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Abstract
Teriparatide (parathyroid hormone, [PTH]) is the only FDA-approved drug that replaces bone lost
to osteoporosis. Enhancing PTH efficacy will improve cost-effectiveness and ameliorate
contraindications. Combining this hormone with load-bearing exercise may enhance therapeutic
potential consistent with a growing body of evidence that these agonists are synergistic and share
common signaling pathways. Additionally, neutralizing molecules that naturally suppress the
anabolic response to PTH may also improve the efficacy of treatment with this hormone. Nmp4/CIZ
(nuclear matrix protein 4/cas interacting zinc finger)-null mice have enhanced responses to
intermittent PTH with respect to increasing trabecular bone mass and are also immune to disuse-
induced bone loss likely by the removal of Nmp4/CIZ suppressive action on osteoblast function.
Nmp4/CIZ activity may be sensitive to changes in the mechanical environment of the bone cell
brought about by hormone- or mechanical load-induced changes in cell shape and adhesion. Nmp4
was identified in a screen for PTH-responsive nuclear matrix architectural transcription factors
(ATFs) that we proposed translate hormone-induced changes in cell shape and adhesion into changes
in target gene DNA conformation. CIZ was independently identified as a nucleocytoplasmic shuttling
transcription factor associating with the mechano-sensitive focal adhesion proteins p130Cas and
zxyin. The p130Cas/zyxin/Nmp4/CIZ pathway resembles the β-catenin/TCF/LEF1
mechanotransduction response limb and both share features with the HMGB1 (high mobility group
box 1)/RAGE (receptor for advanced glycation end products) signaling axis. Here we describe Nmp4/
CIZ within the context of the PTH-induced anabolic response and consider the place of this molecule
in the hierarchy of the PTH-load response network.
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I. Teriparatide And What Turns It Off
The FDA-approved armamentarium for osteoporosis treatment comprises drugs that slow bone
loss (antiresorptives/anticatabolics) with the exception of teriparatide (parathyroid hormone
[PTH]), the only therapeutic that replaces lost bone. Once-daily injections of PTH stimulate
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new bone formation in the senescent skeleton. The anticatabolic bisphosphonates may
compromise some aspects of bone’s mechanical and material properties through the
accumulation of microdamage or from alterations to collagen structure and the accumulation
of advanced glycation end-products (AGEs) (Allen & Burr, 2007). Nevertheless cost and
limitations on the length of treatment restrict teriparatide use to osteoporosis patients with high
fracture risk or who have inadequate responses to bisphosphonates (Blick et al., 2008). Thus
boosting the efficacy of teriparatide might eliminate these impediments.

A key mechanism underlying intermittent PTH escalation of osteoblast function and formation
of mineralized bone is by enhancing the survival and differentiation of the osteoblast
sufficiently to increase their number and lifespan beyond that required to refill the resorption
pit excavated by the osteoclast (reviewed in Jilka, 2007). Therefore boosting the activities of
signaling pathways regulating survival or differentiation might improve treatment efficacy.

The combination of intermittent PTH and load-bearing exercise may boost hormone efficacy
since these agonists have a synergistic effect on bone gain in rodents (Sugiyama et al., 2008;
and reviewed in Fuchs & Warden, 2008). Molecules common to the convergent hormone and
load anabolic pathways likely play key regulatory roles in augmenting osteoid synthesis (Zhang
et al., 2006).

Disabling pathways that inhibit the action of anabolic PTH should also enhance hormone
efficacy. For example, PTH enhances osteoblast expression of Runx2, which supports the anti-
apoptotic phenotype while concomitantly inducing Smurf1-mediated Runx2 proteasomal
degradation thus providing a self-limiting response to the anabolic action of PTH (Bellido et
al., 2003). Nevertheless, the consequence of neutralizing this pathway in vivo has not been
reported.

PTH activation of the osteoblast cAMP/protein kinase A pathway drives bone gain (Jilka,
2007 and references therein) yet knocking out β-arrestin2, an inhibitor of cAMP signaling had
unexpected consequences on the mouse skeleton (Bouxsein et al., 2005; Ferrari et al., 2005).
Male and female mice lacking β-arrestin2 showed a 5–10% decrease in total body bone mass
and cortical and trabecular bone parameters as compared to wild-type (WT) mice (Bouxsein
et al., 2005; Ferrari et al., 2005). Male β-arrestin2-null mice exhibited little PTH-induced gain
in bone due to enhanced osteoclast activity (Ferrari et al., 2005). In contrast, PTH similarly
enhanced total body BMD and trabecular architecture in the estrogen-replete female β-
arrestin2-null and WT mice (Bouxsein et al., 2005). However, high concentrations of hormone
stimulated periosteal bone formation 2-fold higher in the null mice. Additionally the β-
arrestin2-null mice exhibited an increase in endocortical bone resorption leading to an increase
in midfemoral cross-sectional and medullary area not observed in the WT mice (Bouxsein et
al., 2005).

Sclerostin (SOST) is a potent inhibitor of Wnt-mediated bone formation via its interference
with LRP5/LRP6 receptor signaling and PTH regulates SOST expression (reviewed in Jilka,
2007). However PTH-induced bone gain was blunted in mice over-expressing SOST as well
as in mice deficient in SOST expression. This blunted PTH response was due to attenuated
bone formation rates in both models (Kramer et al., 2009). Therefore the role of SOST in the
PTH anabolic response is unclear.

II. Nmp4/CIZ Turns Down Teriparatide And Turns On Disuse-Induced Bone
Loss

Nmp4/CIZ (nuclear matrix protein 4/cas interacting zinc finger) appears to couple the
skeleton’s response to PTH and mechanical load. Deficiency in Nmp4/CIZ in mice enhances
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PTH-induced gain in trabecular bone (Robling et al., 2009), augments BMP2-mediated
orthotopic bone formation (Morinobu et al., 2005), and abrogates bone loss induced by tail
suspension (Hino et al., 2007).

Both the independently prepared CIZ-and Nmp4-knockout (KO) mice exhibited a significant
increase in baseline skeletal mass. Nmp4-KO estrogen-replete female mice showed 8–10%
increases in baseline bone mineral density (BMD) and bone mineral content (BMC) throughout
the skeleton (8–17wks of age) as compared to WT mice (Robling et al., 2009). Female (8wks)
and male (12wks) CIZ-KO mice showed a significant increase in baseline femoral trabecular
bone volume as compared to WT mice (Hino et al., 2007; Morinobu et al., 2005). Female
Nmp4-KO mice exhibited no differences in baseline femoral trabecular architecture at 17wks
of age but this was not examined in younger mice (Robling et al., 2009). Examination of the
cortical bone geometry of the midshaft femur at 17wks showed that the Nmp4-null mice
exhibited a moderate trend toward an increase in cortical area along with enhanced bending
and torsional properties (Robling et al., 2009). The expression of genes encoding the proteins
Col1a1, alkaline phosphatase and osteopontin as well as the transcription factor, osterix, was
increased in the humerus of 8 wk-old female CIZ-KO (Morinobu et al., 2005) mice whereas
only Col1a1 RNA expression was modestly elevated in the femur of 8wk-old Nmp4-KO mice
of Robling et al., 2009.

Treating estrogen-replete female mice with recombinant human PTH(1-34) (30μg/kg/day s.c.)
for 7wks (10wk–17wks of age) significantly enhanced whole body, femur, tibia, and spine
BMD and BMC in both the Nmp4-KO and WT mice (Robling et al., 2009). Interestingly,
although hormone equivalently augmented the cortical bone geometry of the midshaft femur
in both genotypes these parameters for the PTH-treated WT mice were not significantly
different from those values observed for the untreated Nmp4-KO mice.

The Nmp4-KO mice exhibited a strikingly enhanced PTH-induced gain in femoral trabecular
bone. Vehicle-treated WT mice and vehicle-treated Nmp4-KO mice displayed comparable
bone volume/total volume (BV/TV), connectivity density (Conn D) and structure model index
(SMI) of the distal femur. However, while hormone treatment significantly altered these
parameters in both genotypes, the magnitude of the hormone-induced changes in the Nmp4-
null mice ranged from 2.3–3.5-fold greater than responses observed in the WT animals
(Robling et al., 2009). Likewise, both the vehicle-treated WT and Nmp4-KO mice exhibited
equivalent femoral trabecular number (Tb.N) and trabecular thickness (Tb.Th) indices but
hormone-mediated enhancement of these parameters was significantly greater in the Nmp4-
null mice (Robling et al., 2009).

CIZ deficiency augmented BMP2-induced orthotopic bone formation on adult mouse calvariae
in vivo (Morinobu et al., 2005). BMP2 was injected onto the calvariae of WT and CIZ-KO
mice every other day for 10 days. The calvariae were removed and the area of de novo bone
formation was assessed using soft X-ray images. The CIZ-KO mice showed a two-fold greater
area of newly formed bone than their WT counterparts (Morinobu et al., 2005).

Remarkably, CIZ-KO mice were refractive to unloading-induced bone loss after two weeks of
tail suspension (Hino et al., 2007). CIZ-KO mice showed no significant decrease in BV/TV,
no reduction of cortical bone area and thickness, and no attenuation of matrix apposition rate
(MAR), mineralizing surface/bone surface (MS/BS) or bone formation rate (BFR) compared
to the significant decreases in all of these parameters in WT mice. Interestingly, bone
histomorphometry indicated no significant difference in osteoclast parameters regardless of
genotype or loading condition (Hino et al., 2007).
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III. Nmp4/CIZ Is A Transcription Factor That Associates With The Integrin
Signaling Machinery

Nmp4/CIZ was independently discovered and cloned as an osteoblast nuclear matrix
transcription factor (Alvarez et al., 1997; Alvarez et al., 1998; Thunyakitpisal et al., 2001) and
as a nucleocytoplasmic shuttling binding partner to the integrin signaling molecule p130Cas
(Nakamoto et al., 2000). We postulated that nuclear matrix architectural transcription factors
(ATFs) capable of bending DNA convert changes in osteoblast adhesion and shape into
changes in DNA conformation thus altering gene expression (Bidwell et al., 1998). Nuclear
matrix proteins often serve as scaffolding for macro-protein complexes involved in
transcription and RNA processing. Subsequently we recovered Nmp4 from the osteoblast
nuclear matrix and this protein exhibited both DNA-binding and -bending activity along the
regulatory regions of rat Col1a1 (Alvarez et al., 1998), whose expression is extraordinarily
sensitive to alterations in cell and nuclear morphology (Li et al., 2008; Thomas et al., 2002).

Nmp4/CIZ is a Cys2His2 zinc finger transcription factor expressed in species ranging from
humans to yeast and the rodent and human protein sequences are highly conserved (~96%).
Several rat isoforms have been cloned from the single copy gene and in the mouse Nmp4/
CIZ is located on chromosome 6 band F1 and ZNF384 on human chromosome 12p12 (Alvarez
et al., 2001; Thunyakitpisal et al., 2001; Nakamoto et al., 2000). Nmp4/CIZ is expressed in all
tissues examined and in bone is expressed in osteoblasts, osteocytes, and chondrocytes
(Thunyakitpisal et al., 2001).

The Nmp4-21H/CIZ6-2 isoform is comprised of six zinc fingers and #2, #3, and #6 mediate
DNA-binding via the minor groove of the unusual homopolymeric (dA•dT) consensus
sequence (Torrungruang et al., 2002). The zinc fingers also act as a nuclear localization signal
and target Nmp4/CIZ to the nuclear matrix (Figure 1, Feister et al., 2000a).

An AT-hook domain associates weakly with the DNA major groove and likely confers ATF
functionality (Figure 1; Torrungruang et al., 2002;Thunyakitpisal et al., 2001). The AT-hook
motif was first described in the high mobility group (HMG) nonhistone chromosomal ATF
HMGA proteins (reviewed in Alvarez et al., 2003). The AT-hook facilitates changes in local
DNA structure typically by tethering to the minor groove of AT-rich DNA, although some
association with the major groove has been reported (Alvarez et al., 2003 and references
therein).

Canonical ATFs stabilize multi-protein transcriptional units along the regulatory region of the
gene by bending, looping, unwinding or straightening DNA (Alvarez et al., 2003 and references
therein). Typically ATFs recognize a unique structural aspect of DNA instead of a specific
sequence, e.g. the narrow minor groove of AT-rich DNA via the AT-hook or a motif known
as the HMG box (Alvarez et al., 2003).

ATFs typically lack a trans-acting domain, i.e. their function is strictly architectural (Alvarez
et al., 2003) although there are numerous conventional transcription factors that bend DNA as
part of their regulatory function. For example, TCF/LEF-1 and Nmp4/CIZ are both HMG-
motif ATFs but have context-dependent transactivation domains, i.e. the activities of these
domains are dependent on the organization of the regulatory elements surrounding their
respective DNA-binding sites (Torrungruang et al., 2002; Carlsson et al., 1993).

The presence of Nmp4/CIZ in the cytoplasm was revealed when Hisamaru Hirai and colleagues
cloned CIZ during a search for the ligands of the p130Cas SH3 domain (Nakamoto et al.,
2000). Hirai had previously cloned p130Cas as a docking protein of the focal adhesions and it
is now appreciated that this ubiquitously expressed adaptor protein is part of the integrin
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signaling machinery involved in mediating cell proliferation, survival, and motility (Defilippi
et al., 2006; Nakamoto et al., 2000 and references therein). The rat Nmp4/CIZ sequence
APPKPPR from the 186th amino acid residue conforms to the p130Cas SH3-binding consensus
XXPXKPX and resembles the p130Cas SH3-binding site of FAK (APPKPSR) and that of the
guanine exchange factor C3G (see Figure 1, Nakamoto et al., 2000 and references therein).
Interestingly, this motif overlaps with the AT-hook domain (Figure 1). Far-Western screening
demonstrated that Nmp4/CIZ discriminates between the SH3 domains of p130Cas, Src, Crk,
Ash/Grb2, Fyn, and Abl (Nakamoto et al., 2000). Although the rat Nmp4/CIZ and the human
ortholog ZNF384 are highly conserved one P residue in the p130Cas SH3-binding consensus
sequence is absent in the human protein which precludes ZNF384 binding to p130Cas but
instead mediates its binding to zyxin, another adaptor protein that associates with focal
adhesions (Figure 1, Janssen & Marynen, 2006). Therefore, within the context of the human
cell, ZNF384 binds to zyxin and zyxin binds to p130Cas (Janssen & Marynen, 2006). In this
review we use the designation Nmp4/CIZ, instead of CIZ/Nmp4, to de-emphasize an exclusive
association with p130Cas.

Nmp4/CIZ suppresses BMP2-induced transcriptional activity of the receptor regulated
SMADS (R-SMADs), SMAD1 and SMAD5 (Shen et al., 2002) but whether this occurs by
interfering with R-SMAD DNA-binding activity, R-SMAD trans-activation, or by R-SMAD
sequestration in the cytoplasm by a p130Cas/zyxin/Nmp4/CIZ complex remains to be
determined. A recent study using fibroblasts and epithelial cells has demonstrated that integrin-
mediated p130Cas phosphorylation promotes its interaction with phosphorylated SMAD3
preventing SMAD3 nuclear translocation and activation of target genes (Kim et al., 2008).

IV. Nmp4/CIZ Suppresses Osteoid Synthesis
Nmp4/CIZ antagonizes the transcription of bone matrix genes. Introduction of null-binding
mutations in Nmp4/CIZ cis-elements within rat Col1a1 enhanced the activity of this promoter
in osteoblast-like cells; conversely over-expression of Nmp4/CIZ repressed this activity
(Thunyakitpisal et al., 2001). Nmp4/CIZ suppressed PTH-mediated transcriptional induction
of rat matrix metalloproteinase-13 (Mmp-13) in osteoblast-like UMR 106-01 cells (Shah et
al., 2004). The human, rat, and mouse MMP-13 genes have a conserved PTH response region
containing two cis elements for Runx2, cis-elements for AP-1, PEA3/Ets-1, p53, and an Nmp4/
CIZ element (Shah et al., 2004 and references therein). We introduced null-binding mutations
in the Nmp4/CIZ element and/or the proximal Runx2 element in a series of promoter-reporter
constructs containing the first 1329 nucleotides of the rat 5′ regulatory region. The
UMR-106-01 cells were transfected with these constructs and treated with rat PTH(1-34).
Hormone treatment (6hrs) induced a significant 2-fold increase in the wild-type construct
activity, a 5-fold increase in the activity of the construct bearing the Nmp4/CIZ null-binding
mutation, and a synergistic 11-fold increase in the activity of the construct containing both the
Nmp4/CIZ and Runx2 null-binding mutations (Shah et al, 2004). Finally, both the BMP2-
induced orthotopic bone formation and abrogated bone loss in hind limb-suspended CIZ-KO
mice can be explained by Nmp4/CIZ functioning as a suppressor of bone matrix synthesis
(Hino et al., 2007; Morinobu et al., 2005). Interestingly, unloading appears to enhance this
suppressive activity of Nmp4/CIZ (Hino et al., 2007).
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V. Nmp4/CIZ Is Part Of A Mechano-sensitive Pathway Mediating Response to
Both PTH and Load
PTH and load alter bone cell shape and adhesion, which in turn affects type I collagen
expression

PTH sensitizes bone to mechanical signals; the anabolic effect of mechanical loading is lost in
rats with the removal of the parathyroid gland (see Turner, 2006 and references therein). In
addition to the synergistic effect on bone gain in rodents (Sugiyama et al., 2008), intermittent
PTH treatment abrogates hindlimb-induced bone loss in rats by preventing disuse-mediated
decreases in bone formation and matrix apposition rates (Turner et al., 2007; 2006).

Mechanical loading bends bone, which in turn generates mechanical stretch and pressure
gradients in the canaliculi of the mineralized tissue. These gradients drive the extracellular
fluid through the lacuno-canalicular network and this load-derived fluid shear stress (FSS)
initiates mechano-sensitive signaling pathways in osteocytes and other osteogenic cells (Rubin
et al., 2006 and references therein). Unloading or micro-gravity has the opposite effects on
bone via common signaling pathways however signaling pathways unique to unloading has
not been fully discounted. For the purpose of describing the response of the bone cell to non-
hormonal changes in the mechanical environment we will use the broad term “load” for
designating steady or dynamic FSS, strain, and unloading, unless otherwise noted.

Both PTH and load physically impact the bone cell. These agonists alter cell shape
(Guignandon et al., 2001; Horikawa et al., 2000; Egan et al., 1991; Matthews and Talmadge,
1981), modulate the organization of the cytoskeleton (Rubin et al., 2006 and references therein;
Guignandon et al., 2001; Egan et al., 1991), alter nuclear organization (Hughes-Fulford et al.,
2006; Feister et al., 2000b; Torrungruang et al., 1998), and change the activity of focal
adhesions (Rubin et al., 2006 and references therein; Davies & Chambers, 2004).

Type I collagen synthesis, including alterations in transcription and mRNA stability, in the
cultured Swiss 3T3 fibroblast line is influenced by alterations in cell shape and adherence.
Adherence is associated with a flat spread out shape and increase expression of Col1a1 whereas
suspended cells round up decreasing expression of Col1a1 (Dhawan et al., 1991). Studies using
micropatterned adhesive islands have demonstrated that expression of type I collagen is
sensitive to the actual shape of a tendon cell, not to total cell area (Li et al., 2008). Similarly,
Healy and colleagues seeded osteoblasts on adhesive islands to control cell and nuclear shape
and determined that type I collagen protein synthesis was significantly influenced by the
nuclear space index, defined as the maximal nuclear area in the x-y plane divided by nuclear
height (Thomas et al., 2002).

The physical connection between the cell adhesion complexes and the interior of the nucleus
is vital to mechanotransduction (Gieni & Hendzel, 2008 and references therein). Ingber and
colleagues demonstrated this connection by tugging on integrin receptors with glass
micropipettes causing a spatial shift in chromatin (Maniotis et al., 1997). The LINC (linker of
nucleus and cytoskeleton) complex physically bridges this gulf between adhesion complex and
gene and is comprised of actin filaments, intermediate filaments, plectin, SUN proteins,
nesprins, the lamins, and other nuclear envelop proteins (Gieni & Hendzel, 2008). On the
nucleoplasmic side, SUN proteins form macromolecular complexes comprised of lamins,
proteins of the nuclear pore complex, and other lamin-associated proteins (Gieni & Hendzel,
2008). These nuclear envelop-lamina-spanning complexes (NELSC) directly interact with
chromatin, DNA, and transcription factors (Gieni & Hendzel, 2008). Whether there is a
karyoskeleton (deterministic model) or instead large and transiently immobile nuclear
structures housing transcription factories (self-organization model) is the subject of some
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recent debate (Gieni & Hendzel, 2008, and references therein; Misteli, 2007) but nuclear matrix
ATFs, like Nmp4/CIZ, could be operative in either model. For example, the LINC proteins
may pull a target gene into a transcription factory and Nmp4/CIZ, informed by its interaction
with the focal adhesion protein p130Cas (or zyxin), may change target DNA conformation and
gene activity (Bidwell et al., 1998).

Bone cell shape and adhesion may dictate which regions of the COL1A1 promoter control
expression of this gene. The rat Col1a1 promoter is organized as functional modules that drive
expression during distinct periods of osteogenic cell differentiation (see Figure 2; Rowe,
2005). Whether these shifts in the control regions of the Col1a1 promoter reflect changes in
the developing osteoblast’s shape and adhesion as suggested in an early study (Krebsbach et
al., 1993) remains to be determined but Nmp4/CIZ binds to these distinct promoter regions
(Alvarez et al., 1998 Figure 2).

Nmp4/CIZ, p130Cas and zyxin are mechano-sensitive
Nmp4/CIZ regulates FSS-driven induction of rat Mmp-13 in bone cells and the expression of
Nmp4/CIZ itself is governed by FSS (Charoonpatrapong-Panyayong et al., 2007). Murine
Nmp4/CIZ has two promoters, P1 and P2, both of which are positively auto-regulated;
additionally PTH negatively regulates both of these promoters (Figure 3; Alvarez et al.,
2005). Interestingly, only P2 activity was upregulated in MC3T3-E1 cells exposed to FSS
(Charoonpatrapong-Panyayong et al., 2007).

As a primary force sensor p130Cas transduces force into the mechanical extension of the
molecule itself, making it more susceptible to phosphorylation and thus triggering its activation
of downstream mechanotransduction signaling cascades (Sawada et al., 2006). p130Cas has
various functional domains that serve as substrates for a variety of kinases and/or mediate
protein-protein interactions. Upon phosphorylation by tyrosine kinases, the tyrosine residues
within the central substrate domain provide binding sites for the Src homology 2 (SH2) and
phosphotyrosine-binding (PTB) domains of effector proteins (Defilippi et al., 2006). Sawada
and colleagues attached recombinant p130Cas to a latex membrane and demonstrated that the
ability of c-Src to phosphorylate this molecule was significantly enhanced upon the stretching
of the membrane (Sawada et al., 2006). Stretching results in the unfolding of the p130Cas
central substrate domain enhancing the accessibility of target tyrosine residues and their
phosphorylation by FAK or Src-family kinases (Sawada et al., 2006). Stretched-p130Cas
localizes to sites of high traction force in cells perhaps as a first-responder to changes in cell
shape and cytoskeletal stretch (Sawada et al., 2006).

Zyxin accumulates at high traction force focal adhesions and disassociates from these sites
with a relaxation in stretch (Hirata et al., 2008; Cattaruzza et al., 2004). Zyxin is targeted to
focal adhesions via its LIM domains and is required for stretch-induced actin polymerization
at these sites of cell attachment (Hirata et al., 2008). In smooth muscle cells cyclic stretch
ultimately induced zyxin translocation to the nucleus accompanied by changes in the
expression of endothelin B receptor, tenascin-C, and plasminogen-activator inhibitor-1
(Cattaruzza et al., 2004). Abolishing zyxin expression attenuated stretch-induced induction of
endothelin B receptor, enhanced the load-mediated induction of tenascin-C, and had no effect
on the load induction of plasminogen-activator inhibitor-1 (Cattaruzza et al., 2004).

The p130Cas/zyxin/Nmp4/CIZ association resembles the β-catenin/TCF/LEF-1
mechanotransduction pathway

We have proposed that the p130Cas/zyxin/Nmp4/CIZ and the β-catenin/TCF/LEF-1
complexes form “mechanosomes” that carry information from adhesion complexes to the
nucleus and translate this information into conformational changes in the promoters of target
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genes (Pavalko et al., 2003). Altering osteoblast β-catenin activity alters bone phenotype via
changes in osteoprotegerin expression and osteoclast activity, but bone formation is not
modified (Glass et al., 2005). However, β-catenin translocation to the nucleus is triggered by
PTH and is necessary to some load-induced changes in osteoblast gene expression (Case et al.,
2008; Kulkarni et al., 2005) and therefore may mobilize the bone-formation activity of the Wnt
pathway in response to anabolic signals. The similarities between these pathways are striking.
As shuttling HMG-motif ATFs both Nmp4/CIZ and TCF/LEF1 associate with mechano-
sensitive adhesion proteins but whether the p130Cas/zyxin/Nmp4/CIZ complex translocates
to the nucleus (see Charoonpatrapong-Panyayong et al., 2007 and references therein) or
whether p130Cas sequesters Nmp4/CIZ in the cytoplasm remains to be fully established.

A molecular convergence point for PTH and load may be the regulation of R-SMAD activity
by the p130Cas/zyxin/Nmp4/CIZ and β-catenin/TCF/LEF-1 pathways. R-SMAD activity is
upregulated by both PTH and load (Ho et al., 2008; Sowa et al., 2003). R-SMADs enhance β-
catenin/TCF/LEF-1 activation of bone genes (Sato et al., 2009) and PTH-induced upregulation
of β-catenin activity via SMAD3 contributes to the hormone’s anti-apoptotic action in MC3T3-
E1 cells (Sowa et al., 2003). Nmp4/CIZ suppresses the activation of R-SMADs (Shen et al.,
2002), as does p130Cas (Kim et al., 2008). Perhaps p130Cas/zyxin/Nmp4/CIZ antagonizes β-
catenin/TCF/LEF-1/R-SMAD-mediated bone-formation by suppressing R-SMAD activity.

HMGB1 (high mobility group box 1 protein) is another nucleocytoplasmic shuttling HMG-
motif ATF with a connection to PTH and perhaps to load. Hormone regulates its release from
osteoblasts and in turn extracellular HMGB1 appears to regulate some aspects of
osteoclastogenesis (Bidwell et al., 2008 and references therein). HMGB1 is a ligand for RAGE
(receptor for advanced glycation end products) and we have determined that RAGE-KO mice
exhibit deficits in PTH-induced gains in trabecular bone (Philip et al., 2009). The HMGB1/
RAGE signaling axis is linked to the mechanotransduction machinery. RAGE can act as an
adhesion receptor and binds to type I collagen, it mediates cell spreading in alveolar epithelial
cells, and AGEs, a ligand of RAGE, inhibit FSS-induced ERK5 transcription in endothelial
cells (reviewed in Sparvero et al., 2009; Woo et al., 2008). Finally, HMGB1 localizes with
focal adhesions in myofibroblasts (Lenga et al., 2008). Therefore p130Cas/zyxin/Nmp4/CIZ,
β-catenin/TCF/LEF-1, and HMGB1/RAGE may comprise part of a mechanosome network
that mediates the convergence of PTH and load response programs (Figure 4).

VI. Summary And Conclusions
Enhancing the efficacy of teriparatide will alleviate some of its current limitations as an
osteoporosis drug. This might be accomplished by disabling self-limiting pathways regulating
PTH anabolic action and/or by boosting the activity of pathways that drive bone gain e.g.
combining teriparatide treatment with exercise. Nmp4/CIZ suppresses PTH-induced anabolic
gains in skeletal mass and drives disuse-associated bone loss by suppressing osteoblast function
and synthesis and deposition of a mineralized bone matrix. An Nmp4/CIZ binding element in
the 5′ regulatory region of human COL1A1 has been identified as a polymorphism associated
with osteoporosis (Jin et al., 2009 and references therein). Thus, inhibiting Nmp4/CIZ in
patients may abbreviate and/or enhance teriparatide therapy, provide a prophylactic to disuse
osteoporosis, and enhance the anabolic tonic derived from exercise. This raises the interesting
question as to whether neutralizing Nmp4/CIZ function would ameliorate bone loss in primary
hyperparathyroidism (PHPT). Decreased BMD in PHPT appears to result from an expansion
of the remodeling space and increased endocortical resorption (Mosekilde, 2008 and references
therein). Therefore, if Nmp4/CIZ primarily acts to limit bone formation by attenuating
osteoblast function then inhibiting its activity may have little influence on the enhanced
osteoclast activity in these patients.
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Part of Nmp4/CIZ action includes restraining the magnitude of hormone-mediated
transcription induction of target genes and neutralizing R-SMAD activity. The inherent
mechano-sensitivity of Nmp4/CIZ is reinforced by its interaction with p130Cas and zyxin,
which themselves are mechano-sensitive focal adhesion-associated proteins. As an HMG-
motif, mechano-sensitive ATF Nmp4/CIZ may regulate transcription in part by altering local
DNA structure in response to changes in cell shape and adhesion. The p130Cas/zyxin/Nmp4/
CIZ pathway resembles the β-catenin/TCF/LEF1 mechanotransduction response limb and the
HMGB1/RAGE pathway and we speculate that these are part of a biochemical mechanosome
network reinforcing and informing the physical link between the adhesion receptors and target
genes.
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FIGURE 1. Functional domains of Nmp4/CIZ
Nmp4/CIZ is an HMG-motif Cys2His2 zinc finger ATF. Rat isoforms Nmp4 11H [CIZ8] and
Nmp4 21H [CIZ6-2] are shown (Thunyakitpisal et al., 2001; Nakamoto et al., 2000). The zinc
fingers act as a nuclear localization signal (NLS) and nuclear matrix-targeting signal (NMTS)
for the Nmp4/CIZ proteins and zinc fingers #4 through #8 are minimally required for the NLS
and NMTS of Nmp4 11H (Feister et al., 2000a). The Nmp4/CIZ SH3-binding domain (SH3-
BD) conforms to the p130Cas SH3-binding consensus sequence XXPXKPX, however one P
residue is absent in the human ortholog ZNF384 which precludes p130Cas binding. ZNF384
binds to zyxin via the first 72 amino acids of the N-terminus (Janssen & Marynen, 2006). Nmp4
21H was used to map DNA-binding and trans-activation domains (Torrungruang et al.,
2002). Zinc fingers #2, #3, and #6 mediate DNA-binding to the minor groove of the
homopolymeric (dA•dT) cis-element and the AT-Hook motif, which overlaps with the
p130Cas SH3-binding sequence, weakly associates with the major groove. The polyglutamine/
alanine repeat (poly QA) domain exhibits trans-activation capacity but tethering the Nmp4
21H to the GAL4-DNA-binding domain, thus neutralizing the effects of zinc finger association
with the homopolymeric (dA•dT) cis-element, revealed that the N terminus (1-186aa) had a
strong trans-activation capacity that was masked by the full-length protein. Thus the zinc finger
binding to the AT-rich DNA has profound effects on the activity of these modular domains
(Torrungruang et al., 2002).
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FIGURE 2. Nmp4/CIZ binding to the 5′ regulatory region of rat Col1a1
Nmp4/CIZ binds to the Col1a1 regulatory sequences. The rat Col1a1 promoter is organized
as functional modules that drive expression during distinct periods of osteogenic cell
differentiation (Rowe, 2005). The region within the first 1700 bp mediates suppression by
chronic PTH in calvariae organ culture (Bogdanovic et al., 2000). Methidium propyl EDTA
(MPE) footprinting mapped the boundaries of Nmp4/CIZ binding between −3469 bp/−3450
bp. A very similar site was characterized between −1574 bp/−1555 bp (Alvarez et al., 1998).
Introduction of null-binding mutations in either of these sites enhanced Col1a1 promoter
activity in osteoblast-like cells (Thunyakitpisal et al., 2001). Both of these sites contain a
BMP2-responsive osteoblastic silencer element characterized in the osteocalcin gene but
present in numerous genes that support the mature osteoblast phenotype (Goto et al., 1996). A
homeodomain element is present between −1691 bp/−1670 bp. Msx2 binds to this element in
undifferentiated osteoblasts and suppresses transcription (Dodig et al., 1996).
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FIGURE 3.
Murine Nmp4/CIZ has two promoters. The two overlapping promoters P1 (−2521 bp/−597 bp)
and P2 (−2521 bp/+1 bp) initiate transcription of alternative first exons (U1 and U2; exons 1–
3 are shown as gray boxes and the first coding exon is represented as a striped box). The splice
patterns up to the start of translation are indicated with straight lines. Both promoters lack
TATA and CCAAT boxes but contain CpG islands and initiator sites. The Nmp4/CIZ promoters
are autoregulated and sequence analysis identifies potential Nmp4/CIZ cis-elements and two
TCF/LEF-1 binding sites. Deletion analysis identified a region containing negative regulatory
element(s) suppressing basal transcription (dashed box). The Nmp4/CIZ promoters comprise
a genomic regulatory organization that supports constitutive expression as well as cell- and
tissue-specific regulation. PTH attenuated P1 and P2 activity in MC3T3-E1 osteoblast-like
cells, and FSS enhanced P2 activity but had no significant impact on P1 activity in these same
cells (Charoonpatrapong-Panyayong et al., 2007; Alvarez et al., 2005).
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FIGURE 4.
The proposed mechanosome network mediates physical and biochemical links between
adhesion receptors and target genes and underlies the convergence of PTH and load signaling.
The actin cytoskeleton (and the intermediate filament network, not shown) physically couple
focal and cell-cell adhesion complexes with chromatin and DNA via the LINC complex
proteins (Gieni & Hendzel, 2008; Stewart et al., 2007). RAGE is a multiligand receptor of the
immunoglobulin superfamily, and can mediate cell adhesion and activate Nf-Kb signaling
(Sparvero et al., 2009) thus acting as an adhesion-coupled mechanosensor. The p130Cas/zyxin/
Nmp4/CIZ, β-catenin/TCF/LEF-1, and HMGB1/RAGE signaling axes comprise the
biochemical link that carries mechanical information from the adhesion receptors to the target
genes. These shuttling HMG-motif ATFs alter gene expression in part by bending DNA. The
dashed outline of nuclear p130Cas and zyxin represent the question as to whether both proteins
accompany Nmp4/CIZ to the target gene or instead sequester this ATF in the cytoplasm.
Abbreviations: ECM, extracellular matrix; INM, inner nuclear membrane; ONM, outer nuclear
membrane; PM, plasma membrane; PNS, perinuclear space.
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