1�/� and Mkl1�/� mice. Mammary glands from either Mkl1�/� or Mkl1�/� dams (three of each) at postpartum day 5 were collected and used
for expression profiling analyses. Each column shown in the figure represents one mammary gland tissue sample, and each row represents a probe
set. Expression levels are normalized for each probe set, where the mean is zero; expression levels greater than the mean are shown in red, and
levels less than the mean are in green. Increasing distance from the mean is represented by increasing color intensity. Two subgroups of the entire
248-probe set involving genes known to be up-regulated during normal mammary gland involution or involved in normal muscle function are shown to
the right of the heat map. The DecisionSite for Functional Genomics (version 8.1) module (Spotfire, Inc., Somerville, MA) was used for the hierarchical
clustering. Detailed information concerning all 248 probe sets is shown in Table S1 in the supplemental material. KO, knockout; WT, wild type.
(B) Known mammary gland involution genes overexpressed in Mkl1�/� mammary glands from nursing mothers at postpartum day 5.
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involved in cellular metal ion homeostasis, 6 were differentially
expressed. Among other selected biological processes that
were significantly affected due to the absence of Mkl1, 8 of 85
muscle development genes, 10 of 195 cell motility transcripts,
14 of 345 cell death-associated genes, 6 of 86 homeostasis-
associated transcripts, and 2 of 4 genes involved in nitric oxide-
associated processes were differentially expressed in Mkl1�/�

mammary glands (see Table S2 in the supplemental material).
A total of 48 genes (65 probe sets) were found to be signif-

icantly down-regulated (Fig. 4; see Table S1 in the supplemen-
tal material); among these genes, several previously demon-
strated to be Srf transcriptional targets were identified. Of the
48 genes, upstream promoter sequences could be identified

from database searches for 37 (42 probe sets). The Clover
program (23) was used to scan a precompiled library of 542
vertebrate motifs from the TRANSFAC Professional database
(46), version 8.3, against a 1-kb upstream promoter sequence
of each of the 37 genes to identify significantly overrepresented
motifs. Based on this analysis, sixteen of the 37 down-regulated
genes contained one or more predicted Srf binding motifs in
their promoter sequences (see Table S3 in the supplemental
material). Of these 16 genes, 5 are known to be involved in
muscle development and/or contraction and are previously
identified Srf targets (actin alpha 1 in skeletal muscle, Acta1;
actin alpha 2 in smooth muscle of aorta, Acta2; calponin 1,
Cnn1; myosin heavy polypeptide 11 in smooth muscle, Myh11;

FIG. 4—Continued.
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tropomyosin 2 beta, Tpm2). The other 11 genes are from a
variety of putative or unknown functional classes (apolipopro-
tein D, Apod; Ets variant gene 6 [Tel oncogene], Etv6; heter-
ogeneous nuclear ribonucleoprotein A/B, Hnrpab; disintegrin-
like metalloprotease [reprolysin type] with thrombospondin
type 1 motif, 5 [aggrecanase-2], Adamts5; ATP-binding cas-
sette, subfamily E [OABP], member 1, Abce1; fatty acid de-
saturase 2, Fads2; cDNA sequence BC00398, Entrez gene
80295; beta-galactoside alpha 2,6 sialyltransferase 1, St6gal1;
solute carrier family 25 [mitochondrial carrier, citrate trans-
porter], member 1, Slc25a1; RIKEN cDNA F630022B06 gene,
Entrez gene 239827; transmembrane protein 16D [eight mem-
brane-spanning domains], Tmem16d); these 11 genes have not
heretofore been implicated as possibly responsive to Srf in
their transcriptional control (65, 83).

Involution-related genes, including those of the Stat3 path-
way, are up-regulated in postpartum Mkl1�/� mammary
glands. Mammary epithelial cells pass through a well-choreo-
graphed series of developmental stages during pregnancy and
the postpartum period. During mammary gland development,
the switches from proliferation to differentiation to secretion,
and then to cell death and remodeling, are precisely con-
trolled; consistent with their uniqueness, each of these stages is
associated with a specific gene expression profile (18). Recent
microarray analyses showed the involution process to involve a
transient increase in the expression of components of the death
receptor apoptosis pathways, including various Tnf superfamily
genes, proinflammatory cytokines, and acute-phase response
genes during the first day after weaning, followed by induction
of markers of phagocyte activity, matrix proteases, suppressors
of neutrophils, soluble components of specific and innate im-
munity, and components of the mitochondrial/intrinsic apop-
totic death pathway (18, 71).

Stat3 pathway signaling appears to be especially important
for the normal involution process as demonstrated by condi-
tional deletion of Stat3 in differentiated mammary epithelium,
which results in a decrease in apoptosis-induced remodeling
and a marked delay in the onset of involution, with large
alveolar structures, open lumina, and evidence of milk secre-
tion remaining long after the cessation of suckling (16, 31, 32,
66). Stat3 functions during involution both to induce apoptosis
of milk-producing cells and to mediate, in part, the expression
of the immunity-related genes that are associated with post-
lactational regression. The induction of apoptotic cell death by
Stat3 involves a recently described mechanism in which the
phosphatidylinositol 3-kinase regulatory subunits p55alpha
and p50alpha—which are expressed from different promoters
of the Pk3r1 gene, itself a direct transcriptional target of
Stat3—are overexpressed and inhibit Akt/PKB survival signal-
ing (1). The ability of Stat3 to regulate immunity-related gene
expression is partially dependent upon cooperative binding
with CAAT-enhancer binding proteins, including C/EBPdelta
(which is also a transcriptional target of Stat3 in vivo), to
specific sites in the gene promoters; thus, both Stat3 and C/
EBPdelta are substantively involved in the acute-phase re-
sponses that occur during involution (2, 12, 32, 61).

A detailed analysis of the data from our microarray profiling
of day 5 postpartum Mkl1�/� and wild-type mammary gland
tissues revealed a strong statistical relationship between the
observed alterations in gene expression and genes associated

with involution. Of the 182 differentially expressed genes, 36
had been previously described as involution-related (18, 71)
(Fig. 4B). The functional classification of these “involution
signature genes” revealed that nine of them were either di-
rectly associated with acute-phase responses or induced by
lipopolysaccharide, including Stat3, the C/EBPdelta gene, the
monocyte differentiation antigen gene CD14, the ceruloplas-
min gene (CP), and the genes for alpha(1)-acid glycoprotein 1
and 2 (orosomucoid 1 and 2 [Orm1 and Orm2]) and serum
amyloids A1, A2, and A3 (Saa1, Saa2, and Saa3).

In addition, three Stat3 pathway-associated genes (Socs3,
Igfbp5, and Slpi)—all recently implicated in mammary gland
involution—were significantly up-regulated in Mkl1�/� post-
partum mammary tissue. The genes encoding suppressor of
cytokine signaling 3 (Socs3) protein is up-regulated and is a
direct transcriptional target of Stat3 in involuting mammary
gland (5, 6). Socs3 inhibits leukemia inhibitory factor (Lif)-
induced phosphorylation of Jak2, gp130, and Stat3 in mam-
mary epithelium and thus terminates the signaling of multiple
cytokines (for example, prolactin); in addition, Socs3 inhibits
the Lif-induced expression by the pituitary gland of proopio-
melanocortin and adrenocorticotropic harmone, both of which
are critical for normal mammary gland physiology (6). Insulin-
like growth factor binding protein 5 (Igfbp5) is also a target for
Stat3 during involution (16) and its induction at the onset of
the second phase of normal involution promotes apoptosis
within the mammary gland due to interference with IGF1R
survival signaling (14–16, 74). Secretory leukocyte protease
inhibitor (Slpi), a potent inhibitor of neutrophil proteases (68)
that is encoded by a Stat3-induced gene, is markedly up-regu-
lated during normal involution of the mammary gland, pre-
sumably serving to physiologically dampen the immune re-
sponses that accompany the involution process (18).

To expand upon these microarray data, we compared the
expression temporally during the reproductive cycle of several
involution-related genes (C/EBPdelta, Clca1, Clca2, Igfbp5,
Lrg1, Saa2, Stat3, and Tyro3) between Mkl1�/� and wild-type
mammary glands using real-time PCR analysis (Fig. 5). Total
RNAs were extracted from the mouse mammary glands at
several stages during the reproductive cycle (the virgin stage,
days 13 and 19 of pregnancy, postpartum days 5 and 10, and—
for wild-type mice only—days 2 and 3 of normal involution),
and the levels of expression of the various mRNAs were ex-
amined. As shown in Fig. 5, the expression of these involution-
related genes was aberrantly up-regulated as early as day 19 of
pregnancy in Mkl1�/� mammary glands to levels at, or above,
those normally associated with mammary tissue at day 3 of
involution after weaning, suggesting premature involution. The
expression of these genes increased yet further in Mkl1�/�

mammary glands at postpartum days 5 and 10—despite active
suckling by pups—to levels that equaled, or in some cases
substantially exceeded, those observed in wild-type mammary
glands at day 2 or 3 of normal postweaning involution. Taken
as a whole, these data indicate that the absence of Mkl1 is
associated with a mammary gland transcriptional profile con-
sistent with an early onset of the involution process normally
observed after weaning, which begins even during pregnancy
and becomes progressively more pronounced in the postpar-
tum period.
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FIG. 5. Absence of Mkl1 is associated with a gene transcription profile indicative of aberrant, premature mammary gland involution. Real-time
PCR quantitation of the expression of selected involution genes in Mkl1�/� and Mkl1�/� mammary glands is illustrated. Total RNAs were
extracted and analyzed from Mkl1�/� (�/�) and wild-type (�/�) mammary glands from virgin (5-week-old [Vir]), 13-day-pregnant (P13d),
19-day-pregnant (P19d), 5-day-postpartum (Lac5d), and 10-day-postpartum (Lac10d) females. In addition, mammary tissue was collected at day
2 (Inv2d) and day 3 (Inv3d) of involution, and total RNAs were extracted from wild-type females following removal of suckling pups. C/EBPdelta,
Clca1 (chloride channel calcium activated 1) and Clca2, Igfbp5, Lrg1 (leucine-rich alpha-2-glycoprotein 1), Saa2, Stat3 (signal transducer and
activator of transcription 3), and Tyro3 (protein tyrosine kinase 3) mRNA levels were analyzed with real-time PCR and normalized to beta-actin
gene transcription levels. The data shown are from three independent experiments; error bars indicate standard deviations. Note that the
expression of these genes, which normally occurs at substantial levels only during the involution of mammary gland tissue, begins at least as early
as day 19 of pregnancy and is sustained throughout the immediate postpartum period in Mkl1�/� females.
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FIG. 6. Gross and histological analysis of mammary glands from Mkl1�/� female mice. (A) Gross appearance of mammary gland tissues from
Mkl1�/� dams at postpartum day 9. The mammary tissue in the subcutaneous space is indicated unilaterally (arrows) on the image of the Mkl1�/�

female. Note the pallor of the mammary glands of the Mkl1�/� mouse compared to the tissue from a wild-type animal as shown in panel B.
(B) Hematoxylin and eosin-stained virgin and postpartum mammary gland sections. Note the progressive increase in fat tissue and decrease in the
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Milk accumulation and premature onset of histological in-
volution-like changes in Mkl1�/� mammary glands. To con-
firm our findings from microarray and real-time PCR analyses,
we next investigated the gross and histological appearance of
Mkl1�/� mammary tissue. The gross appearance of Mkl1�/�

and wild-type mammary glands at postpartum day 9 showed a
loss of the normal reddish-pink color of the tissues in Mkl1�/�

mice, their appearance being characterized instead by a light
yellow-tan color (Fig. 6A). The overall abundance of the
mammary tissues was similar, or even increased, in the
Mkl1�/� mice compared to that in their wild-type counter-
parts, which is indicative of the accumulation of milk due to
inefficient let-down.

The differences were more apparent in histological sections
(Fig. 6B). The lumina of the mammary alveoli were full of milk
and became dilated in the Mkl1�/� glands in the initial post-
partum period (e.g., postpartum day 5) (Fig. 6B, panel D). The
alveolar epithelium was flattened compared with the epithelial
cells in the wild-type mammary gland, which ranged from
plump and cubical to low columnar with abundant cytoplasm
(Fig. 6B, compare wild-type glandular tissues shown in panels
C, E, and G with Mkl1�/� glands shown in panels D, F, and H).
The postpartum mammary glands of Mkl1�/� females had
markedly increased adipose tissue (Fig. 6B, panels D, F, and
H), which was more suggestive of the normal histological ap-
pearance of a gland undergoing postweaning involution than
normal lactating mammary tissue. A progressive loss of epi-
thelial cell components and an increase of adipose tissue were
noted at postpartum days 9 and 13 in the mammary glands of
the Mkl1�/� mice (Fig. 6B, panels F and H). In addition to
these changes, the histological analysis also indicated a milk
accumulation in the lumina of the alveoli in Mkl1�/� mammary
glands during the postpartum period (Fig. 6B, panels D, F, and
H). In contrast to the marked alterations observed in Mkl1�/�

and wild-type mammary tissues postpartum, the histology of
the mammary glands of virgin mice was not substantively dif-
ferent (Fig. 6B, panels A and B).

It has been reported that local stimulation (e.g., by milk
accumulation in the alveoli) can induce mammary gland epi-
thelial cell apoptosis and involution (25, 45). Although the
causes are likely multifactorial, the premature onset of invo-
lution and cell death in Mkl1�/� mammary glands may occur in
part due to this mechanism, as well as to the absence of anti-
apoptotic effects mediated by Mkl1 (63). To determine
whether the abnormalities we observed in postpartum Mkl1�/�

mammary tissues were accompanied by increased apoptotic
cell death, we performed in situ TUNEL assays (Fig. 6C).
Quantitation of TUNEL-positive cells showed comparable
numbers of apoptotic cells in virgin and 5-day-postpartum
Mkl1�/� and wild-type mammary glands (data not shown) but

a marked increase in apoptotic cell death at postpartum days 9
and 13 in the Mkl1�/� glands (Fig. 6C and D).

The gross and histological changes observed in Mkl1�/�

mammary tissue are consistent with the alterations in global
mammary gland gene expression that we identified, i.e., both
indicate that Mkl1 function is essential for the sustained func-
tional integrity of mammary tissue required to support normal
lactation. Although milk production takes place during the
early postpartum period in Mkl1�/� mammary glands, the pre-
mature onset of an involution-like process precludes sustained
lactation beyond the first week postpartum.

Dysfunctional myoepithelial cells in Mkl1�/� mammary tis-
sue. There are two types of epithelial cell layers in the mam-
mary gland: the luminal epithelial layer, which is comprised of
the milk-secreting cells, and the basal myoepithelial cell layer,
which responds to suckling stimuli with oxytocin-induced con-
traction and milk ejection (40). Differentiated myoepithelial
cells contain large amounts of microfilaments, dense plaques
(cell-matrix adherence junctions characteristic of smooth mus-
cle cells) and smooth muscle cytoskeletal and contractile pro-
teins, such as smooth muscle calponin (Cnn1) and the smooth
muscle myosin heavy chain (Myh11) (60). As noted, Mkl1
binds stably to Srf and is known to strongly activate a number
of smooth muscle genes (13, 65, 78). Furthermore, overexpres-
sion of Mkl1 can activate smooth muscle-specific genes in
several nonmuscle cell lines (13, 17, 20).

Consistent with these findings, our microarray analysis of
whole mammary tissues demonstrated significant down-regu-
lation of a group of muscle development- and differentiation-
associated genes in Mkl1�/� mammary glands (Fig. 4; see
Tables S1 and S2 in the supplemental material). These data
suggested that Mkl1 may play a role in the regulation of
smooth muscle gene expression in the mammary gland, includ-
ing particularly the myoepithelial cells, with the absence of the
protein impairing normal glandular function and myoepithelial
cell responses. To further examine this possibility, we first
determined specifically the expression of Mkl1 in mammary
tissue throughout the normal reproductive cycle. Real-time
PCR analysis using total RNA prepared from mammary glands
of wild-type virgin mice, as well as wild-type mice at days 13
and 19 of pregnancy, postpartum-lactation days 5 and 10, and
days 2 and 3 of involution, showed Mkl1 to be expressed at all
stages, the highest levels being found in virgin and early-invo-
lution mammary glands (Fig. 7A). Next, we examined specifi-
cally the expression of Mkl1 in the myoepithelial cells, using
RNA prepared from cells purified to homogeneity from day 5
postpartum lactating Mkl1�/� and wild-type mammary glands.
As shown in Fig. 7B (left panel), Mkl1 expression was more
than 50-fold higher in myoepithelial cells compared to day 5
postpartum whole mammary tissue. No significant expression

epithelial cell component of the Mkl1�/� glands (D, F, and H) compared to the wild-type glands (C, E, and G). (C) TUNEL assay for identification
of apoptotic cells in mammary gland sections from 9-day-postpartum mice; note that the Mkl1�/� mammary tissues show markedly increased
numbers of cells undergoing apoptotic death (indicated by brown staining) compared to the wild-type mammary tissue. (D) Quantitative
assessment of apoptosis in mammary tissues at postpartum days 9 and 13. A total of 500 epithelial cells from typical histological sections (such as
those shown in panel C) were counted in each of three independent determinations; the data shown are representative of one such determination.
WT, wild type; KO, knockout.
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of Mkl1 was detected by real-time PCR in either whole mam-
mary gland tissue (Fig. 7A) or purified myoepithelial cells (Fig.
7B, left panel) from Mkl1�/� mice.

The profound abnormalities that we identified in Mkl1�/�

mammary gland morphology and function suggest the absence
of substantive functional complementation by either myocar-
din or Mkl2. Although myocardin gene expression was not
detected in purified myoepithelial cells from either wild-type
or Mkl1�/� mammary tissues by real-time PCR, Mkl2 was
present in these cells in both normal and Mkl1�/� mice; in-
deed, expression of Mkl2 was found to be marginally (1.44-
fold) elevated in Mkl1�/� myoepithelial cells compared to
wild-type myoepithelial cells (data not shown). These findings
suggest that Mkl1 plays a dominant role compared to myocar-
din and Mkl2 in normal mammary gland physiology, especially
with respect to myoepithelial cell function.

To more fully understand the consequences of Mkl1 ab-
sence on the mammary myoepithelial cells, we examined a
myoepithelial cell differentiation marker, SMA—a direct Srf
transcriptional target known to be regulated by, but not
solely dependent upon, coactivation mediated via myocardin
in cardiac and certain smooth muscle cells (38)—in wild-
type and Mkl1�/� mammary glands by immunohistochemi-
cal analysis. As seen in Fig. 7C (panels A, C, E, and G),
normal myoepithelial cells stain for SMA at their location in
the basal layer surrounding each alveolus. In contrast to the
essentially continuous, single-cell layer of myoepithelial

cells surrounding the alveoli of normal mammary glands, in
the Mkl1�/� mammary tissues, the myoepithelium was dis-
continuous and the SMA staining was significantly less in-
tense; these findings were especially evident in postpartum
Mkl1�/� mammary tissue sections (Fig. 7C, panels D, F, and
H) and were apparent even in the few areas of Mkl1�/�

glands that were otherwise more or less structurally intact
(e.g., Fig. 7C, panel H, shows a day 13 postpartum Mkl1�/�

histological section with only modest loss of overall struc-
tural integrity).

To further quantify the effect of Mkl1 absence on the mam-
mary myoepithelial cells, we assessed the mRNA levels of
several differentiation markers in purified myoepithelial cells
from day 5 postpartum lactating Mkl1�/� and wild-type mam-
mary glands. These markers—Myh11, Cnn1, and Tpm2—are
all known to be dependent upon Srf for their transcriptional
activation (21, 43, 44, 53). Although a very low level of expres-
sion of each of these three genes was evident by real-time PCR
in Mkl1�/� myoepithelial cells, each was expressed at an ap-
proximately 2.5- to 3-fold lower level compared to wild-type
cells (Fig. 7B, right panel). We also examined CD10/neutral
endopeptidase 24.11, a marker also found on B lymphocytes
but specific within mammary tissue for the myoepithelial cells
(4, 22, 29, 42, 57, 62), the expression of which is not known to
be affected by Srf. Interestingly, CD10 was significantly up-
regulated in the Mkl1�/� myoepithelial cells (data not shown);
the impact of this up-regulation on the differentiation and

FIG. 7. Muscle-specific gene expression is markedly reduced in Mkl1�/� mammary glands. (A) Total RNAs were extracted from Mkl1�/� and
Mkl1�/� mammary glands at the indicated times during the reproductive cycle, and expression of Mkl1 mRNA was analyzed using real-time PCR
and normalized to beta-actin levels. The data illustrated are from three independent experiments; error bars indicate standard deviations. Vir,
virgin mice; P13d, 13-day-pregnant mice; P19d, 19-day-pregnant mice; Lac5d, 5-day-postpartum mice; Lac10d, 10-day-postpartum mice; Inv2d,
mice at day 2 of involution; Inv3d, mice at day 3 of involution. (B) Myoepithelial cells were isolated from day 5 postpartum mammary glands of
Mkl1�/� and wild-type females, and total RNAs were extracted. The expression levels of the mRNAs for Mkl1 (left panel), Myh11, Tpm2, and Cnn1
(left panel) were quantified using real-time PCR analysis and normalized to beta-actin transcription levels. Note that the normal level of Mkl1
transcription is very high (�60-fold) in the myoepithelial cells (B, left panel) compared to the mammary gland tissue as a whole (panel A, Lac5d).
(C) SMA staining of the myoepithelial cells of Mkl1�/� and wild-type mammary glands is markedly diminished in the tissues lacking Mkl1.
(D) Myoepithelial cells from Mkl1�/� (lower panel) and wild-type (upper panel) mammary glands were examined by electron microscopy. Boxes
overlie the myoepithelial cells and represent areas shown in higher magnification to demonstrate the abnormal morphology of the mitochondria
in the Mkl1�/� cells, which is similar to that observed in Mkl1�/� cardiac muscle (Fig. 2B).
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function of the myoepithelial cells is unknown. Overall, these
data, which are consistent with our expression profiling results
on whole mammary gland tissue (Fig. 4), suggest that the
normal myoepithelial cell functional program is disrupted by
the loss of Mkl1.

Ultrastructural examination of the mammary myoepithelial
cells from day 13 postpartum Mkl1�/� and wild-type mice by
electron microscopy revealed an overall dysmorphic appear-
ance of the Mkl1�/� cells, which were shrunken and discon-
tinuous compared to the cells from wild-type tissue (Fig. 7D).
The most obvious organellar abnormality seen in the Mkl1�/�

myoepithelial cells involved the mitochondria (Fig. 7D, insets),
which were swollen and had lost their normal crystal structures
in a pattern very similar to that observed in Mkl1�/� embryonic
myocardium (Fig. 2B, panels C and D). While is not clear
whether these defects represent a primary mitochondrial ab-
normality due to Mkl1 absence or reflect a more global cellular
dysfunctional state, our microarray analysis of whole mammary
tissue did reveal possible deregulation of acetyl-CoA metabo-
lism that could potentially impact mitochondrial function. For
example, expression of the ATP citrate lyase (Acly) gene,
which encodes a protein that generates cytosolic acetyl-CoA
from mitochondrion-derived citrate (9, 10), was decreased
twofold; expression of the gene encoding the solute carrier
family 25 member 1 protein (Slc25a1)—a mitochondrial car-
rier protein that transports citrate across the inner mitochon-
drial membrane (58)—was decreased 2.7-fold in Mkl1�/�

mammary tissues compared to wild-type glands (interestingly,
we identified a potential motif for Srf DNA binding in the
Slc25a1 promoter sequences [see Table S3 in the supplemental
material], suggesting that the gene might be a heretofore un-
recognized Srf transcriptional target); and the Nudt7 gene,
which encodes a peroxisomal hydrolase specific for coenzyme
A (26) was up-regulated slightly more than twofold. Additional
studies will be required to elucidate the exact metabolic func-
tions deregulated due to the lack of Mkl1, as well as the
manner by which Acly, Nudt7, Slc25a1m, and other mitochon-
drion-associated proteins (see Table S4 in the supplemental
material) are aberrantly expressed in Mkl1�/� mammary tissue
and might contribute to cellular dysfunction. Nonetheless,
taken as a whole, these findings indicate that the lack of Mkl1
is not compatible with normal mammary myoepithelial cell
function and suggest that mitochondrial dysfunction could pos-
sibly be one consequence of Mkl1 absence.

DISCUSSION

To study the functions of Mkl1 in mammalian development,
we generated knockout mice that lack the gene. Our data
demonstrate an essential function for Mkl1 in the female re-
productive cycle; specifically, the lack of Mkl1 abrogates phys-
iologic mammary gland function during the postpartum lacta-
tion period, an effect associated with the onset of a premature
involution-like phenotype in females that are actively suckling
pups, as well as an impairment of the mammary myoepithelial
cells that normally function in the oxytocin-mediated milk ejec-
tion response. These defects result in an inability of Mkl1�/�

dams to support the nutritional requirements of suckling pups
and the death of these pups within the initial 14 to 17 days of
life independent of their Mkl1 genotype.

In addition to the absolute requirement of Mkl1 for normal
mammary gland function, Mkl1 appears to be conditionally
required for the integrity of the myocardial cells during em-
bryonic development, with approximately 40% of Mkl1�/�

mouse embryos suffering lethal cardiac cell necrosis at approx-
imately embryonic day 10.5. Although this result is not unex-
pected in light of the well-known importance of Srf function
during heart development (49, 77), we are uncertain as to the
reason(s) for the incomplete penetrance of this cardiac phe-
notype. Background strain variations from generation to gen-
eration of our mice could potentially affect the penetrance of
the phenotype, given that these knockout animals are still on a
mixed 129Sv 
 C57BL/6 background at the time of this pub-
lication. Notably, however, independently generated Mkl1
(Mrtf-a) knockout mice, also on a mixed 129 
 C57BL/6 back-
ground, have not been observed to develop any cardiac abnor-
malities during embryogenesis or in adulthood, although they
possess mammary gland dysfunction essentially identical to
that described in this report (37a). This observation suggests
that, rather than due to genetic strain background differences,
the unknown factor(s) that predisposes only a subset of our
embryos to death may reflect an inability of Mkl1�/� cardio-
myocytes to correctly respond to selected (and variably
present) environmental stresses during development.

Rather than apoptosis or autophagy, we observed a necrosis-
like death of Mkl1�/� cardiac cells in our mouse embryos.
Coincident with this necrotic cell death, we identified ultra-
structural evidence of myocardial cell (as well as mammary
myoepithelial cell) mitochondrial dysfunction. Mkl1 has previ-
ously been shown to modulate apoptotic cell death, overex-
pression of the protein partially inhibiting tumor necrosis fac-
tor-induced apoptosis with attendant inhibition of caspase
activation (63). Although establishment of a cause-effect rela-
tionship between the mitochondrial abnormalities in Mkl1�/�

cells and the death of these cells by necrosis will require further
analyses, recent studies show that mitochondrial function
clearly plays a role in modulating not only apoptotic but also
necrotic cell death—the latter being induced by such stimuli as
reactive oxygen species-mediated cellular damage or Ca2�

overload (8, 52). Reactive oxygen species and Ca2� overload
are known to be key factors involved in necrotic injury of
cardiocytes by experimentally induced ischemia/reperfusion (a
process that mimics myocardial infarction) (81); normal Mkl1
function may therefore serve as a protectant against ischemia-
induced cardiac cell death.

Interestingly, our analysis of the hematopoietic system of
Mkl1�/� mice failed to identify any clear-cut abnormalities—
including of the megakaryocyte/platelet lineage—despite the
expression of the gene in mature megakaryocytes (S. W. Mor-
ris, unpublished data) and the fact that MKL1 was initially
identified due to its involvement in the RBM15-MKL1 fusion
generated by the t(1;22) chromosomal translocation specific to
pediatric acute megakaryoblastic leukemias (41, 48). Thus,
while aberrant expression of the gene appears to contribute to
leukemogenesis, its normal function is not essential for hema-
topoiesis.

A recent study in which the Drosophila Mkl1 counterpart
(CG32296, also known as mal-d) was interrupted revealed ab-
sence of the gene to cause early larval lethality and to be
essential for the accumulation of a robust actin cytoskeleton
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during the cellular migration processes required for normal
development (69). Given the widespread expression of Mkl1
and the role of the gene in mediating the TCF-independent
activation of subsets of muscle, immediate-early, and cytoskel-
etal Srf target genes, we had anticipated that more profound
phenotypic abnormalities would accompany mammalian Mkl1
deletion. However, since myocardin and Mkl2 are coexpressed
with Mkl1 in certain muscle tissues, and Mkl-1 and -2 are both
present in other nonmuscle sites, it is likely that Mkl1 function
is frequently redundant with the other two myocardin/MKL
family members. Likewise, it is probable that TCF-dependent
activation of a subset of Srf target genes may substitute for
myocardin/MKL-dependent transcription of these genes in
certain tissues, or under various growth or differentiation con-
ditions. Future studies in which two or all three myocardin/Mkl
factors are deleted in vivo will be required to address these
issues.

Mkl1 is not required for muscle cell development. The three
members of the myocardin/MKL transcription factor family
(myocardin, Mkl1, and Mkl2) physically associate with Srf and
function to coactivate transcription from promoters with Srf
binding sites (13, 50, 63, 78). Such Srf binding sites (CArG
boxes) have been identified in the transcriptional regulatory
elements of various muscle-restricted or -important genes (49,
59, 77, 79). Mkl1 is widely expressed, including in heart, skel-
etal, and smooth muscle tissues (20, 41, 48, 63, 78). Mkl2, on
the other hand, exhibits a more restricted spatial-temporal
tissue expression pattern (37, 56, 64, 78); for example, expres-
sion of Mkl2 during embryogenesis is restricted mainly to the
developing rhombomeres of the brain, the heart, and the aortic
arch and branchial arch arteries (37). Previous studies have
suggested critical roles for the two genes in muscle develop-
ment and function; for example, it has been shown that Mkl1/2
activity is required for the differentiation of C2C12 cells, a
skeletal myogenic cell line (64). In addition, enforced expres-
sion of Mkl1 and Srf in undifferentiated Srf-deficient embry-
onic stem cells induces a smooth muscle phenotype and acti-
vates multiple endogenous smooth muscle cell-restricted genes
(20). In contrast to the widespread expression of Mkl-1 and -2,
myocardin is expressed only in heart and smooth muscle tissues
(76) and is known to play an essential role in smooth muscle
cell development since myocardin knockout mice die by day
E11.5 from a lack of vascular smooth muscle cells; interest-
ingly, however, myocardin absence did not perturb heart de-
velopment in these knockout mice despite its robust cardiac
expression during embryogenesis (38). Similarly, Mkl2 func-
tion appears to be especially important during embryogenesis
for smooth muscle differentiation in the developing cardiac
outflow tracts, as well as during the development of the ven-
tricular septa, with mice that harbor a conditional insertional
mutation of the gene dying between E17.5 and postnatal day 1
from defects at these sites; however, although Mkl2 absence is
associated with a greater degree of cardiac abnormalities than
myocardin null mice, the development of the myocardium
proper in Mkl2�/� animals appears to be relatively intact, with
only a thinning of the myocardial wall being noted (37, 56). As
a whole, these data indicate that myocardin/MKL transcription
factor family members play important roles in muscle tissue
development; however, the results reported herein indicate

that Mkl1 alone is not essential for muscle development, per-
haps due to redundant function with myocardin and Mkl2.

Deletion of Mkl1 impairs mammary myoepithelial cell func-
tion and is associated with premature mammary involution,
resulting in failure of lactation. Unlike mice lacking either
myocardin or Mkl2 (37, 38, 56), Mkl1�/� mice can be viably
born and survive to adulthood, allowing us to determine the
unique, nonredundant postnatal functions of the protein with-
out the necessity of conditional-deletion experimental ap-
proaches. Despite broad Mkl1 tissue expression in adult organs
(20, 41, 48, 63, 78), mice lacking the gene that were viably born
had a normal life span, suffered no apparent phenotypic ab-
normalities (other than the observed mammary gland dysfunc-
tion), and possessed normal fertility. From both a basic bio-
logical as well as a pragmatic viewpoint, the minimal
phenotypic consequences of Mkl1 absence in the whole post-
natal organism are of interest. Our prior studies have shown
the leukemia-associated RBM15-MKL1 fusion protein to ex-
hibit a marked gain of function with respect to its ability to
activate SRF-dependent gene transcription compared to nor-
mal MKL1 transcriptional activation capability (13). Inhibition
of this gain-of-function feature of the chimeric leukemia on-
coprotein would be predicted to be of therapeutic benefit, and
the absence of severe abnormalities due to the lack of Mkl1
suggests that future therapeutic approaches that might be de-
signed to inhibit aberrant MKL1 function in the leukemia-
associated chimera would not be associated with undue toxicity
due to concomitant impairment of normal MKL1 activity.

The factors controlling the physiological mammary gland
involution that occurs after weaning are poorly understood;
further, the mechanisms by which the involution process itself
takes place have only recently been examined using modern
molecular biology techniques (18, 71). Our data indicate that
normal Mkl1 function (and presumably by extension, normal
Srf function as well, although this is not yet proven) is abso-
lutely required to prepare and maintain the mammary gland
for physiologic lactation. The specific Mkl1 transcriptional tar-
get genes required for normal mammary gland function are not
known. Examination of our microarray data from postpartum
day 5 mammary tissue revealed only four genes that were
completely absent from Mkl1�/�, but expressed in wild-type,
mammary glands (see Table S5 in the supplemental material);
only one of these genes (CnnI) has previously been implicated
as playing a role in normal mammary gland physiology.

It is interesting to speculate that Mkl1 might serve as a
master control switch that functions to regulate the normal
onset of involution. Should this be the case, a number of cues
would undoubtedly be expected to lie upstream to regulate
Mkl1 itself, but one such Mkl1 regulatory factor could be
increased intraglandular alveolar tension induced by milk re-
tention in the mammary glands during the immediate post-
weaning period (25, 45). Both mammalian and Drosophila
Mkl1 can be activated by mechanical cellular tension and its
accompanying alterations of the actin cytoskeleton (50, 69); in
addition, targeted mammary gland expression of constitutive
Rho GTPase activity has recently been demonstrated to cause
incomplete involution after weaning, thus implicating the Rho
signaling pathway in the normal regulation of the involution
process (36). Future studies in which Mkl1 is conditionally and
uniquely overexpressed in the mammary glands, or Srf is con-
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ditionally inactivated or overexpressed specifically in mammary
tissue, should help to clarify these possibilities.
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