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A. Main Report

Task 3: Evaluate the efficacy of salubrinal in preventing the negative effects of
glucocorticoids on bone of mice compared to alendronate.

Subtask 3a. Evaluate the efficacy of salubrinal, guanabenz and alendronate (positive
control) on prevention of bone loss

Comparison of salubrinal and alendronate on bone mineral density: We evaluated the effects of
salubrinal using mice that received systemic administration of glucocorticoid (GC: prednisolone).
Prednisolone (two dosages: GC1 — 1.4 mg/kg/day and GC2 — 2.1 mg/kg/day) and placebo pellets
(Innovative Research of America) were subcutaneously implanted in the back neck region. Daily
administration of salubrinal (s.c., 1 mg/kg) was conducted for 4 weeks, and alendronate (5.25
mg/kg/week) was treated as a positive control. Dual-energy x-ray absorptiometry (DXA) scans
were performed five days prior to GC pellet implantation and four weeks post pellet implantation
to determine changes in bone mineral density (BMD). The average percent change for each
treatment condition in total body, spine, and femur BMD are shown with negative values

indicating bone loss (Fig. 1).

A total BMD B spine BMD
#
#
* 20
® 12 12
10
4 4 - o
ﬁ 0 0
= LTl °
-4 -4 2 20
placebo GC1 placebo GC2 placebo GC1 GC2 placebo GC2
C femur BMD - -
[ vehicle HM salubrinal 1 alendronate
GC 1= prednisolone 1.4mg/kg/day
o 12 # GC 2= prednisolone 2.1ma/kal/day
o> 10 alendronate = 5.25mag/kg/week
=
g 5 * I I *P<0,05vs. corresponding placebo treated mice
o 0 # P<0.05 vs. corresponding prednisolone treated mice
&= .5 by Two-Way ANOVA (left) or One-Way ANOVA (right),
-10 Dunnett’s Method, and Student-Newman-Keuls Method post-
placebo GC1 placebo GC2 hoc tests, N= 7-10.

Fig. 1. Effects of salubrinal on bone mass in mice treated with glucocorticoids (GC). (A)
Percent change in BMD of the total body. (B) Percent change in spinal BMD. (C) Percent change in
femoral BMD.

Treatment with GC1 or GC2 significantly reduced BMD (total body, spine, and femur) except for
the spine with GC2, but no clear dose response was obtained. For GC1, salubrinal suppressed
GC1-driven loss of BMD in the total body, spine, and femur. For GC2, salubrinal’s effect was
not statistically significant. As predicted, alendronate protected against GC induced bone loss.

Comparison of salubrinal and alendronate on bone formation: We also examined salubrinal
effects upon glucocorticoid-induced decreases in bone formation by dynamic histomorphometry.
For this purpose, mice were injected with calcein (i.p., 0.6%) and alizarin red (i.p., 1.0%)
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fluorochrome solutions 8 and 3 days prior to sacrifice. The mineralizing surface corrected for
bone surface (MS/BS) and the mineral appositional rate (MAR) were quantified; followed by the
calculation of the bone formation rate (BFR). MS/BS measures the number of osteoblasts
covering the bone surfaces and MAR measures the activity of osteoblast teams. Thus, the BFR is
an actual quantification of osteoblast number and activity in vivo. Results are shown in Fig. 2.
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Fig. 2. Effects of salubrinal on bone formation in mice treated with glucocorticoids (GC).
Comparison with alendronate. (A) MS/BS. (B) MAR. (C) BFR. Data shown from analysis of distal
femoral cancellous bone sections.

GCs administered at any of the doses used (GC1 or GC2) decreased the number of osteoblasts
(MS/BS) and GC2 also decreased the activity of osteoblasts (MAR). These effects resulted in
decreased BFR on cancellous bone surfaces. Salubrinal intervention protected against the effects
of low dose GC1 on MS/BS and BFR resulting in a complete protection from the effects of GC1
on bone formation. However, salubrinal failed to block the decrease in MAR induced by the high
dose of GC, and thus BFR was still lower in mice treated with GC2 and salubrinal. As expected
based on our own published work, alendronate decreased even further BFR. These results are
consistent with the suppressive effect of alendronate on bone turnover, which result in decreased
bone resorption followed by decreased bone formation.

Comparison of salubrinal and alendronate on apoptosis of osteoblasts and osteocytes: We are
currently determining salubrinal effects upon GC-induced apoptosis by transferase-mediated
biotin-dUTP nick end-labeling (TUNEL) reaction in distal femoral bone sections. Seven-8 mice
per group are being analyzed. Preliminary findings with 2-6 mice per group are shown in Fig. 3.
These results show that treatment with GC markedly increased apoptosis of osteoblasts in a dose
dependent manner, and that alendronate blocked the effects of GC at its higher dose (GC2).
Salubrinal was able to block osteoblast apoptosis induced by GC1, but not by GC2. GC also
increased apoptosis of osteocyte in cancellous and cortical bone, and again alendronate abolished
4




GC2 induced osteocyte apoptosis. Salubrinal effectively blocked osteocyte apoptosis induced by
GC in both bone envelops, but only at the low GC dose. In contrast, osteocyte apoptosis induced

by GC2 was not affected by salubrinal.
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Fig. 3. Effects of salubrinal on GC induced apoptosis of osteoblasts and osteocytes. Alendronate is
used as a positive control. (A) Cancellous osteoblasts. (B) Cancellous osteocytes. (C) Cortical osteocytes.
Data shown from distal femoral cancellous bone sections.

These findings show that the decrease in bone mass and bone formation rate and the increase in
osteoblast and osteocyte apoptosis induced by GC at 1.4 mg/kg/day is abolished by treatment
with salubrinal. In contrast, higher doses of GC at 2.1 mg/kg/day were not able to be affected by
salubrinal. Alendronate was able to block the decrease BMD and the increased
osteoblast/osteocyte apoptosis induced by GC2; however, alendronate decreased even further the
BFR. These results demonstrate that salubrinal and alendronate crosstalk with GC signaling by
distinct mechanisms, and importantly salubrinal is able to prevent the effects of GC without
decreasing the rate of bone formation.

Subtasks 3b. Investigate the molecular pathways

Genome-wide mRNA expression analysis: In order to further determine key signaling molecules in
response to salubrinal/guanabenz and investigate the regulatory mechanism underlying Sal/Gu’s
actions, we conducted genome-wide microarray experiments focusing on mRNA expression profiles
of osteoclasts (Table 1). In Table 1, fold-changes of mRNA expression levels are summarized
among 4 groups of samples (Contl — control; R — RANKL treated sample; Sal — salubrinal treated
sample; and Sal+R — salubrinal and RANKL treated sample). The genes in Category 1 (left column)
were upregulated by RANKL (stimulator of osteoclast development), and their RANKL-driven
upregulation was suppressed by Sal. Their expression levels were not significantly different in the
Sal group and the control group. The genes in Category 2 (right column) were downregulated by
RANKL, and their downregulation was suppressed by Sal.
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Table 1. Genes whose mRNA expression levels are altered by Sal in osteoclasts.

Category 1 genes (salubrinal as an inhibitor)

Category 2 genes (salubrinal as a stimulator)

Gene Fold change Fold change
Symbol Sal/Contl R/Contl Sal+R/Sal Gene Symbol Sal/Contl R/Contl Sal+R/Sal
Antxr2 -1.01 1.99 2.03 Snx30 1.00 -1.43 -1.43
Sdc4 -1.02 1.17 1.21 Ddit3 1.02 -1.30 -1.36
Fndc7 1.02 2.13 2.01 Litaf -1.00 -1.38 -1.34
Zswim4 1.02 3.31 3.28 Cebpg 1.01 -1.08 -1.12
Slc25a25 1.03 1.22 1.17 Agapl -1.01 -1.39 -1.47
Wsh2 1.02 1.39 1.39 Ppard -1.00 -2.71 -2.63
Ado -1.04 1.11 1.15 Ctns 1.03 -1.65 -1.75
Dusp2 1.04 1.33 1.22 Slc44a2 -1.04 -2.42 -2.44
Ifngr2 1.01 1.14 1.08 Ddit4 -1.03 -1.31 -1.15
Ppm1l 1.05 2.32 2.28 Arhgapl7 1.01 -1.65 -1.61
Ipod 1.02 1.47 1.36 Tpd52 1.04 -1.48 -1.53
Syt16 1.05 1.25 1.32 Atf3 1.04 -2.79 -3.07
Tnfrsf12a 1.11 1.36 1.25 Arl11 -1.08 -1.62 -1.52
Dhrsx -1.04 1.13 1.11 Plekhm1 1.05 -1.44 -1.52
Tnipl 1.01 1.46 1.38 Plxdcl -1.10 -1.16 -1.05
Pcdh7 1.09 2.50 2.37 Camk1 1.11 -1.93 -2.05
Dmwd 1.06 1.75 1.44 Tgfbrl 1.20 -1.99 -2.44
Qtrtl 1.09 1.17 1.10 Pacs2 1.07 -1.43 -1.46
Jdp2 1.06 6.95 6.87 Rasa3 -1.07 -1.24 -1.24
Noc4l 1.02 1.25 1.18 Pik3rl -1.03 -1.32 -1.34
Trafl 1.16 4.27 4.06 Pla2g15 1.10 -1.26 -1.48
Frmd6 -1.09 1.45 1.43 Xbp1l -1.02 -1.48 -1.39
Lats1 -1.06 1.15 1.14 Serpl -1.11 -1.26 -1.18
Plaur 1.10 1.76 1.50 Hnrnpdl -1.06 -1.07 1.04
Egr2 1.17 1.97 1.99 Tnfaip8I2 1.10 -1.77 -2.21
Usp2 1.09 -1.56 -1.57
Hpgds -1.18 -3.37 -4.00

Prediction of key molecular regulators: We predicted potential Sal/Gu responsive stimulators and

inhibitors of bone resorption by defining two parameters: (i) d,,, for distance from NFATc1

expression pattern, and (ii) p,, for r.m.s. p-value for mRNA m. The parameter d,, indicated the
resemblance (d,,, # 0) and dissemblance (d,, & 1) of the mRNA expressions to the NFATc1

expression profile, and the parameter p,,, indicated statistical significance. The mRNA
expressions were also evaluated under 4 conditions (j = 1 to 4): control (j = 1), treatment with
RANKL (j = 2), treatment of RANKL and salubrinal (f = 3), and treatment with RANKL and

guanabenz (j = 4). All mRNAs were analyzed except for the ones with p-value > 0.05. The
distance, d,,, (0 < d,,, = 1), between NFATcl and mRNA m, was defined using Pearson’s
correlation coefficient, 1;,, (—1 = 1, = 1):
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where x; represented NFATclexpression levels for f = 1 to n (n = 4), and ¥,,,; was the
expression levels of mMRNA m for j = 1 to n. The variables x and ¥, were the mean expression
levels for j. The r.m.s. p-value, p,,,, for mRNA m was defined:

T
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where p,,z = p-value (Student’s t-test) between j = 1 & 2, p, . = p-value between j = 2 & 3, and
Pnme = p-value between j = 2 & 4. To better visualize the prediction result, two plots of r.m.s. p-
value (p,, ) vs. distance (d,, ) were generated, one for the Sal/Gu-responsive osteoclastogenesis
stimulators (Fig. 4) and one for the inhibitors (Fig. 5).
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Based on the predictions shown in Figs. 4 and 5, we examined the role of Zfyve21 (zinc finger
transcription factor) in the regulation of NFATc1, a master transcription factor in osteoclastogenesis
(Fig. 6). RNA interference using siRNA specific to Zfyve21 elevated the mRNA and protein levels
of NFATcl, indicating that Zfyve21 at least in part inhibits NFATcI in response to salubrinal and
guanabenz.
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Genome-wide microRNA analysis: Besides mRNA expression profiles, we also examined
microRNA expression profiles in response to salubrinal and guanabenz. One-thousand-two-
hundred-sixty-five microRNAs were inputted, and cluster analysis was conducted to characterize
expression patterns among 4 groups of samples (control, RANKL, RANKL + Sal, and RANKL +
Gu).
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Similar to the mRNAs, the miRNAs were correlated to NFATc1 and divided into stimulator and
inhibitor groups. Again, distance values of “0” indicated similarity with the NFATc1 expression
pattern, and distance values of “1” indicated expression patterns opposite to NFATcl. Many
candidates with significant r.m.s. p-values are shown in the NFATc1-like group, but only one, miR-
5109, is found with significant r.m.s. p-value in the NFATcl-reciprocal group. Regardless of the
significance of the r.m.s. p-values, miRNAs with small distance values (below 0.3 or above 0.7)

were analyzed with the target prediction tool.
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inhibit RANKL-driven
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5109, 2137, 15a-5p, etc.

Since microRNA binding of the 3' UTR of its target mRNA results in gene silencing, the
definition of stimulator and inhibitor for microRNA is different. In the regulation of NFATc],
stimulator microRNAs would ideally silence the genes inhibiting NFATc1 expression. On the
other hand, inhibitor microRNAs would silence the genes stimulating NFATc1 or NFATcl itself.
NFATcl is not the only target gene of interest, and thus all predicted regulators should be taken
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into count. It is possible that a single microRNA could interact with multiple mRNAs and each
of those mRNAs could have multiple microRNA binding sites. A study on the pathogenesis of
liver cancer found that Ddit4 is a possible target of miR-221. In our analysis, miR-221-3p was
included as a potential stimulator, and Ddit4 was one of its targets.

Collectively, our working hypothesis for Sal/Gu’s action is depicted (Fig. 10). One possibility is
that Sal/Gu may reduce NFATcl by activating Ddit4, Zfyve21 or inhibiting miR346-5p, mir466i-

3p, miR366f, etc. Alternatively, Sal/Gu may suppress NFATc1 by inhibiting Dscrl, Dusp2, Ptpn22,
etc. or activating miR149-3p.
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Fig. 10. Potential signaling network for Sal/Gu-driven regulation of bone remodeling.

Task 4: Evaluate the efficacy of salubrinal on bone 1 wk
fracture healing.

2wks 3wks 4 wks

Subtask 4a. Evaluation of the efficacy of
salubrinal on bone fracture healing using s.c.
administration.

In the third year, efficacy of salubrinal on bone
fracture healing was examined using a tibia fracture
model. Salubrinal was administered daily via s.c.
near the fracture site in the tibia, and X-ray images
were collected 1, 2, 3, and 4 weeks after induction
of tibia fracture (Fig. 11).

With the animal lying supine on the operating table, tibia fracture (control)

an intramedullary rod was surgically inserted via

the proximal end of the tibia into the medullary
10

Fig. 11. X-ray images of fractured tibia
(control; 1 wk to 4 wks).



canal in order to stabilize the tibia after induction of its fracture. A 200-gram weight was
dropped from a height of 30 cm to induce tibia fracture at the site approximately 1/3 of the tibia
from the lower end. X-ray imaging was conducted immediately after the operation to confirm
fracture induction. A fracture repair process was monitored weekly using radiography (pixRay-
100, Bioptics, Phoenix, AZ) for 4 weeks.

Measurements of bone mineral density (BMD) and bone mineral content (BMC) show that
administration of salubrinal (1 mg/kg) elevated both BMD and BMC in the entire tibia as well as
fracture site (tibial section 3.8 mm long across the fracture site) (Fig. 12). The BMD value in the
entire tibia was increased from 0.048 + 0.0009 g/cm” (mean + SEM) in the control group to
0.0501 + 0.0005 g/cm” in the salubrinal-treated group (p < 0.05). The BMD value in the
fractured callus was also elevated from 0.0501 + 0.0013 g/cm? in the control group to 0.054 +
0.0011 g/cm’ in the salubrinal-treated group (p < 0.05). Furthermore, the BMC value in the
entire tibia was increased from 0.0198 £ 0.0005 grams in the control group to 0.0211 £ 0.0003
grams in the salubrinal-treated group (p < 0.05). The BMC value in the fractured callus was also
elevated from 0.0053 + 0.0002 grams in the control group to 0.0059 + 0.0001 grams in the

salubrinal-treated group (p < 0.05).
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Fig. 12. Comparison of BMD and BMC in the fractured tibia (salubrinal treated samples for 4
weeks). (A) BMD measurements. (B) BMC measurements. Of note, measurements were taken in a boxed

region (3.8 mm long).

Subtask 4b. Evaluation of the efficacy of salubrinal on bone fracture healing using local
administration.

To locally deliver salubrinal for fracture bone healing, we started designing hydrogel
formulations capable of dissolving hydrophobic salubrinal and in Situ curing at the fracture site.
We are examining injectable hydrogel that is formed by reacting eight-arm poly(ethylene glycol)
thiol (PEG8SH) and PEG-divinylsulfone (PEGdVS) through a nucleophilic Michael-type
conjugation addition reaction. These two macromer components are hydrophilic and can be
readily prepared as aqueous solutions. Upon injection through a dual-syringe system, the two
macromer solutions mix and become elastic hydrogel within seconds to minutes depending on
the macromer molecular weights and concentrations. The formulation used to dissolve salubrinal
(up to 1.8mg/mL) is composed of 45% PEG 400, 5% vitamin E d-a-tocopheryl PEG 1000
succinate (TPGS), and 50% phosphate buffer solution. The salubrinal containing formulation is
miscible with the hydrogel macromers (PEG8SH and PEGAVS) and therefore can be mixed in
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either PEG8SH or PEGAVS solution prior to injection. Following injection, the salubrinal-
containing hydrogel cures in situ at the bone fracture site. The elastic PEG-based hydrogels will
serve both as a structural support and a drug delivery depot to accelerate fracture bone healing.

In the fourth year, we will examine whether the hydrogels can be designed to be degraded in
response to proteolytic activity. In particular, PEGdVS can be replaced by protease-sensitive
peptides terminated with vinylsulfone moieties. This design will allow cell/protease responsive
hydrogel degradation and is expected to further accelerate fracture bone healing.

Task 5: Develop a commercialization plan.

Subtask 5b. Investigate potential partnership options.

In the third year, a small business company, Ossa Biomedical LLC, was established with the
objective of commercializing Salubrinal and Guanabenz-linked IP. Through Indiana University
Research and Technology Cooperation, two key personnel (J.R. Renbarger and Alexander
Brethauer) were recruited. Renbarger serves as President and CEO and he is responsible for
business strategy and financial support for Ossa Biomedical. Alexander Brethauer serves as
CTO and he is responsible for product development, regulatory strategy, and IP strategy.
Currently, four patents are being filed for usage of salubrinal and its analogs for treatment of
osteoporosis and bone fracture:

US patent: Method for treatment of bone diseases and fractures (13/055,399), 3/8/11

US patent: Compositions and methods for treating bone diseases (13/574,105), 3/19/13

US patent: Salubrinal driven attenuation of malignant phenotypes of breast cancer cells (14/296,888),6/5/14

International patent: Compositions and methods for treating bone diseases (PCT/US2014/021682), 3/ 7/14

Subtask 5c. Integrate the results from Aims 2-4, and develop milestones for a clinical trial
strategy.

In the third year, we evaluated several options for potential clinical trials including patients with
osteoporosis, bone fracture, spinal cord injury, and bone metastasis from breast cancer. In
collaboration with Dr. Kathy Miller (Director, Breast Cancer Program, Indiana University School
of Medicine), the grant for a clinical trial was received from The Breast Cancer Research
Foundation (Title: Repurposing Guanabenz). In this project, we plan to recruit patients with
known bone metastases who have been treated with the same skeletal protective agent for at least
3 months. Patients (initial n=15) will undergo baseline assessments, then begin treatment with
guanabenz, starting at the lowest FDA approved dose with individual patient dose escalation as
tolerated. Limited PK sampling will be obtained to compare exposure with levels associated with
activity on these and ongoing preclinical studies. Markers associated with bone turnover will be
assessed serially (baseline, 3 and 6 months) to provide initial estimates of biologic activity.
Development of the full pilot trial is ongoing. We expect to begin the regulatory approval process
with trial activation in November 2014.
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B. Plan for the Fourth Year

The fourth year will complete this project by conducting the sub-task 3b (investigation of molecular
pathway), the sub-task 4b (analysis of bone fracture healing using local administration of
salubrinal), and the sub-task 5c & 5d (data integration, milestones for a clinical trial, and licensing
agreement).

C. Key Research Accomplishments
In the third year of this project, the key research accomplishments include the followings:

e The decrease in bone mass and bond formation rate and the increase in osteoblasts and
osteocyte apoptosis, which is induced by glucocorticoid at 1.4 mg/kg/day, are abolished
by treatment with salubrinal.

e There is a cross talk between salubrinal and alendronate (bisphosphonate) in the
responses to GC.

e Genome-wide mRNA expression analysis reveals that both salubrinal and guanabenz
downregulate NFATc1 transcription factor, which activates bone resorption, in a novel
elF2a mediated pathway.

e Genome-wide micro RNA expression analysis shows that salubrinal and guanabenz
significantly changes the expression levels of miR346-5p, miR466i-3p, miR466f, and
miR 149-3p.

e Administration of salubrinal elevates bone formation at the site of tibia fracture by
increasing BMD (bone mineral density) and BMC (bone mineral content).

D. Reportable Outcomes
The study in the third year generated the following reportable outcomes.

¢ An international patent application (compositions and methods for treating bone diseases,
PCT/US2014/021682) was filed on March 7, 2014.

e Two conference abstracts were published (Refs. 1 & 2).

e Three peer-reviewed research articles were published (Refs. 3-5). Of note, an additional
peer-reviewed journal article is being prepared (Ref. 6).

e A pilot grant from Indiana CTSI (Clinical and translational Sciences Institute) Research
Intervention and Scientific Commercialization (Novel pharmacological treatment of
osteogenesis imperfecta, $25,000, 07/01/14 — 06/30/15) was funded for the application of
salubrinal and guanabenz in treatment of brittle bone diseases.

e A clinical trial for strengthening bone with guanabenz for patients with bone metastasis is
planned to be conducted at Indiana University hospital in November 2014.
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E. Conclusion

The study in the third year strongly supported salubrinal’s action on the prevention of bone loss
by elevating bone formation and inhibiting bone resorption. The observed dual role of salubrinal
is unique, and currently no therapeutic drugs provide these dual functions. In the animal
experiments for evaluating the effects of salubrinal on glucocorticoid induced osteonecrosis and
bone fracture healing, salubrinal presented its anabolic and anti-catabolic effects. In in vitro
experiments, the molecular mechanisms of salubrinal’s action through genome-wide mRNA and
micro RNA analyses revealed that salubrinal induces its unique functions through novel targets
in bone remodeling, which are mediated by elF2a signaling.
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COMPOSITIONS AND METHODS FOR TREATING BONE DISEASES

GOVERNMENT RIGHTS

This invention was made with government sapport under DOD WEIXWH-11-1-
{716 awarded by the Department of Defense. The government has certain rights in the
invention.
TECHNICAL FIELD

The invention described herein pertains to the treatment of bone diseases. In
particular, the invention described herein pertaing to the ireatiment of bone diseases responsive
to the inhibition of vsteoclastogenesis andfor stiranlation of osteoblast development and

fotion.

BACKGROUND AND SUMMARY OF THE INVENTION

Osisoblasts and osteoclasis are the two major types of booe cells in bone
remodeling. Osieoblasts are bone-forming cclis originated from mesenchymal sten cells, while
osteocasts are bone-resorbing cells dexived from hematopoistic stem cells. These two types of
cells orchestrate a complex remodeling process, in which mineralized bone matrix is degraded
by osteoclasts and newly formed by osteoblasts {1, 2], In order to maintain proper bone mass,
exercise and calcium rich dieis are recommended. However, a failure of the coordinated action
such as in osteoporosis, which 15 a common form of bone loss prevailing among
postrenopausal women, increases risk of bone fracture [3]. In order to develop therapeutic
drags for treatment of osteoporosis, an understanding of signaling pathways that govern
ostecclastogenesis — development of pre-osteoclasts (monocyte/macrophage} to multi-nucleated
osteoctasts — is required.

Currently, the most common medications, preseribed for preventing bone loss in
patients with osteoporosis, are bisphosphonates. Bisphosphonates preferentially bind to
caleium in bone and induce apoptosis of osteoclasts [15]. Other medications using neutralizing
antibodies targeted to RANKL would block osteoclastogenesis by mimicking OPG’s binding to
RANKL {161, RANKL is a oytokine belonging to the turnor necrosis factor fmnily, and 18
involved in T cell-dependent immune responses as well as differentiation and activation of
osteoclasts {9, 10].

A novel target for treating such diseases is the protein complex, ¢lF2, whichis a
heterotrimer essential for protein synthesis, and efF2a 1s one of its major components together
with eIF28 and eIF2v 4], In responss fo various siresses such as oxidation, radiation, and
stress to the endoplasmic reticulum that potentially lead to cellular apoptosis, a serine residue of

elF2¢ is phosphorylated. This action would initiate s pro-nurvival program by lowering geperal
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translation efficiency except for a group of genes that includes activating transcription factor 4

,,,,,

[6]. Tn osteoblasts slevation of phosphorylated eIF 2o (p-elF 2w} is reported to stimulate the
expression of ATF4 {7, 8] Little is known, however, about potential effects of p-cIF2¢ on
development of osteoclasts.

In response to various stresses including viral infection, nutrient deprivation, and
stress to the endoplasioic reticulum, cukaryotic transiation inttiation factor 2 alpha (elF2¢} 18
phosphorylated 1o cope with stress induced apoptosis. Although bone cells are sensitive to
snvironmental stresses that alter the phosphorylation level of oIF2¢, Httle is known about the
role of eIF2Zea mediated signaling during the developraent of bone-resorbing osteoclasts. W has
been discovered herein that by selectively inhibiting de-phosphorylation of eff2¢, the effects of
phospborylation of elF2a on ostesclastogencsis of RAW264.7 pre-ostcoclasts as well ag
development of MC3T3 B1 osteoblast-like cells are affected. Two illustrative agents, salubring]
and guanabenz, demonsirate that selectively inhibiting de-phosphorylation of eIF2o, results in
atimnilated matrix deposition of osteoblasts through upregulation of activating transenption
factor 4 (ATF4), reduced expression of nuclear factor of activated T cells ¢} (NFAT<l) and
inhibited differentiation of RAWZ264.7 celis to nulti-nucleated osieoclasts. In contrast, partial
silencing of elF20 with RNA interference reduced supprassion of salubrinal/guanabene-driven
downregulation of NFATcY. 1t has been observed herein that the elevated phosphorylation
fovel of olF 2a not only stirnulates osteoblastogenesis but also inhibits osteoclastogenesis
through regulation of ATF4 and NFATc, supporting the role of such selective inhibitor of de-
phosphorylation of elF2g in treating andfor proventing bone loss in osteoporosis, fracture, and
other bone discases,

Tt has also been discovered herein that the compounds described hersin can
regulate cxpression of NFATel at a transcriptional Jevel. Without being bound by theory, it is
believed herein that the elevation of p-elF 2 stimulates osteocalcin expression through
upregulation of ATF4 in osteoblasts and inhibits TRAP expression via downregulation of
NFATc] in pre-osteoclasts. Silencing eIF20; with RNA interference reduces suppression of
salubrinal/guanabenz-driven downregulation of NFATcl. Thus, the compounds described
herein are useful in regulating bone remodeling through elFZu-mediated signaling for
combating bone loss in osteoporosis, and related discases,

Osteohlasts and osteociasts extensively interact through molecular pathways
including RANK (receptor activator of muclear factor kappa-BYRANKL (RANK HgandyOPG

{osteoprotegerin) signaling [9, 10] and Wnt signaling [11]. Tt has been discovered herein that

.
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osteoclastogenesis is regulated by signaling molecules that also affect ostzoblastogenesis.
Furthermore, it has been discovered that ostenclasiogenesis is influenced by varous siresses
such as estrogen deficiency and disuse or unloading [12]. It bas also been discovered herein
that elevation of p-efF20 suppresses differentiation of pre-osteoclasts to paitti-nucleated
osteoclasts, and that elevation of p-elF2a can provide stress-relioving effects on osteoblasts,

In one cmbodiment, described herein are compounds, compasitions, methods,
and uses for treating snd/or preventing bone loss in osteoporosis, fracture, and other bone
diseases. The compounds, compositions, methods, and uses include selective inhibitors de-
phosphorylation of elF20, such as salubrinal and guanabenz {13, 14] It is undersicod hersin
that the signaling pathway, mediated by eIF 2, is not direcily linked to known agents for
ostecclasiogenesis such as calciom binding agents and RANEL.

In another embodiment, pharmaceutical compositions containing one or more of
the compounds are also described herein. Tt is to be undersiood that the comipositions may
include other component and/or ingredients, including, but not limited to, other therapeutically
active compounds, and/or one or more carriers, diluents, excipionts, and the like.

It is appraciated herein that the compounds described herein may be used alone
or in combination with other compounds useful for treating bone diseases, including those
compounds that may be therapeutically effective by the same or different modes of action. In
addition, i iz appreciated herein that the compounds described herein may be used in
combination with other compounds that are administered to treat other symptoms of bone
dizease.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1, Osteogenic effects of salubrinal on MC3T3 E1 (clone 14) csteoblast
cells. ON = control, Sal = salubrinal, and Tg = thapsigargin. The double asterisk indicates p <
0.01 in comparison to OUN. {A) Cell mortality ratio and relative cell numbers. (B) Mo activation
of cleaved caspase 3 by salubrinal. (C) Alizarin red S staining arca in response 10 5, 10, and 20
M salubrinal,

Figore 2. Upregulation of p-eIF2o, ATF4 and osteocalein by salubrinal in
MC3IT3 El {clone 14) osteoblast cells in response to 5 pM salubrinal. CN = conirel, Sal =
satubrinal, and NC = non-specific control siRNA. The double asterisk indicates p < 0.01 in
comparison to CN or NC, The double dagger indicates with p < 0.01 in comparison to the
saiuﬁrinalutreatad NC siRNA cells. {A) Westeen blot analysis of p- eff 2o and ATF4. (B}
Salubrinal driven elevation of osteocalein mBNA level. {Cy ATF4 level after transfeciing

siRMNA specific to ATF4. (D) Relative mRNA levels of ATF4 in response to RNA mterference
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with ATF4 siRNA and non-specific control (NC) siBNA. (E) Relative mBMA levels of
osteocalein (OCN). The asterisk is for the comparison to the control with NC siRNA, and the
dagger is the comparison between the samnples transfected with ATF4 siRNA.

Figure 3. Inhibitory effects of salubrinal on RAW264.7 pre-osteoclasts. (N =
control, and Sal = salubrinzl. The single and double asterisks indicate p < 0.05 and p <001 in
comparison to the RANK L-treated cells, respectively. {A) Cell mortality ratio. {B} Relative
cell numbers. (C) Dose-dependent suppression of RANKL driven activation of osteoclasts by
salubrinal, {D) Dose-dependent suppression of TRAP-positive multi-nucleated cells by
salabrinal.

Figure 4. Reduction of RANKL-induced NFATe1 expression by salubrinal. Sal
= salubrinal. The relative intensity of NFATc] to B-actin is shown. (A) Expression of NFATcl
(2 days after RANKL administration}. (B} Expression of NFATcl (4 days affer RANKL
admimsination),

Figure 5. Effects of salubrinal on mRNA expression levels of NFATel, c-Fos,
TRAP, and OSCAR. CN = control. The single and double asterisks mdicate significant
decreases with p < (.05 and p < 0.01 ip comparison o the RANKL-treated cells, respectively.
The single and double daggers indicate significant increases with p < 0.05 and p <0.01 in
comparison o the RANKL-treated cells, respectively. (A} Messenger RNA levels (2 days after
RANKL administration). {B) Messenger RNA lovels (4 days after RANKL admunistration).

Figure 6. Temporal expression profile of p-ERK, p-p38 MAPK, p-NF«B, p-

elF2o and NFATc! in the presence and absence of 20 uM satubrinal. (A} Western blot

Western blot anabysis of elF2o-p and NFATcl. (C) Comparison of the expression level of
elF2e-p and NFATC! with and without 20 phM salubrinal. The normalized level of “17 wag
defined as the level for the cells that were not treated with RANKL withoul administration of
satubrinal.

Figure 7. Inhibitory effects of guanabenz on development of RAW264.7 pre-
osteoclasts. CN = control, and Gu = guanabenz. The single and double asterisks indicate
significant decreases with p < .05 and p < 0.0} in comparison to the RANKL-treated cells,
respectively. {A) Cell mortality ratio. (B) Relative cell numbers. {C) Dose-dependent
suppression of RANKL driven activation of osteoclasts by guanabenz, (D} Dose-dependent
suppression of TRAP-positive valti-nucleated cells by guanabenz.

Figure 8. Reduction of RANKL-induced NFATcl expression by guanabesz, ON

= control, and Gu = guanabenz. The single and double asterisks indicate significant decreases
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with p < 0.05 and p < 0.01 in comparison to the RANKL-treated cells, respectively. (A}
Expression of NFATel (2 days aftfer RANKL administration). {B) Messenger RNA levels of
NFATel, e-Fos, TRAP, and OSCAR (2 davy after RANKL administration).

Figure 9. Temporal expression profile of p-elF20 and NFATe] in the presence
and absence of 20 uM guanabenz. Gu =~ guanabenz. {A) Western blot analysis of elF20-p and
WFATel. (B) Comparison of the expression level of eIF2a-p and NFATcl with and without 20
uM guanabenz. The normalized level of “17 was defined as the level for the cells that were not
treated with RANKL withowt administration of guanabenz.

Figure 10. Reduction in salubrinal/guanabenz driven suppression of NFATc!
expression by RNA interference specific for eIF 20 Sal = salubrinal, Gu = puanabenyg, and NC
= non-specific control sIRNA., The single and double asterisks indicate significant changes to
the RANKL-ireated NC siRNA cells with p < 0.05 and p < 0.01, respectively. The single and
double daggers indicate significant changes to the salubrinal or guanabenz-treated NC siRNA
cells with p < 0.05 and p < (.01, respectively. {A) eIFZx level after transfecting siRNA specific
to elF2ex, (B) Western blot analysis of p-NFxB and NFATcl, (C) Comparison of the expression
ievel of NFATe] between control siRNA and eIF 20 stRNA.

Figure 11 shows, though without being bound by theory, an illustrative
mechanism of elF2x signaling on ostecclastogenesis through NFATeL

Figure §1. Osteogenic effects of salubrinal on MC3T3 El osteoblast cells. N =
control, and Sal = salubrinal. The double asterisk mdicates p < 0,01 in comparison to CN. (A)
Cell mortality ratio in response fo 0.1 — 30 uM salubrinal. (B3 Relative cell numbers in
response to $.1 — 30 uM salubrinal. (C) Alizarin red S staining area in response (6 0.1, 8.5, 1, 5,
10, and 20 uM salubrinal.

Figure S2. Upregulation of p-¢IF2a, ATF4 and osteocalcin by salubrinal in
MC3IT3 El osteoblast cells. ON = control, and Sal = salubringl. The single and double
asterisks indicate p < 0.05 and p < 0.01 in covaparison to UN, respectively. (A} Western blot
analysis of p- elf2¢ and ATF4. (B) Salubrinal-driven elevation of the levels of ATF4 mRNA
and osteocalein mRNA.

Figure 83, Osteogenic effects of guanabenz on MC3T3 El ostecblast cells. ON
= control, and Gu = guanabenz. The single and double asterisks indicate p <0.05 and p < 0.01
in comparison to CN, respectively. {A) Cell mortality ratio. (1) Relative cell numbers. (C}
Western blot analysis of p- elF 2 and ATF4. (D) Guanabenz-driven elevation of the
osteocalecin mENA Jevel.

Figure 84, No significant effects of salubrinal and guanabenz on cell mortality,
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cell mumbers, and expression of NFATcl and TRAP in RAW264.7 cells 1n the absence of
RANKL administration. ON = conirol, Sal = salubrinal, and Gu = guanabenz. (A} Ceil
mortality ratio. {B) Relative cell numbers. {C) Expression of NFATel. (D) Relative mENA
levels of NFATc! and TRAP.
DETAILED DESCRIPTION

In one embodiment, selective inhibitors of de-phosphorviation of elF2c wre
described herein for treating and/or preventing bone loss in osteoporosis, fracture, and other
bone diseases. {lustrative inhibitors include compounds of the formula

| PR
N N N a
Ri P \\ﬂ/ \}/ T N
X R® Y

or a pharmacentically acceptable salt thereof, wherein:

XiOor§,;

YisOorS;

R is alkyl, eycloalkyl, alkenyl, cycloalkenyl, aryl, or heteroaryl, cach of which
is optionally substituted;

R is alkyl, eyeloalkyl, alkenyl, cycloalkenyl, aryl, heteroaryl, eycloalkylalkyl,
cycloalkenviatkyl, arvialkyl, hetervarylalicyl, cycloslicylatkenyl, cycloalkenylalkenyl,
arylalkenyl, or heteroarylalkenyl, each of which is optionally substinated;

R* is optionally substituted alkyl;

2" is H or optionally substituted C,-Cq atkyl;

2%, R® and R® are cach independently selected from the group consisting of H,
optionally substituted y-Cs alkyvl, acyl, or a prodrug capable of releasing the attached nitrogen
i Vive .

1t is to be understood that the various genera and subgenera of cach of X, Y, ®,
R R® Rb, RS RS and P° are described herein. It is o be understood that all possible
combinations of the various gevera and subgenera of each of X, Y, R, RY BY R, RS, R‘i, and
R® are described herein represent additional illustrative embodiments of compounds of the
invention described herein, It is to be further understood that cach of those additional
iltustrative embodiments of compounds may be used in any of the coonpositions, metbods,
and/or uses described hersin.

Further illustrative inhibitors inclade compounds of the formula

A NR,
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where

X represents five sobstituents each independently selected from hydrogen, halo,
hydroxy, aming, thio, carboxylate or a derivative thercof, subfinyl or a derivative thereod,
sulfony! or a derivative thereof, phosphinyt or a devivative thereof, or phosphonyl or a

5 derivative thereof, or allyvl, alkenvd, allrynyl, oycloalkyd, eycloalkenyl, heteroalkyl,

heteroalkenyl, cveloheterocalkyl, eyclobeteroalkenyl, aryl, heteroaryl, arvialkyl, or
heteroaryialkyl, each of which is optionally substituted; and

R is independently selected in cach instance from hydrogen, hydroxy, amino,
carboxylate and derivatives thereof, sulfonyvl and derivatives thereof, and alkyl, alkenyl,

16 alkynyl, cycloalkyl, cycloalkenyl, heteroallyl, heteroalkenyl, cycloheteroalkyl,
cveloheteroatkenyl, arvl, beteroaryl, arvialkyl, and heteroarylalkyl, each of which is optionally
sabstituted, and sifrogen prodrag forming groups.

MC3T3 B osteoblast-Yke cells [17] and RAWZ284.7 cells [181 are employed to
evahuate psteoblastogenesis and osteoclastogencsis, respectively. In the presence and absence

15 of salubrinal and guanabenz, MU3T3 E1 cells are culbwred in an osteogenic medium for
evatuation of matrix deposition, while RAW?264.7 cells in an osteoclast differentiation medium
for evaluation of multi-nucleation. Alizarin Red S staining is performed to evaloate ostsoblast
mineralization for MUAT3 El cells, and TRAP siaining is conducted to determine multi-
nucleated osteoclasts proliferation for RAW264.7 cells. To enalyze molecular signaling

20 pathways, quastitative real-time PCR and Western blot analysis are conducted. The mRNA
levels of ATF4, osteocalcin, ¢-Fos [19], tartrate-resistant acid phosphatase (TRAP) [20], and
osteoclast-associated receptor {OSCAR) [217 are determined. The protein expression levels of
elF2a, ATF4, and nuclear factor of activated T cells ¢l (NFATc1) [22] are also determined.

NFATc is a transcription factor, which is reportedly irmpartant for developroent and activation

[\
LA

of osteoclasts in response to RANKI., RNA interference using siRNA specific to ATF4 and
elF2e is conducted to evahiate the role of ATF4 in osteoblastogenesis and elF20 m
osisoclasiogenesis.

Without being bound by theory it is believed herein that the compounds
described herein are efficacious, at least in part, due to the ability to inbibit the differentiation of
30 RAW264.7 pre-osteoclasts to multi-nucleated osteoclasts. Without being bound by theory it 1s
believed herein that the compounds described herein are efficacious, at least in part, due (o the
ability to block de-phosphoryiation of elF2¢ and clevate the level of p-eIF2a. 1t has been
discovered herein that the growth area, covered by multi-nucleated cells, is significantly

reduced by sahubrinal and guanabenz in a dose dependent manmer. Partially silencing elF20
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using RMA interference significantly suppressed salubrinal/guanabenz-driven reduction of
MFATe! expression. Together with the stimulated development of MU3T3 E1 ostecblasts by
an mwrease in ATFS expression, the resulis herein support the conclusion that elF2o mediated
signaling plays a physiological role in osteoclastogenesis and ostzoblastogenesis, and can be
used in treating osteoporosis, frachues, and other bone diseases and disorders.

It is understood herein that both salubrinal and guanabeny interact with PRI and
iohibit itz activity of de-phosphoryiating p-eIF2o. Furtelr, guanabenz is reported to bind to
PPIRISA subunit {14}, while the sxact binding stte of salubrinal is not ksown. Guanabenz 8
also known as an Op-adrenergic receplor agonist and used to treat hypertension [24]. Without
being bound by theory, it is believed hersin that the observed stimulation of osteoblasioganesis
as well as atienuation of osteoclastogenesis by both agents strongly indicates that eIF 20
mediated signaling is ceniral o regulation of ATF4 and NFATcI. This belief 1 also supported
by the safubrinal-driven slterations in the mRNA levels of osteocalcin and TRAP, which are
representative in development of osteoblasts and osteoclasts, respectively. Osteocalein 1s
synthesized solely by osteoblasts for matrix mineralization and caleium homeostasis {23}, while
TRAFP is highly expressed in osteoclasts and it overcxpression has been observed to cause
bone logs in fransgenic mice [28].

The elevation of p-elFZa has been discovered herein to enhance the
development of ostechlasts and minerslization of extracellular mailnx. In response to vanoos
stresses such as oxidation, radiation, and stress to the endoplasmic reticohim, cells undergo
cither survival or apoplotic pathvway [27]. As part of a pro-suxvival program, the level of p-
eIF 2o is raised followed by diminished translational efficiency to all proteins except for a
limited group including ATF4 [S]. Salubrinal’s action mimics the induction of pro-survival
program without imposing damaging stresses, which resulf in the upregulation of ATES without
inducing apoptosis. Since ATF4 is a transcription factor critical for osteoblastogenesis and
bone formation, the effects of administration of salubrinal and guanabenz on the mRENA level of
osteocalcin as well as the minerslization of extracellolar matrix was examined. Silencing ATF4
using RNA interference significantly suppressed sabibrinal-driven upregulation of osteocalein
expression, Thus, the result here iz consistent with the previously reported role of salubrinal
that stimulates new bone formstion in the healing of bone wound [8].

Without being bound by theory, a schematic diagram illustrating a proposed
pathway of elF2a-mediated signaling in osteoblagtogenesie and osteaclastogenesis is prosented
{(Fig. 11). Through inhibition of de-phosphorylation of oIF2q, salubrinal and guanabenz are

capable of enhancing bone formation by activating ATF4, as well a3 reducing bone resorption
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by down-regulating NFATel, Ostecclastogenesis s a multicomponent developmental process,
in which active interactions take place betwoon osteoblasis and osteoclasts. In the
RANK/RANKL/OPO signaling pathway, for instancs, ostectlasts provide RANKL that
stimulates osteociasiogenesis. Since binding of RANKL to RANK is known to activate
MAPKs and NF«B [28, 28], the poiential role of BRK, p38, and NFwB in the eF20-moediated
signaling. The levels of p-ERE, p-p38 MAPK, and p-NF B together with p-eIF2a wers
evaluated by meanuring the response to administration of 20 uM salubrinal. However, no
detectable changes in the levels of their phosphoryiated form were observed. Without being
bound by theory, 1118 believed herein that salubrinal may activate transcription factors such ag
MaiB {(Vemaf musculoaponcurotic fibrossrcora oncogene homolog BY, IRFE Gnterferon
regulatory factor &), and Bels {B-cell lymphoma 6), which are knows o be inhibitors of
NFATe! [30-327. Alternatively, microRNA and epigenetic changes such as histone -
modification regulate expression of NFATe] might be nvelved [33, 34]. Forinstance, H3K27
demethylase is reporiad to demethylate the site of H3K27med of KFATe] and stimulate
RANKL-induced osteocinstogenesiz {341

Several illustrative embodiments of the imvention are described by the following
snwmerated clauses;

i A wmethod for treating osteaporosis, fracture, or a bone defect in a host
animal, the method comprising the step of adminisiering to the host animal a therapoutically
effective amount of ¢ne or more compounnds capable of selectively inkibiting de-
phosphoryiation of elF2e; where the mmonnd is capable of (o) stisulating matix deposition of
osteoblasts, (b) upregulating activating transeription factor 4 {(ATF4), (¢) reducing expression of
nuclear factor of activated T cells ¢ NFATely, () inhibiting differentiation of BAW264.7
cells to multi-nucleated osteoclasts, (€ stimulating osteoblastogenesis, or (I} inhabiting
asteoclastogenesis, or a combination of the foregoing, ot a pharmaceutically acceptable

composition comprising the one or mote compounds.

2. The method clase 1 wherein at least one compound is of the foroula
R‘C Rd RS
LR
R“,NWW.N\}/,‘E\:YR
X R* Y

or a pharmacentically acoeptable salt thereof, wherein
KXisOordy
Yis{ors,;

R is allod, eveloalloyl, alkenyl, cycloalkenyl, aryl, or heteroaryl, each of which

LG
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ig optionally substituted;

R is alieyl, eycloalioyl, alkenyl, cycloalkenyl, aryl, heterparyl, cycloalkylalkyl,
eveloatkenylalkyl, arviathyl, hetercarylalkyl, cycloalkylalkenyl, cyeloalkenylalkenyl,
arylatkery], or heteroarylalkenyl, sach of which is optionally substituted;

R® is optionally substituied alkyl;

R® iz H or optionaily substiated C;-Cy alkyl;

RS RY, and R® are vach independenily selected from the group consisting of H,
optionally substituted Ci-Cg alkyl, acyl, or a prodrug capable of releasing the attached nitrogen

1M VIViK

3. The method clause | or 2 wherein at least oue compouand s of the
formula
s_-{l‘\ Rd R@
rE»f !Es ¥ ?%s R?
f= >
Y
X R* ¥

or a pharmaceutically accoptable salt thereof, wherein:

Xasfror S

YisGor§;

&} s alleyd, eycloaloyl, alkeayl, eycloalkenyl, aryl, or hetoroaryl, each of which
is optionaily substituted;

R’ is alkyl, eycloatkyl, alkenyl, cycloalkenyl, aryl, heteroaryl, cyeloaltiylalkyl,
cycloalkenylalkyl, aryialkyl, heteroarylalkyl, eveloatkylalkenyl, oycloatkenylalkenyl,
arvialkenyl, or heteroarylalkenyl, sach of which is optivnally substituted;

8% is optionally substituted alkyl;

R is H or optionslly substituted O-Cy alkyl;

R®, R aud R are each independently selected from the group consisting of H,
optionally substituted C-C alkyl, acyl, or a prodrug capaeble of releasing the attached nitrogen
in vive;

or a composition thereof further comprising one or more Carviors, diluents, or
excipisnts, or 4 comubination thereot,

4, The method of any sne of the preceding clauses wherein af least one

compound is of the furrauia

= 14-
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RC Rd " Re
F!d é= " rEq R
R*if T Q\%/' ‘\EI/“"
X R® Y

or a pharmaceutically sceeptable salt thereof, wherein:

KuDws;

Yisors;

R is alkyl, oveloalkyl, alkenyl, eyeloalkenyl, aryl, or heteroaryl, cach of which
is optionally sabatituted;

17 s atkyl, cyeloalkyl, alkenyl, cycloatkenyl, aryl, beteroaryl, cycloatioylalkyl,
eycloalkenyialkyl, arvialkyl, beternarylalioyl, cycloalkylalkenyl, eycloatkenylalkenyl,
arvialkenvl, or hetervarylalkenyl, each of which is optionally substituted;

R is optionally substituted alloyl;

R" is H or optionally substituted Ci-Cs alkyl;

R, ®Y, and K" are cach independently selected from the group consisting of H,
aptionally substituted C-C; alkyl, acyl, or a prodrug capable of releasing the attached nitrogen
i1 vivo.

5. The method of any one of the preceding clauses wherein R is alkyl, arvl,
o heteroaryl, each of which 1s optionally substituted.

&. The method of any one of the preceding clauses whercin R s argl or
hetervaryl, cach of which is optionally substifuted.

7. The method of any one of the preceding clauses wherain R is alkenyl,
heteroarvl, cycloatkylalloyl, evcloalkenvialkyl, aryialkyl, hetaroarvialiyl, cycloalkylaikenyl,
cveloalkenvialkenyl, arvialkenyl, or heteroarvialkenyi, cach of which is optionally substitated.

5. The method of any one of the preceding clauses wherein R? is allenyl,
cycloatkyvialkyl, cycloslkenylalkyl, arvialkyvl, heteroaryialkyl, cycloallylalkenyl,
cycloalkenylalkenyl, arvialkenyl, or heteroarylalkenyl, cach of which is optionally substituted.

g The method of any oneof the preceding clavses wherein at least one
coraponnd is a compound of the formuda

R® F re

l | s ]
N N LB C{A)EGIR-AP

Y
X e Y

or 3 pharmaceutically accepiable salt thereof, wherein:

Koand ¥ are independently O or §;

-1l
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Ar® and Ar are independently aryl or heternaryl, each of which is optionally
substituted;

R* is optionally substituted alkyl;

R" iz H or optiopally substituted C-Cs alkyl;

®°, RY, and R are cach independently selected from the group consisting of H,
optionally substituted C-Ce alkyl, aovl, and a prodrug capable of releasing the attached
nitrogen i vive to form the correyponding H or salt derivative thereol

and A and B are independently H, or optionally substitwted C-Cq alleyd

10, The method of clause 9 wheremn the aryl is a bicyelic arvL

11, Themethod of clause 9 or 10 whersin the hetercaryl 15 a bicy¢lic
hatamaryi..

12.  The metbod of any one of clatses § to 1 wherein the aryl or heteroaryl
is optionatly subsiituted with ome or more substitusnts selecied frome the group consisting of
halo, nitrile, or optionally substituted Ci-Cs alkyl, Co-Cs alkomy, GG haloallovl, Ci-Cs

haloalkony, arvl, arviony, hetervoyelyl, heterocyelyloxy, fused aryl, and fused heterocyclyl.

13, The method of any one of clauses 9 to 12 wherein the alkesyl hasan B
geonelry.
14, The method of any one of the preceding clauscs wherein af least one

compound is of the foronla

Ar*‘/ﬁ\ﬁfﬁ\f/ﬁ\ﬂ’%fmb
X R® ¥

or a pharmaceutically acceptable salt thereof, whercin,

Kis Gors;

¥ s O orS;

At and Ar are independently aryl or heteroaryl, each of which 15 optionally
substituted; snd

R™ is optionally substitated alkyl,

15, The method of clause 14 wherein the aryl is a bicyehe aryl.

16,  The method of clauss 14 or 15 wherein A¢% s a bieyelic heteroaryl.
17, The method of any one of clauses 14 o 16 wherein the aryl or hateroaryl

is opticnally substituted with one or more substituents selected from the group eonsisting of
halo, nitrile, or optionally substituted C-Cg atkyl, O4-Cs alkoxy, ©1-Cs haloalkyl, Ci-Us
haloalkoxy, arvl, aryloxy, heterocyelyl, beterooyelyloxy, fused aryl, and fused beterooyelyl.

IR, The method of any one of clauses 14 to 17 wherein R° is haloalloyl.

1.
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19, The method of any one of clauses 14 to 18 wherein R® is not
itiffucromethyl.

2, The method of any one of clauses 1440 19 wherein R® is haloalkyl,
where halo is selected from the group consisting of cbloro and bromo, snd combinations
thergof

21.  The method of any one of clauses 14 to 20 wherein R®, RY, and R® are
cach independently selected from the group consisting of 1, optionally substituted C-Cg allyl,
and acyl.

22, Themethod of any one of the preceding clauses wherein at least one
compound Is salubringl, or an sualog or a derivative thereod, or a pharmaceutically acceptable
salt of the foregoing,

23, Themethod of any ene of the preceding clauses wherein at least one

compound is of the formula

AR N = NR?
o S
L NRy

or a pharmacentically acceptable salt thereof, whetein

X represents five substituents each independently selected from hydrogen, halo,
hvdroxy and derivatives thereot, amino and derivatives thereof, thio and derivatives thereof,
varboxylate ar & derivative thereof, sulfinyl or 2 derivative thereof, sullony] or a derivative
thersof, phosphinyl or a derivative thereof, or phosphonyl or a derivative thereof, or alkyl,
alkenyl, alkynvl, eyvcloalkyl, cycloalkenyl, heteroalkyl, hetercalkenyl, cycloheteroalkyl,
cyeloheteraatkenyl, arvl, beteroaryl, arvialkyl, or heteroarylalkyl, cach of which i€ optionally
substituted; and

R is independently selecied in each instance from hydrogen, hydroxy and
dertvatives thereof, amino and derivatives thersof, carboxylate and derivatives thereof, sulfonyl
and derivatives thereof, and alloyl, alkenyl, alkynyl, cycloalkyl, cycloalkenyl, heteroalioyl,
hetercalkenyl, cyveloheteroalkyl, cycloheteroalkenyl, aryl, hetercaryl, arylalioyl, and

heteroarylalkyl, each of which is optionally substifsted, and nitrogen prodrug forming groups.

24, The method of clause 23 wherein at least one X is halo, such as chdorm
25, The method of clause 23 wherein st least one X i optionally substituted

alkyl, such as methoyl or wifluoromethyl.

26.  The method of clanse 23 wherein at least ome X is optionally substituted
alkoxy, such as methoxy or friffuoromethoxy.

27, The method of any one of the preceding clauses wherein st least one

cotnpound iz of the formula

- 13-
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or 4 pharmaceutically accepiable salt thereof

28, The method of clause 27 whersin cach X is halo.

2%, The method of clause 27 wherem each X 15 ¢hloro.

30, The method of any one of claoses 27 to 29 whersin each R iz hydrogen

31, The metbod of any one of clauses 27 to 30 wherein at least one
compouad is guanabene of a pharmacentically acceptable salt thergof.

32, Theethod of any one of the preceding clauses whereiny the coroposttion
further compriges one ot mors carriers, diluents, or excipients, or a combinaiion thereol.

33 The method of any one of the preceding clavses wherein the host animal
15 & biiman.

The compounds dascribed herein may contain one or more chyral cerders, or may
ptherwise be capable of existing as multiple sterecisomers. [t s to be understood that in one
embodiment, the myvention deseribed herein is not Hmited to any particular sterochenucal
requirernent, and that the compoonds, and compositions, methods, uses, and medicaments that
imclude them may be optically pure, or may be any of a variety of sterecisomeric mixtures,
incloding racermic and other mixiures of enantiomers, other mixtures of diastereomers, and the
tike, If is also to be understood that such mixiures of stercoisomers may include 2 single
storeochemics] configuration at one or more chiral centers, whike including sixtures of
stereochemical configuration at one or roore otber chiral centers.

Stmilarly, the compounds described herein may inchude geometric conters, such
as ¢is, frans, E, and 7 double bonds. 1 is 10 be understood that in annther embodiment, the
invention describeid herein is not limited to any particular geownetric isomer requirement, and
that the compounds, and compositions, methods, uses, and medicaments that include them may
be pure, or may be any of a variety of geometric tsomer muxtures. 1 is also to be understood
that such mixvtures of geometric isomers may mehude a single configuration at one or more
double bonds, while including mixtures of gemmelry al ong ot more other double bonds.

As used herein, the term “allyvl” includes a chain of carbon atoms, which is
optionally branched. As used hereln, the term “allcenyl” and “glkynyl” includes a chain of
carbon atores, which is optionally branched, and inchudes ot least one double bond or triple
bond, respectively. Ttis to be understood that allkyny! meay also include one or more double
bonds. 1t 15 to be further understood that i certain crbodiments, atkyvl is advantageocusly of

Hmited length, including C-Cus, Ci-Cras CiCs, $1Cy, and TGy THhustratively, such
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particularty himited length alkyl groups, including C-Cy, €-Ce, sud C;-C, may be referred to
as lower afkyl. M is to be frther understood that in certain embodiments alkeny! and/or alloynyl
may each be advantageousty of lmited length, including Cr-Cha, Co Oy, CorCy, ConCy, and Oy
Cy. Hhsstratively, such particolarly Himited length alkeny! and/or alkoyayl groups, inchuding Cy-
Cy, T5-Cs, and Co-Cs may be referred to as lower alkeny] and/or alkyeyl, ¥t is appreciated
herein that shorter alkyl, alkenyl, and/or alkynyl groops may add less lipophilicity {o the
compound and accordingly will have different pharmacokinetic behavior, In embodiments of
the ipvention described hereln, s to'be understond, in sach case, that the recitation of alkyd
refers o alkyl ag defined herein, and optionally lower alkyl In embodimenis of the mvention
desoribed herein, it s to be understond, in cach case, that the recitation of alkenyl refers to
alkenyl as defined heredn, and optionally lower alkenyl. In embediments of the invention
described herein, it is to be understood, in ench case, that the recitation of alkynvl refers to
alkyoyl as defined herein, and optionally lower alkynyl. Hlustrative alkyl, alkenyl, and alkynyl
groups are, but not bmited o, methyl, sthyl, n-propyl, isopropyl, n-butyl, isobutyl, see-butyl,
tert-butyl, pentyl, 2-pentyl, 3-penty], neopentyvl, haxyl, heptyl, octyl, and the Tike, and the
corresponding groups confaining one or more doulde and/or triple bonds, or 8 combination
thereof.

Asused herein, the term “alkylone” includes a divalent chain of carbon atoms,
which is optionally brapched. As used berein, the tern “allenylene” and “alkynylens” inclhudes
a divaleni chain of carbon atoms, which is optionaily branchied, and inchudes af least one dondble
bond or triple bond, respectively. It is 1o be understood that alkynylene may also include one ot

wore double bonds. I is o be further understood that incertain embodinenis, alkylene is
advantageously of Hmdted length, including Cy-Coq, Ti-Cho, TGy, G1-C, and 4Gy,
Tiustratively, such particularly limited length alkylene groups, including Ci-C, GGy, and G-
4 1oay be referred 1o as lower alkylene. Lis to be further understood that in certain
smbodinents alkenvlene and/or allcyoylene may each be advantageously of limited length,
inclading Coilag, CaChy, $a-Uy, Cs-U, and C3-Cy. Hiusivatively, such particularly linited
length alkenyiene sndior alkynylene groups, inchuding C-Cs, Tp-Cy, and Cp-C4 may be refarred
to as lower alkenviene andfor alkyoyviene, It ie appreciated herein that shorter alkylene,
alkenviens, and/or alkynviene groups may add less lipophilicity to the compound and
accordingly will have different pharmacokinetic behavior. In embodimentis of the investion
described herein, it is o be upderstood, in gach case, that the revitation of allylene, alkenylene,
and alkynylene refers to alkyiene, alkenylene, and alkynylene as defined herein, and optionally
lower alkyvlene, alkenylene, and alkynylene. Hustrative aliy! groups are, but not Limiied to,

methylene, ethylene, n-propylene, isopropylene, n-butylene, isobuiylene, seo-butylene,
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pentyiene, 1 2+pantviene, 1,3pentviene, bexyvlene, beptyiene, outylorse, and the like:

As used horein, the term “linker™ includes 15 g chain of stoms that connects two
or more functional parts of a molecule {o form a conjugate. Hlustratively, the cham of atoms is
selected from OON, O, 8, St and P, or OO N, O, 8, and P, O, N, O, and 8. The chain of atutos
covalently connects different functional capabilities of the conjogate, such as binding hpands,
drugs, disgnostic agents, imaging agents, and the like. The linkeér roay have 2 wide vagety of
fengths, such ag in the rangs fromm about 2 to sbout 100 atoros in the contiguous backbone. The
atoms used in forming the linker may be combined il cheratcally relevant ways, such as
chains of carbbo atoms forming alkylene, alkenvlene, and alkyoylene groups, and the like;
chains of carbon and oxygen atoms formning others, pobyoxvallcylene groups, or when combined
with carbony! groups foruing esters and carbonates, snd the Jike; chains of carbon and nitrogen
stoms forming amines, imines, polyamings, hydrazines, hydeazones, or when combined with
carbony! groups forraing amades, uress, semicarbazides, carbazides, and the lke; chains of
carbon, nifrogen, and oxygen atoms forming alkoxyaminegs, allioxylamines, or when combined
with carbonyl groups forming wethanes, amino acids, sovioxylamines, hydroxamic scids, and
the Tike; and many sthers, In addition, it is fo be wnderstood that the stoms forming the chain in
each of the foregoing llustrative embodiments may be either saturated or wnsaturstad, tus
forming single, double, or triple bonds, such that for example, alkanes, alkencs, alkynes, uvines,
and the {ike may be radicals that sre included in the linker, In addition, 11 18 & be undersiood
that the atoms forming the Hnker may also be cyclized upon each other or be part of cyolic
structure to formy divalent cyelic struchires that form the linker, including eyclo alianes, cyelic
ethers, cyclic amines, and other heterocyeles, arviencs, beteroarvienes, and the Hke n the linker.
In this lalter arvangerment, it is to be understood that the hinker length may be defined by any
pathway through the one or more vychle structures . Hlustratively, the linker length s defiped
by the shoriest pathway through the cach one of the cyelic structarss. 1t 13 1o be understood that
the linkers may be optionally substitited at any one or more of the open valences along the
chain of atoms, sach as optional substituends on any of the carbon, nitrogen, silicon, or
phosphorus atores. 1t 5 also (0 be understood that the linker may connect the two or move
functional parts of a8 molecule to form 8 conjugate at any open valence, and 1t 15 not necessary
that anv of the two or more functional patis of a molecule fornung the conjugate are attached at
any apparent and of the linker.

As used herein, the term “eyeloalkyl” includes a chain of carbon storns, which is
optionally branched, where at least a porton of the chain in oyclic. 1tis to be understond that
cyveloatkvialkyl is a subset of eveloatkyl. 1t is to be wnderstood that eyeloalioy] roay be

polyeyclic, Blustrative cycloalkyl nclude, but are not Himited to, cyclopropyl, cyclopentyl,
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cyclohexyl, Z-methvicyvelopropyl eyvelopentyleth-2-v, adamantyl, and the ke, Az used hersin,
the-term “cycloalienyl™ includes 8 chain of carbon atoms, which is optionally hranched, and
meludes at lzast one double bond, where at least 2 portion of the chatn in oyelie, Ttistobe
understood that the one or more double bonds may be in the eyelic portion of cyeloalkeny]
gnd/or the non-cyclic portion of vycloalkenyl. It is to beunderstood that cycloalkenylalicyl and
eyeloalkylalkenyl are each subsets of eyeloalkenyl. B is to be understood that cyelvalkyl may
be polyeyelic. Hhustrative cycloalkeny] include, butare not Hmited to, cyclopenienyl,
cyclohexylethen-2-vl, eycloheptenylpropenyl, and the like. 1t is to be further understood that
chain forming cycloatkyl andlor cyvcloalkenyl is advantageously of imited length, including Gs-
Caa, T5-Ciyp, Ty, Us-Cy, and T5-C. It is appreciated hevein that shorter alkyl and/or alkenyl
chaing forming cycloalkyl and/or cyeloalkenyl, respectively, may add less hipophilicity to the
comppound and accordingly will bave different pharmacokinetic behavior,

As used herein, the torm “heteroalkyl” inchedes 8 chain of atoms that inchides
both carbon and at least one heteroatorm, and is optionally branched. [Husteative hetervatoms
include nitrogen, oxyeen, and sulfur. In certain variations, ilustrative heteroatoms alse inchude
phosphorus, and selenivm. As used herein, the term “eyrlohetercalkyl” including heterocyolyl
and heterocyele, inchudes a chain of atoms that includes both carbon and at least one
heteroatom, such as hetercalkoyl, and s optionally branched, where at least a poriton of the
chain is cyclic. MMustrative heteroatmmos include nitrogen, oxygen, and salfir. Tn certain
variations, ilusteative hetercators also inclade phosphoras, and seleptum. Hlustrative
cyoloheteroalkyl inchude, but are not limited to, tetrahydrofiryd, pyrrolidinyl, tetrabydropyranyl,
piperidinyl, morpholingd, piperazioyl; bomepipsrazinyd, guinuchding, snd the like.

Az used herein, the term “aryl” ncludes monocyehc and polyevelic aromatic
carbocvelic groups, each of which may be opticnally substituted,  THusteative aromatic
carbocyelic groups described herein include, bot are not lismited to, phenyl, naphthyl, and the
Tike. As used hersin, the term “hetercaryl” includes aromatic heterocyclic groups, each of
which may be optionally substitaied. THustrative aromatic heterocyelic groups inchude, bul are
not lnvted fo, pyrdinyl, pvomadiny], pyrazinyl, trazinyl, tetrazinyl, quinolinyl, guinazelinyl,
guinoxalingl, thienyl, pyrazolyl, mddazolyl, oxazolyl, thiazolyl, soxazolyl, isotuazolyl,
oxadiazolvl, thiadiazolvl, tlazolyl, benzimidazolyl, benzoxazolyl, benzthiazolyl,
benzisoxazolvl, benzisotbiazolyl, and the like.

Asused herehy, the term “amine” includes the group NHs, allvlamine, and
dizllcvlamine, where the two alkyl groups in diallvlaminoe may be the same or dufferent, je.
alkyialioylamine, Rhustratively, amino includes methylamino, ethylamino, dimethylamino,

methylethylamino, and the Hke., In addition, it is fo be understood that when amino modifies or
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is modified by snother term, such as aminoalkyl, or acylaming, the above variations of the tenmn
amino are included therein, Hlustratively, aminoalkyl inchudes HoN-alkyl, methylaminosikyl,
ethylaninosikyl, dimethvlaminoalkyl, methylsthvlaminoalkyl, and the ke, Huostratively,
acylamine inclades acylmethylaming, acylethylaming, and the like.

Asused hersin, the term “amdne and dertvatives thercof” mchides ammo as
deseribed herein, and alkylamine, alkenylaming, alkyoviaming, heteroalkylamine,
heteroalkenviaming, heteroalivoyvianine, eycloalkylanine, eyvelosikenylamune,
cveloheteroalkviaminog, cyelohseteroalienylaming, arylamine, arylalkylamingo,
ar¢latkenylaming, arylatkynylaming, heteroarylamine, heteroarylathyviaming,
heteroarytalkenylamine, heteroarvialkynylaming, acylamine, and the like, cack of whichis
optivrally substitited. The term “amino dertvative” alse includes uvrea, carbamate, and the like.

As used herein, the term “hydroxy and derivatives thereof” includes OH, and

alkyloxy, alkenylory, alkynyloxy, hetercalkyloxy, heteroalkenyloxy, hetercalkynyloxy,

eycloalkyloxy, cycloalkenvioxy, cycloheteroalkyloxy, cycloheteroalkenylony, aryloxy,

arylalkyloxy, avvialkenvloxy, arvialkynyloxy, heteroarvioxy, heteroarvialkyiony,
heterparylalkenyloxy, beteroarylalkynyloxy, acyloxy, and the like, each of which is optionally
substituted. The term “hvdroxy derivative” also inchides carbamnate, and the like.

Agused herein, the term “thic and derivatives thereof™ includes 8H, and
alkyhthio, alkenyithio, allynvhiio, heteroalkylthio, hetercalkenylthio, hatercalliynylthio,
eveloalkyltlio, cyeloalkenylthio, cycloheteroalkylthio, cycloheteroalkenylifvo, arylthio,
arvlalkyithio, arvialkenylthio, arvialkynylthio, hetercaryithio, heteroarylalkylihin,
heteroarviaikenvlihio, heteroarylaliynyvithio, acylthio, and the Like, each of which is optionatly
substifuied. The tepm “thio derivative” also includes thiccarbamats, and the like.

As ased herein, the term “acyl” inchudes formyl, and atlylearbonyl,
alkenyvicarbonyl, alkynylearbonyl, hetersalkyloarbonyl, heteroalkenylearbonyl,
hateroalkynylcarbonyl, ¢ycloalkylarbonyl, cycloatkenylearbonyl, eyeloheternalkylcarbonyl,
cycioheternalkenylearbonyl, arvicarbonyl, arylathyvicarbonyl, arylalkenyicarbonyl,
arylalkyaylcarbonyl, heteroaryicarbonyl, heteroarylatkylcarbonyl, heteroarvialkenylcarbonyl,
hetercarylalkynylcarbonyl, acvlcarbonyl, and the like, each of which is optionally substiuied.

Az used herein, the erm “carbonyl and derivatives thereol” mnchudes the group
C{Oy, CL]), C{MNH) and substituted amino derivatives thereof,

As used herein, the term “carhoxvlic acid and derivatives thereof” includes the
group {0:H and salis thereof, and eaters and amides thereof, and CN,

As used herein, the term “sulfinic acud or g derivative thereof” includes SO:H

and salts thereof, and esters and amides thereof
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A used herein, the toom “sulfonic acid or a derfvaiive thereod™ includes SO.H
and salts thereof, and esters and amnides theraof

As used berein, the term “selfonyi” includes alkylsulfonyd, alkenvisulfonyi,
alloynylsulfonyl, heteroalkylsulfonyl, beteroatkenyisulfonyl, heteroalkynyisulfonyl,
cycloalkvisudfonyl, eyeloalkenylsulfonyl, cycloheteroallyvlsnlfonyl, cyeloheteroaikenylsulfonyl,
aryisabfonyl, arvialkylsulfonyl, arvialkenvisulfonyl, arvialiomylsulfonyl, heteroarylsaifonyl,
heteroarylalloaulfonyl, heterparvialkenylsulfonyl, beteroarylalkynvisulfonyl, acyisalionyl, and
the like, each of which is optionally substituted.

Asused herein, the term “phosphinic acid or a derdvative thereof™ fncludes
P{RYO,H and salis thereof, and esters and amides thereof, where R s alkyl, slkenyl, alkynyl,
eveloallovl, cvcloatkenyl, heteroalkyl, heternalkenyl, cycloheteroaltkyl, cyolohetercalkenyl, aryl,
heteroaryl, arvlalkyd, or heteroarylalkel, each of which is optionally substituted.

As used herein, the term “phosphonic acid or a derivative theraof” meludes
POLH; and salts thereof, and esters and anddes thereof,

As uged herein, the term “hydroxviaming and dervatives thereof” mcludes
NHOH, and alkyloxyINH alkenyvioxyINH alkynyloxyiNH hetergalkyloxyiNH
heteroatkenyiox vINH heteroalkynylozyINH cveloalkyloxyiNH cyclostkenyloxyINE
cvcioheteroalkyloxyINH cycloheteroalkenvlonyiNH arvloxyINH arvialkylogyINH
arvialkenyloxyINH arvlalkynyloxyINE heteroaryioxyINH heteroarylatkyloxyINH
hetercarylalbenyloxvINH heteroarylalioynyloxyINH acyloxy, and the like, each of which is
optionally substituted.

As used herein, the term “hydrazino and derivatives thereof” includes
allcyINHNH, alkenyINENH, alkynviNHNHE, heteroalkyINHNH, heteroalkenyININH,
heteroalkynyINHNH, oycloalkyINTINIL evcloalkenyiNHNH, cyclobeteroalkyINHINTE
cyclobeteroalkeny NN, arvINENY, srylaliyINHNH, arviallkenyINHNH, arvialioynyINHNE,
heteroaryiNHNH, hetercarylalkyDNHNH, heteroarylalkenylNHNH, heteroarylalkynyINHNIL
acyiNHNMH, snd the like, sach of which is optionally substitated.

The ternt “optionally substitated” as used herein inclades the replacerment of
hydrogen atorns with other functional groups on the radical that is optionally substituted. Such
other fonctional groups lustratively include, but are not Hmited to, amino, hydroxyl, halo,
thiol, alkyl, haloalkyl, heteroalkyl, aryl, arylabiyl, arytheteroalkyl, heteroaryl, beterarylalkyl,
heteroarvihateroalioyl, nitro, sulforie soids and derivatives thereof, carboxylic acids and
dertvatives thersof, and the like. Hlusiratively, any of amine, hvdroxyl, thiol, alkyl, haloalioyl,
hetercalkovl, arvl, arvlaliyl, arviheteroalkyl, hoteroaryl, heteroarylalkyl, heteroarylheteroalkyl,

and/or sulfonic acld is optionally substituted.
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Ag used herein, the tering "opticnally substituied aryl” and "optionally
substituted hetercary!" include the replacement of hydropen atoms with other finctional groups
on the aryl or hetereary! that i optionally substituted. Such other fonctional groups
Husiratively inchade, but are not Huited o, amino, hydroxy, halo, thio, alkyl, haloalkyl,
heteroalkyl, aryl, arvialkyl, arvibeteroatkyd, heteroaryl, hetercarylalkyl, heteroarytheteroaliov,
witro, sulfonic acids and derivatives thereof, carboxylic acids and derivatives thereof, and the
Hke. Hlusteatively, any of angno, hydroxy, thic, allod, haloalkoyl, hetevoalkyl, aryl, arylalkyl,
arvihetercalkyl, heteroaryl, heteroaryialkyl, heteroarytheteroalkyl, and/or sulfonic acid is
pptionally subsiitated.

Tustrative substituents include, butare not lmited to, 2 radical « CHy L2,

whera x ig an inleger fom {6 and 2=

is selected from halogen, liydroxy, atkanoyloxy,
ncluding C1-Ce alkanoyloxy, optionally substituted arovioxy, alkyl, ineluding Ci-Ce alkyl,
alkoxy, meluding C-Cs alkoxy, cycloalkyl, including €5-Cy cyeloalkyl, sycloalkoxy, including
C-U cyeloalkoxy, alkenyl, including C2-Cy alkenyl, alkynyl, including Co-Cs alkynyl,
haloalkyl, inchuding C;-Cy haloalkyl, haloalkoxy, inchuding C-C haloalkoxy, hatseycloalkyl,
including C3-Cy halooyeloalkyl, halocycloalkoxy, including Cs-Cy halocycloalkoxy, arming, Cr-
s alkyvlaming, {C-Cs alkylNC-Cy alkyljamine, sliyloarbonylamino, N-(C-C
alkyf:)aﬂ@ic:arbﬁnylamino, arincalkyl, Ci-Ce alkylaminealioyl, (U-Cy alkyl{Ci-Cs
allyDaminoalkyl, alkvicarbonylaminoalloyl, N-{C-Cy alkyDalkylearbonylaminoalloyl, eyano,
and nifro; or Z™ 15 selected fron CHRY and -CONR® R°, where RY R®, and R® are cuch
independently selected In oach occurrence from hydrogen, C-Cs alkyl, aryl-Ci-Cy alkyl, and
heteroaryl-C-Cy alkyl

The termy “prodrug” as used herein generally refers {o any compound that when
administered to a biologien! xystem generates a biclogically active cornponnd as a result of tne
or mote spontaneaus chemical reaction(s}, snzyme-catalyzed chemical reaction(s}, and/or
metabolic chemical reaction{s), or a combination thereof. In vivo, the prodrug is typically acted
upon by an enzyme (such as esterases, smidases, phosphatases, and the bke), simple biological
cheraistry, or other process in vive to liberate or regenerate the mors pharmacelogically active
drug. This activation may occur through the action of an endogenous host cozyme Or 8 non-
endogenous enzyme that is administered to the host preceding, following, or dusing
adrinistration of the prodrug, Additional Jetails of prodrug use are described in ULE, Fat. No.
5,627,165 sod Pathalk et al., Fnzymic protecting group techuigues in orgame syvnthesis,
Stereosel, Blovatal, 775797 (2000}, It is approciated that the prodrug is advantageously
converted to the original drug as soon as the goal, such as targeted delivery, safety, stalibty,

and the like is achieved, followed by the subseguent rapid elimination of the released remaims
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of the group forming the prodrug,

Prodrugs may be propared from the compounds desceribed heveln by attaching
groups that ultimately cleave in vive to one or more functional groups present on the
compound, such as -OH-, -SH, -CO,H, -NE;, Hastrative prodrugs include but arc not limited to
carhoxylate esters where the group is alkyl, aryl, arylalkyl, beternaryl, beteroarylalkyl,
acyloxyalioyl, atkoxyearbonyloxyalkyl as well a8 esters of ydroxyl, thiol and amines where the
group attached is an acyl group, s alkoxyearbonyl, aminocarbonyl, phosphate or sulfate.
Tluatrative esters, also referred o as active esters, mchide but are not lindted to T-indanyl, M-
oxysuccintoide; acyloxyalkyl groups such as acetoxymethyl, pivaloyloxymethyl,
Racetoxyethyl, B-pivaloylenvethyl, I-{cyelvhexylearbonyloxyjprop-1-yl, (1
-aminosthylcarbonyloxymethyl, and the like; stkoxyearbonylonyalkyl groups, such as
sthosyearbonyloxymethyl, e-ethoxyvearbonyloxyathyl, B-ethoxycarbonyloxyethyl, and the hike;
dialkylaminoalkyl groups, including di-lower alkylamino alkyl groups, such as
dimethylaminomethyl, dimethylaminoethyl, dicthylaminomethyl, diethylaminosthyl, and the
tike: 2-{alkoxyearbonyl}-2-atkeny] gronps such as 2-{isobutoxyearboryd) pend-2-enyl,
2-{ethoxycarbonylThut-2-enyl, and the like; and lactone groups such as phthalidyl,
dimethoxyphthalidyl, and the Like.

Further iltustrative prodrugs contain a chemical modely, such ae an ansde or
phosphorus group functioning o increase solubility and/or stability of the compounds deseribed
fierein. Further lustrative prodrags for amino groups include, but are not limited 1o, (U
Contalkanovl; hale-(Ca-Coplatkanoyl; {(U-Canlalkenovh (Co-Urloyeloalkanoyl; (TG )
oycloalky it Co-Cisalkanoyl; optionally substituted aroyl, such as unsubstituied aroyl or aroyl
substitated by 1 to 3 substituents selected from the group consisting of halogen, cyano,
wrifluoromethanendiphonyloxy, {Cr-Calalkyl snd {C-Csjatkoxy, each of which is optionally
further substitated with ons or more of 1 {o 3 halogen atoms; optionally vubstituled aryi{(Cy-
Cetalkanoyl and optionally substituted beteroaryl{C-Chgalkanoy!, such a¢ the aryl or
hetoroaryl radical being unsubssituted or substituted by 1 to 3 substituents selected from the
group consisting of halogen, {C-Cyaliyl and (C;-Chlalkoxy, esch of which is optionally
further substituted with 1 to 3 halogen atoms; and optionally substituted beteroarylatanoyl
having one to three hetervatorns selected from O, 8 and N in the hetercaryl moiety and 2 to 10
carbon atoms in the alkanoy] mioiety, such as the heteroaryl radical being unsubstituted or
subgtituied by 1 0 3 substifuonts selected from the group cossisting of halogen, cyane,
writhuoromethancsulphomyloxy, (0-Calalkyl, and (C-Caalkoxy, sach of which is optionally
further substituted with I to 3 halogen atoms, The groups ithustrated are exemplary, not

sxhaustive, and may be propared by conventiona provesses.
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It is understood that the prodrugs themselves may not possess significant
bielogical retivity, but instead undergo one or more spontangous chemical reaction(s), enzyme-
catalyzed chemival reaction(s), and/or metabolic chemical reaction(s), or a cornbination thereof
after admimsiration I vive to produce the compound described hersin that is biologically active
ur 1s aprecursor of the bislogieally active cowopound. However, it is appreciated that in some
cases, the prodrug is biokogically active. 1t is also appreciated that prodrogs may often serves to
improve drag efficacy or safely through improved oral bicavailahility, pharmacodynamic half-
life, and the like, Prodrugs also refer o denivatives of the compounds described herein that
include groups that simply mask undesirable drug properties or improve deag delivery. For
example, ong or more compounds described herein moay ¢xhibit an undesirable property that is
advartageously blocked or mirdmized may become pharmacologicsl, pharmaceuntical, or
pharmsacokinetic barriers in clinical drug application, such as low oral drog sbsorption, lack of
site specificity, chemical insiability, toxicity, and poor patisnt acceptance {bad taste, odor, pain
at tmjection site, and the lke), and others. K is appreciaied herein that & prodrug, or other
sirategy using reversible derivatives, can be useful in the optimization of the clinical application
ofadrug

As used herein, the teym “composition” gensrally refers to any product
conyprising the specified ingredients in the specified amounts, as well as any product which
results, divectly or indirectly, from combinations of the specified ingredients i the specified
amounis. I is to be undersicod that the compositions desenibed beretn may be prepared from
isolated compounds described hereln o from salts, solutions, hydrates, solvates, and other
forms of the compounds described herein, 1t is also to be understood that the compositions may
be prepared from various amorphous, nop-amorphous, partially crystalline, crystalline, and/or
other morphological forms of the compounds deseribed herein. 1 s also W be understood that
the compositions may be prepared from various hydrates and/or solvates of the compounds
deseribed herein. Accordingly, suchk pharmaceutical compositions that recite compounds
deseribed herein are to be understood o inchude each of, or any combination of, the various
morpholegical forms and/or selvate o hydeate forms of the compounds described herein,
Tustratively, compositions may inchide one or more varriers, diluents, and/or excipients. The
sompounds described herein, or compositions eontaining therm, may be formudated ina
therapeutically effective amount in asy coweventional dosage forme appropriate for the methods
described hersin, The compounds deseribed berein, or compositions containing them, inchuding
such formulations, may be adimisistered by a wide variety of conventional routes for the
mothods described hersin, and in a wide variety of dosage formats, utilizing known procedures

{see¢ generally, Remington: The Science and Practice of Pharmoacy, (21" ed, 2005)).

3%



A

10

1%

30

Lk
Ay

29920-224628

The term “therapeutically sifective amoumt”™ as used herein, refers o that amound
of active compound or pharmacentical agent that elicits the biclogical or medicinal response in
a tissue system, animal or human that 1 being sought by a researcher, veterinarian, medival
doctor or other climician, which includes alleviation of the symptors of the dissase or disorder
being treated. In one aspect, the therapeutically effective amount 15 that which may treat or
allaviate the disease nr symptoms of the disease at 3 reasonable benefivrisk ratio applicable to
any medical reatment. However, it is to be understood that the total daily usage of the
compoimnds and compositions described herein may be decided by the attending physician
within the scope of sound medical judement. The specific therapeutically-effective dose level
for any particular pationt will depend upon a vagiety of factors, incloding the disorder beng
treated and the severity of the disorder; activity of the specific compound employed; the
specific compuosition employed; the age, body weight, general health, gender and dict ot the
patient; the time of administration, route of administration, and rate of excretion of the specific
compound employed; the duration of the treatment; drugs used 1n combination oy comenlentally
with the specific compound employed; and like factors well known to the researchet,
veterinarian, medical doctor o other chinician of ordinary skitl,

it is also.appreciated that the therapeutically offective amount, whether referring
1o monctherapy or combination therapy, is advantageously selected with reference 1o any
toxicity, or other undesirable side effect, that might occur during administration of one or more
of the compounds described herein. Further, it is appreciated that the co-therapies described
herein may allow for the admindstration of Jower doses of compounds thal show such toxicity,
or other undesirable side affect, where those lower doses are below thresholds of toxicity or
lower in the therapeutic window than would otherwise be administered in the absence of s
catherapy.

fn addition to the illusteative dosages and dosing protocols described herein, it s
to be understood that an effective amount of any one or a mixture of the compounds desertbed
herein can be readily determined by the attending dlagnostician or physician by the use of
known lechniques and/or by observing results obtained under analogous circurnstances, In
determining the effective amount or dose, a number of factors are considersd by the attending
disgnostician or physician, including, but not Hmited to the species of manumal, including
human, its size, age, nod general health, the specific discase or dizorder involved, the degiee of
or involvement or the severity of the disease or disorder, the response of the mndividual patient,
the particular compound administered, the mode of adounistration, the bicavailability
characteristics of the preparation administered, the dose regimen selectad, the use of

concomitant medication, and other relevant circumsiances.
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The dosage of sach compound of the claimed combinations depends on several
factors, including: the administration method, the condition to be treated, the severity of the
condition, whether the condition is to be reated or prevented, and the age, weight, and health of
the person to he treated. Additionally, pharmacogenomic (the effect of genotype on the
pharmacekinetic, pharmacodynamic or efficacy profile of a themapeutic) information about a
particular paticnt meay affect the dosage used.

It is 1o be understood that in the methods deseribed horein, the individual
components of a co-adminisiration, or combination can be administered by any suitable means,
contemporansously, simultanecusly, sequentially, separately or in 2 sivgle pharmaceutical
formudation. Where the co-sdministered compounds or composilions are sdministered in
soparate dosage forms, the number of dosages administered per day for each componnd may be
the same or differard, The compounds or compositions may be adoinistered via the same or
different routes of administration. The compounds or compositions may be adminisiered
according to simultaneous or alternating regimens, at the same or different trnes during the
course of the therapy, concurrently in divided or single forms.

The term “administering” as used herein inclndes all means of introdocing the
coropounds and compositions deseribed herein to the patient, including, but are not United to,
oral (po), intravenous {iv), intranmuscular {im), subcutansous {(s¢), transdermal, inhalation,
tuccal, ocular, sublingual, vagingl, recial, and the like. The compounds and compositions
described bersin may be administered n unit dosage forms and/or formulations containing
conventional nontoric pharmacsutically-sceeptable carriers, adjuvants, and/or vehicles.

Tiuatrative formats for oral administration inchude tablets, capeules, elixirs,
syrups, and the like

{lustrative routes for parenteral administration include intravenous, intraarterial,
intraperitoneal, epidurial, intrauretheal, intrasternal, intrarauscular and subcetancous, 88 well as
any other art recognized route of parenteral administration.

Hlustratively, administering includes local use, such as when administered
Iocally to the site of dissase, mjury, or defect, or to a paricular grgan or tissue systers,
Tiustrative focal admindstration may be performed during open surgery, or ather procedures
when the site of disease, injury, or defect 38 accessible. Altemnatively, local administralion roay
be performed using parenteral delivery where the vompound or compositions described herein
are deposited Tocally to the site without general distributios to pwltiple other nop-target sites in
the patient being treated. It is further appreciated that local administration may be dirgotly in
the injury site, or locally in the muwrrounding tissue. Similar vanations regarding locs] delivery

to particulsr tissue types, such as organs, and the like, are also described berein. Hlustratively,
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compounds may be administered directly fo the nervous system including, it not lmited to,
intracerebral, intraventricular, infracerchroventricular, indrathecal, intracisternal, intraspinal
andfor peri-spinal raates of administration by delivery via intracranial or intraverisbral noedies
andfor catheters with or without pump devices.

Diepeniding upon the disease as describad horein, the route of adminstration
and/or whether the compounds and/or compositions are admindstered locally or systepically, 2
wide range of permissible dosages are conternplated herein, including doses falling in the range
from about 1 ug/dke to about 1 g/ke. The dosages may be single or divided, and may
administered according to a wide variety of protocels, ncluding q.d., bid, tid., or even every
other day, once a week, once a month, oncs a guarter, and the Yike. In sach of these cases it i
anderstood that the therapsutically offoctive amounts described herein correspond o the
inctance of administration, or alternatively io the total daily, weekly, month, or quastery dose,
a5 determined by the dosing protocol.

In making the pharmaceutical compositions of the compounds described herein,
a therapeutically effective snount of one or ;e compounds in any of the various forms
deseribed herein may be mixed with one or more excipients, diluted by one or more excipients,
or enclosed within such a carrier which can be in the forro of a capsule, sachet, paper, or other
container. Excipients may serve as a diluent, and can be solid, semi-solid, or Hquid materials,
which act as a vehicle, carvier or medium for the active mgradiant, Thus, the fornalation
zompositions can be in the form of tablets, pills, powders, lozenges, sacheis, cachets, elixirs,
suspensions, enwlsions, solutions, syrups, serosols (8s a solid or in a liquid eedium},
ointments, soft snd hard gelatin capsules, suppositories, sterile injectable solutinne, and sterile
vackaged powders. The compositions may contein anywhere from about $.1% to about 52.9%
active ingredienis, depending upon the selected dose and dosage form.

The following examples further illustrate specific embodiments of the invention;
however, the following illustrative examples should vot be interpreted 1n any way to limit the
iverdion.

EXAMPLES

METHOD EXAMPLE, Cell culture. MC3IT3 El mouse osteoblast-like celis
{clone 14 — MU3T3 El-14; and no clonal eells in supplementary figures), and BAW264.7
mouse pre-osteoclast (monocyte/macrophage) colls wers caliored in oMEM containing 10%
fotal bovine senm and antibiotics (30 units/mi penicillin, and 50 pg/nd streptomycin; Lite
Techuologies, Grand Island, NY, Li8A) Cells were maintained at 37°Cl and 5% CO;n s
bumidified incubator. Cell mortality and Hve cell numbers were determined 24 hoafler the
treatment with 20 ng/md RANKL (PeproTech, Rocky Hills, NC, USA) in response te 0.1 - 20
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M sabibrinal or 1 - 26 uM guanabenz acetate (Tocris Bisscienos, Ellisville, MO, USA). Cells
were stained with ttypan blue and the sumbers of live and dead cells wire counted using @
hemacytometer.

METHOD EXAMPLE. Inhuibition of ostzoclasiogenesis of RAW264.7 cells by
salubriral. The primary aim of this study is to ovaluate the effects of salubrinal on
osteoclastogenesiz. Inresponse o 4.1 — 20 oM salubrinal for 24 b, cell mortality and live cell
nurnbers of RAW264.7 pre-osteociasts was examined. Cell montality ratio did not present
statistically significant differences in the presence and absence of RANEL (Fig. 3A) The
numher of live cells was increased by ~50% by moubation with RANKL, and administration of
10 - 20 oM salubrinal reduced the numbers approximately by 10% (g, 3B). Consistent with
the stinndatory role of RANKL, the number of TRAP-positive sudti-nocleated cells was
substantially increased by addition of RANKL. However, administration of 0.5 ub to 20 pM
salubrinal reduced the number of TRAP-positive cells in a dose dependent manner (Fig. 3C &
E39)

METHOD EXAMPLE. Inhibitory effocts of guansbenz on osteoclastogenasis of
RAW264.7 cells. To further examine a polential involvement of p-elF 2o in regulation of
osteoclastogenesis, we employed guansbenz that also acts as an inddbitor of de-phosphorylation
of elF20 was evaluated. Advunisiration of T and 3 pM guanabenz did not alter cell morialigy
and the number of live cells, although its administration at 10 and 20 uM reduced the number of
Hive cells in 24 B (Fig. 74 & 7TB). Consistent with salubrinal’s inhibitory action, guanabenz also
attenuated ostcoclastogenesis of RAWZ64.7 cells in a dose dependent manner (Fig. 70 & 7D}
Compared (o the munber of TRAP-positive mrulti-nuckeated cells of 377 £+ 39 (RANKL only),
guanabeny reduced the wumber of differentiated ostesclasts to 364 £ 38 (1 M), 28R = 51 (5
iy, 189 425 (30 aMy, and 73+ 16 (20 M)

METHOD EXAMPLE. Quantitative real-time PCR. Total RNA was exiracted
using an BENeasy Plus mini kit (Qlagen, Germantown, MD, USA). Reverse transoription wag
conducted with high capacity cDNA reverse transeription kits {Applied Biosysterns, Carlsbad,
{4, USA), and guantitative real-time PCR was performed using ARBI 7300 with Power SYBR
green PUR master mix kits (Applisd Blosystems). We gvaluated mENA levels of ATF4,
Osteocalcin (OO, NFATc, o-Fos, tartrate-resistant acid phosphatase (TRAP), and osteoclast-
associated receptor {OSCAR) with the PCR primers listed in Table 1. GAPDH was used for
internd] control. The relative mBNA asbundance for the selected genes with respect to the level
of GAPTYH mRNA was expressed as a 1atit of Spesed’Scontros WHEEE Speaed = MINA lovel for

the vells treated with chemical agents, and S.ong = RMA level for control cells [23].
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Table 1, Real-time PCR primers used in this study.

target forward primer backward primer

ATF4 5. TGGUGAGTETAAGCAGCTAGAAA -3 | - TCTTCQCCCCTTGCOTTALG <37
OUN 5. CCGOGAGCAGTGTOAGCTTA -3 51 AGOCGOTOTTCAAGCCATACT 37
NFEATc] | 5~ GOTGCTGTCTGGUCATAACTY -¥° - GUGGAAAGGTOGTATCTCAA XY
c-Fos 5 AGGCCCAGTGGUTCAGAGA -3 - CCAGTCTGCTGCATAGAAGGAA -5
TRAP - TCCTGGUTCAAAAAGCAGTT ¥ 5% ACATAGUUCACACCOTTONC WY
OSCAR | 5~ ACACACACACCTGOUALCTA -3 S GAGACCATCAAAGOCAGAGE ¥
GAPDH | - TCCACCACCAACTGCTTAG Y - GOGATGUAGGGATOGATOTTC -V

METHIOD EXAMPLE. Downregulation of NFATe] in RAW264.7 cells by
salubrinal. NFATcl is a transcription factor critical for activating osteoclastogenesis. Addition
of RANKL to the culture medium significantly induced NFATc] expression day 2 and
piaintained its elevated level on day 4 (Fig. 4). The RANKL-induced expression of NFAT:]
was reduced by adounistration of 5 - 20 uM salubrinal on both days, and the effect of
salubrinal was dose dependent (Fig. 4).

METHOD EXAMPLE. Partial suppression of mRMA levels of NFATcl, c-Fos,
TRAP, and OSCAR by salubrinal. Addition of RANKL increased the mENA levels of
NFATcl, e-Fos, TRAP, and O8CAR, and administration of 20 pM salubrisal significantly
reduced their mBENA levels, On day 2, for instance, the RANKL-driven increase was 4.4 £ 0.5
fold (NFATe), L9+ 0.1 fold (c-fos), 165 + 4.2 fold {TRAF), and 467 & 22 fold (OSCAR).
The reduction by 20 pM salubrinal was 46% (NFATel), 32% {c-fos), 35% (TRAP), and 21%
(OSCAR) (Fig. 5A). Consistent with the observed dose response, administration of salubrinal
at 0.1 - 1 uM did not contribute (o significant reduction in these mRNA levels except for
NFATel and o-fos on day 4 (Fig. 5B).

METHOD EXAMPLE. Reduction of RANKL-induced NFATcl, c-Fos, TRAP,
and OSCAR by guanabenz. The mduction of NFATcl by RANKL was suppressed by
guanabenz in & dose dependent manner (Fig. 8A). The mRNA levels of NFATcl, ¢-Fos,
TRAP, and OSCAR were also reduced by administration of 20 uM guanabenz, Lower
concontrations of guanabenz, 5 and 10 uM, were effective in reducing the levels of TRAP and
OSCAR mRNA (Fig. 8B). The tempors] exprossion profile of p-elF20 and NFATce] in
response to 20 pM puanabenz revealed that p-effZo was opregulated in 2 b and NFATcT was
partially suppressed in 8 h (Fig. 9). The normalized level of “17 was defined as the level for the
cells that were not treated with RANKL without administration of guanabenz. In the absence of
RANKL administration, however, either salibrinal or guanabenz did net significantly alter cell
mortality and expression of NFATe1 and TRAP (Supplementary Fig. 54).

METHOD EXAMPLE. Western Immunoblotting, Cells were lysedina
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radicimmunoprecipitation assay (RIPA) buffer containing protease inhibitors (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and phosphatase inhibitors (Calbiochem, Billerica, MA,
USAJ. Isolated proteins were fractionated using 10-15% SDS gels and clectro-transferred to
Inmobilon-P membranes (Millipore, Billerica, MA, USA}. The membrane was incubated for 1
h with primary antibodies followed by 45 min incubation with goat anti-rabbit or anti-mouse
T2 conjugated with horseradish peroxidase {Cell Signaling, Danvers, M4, USA). We used
antibodies against ATF4, NFATel (Sunta Cruz), p-eIF2o {Thermo Scientific, Waltham, MA,
USA), elF 2, caspase 3, cleaved caspase 3, p38 and p-p3% mitogen activated protein kinase
(NFB) p65 and p-NFxR p635 (Cell Signaling), and B-actin {Sigma}. Protein levels were
assayed using a SuperSignal west fernto maximum sonsiivity substrate {Thermo Scientific),
and signal intensities were quaniified with a luminescent mmage analyzer (LAS-3000, Fujt Film,
Tokyo, Japan).

METHOD EXAMPLE. Temporal profile of p-efFf2¢ and NFATel. The
temporal expression profile revealed that addition of RANKL transiently reduced the
phosphorylation level of elF2¢ (2 - 8 b) and elevated NFATel by 13,44 3.2 fold 24 h) (Fig.
). This induction of NFATcl was partially suppressed by salubrinal with an increase in the
level of p-elF2a. In the early period (2 - 4 b), admindstration of 20 4M salubrinal increased the
Jevel of p-eTF2o but did not alter the level of NFATcl. In the later period (8 - 24 b), however,
the lovel of NFATe was significanily reduced by 48% (8 b and 44% (24 h). Administration
of 20 uM salubrinal did not significantly alter the phosphorylation level of ERK, p38 MAPK,
and NFkB (Fig. 6). Notc that the normalized lovel of “17 in Fig. 6C was defined as the level for
the celis that were not treated with RANKY. without adminisiration of guanabenz.

METHOD EXAMPLE. Knockdown of ATF4 and elF 20 by siRNA. Cells were
treated with siRNA specific to ATF4 and eIF2o (Life Yechnologies). Selected target sequences
for knockdown of ATF4 and eIF 2o were: ATF4, 57- GCU GCU UAC AUU ACU CUA AS37
and elf2a, 5°-C0G UCA AAA UUC GAG CAG A3, As a nonspecific confrol, a negative
SiRNA (Silencer Select #1, Life Technologies) was used. Cells were transiently transfected
with siRNA for ATF4, elF2¢ or control in Opii-MEM [ medium with Lipofectamine
RNAIMAX (Life Technalogies). Six hours later, the medium was replaced by regular culture
mediumn. The efficiency of silencing was assessed with immunoblotting or quantitative PCR 48
h afier transfection.

METHOD EXAMPLE. ATF4-medisted elevation of osteccalein mBENA in

MO3IT3 E1-14 cella, Salubrinal is an inhibitor of de-phosphoryviation of elF 2o Admimistration
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of § uM safubrinal to MU3T3 E1-14 cells elevated phosphoryiation of ¢lF2g, followed by an
increase in ATV expression (Fig. 2A). Purthermore, the level of esteocalein mBMA was
increased 3.3 £ 0.5 fuld (24 b) and 3.3 £ 0.3 fold (32 h) (Fig. 2B). When expression of ATF4
was significantly reduced by ENA interference (Fig. 2C & 2D, however, salubrinal-driven
elovation of the osteocalein mRBNA level was suppressed (Fig. 28} Mon~clonal M{O3T3 El
cells also presented elevation of p¢TF20 and ATF4, together with an increase in the mRNA
levels of ATE4 and osteccalein (Supplementary Fig. 82). Tn addition, administration of
puanabenz to MC3T3 El-14 elevated the mRINA level of osicocalcin in a dose dependent
manner, consistent with an mcrease in p-elF2o and ATF4 (Supplementary Fig. 83}

METHOD EXAMPLE. Reduction in salubrinal/guanabenz-driven suppression
of NFATe] exprassion by RNA interference for elf2an To evabuate the effects of elF2g on the
expression level of NFATe1, RNA interferance specific for eIF2¢ together with a non-specific
contral (NC) was used (Fig. 10). In response to 20 pM salubrinal, RAWI64.7 cells transfected
with the control siRNA demonsirated a reduction of NFATc] by 56%,. However, the
expression of NFATel was reduced only by 209% in the cells tearsfected with sIF2¢ siRNA.
Purthesmore, 2 M guanabenz decreased the level of NFATCE by 43% in the cells transfected
with the contre! sStRNA but the transfection of elF2o siRNA gbolished the suppressive ¢ffectof
guanabenz. The phosphoryiation level of NFxE was not significantly altered by transfection
with elF2o siRMA,

METHOD EXAMPLE. Mineralization assay. Mingralization of extracellular
matrix was assayed by Alizarin Red 8 staining. MC3T3-E] cells were plated in 6-well plates.
When cells were confluent, 50 pg/ml of ascorbic acid (Wako Chemicals, Richmond, VA, USA)
and 5 M B-glycerophosphate (Sigma) were added. The medium was changed every other day,
and staining was conducted after 3 week. Cells were washed with PHS twice and fixed with
60% tsopropanocl for 1 min at room temperaturs, followed by rehydration with distiled water
for 3 min at room temperatire. They were stained with 1% Alizarin red 8 (Sigma} for 3 nuin and
washed with distilled water.

METHOD EXAMPLE. Enhanced mineralization of MU3T3 Ef-14 cells by
sabubrinal. Prior to examining the sffects of salubrinal on osteoclastogenesis, iis effects on
development of osteoblasts was tested, focusing on vell viability, phosphorylation of el {p-
elF 2}, oxpression of ATF4 and osteocalein, and malrix mineralization. Administration of 5 —
20 uM salubrinal to MCIT3 E1-14 cells did not increase coll mortality or inhibit cell
profiferation (Fig. 1A}, Unlike appHcation of 10 oM thapsigargin, which is & siress inducer 1o

the endoplasmic reticuhm that elevates p-olF20, moubation with 10 uM salubrinal for 24 h did
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not elevate the expression level of cleaved caspase 3 (Fig. 1B). After 3-weeak incubation in an
psteogenic medinm, Alizarin red 8 staining area showed that salubrinal enhanced
mineralizasion of MiZ3T3 El1-14 cells in a dose dependent manner (Fig. 1C). The eahanced
mineralization was alse ohserved in nog-clonal MU3T3 E1 cells (Supplementary Fig, 813

METHOD EXAMPLE. Osteoclastogenesis in vifro and TRAP (Tartrate-
rexistant acid phosphatase} staining. BAW264.7 cells were plated at a density of 5 107 ey
into s 12-well or 8 60 mom dish, end cultured with 20 ng/md RANEKL in the presence and
absence of salobrinal or guanabenz. The culture medium was veplaced every 2 days. After 3
days of culture, the cells were stained for TRAP staining nsing an acid phosphatase leukocyte
kit {Sigroa). The number of TRAP-positive cells containing three or more nuclei was
determined.

METHOT EXAMPLE. Statistical analysis. Three or four-independent
experiments were conducted and data were expressed as mean £ 8.0, For comparison among
multiple samples, ANOVA followed by post hoc tests was conducted. Statistical significance
was evahmated at p < 0.05, The single and double asterisks and daggers indicate p <005 and p
<001, To determine intansities in immunoblotting and areas of Alizarin red 8 stalping, images
were scanmed with Adobe Fhotoshop 082 (Adobe Systems, San Jose, CA, USA) and quantified
using Image L
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WHAT IS CLAMED 18!

i. A method for treating sateoporosis, fracture, or a bone defoct in 2 host
anirnal, the method comprising the step of admindsiering to the host animal 1 therapeutivally
effective wmount of one or more compounds capable of selctively inhibiting de-
phosphorylation of efF 20 where the amount {8 capable of (a) stimulating matrix deposition of
neteohlasts, (b) upregulating activating transcription factor 4 (ATFA), (¢} reducing expression of
nuclear factor of activated T cells ¢l (NFATeL), (4) inbibiting differentiation of RAWIS4.7
cetis to mulii-mucleated osteoclasts, {€) stinuilating ostecblastogenesis; or {f} inhibiting
osteosiasiopencsis; or a combination of the foregoing, or a pharmaceutically aceepiable
composiiion comprising the one of more compounds.

2. The method claim § wherein at least one compound is of the formuls

1 Rfs RE

| | R} .
N M N R?
gt o \W/ \\%/ \ﬂf’“’
X R ¥

or a pharmaceutically sceeptable salt thereof, wherein:

XisOor&;

YisDors;

R is allyl, eveloalioyl, atkenyl, cycloalienyl, aryl, or heteroaryl, each of which
is optionally substified;

R is alkyl, eyeloalkyl, alkenyl, cycloalkenyl, arvl, heteroaryl, sycloatkylalkyl,
cycloalkenvialkyl, arvialkyl, betorosrylalkyl, eycloalkylalkenyl, eycloalkenylalkenyl,
arvialkenyl, or beteroarvialkenyl, sach of which is optionally substituted;

R? 15 optionally substituted atkyl;

R" is H or optionally substituted -0 alkyly

R% RY and R® are sach independently selected from the group consisting of 1,
optionally substitated C-Cg alkyl, acyl, ot a prodrug capable of releasing the attached nilrogen

i1 vivo.

3 The method claim § or 2 whereln at least one compound is of the fornwla
e
R A
N N\\%/N RE
YT
X R® Y

ora pharmacentically acceptable salt thereof, whereim:

XiaaQors;
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YisUors

R is alkyl, cycloalkyl, atkenyl, cycloalkenyl, aryl, or heteroary), each of which
iz optionally substituied;

&Y s alkeyd, ovcloatkyl, alkenyl, cyeloalkenyl, ary, heteroaryl, cycloalkylalkyl,
eyeloalkenvialkyl, arvialkyl, heteroarylalkyl, oyeloallylatkenyl, eycloalkenylalkenyd,
arylalkenyl, or heteroarvialkenyl, each of which is optionaily substituted;

R i nptionally substituted alkyl;

R® is H or optionatly substituted Cp-C alkyl;

RS RS, and R° are each independently selected from the group consisting of H,
optionatly substituted C-Cq alkyl, acyl, or 2 prodrug capable of releasing the attached nitrogen
in vivo,

or g composition thereo! further comprising one or more carmers, difuents, or
excipients, or a coonbination thereod.

4. The method of any one of the preceding claims wherelsn af Jeast one

compound i of the formuls

;‘{C -3 2

R )
E PORY |
M A N B*
R o Y \%/ Y’
X R® Y

or a pharnaceutically acceptable salt thercof, wherein:

XisCGor§;

Yois Qorhy;

R} s alkyl, cycloaikyl, alkenyl, eycloalkenyl, aryl, or heteroaryl, each of which
is opionally substituted;

R* 18 allol, eveloalind, alkenyl, cycloalkenyl, aryl, hetercaryl, cycloalkylallyl,
cycloatkenylalkyl, arvialiyl, heteroarvialkyl, cycloalkylalienyl, cyeloalkenylalkenyl,
arylalkenyl, or heteroarylalkenyl, each of which is ophionally substihuted,

R* is optionally substituted atkyl;

R is H or optionally substituted T)-Cq alkyl;

R°, RY, and R® are sach independently selected from: the group consisting of 1Y,
optionally substitated C-C allyl, acyl, or a prodmg capable of releasing the attached nitrogen
m vive.

5. The method of any one of the preceding claims wherein R'is alkyl, arvi,
or heteroaryl, each of which is optionally substituted.

6. The method of any one of the preceding clatins wherein ’is arvl or
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heteroaryl, each of which is optionally subsiituted.

7. The methiod of any one of the preceding claims whersin R* is alkenyl,
hetercaryl, cveloalkylalkyl, cyeloalkenylalioyl, arvialkyl, heteroarvlalkyl, cycloalkylalkenyl,

cycloatkenviatkenyl, arvialkenyl, or betervarylalkenyl, sach of which is optionally substituted.
3. The method of any one of the preceding claims wherein R is alkenyl,
eyelalkylalkyl, cyvcloalkenyvialiyd, arviathkyl, heteroarylalkyl, eyeloalkylathenyl,
oyeloatkenylalkenyl, srvlalkenyl, or hetercarylalkenyl, sach of which is optionally substitited.
& The method of any one of the preceding claimg wherein at least one
compound Is a compournd of the formula

RE R e

| L o
Pt N \W’ N \+ XN\[(/C{A}:C(B-}nmb
X e ¥

of 3 pharmacentically acceptable salt theveof, wheresin

X and ¥ are independently O o 5;

Artand Af® are independently aryi or hetercaryl, each of which is optionally
ub

=

tituted;

)
$
V£

R” iz optionally substituted alkyk

R¥isHor optionsily substitated C-C alkyl;

1%, RY, and R are each independently selected from the group consisting of H,
optionally substituted C-Cs atkyl, acyl, and 2 prodrug capable of releasing the attached
nitrogen in vive to form the corresponding H or salt derivative thereof]

and A and B are independently H, or optioually substituted C-C5 alkyl

10, The method of claim 9 whersin the aryl is a bicyclic aryl

i1, The method of claim 9 or M wherein the beteroaryl is g bioyehic
heteroaryl.

12, The method of any one of claims 9 1o 11 wherein the aryl or heteroaryl s
optionally substituted with one or more substituents selected from the group consisting of halo,
nitrile, or optionally substituted O~Cy alioyl, £,-Cs alkoxy, ©1-Cq baloalkyl, C5-Cg haloalkoxy,

aryl, arylony, heterocyelyl, heterocyelylony, fused arvl, and fused heterocyelyl.

13, The method of any one of claims § to 12 whersin the alkenyl has an B
SEOMEry.
14, The method of any one of the preceding claims wherein at least one

compound is of the formula
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H 5! H . 5
,&‘rﬁ/JNw’JN\E/’N\Er&\\\K\Qf‘A{
X R Y
ora pharmaceutically acceptable salt thereof, wherein,

XisOors;

Yisor s

Ar® and Ar® are independently aryl or heteroaryl, sach of which i3 optionally
gubstituted: and

12 15 optionally substituted alkyl.

15, Themethod of claim 14 wherein the arylis 2 buwyelio aryl

16, The method of cladn 14 or 15 whersin Ar® is a bloyclic heteroaryl,

17.  The method of any one of claims 14 to 16 wherein the aryl or heteroaryl
iz optionally substituted with one or more substitoents selected from the group consisting of
halo, nitrile, or optionally substinted C-Cg alkyl, Ci-Cs alkoxy, O5-Cs haloalkyl, Ci-Ce
haloalkoxy, arvl, arvioxy, hetersovelyl, heterocyelyioxy, fosed aryl, and fused beferocyciyl,

18, The method of any one of claires 14 to 17 wherein R is haloalkyl.

19, The method of any one of claims 14 to 18 wheorsin R” i3 not
trifluoromethyl.

20.  The roethod of any one of claims 14 10 19 whereln R® is haloalkyl, where
halo is selected from the group consisting of chlore and bromo, and combinations thereot,

1. The method of any one of claims 14 to 20 wherein R, RY and R® are
cach independently selected from the group cousisting of H, optienally substituted C;-Cs alkyl,
and acvl.

22, The method of any one of the preceding claims wherein at least onn
compound is salubrinal, or an analog of a derivative thereof, or a pharmaceutically acceptable
sali of the forggoing,

23, The method of any one of the preceding claims wherein at least one
compound is of the formuls

o

X NRy
or a pharmaceutically acceptable salt thereof, wherein

X represents five substituents each independently selected from hydrogen, halo,
tydroxy sad derivatives thereof, amino and derivatives thereof, thio and derivatives thereot,
carboxviate or a derivative thereof, sulfinyl or a decivative thereof, sulfonyl or a derivative

thereof, phosphinyl or a derivative thereof, or phosphonyl or a derivative thereof, or alkyl,

~
fo=

143
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alkenvl, allyayl, oyeloalkyl, sycloalkenyl, heteroalioyl, heteroalkenyl, cycloheteroulky,
cyelobeteroalkenyl, arvl, heteroaryl, arvialkyl, or hetercaryialkyl, sach of which is optionally
substituted; and

R is independently selected in gach instance from hydrogen, ydroxy and
derivatives thereof, amino and derivatives thereof, carboxyiate and devivatives therect, sulfonyt
and derivatives therent, and alkyl, alkenyl, alloymyl, eyeloalioyl, cycloatkenyl, beteroalkyl,
hetercalkenyl, cyeloheteroalkyl, cyeloheteroalkenyl, aryl, hetercaryl, arvlalkyl, and
heteroarylalkyl, cach of which is optionally substituted, and nitrogen prodng forming groups.

24, The method of claim 23 wherein af least one X 13 hale, such as chilore,

25 The method of clainy 23 wherein at least one X is optionally substituled
alkyl, such as methyl or rifluoromethyl.

36 The method of claim 23 wherein at least one X s optionally substituted
alkoxy, such as methoxy or triflsoromethoxy.

27, Themethod of any one of the preceding claivs wherein af least one

compound is of the formula

A
",/.,\:\\ j"'\\}N,N‘:}?/-NRQ
N E;é £
g K i"22

or a pharmaceutically acceptable salt thereof

28.  The method of claim 27 wherein gach X is halo.

29, The method of claim 27 wherein each X is chloro,

30.  The method of any one of claims 27 to 29 wherein each R is hydrogen

311, The method of any one of claims 27 to 30 wherein af least one compound
is puanabenz or s pharmacentically acceptable salt thereof.

32, The method of any one of the preceding claims wherein the composition
further comnprises one or wore carriers, diluents, or excipients, or 3 combination thereof.

33 The method of any one of the preceding claims whersin the host anmimal

15 2 human,

~38 -
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ABSTRACT

Described horein are methods for treating bone diseases or defects. The methods
inciude administering o a host animal therapeutically effective amounts of one or more

compounds that are selective inhibitors of dephosphorviation of elF2a.



Appendix 2
Principal Component Analysis of the Regulation of Osteoclastogenesis by Salubrinal and Guanabenz
Andy B. Chen', Kazunori Hamamura®, Nancy Tanjung”, and Hiroki Yokota®

'Weldon School of Biomedical Engineering, Purdue University, West Lafayette, IN 47907, USA
*Department of Biomedical Engineering, Indiana University Purdue University Indianapolis,
Indianapolis, IN 46202, USA

Introduction: Osteoporosis is a common debilitating disease that causes bone loss. Salubrinal and guanabenz,
new potential therapeutic agents for treating osteoporosis, have attracted attention since they not only activate
bone-forming osteoblasts but also suppress bone-resorbing osteoclasts [1]. They are known to elevate ATF4, one
of the known transcription factors for bone formation. However, the mechanism of their action on bone
resorption is not fully understood. Focusing on regulation of NFATc1, a master transcription factor of osteoclast
development, we analyzed the genome-wide expression data and predicted potential mediators of salubrinal and
guanabenz on bone resorption.

Materials and Methods: Principal component analysis (PCA) was conducted [2] using two sets of genome-wide
mRNA expression profiles with RAW264.7 mouse pre-osteoclast cells (Figure 1). In the first set (4 groups), cells
were treated with placebo, RANKL (stimulator of osteoclastogenesis), salubrinal with RANKL, or guanabenz
with RANKL. In the second set (4 groups), cells were treated with control siRNA or NFATc1 siRNA in the
presence and absence of RANKL. First, we applied PCA and selected genes that were apparently not regulated
by NFATc1, through a comparison between

the control and NFATc1 siRNA samples in A NFATc1 siRNA B Salubrinal Guanabenz
the presence of RANKL. The genes in the < @ SR I

10" percentile of NFATc1 siRNA-dependent el S el
expression, whose components in the first i PN .

principal axis (PC1) were smaller than P RNA S

others, were chosen. For those genes, we L *RANKL g _ 2
applied PCA for identifying genes S [+RANKL °l & 3 salubrinal &
responsive to salubrinal and guanabenz. <] o S st
Responsiveness was evaluated based on the ' SRz ‘| @ RANKL
components in the first principal axis, which S R - » L
clustered the samples by the degree of 04 02 00 0o o4 < 04 02 00 on

osteoclastogenesis. In determining PC1 (sIRNA effect)
responsiveness, we considered statistical
significance (root mean squared combined

PC1 (effect on osteoclastogenesis)

Figure 1. PCA on two data sets. (A) PC1 (first principal axis for

. siRNA) and PC2 (second principal axis) sort the samples based on
p-values) among the samples with and the effects of NFATc1 siRNA. (B) PC1 for Sal/Gu clusters 4 sets of
without salubrinal or guanabenz treatment.  samples along the predicted axis of osteoclastogenesis.

Results and Discussion: PCA predicted that Serinc2, Rdx, and Antxr2 are potential activators of RANKL-
mediated osteoclastogenesis, whereas Arl11, Zfyve21, and Pcdhb10 are potential inhibitors of RANKL-mediated
osteoclastogenesis. These genes were identified to be regulated by salubrinal and guanabenz, but unaffected by
the silencing of NFATc].

Conclusions: In this study, we used PCA to predict potential regulators of salubrinal’s and guanabenz’s action on
RANKL-mediated osteoclastogenesis. The predicted genes are upstream of NFATc1 or unrelated to NFATc].
Further validation of these candidates will be required in order to confirm their activity in regulating osteoclasts.
The elucidation of these mechanisms will refine our understanding of osteoclastogenesis and may help direct
future targets for drug treatment.

References:
[1] Hamamura, K, et al. ] Bone Miner Metab, 2013, vol. 31, pp. 618-628.
[2] Raychaudhuri, S, et al. Pac Symp Biocomput, 2000, vol. 5, pp. 455-466.
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Abstract In response to various stresses including viral
infection, nutrient deprivation, and stress to the endoplas-
mic reticulum, eukaryotic translation initiation factor 2
alpha (elF2a) is phosphorylated to cope with stress induced
apoptosis. Although bone cells are sensitive to environ-
mental stresses that alter the phosphorylation level of
elF2a, little is known about the role of elF2o mediated
signaling during the development of bone-resorbing
osteoclasts. Using two chemical agents (salubrinal and
guanabenz) that selectively inhibit de-phosphorylation of
elF2a, we evaluated the effects of phosphorylation of
elF2a on osteoclastogenesis of RAW264.7 pre-osteoclasts
as well as development of MC3T3 E1 osteoblast-like cells.
The result showed that salubrinal and guanabenz stimu-
lated matrix deposition of osteoblasts through upregulation
of activating transcription factor 4 (ATF4). The result also
revealed that these agents reduced expression of the
nuclear factor of activated T cells c1 (NFATcl) and
inhibited differentiation of RAW264.7 cells to multi-
nucleated osteoclasts. Partial silencing of elF2a with RNA
interference reduced suppression of salubrinal/guanabenz-
driven downregulation of NFATcl. Collectively, we
demonstrated that the elevated phosphorylation level of
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article (doi:10.1007/s00774-013-0450-0) contains supplementary
material, which is available to authorized users.
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elF2a not only stimulates osteoblastogenesis but also
inhibit osteoclastogenesis through regulation of ATF4 and
NFATc1. The results suggest that e[F2a-mediated signal-
ing might provide a novel therapeutic target for preventing
bone loss in osteoporosis.

Keywords Osteoclasts - Salubrinal - Guanabenz - elF2q -
NFATcl
Introduction

Osteoblasts and osteoclasts are the two major types of bone
cells in bone remodeling. Osteoblasts are bone-forming
cells originated from mesenchymal stem cells, while
osteoclasts are bone-resorbing cells derived from hemato-
poietic stem cells. These two types of cells orchestrate a
complex remodeling process, in which mineralized bone
matrix is degraded by osteoclasts and newly formed by
osteoblasts [1, 2]. In order to maintain proper bone mass,
exercise and calcium rich diets are recommended. How-
ever, a failure of the coordinated action such as in osteo-
porosis, which is a common form of bone loss prevailing
among postmenopausal women, increases risk of bone
fracture [3]. In order to develop therapeutic drugs for
treatment of osteoporosis, an understanding of signaling
pathways that govern osteoclastogenesis—development of
pre-osteoclasts (monocyte/macrophage) to multi-nucleated
osteoclasts—is required. In this paper, we examined a
signaling pathway for osteoclastogenesis that is mediated
by eukaryotic translation initiation factor 2 alpha (elF2a).

A protein complex, elF2, is a heterotrimer essential for
protein synthesis, and elF2a is one of its major components
together with elF2[3 and elF2y [4]. In response to various
stresses such as oxidation, radiation, and stress to the
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endoplasmic reticulum that potentially lead to cellular
apoptosis, a serine residue of eIF2a is phosphorylated. This
action would initiate a pro-survival program by lowering
general translation efficiency except for a group of genes
that includes activating transcription factor 4 (ATF4) [5].
The ATF4 is a transcription factor critical for osteoblas-
togenesis and bone formation [6]. In osteoblasts elevation
of phosphorylated elF2a (p-elF2a) is reported to stimulate
the expression of ATF4 [7, 8]. Little is known, however,
about potential effects of p-elF2o on development of
osteoclasts.

Herein we addressed a question: Does elevation of
p-elF2a alter cellular fates of pre-osteoclasts? Osteoblasts
and osteoclasts extensively interact through molecular
pathways including RANK (receptor activator of nuclear
factor kappa-B)/RANKL (RANK ligand)/OPG (osteopro-
tegerin) signaling [9, 10] and Wnt signaling [11]. There-
fore, osteoclastogenesis is potentially regulated by
signaling molecules that also affect osteoblastogenesis.
Furthermore, osteoclastogenesis is influenced by various
stresses such as estrogen deficiency and disuse or unload-
ing [12]. Since elevation of p-elF2a can provide stress-
relieving effects on osteoblasts, we hypothesized that ele-
vation of p-elF2a suppresses differentiation of pre-osteo-
clasts to multi-nucleated osteoclasts.

In this study, we employed two chemical agents (sa-
lubrinal and guanabenz) and examined the effects of ele-
vated p-elF20 on osteoclastogenesis. These two agents
selectively inhibit de-phosphorylation of p-elF2a by
interacting with protein phosphatase 1, PP1 [13, 14]. The
signaling pathway, mediated by elF2a, is not directly
linked to known agents for osteoclastogenesis such as
calcium binding agents and RANKL. Currently, the most
common medications, prescribed for preventing bone loss
in patients with osteoporosis, are bisphosphonates. Bis-
phosphonates preferentially bind to calcium in bone and
induce apoptosis of osteoclasts [15]. Other medications
using neutralizing antibodies targeted to RANKL would
block osteoclastogenesis by mimicking OPG’s binding to
RANKL [16]. The RANKL is a cytokine belonging to the
tumor necrosis factor family, and is involved in T cell-
dependent immune responses as well as differentiation and
activation of osteoclasts [9, 10]. To our knowledge, no
therapeutic agents for osteoporosis have been targeted to
elF2a-mediated signaling.

We employed MC3T3 E1 osteoblast-like cells [17] and
RAW264.7 cells [18] to evaluate osteoblastogenesis and
osteoclastogenesis, respectively. In the presence and
absence of salubrinal and guanabenz, MC3T3 E1 cells
were cultured in an osteogenic medium for evaluation of
matrix deposition, while RAW264.7 cells were cultured in
an osteoclast differentiation medium for evaluation of
multi-nucleation. Alizarin Red S staining was performed to

evaluate osteoblast mineralization for MC3T3 E1 cells, and
TRAP staining was conducted to determine multi-nucle-
ated osteoclasts proliferation for RAW264.7 cells. To
analyze molecular signaling pathways, quantitative real-
time PCR and Western blot analysis were conducted. The
mRNA levels of ATF4, osteocalcin, c-Fos [19], tartrate-
resistant acid phosphatase (TRAP) [20], and osteoclast-
associated receptor (OSCAR) [21] were determined. The
protein expression levels of elF2a, ATF4, and nuclear
factor of activated T cells c1 (NFATcl) [22] were also
determined. The NFATc] is a transcription factor, which is
critically important for development and activation of
osteoclasts in response to RANKL. The RNA interference
using siRNA specific to ATF4 and eIlF2a was conducted to
evaluate the role of ATF4 in osteoblastogenesis and elF2a
in osteoclastogenesis.

Materials and methods
Cell culture

The MC3T3 E1 mouse osteoblast-like cells (clone 14—
MC3T3 El1-14; and no clonal cells in supplementary fig-
ures), and RAW264.7 mouse pre-osteoclast (monocyte/
macrophage) cells were cultured in «MEM containing
10 % fetal bovine serum and antibiotics (50 U/ml peni-
cillin, and 50 pg/ml streptomycin; Life Technologies,
Grand Island, NY, USA). Cells were maintained at 37 °C
and 5 % CO, in a humidified incubator. Cell mortality and
live cell numbers were determined 24 h after the treatment
with 20 ng/ml RANKL (PeproTech, Rocky Hills, NC,
USA) in response to 0.1-20 uM salubrinal or 1-20 uM
guanabenz acetate (Tocris Bioscience, Ellisville, MO,
USA). Cells were stained with trypan blue and the num-
bers of live and dead cells were counted using a
hemacytometer.

Quantitative real-time PCR

Total RNA was extracted using an RNeasy Plus mini kit
(Qiagen, Germantown, MD, USA). Reverse transcription
was conducted with high capacity cDNA reverse tran-
scription kits (Applied Biosystems, Carlsbad, CA, USA),
and quantitative real-time PCR was performed using ABI
7500 with Power SYBR green PCR master mix Kkits
(Applied Biosystems). We evaluated mRNA levels of
ATF4, Osteocalcin (OCN), NFATcl, c-Fos, tartrate-
resistant acid phosphatase (TRAP), and osteoclast-
associated receptor (OSCAR) with the PCR primers listed
in Table 1. The GAPDH was used for internal control. The
relative mRNA abundance for the selected genes with
respect to the level of GAPDH mRNA was expressed as a
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Table 1 Real-time PCR

. . . Target
primers used in this study £

Forward primer

Backward primer

ATF4
OCN
NFATc1
c-Fos
TRAP
OSCAR
GAPDH

5-TGGCGAGTGTAAGGAGCTAGAAA-3’
5'-CCGGGAGCAGTGTGAGCTTA-3'
5'-GGTGCTGTCTGGCCATAACT-3’
5'-AGGCCCAGTGGCTCAGAGA-3’
5'-TCCTGGCTCAAAAAGCAGTT-3'
5'-ACACACACACCTGGCACCTA-3'
5'-TGCACCACCAACTGCTTAG-3'

5'-TCTTCCCCCTTGCCTTACG-3'
5'-AGGCGGTCTTCAAGCCATACT-3'
5'-GCGGAAAGGTGGTATCTCAA-3'
5'-CCAGTCTGCTGCATAGAAGGAA-3'
5'-ACATAGCCCACACCGTTCTC-3'
5'-GAGACCATCAAAGGCAGAGC-3'
5'-GGATGCAGGGATGATGTTC-3’

ratio of Syeated/Scontrol, Where Sieated 18 the mRNA level for
the cells treated with chemical agents, and S.onwo iS the
mRNA level for control cells [23].

Western immunoblotting

Cells were lysed in a radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitors (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and phosphatase
inhibitors (Calbiochem, Billerica, MA, USA). Isolated
proteins were fractionated using 10-15 % SDS gels and
electro-transferred to Immobilon-P membranes (Millipore,
Billerica, MA, USA). The membrane was incubated for 1 h
with primary antibodies followed by 45 min incubation
with goat anti-rabbit or anti-mouse IgG conjugated with
horseradish peroxidase (Cell Signaling, Danvers, MA,
USA). We used antibodies against ATF4, NFATcl (Santa
Cruz), p-elF2a (Thermo Scientific, Waltham, MA, USA),
elF2a, caspase 3, cleaved caspase 3, p38 and p-p38 mito-
gen activated protein kinase (MAPK), extracellular signal-
regulated kinase (ERK) and p-ERK, nuclear factor kappa B
(NFxB) p65 and p-NF«B p65 (Cell Signaling), and B-actin
(Sigma). Protein levels were assayed using a SuperSignal
west femto maximum sensitivity substrate (Thermo Sci-
entific), and signal intensities were quantified with a
luminescent image analyzer (LAS-3000, Fuji Film, Tokyo,
Japan).

Knockdown of ATF4 and elF2a by siRNA

Cells were treated with siRNA specific to ATF4 and elF2a
(Life Technologies). Selected target sequences for knock-
down of ATF4 and elF2a were: ATF4, 5'-GCU GCU UAC
AUU ACU CUA A-3; and elF2a, 5-CGG UCA AAA
UUC GAG CAG A-3'. As a nonspecific control, a negative
siRNA (Silencer Select #1, Life Technologies) was used.
Cells were transiently transfected with siRNA for ATF4,
elF2a or control in Opti-MEM I medium with Lipofect-
amine RNAiIMAX (Life Technologies). Six hours later, the
medium was replaced by regular culture medium. The
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efficiency of silencing was assessed with immunoblotting
or quantitative PCR 48 h after transfection.

Mineralization assay

Mineralization of extracellular matrix was assayed by
Alizarin Red S staining. The MC3T3-E1 cells were plated in
6-well plates. When cells were confluent, 50 pg/ml of
ascorbic acid (Wako Chemicals, Richmond, VA, USA) and
5 mM B-glycerophosphate (Sigma) were added. The med-
ium was changed every other day, and staining was con-
ducted after 3 weeks. Cells were washed with PBS twice and
fixed with 60 % isopropanol for 1 min at room temperature,
followed by rehydration with distilled water for 3 min at
room temperature. They were stained with 1 % Alizarin red
S (Sigma) for 3 min and washed with distilled water.

Osteoclastogenesis in vitro and TRAP (Tartrate-
resistant acid phosphatase) staining

The RAW264.7 cells were plated at a density of 5 x 10/
cm?® into a 12-well or a 60 mm dish, and cultured with
20 ng/ml RANKL in the presence and absence of salubri-
nal or guanabenz. The culture medium was replaced every
2 days. After 5 days of culture, the cells were stained for
TRAP staining using an acid phosphatase leukocyte kit
(Sigma). The number of TRAP-positive cells containing
three or more nuclei was determined.

Statistical analysis

Three or four-independent experiments were conducted and
data were expressed as mean & SD. For comparison among
multiple samples, ANOVA followed by post hoc tests was
conducted. Statistical significance was evaluated at
p < 0.05. The single and double asterisks and daggers
indicate p < 0.05 and p < 0.01. To determine intensities in
immunoblotting and areas of Alizarin red S staining, images
were scanned with Adobe Photoshop CS2 (Adobe Systems,
San Jose, CA, USA) and quantified using Image J.
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Results

Enhanced mineralization of MC3T3 E1-14 cells
by salubrinal

Prior to examining the effects of salubrinal on osteo-
clastogenesis, we tested its effects on the development of
osteoblasts focusing on cell viability, phosphorylation of
elF2a (p-elF2a), expression of ATF4 and osteocalcin, and
matrix mineralization. Administration of 5-20 puM salubr-
inal to MC3T3 E1-14 cells did not increase cell mortality
or inhibit cell proliferation (Fig. 1a). Unlike application of
10 nM thapsigargin, which is a stress inducer to the
endoplasmic reticulum that elevates p-elF2a, incubation
with 10 uM salubrinal for 24 h did not elevate the
expression level of cleaved caspase 3 (Fig. 1b). After
3-week incubation in an osteogenic medium, Alizarin red S
staining area showed that salubrinal enhanced mineraliza-
tion of MC3T3 El1-14 cells in a dose dependent manner
(Fig. 1c). The enhanced mineralization was also observed
in non-clonal MC3T3 EI cells (Supplementary Fig. S1).

ATF4-mediated elevation of osteocalcin mRNA
in MC3T3 E1-14 cells

Salubrinal is an inhibitor of de-phosphorylation of elF2a.
Administration of 5 pM salubrinal to MC3T3 E1-14 cells
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Fig. 1 Osteogenic effects of salubrinal on MC3T3 E1 (clone 14)
osteoblast cells. CN control, Sal salubrinal, and Tg thapsigargin. The
double asterisk indicates p < 0.01 in comparison to CN. a Cell
mortality ratio and relative cell numbers. b No activation of cleaved
caspase 3 by salubrinal. ¢ Alizarin red S staining area in response to 5,
10, and 20 uM salubrinal

elevated phosphorylation of eIF2a, followed by an increase
in ATF4 expression (Fig. 2a). Furthermore, the level of
osteocalcin mRNA was increased 3.3 4+ 0.5 fold (24 h)
and 3.3 £ 0.3 fold (32 h) (Fig. 2b). When expression of
ATF4 was significantly reduced by RNA interference
(Fig. 2c, d), however, salubrinal-driven elevation of the
osteocalcin mRNA level was suppressed (Fig. 2e). Non-
clonal MC3T3 E1 cells also presented elevation of p-eIF2a
and ATF4, together with an increase in the mRNA levels of
ATF4 and osteocalcin (Supplementary Fig. S2). In addi-
tion, administration of guanabenz to MC3T3 El1-14 ele-
vated the mRNA level of osteocalcin in a dose dependent
manner, consistent with an increase in p-eIF2a and ATF4
(Supplementary Fig. S3).
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Fig. 2 Upregulation of p-elF20, ATF4 and osteocalcin by salubrinal
in MC3T3 El (clone 14) osteoblast cells in response to 5 uM
salubrinal. CN control, Sal salubrinal, and NC non-specific control
siRNA. The double asterisk indicates p < 0.01 in comparison to CN
or NC. The double dagger indicates with p < 0.01 in comparison to
the salubrinal-treated NC siRNA cells. a Western blot analysis of p-
elF2o and ATF4. b Salubrinal driven elevation of osteocalcin mRNA
level. ¢ ATF4 level after transfecting siRNA specific to ATF4.
d Relative mRNA levels of ATF4 in response to RNA interference
with ATF4 siRNA and non-specific control (NC) siRNA. e Relative
mRNA levels of osteocalcin (OCN). The asterisk is for the
comparison to the control with NC siRNA, and the dagger is the
comparison between the samples transfected with ATF4 siRNA
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Inhibition of osteoclastogenesis of RAW?264.7 cells
by salubrinal

The primary aim of this study is to evaluate the effects of
salubrinal on osteoclastogenesis. In response to 0.1-20 M
salubrinal for 24 h, we examined cell mortality and live
cell numbers of RAW?264.7 pre-osteoclasts. Cell mortality
ratio did not present statistically significant differences in
the presence and absence of RANKL (Fig. 3a). The num-
ber of live cells was increased by ~50 % by incubation
with RANKL, and administration of 10-20 uM salubrinal
reduced the numbers approximately by 10 % (Fig. 3b).
Consistent with the stimulatory role of RANKL, the
number of TRAP-positive multi-nucleated cells was sub-
stantially increased by the addition of RANKL. However,

administration of 0.5-20 pM salubrinal reduced the num-
ber of TRAP-positive cells in a dose dependent manner
(Fig. 3c, d).

Downregulation of NFATc1 in RAW?264.7 cells
by salubrinal

The NFATcl is a transcription factor critical for acti-
vating osteoclastogenesis. Addition of RANKL to the
culture medium significantly induced NFATc1 expression
at day 2 and maintained its elevated level on day 4
(Fig. 4). The RANKL-induced expression of NFATcl
was reduced by administration of 5-20 pM salubrinal on
both days, and the effect of salubrinal was dose depen-
dent (Fig. 4).

Fig. 3 Inhibitory effects of a b
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Fig. 4 Reduction of RANKL-induced NFATcl expression by sa-
lubrinal. Sal salubrinal. The relative intensity of NFATc1 to B-actin is
shown. a Expression of NFATcl (2 days after RANKL administra-
tion). b Expression of NFATc1 (4 days after RANKL administration)

Partial suppression of mRNA levels of NFATcl1, c-Fos,
TRAP, and OSCAR by salubrinal

Addition of RANKL increased the mRNA levels of
NFATCcl, c-Fos, TRAP, and OSCAR, and administration of
20 pM salubrinal significantly reduced their mRNA levels.
On day 2, for instance, the RANKL-driven increase was
94 + 0.5 fold (NFATcl), 19 +£0.1 fold (c-fos),
165 £ 4.2 fold (TRAP), and 467 + 22 fold (OSCAR). The
reduction by 20 uM salubrinal was 46 % (NFATcl), 32 %
(c-fos), 35 % (TRAP), and 21 % (OSCAR) (Fig. 5a).
Consistent with the observed dose response, administration
of salubrinal at 0.1-1 pM did not contribute to significant
reduction in these mRNA levels except for NFATcl and
c-fos on day 4 (Fig. 5b).

Temporal profile of p-elF2a and NFATcl

The temporal expression profile revealed that addition of
RANKL transiently reduced the phosphorylation level of
elF2a (2-8 h) and elevated NFATcl by 13.4 £ 3.2 fold
(24 h) (Fig. 6). This induction of NFATcl was partially
suppressed by salubrinal with an increase in the level of
p-elF20. In the early period (2-4 h), administration of
20 pM salubrinal increased the level of p-eIF2a but did not
alter the level of NFATcl. In the later period (8-24 h),
however, the level of NFATc1 was significantly reduced by
48 % (8 h) and 44 % (24 h). Administration of 20 uM
salubrinal did not significantly alter the phosphorylation
level of ERK, p38 MAPK, and NF«B (Fig. 6). Note that
the normalized level of “1” in Fig. 6¢ was defined as the

level for the cells that were not treated with RANKL
without administration of guanabenz.

Inhibitory effects of guanabenz on osteoclastogenesis
of RAW264.7 cells

To further examine a potential involvement of p-e[F2a in
regulation of osteoclastogenesis, we employed guanabenz
that also acts as an inhibitor of de-phosphorylation of
elF2a. Administration of 1 and 5 pM guanabenz did not
alter cell mortality and the number of live cells, although
its administration at 10 and 20 pM reduced the number of
live cells in 24 h (Fig. 7a, b). Consistent with salubrinal’s
inhibitory action, guanabenz also attenuated osteoclasto-
genesis of RAW?264.7 cells in a dose dependent manner
(Fig. 7c, d). Compared to the number of TRAP-positive
multi-nucleated cells of 377 £ 39 (RANKL only), guana-
benz reduced the number of differentiated osteoclasts to
364 £ 38 (1 puM), 288 £ 51 (5 uM), 189 £ 25 (10 uM),
and 73 £+ 16 (20 pM).

Reduction of RANKL-induced NFATc1, c-Fos, TRAP,
and OSCAR by guanabenz

The induction of NFATcl by RANKL was suppressed by
guanabenz in a dose dependent manner (Fig. 8a). The
mRNA levels of NFATc1, c-Fos, TRAP, and OSCAR were
also reduced by administration of 20 pM guanabenz.
Lower concentrations of guanabenz, 5 and 10 uM, were
effective in reducing the levels of TRAP and OSCAR
mRNA (Fig. 8b). The temporal expression profile of
p-elF20 and NFATcl in response to 20 uM guanabenz
revealed that p-e[F2a was upregulated in 2 h and NFATcl
was partially suppressed in 8 h (Fig. 9). The normalized
level of “1” was defined as the level for the cells that were
not treated with RANKL without administration of
guanabenz. In the absence of RANKL administration,
however, either salubrinal or guanabenz did not signifi-
cantly alter cell mortality and expression of NFATcl and
TRAP (Supplementary Fig. S4).

Reduction in salubrinal/guanabenz-driven suppression
of NFATc1 expression by RNA interference for elF2a

To evaluate the effects of elF2o on the expression level of
NFATcl, we employed RNA interference specific for
elF2a together with a non-specific control (NC) (Fig. 10).
In response to 20 pM salubrinal, RAW?264.7 cells trans-
fected with the control siRNA demonstrated a reduction of
NFATcl by 56 %. However, the expression of NFATcl
was reduced only by 20 % in the cells transfected with
elF2a. siRNA. Furthermore, 20 uM guanabenz decreased
the level of NFATcl by 43 % in the cells transfected with

@ Springer



624

J Bone Miner Metab (2013) 31:618-628

Fig. 5 Effects of salubrinal on
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the control siRNA but the transfection of elF2a siRNA
abolished the suppressive effect of guanabenz. The phos-
phorylation level of NFkB was not significantly altered by
transfection with elF2a siRNA.

Discussion

In this study we demonstrate that differentiation of
RAW264.7 pre-osteoclasts to multi-nucleated osteoclasts is
inhibited by administration of salubrinal and guanabenz,
which block de-phosphorylation of elF2a and elevate the
level of p-elF20. The growth area covered by multi-
nucleated cells is significantly reduced by salubrinal and
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guanabenz in a dose dependent manner. Partially silencing
elF20. using RNA interference significantly suppressed
salubrinal/guanabenz-driven  reduction of NFATcl
expression. Together with the stimulated development of
MC3T3 E1 osteoblasts by an increase in ATF4 expression,
the results herein suggest that elF2o0 mediated signaling
may play a physiological role in osteoclastogenesis and
osteoblastogenesis.

Both salubrinal and guanabenz interact with PP1 and
inhibit its activity of de-phosphorylating p-elF2a. Guana-
benz is reported to bind to PPIR15A subunit [14], while
the exact binding site of salubrinal is not known. Guana-
benz is also known as an o,-adrenergic receptor agonist
and used to treat hypertension [24]. The observed
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Fig. 6 Temporal expression profile of p-ERK, p-p38 MAPK,
p-NFxB, p-elF2a and NFATcl in the presence and absence of
20 uM salubrinal. a Western blot analysis of p-ERK, p-p38 MAPK,
p-NFkB, and p-elF2o at 15, 30, 60 and 120 min. b Western blot
analysis of elF2a-p and NFATcl. ¢ Comparison of the expression
level of elF20-p and NFATcl with and without 20 pM salubrinal.
The normalized level of “1” was defined as the level for the cells that
were not treated with RANKL without administration of salubrinal

stimulation of osteoblastogenesis as well as attenuation of
osteoclastogenesis by both agents strongly indicates that
elF2a-mediated signaling is central to regulation of ATF4
and NFATcl. This result is also supported by the salubri-
nal-driven alterations in the mRNA levels of osteocalcin
and TRAP, which are representative in development of
osteoblasts and osteoclasts, respectively. Osteocalcin is
synthesized solely by osteoblasts for matrix mineralization
and calcium homeostasis [25], while TRAP is highly
expressed in osteoclasts and its overexpression has been
observed to cause bone loss in transgenic mice [26].
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Fig. 7 Inhibitory effects of guanabenz on development of
RAW?264.7 pre-osteoclasts. CN control, Gu guanabenz. The single
and double asterisks indicate significant decreases with p < 0.05 and
p < 0.01 in comparison to the RANKL-treated cells, respectively.
a Cell mortality ratio. b Relative cell numbers. ¢ Dose-dependent
suppression of RANKL driven activation of osteoclasts by guanabenz.
d Dose-dependent suppression of TRAP-positive multi-nucleated
cells by guanabenz

The elevation of p-elF2a is reported to enhance the
development of osteoblasts and mineralization of extra-
cellular matrix. In response to various stresses such as
oxidation, radiation, and stress to the endoplasmic reticu-
lum, cells undergo either survival or an apoptotic pathway
[27]. As part of a pro-survival program, the level of
p-elF2a is raised followed by diminished translational
efficiency to all proteins except for a limited group
including ATF4 [5]. Salubrinal’s action mimics the
induction of a pro-survival program without imposing
damaging stresses, which result in the upregulation of
ATF4 without inducing apoptosis. Since ATF4 is a tran-
scription factor critical for osteoblastogenesis and bone
formation, we examined the effects of the administration of
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Fig. 8 Reduction of RANKL-induced NFATc1 expression by guana-
benz. CN control, Gu guanabenz. The single and double asterisks
indicate significant decreases with p < 0.05 and p < 0.01 in com-
parison to the RANKL-treated cells, respectively. a Expression of
NFATcl1 (2 days after RANKL administration). b Messenger RNA
levels of NFATcl, c-Fos, TRAP, and OSCAR (2 days after RANKL
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salubrinal and guanabenz on the mRNA level of osteo-
calcin as well as the mineralization of the extracellular
matrix. Silencing ATF4 using RNA interference signifi-
cantly suppressed salubrinal-driven upregulation of osteo-
calcin expression. Thus, the result here is consistent with
the previously reported role of salubrinal that stimulates
new bone formation in the healing of bone wound [8].

A schematic diagram illustrating the proposed pathway
of elF2o-mediated signaling in osteoblastogenesis and
osteoclastogenesis is presented (Fig. 11). Through inhibi-
tion of de-phosphorylation of elF2o, salubrinal and
guanabenz are capable of enhancing bone formation by
activating ATF4, as well as reducing bone resorption by
down-regulating NFATc1. Osteoclastogenesis is a complex
developmental process, in which active interactions take
place between osteoblasts and osteoclasts. In the RANK/
RANKL/OPG signaling pathway, for instance, osteoblasts
provide RANKL that stimulates osteoclastogenesis. Since
binding of RANKL to RANK is known to activate MAPKs
and NFxB [28, 29], we evaluated a potential role of ERK,
p38, and NFxB in the elF2a-mediated signaling. In
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Fig. 9 Temporal expression profile of p-eIF2o0 and NFATcl in the
presence and absence of 20 M guanabenz. Gu guanabenz. a Western
blot analysis of elF2o-p and NFATcl. b Comparison of the
expression level of elF2a-p and NFATcl with and without 20 uM
guanabenz. The normalized level of “1” was defined as the level for
the cells that were not treated with RANKL without administration of
guanabenz

response to administration of 20 uM salubrinal, we
examined the levels of p-ERK, p-p38 MAPK, and p-NF«xB
together with p-elF2a. However, no detectable changes in
the levels of their phosphorylated form were observed. It is
possible that salubrinal may activate transcription factors
such as MafB (V-maf musculoaponeurotic fibrosarcoma
oncogene homolog B), IRF8 (interferon regulatory factor
8), and Bcl6 (B cell lymphoma 6), which are known to be
inhibitors of NFATc1 [30-32]. Alternatively, microRNA
and epigenetic changes such as histone modification reg-
ulate expression of NFATcl might be involved [33, 34].
For instance, H3K27 demethylase is reported to demethy-
late the site of H3K27me3 of NFATcl and stimulate
RANKL-induced osteoclastogenesis [34]. The results
herein require further analysis on a regulatory mechanism
that links elevation of p-elF2o to the suppression of
NFATcl.

A recent study independently reported that salubrinal
alters the fate of osteoclasts and bone resorption through
elF2a-mediated translational regulation [35]. Herein, we
further examined the regulatory mechanism using not only
salubrinal but also guanabenz, which are the inhibitors of
PP1. The results revealed that these agents can also regu-
late expression of NFATcl at a transcriptional level. A
separate in vivo study as well as in vitro studies using
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Fig. 10 Reduction in salubrinal/guanabenz driven suppression of
NFATcl expression by RNA interference specific for elF2a. Sal
salubrinal, Gu guanabenz, and NC non-specific control siRNA. The
single and double asterisks indicate significant changes to the
RANKL-treated NC siRNA cells with p <0.05 and p < 0.01,
respectively. The single and double daggers indicate significant
changes to the salubrinal or guanabenz-treated NC siRNA cells with
p < 0.05 and p < 0.01, respectively. a elF2a level after transfecting
siRNA specific to elF2a. b Western blot analysis of p-NFkB and
NFATCcl. ¢ Comparison of the expression level of NFATc1 between
control siRNA and elF2a siRNA

primary bone marrow derived cells support salubrinal’s
efficacy on inhibition of bone resorption. In summary, we
demonstrate that elevation of p-eIF2a stimulates osteocal-
cin expression through upregulation of ATF4 in osteoblasts
and inhibits TRAP expression via downregulation of
NFATcl in pre-osteoclasts. Silencing elF2a with RNA
interference reduced suppression of salubrinal/guanabenz-
driven downregulation of NFATcl. The results in this
study support the possibility of regulating bone remodeling
through elF20-mediated signaling for combatting bone loss
in osteoporosis.

Inhibition of de-phosphorylation of elF2a
(salubrinal, guanabenz)

\ 4
elF2a-p
\ 2
ATF4 NFATc1
\ 4

Coon ]

osteoblastogenesis | eIl Je ER (ole [Ty [T

|

Fig. 11 Proposed mechanism of eIF2a signaling on osteoclastogene-
sis through NFATc1
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