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Abstract

Even though age-related changes to bone tissue affecting fracture risk are well characterized, only

a few matrix-related factors have been identified as important to maintaining fracture resistance.

As a gene critical to osteoblast differentiation, activating transcription factor 4 (ATF4) is possibly

one of the seimportant factors. To test the hypothesis that the loss of ATF4 affects the fracture

resistance of bone beyond bone mass and structure, we harvested bones from Atf4+/+ and Atf4−/−

littermates at 8 and 20 weeks of age (n≥9 per group) for bone assessment across several length

scales. From whole bone mechanical tests in bending, femurs from Atf4−/− mice were found to be

brittle with reduced toughness and fracture toughness compared to femurs from Atf4+/+ mice.

However, there were no differences in material strength and in tissue hardness, as determined by

nanoindentation, between the genotypes, irrespective age. Tissue mineral density of the cortex at

the point of loading as determined by micro-computed tomography was also not significantly

different. However, by analyzing local composition by Raman Spectroscopy (RS), bone tissue of

Atf4−/− mice was found to have higher mineral to collagen ratio compared to wild-type tissue,

primarily at 20 weeks of age. From RS analysis of intact femurs at 2 orthogonal orientations

relative to the polarization axis of the laser, we also found that the organizational-sensitive peak

ratio, ν1 Phosphate per Amide I, changed to a greater extent upon bone rotation for Atf4-deficient

tissue, implying bone matrix organization may contribute to the brittleness phenotype. Target
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genes of ATF4 activity are not only important to osteoblast differentiation but also maintaining

bone toughness and fracture toughness.
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Introduction

The age-related increase in fracture risk is not solely due to a loss in bone mineral density

[1], and by extension a decline in bone strength, leading to the idea that the inherent quality

of bone tissue is an important attribute of fracture resistance. With respect to the apparent

material properties of bone, there is a greater loss in cortical bone toughness with aging than

in bone strength [2](−8.7% per decade vs. −4.7% per decade [3]). In addition to the age-

related decrease in post-yield energy dissipation [4], the capacity of human cortical bone to

resist crack growth (fracture toughness) diminishes with advancing age as determined by

strain energy release rate (Gc), critical stress intensity factor (Kc), J-integral, and R-curve

behavior (crack propagation toughness) [5–9]. Despite the critical role of collagen as a

determinant of bone toughness (i.e., lack of brittleness)[10–12] and fracture toughness [13–

15], there is an incomplete understanding of what exactly regulates these material properties

of bone.

Recent analyses of long bones from different genetic mouse models have started to identify

genes that may be important in promoting the ability of the bone tissue to resist fracture,

beyond influencing bone strength. For example, deletion of the proteolysis genes, matrix

metalloproteinase (MMP)-9 and MMP-13 separately, produced a brittle bone phenotype

(e.g., low post-yield deflection) [16,17]. Deletion of non-collagenousproteins,

namelyosteopontin (OPN) and osteocalcin (OCN) separately or concurrently, resulted in

bones with lower fracture toughness in relation to long bones from wild-type mice [18,19].

Acquiring femurs from genetic and transgenic mice in which transforming growth factor-

beta (TGF-β) signaling was either low, normal or high, Balooch et al. [20] provided the first

link between a growth factor and fracture toughness: resistance to crack growth was

inversely proportional to TGF-β signaling.

The activating transcription factor 4 (ATF4) is another possible gene important to promoting

the toughness and fracture toughness of bone. Transcription factors determine cell fate, and

in the case of osteoblasts, ATF4 activity promotes the expression of the aforementioned

OCN [21]. Moreover, osteoblasts lacking ATF4 do not fully mature and do not adequately

synthesize type 1 collagen as amino acid transport is diminished in ATF-deficient

osteoblasts (in vitro) [21]. Thus, Atf4−/− mice have smaller bones and less trabecular bone

volume fraction than Atf4+/+ mice. To date, there is scant evidence that transcription factors

regulate the fracture resistance of bone from the perspective of energy dissipation during

fracture. Understandably, toughening mechanisms are multifactorial given the hierarchical

organization of bone’s constituents. Nonetheless, evidence that the loss of a transcription

factor affects bone toughness or fracture toughness opens avenues of research into novel
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therapeutic targets that go beyond stimulating more bone (or preventing loss of bone) to

generating better bone tissue with high resistance to fracture. Toward this end, we

hypothesized that the loss of ATF4 lowers bone’s resistance to fracture through changes in

the matrix, not necessarily due to deficits in bone structure and mineral density.

Materials and Methods

Tissue Collection

Mice lacking 1 copy of ATF4 were re-derived onto a FVB background from an existing

colony [21] (C57BL/6 background) because bones from the C57BL/6 strain have relatively

low ash fraction [22,23] and do not readily snap during load-to-failure tests in the three point

bending configuration when acquired from young mice. Breeding Atf4+/− mice generated

Atf4+/+ (n≥12 per age group) and Atf4−/− littermates (n=9 per age group) that were

euthanized at 8 and 20 weeks of age following a protocol approved by the local IACUC.

Femurs and the L6 vertebrae were frozen in phosphate buffered saline (PBS) for

biomechanical testing, while tibiae were dehydrated in ethanol and embedded in

polymethylmethacrylate (PMMA) [24]. For Raman Spectroscopy (RS) and nanoindentation,

transverse cross sections were cut at the mid-shaft (~6 mm thick in a region above the tibia-

fibula junction) using a diamond embedded band saw (310, EXAKT Technologies, Inc.,

Oklahoma City, OK). The proximal surface of the embedded section was ground on

successive grits of silicon carbide paper using a precision grinder (400CS, EXAKT

Technologies, Inc., Oklahoma City, OK) and then polished on synthetic cloth (Master Tex,

Buehler, Lake Bluff, IL)with alumina solution(Master Prep 0.05 µm, Buehler, Lake Bluff,

IL), [16] using a polisher (VibroMet 2, Buehler, Lake Bluff, IL). The posterior side of the

right femur from each mouse was micro-notched for fracture toughness testing using first a

low speed, diamond-embedded saw, and then a razorblade coated with a diamond solution

[18].

Micro-Computed Tomography Analysis

Prior to mechanical testing, the mid-shafts of the un-notched, left femurs and the L6 VBs

were scanned (µCT40, Scan co Medical, Brüttisellen, Switzerland)at an isotropic voxel size

of 12 µm using the same settings (70 kVp/114 µA; 1000 projections per 360° rotation; and

300 ms integration time) and a hydroxyapatite (HA) phantom calibration with the

manufacturer’s beam hardening correction. To calculate structural properties (Ct.Th, Ct.Ar,

Imin, etc.) and tissue mineral density of cortical bone (Ct. TMD), contours were fit to the

outer cortex. To calculate the architectural properties (BV/TV, Tb.N, Conn.D, etc.) and

TMD of trabecular bone (Tb.TMD), contours were drawn by hand inside the cortical shell of

the VB for each slice between the endplates. The segmentation procedure was consistent

among all scans per bone type: global thresholds (and a Gaussian filter to suppress image

noise) of 715.2 mgHA/cm3 (sigma=0.8 with support of 2) for cortical and 421.3 mgHA/cm3

(sigma=0.3 with support of 1) for trabecular bone. The central mid-shaft of the notched,

right femurs were scanned at an isotropic voxel size of 6 µm using the same scanner and

scan conditions. Contours were fit to the outer cortex above and below the notched region to

determine the mean centroid, cortical thickness (Ct.Th), mean radius of the cortex ((cmin +
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cmax)/2), and Ct.TMD. The notched region was evaluated to ensure proper size and to

determine the angle of the notch (2θ).

Whole-Bone Biomechanical Testing

Three point bending tests of hydrated, un-notched [16] and notched femurs [5] were

conducted using a bench-top, material testing system (Dynamight 8841, Instron, Canton,

OH). For the un-notched bones, the span (L) and loading rate were 8 mm and 3 mm/min,

respectively. For the notched femurs, the span was 4 times the mean outer anterior-posterior

diameter (i.e., in the direction of loading) of each group. The loading rate of these femurs

was 0.06 mm/min. Force vs. displacement data were recorded at 50 Hz from a 100 N load

cell (Honeywell,, OH) and the linear variable displacement transducer.

In mechanical analysis of the un-notched femur, whole bone stiffness was the slope of the

initial linear portion of the curve and strength was the peak force (Pf) endured by the mid-

shaft. Using the moment of inertia (Imin) of the mid-shaft and the distance between the

centroid and the bone surface in the anterior-posterior direction (cmin) from µCT, we

estimated the modulus and strength from standard flexural equations [25]. The yield point

was deemed to occur when the secant stiffness was 15% less than the initial stiffness. Post-

yield deflection (PYD) was then defined as the displacement at fracture minus displacement

at yielding, and post-yield toughness was defined as the area under the force vs.

displacement curve after yielding divided by the bone cross-sectional area (Ct.Ar) [26]. Kc

was quantified assuming the stress intensity at the micro-notch root is similar to that of a

circumferential through-wall crack in a thin-wall cylinder subjected to bending [27]:

eq. (1)

where the outer, inner, mean radius (Ro, Ri, and Rm) of the bone cortex, and the half-crack

angle (θ) were determine using µCT. Confirming the ratio Rm/Ct.Th was less than 80.5 and

greater than 1.5 and that θinit was less than 110° and greater than 0, the geometry factor (Fb)

was calculated using the equation published by Takahashi [28]. In addition, scanning

electron microscopy (SEM) imaging of the fracture surface after fracture toughness testing

was used to determine the θ at which crack propagation transitioned from stable to instable

(θinst). The instability K (Kc, inst) was calculated using the final force at fracture for θinst (eq.

1).

Each hydrated VB was subjected to axial compression at 3 mm/min in which the supporting

platen had a rough surface and a moment relief to minimize slippage and off-axis loading,

respectively. Moreover, all tests were recorded with a high-resolution camera (Canon E6,

Canon, Melville, NY) with a macro lens. We observed that 2 VBs were not tested properly

as they moved laterally during compression. Data from these two bones were not included in

the analysis.

Tissue-level Assessment

Prior to nanoindentation, 9 spectra (spaced around the cross section) were acquired from

each embedded bone using a standard confocal Raman microscope (RenishawInVia Raman
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Microscope, Renishaw, Hoffman Estates, IL) equipped with a 50× (NA=0.75) objective, a

35 µm slit opening, and a 785 nm laser diode source (Innovative Photonic Solutions,

Monmouth Junction, NJ). Each spectrum consisted of 5 accumulations of 30s integration

time to yield a high signal to noise ratio (SNR) from 300 to 1800 cm−1 (Hydroxyproline

SNR in excess of 25:1). Spectra were processed via least squares modified polynomial fit

[29] and smoothed for noise using an 2nd order Savitsky-Golay filter [30]. Custom Matlab

software (Mathworks, Natick, MA) extracted the intensity and wave number of the

prominent spectral. There was no spectral binning in this analysis.

Twelve indents (4 per side) were attempted throughout the tibia cross-section using a

nanoindenter (XP, MTS, Eden Prairie, MN) equipped with a Berkovich diamond tip.

Loading at a constant strain rate to a depth of 1 µm and then unloading after a 30 s dwell,

nanoindentation modulus and hardness of the tissue (0.25 µm resolution) were calculated

from the slope of the upper unloading portion of the force vs. displacement curve and the

peak force, respectively, as described by Oliver and Pharr [31]. Data was excluded if either

the force displacement curve or post-hoc optical examination of the indent site revealed the

presence of sub-surface pores.

Prior to fracture toughness testing, the anterior side of the right femoral mid-shaft was

placed under the 50× objective of the Raman InVia microscope. Using mid-shaft vessel

perforations as landmarks to consistently select the site of analysis across bones, spectra

were collected at two intact bone orientations: 0° and 90° relative to the polarization axis of

the incident laser, which had an approximate extinction ratio of 1:200 (i.e., light was not

fully polarized by adding optics). Laser power and exposure time were optimized to achieve

SNR similar to embedded samples. Co-localization of spectral collection sites was

accomplished manually by registering fine structural features in the bright field.

To determine differences in composition among the experimental groups, we averaged the

Raman measurements per bone. The Raman properties of interest included:ν1 Phosphate

(961 − 962 cm−1) per Amide I (1667– 1670 cm−1), ν1 Phosphate per Proline (855 – 858

cm−1), ν2 Phosphate (430 – 431 cm−1) per Amide III (1248 – 1252 cm−1), Carbonate (1072

– 1073 cm−1) per ν1 Phosphate, and the inverse of the full-width at half maximum of ν1

Phosphate peak ([FWHM]−1). Because ν1 Phos/Am I is sensitive to polarization bias (i.e.,

collagen fibril orientation) while ν1 Phos/Proline and ν2 Phos/Am III are less so [24,32],

we examined how a change in bone orientation shifted the regression lines among the

mineral to collagen ratios (MCR) for each genotype as a way to infer differences in matrix

organization.

Statistical analysis

A two-way analysis of variance (ANOVA) determined whether age and genotype affected

each property. Pair-wise comparisons were then tested for significance using either

Student’s t-test (parametric) or Mann-Whitney (non-parametric) depending on normality and

homoscedasticity of each data set. Differences were deemed significant at a p-value adjusted

by the Šidák correction for multiple hypothesis testing. Analysis of Covariance determined

whether linear relationships (i.e., intercept and slope) between peak force and moment of

inertia were different between genotypes. To examine the effect of bone rotation on the
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MCR relationships, the data were pooled across age groups within genotype and then

bootstrapped in order to fit general linear models with the initial independent variables being

peak ratio, orientation, and their interaction. Equations were recorded for models with the

highest possible R2 value. Statistical analysis was performed using Stata (v11, StataCorp,

College Station, TX).

Results

ATF4 deletion affected trabecular bone architecture and cortical bone structure

Verifying that the rederivation of the Atf4+/− mice on a different background strain did not

affect the published phenotype, trabecular bone volume fraction of the L6 VB was much

lower for the Atf4−/− than for the Atf4+/+ mice, irrespective of age (Table 1). There were

also architectural differences between the genotypes with Atf4-deficient VBs having fewer

trabeculae, thinner trabeculae, and lower connectivity density (Table 1). Tissue mineral

density of the trabecular bone however was not different between the genotypes. Still, the

low BV/TV was sufficient enough that Atf4−/− VBs were weaker in compression than the

Atf4+/+ VBs.

Loss of ATF4 affected cortical bone structure as well in that the null femur shad a thinner

cortex, smaller medullary volume, and a lower moment of inertia, regardless of age (Table

2). As with the trabecular bone, Ct.TMD increased with age for each genotype, but the

difference between genotypes was not strictly significant (Table 2). Nonetheless, matching

the trends in bone structure, the femurs from the knock-out mice were less stiff and weaker

in bending than those from wild-type mice. Moreover, at 20 wk of age, the ability of the

Atf4−/− bone to deform after yielding was nearly half that of the Atf4+/+ bone (Table 2).

Loss of ATF4 decreased bone toughness with no effect on material strength

Upon factoring out the structural contribution to whole bone strength as determined by peak

force, we found that the estimated material strength of the mid-shaft was not different

between Atf4+/+ and Atf4−/− mice (Fig. 1). This observation concurs with the lack of a

demonstrable difference in Ct.TMD between the genotypes. To further confirm that the

difference in whole bone strength was primarily due to a structural difference between the

genotypes, not differences in tissue properties, we compared the slopes and y-intercepts of

the regression lines for each genotype’s peak force versus moment of inertia relationship. As

shown for 20 wk bones, there were no differences in the regression parameters (Fig 1). The

Atf4−/− femurs were clearly more brittle with substantially lower post-yield work-to-fracture

per bone cross-sectional area (Fig 1). The difference in post-yield toughness was more

pronounced at 20 wks of age than at 8 wks of age. As further confirmation of fracture

resistance phenotype unrelated to material strength, the fracture toughness was lower for the

20 wk old Atf4−/− mice than for the 20 wk old Atf4+/+ mice (Fig. 2).

ATF4 deletion had differential effects on tissue-level properties between age groups

Nanoindentation of the embedded bone tissue did not reveal differences in modulus and

hardness between the genotypes, although there was a trend of a lower modulus for the

ATF4-deficient tissue at 8 wk (Table 3). The significant age-related increase in these
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properties for both genotypes was likely related to the age-related increase in mineralization

(Table 2). Interestingly, the MCR, as determined by the polarization (organization)-sensitive

ν1Phos/AmI was less in the Atf4−/− tibia than in the Atf4+/+ tibia (Table 3). This peak ratio

increased more with age for the knock-out mice than for the wild-type mice. As such, the

genotype difference at 20 wk of age trended toward ν1Phos/AmI being higher, not lower, in

the ATF4-deficient tissue. The polarization-insensitive ν2Phos/AmIII acquired from the

tibia cross-section was not different at 8 wk between genotypes but was greater in the ATF4-

deficient tissue suggesting a compositional difference in the mineral relative to the collagen

existed between Atf4−/− and Atf4+/+ mice with skeletal maturity (Table 3). Other

differential effects of ATF4-deficiency between age groups include higher type B carbonate

substitution (Carb/ν1Phos) and lower crystallinity ([FWHM]−1) with the loss of ATF4 in

only the 8 wk group (no differences in the 20 wk group; Table 3).

ATF4 deletion possibly affected matrix organization in addition to composition

To identify the potential origins of the brittle bone phenotype of the Atf4−/− mice, we

compared the effect of ATF4-deficiency on the volumetric TMD of the mid-shaft cortex (by

µCT) to its effect on MCR (by RS), acquired from the same intact femur mid-shaft (i.e., the

notched femurs prior to testing). As was observed for the un-notched bone, Ct.TMD was

greater for femurs from 20 wk than from 8 wk mice with little difference between genotypes

at each age (Fig. 3A). In contrast, the Raman-derived MCR measurements (ν1Phos/Proline,

ν2Phos/AmIII, and ν1Phos/AmI) from the outer cortex of the mid-shaft (anterior side) did

not increase with age in the Atf4+/+ bone and had a modest increase with age in the Atf4−/−

bone (Fig. 3B). This suggests that the amount of mineral relative to collagen in the cortex

did not vary between 8 wk and 20 wk of age in wild-type mice. In contrast, there was more

mineral relative to collagen (or less collagen relative to mineral) with the loss of ATF4 by

20 wk(Fig. 3B).

To gain further insight into whether differences in tissue organization existed between the

genotypes, we examined the effect of rotating the intact femur on the relationships among

the three peak ratios representing MCR (Fig. 4). As expected, the regression line for the

longitudinal orientation overlapped that of the orthogonal orientation when plotting ν2Phos/

AmIII versus ν1Phos/Proline, irrespective of genotype (Fig. 4A & 4B) because these peak

ratios are relatively insensitive to polarization bias [32,33]. When plotting each insensitive

peak ratio versus the polarization-sensitive ν1Phos/AmI (Fig. 4C & 4E), there was a shift in

the regression line for the wild-type bone such that the y-intercept, but not the slope,

depends on orientation of the bone relative to the polarization angle of the incident light

(Table 4). Interestingly, the slope of these regression lines changes upon bone rotation from

the longitudinal to the orthogonal orientation (Fig. 4D & 4F) for only the Atf4−/− bone

(Table 4). The differential effect of bone orientation on MCR regressions between genotypes

suggests an underlying tissue organizational phenotype exists with loss of ATF4.

Discussion

Strength is not the only property that characterizes the ability of bone to resist fracture.

Fracture risk can increase because bone loses the ability i) to sustain deformation after the

Makowski et al. Page 7

Bone. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



on-set of permanent deformation (i.e., yield point), ii) to minimize microdamage

accumulation, or iii) to resist crack growth. As with other materials subjected to dynamic

loads, fracture resistance of bone depends on several properties such asi) toughness, ii)

fatigue endurance, and iii) fracture toughness, respectively. Although aging and certain

diseases affect these characteristics(e.g., rheumatoid arthritis [34], duration of high fat diet

[35,36], and osteogenesis imperfect [37]), there is little known about critical regulators of

the bone matrix that promote toughening mechanisms. Presently, we provide evidence that a

transcription factor important to osteoblast differentiation influences both the toughness and

the fracture toughness of bone (at the material level) in addition to proper cortical bone

structure and trabecular bone architecture (at the whole bone level).

The reduction in bone toughness and fracture toughness in the Atf4−/− mice compared to the

Atf4+/+ mice could be due to an imbalance of mineral accumulation relative to the organic

matrix. As determined by µCT in mgHA/cm3, there was little difference in the TMD

between the genotypes (Table 1, Table 2, and Fig. 3) with TMD increasing with skeletal

maturation or age in both genotypes. However, as determined by Raman spectroscopy on

embedded tibia cross-sections and intact femurs, the relative amount of mineral to the

amount of collagen did not vary between 8 weeks and 20 weeks of age in wild-type mice but

did so in knock-out mice (Table 3 and Fig. 3B, 3C, & 3D). Taken together, these

observations suggest that normal mineral accumulation outpaced reduced collagen

deposition [21] in the ATF4-deficient bones with respect to wild-type bones. Of note, bone

formation rate is lower with the loss of ATF4 [21] suggesting tissue age, a determinant of

the degree of mineralization, varied between the genotypes. In general, mineral density and

collagen are the primary determinants of material strength and toughness, respectively [38],

but bones with higher degree of mineralization (or ash fraction) have lower toughness than

bones with lower mineralization [39]. Thus, matching the trends in tissue composition (no

difference in TMD but greater MCR with ATF4 deficiency), there was not a significant

difference in peak bending strength between the genotypes (Fig. 1), but the post-yield

deflection (Table 2) and fracture toughness (Fig. 2) were lower for bones from the 20

wkAtf4−/− mice.

The deletion of ATF4 also appeared to affect tissue organization. Although we do not have

direct measurements of fibril orientation, we can infer organization-related differences by

examining the effect of bone rotation on there gressions among the RS-derived MCRs. This

is possible because bone tissue is a birefringent material, and ν1Phos/AmI is sensitive to

polarization when the RS instrument does not depolarize the laser light (diode lasers are

inherently polarized even without added optics)[33]. That is, for the same location with a

given MCR and collagen fibril orientation, ν1Phos/AmIdepends on the predominant angle

of the polarized light relative to the predominant direction of the collagen fibrils. If the

collagen fibrils at the site of measurement are randomly orientated (i.e., isotropic), then

ν1Phos/AmI would have minimal change upon rotation. However, mineralized collagen

fibrils of bone typically have preferentially orientation that can shift from region to region

[40,41]. Thus, there is a shift in the regression line forν1Phos/AmIversusν1Phos/Proline, a

polarization-insensitive peak ratio, going from longitudinal to orthogonal bone orientation

(Figure 4). Interestingly, the shift is greater for the ATF4-deficient bone (see horizontal lines
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in Figure 4). This could be due to an overall difference in fibril direction or a difference in

the net distribution of the collagen fibrils (anisotropy) between the genotypes. With respect

to the latter possibility, the greater shift suggests the tissue anisotropy was greater or

organizational heterogeneity was less for ATF4-deficient bone. This remains to be

confirmed.

Identifying the origins of bone brittleness is challenging because toughening mechanism

exist at multiple length scales. Thus, there could be other explanations for why bones from

Atf4−/− have lower toughness and fracture toughness than bones from control littermates.

Surveying reports of other bone brittleness phenotypes, cortical bone from osteopontin

(OPN)-deficient mice has local regions of hyper-mineralization and more anisotropic

collagen fibrils compared to the tougher bones from Opn+/+ mice [18]. Similarly, in

comparison to wild-type mice with higher bone toughness and fracture toughness, the

cortical bone from Mmp13−/− mice has local regions of hyper-mineralized tissue as well as

increases in non-enzymatic collagen cross links and disrupted birefringent lamellar bands

[17]. Thus, a common theme in genetic models with a bone brittleness phenotype is a

disruption in normal mineralization and collagen organization. As is the case with these

previous studies in which the gene was deleted in all cells, we cannot definitively conclude

that the regulation of matrix properties by ATF4 is solely osteoblast-specific.

Given that a major downstream target of ATF4 is Ocn gene [21,42][43,44], the

biomechanical phenotype of OCN-deficient mice could be similar to that of ATF4-deficient

mice. With respect to toughness, there is similarity in that the bone from Ocn−/− mice have

a lower propagation toughness than bone from wild-type mice [19]. Being a charged

molecule with Ca2+ binding sites, OCN may directly promote resistance to cracking [19] by

acting as a sacrificial bond between mineralized collagen fibrils [45,46]. While there are

similarities in the brittleness phenotype of the Atf4−/− and Ocn−/− mice, OCN-deficiency

does not lower the structural strength of whole bones in intact mice [47]. This is different

than what we observe for the bone of Atf4−/− mice (Table 2). In addition, unlike the effect

of ATF4 deficiency on MCR, there was no difference in the mineral to matrix ratio [48] as

determined by Fourier transformed infrared spectroscopy or in ν1Phos/AmI as determined

by RS [49] between adult (6 mo. and 12 mo.) Ocn−/− and Ocn+/+ mice. Thus, while ATF4

activity may certainly regulate bone brittleness through OCN, other protein sunder ATF4

control are likely influencing the fracture resistance of bone.

With respect to its role in bone, ATF4 was initially discovered to be the other transcription

factor, along with Runx2, that binds the promoter region of the osteocalcin gene [21]. ATF4

is a downstream target of two important factors in bone maintenance: transforming growth

factor beta (TGF-β) and intermittent parathyroid hormone (PTH) [44,50]. Among other

actions in bone, TGF-β signaling preserves the osteoprogenitor pool at the expense of

differentiation [51], and we previously found that suppressing TGF-β with a neutralizing

antibody increased trabecular bone volume in Atf4+/+ mice but not in Atf4−/− mice [50].

Similarly in an earlier study, Yu et al. [52] found that the anabolic effect of intermittent

recombinant parathyroid hormone (hPTH(1–34)) on bone was abrogated in growing Atf4−/−

mice as well as mature, ovariectomizedAtf4−/− mice relative to PTH-treated littermate

controls. As further evidence of the interest in ATF4 as a critical mediator of bone
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maintenance, high expression of a micro RNA (miR-214) was recently found to be

associated with fractures, and miR-214 was shown to down-regulate ATF4, thereby

inhibiting osteoblast activity [53]. The findings of the present study suggest that suppressing

ATF4 does more than reduce bone formation: suppression or specifically the loss of ATF4

can lead to bone brittleness.

Conclusions

The loss of ATF4 results in a brittle bone phenotype that becomes more severe with skeletal

maturity and includes a loss in fracture toughness but no decrease in material strength.

Accompanying the difference in bone toughness between Atf4−/− and Atf4+/+ mice is a

higher mineral to collagen ratio and more fibril anisotropy with ATF4 deficiency. The lack

of a difference in material strength (independent of structure) between the genotypes concur

with the lack of significant difference in tissue mineral density, making the ATF4-null

model a strong candidate for examination of the underlying mechanisms of toughness, as

well as for the evaluation of therapeutics that target bone toughness and resistance to crack

propagation.
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Highlights

• A transcription factor important to osteoblast differentiation influences bone

toughness and fracture toughness but not material strength.

• Loss of ATF4 increases the amount of mineral relative to the amount of

collagen.

• Regression analyses of polarization-sensitive vs. insensitive Raman peak ratios

indicate tissue organization contributes to bone brittleness with ATF4

deficiency.
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Figure 1.
Effect of ATF4 deletion on the biomechanical properties of cortical bone. Because they are narrower in cross-section, the femur

mid-shafts from Atf4−/− mice were structurally weaker than those from wild-type mice (A). However, when accounting for

structure, there was no difference in the estimated material strength between genotypes (B). Strikingly, ATF4-deficient bones

sustained much less post-yield deformation (C) and thus were brittle (D). **p<0.005, ***p<0.0005; otherwise uncorrected p-

value.
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Figure 2.
Effect of ATF4 deletion on the fracture toughness of cortical bone. Whether determined for the initial notch angle using µCT

(A) or for the angle at which crack propagation became instable (B) using SEM, the fracture toughness of bone was less for

Atf4−/− than for Atf4+/+ mice by 20 weeks of age. *p<0.05, **p<0.005
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Figure 3.
Effect of ATF4 deletion on mineralization. As determined by µCT analysis of the notched femur (A), there was an age-related

increase in tissue mineral density but no difference between genotypes. Regardless of whether the peak ratio from RS analysis

of notched femur (anterior side) is not sensitive to polarization bias (B & C) or is sensitive (D), the mineral relative to collagen

was greater in ATF4-deficient tissue at 20 weeks of age. *p<0.05, **p<0.005, ***p<0.0005; otherwise uncorrected p-value.
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Figure 4.
Effects of bone orientation relative to light polarization on peak ratio relationships. Rotating the bone by 90° has little effect on

the relationship between two different polarization-insensitive peak ratios (regression lines overlap in A and B). However, bone

rotation does affect the relationships between a polarization-insensitive peak ratio and the polarization-sensitive peak ratios of

MCR (C – D). The shift in the regression line for the Atf4+/+ bone (C & E) is less than the shift in regression line for Atf4−/−

bone (D & F). Data from 8 wk and 20 wk mice were pooled. Data from 1 bone (red symbols) was removed from regression

analyses because ν1Phos/AmI was an outlier in both orientations.
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