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Recent evidence suggests atypical protein kinase C (aPKC) isoforms are required for both TNF- and VEGF-
induced breakdown of the blood-retinal barrier (BRB) and endothelial permeability to 70 kDa dextran or
albumin. A chemical library screen revealed a series of novel small molecule phenylthiophene based
inhibitors of aPKC isoforms that effectively block permeability in cell culture and in vivo. In an effort
to further elucidate the structural requirements of this series of inhibitors, we detail in this study a struc-
ture-activity relationship (SAR) built on screening hit 1, which expands on our initial pharmacophore
model. The biological activity of our analogues was evaluated in models of bona fide aPKC-dependent sig-
naling including NFkB driven-gene transcription as a marker for an inflammatory response and VEGF/
TNF-induced vascular endothelial permeability. The ECsq for the most efficacious inhibitors (6, 32) was
in the low nanomolar range in these two cellular assays. Our study demonstrates the key structural ele-
ments that confer inhibitory activity and highlights the requirement for electron-donating moieties off
the C-4 aryl moiety of the 2-amino-3-carboxy-4-phenylthiophene backbone. These studies suggest that
this class has potential for further development into small molecule aPKC inhibitors with therapeutic effi-
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cacy in a host of diseases involving increased vascular permeability and inflammation.

© 2013 Elsevier Ltd. All rights reserved.

Retinal vascular permeability and subsequent macular edema
(ME) contribute to the loss of vision in a host of blinding diseases.
Breakdown of the BRB in response to elevated VEGF or inflamma-
tory cytokines contributes to the pathology of diseases such as dia-
betic retinopathy, uveitis, and retinal vein occlusions and is
associated with vision loss.! Biological therapies targeting and
binding VEGF have demonstrated excellent results in reducing
macular edema and preserving visual function in recent clinical tri-
als for many patients.? Recently, aPKC has been identified as a com-
mon signaling molecule that mediates VEGF, TNF, CCL2 and
thrombin induced permeability and BRB dysfunction.>-® Drugs tar-
geting aPKC may provide an effective means to control vascular
permeability and prevent edema induced by multiple vasoactive
cytokines.
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Atypical PKC isoforms are a distinct subfamily of the PKC
isoforms that do not require Ca?" and diacylglycerol (DAG) for
activation. The aPKC isoforms consist of two isozymes, aPKC{ and
aPKCt (also called 2 in mouse), both containing a unique regulatory
C1 domain, a Phox and Bem 1 (PB1) protein—protein interacting
motif, and a pseudosubstrate domain in the amine terminus with
the kinase domain residing within the carboxy terminus.” Genetic
loss-of-function experiments for aPKCt reveal this kinase is inti-
mately involved in the formation of cellular polarity evident from
early embryonic lethality.® Importantly, once polarity has been
established, depletion of aPKC does not appear to induce cell polar-
ity defects or disorganization of the junctional complex.® Gene
deletion of aPKC{ exhibits only minor defects in immune system
development and alterations in NFkB signaling during the innate
immune response.'®!! Numerous studies implicate aberrant aPKC
signaling associated with diseases involving inflammation and
proliferation; therefore, aPKC isoforms have emerged as novel
therapeutic targets. Animal studies targeting aPKC isoforms have
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demonstrated effectiveness in models of type II diabetes, cancer,
and inflammation.'?-* Hence, targeting aPKC may be an effective
treatment for a variety of diseases including macular edema and
inflammation.

Screening a Chembridge small molecule library, we identified a
series of phenylthiophenes as potent and non-toxic aPKC inhibitors
that are effective at preventing both VEGF and TNF-induced retinal
permeability in the rodent retina without inducing measurable cell
death or observable retinal pathology.”!” These hits exhibit a non-
competitive kinetic mechanism of action and maintain selectivity
in both kinase screens and in cellular based assays supporting phe-
nylthiophenes as a viable chemotype for aPKC inhibition.!> Several
recent publications have attempted to design small molecule
inhibitors of atypical PKCs and some progress has been made with
isoform specificity and potency. One report describes a series of
allosteric aPKC{ inhibitors that exhibits micromolar efficacy in
the prevention of TNF-induced NFxB activity.'> However this class
of inhibitors still exhibit robust activation of PDK1, an upstream
activator of aPKCZ,'” which may lead to a less than optimal cellular
response as is evident from their efficacy in cell-based assays com-
pared to the phenylthiophene-based inhibitors.

In this manuscript, we report on medicinal chemistry efforts to
further characterize and elucidate the inhibitory activity of phenyl-
thiophene based aPKC inhibitors. Based on the screening hit 1 (Ta-
ble 1), we synthesized a series of analogues to develop and explore
structure-activity relationships (SAR) against an aPKC. A subset of
the most potent compounds was then evaluated in cellular assays
to determine their efficacy as inhibitors of retinal endothelial per-
meability and NFkB activation.

The heterocyclic 2-aminothiophene 3-carboxylic ethyl ester
analogues (1, 25-28, 31-39, Table 2) were prepared in two steps
by the Gewald reaction'® from aryl-substituted acetophenones
and ethyl cyanoacetate (Scheme 1a). To make substructure B deriv-
atives shown in Table 1, a two-step sequence of N-2 Boc protection
and saponification of 1 gave acid 51, which was further derivatized
to intermediate esters 53-66 or amides 67-70 (Table S1, Supple-
mentary data) using standard coupling conditions.'® Boc deprotec-
tion with trifluoroacetic acid then provided target analogues 6-20.

o} CN

(i)
Ar)J\Me I

Ar

CO,Et CO,Et

@ A
3
Me s~ ~NH,
f°r1 1, 25-28, 31-39

||| (Table 2)

CozR %OZR vii)
NHRP NR2RP

53-66: Rb =Boc
(vi) (Table S1, SM)
6-19 (Table 1)

(b)
25283233 Ar_ COR? Ar COzCHzPh
3539 (i) Z—X\ W) Z—g\
(Table 2) /S\ NR2RP 5~ ~NHR?
(iv)_71a-71k: R®=RP=Boc, ,83-93:R"=Boc

C R3 = Et (Table S1, SM)(Vi)< (Table S1, SM)
72-82: RP = Boc 40-50 (Table 2)

(Table S1, SM)

CONHR3

b
(v)_ 51: R? = R® = Boc, NHR
R3 = Et 67- 70 RP = Boc

52: R? = R%=H, R = Boc ( (Table S1, SM)
20-23 (Table 1)

Scheme 1. Reagents and conditions: (i) methyl cyanoacetate, NH;0Ac, AcOH,
toluene, reflux, 18-48 h; (ii) sulfur powder, Et,NH, EtOH, 50 °C, 3 h (iii) Boc,O,
DMAP, pyridine, 55 °C, 3 h; (iv) KOH, aq EtOH, reflux, 5 h; (v) for 52: R30H, CDI,
DCM or R30H, DCC, THF or R30H, PhsP, DEAD, THF; (vi) TFA, DCM; (vii) for 52:
R3NH,, EDC, HOBt, NEt3, DMF, 24 h.

This same two-step sequence was applied to selected ethyl esters
with different C-4 aromatic substitution patterns (Table 2) to make
a subseries of benzyl ester derivatives (Scheme 1b). Analogues 24a
and 24b (Table 1) were made (Methods A and C, respectively, Sup-
plementary data) to compare the kinase activity of 1 with its C-3
nitrile and carboxylic acid congeners.

To make C-4 anilino congeners (29, 30; Table 2) of 1 we started
with nitro precursor 94 (Scheme 2). The N-2 amino function
was bis-Boc protected followed by iron/acetic acid reduction to
96. Standard alkylation conditions provided N,N-dimethyl interme-
diate 97. Boc deprotection of 96 and 97 afforded the target
compounds.

To explore the effect of modifying the 2-NH, on kinase activity,
a small series of derivatives was synthesized (Scheme 3). Deamina-
tion of 1 under Sandmeyer conditions provided the C-2 protio
analogue 2, whereas simple alkylation gave the mono- and dimeth-
ylamino derivatives 3 and 4, respectively. The urea 5 was prepared
in two steps by reaction of 1 with trichloroacetyl isocynate
followed by trichloroacetyl cleavage with ammonia.?®

Isosteric replacement of the central thiophene ring of 1 to pro-
vide the pyrazole (100) and isoxazole (101) congeners was
achieved by utilizing synthetic procedures for closely related
compounds. Thus, condensation of enol ether 99 with hydrazine?!
or hydroxylamine?? gave the respective target compounds
(Scheme 4).

All compounds were rigorously purified by flash chromatogra-
phy or crystallization, and their structural assignments were sup-
ported by diagnostic peaks in the 'TH NMR spectra and by mass
spectrometry. Several of the compounds of Tables 1 and 2 are
known, but were made to help delineate an SAR for this series. Ref-
erences to prior preparations for each known compound are cited.

SAR for phenylthiophene analogues in an isolated kinase assay. We
initially screened the phenylthiophene analogues at, 30 UM against
aPKCC in an in vitro kinase assay.

Our initial SAR efforts were directed toward exploring varia-
tions at the C-2 and C-3 positions of a series of initial phenylthi-
ophene hits, which we had previously characterized* Two
subseries of analogues (A and B, Table 1) were synthesized with
modifications made at R? and R®. For A, it is clear that C-2 amine
substitution is required with maximal potency associated with a
primary amine (1 vs 3 vs 4). Modification to R>=H (2) or urea
(5) essentially abolishes activity

Having established NH, as an optimal substituent for R?, we
then studied a number of ester variations around the C-3 position
of the phenylthiophene core (subseries B, Table 1). After confirm-
ing earlier results showing significant inhibitory activity (100%)
for the ethyl (1) and the 2-propyl (6) esters,* we synthesized a ser-
ies of additional ester analogues (7-19) with R> moieties repre-
senting a range of physical, electronic and steric properties. The
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Scheme 2. Reagents and conditions: (i) Boc,0, DMAP, pyridine, 55 °C, 5 h; (ii) for
95: Fe powder, AcOH, 60 °C, 1 h; (iii) Mel, K,COs, acetone, 60 °C; (iv) TFA, DCM, rt,
16 h; (v) EtOH, 130 °C, 48 h.
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Scheme 3. Reagents and conditions:(i) t-BuONO, CuCl,, EtOH, 1 h, then aq NH4Cl;
(ii) Mel, K,COs, acetone 60 °C, 16 h; (iii) Mel, NaH, DMF, rt, 1 h; (iv) trichloroacetyl
isocyanate, THF, 0 °C, 3 h ; (v) NH3, MeOH, 0°C, 1 h.

e0  OMe Meo ~ OMe MeO  OMe
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Scheme 4. Reagents and conditions: (i) ethyl cyanoacetate, NaH, THF, then Me,SO,,
NaHCOs, aq dioxane; (ii) for 100: NH,NH,-HCl, NEt;, EtOH, reflux; for 101:
NH,O0H-HCl, NEt;, EtOH, reflux.

installation of solubilizing groups (7, 8) as well as phenyl (9) de-
creased inhibitory activity towards aPKC{ compared to 1. However,
simple homologation of phenyl to benzyl (10) restored full inhibi-
tion so additional benzyl esters were investigated. Analogues with
a range of electron donating and withdrawing substituents at open
positions on the phenyl ring were synthesized (11-18) as well as a
single example of a heterocycle (19) (Table 1). Here, substituents
off the 2- and 3-positions of the phenyl ring (14, 15, 17) were well

Table 1
Initial phenylthiophene SAR versus aPKC(?

Table 2
4-Aryl SAR of phenylthiophenes versus aPKCZ®

4 |Z 3 4 f 3
/"N o 1N o
=\ 3/ ~OEt = OCH,Ph
c [ \e p [\
s~ “NH, g~ "NH,
z No. Str. Inh.? (%) No. Str. Inh.? (%)
3/ 4'-(OMe), 1 C 100 10 D 100
3'-Me 252526 C 77 40 D 68
4/-Me 26%426-2830 ¢ 80 a1 D 60
3'-OMe 27?426-29 C 82 42 D 57
4'-OMe 282328-31 C 100 43 D 86
4/-NH, 293132 C 100 - D n.d.
4'-NMe, 30 C 100 - D nd.
3'-NHAc 3132 C 89 - D nd.
3/ 4-0CH,0-  32%2 C 100 44 D 85
2'-F4'-OMe 33 C 100 45 D 78
3'-F.4'-OMe 34 C 100 - D nd.
3'-CF3 35335 C 30 46 D 29
4/-CF; 3672 C 16 47 D 21
2'-F 37 C 62 48 D 57
3/-F 3832 C 38 49 D 53
3'-CN 392631 C 32 50 D 25

2 See footnote a, Table 1.

tolerated regardless of the electronics whereas 4-position (16, 18)
were not. Noteworthy is the remarkable difference in activity due
to positioning of fluorine (15 vs 16). This, along with the 4-cyano
analogue (18), suggests that strongly electron-withdrawing moie-
ties at the 4-position are unfavorable, which is reinforced by data
for the 4-pyridyl congener (19). The mildly electron-donating
methyl substituent contributes to modest inhibition regardless of
positioning (11 vs 12 vs 13). Overall, the ester SAR suggests that
the C-3 position of the thiophene core can tolerate lipophilic ester
functionality, but with some electronic and geometric constraints.

Selected amide congeners (20-23, Table 1) were also prepared
to evaluate the effect of an ester to amide modification at C-3.

MeO OMe MeO OMe
0
3
4 3, CO2Et XR
a e, B [\
S R S NH,
No. Str. R? or XR3 Inh? (%) No. Str. R? or XR3? Inh? (%)
1% A NH, 100 14 B OCH,Ph-3-OMe 100
2 A H 3 15 B OCH,Ph-2-F 100
3 A NHMe 32 16 B OCH,Ph-4-F 2
4 A NMe, 60 17 B OCH,Ph-3-CN 70
5 A NHCONH, 14 18 B OCH,Ph-4-CN 10
6 B 0-i-Pr 100 19 B OCH,-4-pyridyl 53
7 B 0 \_-OMe 57 20 B NHEt 50
Me HN-\_-OMe
8 B O/K/ OMe 49 21 B 55
9 B OPh 48 22 B NHCH,Ph 43
10 B OCH,Ph 100 23 B NHCH,-4-pyridyl 3
11 B OCH,Ph-2-Me 64 24a%* B COXR®>=CN 87
12 B OCH,Ph-3-Me 67 24b B COXR>=CO,H 65
13 B OCH,Ph-4-Me 50

¢ Inhibition determined from ADP Quest assay with 30 uM of inhibitor using aPKC{ (500 ng/ml). Values are the mean of at least n >5 and were repeated in independent
experiments. Standard error of the mean <20%. The experimental conditions are reported in the Supplementary data. Str. = chemical structure.
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XR? substituents of varying size and lipophilicity showed signifi-
cantly lower activity suggesting a possible detrimental effect due
to a different orientation of the amide substituent relative to ester.
Interestingly, a nitrile substituent at R (24a) demonstrated signif-
icant inhibitory activity (87%), whereas the C-3 carboxylic acid
analogue (24b) exhibited only moderate activity (65% inhibition).

Table 2 expands upon our initial SAR survey by looking at a
number of analogues with variable substitution (Z) off the C-4 aryl
moiety while retaining optimized substituents established for C-2
and C-3 as shown in Table 1. Analogues with a C-3 ethyl or benzyl
ester moiety are shown in subseries C and D, respectively. A series
of electron donating and withdrawing substituents were evaluated
at variable positions on the C-4 aryl substituent.

Robust inhibition of aPKC{ was observed for ethyl ester
analogues (subseries C) having electron-donating groups in the
3’- and 4'-positions on the phenyl ring (25-34). Furthermore, this
inhibition was generally maintained for corresponding benzyl
ester analogues (subseries D) where pairwise comparisons can be
made (1 vs 10, 26 vs 41, 28 vs 43, 32 vs 44, 33 vs 45). Conversely,
electron withdrawing Z-groups for ethyl ester (35-39) or benzyl
ester (46-50) analogues generally significantly decreased inhibi-
tory activity. In summary, the data of Table 2 suggest that kinase
inhibition within the 2-amino-3-carboxy-4-phenylthiophene core
is optimized by electron-donating Z-substituents off the C-4 aryl
moiety.

The SAR established in Tables 1 and 2 suggests that a generally
electron-rich heterocycle is required for optimal kinase activity. To
test this hypothesis, we made two congeners of 1 in which the thi-
ophene core was replaced by electron deficient heterocyles pyra-
zole (100) and isoxazole (101). Neither of these central core
modifications was effective at inhibiting aPKC( (30% and 22% inhi-
bition, respectively, at 30 uM) (Table S2, Supplementary data).

Having completed our initial screening, we determined ICsq val-
ues for several of our most potent compounds from Tables 1 and 2.
These range from ICso = 1-6 M with electron-donating groups at
3’- and 4'-positions on the phenyl ring being the most potent
and with analogues 29, 30, and 32 demonstrating the highest po-
tency (Table 3).

Evaluation of phenylthiophene inhibitors in cell-based assays.
Following ICsy determinations, we evaluated the compounds of

Table 3
Cellular assays for selected phenylthiophenes

No.  aPKC kinase assay TNF-induced NFkB ~ TNF/VEGF-induced

activation endothelial
permeability

Inh.? ICs0* Inh.P ECso” ECs0° (UM)
(%) (nM) (%) (HM)

6 100 6 90 0.003 0.001

10 100 6 64 0.002 n.d.

14 100 5 80 0.001 >0.1

29 100 2 72 0.001 0.27

30 100 1 37 0.001 0.28

32 100 2 34 0.002 0.02

33 100 4 65 0.01 n.d.

¢ Inhibition determined from ADP Quest assay with 30 uM (reported in Tables 1
and 2) or a 5 point dose-response curve to determine ICso against aPKCZ (500 ng/
ml). Values are the mean of at least n >5 and were repeated in independent
experiments. Standard error of the mean <20%.

® Inhibition determined from TNF-induced NFkB activity assay with 0.1 pM ora 5
point dose-response curve to determine ECso. Values are the mean of at least n >4
and were repeated in independent experiments. Standard error of the mean <35%.

€ ECso determined from VEGF/TNF-induced retinal endothelial permeability
assay using a 5 point dose-response curve. Values are the mean of at least n >8 and
were repeated in independent experiments. Standard error of the mean <30%. All
experimental conditions are reported in the supplementary methods. ICsq and ECsq
values were calculated using a variable slope dose-response curve in GraphPad (SM
methods).

Table 3 in two cell-based assays. A single dose of 0.1 pM was
used in an initial screen to determine the ability of a compound
to prevent TNF-induced NFkB transcriptional activation in a sta-
ble cell line (HEK293) expressing a NFkB reporter system. This
assay is a surrogate for downstream signaling of aPKC¢ as this ki-
nase has been shown to regulate NFkB activation in multiple cell
types as evidenced from an animal knockout model.>® Impor-
tantly, this assay has been used previously to determine aPKC{
inhibitor cellular efficacy.’® A robust increase of NFkB by TNF
was demonstrated and complete inhibition of TNF-induced NFxB
activation was verified using an IkB kinase inhibitor VII (IKK-I)
(Fig. S1, Supplementary data). Using this assay, six analogues
(6, 10, 14, 29, 30, 32) were tested and all demonstrated signifi-
cant inhibition of TNF-induced NFkB activity and were further
analyzed using dose-response curves to determine ECso values
as depicted for compound 6 (Fig. 1A). Each compound demon-
strated low nanomolar potency toward suppressing NFKB activity
(Table 3), demonstrating that these analogues exhibit potent
anti-inflammatory effects. Importantly, this assay is a bona fide
marker of aPKC activity and downstream signaling, and cellular
data correlates with in vitro enzyme data supporting aPKC as
the cellular target.

We further evaluated compounds of Table 3 in an assay to as-
sess their capability to prevent retinal endothelial permeability, a
hallmark of ME. This is a permeability assay that was performed
using retinal endothelial cells and monitoring the flux of 70 kDa
RITC-dextran across an endothelial monolayer. This assay has been
used extensively to monitor the permeabilizing effects of growth
factors and inflammatory cytokines implicated in ocular disease®’
and requires aPKCt.!> Dose-response curves were generated with
6, 14, 29, 30 and 32 with the results shown in Table 3 along with
a representative dose-response curve for 6 (Fig. 1B). Four com-
pounds, (6, 29, 30, 32) showed good efficacy in preventing TNF/
VEGF-induced endothelial permeability, with compound 6 exhibit-
ing an EC5g of 1 nM.

The cell based efficacy data is supported with a favorable spec-
ificity profile for our better candidates. Importantly, 6 has been
shown to exhibit a high degree of specificity towards the aPKC iso-
forms as compared to its closest AGC family members and does not
block VEGF-induced Akt activation or Erk activation in endothelial
cells.’> Compounds 6, 14, 30 and 32-display low micromolar to
high nanomolar potency against aPKC isoforms without discrimi-
nation for PKC{ or PKCt (Table S3, Supplementary data). A preli-
minary in silico calculation of physico-chemical parameters
(Table S4, Supplementary data) for selected compounds of Table
3 suggests favorable biopharmaceutical properties for this class
compounds but clearly further stability, pharmacokinetic and tox-
icity analyses are required. clogP values for compounds 6, 14, 30
and 32 are 4.256, 5.165, 4.459, and 3.854. In addition, topological
polar surface are (TPSA) for compounds 6, 14, 30 and 32 are
70.78, 80.00, 55.55, and 70.78, respectively. Overall, the enzyme
and cellular data support this class of phenylthiophenes as potent
and specific inhibitors of aPKC isoforms with significant efficacy in
preventing vascular permeability and NFxB-induced gene
transcription.

Previously, we reported a group of phenylthiophene based mol-
ecules as the first biologically active aPKC inhibitors with high en-
zyme specificity and a non-competitive mode of action with
nanomolar efficacy in cells.!® In this Letter, we have expanded
the screening for aPKC inhibitors by developing an SAR to further
delineate structural requirements and refine a pharmacophore
for this new class of aPKC inhibitors. The addition of electron
donating groups (Z) to the C-4 aryl substituent, principally in the
3'- and 4’-positions, combined with a C-2 primary amine and C-3
ester moiety confer robust inhibitory activity for this class of com-
pounds. The reason for the discrepancy between kinase potency
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(A) HEK293pNFkBluc cells were treated where indicated with 5 ng/ml TNF
for 5h. A 3 h pre-treatment of a dose-response of 6 was performed where
indicated and a Bright-Glo luciferase reaction was performed (SM methods);
n >5. (B) Permeability assays were performed (SM methods) following a
dose-response of compound 6 and the addition of VEGF/TNF for 1.5 h; n
>7 combined from multiple independent experiments. Statistics were
performed using One way ANOVA with Neuman—Keuls posthoc test in
GraphPad.

Figure 1. Examples of cell-based efficacy of phenylthiophenes.

(ICs low micromolar) and cellular potency (ECso low nanomolar) is
unclear but does not appear to be due to off-target effects as 6 has
been shown to possess excellent selectivity in a panel of 20 AGC ki-
nases and this inhibitor class has been demonstrated to not affect
canonical VEGF signaling cascades.'”

Our series of phenythiophenes are the first compounds to
exhibit low nanomolar activity against aPKC activity in cells with
biomarkers of both NFkB dependent gene expression and TNF/
VEGF-induced vascular permeability. Our data suggest that the
phenylthiophene pharmacophore can be further optimized to pro-
vide therapeutic agents with the potential to treat diseases, such as
macular edema, that involve vascular permeability induced by
growth factors such as VEGF and inflammatory cytokines such as
TNF. More broadly we believe that expansion of this class can lead
to agents that target acute inflammatory responses.

Future SAR will focus on molecular modifications that further
expand upon the current series to optimize drug-like properties
while maintaining aPKC selectivity and improving potency. These
will entail modifications of the phenylthiophene core, which will
include exploration of the C-5 position. Our current studies provide
a good starting point to achieve this goal.
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