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Abstract
Previous studies have shown that Msx proteins control gene transcription predominantly through
repression mechanisms. However, gene expression studies using either the gain-of-function or the
loss-of-function mutants revealed many gene targets whose expression require functional Msx
proteins. To date, investigations into the mechanisms of Msx-dependent trans-activation have been
hindered by the lack of a responsive promoter. Here, we demonstrated the usefulness of the mouse
Hspa1b promoter in probing Msx-dependent mechanisms of gene activation. We showed that Msx
protein activates Hspa1b promoter via its C-terminal domain. The activation absolutely depends on
the HSEs and physical interactions between Msx proteins and Heat shock factors may play a
contributing role.
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Introduction
Msx homeoproteins are major players in orchestrating morphogenetic events that contribute
to craniofacial, brain and eye development [1–10]. They are known to affect transcription by
forming repressive protein-protein heteromeric complexes [11–20]. However, growing
experimental evidence also point to their positive role in activating transcription. In a recent
study, Msx1 was shown to physically interact with Pax9 and enhance the ability of Pax9 to
transactivate Msx1 and Bmp4 promoters when Msx1 was co-transfected at a low concentration
[21]. Msx1-deficiency leads to significantly reduced expression of Bmp4 (40), Fgf3, Lef1,
Ptc, Dlx2, and syndecan-1 in the dental mesenchyme [22–23]. Overexpression of Msx2 in the
optic vesicle was shown to induce Bmp7 expression [9]. Msx2 mutants showed decreased
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expression of Runx2, Alkaline phosphatase (Alp), bone sialoprotein (Bsp), osteocalcin (Osc),
and Pthr in long bones [6]. In the floor plate of embryonic neural tube Shh-promoter directed
expression of Msx1 in transgenic mice induced Ngn2 expression [24]. In cultured myoblasts,
Msx1 was capable of inducing CyclinD1 expression [25]. In the Msx1/Msx2 double mutant,
expression of cell cycle inhibitor p27, Fgf10 and Hand1/2 were suppressed in the developing
heart [10]. Together, these results suggest that Msx proteins can activate transcription.

In this report, we present first evidence demonstrating that Msx1 and Msx2 are potent
transcriptional activators in the context of the Hspa1b (formerly Hsp70) promoter. We showed
that the activator activity is mediated by the C-terminal domain of Msx proteins and that
physical interactions between Msx and Heat shock factors may contribute to Hspa1b promoter
activities.

Material and Methods
Plasmid construction

The Hspa1b-LacZ reporter plasmid (pHspPTlacZpA) was kindly provided by Dr. Janet Rossant
(University of Toronto, Canada) [26]. To construct serial deletions and introduce point
mutations into the Hspa1b promoter, DNA fragments were generated by performing PCR and
were subsequently inserted into the XhoI/NcoI sites of pHspPTlacZpA. The reporter plasmid
pHsp-90 was constructed by removing DNA sequences between StuI and SmaI sites of
pHspPTlacZpA.

To generate Msx1 and Msx2 mutant expression plasmids, PCR fragments were ligated in-frame
to the 3x Flag tag in the pIRES-hrGFP-1a vector (Stratagene, La Jolla, CA). To create the Dlx5-
homeodomain Msx C-terminal domain chimeric construct, a PCR fragment spanning the Dlx5
homeodomain was inserted in-frame upstream of pMsx1-236–303. Msx2-GFP and Msx2-233-
GFP were constructed by inserting PCR fragments into XhoI and BamHI sites of pEGFP-c1
(Clontech, Pola Alto, CA). All DNA modifications were verified by sequencing.

Cell culture and DNA transfection
C2C12 myoblast cells and αTN4 mouse lens epithelial cells were cultured in DMEM
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT). Before transfection, cells
were seeded in 12 well plates. When cells reached a density of approximately 2×105 cells per
well, transfections were performed using Lipofectamine and Plus reagent according to
manufacturer’s protocol (Invitrogen, Carlsbad, CA). Each well received a total of 800ng
plasmid DNA that consisted of 100ng of individual Hspa1b-lacZ reporter plasmid, 300ng Msx
expression plasmid, 50ng CMV-luciferase used as the internal standard to control for
transfection efficiency and a variant amount of pIRES-hrGFP-1a to adjust for the deficit in
total amount of DNA. Each transfection was performed in triplicates.

Dual β-galactosidase and luciferase assays
Luciferase and beta-galatosidase assays were performed using the Dual-light Assay kit
(Applied Biosystems, Bedford, MA) following manufacturers recommendations with a few
modifications. Twenty-four hours after transfection, cell lysis was performed directly in 12-
well plates by adding 80μl lysis buffer per well. Cell lysates were transferred into microfuge
tubes and cell debris pelleted by centrifugation. 10μl of individual lysates were used in the
subsequent enzymatic activity assay. Reporter activities as a function of photon emission were
measured using a Berthold luminometer (Lumat LB9507, Berthold).
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Immunoprecipitation and immunoblotting assays
C2C12 cells were transfected with pMsx1-3xflag, pMsx1- Δ;AD-3xflag, or pMsx2-3xflag
when cells reached a density of about 60% confluency. Twenty-four hours post-transfection,
cells were harvested and placed in 1ml of cold Lysis Buffer (50mM Tris-HCl pH 8.0, 150mM
NaCl;1% NP-40) containing 1X Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO)
and incubated on ice for 1 hour. Cell debris was spun down at 10,000×g for 15 minutes at 4°
C. To preclear the cell lysate, either 50μl anti-rabbit IgG beads (eBioscience, San Diego, CA)
or anti-rat IgG beads (Sigma-Aldrich, St. Louis, MO) was added into the cell lysate and was
incubated on ice for 30 minutes. After centrifugation, 4μg rabbit anti-HSF1 (Stressgen,
Victoria, BC, Canada) or rat anti-HSF2 (Lab Vision, Fremont, CA) antibody was added into
the supernatant and was subjected to overnight incubation at 4°C. On the next day, an additional
50μl of anti-rabbit IgG beads or anti-rat IgG beads was added into the sample and incubated
for 60 minutes. Beads were then spun down by centrifugation at 10,000×g for 1 minute.
Supernatant was completely removed and beads were washed 4 times each with 1000μl of TBS
Buffer (50mM Tris-HCl pH 8.0, 150mM NaCl, 0.1% tween 20). After the last wash, 50μl of
1X SDS Reducing Sample Buffer (6% SDS, 50mM DTT, 25mM Tris base PH 6.5, 10% glycrol,
bromphenol blue) was added to resuspend the bead pellet and then boiled for 10 minutes. Boiled
beads were spun down by centrifugation and the supernatant was loaded onto a PAGE gel and
analyzed by Western blotting. Flag-tagged Msx proteins were detected using a mouse
monoclonal anti-Flag M2 antibody conjugated to HRP (1:2000 dilution; Sigma-Aldrich, St.
Louis, MO).

To immunoprecipitate Flag-tagged Msx fusion protein, 40 μl anti-Flag (M2) antibody
conjugated agarose-beads (Sigma-Aldrich, St. Louis, MO) were added into precleared lysates
and allowed to incubate overnight at 4°C. Beads were pelleted by centrifugation, washed and
resuspended in 50 μl 1X SDS Reducing Sample Buffer. Immunoprecipitated proteins were
then released from antibody conjugated beads by boiling and analyzed by Western blotting
using a rabbit anti-HSF1 antibody (1:5000 dilution; Stressgen, Victoria, BC, Canada) or a rat
anti-HSF2 antibody (1:1000 dilution; Lab Vision, Fremont, CA).

Results
Msx enhances transcriptional activity of the Hspa1b promoter

Hspa1b promoter has been widely used as a basal promoter for studying enhancer activity in
transgenic mice (47). We found that a 650bp DNA promoter fragment of the mouse Hspa1b
gene (Hsp-650) responded positively to Msx1 and Msx2 induction in C2C12 myoblast cells,
α-TN4 lens epithelial cells (Figure 1A, 1B, 1C) as well as in primary mice MEFs (data not
shown). Co-transfection of the 650bp Hsp70-lacZ reporter plasmid (Hsp-650) with increasing
amounts of Msx1 expression plasmid revealed that Msx1 can directly influence Hspa1b
promoter activity in a gene dosage dependent manner (Figure 1D).

To determine cis-regulatory sequences that are required for Msx-dependent trans-activation,
a series of overlapping deletions were examined. Two major cis-regulatory domains were
identified: the first one is embedded between nucleotides -650 and -310 and the other spans
between nucleotides -205 and -90. Removal of 445bp from the 5′ end of Hsp-650 (Hsp-205)
resulted in an about two fold reduction in the Msx1-dependent transcriptional activity (Figure
1A, 1E). Further deletion of 50bp from nucleotide -205 (Hsp-160) resulted in an additional
two to three fold reduction in transcriptional activity, hinting the existence of additional positive
cis-regulatory sequences between nucleotides -205 and -156 (Figure 1E). Further deletion of
66bp from -156 (Hsp-90) nearly abolished Msx-dependent transcriptional activity (Figure 1E).
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Msx1-dependent trans-activation does not require direct DNA binding by Msx1
To further define cis-acting elements between nucleotides -205 and -90 that may function in
synergy with Msx1, we focused on two heat shock elements (HSE, -201 to -178, -119 to -99),
one potential Msx consensus binding site (-154 to -148) (Figure 1F). To determine if DNA
binding is required for transcriptional activation by Msx1, the Msx consensus binding site was
removed from Hsp-160 to generate the Hsp-150 reporter construct. Co-transfection of either
the Hsp-160 or the Hsp-150 produced similar transcriptional response (Figure 1G). To further
rule out the possibility of cryptic binding activity, a non-DNA binding Msx1 mutant (Msx1-
A) [19] was co-transfected with Hsp-205. The Msx1-A mutant did not diminish Hsp-205
promoter activity (Figure 1H). Together these results indicated that Msx1 can function as a
transcriptional activator independent of its DNA binding activity.

Msx1-dependent trans-activation requires heat shock response elements
A deletion of the distal HSE (Hsp-180) resulted in a 50% reduction in Msx1-dependent
transcriptional activity (compare Hsp-205 with Hsp-180, Figure 2I). Removal of both Heat
Shock elements (Hsp150-120) totally abolished Msx1-dependent activation (Figure 2I). To
identify the specific role of HSE in Msx1 transactivation function, point mutations were
induced into the HSE of Hsp-150 (Figure 1F). As shown in Figure 1I, the mutant HSE
(Hsp-150hm) completely abolished the Msx1-dependent promoter activation. These results
showed the critical importance of the HSE in mediating Msx1-dependent transcriptional
response.

The Msx1 activation domain resides in its C-terminus
Since the transcriptional activation function of Msx1 and its DNA binding function are
separable, it is most likely that these functional domains are mirrored on its primary structure.
To identify a functional domain that is required for transcriptional trans-activation, a series of
Msx1 deletion mutants was constructed (Figure 2A, 2B). These deletion mutants were co-
transfected into C2C12 cells along with the Hsp-205 reporter. Removal of N-terminal domains
(Msx1 163-303) did not alter Hsp-205 reporter activities (Figure 2A); whereas, deletion of the
homeodomain (Msx1 1-172) or removal of 67 to 25 residues (Msx1 1-236 or Msx1 1-278)
beyond the homeodomain caused a major reduction in transcriptional activity (Figure 2A),
indicating the critical importance of the C-terminus in conferring transactivation activity.

The transactivation domain is highly conserved among Msx1 and Msx2 proteins
ClustalW multi-sequence alignment showed high conservation of a 26 amino acid sequence in
the C-termini among vertebrate Msx1 and Msx2 proteins (Figure 2C). To demonstrate their
conserved role in activating transcription, 34 amino acids of the C-terminus were removed
from the mouse Msx2 protein (Msx2 1-233). This resulted in a 38-fold reduction in
transcriptional activity in comparison to the full length Msx2 (Figure 2A, 2B).

Homeodomain acts in synergy with the C-terminus in transactivation
Previous studies have shown that the Msx homeodomain tethers to a variety of protein
complexes [14–19]. To determine the role of the homeodomain in stimulating transcription,
we replaced the Msx1 homeodomain with the Dlx5 homeodomain (DLX5HD-Msx1-C) since
Dlx5 can form a heterodimer with Msx proteins through their respective homeodomains [14].
Co-transfection of DLX5HD-Msx1-C with the Hsp-205 reporter resulted in three fold more
activation in comparison to the homeodomain deletion mutant Msx1 163-303; whereas Dlx5
alone failed to induce promoter activity (Figure 2D). Together, these results demonstrate that
the activation is mediated by the Msx C-terminal domain and that the homeodomain contributes
to the magnitude of activation.
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Msx proteins stimulate Hspa1b promoter activity by interacting with Heat Shock Factors
Because Msx1-dependent activation of Hspa1b promoter requires heat shock elements, it is
most likely that Msx1 activates transcription by forming activating complexes with Heat Shock
Factors, such as HSF1 and/or HSF2. Co-immunoprecipitation was performed to demonstrate
physical interactions between Msx proteins and HSF proteins in vivo. The full-length Msx1
(Msx1 wt) and the C-terminal deletion or N-terminal deletion which contain the homeodomain
(Msx1 1-278, Msx1 1-236, and Msx1 163-303) bind HSF1 while HSF1 failed to pull down the
homeodomain deletion mutant (Msx1 1-172) (Figure 3A). Immuno-precipitation using the
anti-Flag antibody and probed western blots utilizing the anti-Hsf1 antibody showed that the
Msx2 wt, Msx1 N-terminal deletion mutant (Msx1 163-303) also pulled down a unique
95kDa HSF1 band; whereas the Flag-tagged C-terminal deletion mutant (Msx1 1-278) pulled
down only the native 75kDa HSF1 (Figure 3B). These results demonstrated that the physical
contact between Msx1 and Hsf1 is mediated by the Msx homeodomain.

Besides binding to HSF1, we found that both Msx1 and Msx2 also physically interact with
HSF2. To demonstrate this, immunoprecipitation was performed using a rat anti-HSF2
antibody. Immunoprecipitated proteins were blotted and probed with the anti-Flag antibody.
HSF2 pulled down both Msx1 and Msx2 (Figure 3C).

Discussion
This study provides new insight into transcriptional regulatory functions of Msx1 and Msx2
proteins. We demonstrated for the first time that Msx proteins functions as transcriptional
transactivators in the context of the murine Hspa1b promoter and that Msx-dependent
transactivation does not require its DNA binding function although the homeodomain is
required for maximizing transactivation activity. Msx2 shares similar activities in activating
the Hspa1b promoter, indicating that these proteins are functionally equivalent in the context
of the Hspa1b promoter activation.

Domain deletion analysis placed the activation domain in the C-termini of Msx proteins. The
C-terminal domain consists of 26 amino acid residues and is uniquely conserved among Msx1
and Msx2 members of the broader msh gene family. Interestingly, a recent study identified
binding of Msx1 to Pias1 through this domain [29]. Pias1 recruits Msx1 to nuclear periphery
and enable it to bind to the distal enhancer on the MyoD gene to suppress its transcription.
Elimination of the Pias1 interaction domain, the equivalence of the C-terminal domain in the
present study, also abolishes Msx1’s suppressor activity and rids its ability to inhibit myoblast
differentiation, demonstrating its critical importance in controlling cell differentiation [29].

Our analysis of the Hspa1b promoter also uncovered a critical need for heat shock factor
binding sites and implicated Heat Shock Factors in Msx-dependent activation of the Hspa1b
promoter. Co-immunoprecipitation demonstrated physical binding between Msx1/Msx2 and
HSF1/HSF2. These physical interactions are mediated by the Msx homodomain. However,
siRNA blocking of HSF1 translation resulted in less than two fold reduction in Hspab1b
promoter activity (data not shown), suggesting involvement of additional co-activators that
recognize HSEs.

The fact that Msx1 and Msx2 can stimulate transcription of Hspa1b promoter suggests that
Msx proteins are capable of activating transcription of gene targets. Further characterization
of Msx co-activator complexes in the context of Hspa1b promoter shall shed new light on
additional partners and transcriptional regulatory mechanisms that involve Msx proteins in
directing developmental processes.
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FIG. 1. Activation of Hspa1b promoter by the Msx1 and Msx2
(A) Schematic of the 650bp Hspa1b promoter-lacZ reporter construct used in transient
transfection assays. (B) The Hspa1b promoter responded robustly to the induction by Msx1
and Msx2 in C2C12 cells. (C) Cotransfection of Msx1 with the Hspa1b-reporter construct also
resulted in the transcriptional induction of the Hspa1b promoter in αTN4 mouse epithelial cell
line. (D) The Hspa1b promoter showed dose-dependent response to Msx1. (E) A series of
promoter deletion constructs (left) was made to map cis regulatory sequences that responded
to Msx induction (right). A 205bp Hspa1b promoter fragment was found to be sufficient in
responding to the induction by the Msx1. C2C12 cells were co-transfected with 100 ng of
individual Hspa1b deletion-reporter plasmids and 300 ng Msx1-3xFlag expression plasmids
or an empty control plasmid. Beta-galactosidase activities were normalized to an internal
control expressing luciferase. Each transfection was performed in triplicates with the standard
error shown. (F). A schematic representations of Hspa1b promoter reporter deletion
constructions. HSE1 and HSE2 corresponding to Heat shock factor binding sites and a Msx
binding site are shown. Mutations introduced into the HSE2 site are indicated by lower-case
letters. The striped rectangle denotes the position of the TATA box. (G) The Msx binding site
is not required for the induction of Hspa1b promoter activity by Msx1. Removal of the Msx
consensus binding site didn’t affect the transcriptional response of the Hspa1b promoter as
transcriptional activities between the Hsp-160 and Hsp-150 failed to show significant
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difference. (H) Cotransfection of a non-DNA binding Msx1 mutant (Msx1-A) did not alter the
ability of the mutant protein to transactivate the 205bp Hspa1b promoter-reporter. All
transfections were performed in triplicates. (I). Deletion of the distal HSE (Hsp-180) lead to a
50% reduction in Msx1-stimulated transcriptional activity; removal of both HSEs
(Hsp150-120) or mutagenized HSE2 (Hsp-150hm) abolished the Msx1-dependent promoter
activity. All transfections were performed in triplicates.
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FIG. 2. The transcriptional activation activity resides in the C-terminal domain of Msx proteins
(A) Schematic representations of the full-length and deletion mutants of Msx1 and Msx2. Areas
that shaded gray represent Msx conserved regions and areas that shaded black correspond to
the homeodomain. Removal of the C-terminal domain in both Msx1 and Msx2 protein leaded
to a significant reduction in reporter activity. (B) Msx mutants that were transfected into C2C12
cells were stably translated. Flag-tagged Msx1 and Msx2 wild type and mutants proteins were
detected on western blots using the anti-Flag antibody. (C) The C-terminal domains are highly
conserved among Msx1 and Msx2 proteins in vertebrates. Identical amino acids were shaded
in gray. (D) Schematic of replacement of Msx homeodomain (black) with Dlx5 homeodomain
(striped rectangle). Removal of the homeodomain (Msx1 232-303) resulted in a significant
reduction in the magnitude of transcriptional stimulation in comparison to Msx1 163-303 which
contains the homeodomain. Replacement of the Msx1 homeodomain with the Dlx5
homeodomain restored the activation potency. 100 ng of Hsp205-LacZ reporters with 300 ng
Msx1 mutant derivatives, Msx1-Dlx5HD or pIRES-hrGFP-1a were co-transfected into C2C12
cells. Transfections were performed in triplicates, and the standard error is shown.
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FIG. 3. Msx proteins and HSFs physically interact in vivo
(A) Msx1 binds to HSF1 through its homeodomain. Msx1 mutants that contain the
homeodomain without either the N-terminal domain (Msx1 163-303) (arrow) or the C-terminal
domain (Msx1-1-236) immunoprecipitated endogenous HSF1, while a mutant without the
homeodomain (Msx1 1-172) failed to immunoprecipitate endogenous HSF1. (B) The Msx1
wildtype protein (Msx1 wt) and the Msx1 163-303 mutant which contains both the
homeodomain and the C-teriminal domain immunoprecipitated a 95kD protein (arrow) that
cross reacts to the anti-HSF1 antibody and the native 75kD HSF1 (shaded arrow). However,
the Msx1 1-278 and Msx1 1-172 that lack the C-terminal domain failed to immunoprecipitate
the 95kD protein species. The banding patterns of HSF1 under heated (42°C) and unheated
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conditions (37°C) provide a molecular weight reference for the endogenous HSF1. (C) Flag-
tagged Msx1 and Msx2 can be immunoprecipitated using the anti-HSF2 antibody.
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