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Intricate Gene Regulatory Networks of Helix-Loop-Helix
(HLH) Proteins Support Regulation of Bone-Tissue Related
Genes During Osteoblast Differentiation
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ABSTRACT
Helix-loop-helix (HLH) transcription factors are key regulators of neurogenesis, myogenesis and osteogenesis. Here the relative contributions

of multiple classes of HLH factors to the expression of bone related genes during osteoblast maturation were compared. We examined the

expression of a panel of HLH proteins (e.g., Twist1/2, USF1/2, c-Myc, Id1� 4, E12/47, Stra13) and one Zn finger protein (Snail which

recognizes a subset of E-boxes), during osteoblast differentiation and their functional contributions to bone phenotypic gene regulation.

While expression of Twist1, Stra13, E12/47 and Snail transcripts remains relatively constant, expression of Twist2 as well as the inhibitory

factors Id1, Id2, Id3, and Id4 decreases and USF1 is up-regulated during osteoblastic differentiation of MC3T3 cells. Forced expression of

selected HLH transcription factors shows that Myc, Snail and USF factors increase expression of the bone markers osteocalcin (OC) and/or

alkaline phosphatase (AP), while E12/47, Twist and Id factors decrease their expression. None of these factors affect Runx2 gene expression.

Interestingly, Snail enhances expression of osteoblast markers, while Twist1 and Twist2 factors are cross-regulated and inhibit bone specific

gene expression and other HLH proteins (e.g., Id) indirectly. Thus, our data suggest that the integrated activities of negative and positive E-box

related regulatory factors control osteoblast differentiation. J. Cell. Biochem. 105: 487–496, 2008. � 2008 Wiley-Liss, Inc.
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T he basic helix-loop-helix (bHLH) transcription factors

recognize E-box motifs and play key roles in a wide array

of developmental processes such as cellular differentiation, lineage

commitment and sex determination [Murre et al., 1989; Davis et al.,

1990; Voronova and Baltimore, 1990]. The activity of bHLH factors

is opposed by Id proteins (i.e., Id1, Id2, Id3, and Id4) that lack the

basic DNA binding domain and act as dominant-negative factors,

because they can dimerize with bHLH proteins but fail to bind E

boxes. Distinct HLH factors have been implicated in myogenesis

[Hoshizaki et al., 1990; Olson, 1990], neurogenesis [Guillemot

et al., 1993; Ma et al., 1996; Ben-Arie et al., 1997] and osteogenesis

[Ogata et al., 1993; El et al., 1997; Peng et al., 2004; Yoshida et al.,

2005].

Twist proteins are known to repress osteogenesis. Gene deletion

experiments have shown that Twist1 is required for formation of the

mouse coronal suture [Yoshida et al., 2005]. Haploinsufficiency of
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the human Twist1 gene contributes to the craniosynostosis disorder

Saethre–Chotzen syndrome (SCS) [El et al., 1997]. In vitro, decreased

Twist1 synthesis down-regulates Fgfr2 mRNA expression, which in

turn inhibits Runx2 and downstream osteoblast-specific genes in

human calvarial osteoblasts [Guenou et al., 2005]. Twist1 inactiva-

tion reduces Runx2/CBFA1 expression and DNA binding to the

osteocalcin (OC) promoter in osteoblasts [Yousfi et al., 2002].

Paradoxically, Twist1 and Twist2 (Dermo-1) overexpression inhibits

osteoblast differentiation by suppressing the activity but not

expression of Runx2 [Bialek et al., 2004; Kronenberg, 2004].

However, over-expression of Twist1 increases periostin expression,

a secreted protein that is highly expressed in early osteoblastic cells

in vitro [Oshima et al., 2002]. Although it is evident that Twist

proteins control osteogenic differentiation, how and when Twist1

and Twist2 regulate different stages of osteoblast phenotype

commitment remain to be addressed.
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Id proteins also represent key regulators of osteogenesis. BMP-2

enhances expression of Id1 in early cultures of pre-osteoblastic cells,

suggesting that enhancement of Id1 expression may promote BMP2

induced differentiation of osteoblasts [Ogata et al., 1993]. The fact

that BMP-induced bone formation in vivo is suppressed in Id1/Id3

heterozygous knockout mice provides further support for this

hypothesis [Maeda et al., 2004]. However, constitutive over-

expression of Id1, Id2 and Id3 blocks osteoblast differentiation

initiated by BMP9 [Peng et al., 2004]. These findings suggest Id

proteins may promote proliferation of early osteoblast progenitor

cells and are down-regulated during terminal differentiation of

committed osteoblasts.

Twist and Id proteins inhibit E2A proteins that normally up-

regulate expression of p21WAF/CIP1 during differentiation of

calvarial osteoblasts [Funato et al., 2001]. E2A and Twist proteins

compete with the zinc-finger transcription factor Snail for binding

to E-boxes to control p21WAF/CIP1 expression [Takahashi et al.,

2004]. Other HLH proteins (e.g., c-Myc, USF1, USF2, and Stra13) are

also expressed in osteoblasts or chondrocytes [Nose et al., 1989;

Ebara et al., 1997; Shen et al., 2002; Wang et al., 2006]. Although

accumulating evidence suggests that HLH proteins control osteo-

blast differentiation, there is limited insight into how the expression

and function of distinct HLH proteins are integrated to regulate bone

phenotype development.

In this study, we investigated the contributions of multiple classes

of HLH proteins to the expression of bone related genes during

osteoblast maturation. Our results corroborate the concept that Id

and Twist proteins modulate bone-related gene expression [Tamura

and Noda, 1994], but the data indicate that these effects may occur

predominantly by indirect mechanisms.

MATERIALS AND METHODS

CELL CULTURE

MC3T3-E1 cells were maintained in a-minimal essential media

supplemented with 10% fetal bovine serum (Atlanta Biologicals,

Lawrenceville, GA). NIH3T3 cells were maintained in Dulbecco’s

modified Eagle’s medium (Invitrogen, Grand Island, NY) supple-

mented with 10% fetal bovine serum ROS17/2.8 cells were grown in

F-12 media supplemented with 5% fetal bovine serum. For dif-

ferentiation studies, MC3T3-E1 cells were fed every second day at

confluence with the above medium containing 10 mM b-glycerol

phosphate and 50 mg/ml ascorbic acid [Kahler et al., 2006; Bae et al.,

2007].

TRANSIENT TRANSFECTION

Cells in 6-well plates at 70% confluence were treated with 6 ml

of FuGENE 6 transfection reagent (Roche Diagnostics, Sommerville,

NJ) and 2 mg of total DNA per well in accordance with the

manufacturer’s protocol. The first 0.6 kb of the bone-related

P1 promoter of the mouse and rat Runx2 gene (expressing the

p57/MASNS isoform) [Drissi et al., 2000; van Wijnen et al., 2004]

and the 1.1 kb rat OC promoter [Ryoo et al., 1997] were each fused

to the firefly luciferase reporter and used in transfection assays.

Twelve HLH factors were co-transfected with luciferase reporters,

including pIRES-hGFP-Twist1 (provided by Sachiko Iseki,
488 HLH CONTROL OF OSTEOBLAST DIFFERENTIATION
Tokoyo Medical and Dental University) [Yoshida et al., 2005],

pcDNA-flag-Twist2 (Li Li, Wayne State University) [Gong and Li,

2002], pSG5-USF1/2 and pSG5-c-myc (Michele Sawadogo, the

University of Texas MD Anderson Cancer Center) [Choe et al., 2005],

pcDNA-Id1, 2, 3 and 4, pcDNA-E12/47 (Barbara A. Christy,

University of Texas Health Science Center) [Bounpheng et al.,

1999], and pcDNA-flag Stra13 (Sean E. Egan, the Hospital for Sick

Children, Toronto) [St-Pierre et al., 2002]. We also used an

expression vector for the zinc-finger factor Snail (Masataka

Nakamura, Tokoyo Medical and Dental University) in transfection

assays [Takahashi et al., 2004].

LUCIFERASE REPORTER ASSAYS

The firefly luciferase reporter plasmids, expression plasmids and

Renilla luciferase reference gene (pRLh-null-Renilla) plasmid, as

internal control, were co-transfected in each well. The total amount

of DNA was maintained at a constant level (1 mg/well) by adding

appropriate expression empty vector [Li et al., 2005]. After 24 h, the

cells were harvested using 200 ml passive lysis buffer (Promega,

Madison, WI) per well. Cell lysates (20ml) were evaluated for luciferase

activity using the Dual-Luciferase reporter assay kit (Promega). The

luciferase activity was measured according to the manufacturer’s

instructions and normalized to values for Renilla luciferase. For all

transcription studies, promoter activity (firefly/Renilla luciferase) is

represented as fold induction compared to luciferase activity observed

for promoterless pGL3 or pGL2 constructs.

RNA ISOLATION AND ANALYSIS

RNA was isolated from cultures of MC3T3-E1 cells using TRIzol

reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s

protocol. After purification, 5 mg of total RNA was DNase treated

using a DNA-free RNA column purification kit (Zymo Research,

Orange, CA). RNA (1 mg) was then reverse transcribed using random

hexamers as primers and the SuperScript 1st Strand Synthesis kit

(Invitrogen) according to the manufacturer’s protocol. Gene expres-

sion was assessed by quantitative real-time PCR (including Runx2,

OC, alkaline phosphatase (AP), 11 distinct HLH factors, and Snail).

Primer Express software was used to predict optimum reverse

transcription-PCR (RT-PCR) primer sets (Fig. 1A), except for GAPDH

primers (Applied Biosystems, Foster City, CA). Quantitative PCR

(QPCR) was performed using SYBR Green 2� master mixture

(Applied Biosciences) and a two-step cycling protocol (anneal and

elongate at 608C, denature at 948C). Specificity of primers was

verified by dissociation of amplicons using SYBR Green as a de-

tector. All transcript levels were normalized to that of GAPDH.

CHROMATIN IMMUNOPRECIPITATION ASSAYS

Chromatin immunoprecipitation (ChIP) studies were performed as

described previously [Young et al., 2007]. In brief, formaldehyde

cross-linking was quenched by addition of glycine to a final

concentration of 0.125 M at room temperature for 10 min, followed

by rinsing with ice-cold 1� PBS before re-suspension in lysis buffer.

Sonication was performed six times at setting three (model 550 sonic

dismembrator, Fisher Scientific, Pittsburgh, PA) for 10 s. The pre-

cleared cell lysate was incubated overnight at 48C with 3 mg of anti-

flag and anti-Twist1 antibodies and normal mouse IgG as a control.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Primers for quantitative PCR (Q-PCR) and chromatin immunoprecipitation assay (ChIP assay). Part A lists primer sets that are used for detecting gene expression in

MC3T3-E1 cells. These genes include four bone phenotypic genes (Runx2, osteocalcin (OC), alkaline phosphatase (AP), and osteopontin) and 11 HLH factors and Snail (as listed

in the table). Part B lists all the primers which are used in ChIP assays to detect transcription factors binding to OC (OC-a, b, c, d) and Runx2 (Rx2-a, b) promoters.
After reversal of cross-links at 658C overnight, the DNA was re-

covered by phenol–chloroform extraction and ethanol precipitation

using 5 mg of glycogen as carrier. An aliquot of each sample was

assayed using QPCR. To detect the presence of specific DNA

fragments containing putative E-box motifs, several sets of primers

in the distal Runx2 promoter (Rx2) and OC promoter were used,

which are listed in Figure 1B.

RESULTS

THE HLH PROTEINS TWIST1, c-Myc AND E2A, AS WELL AS Id2,

Id3 AND Id4, ARE PROMINENTLY EXPRESSED DURING

DIFFERENTIATION OF MC3T3-E1 CELLS

While the expression and biological function of selected subsets of

HLH proteins have been studied, our understanding of the relative

expression of HLH proteins and temporal aspects of their functions

during osteoblast growth and differentiation is fragmented. There-
JOURNAL OF CELLULAR BIOCHEMISTRY
fore, we examined a panel of 11 HLH factors during bone cell

differentiation, all of which have been reported to be expressed in

osteoblastic cells [Bortell et al., 1990; Ogata et al., 1993; Ebara et al.,

1997; Shur et al., 2001; Shen et al., 2002; Bialek et al., 2004]. In

addition, we included a zinc finger protein, Snail, which is known to

bind to HLH recognition sites to regulate transcription [Takahashi

et al., 2004]. We determined the mRNA level of each HLH factor by

Q-PCR in relation to established stages of osteoblast differentiation.

For example, expression of the osteogenic regulator Runx2 and the

bone-related marker AP [Banerjee et al., 1997] increases after day 4

when differentiation commences (Fig. 2A), and the late mineraliza-

tion stage marker OC is increased by �100-fold at day 28 relative to

levels at day 0.

Twist1 and Twist2 are reported to have similar functions in bone

development through different mechanisms [Lee et al., 2000]. We

observed that during differentiation of MC3T3, Twist1 mRNA is

expressed at higher levels than Twist2. Twist1 levels decrease by
HLH CONTROL OF OSTEOBLAST DIFFERENTIATION 489



Fig. 2. Differential regulation of multiple HLH transcription factors during osteoblast differentiation. We analyzed the expression of thirteen selected transcription factors

relative to standard bone marker genes during differentiation of MC3T3-E1 cells by quantitative real-time RT-PCR. RNA was isolated from differentiated MC3T3-E1 cells at

different days up to day 28. The following genes were tested: the osteogenic transcription factor Runx2, the bone marker genes, osteocalcin (OC) and alkaline phosphatase (AP)

(Panel A), Twist1 and Twist2 (Panel B), USF1/2 and c-myc (Panel C), E2A, Stra13 and Snail (Panel D), and the ID proteins ID1, ID2, ID3 and ID4 (Panel E). To permit comparison of

the relative transcript levels of each of the genes, values were normalized to GAPDH and the level of Runx2 at day 0 was arbitrarily set as 1. The graphs shows a representative

differentiation time course and the data points represent the means� SD (n¼ 3). The error bars in each data point are typically less than 10%.
2.5-fold from day 0 to day 28. However, the level of Twist2 mRNA

diminishes 10-fold during the same time span (Fig. 2B). The reci-

procal modulations in Twist1 and Twist2 expression suggest that

these proteins may have dynamic roles in regulating distinct

phenotypic transitions during osteoblast differentiation (e.g., when

cells reach confluency at day 4 or exhibit multilayering at day 10

when AP reaches peak expression). USF1, USF2 and c-myc belong to

basic helix-loop-helix-leucine zipper (bHLH-zip) subset of HLH

transcription factors. During differentiation of MC3T3-E1 cells, the

USF2 and c-myc transcript levels remain almost constant (Fig. 2C).

Although USF1 showed the lowest mRNA levels of these three

factors, its transcript level on day 28 is increased 5-fold compared

with day 0. The transcript levels of E2A and the zinc finger protein

(Snail) at day 28 were �2-fold lower than levels at day 0, while

Stra13 expression remains relatively constant throughout differ-

entiation (Fig. 2D).

Id proteins are negative regulators of bHLH proteins. Of the four

Id genes identified in mammals, Id1 and Id3 are ubiquitously

expressed, whereas Id2 and Id4 exhibit a more restricted pattern of

expression [Kreider et al., 1992; Ruzinova and Benezra, 2003]. Our

data show that all four Id genes are expressed in MC3T3-E1 cells

(Fig. 2E). Id1 showed the lowest transcript level of the four Id genes.

The expression of Id-1, 2, and 3 is dramatically reduced (>5-fold) at

day 4 during the early stages of differentiation. Subsequently, the

expression of Id2 and Id3, but not that of Id1 or Id4, increases to
490 HLH CONTROL OF OSTEOBLAST DIFFERENTIATION
levels observed on day 0. Id4 expression is maximal of day 4 and

steadily declines during differentiation. Taken together, these results

indicate that multiple HLH genes are expressed at different levels

and vary in their temporal expression during MC3T3-E1 differ-

entiation. These differences in expression suggest that each of the

HLH proteins may perform distinct biological functions during

progression of osteoblast phenotype commitment.

The application of quantitative real time PCR to examine the

mRNA levels of multiple HLH factors in parallel permits assessment

of the relative abundance of each member in osteoblasts. The

relatively high expression of the non-DNA binding HLH proteins

Id2, Id3, and Id4 and of the DNA binding HLH transcription factors

Twist1, c-Myc and E2A in osteoblastic cells (compared to Id1,

Twist2, USF1, USF2, and Stra13), suggest that this set of six proteins

may bind to or control binding to the majority of E-boxes in bone-

specific promoters.

DIFFERENTIAL REGULATION OF BONE MARKER GENE

EXPRESSION BY E-Box BINDING TRANSCRIPTION FACTORS

Because the levels of most HLH proteins we studied are naturally

modulated during osteoblast differentiation, we experimentally

modulated the levels of our panel of HLH proteins in MC3T3 cells to

assess these functional effects on the expression of bone marker

genes. Each HLH protein was transiently expressed and mRNA levels
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Modulation of bone-related gene expression by forced expression of HLH factors in MC3T3-E1 cells. The panels show the results of transiently expressing different HLH

factors (0.5 mg) on the endogenous mRNA levels of OP and AP. The bar graphs in Panel A show the effect of exogenous expression of Id proteins (Id14), as well as E12 and E47;

all six proteins suppress osteocalcin (OC) transcript level at 24 h post-transfection. Panel B shows that USF1/2 and c-myc increase OC and AP mRNA levels after 24 h

overexpression. Panels C,D show the inhibitory effects of Twist1 (Panel C) and Twist2 (Panel D) on OC transcript levels that are observed 48 h after transfection. In Panels C and

D, cells were transfected with 0.5 mg expression constructor or empty vector (EV), and harvested at 24 h, 48 h, and 72 h post-transfection for RNA isolation and subsequent

analysis by quantitative real time RT-PCR. The results were normalized to GADH transcript level. The means� SD (n¼ 3) are shown.
of bone-related genes examined at 24 h post-transfection. All four

Id proteins, as well as the E2A derived proteins E12 and E47,

inhibited OC transcript levels by 40 to 70% (Fig. 3A). However, Id

proteins and E2A proteins have no affect on AP mRNA levels

(Fig. 3A) or Runx2 gene expression (data not shown). Forced

expression of USF1 and USF2 marginally increases AP transcript

levels, while c-myc increases AP expression almost 3-fold (Fig. 3B).

USF1, USF2 and c-Myc enhance OC gene expression by �2- to 3-

fold (Fig. 3B) but do not affect Runx2 mRNA levels (data not shown).

These data suggest that the regulatory effects of these factors are

restricted to specific osteoblast-related genes.

Twist1 and Twist2 affected bone phenotypic gene transcription

through different mechanisms. Data from qRT-PCR assays indicated

that neither factor affected OC or AP expression at 24 h post-

transfection (Fig. 3C and D). However, 48 h after transfection, Twist1

and Twist2 inhibit OC transcript levels by 50% or more, with Twist1

suppressing OC transcript levels to a greater degree than Twist2. The

inhibitory effects of Twist1 and Twist2 became more pronounced at

72 h after transfection. In contrast to suppression of the OC gene,

both Twist1 and Twist2 transiently increased AP transcript levels

after 48 h, but not at 72 h post-transfection. These results suggest

that Twist1 and Twist2 indirectly regulate osteoblast differentiation

and simultaneously may suppress or activate expression. However,
JOURNAL OF CELLULAR BIOCHEMISTRY
because these regulatory effects of Twist proteins are only observed

in later stages of transfection, it is likely that the effects of Twist1

and Twist2 are mediated by secondary factors that are directly

controlled by these two Twist proteins.

Similar to the observations with Twist1 and Twist2, Snail

increases OC and osteopontin (OP) transcript levels, and inhibits AP

gene expression only at 72 h after transfection (Fig. 4). However,

Snail does not affect Runx2 gene expression. Snail mRNA levels are

maximal at 24 h and decrease to the same level as that observed for

empty vector by 72 h after transfection. These results clearly indicate

that Snail, and presumably Twist1 and Twist2, are each only

transiently required to modulate the expression of osteoblast related

markers.

Transient reporter gene assays revealed that OC promoter activity

is directly modulated by Id and E2A (E12/E47) proteins, but not by

Twist1 or Twist2 (Fig. 5). For example, over-expression of Id proteins

inhibited OC promoter activity up to 40% of control values observed

in the presence of empty vector (Fig. 5A). Similar to Id proteins, E12

and E47 inhibit OC transcription based on results from luciferase

assays (Fig. 5A). USF1, USF2 and c-myc activated OC-Luc reporter

activity only modestly (Fig. 5B), while Twist1 and Twist2 do not

affect OC or AP transcription at 24 h post-transfection (Fig. 5C). The

latter results further suggest that effects of Twist1 and Twist2 on
HLH CONTROL OF OSTEOBLAST DIFFERENTIATION 491



Fig. 4. Transient elevation of Snail expression indirectly regulates bone marker gene expression. The graphs show qRT-PCR results obtained by transfecting MC3T3-E1 cells

with Snail expression constructs (0.5 mg). Left panel shows the forced expression of Snail at 72 h post-transfection. Right panel shows that Snail increases OC and OP transcript

levels, but inhibits AP gene expression at 72 h post-transfection.
bone marker gene expression (see Fig. 3) are indirect. Twist proteins

may exert their regulatory effects through activation of a proxy

factor (e.g., another transcription factor) or perhaps mediate cross-

talk with other gene regulators through protein/protein interactions.

CHROMATIN IMMUNOPRECIPITATION ANALYSIS REVEALS TWIST

PROTEINS REGULATE OC AND Runx2 GENE TRANSCRIPTION

THROUGH DIFFERENT MECHANISMS

To further investigate how Twist1 and Twist2 regulate OC gene

transcription, we performed ChIP assays using exogenously ex-

pressed (and epitope-tagged) Twist proteins. We also examined the

bone-specific Runx2 P1 promoter for comparison. We designed four

pairs of primers to amplify the OC promoter regions containing

putative E-boxes as previously reported [Tamura and Noda, 1994]

(Fig. 6A), and two sets of primers to amplify Runx2 promoter

fragments containing an E-box (Fig. 6B). Anti-Twist1 and anti-flag

(for Twist2) antibodies, as well as antibodies against RNA poly-

merase II (positive control) and non-specific IgG (negative control)
Fig. 5. Suppression of OC promoter activity by selected HLH proteins. The bar graphs in

by 40–50%. In contrast, USF1/2 and c-myc have marginal positive effects on OC promo

(Panel C). MC3T3-E1 cells were co-transfected with 0.5 mg of 1.1-kb OC promoter repo

buffer after 24 h. Luciferase activity was measured and normalized to Renilla activity
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were used for immunoprecipitation. We examined four regions in

the OC promoter that contain E-boxes (e.g., OC-a, OC-c and OC-d) or

not (OC-b), and two regions in the Runx2 promoter one of which

encompasses an E box. The results revealed that RNA polymerase II

is specifically associated with the OC or Runx2 promoters, which is

expected because both genes are actively transcribed (Fig. 6A and B).

Twist1 and Twist2 associate only with the Runx2 gene but not the OC

gene (Fig. 6A,B). The Twist1 and -2 interactions with the Runx2

promoter are specific to the region spanning the E-box in the

proximal promoter (-140/-37), as there were no binding signals

using primer Rx2-a that amplify the region between -452 and -315

containing the second E-box (Fig. 6B). These results indicate that

while Twist1 and Twist2 may contribute to control of Runx2

expression through a promoter-dependent mechanism (i.e., protein/

DNA or protein/protein), the inhibitory regulation of OC gene

transcription by Twist1 and Twist2 appears to be indirect. Because

Runx2 transcription is not influenced by forced expression of Twist1

and Twist2, it appears that these proteins are not rate-limiting for

promoter activating under our experimental conditions. However, it
Panel A show that Id1, Id2, Id3 and Id4, as well as E12/47 decrease OC promoter activity

ter activity (Panel B), while both Twist1 and Twist2 do not affect OC promoter activity

rter and 0.5 mg empty vectors (EV) or expression constructs, and harvested with lysis

as described in Materials and Methods Section.

JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 6. In vivo interaction of the osteocalcin (OC) and Runx2 P1 promoters by Twist1 and Twist2 in MC3T3-E1 cells. Chromatin immunoprecipitation experiments (ChIP

assays) were performed with MC3T3-E1 transfected expression constructs (0.5 mg) for Twist1 and Twist2 or the corresponding empty vector (EV). Panel A shows results

obtained with primers sets (OC-a to OC-d) that amplify the proximal region of the mouse OC promoter. Each of the primer pairs with the exception of OC-b contains putative

E-boxes. The horizontal arrows indicate the positions of the forward and reverse primers. Binding of both Twist1 and Twist2 to the OC promoter is below the level of detection.

Panel B shows ChIP assay results obtained with two sets of primers that amplify the proximal regions of the Runx2 P1 promoter that contains putative E-boxes. Twist1 and

Twist2 interact with the Runx2 P1 promoter. Input represents 1% of each chromatin fraction that was used for immunoprecipitation.
is conceivable that control of Runx2 gene transcription by Twist1

and Twist2 may require the presence of additional co-factors.

REGULATION OF OTHER HLH TRANSCRIPTION FACTORS BY Twist1

AND Twist2 MAY CONTRIBUTE TO OC GENE TRANSCRIPTION

HLH transcription factors are capable of cross-regulation [Braun

et al., 1992; Tamura and Noda, 1994; O’Toole et al., 2003], therefore

we considered if molecular cross-talk between HLH proteins may

contribute to the Twist1 and -2 dependent modulations in bone

marker gene expression. Results from qRT-PCR assays revealed that

experimental elevation of Twist1 level suppresses expression of

three Id genes (Id1, Id2, and Id3), but not Id4, by 40–50% at 24 h

post-transfection (Fig. 7A). Twist1 also has no affect on Snail or

Stra13 transcript levels (Fig. 7B). Id4 and Snail are both down-

regulated during differentiation, while Stra13 mRNA levels are

barely detectable throughout differentiation (see Fig. 2B), thus sug-

gesting that Twist1 preferentially controls HLH genes that are more

robustly expressed throughout osteoblast differentiation.

Strikingly, our data show that exogenous Twist1 activates

transcription of endogenous Twist2 gene expression, and exogenous

Twist2 can reciprocally activate endogenous Twist1 expression

(Fig. 7C,D). This cross-regulation is specific for these two bHLH

proteins, because we did not find any effects of Twist1 and Twist2 on

Snail or Stra13 transcript levels (Fig. 7B and data not shown).

Interestingly, Twist1 and Twist2 do not exhibit cross-regulation in

either NIH3T3 fibroblasts or ROS 17/2.8 osteosarcoma cells (data not

shown), suggesting that regulatory interrelationships between

Twist1 and Twist2 are particularly important for MC3T3 cells that

represent osteoblastic progenitors that have not fully developed the

phenotype of mature bone forming cells.
JOURNAL OF CELLULAR BIOCHEMISTRY
DISCUSSION

HLH transcription factors perform key functions in many devel-

opmental processes and tissues. It has been known for some time

that there are HLH factors that can bind to a conserved E-box (50

CACATG) in the proximal region of the OC promoter [Tamura and

Noda, 1994; Quarles et al., 1997]. Whether HLH factors functionally

control OC gene transcription has remained unresolved. Several

studies have explored how osteogenesis is regulated by HLH factors,

yet most of these studies have been restricted to examination of the

functions of the Twist and Id class of proteins. While osteoblast-

specific HLH factors have yet to be discovered, in this study we

examined expression of multiple HLH genes during osteoblastic

differentiation of MC3T3-E1 cells. The temporal expression of

selected HLH factors is positively correlated with the expression of

bone marker genes. We observed constitutive expression of Twist1

and E2A, as well as the E-box binding Zn finger transcription factor

Snail throughout bone phenotype development, indicating that all

three factors may contribute to multiple stages of osteoblast dif-

ferentiation. Pronounced down-regulation of Twist2 expression

suggests that Twist2 is an inhibitor of osteoblast differentiation (see

below). Relatively constant expression of USF2 and increased

expression of USF1 are consistent with their ability to enhance OC

and AP transcription. Based on the functional expression of a panel

of HLH factors at distinct stages of osteogenic differentiation, we

propose that multiple HLH factors may jointly regulate osteoblast

differentiation.

Analysis of 11 distinct HLH factors and Snail revealed that these

factors use distinct mechanisms to regulate bone marker gene ex-

pression and osteoblast differentiation. As previously reported, our
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Fig. 7. Regulation of Id proteins and cross-regulation by Twist1 and Twist2. We examined whether forced expression of Twist1 and Twist2 modulates expression of other HLH

factors in MC3T3-E1 cells. The mRNA levels for Id1, Id2 and Id3 decrease upon transient elevation of Twist1 levels (Panel A). After 48 h, the mRNA levels of Hes1 are also

suppressed (Panel B), but over- expression of Twist1 does not affect the transcript levels of Snail and Stra13. Panels C,D show reciprocal stimulation of expression of Twist2 by

Twist1 (Panel C) and of Twist2 by Twist1 (Panel D) in transfected cells. Cells were transfected with 0.5 mg empty vectors (EV) or the indicated expression constructs, and

harvested after 24 and 48 h. RNA was isolated for analysis by quantitative real time RT-QPCR. Transcript levels were normalized to that of GAPDH.
data show that Id proteins and Twist are repressors for OC trans-

cription [Yousfi et al., 2002], and our results indicate that Ids directly

inhibit OC gene expression and promoter activity. While E2A is

known as a transcriptional activator [Funato et al., 2001], we find

that transient expression of E2A represses OC gene expression.

Because E2A is expressed constantly during differentiation of

MC3T3-E1 cells, it is possible that transcriptional activation or

repression by E2A depends on the co-factors with which it may

interact. While Id proteins and E2A act as repressors, our data clearly

show that USF1, USF2 and c-myc directly activate OC and AP

transcription, thus providing experimental evidence that these

ubiquitous HLH proteins can functionally control expression of

bone marker genes. USF1 has been shown to activate transforming

growth factor b type II receptor (TbRII) promoter activity in primary

cultures of fetal rat osteoblasts, consistent with a role of USF1 in

osteoblast differentiation [Chang et al., 2002]. Taken together, our

findings suggest that Id proteins, E2A, USF1, USF2 and c-myc are

each capable of directly regulating MC3T3-E1 differentiation.

Our study reveals that forced expression of Twist1 and Twist2

inhibits OC transcription after 48 h when exogenous Twist expres-

sion is maximal. These data complement previous data indicating

that Twist proteins inhibit osteogenesis, although the mechanisms

by which Twist proteins control osteoblast differentiation remain
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unclear. It is plausible that other (co-)factors that are directly

controlled by these two Twist proteins may be essential for Twist

dependent regulation. This concept may explain paradoxical results

from different groups. For instance, over-expression of Twist1

represses OC transcription by inhibiting Runx2 activity [Yousfi et al.,

2002], but mutation of Twist1 proteins decreases OC expression

[Yoshida et al., 2005]. We find that forced expression of Twist1 and

Twist2 proteins not only results in mutual activation of Twist mRNA

levels, but also inhibit Id mRNA expression with the exception of

Id4. It remains to be elucidated whether other HLH factors involved

in osteoblast differentiation are controlled by Twist. However, our

combined results indicate that indirect inhibition of OC transcription

by Twist1 and Twist2 is controlled by an intricate set of HLH-related

gene regulatory pathways.

Apart from OC, we also explored whether Twist proteins control

Runx2 gene transcription. Forced expression of Twist1 and Twist2

does not modulate Runx2 transcript levels or promoter activity,

consistent with previous studies [Guenou et al., 2005]. However, our

data suggest that Twist proteins interact with the proximal part of

the Runx2 P1 promoter which encompasses an E-box. Interestingly,

we find that Twist proteins inhibit OC transcription but do not bind

to the OC promoter, conversely, these proteins interact with the

Runx2 P1 promoter, but do not affect Runx2 transcription. These
JOURNAL OF CELLULAR BIOCHEMISTRY



data indicate that Twist proteins regulate OC and Runx2 transcrip-

tion through different mechanisms. The inhibition of the OC

promoter may occur by protein/protein interactions between Twist

and Runx2 proteins [Bialek et al., 2004], but Twist/Runx2

interactions are not sufficient to explain the mechanistic distinc-

tions between the OC and Runx2 promoters.

In conclusion, our studies reveal that multiple HLH factors

functionally support osteoblast differentiation and regulate tran-

scription of bone marker genes through both direct and indirect

mechanisms [Carvallo et al., 2008; Jensen et al., 2008; Montecino

et al., 2008; Trevant et al., 2008]. We suggest that cross-talk

between HLH factors may contribute to transcriptional control of

osteogenesis.
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