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Figure 1. Structures of compounds discussed in the text. NBP’s are shown in blue.
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Figure 2. Time-line for proposed bisphosphonate mechanisms of action. (a) In 1969, clodronate and etidronate were pro-
posed to affect bone resorption by a “physical” mechanism, involving direct bone-binding, inhibiting hydroxyapatite disso-
lution. (b) In 1992, clodronate and etidronate were shown to be converted to ATP analogs, AppXp, in the slime mold Dicty-
ostelium discoideum, a model for osteoclasts. (c) In 1998-2000, next generation NBPs such as risedronate were shown to
block protein prenylation by inhibiting farnesyl diphosphate synthase. (d) In 2002, it was shown that AppCClzp inhibited
the mitochondrial adenine nucleotide translocase (ANT). (e) In 2009, it was shown that NBPs such as zoledronate led to
accumulation of isopentenyl diphosphate and dimethylallyl diphosphate which were then converted to Apppl and ApppD,
with Apppl being found to inhibit the ANT. (f) In 2015, it was reported that NBPs such as risedronate and zoledronate could
act by directly inhibiting the epidermal growth factor receptor (EGFR).

Figure 2f. There was, however, a puzzling “dose discrep-
ancy" between the effects of bisphosphonates in cell-free
systems (ICso ~500 pM in EGFR inhibition assays) versus
cell-based assays (ECso ~50 pM), in tumor cell killing,20 21
and the 500 pM value for EGFR inhibition is *5-6 orders of
magnitude larger than that found with conventional EGFR
inhibitors. We thus sought to deduce models for bisphos-
phonate activity that might help explain these previous
observations. We tested three hypotheses: First, NBPs do

not directly inhibit the EGFR. Rather, the ATP analogs 11
and 12 are the kinase inhibitors, because these compounds
have structural similarity to ATP. Second, with NNBPs such
as clodronate, we hypothesized that ATP-analogs such as
AppCClzp (4; adenosine 5’-(beta, gamma-
dichloromethylene) diphosphate) also inhibit kinases.
Third, we hypothesized that if species such as AppCClzp
inhibited kinases, then lipophilic "pre-prodrug” forms of
the NNBPs?2-24 might act by inhibiting cell signaling
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Table 1. ICso values for EGFR inhibition by bisphos-
phonates, phosphonate-containing ATP analogs, and
known inhibitors

Compounds [Cso(pM)
erlotinib (3.840.25) x10-*(n=2)
staurosporine 0.026+0.008 (n=6)
AppCClzp (4) 0.64+0.13 (n=3)
Apppl (11) 9.2+4 (n=6)
ApppD (12) 14
minodronate (13) 30
AMP-PNP 36
tiludronate (3) 43+12 (n=2)
zoledronate (6) 72+12 (n=2)
risedronate (14) 97
BPH-1222 (15) 100
alendronate 220
picl(\)II}Elz)zgl’a\)ADP 300
ibandronate 430
pamidronate 690
etidronate (2) 740

pathways. We tested these hypotheses using results for a
broad range of NBPs and NNBPs, AppXp ATP-analogs
(where X is a variable group that bridges Pp and Py) and
AppXp pre-prodrugs in, as appropriate, kinome screens
with 369 kinases, 47 individual kinase dose response as-
says, cell growth inhibition assays using 6 cell lines, West-
ern blots, mitochondrial respiration assays, FPPS and
GGPPS inhibition, Apppl formation assays, as well as
geranylgeraniol (GGOH) “prenylation rescue” assays.

RESULTS AND DISCUSSION

Bisphosphonates are not potent EGFR inhibitors. We
first investigated the effects of 11 bisphosphonates (8
NBPs and 3 NNBPs) on EGFR inhibition using a wild type
EGFR kinase-domain assay, with poly[Glu:Tyr](4:1) and [y-
33P]-ATP as substrates. Dose-response curves are shown in
Figure S1 and numerical values are summarized in Table 1.
The 1Cso values were many orders of magnitude higher
than we find with the known EGFR inhibitors staurospor-
ine (ICs0=26% 8 nM; n=6) or erlotinib (ICs0~380 + 250 pM;
n=2), ranging from ~30-40 pM (minodronate 13, tiludro-
nate 3) to ~70-100 uM (zoledronate 6, risedronate 14 and
a lipophilic bisphosphonate, 15,25 to >100 uM for alendro-
nate, N-(2-(3 picolyl)aminomethylene bisphosphonate,
ibandronate, pamidronate, etidronate and clodronate, Ta-
ble 1, showing that inhibition of the EGFR by many
bisphosphonates is very weak. In contrast, we found that
the Apppl that accumulates in cells on FPPS inhibition in-
hibited EGFR kinase activity with an ICso of 9.2 £+ 4 uM
(n=6). Dose-response curves are shown in Figure S1. So,
Apppl is a more potent EGFR inhibitor than any of the
bisphosphonates tested, or indeed the ATP analog
AMPePNP, which has an ICso of 36 pM in this assay. We also

Table 2. Top 20 hits from 369 kinase screens with Ap-
pCClzp (4) and Apppl (11)2

. ICso . ICso
Kinase (+4) (uM) Kinase (+11) (uM)
JAK3 1.5E-03 EGFR 1.0
PDGFRa 0.01 MST4 1.5
JAK2 0.02 TYK1/LTK 1.5
FGFR2 0.05 CDK7/cyclin H 1.6
DDR2 0.08 Aurora B 1.8
ABL1 0.09 SGK3/SGKL 2.4
PKCepsilon 0.09 PLK1 2.6
JAK1 0.10 NEK7 2.7
FRK/PTK5 0.11 ERBB4/HER4 2.7
RET 0.12 DLK/MAP3K12 3.4
FLT3 0.12 ULK3 3.4
PKCd 0.14 ASK1/MAP3K5 3.4
LYN B 0.21 ERN1/IRE1 3.5
ABL2 /ARG 0.21 NEK1 3.9
EGFR 0.21 PKCtheta 3.9
DYRK3 0.22 P38d/MAPK13 4.0
JNK2 0.23 ROS/ROS1 4.0
TYK2 0.23 STK25/YSK1 4.1
FGFR1 0.24 GSK3b 4.3
c-MET 0.25 YSK4/MAP3K19 4.3

a) Pink = Tyr kinase; Cyan = Ser/Thr kinase

prepared and tested the dimethylallyl ester of ATP, ApppD
(12)26-?7 finding an 1Cso~14 uM (Figure S1).

Apppl has been reported to accumulate in some cells to
>100 pM levels, on bisphosphonate treatment!s. However,
given typical ATP concentrations in cells (~1-5 mM) and
known Ku [ATP] values (~5 pM?8), it seems that EGFR in-
hibition by 11 or 12 will not be a major target for cell
growth inhibition. In contrast, we found much more potent
EGFR inhibition with AppCClzp (ICs0=640+120 nM), Figure
S1, of interest since AppCCl2p levels in some cells can
reach mM levels.15 22 We thus find that bisphosphonates do
not directly inhibit the EGFR in the same assays in which
we obtain potent, low nM inhibition by the known kinase
inhibitors, staurosporine and erlotinib. But the results do
suggest the possibility that some ATP-analogs might po-
tently inhibit this or other kinases—indicating the desira-
bility of a large kinome screen.

Kinome-screening results for AppCClz:p and Apppl.
To see whether any kinases were potently inhibited by
AppCClzp or Apppl, we carried out screens of 369 kinases
using the HotSpotsM assay (Reaction Biology Corporation;
20 mM Hepes, pH 7.5, 10 mM MgCl;, 1 mM EGTA, 0.02%
Brij-35, 1 uM ATP, single dose duplicate mode at 1 uM in-
hibitor) using both compounds. Results (computed ICso
values) are shown in Table 2 for the top 20 hits and com-
plete kinome screen results are in Tables S1 and S2. In
order to obtain more accurate results, we then carried out
a series of 10-dose, dose-response assays for Apppl (8 ki-
nases; Figure S2) and AppCClp (17 kinases, Figure S3).
For the 17 kinases where we obtained both dose-response
as well as kinome screen results we found a Pearson R-
value correlation coefficient R=0.96 between the ICso val-
ues for the two data sets (Figure S4).
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Figure 3. Kinase inhibition results for AppCClzp (4) and Apppl (11) mapped onto a Kinmap dendrogram showing more
potent and selective Tyr-kinase inhibition by AppCClzp. (a) Kinmap dendrogram for AppCClzp. (b) Kinmap dendrogram for
Apppl. The size of the circle was set in Kinmap as 100+(50*pICso [uM]) so the larger the circle, the lower the ICso. Red = Tyr
kinase; Cyan = Ser/Thr kinase. AppCClzp inhibits almost exclusively Tyr-kinases but Apppl inhibits a broader range of ki-

nases, albeit only weakly.

What the results in Tables 2 and 3 show is that there is
potent (~10s nM) inhibition of several kinases (e.g.
PDGFRa, JAK2, JAK3, FGFR2) by AppCClzp, plus, many oth-
er kinases are inhibited at higher concentrations. Moreo-
ver, for JAK3 we determined K values at 1 uM and 200 uM
ATP levels and using reported Ku ATP values3® we find Ki ~
4-11 nM. However, the inhibitory effects of Apppl and Ap-
ppD (ApppD dose-response curves for 9 kinases shown in
Figures S1 and S5) are very much weaker. These results
have several implications. First, since AppCClzp levels in
clodronate-treated macrophages can reach mM levels??
and Apppl can reach ~130 uM?*> (and ApppD is ~2x high-
er), numerous kinases will be inhibited although the ef-
fects will be much more pronounced with clodro-
nate/AppCClzp because the 1Cso values there are x2-3 or-
ders of magnitude smaller than with Apppl/ApppD. Se-
cond, it has recently been shown3! in mice breast cancer
models (as well as in one patient) that bisphosphonates
bind to granular micro-calcifications that are then engulfed
by tumor-associated macrophages (TAMs). This is ex-
pected to lead to high AppCClzp levels in TAMs and as not-
ed by Junankar et al.3! TAMs are powerful promoters of
tumor growth and meta stasis,?? and extensive macro-
phage infiltration in many tumor types is associated with
poor patient prognosis".33 It thus appears that some of the
extra-skeletal effects of bisphosphonate therapy especially
with breast cancer patients could arise from kinase inhibi-
tion in TAMs. In mice treated with NBPs, Apppl levels in
osteoclasts reach ~20 pM,3* so direct kinase inhibition is
unlikely to be a major contributor to activity. Third,
clodronate levels in tissues in patients on systemic clodro-
nate therapy are expected to be low because bisphospho-
nates bind avidly to bone mineral but intriguingly, there

are several reports of the anti-inflammatory effects of
NNBPs35-42 so our finding that JAK 1/3 and Tyk2 are some
of the kinases that are inhibited by

AppCClLzp is of interest since the anti-inflammatory drug
Xeljanz® functions by inhibiting JAK 1/3,43-44 and we find a
5 nM ICso for JAK3 inhibition (and as discussed below,
STAT3 involvement in activity with an AppXp analog).
Fourth, we see that FGFR2 (the fibroblast growth factor 2
receptor) is inhibited by AppCClzp (ICso ~22 nM) and in
earlier work#® it was shown that clodronate reduced FGF2-
driven cell growth in HUVECs (human umbilical vein endo-
thelial cells), but there was no effect in the absence of
FGF2. In that work it was proposed that clodronate bound
directly to FGF2, inhibiting its activity, but here, we now
have evidence for low nM FGFR2 inhibition by AppCClzp,
suggesting a direct effect of the clodronate metabolite on
FGFR2 cell signaling. Overall then, the kinase inhibition
results reveal that there are multiple kinases that are quite
potently inhibited (ICso ~ 10s nM) by AppCClzp, offering
new insights into the mechanisms of action of the clodro-
nate.

AppCClzp and Apppl target different kinase classes.
When all of the kinase inhibition results are examined it is
apparent that there are four trends that relate to tyrosine
versus serine/threonine kinase inhibition by AppCClzp and
Apppl, and kinase inhibition in general. First, the targets
for AppCClzp and Apppl are different. For the 20 most po-
tent “hits” in the kinome screens, AppCClzp targets ~78%
tyrosine kinases, highlighted in pink in Table 2, but only
22% of the top 20 are serine/threonine kinases, highlight-
ed in cyan in Table 2. Second, only ~14% of the top 20 hits
in the Apppl kinome screen are tyrosine kinases but ~86%
of the top 20 are serine/threonine kinases, Table 2. Third,
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the activities of AppCClzp and Apppl when mapped onto
kinome dendrograms (using the Kinmap program#®) (Fig-
ure 3a, 3b) clearly show that the vast majority of AppCClzp
targets are in the TK (tyrosine kinase) group, while Apppl
inhibition is much more widespread and as noted, favors
Ser/Thr kinases. Fourth, AppCClzp is a much more potent
kinase inhibitor than is Apppl (or ApppD). What, then,
might be the molecular basis for the differential effects (on
both activity and selectivity) of AppCClzp and Apppl?

A molecular basis for AppCClzp activity and selectiv-
ity. The more potent and selective activity of AppCClzp for
Tyr versus Ser/Thr kinases could be due to stronger bind-
ing to Tyr kinases in general, model A, or to stronger bind-
ing to Tyr versus Ser/Thr OH groups in substrates, model
B. The latter model is attractive since the phosphonate
group in AppCClzp would be expected to form a much
stronger hydrogen bond with the aromatic Tyr than with
the aliphatic Ser/Thr. This is because, as shown in Figure
43, there can be strong hydrogen bonding between phos-
phonate/phenol and phosphonic acid/phenolate species
that cannot occur with Ser/Thr due to the very high pKa
values (~16) of aliphatic alcohols. These sorts of hydrogen
bonds are well known in e.g. salicylates in which the car-
boxylate interacts with a phenolic OH.*”

We thus next used a LanthaScreen Eu kinase binding
assay with activated JAK3 to determine (in the absence of
substrate) the Ki for AppCClzp binding. We found Ki=73 nM
(Figure S6) which is much higher than the Ki~4-11 nM
found in the activity assays (at 1 and 200 uM ATP). This
means that the presence of a substrate Tyr is required for
high affinity binding, supporting model B. Then, to test if
phosphonate-tyrosine hydrogen bond interactions are
indeed significantly different to phosphonate-
serine/threonine interactions, we used density functional
theory (DFT) and Atoms-in-Molecules (AIM) theory.*8

AIM theory is a quantum chemical method that we and
others have used to investigate the details of hydrogen
bond interactions.*® According to AIM theory, every chemi-
cal bond has a bond critical point (BCP) at which the first
derivative of the charge density, p(r), is zero. The p(r) to-
pology is described by a real, symmetric, second-rank Hes-
sian-of-p(r) tensor, and the tensor trace is related to the
bond interaction energy by a local expression of the virial
theorem:

Tr(Hessian) = V2p(r) = [2G(r) + V(r)] (4m/ h?) (D

where V2p(r) is the Laplacian of (r), and G(r) and V(r) are
electronic kinetic and electronic potential energy densities,
respectively. Negative and positive V2p(r) values are asso-
ciated with shared-electron (covalent) interactions and
closed-shell (electrostatic) interactions, respectively. In the
latter case, one can further evaluate the total energy densi-
ty, H(r), at the bond critical point:

H(r) = G(r) + V(r) (2)

A negative H(r) is termed partial covalence, while a posi-
tive H(r) indicates a purely closed-shell, electrostatic in-
teraction®%. We first used the models shown in Figure 4b to
examine the differences in the interactions between a

PhOH-Me(HPO,)

o)
? o Fe & . :’ﬂ o HO
o NP

f [} I’Kfz/z; I‘ {«J

PhOH:CHF ,(HPO,) MeOH:CHF ,(HPO,)

‘\ O‘,..—H'o 3 Jf\ S | )

ACREPE f”ﬁ;'

PhOH:[(MeO),(PO,)I MeOH-[( MeO)Z(Poz)]

Figure 4. Schematic illustration of hydrogen bonding of
phenol/phosphonate, and geometry-optimized structures.
(a) A phenol/phosphonate hydrogen bond. (b) Geometry-
optimized structures of phenol or methanol with methyl
phosphonate. (c) As (b) but phenol or methanol with
difluoromethyl phosphonate. (d) Phenol or methanol with
a dimethyl phosphate. Geometries, bond critical point val-
ues and predicted 'H NMR shifts are in Table S3.

bisphosphonate (modeled here as Me(HPOz)) and Tyr
(modeled as PhOH), versus with Ser/Thr (modeled as
MeOH). The optimized geometries for PhOH-Me(HPO3) and
MeOH-Me(HPO3)- are quite similar (Figure 4b and Table
S3.). As shown in Table S3, the hydrogen bond in the Tyr
(phenol) model system is clearly stronger, as indicated by
a 0.115 A shorter 0'..H distance and a 0.096 A shorter
0'...0 distance. AIM-calculated BCP properties show that
the OH bonds in PhOH and MeOH are of a covalent nature,
having large negative Laplacians. However, the O'...H hy-
drogen bonds in both systems are by definition of a closed-
shell (electrostatic) nature, since they have positive Lapla-
cians. They also exhibit what is called partial covalence,
due to a negative H(r), which is 230% larger in the Tyr
than in the Ser/Thr model system. The charge densities
p(r) and electronic kinetic and potential energy densities
G(r) and V(r) are also larger (30-45%) in the hydrogen-
bond in the Tyr versus Ser/Thr model system, meaning a
stronger H-bond with the Tyr model. To help confirm this,
we carried out two additional sets of calculations, using a
difluoromethylene phosphonate CHF2(HPO3)- to model
AppCClzp, and [(Me0):PO2]- to model Apppl. The opti-
mized structures are shown in Figure 4c and 4d. All com-
puted properties were very similar to those found with the
initial models (Table S3), confirming that the phosphonate
hydrogen bond in the Tyr model is much stronger than in
the Ser/Thr model. An atomic charge analysis shows that
the charge on PhOH in the complexes is ~65% more
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16, X=CHy; 17, X=CHF; 18, X=CF; 19, X=CFCl; 20, X=CFBr;
21, X=CMeNj3; 22, X=CCIBr; 23, X=CBry; 24, X=CHOCgH4-p-Cl;
25, X=CHCH,CgH3-m,p-Bry; 26, X= CHSCgH3-m,p-Br,

Figure 5. Structures of AppXp analogues synthesized.

negative than that for MeOH, due to the stronger ability of
the phenyl ring to delocalize charge from the Me(HPOs)- or
CHF2(HPOs3)- species, providing in essence, additional res-
onance stabilization that again contributes to a stronger
interaction with Tyr.

Another way to view these interactions is to consider
the 'H NMR chemical shifts of the protons involved in hy-
drogen bonding (Table S3), as we have reported previous-
ly,47. 49 in which partial covalence occurs when 'H NMR
shifts in hydrogen bonded systems reach the 12-14 ppm
range (downfield from TMS), while fully shared-electron
(covalent) interactions have shifts of ~21 ppm.*® With the
Tyr models, the computed chemical shifts (~12-13 ppm)
are much larger than those of the proton involved in the
hydrogen bond in the Ser/Thr model (~6-7 ppm), con-
sistent with the onset of partial covalence, and these ~12-
13 ppm shifts are very similar to those we have found in
intra-molecular hydrogen bonds in salicylates.*’ So: the
Tyr versus Ser/Thr selectivity effects seen with AppCClzp
are consistent with stronger hydrogen bonding to Tyr,
which we compute to be AE ~3.9 kcal mol! larger than in
the Ser/Thr model. A frequency analysis was then used to
verify the nature of the stationary points on the respective
potential energy surfaces, yielding a AAG (at 300 K, 1 atm)
of 2.85 kcal mol!, corresponding to a ~100x increase in
binding to Tyr. With Apppl, kinase inhibition is very much
weaker, likely due to steric repulsions of the bulky isopen-
tenyl group with Tyr or Ser/Thr, an effect that would of
course be largest with the more bulky Tyr.

Synthesis of novel AppXp analogs, and kinase inhibi-
tion. Given that there are several kinases that are inhibited
by AppCClzp, the question arises: can more potent species
be developed? In the case of bone resorption, the NBP
zoledronate is a very effective drug, but there are numer-
ous cases of bisphosphonate-related osteonecrosis of the
jaw and it has been suggested that new NNBPs with anti-
inflammatory activity might help decrease this risk.*® The
anti-inflammatory activity of NNBPs is also of interest giv-
en their potent JAK2 and JAK3 inhibition, plus, tiludronate
has been shown to reduce cytokine production from acti-
vated macrophages,® to alleviate cachexia in nude mice
xenograft models,38 and is reported to be effective in treat-
ing erosive osteoarthritis of the hand*! as well as knee os-
teoarthritis3? effects that might all be improved with more
active/bioavailable species. Plus, in the case of anti-cancer
activity, kinases might also be targets for NNBP pre-
prodrugs?2-24 that form AppXp inhibitors. For example, we
find that the activity of AppCClzp against wild type EGFR is

Journal of the American Chemical Society

Table 3. Dose-response ICso values for AppCCl:zp inhibi-
tion of 18 kinases?

Kinase ICs0 Kinase 1Cs0
PDGFRa 4 nM FRK/PTKS5 100 nM
JAK3 5nM RET 140 nM
JAK2 13nM | EGER (T790M) | 270 nM
FGFR2 22nM | EGFR (L858R) 490 nM
PKCepsilon 43 nM EGFR 560 nM
DDR2 47nM | EGFR (G719S) 760 nM
EGFR
JAK1 66 nM (d746-750) 4.3 uM
ABL1 79 nM BRAF 6.4 uM
EGFR
(L858R, 80nM  BRAF (V599E) 230 uM

T790M)
a) Pink = Tyr kinase; Cyan = Ser/Thr kinase

[Cso ~250 nM, but against 5 mutants, we find d746-750, 4.3
uM; G719S, 760 nM; L858R, 490 nM; T790M, 270 nM;
L858R, T790M, 80 nM, Table 3 and Figure S4.

Since AppCClzp is a relatively potent inhibitor of the
L858R, T790M double mutant and since this an important
drug target, we elected to synthesize a series of AppCClzp
analogs and test them against the EGFR, as well as against
the L858R, T790M mutant. We synthesized 8 analogs (16-
23; Figure 5) containing small substituents at the carbon
bridging PP and Py, as well as 4 analogs (5, 24-26) contain-
ing larger, aryl substituents. The dibromobenzyl species
25 was of interest since the parent bisphosphonate esters
were previously shown?? to have potent activity against
three human tumor cell lines. As with tiludronate, the “pro
tected" dibromobenzyl ester bisphosphonate was convert
ed in cells to the AppXp analog 25, as shown in the MS and
LC-MS results in Figures S7a and S7b. All EGFR inhibition
dose-response curves are in Figures S8a, S8b, and ICso val-
ues are in Table S4. The most potent EGFR inhibitors have
CFCl, CClz, CBrz, or C(Me)Ns3 bridging groups between
PP and Py, and there is a parabolic dependence of activity
on the van der Waals' surface area of the molecules (Figure
S9a). There is also a strong correlation between the pICso
values for EGFR versus EGFR (L858R, T790M) inhibition
for n = 13 compounds, with an R = 0.96 (Figure S9b), the
most active compounds (23) being the dibromo-analog of
clodronate and (21) the methyl-azide, which inhibit the
double mutant with ICso values of 16 nM and 4 nM, respec-
tively.

The results shown in Table S4 and Figure S9a indicate
that there are several contributors to EGFR inhibition by
these AppXp species. The most potent inhibitors have
highly electron-withdrawing substituents on the bridging
carbon. This results in a pKa4 of 7.0 for AppCClzp,5! essen-
tially the same as the 7.1 found with ATP,>! while the pK.4
of the CHz analog 16 is 8.4, meaning qualitatively that pro-
tein electrostatic interactions with AppCClzp will mimic
those found with the ATP substrate. Plus, the phosphonate
(0)..HO (Tyr) interaction will be favored (at least, at
pH~7). Why then are some AppXp inhibitors better than
others? What the parabolic dependence of ICso on van der
Waals' surface area shows is that activity initially increases
with the size of the bridging carbon substituents, with the
CMeNs and CBr2 species having most activity, presumably
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Figure 6. Western blot results for effects of 31 on mTOR and p70S6K phosphorylation. The stacked plots are summed pho-
to-densitometer traces; representative gels are shown below, and dose-response curves and [Cso values (from summed in-
tensities of 3 blots) are shown in the insets. (a) mTOR in MCF7 cells induced with serum. (b) p70S6K in MCF-7 cells induced

with serum. (c) p70S6K in MCF-7 cells induced with EGF.

due to increased hydrophobic interactions. However, on
addition of a very large (aryl) substituent, activity decreas-
es, due to the onset of steric repulsions with the protein in
addition to changes in the pKa4 values and decreased elec-
trostatic/hydrogen bonding interactions. Consistent with
the EGFR inhibition results, we find low activity with both
the tiludronate and dibromobenzyl analogs (5, 25) in other
kinase assays (Figures S10 and S11). The questions then
arise: what activity do the parent bisphosphonate pro-
drugs, as well as pre-prodrug analogs, have in cells?

Cell and organelle activity of NNBPs, AppXps, and
AppXp pre-prodrugs. We next sought to see how the
clodronate-analog bisphosphonates and their pre-prodrug
forms 27-33 (Figure S12) inhibited tumor cell growth, as
well as how the corresponding AppXp analogues inhibited
the ANT (as measured via mitochondrial respiration). The
smaller bisphosphonates had very poor cell (H460) growth
inhibition activity, with 1Cso values of ~500 pM. This im-
proved with the addition of an aromatic side-chain, the
dibromobenzyl bisphosphonate having an ICso~26 uM.
However, major increases in activity were only found with
the pre-prodrug species (27-33), as shown in Figure S12,
with the pivaloyloxymethylene (Piv) esters and the phos-
phoramidate analogs of clodronate?3-2# all having ICso val-
ues in the 0.4-6 uM range. But how do the protected
NNBPs-that is, their AppXp products actually kill cells?

It has been generally thought that the AppXp analogs of
the NNBPs target the ANT, the adenine-nucleotide trans-
locase, with Lehenkari et al.'* reporting that the ANT was
inhibited by AppCClzp with an ICso of ~50 uM and that mi-
tochondrial respiration was likewise inhibited. We thus
tested each of the 13 AppXp analogs as well as Apppl in a
heart mitochondrial Oz-consumption assay: results are
shown in Figure S13. The range in ICso values was small
0.76 to 6.4 uM (Figure S13), and since concentrations of
AppCCLp in treated cells are typically in the 100s uM
range, then ANT inhibition of mitochondrial respiration is
clearly one target for all of the NNBP pre-prodrugs. How-
ever, in some cases, effects on respiration may be minor
when compared with effects on kinase inhibition.

Scheme 1. Conversion of the pre-prodrug 31 to 23.

OH OHBr OH

o
o >
o B- ;
~0. b o =
76\\0 oBr><Bro/\OJ$< . q
31 OH OH 23

Western blot evidence for effects on cell signaling
pathways. We next sought to determine whether the Piv-
ester of the dibromo analog of clodronate, 31, had any ef-
fects on cell signaling pathways since 31 was a potent
NNBP pre-prodrug and its product 23 (Scheme 1, Figure
S14) was a 100 nM EGFR inhibitor (Table S4). We began by
screening for effects on cell signaling pathways in MCF-7
cells because MCF-7 is a high producer of AppCClzp from
clodronate. Since it seemed possible that multiple kinases
and pathways might be targeted, we elected to first inves-
tigate the downstream proteins mTOR and p70S6K, chosen
because of their central role in many signaling pathways,
including osteoclast survival,>? using Western blots. As can
be seen in Figures 6a-6¢, the Western blot results in MCF-7
cells show inhibition (ICso~6-13 uM) of mTOR and p70S6K
phosphorylation, so the NNBP pre-prodrug 31 (active me-
tabolite AppCBrzp, 23) does affect signaling pathways in
MCF-7 cells (which have a low EGFR copy number).

Next, since our initial idea was that the EGFR might be
targeted by AppXp compounds, we investigated the EGFR
pathway in A431 cells, chosen because EGFR is highly ex-
pressed. There was little effect of 31 on the auto-
phosphorylation of EGFR, so we hypothesized that there
might be involvement of other kinases (that we previously
found were potently inhibited by AppCClzp in vitro) and
chose to investigate the phosphorylation of STAT3 (Signal
Transducer and Activator of Transcription 3; Figure S15).
STAT3 is involved in cell growth and apoptosis and is
phosphorylated by Janus kinases (JAK) and as noted above,
we found potent inhibition of JAK1, JAK2 and JAK3 by Ap-
pCClzp (Table 2). As can be seen in Figure S15, there is
again a dose-dependent inhibition (ICso~7 pM) of STAT3
phosphorylation by 31, as found also with clodronate itself
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Figure 7. Correlations between cell growth inhibition and
various properties, and GGOH-rescue results with three
bisphosphonates in different cell lines. (a) Correlation be-
tween MD-MBA-231 cell growth inhibition pECso (=-logio
ECso [uM]) and GGPPS inhibition pICso; GGOH rescue factor
(the ratio of the ECso with or without 20 uM GGOH); clogP;
logio[Apppl; uM]; FPPS inhibition pICso and EGFR plCso.
The numbers shown in the matrix are the Pearson R-value
correlation coefficients. Green colors highlight strong cor-
relations, yellow are intermediate, red indicates no signifi-
cant correlation. (b) GGOH x-fold rescue of the growth in-
hibition of 6 cell lines for three bisphosphonates as a func-
tion of EGFR copy number. The R-values for two bisphos-
phonates are high but for pamidronate is not significant.
The high correlation between cell growth inhibition and
GGPPS inhibition (R=0.75) in (a) is very similar to that
seen previously with MCF-7 cells and other bisphospho-
nates (R=0.80). The correlation between cell growth inhi-
bition and Apppl levels is also very high (R=0.81) and tak-
en together these results indicate the importance of multi-
targeting with both protein geranylgeranylation as well as
Apppl/AppppD inhibitors contributing to bisphosphonate
activity.

in macrophages albeit at a higher inhibitor concentration.53
So, the NNBP pre-prodrug 31 (and likely the other ana-
logs) can affect both upstream (STAT3) as well as down-
stream (mTOR/p70S6K) signaling pathways, consistent
with inhibition of one or more kinases.

Cell and organelle activity of NBPs: How do they
work? The “standard model” for cell growth inhibition by
NBPs has been that FPPS and/or GGPPS inhibition5* leads
to inhibition of protein prenylation, with Apppl formation
and ANT inhibition also being of importance. More recent-
ly, NBPs have been reported to inhibit the EGFR, but there
was a dose discrepancy between cell growth and kinase

Journal of the American Chemical Society

inhibition. To further probe the NBP mechanism of action,
we investigated cell growth inhibition by the 8 NBPs listed
in Table 1, compounds that inhibit GGPPS and/or FPPS, in
a high-EGFR expressing cell line, MDA-MB-231. We meas-
ured growth inhibition activity (pECso=-logi0ECso[uM];
dose response curves in Figure S16), then correlated these
effects with EGFR (Table 1), FPPS5* and GGPPS55 inhibition;
GGOH growth inhibition rescue (Figure S16); Apppl accu-
mulation (Figure S17), and with clogP, a measure of lipo-
philicity. Results are summarized in the Pearson R-value
correlation matrix/heat map>* shown in Figure 7a. There
was essentially no correlation (R~0.09) between NBP-
induced cell growth inhibition and EGFR inhibition. There
was, however, a significant correlation between -cell
growth inhibition and Apppl levels, R=0.81, as well as with
GGPPS inhibition, R=0.75, the GGPPS correlation being
almost identical (R=0.8) to that we reported previously
with a different set of bisphosphonates in a low EGFR ex-
pressing (MCF-7) cell line5* The observation that cell
growth inhibition correlates with Apppl levels is in accord
with the work of Mitrofan et al.l? who reported that
zoledronate-induced apoptosis correlated with high Apppl
levels in three cell lines (MCF-7, MDA-MB-436 and RPMI
8226). The correlation with GGPPS inhibition supports a
prenylation mechanism, while the Apppl correlation indi-
cates an ANT mechanism, given that kinase inhibition is so
weak. That is, there is strong evidence for multiple target-
ing. While it may seem surprising that we find a much bet-
ter correlation between cell growth inhibition with GGPPS
inhibition as opposed to FPPS inhibition this is precisely
what we found previously with MCF-7 cells and a separate
set of bisphosphonates,’¢ with better cell activity being
found with the more lipophilic NBPs such as 15 that have
activity against both FPPS and GGPPS, as well as good cell
penetration.

The observation that there are geranylgeraniol (GGOH)
growth inhibition rescues with most NBPs has been taken
to support a prenylation mechanism. Surprisingly though,
Mitrofan et al.” noted that in some cells treated with
zoledronate+GGOH (GGOH is converted in cells to GGPP),
there was essentially no IPP/Apppl production a remarka-
ble observation. They suggested that this might be due to
negative-feedback regulating HMGCoA reductase activity>¢-
57 but an alternative or additional explanation for
the lack of IPP/Apppl accumulation on zoledronate+GGOH
treatment is that GGPP in addition to rescuing prenylation-
inhibition is a potent (~60 nM) inhibitor of mevalonate
kinase>® whose inhibition will also block formation of iso-
prenoids. So, inhibiting mevalonate kinase and/or
HMGCoAR activity will inhibit formation of Apppl and Ap-
ppD, meaning that GGOH (or GGPP) can rescue cells from
NBP growth inhibition in two ways: First, by providing
GGPP for protein prenylation. Second, by blocking for-
mation of Apppl/ApppD.

The correlation between cell growth inhibition and
GGPPS inhibition>* indicates that there is a key role for
protein geranylgeranylation in cell growth inhibition, as
found previously with other cell lines’%-¢2, as does the ob-
servation that cell growth inhibition is rescued by addition
of GGOH (Figure 7). Moreover, these "rescue" effects are
dependent on the number of EGFR copies per cell (Figure
7b). In these experiments, we used MCF-7, SW620, SW480,
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H460, A549 and MDA-MB-231 cell lines which have in-
creasing EGFR copy numbers per cell.®3-¢¢ We find a corre-
lation between GGOH-rescue and EGFR copy number, most
likely though an “indirect effect” due to large numbers of
EGFR needing to interact with large numbers of prenylated
Ras proteins to function as opposed to any direct EGFR
interaction with the bisphosphonates or Apppl/ApppD.
Representative correlations between the EGFR copy num-
ber and the increase in growth inhibition I1Cso on GGOH
addition for ibandronate, risedronate and pamidronate are
shown in Figure 7b and Figure S18. Only very small rescue
effects are found with pamidronate, consistent with earlier
work®” suggesting primary targets other than prenylation,
for this bisphosphonate.

Taken together, the results discussed above indicate:
First, NBPs do not significantly inhibit the EGFR. Second,
there are no EGFR bisphosphonate-inhibition correlations
with cell activity. Third, some kinases are inhibited by Ap-
ppl and ApppD, and cell growth inhibition correlates with
Apppl levels, but kinase inhibition is weak, so the ANT is a
likely target. Fourth, the correlation between cell growth
inhibition and GGPPS inhibition reflects the importance of
protein geranylgeranylation. Fifth, there are large increas-
es in GGOH-rescue seen in high EGFR copy number cells,
but since EGFR inhibition is so weak, this represents an
indirect effect, due to the importance of protein prenyla-
tion and FPPS/GGPPS inhibition. Sixth, GGOH-rescues can
have additional mechanisms of action beyond prenylation-
rescue since the GGPP that is formed in cells from GGOH is
a known inhibitor of mevalonate kinase, whose inhibition
(together with HMGCoAR degradation) will lead to re-
duced Apppl/ApppD levels. In brief then, all of our results
support the canonical prenylation+ANT mechanism of ac-
tion for the NBPs and not the kinase-inhibition mechanism,
although for the NNBPs, our results do support an
ANT+kinase mechanism. There is, therefore, multi-
targeting for both NBPs as well as NNBPs. Interestingly,
“ApXpp” compounds (in which the Pa-O-P bridging oxy-
gen is replaced by e.g. CHF) have been reported to act as
substrates for kinases such as EGFR and SRC,%8 the termi-
nal PB-O-Py group still being capable of substrate phos-
phorylation. With X=CHF, there is remarkable ~1000x dif-
ference in activity between the R and S epimers, although
activity was less than that found with ATP itself.?® In the
AppXp systems, the terminal PB-X-Py group is inactive,
however, due to the presence of two P-C bonds, so these
compounds can act as kinase inhibitors.

CONCLUSIONS

The results that we have presented above lead to some
new views as to the mechanism of action of bisphospho-
nates. Historically, nitrogen-containing bisphosphonates
(such as alendronate, ibandronate, risedronate and
zoledronate) have all been thought to inhibit protein
prenylation and via Apppl, the adenine nucleotide trans-
locase with NNBPs (like clodronate or etidronate) produc-
ing other ATP-analogs, AppXp, that likewise target the
ANT. More recently, however, a new mechanism of action
of NBPs such as risedronate and zoledronate was proposed
to involve direct inhibition of a kinase, the epidermal
growth factor receptor or EGFR, but there were puzzling

dose discrepancies between cell (~50 puM) and EGFR
(~500 uM) inhibition by NBPs. We thus tested a broad
range of NBPs against an expressed EGFR kinase domain
that was potently inhibited by known kinase inhibitors
finding very weak activity. We then hypothesized that
since it bears strong structural similarity to ATP, the Apppl
(and ApppD) that forms from the IPP/DMAPP which ac-
cumulates on FPPS inhibition might actually be targeting
the EGFR. There was increased activity and this may con-
tribute in some cases to NBP activity—albeit in a minor
way. Remarkably, however, we then discovered that the
ATP analogs that form with NNBPs, such as clodronate,
were far more potent EGFR inhibitors than was Apppl— as
well as potent inhibitors of other cell signaling kinases.
Clodronate and its pre-prodrug forms, for example, are
converted in cells to the ATP analog AppCClzp that we find
to be a low nM inhibitor of kinases such as PDGFRa, JAKs,
and FGFR2, in addition to being an ANT inhibitor. Our 369-
kinase kinome screen and dose-response results indicate
that JAK3 is the kinase that is most potently inhibited by
AppCClzp, of interest since JAK3 is the target for tofacitinib,
a potent anti-inflammatory drug, and as discussed above,
some NNBPs have anti-inflammatory activity.  The
JAK/STAT/Tyk2 pathways are targeted by cytokines and
are involved in e.g. rheumatoid arthritis and of interest
here, JAK3 and Tyk2 are inhibited by AppCCl:p (at 5 nM
and ~230 nM, respectively, as is STAT3 phosphorylation
(by 31), suggesting a possible mechanism for clodronate
(or its analogs) in blocking inflammation by targeting the
JAK/STAT pathway. Our results also provide evidence that
AppCClzp targets tyrosine kinases (~78%) in preference to
serine/threonine kinases, and the results of DFT and AIM
theoretical calculations indicate stronger (~100x) hydro-
gen-bond interactions between AppCClzp and Tyr versus
with Ser/Thr. And finally, the observation that AppXp spe-
cies are kinase inhibitors opens up new possibilities for the
development of "pre-prodrugs" using the protecting
groups (phosphoramidates, pivaloyloxymethylenes, iso-
proxils) used in antivirals to deliver otherwise highly polar
species into cells, to be converted into novel, multi-target
inhibitors.

EXPERIMENTAL SECTION

General information, experimental procedures, and characteriza-
tion data are provided in the Supporting Information.

Supporting Information

Kinase inhibition assays. All kinase inhibition assays
were carried out by the Reaction Biology Corporation
(Malvern, PA) using their Kinase HotSpots™ Profiling sys-
tem. The base reaction buffers were typically 20 mM Hepes
(pH 7.5), 10 mM MgClz, 1 mM EGTA, 0.02% Brij35, 0.02
mg/ml BSA, 0.1 mM NasVOs, 2 mM DTT, 1% DMSO, and 1
uM ATP. ICso values were extracted from 3x dilution 10-
dose dose-response curves.

Cell growth inhibition by bisphosphonates. We used
the methods described previously'321443to determine cell
growth inhibition by bisphosphonates, as well as cell
growth inhibition rescues by GGOH. Cell line authentica-
tion was carried out in the Biopolymer/Genomics Core
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Facility in the School of Medicine of the University of Mary-
land via short tandem repeat (STR) analysis using a
Promega Geneprint 10 System.
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