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Receptor tyrosine kinases are critical targets for the regulation of cell survival. Cancer patients
with abnormal receptor tyrosine kinases (RTK) tend to have more aggressive disease with poor
clinical outcomes. As a result, human epidermal growth factor receptor kinases, such as EGFR
(HER1), HER2, and HER3, represent important therapeutic targets. Several plant polyphenols
including the type III polyketide synthase products (genistein, curcumin, resveratrol, and
epigallocatechin-3-galate) possess chemopreventive activity, primarily as a result of RTK
inhibition. However, only a small fraction of the polyphenolic structural universe has been
evaluated. Along these lines, we have developed an in vitro route to the synthesis and subsequent
screening of unnatural polyketide analogs with N-acetylcysteamine (SNAc) starter substrates and
malonyl-coenzyme A (CoA) and methylmalonyl-CoA as extender substrates. The resulting
polyketide analogs possessed a similar strucutral polyketide backbone (aromatic-2-pyrone) with
variable side chains. Screening chalcone synthase (CHS) reaction products against BT-474 cells
resulted in identification of several trifluoromethylcinnamoyl-based polyketides that showed
strong suppression of the HER2-associated PI3K/AKT signaling pathway, yet did not inhibit the
growth of nontransformed MCF-10A breast cells (IC50 > 100 µM). Specifically, 4trifluoromethylcinnamoyl pyrone (compound 2e) was highly potent (IC50 < 200 nM) among the
test compounds toward proliferation of several breast cancer cell lines. This breadth of activity
likely stems from the ability of compound 2e to inhibit the phosphorylation of HER1, HER2, and
HER3. Therefore, these polyketide analogs might prove to be useful drug candidates for potential
breast cancer therapy.
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Introduction
The human epidermal growth factor receptor (HER) family, which includes EGFR (HER1),
and HER2, and HER3 serve as important targets for selective cancer therapy.[1]
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Overexpression of HER2 is found in ~30% of human breast cancers and is associated with
more aggressive and drug resistant tumors.[2] Dimerization of the HER receptors (HER1/
HER2, HER2/HER2, and HER2/HER3) induces autophosphorylation of specific tyrosine
residues within the cytoplasmic catalytic kinase domain of the activated receptor.[3] These
tyrosine autophosphorylation residues activate downstream cell proliferation (mitogenactivated protein kinase, MAPK) and the survival (phosphatidylinnositol-3 kinase, PI3K/
Akt[4]) signaling pathway. HER2 is also the preferred heterodimeric partner with other HER
receptors. Thus, HER2 is an attractive target for cancer drug development.
Several small molecule tyrosine kinase (TK) inhibitors, such as lapatinib, gefitinib, and
erlotinib, which target the intracellular kinase domain of the HER receptor, are clinically
available.[5] However, these compounds have toxic side effects, including skin rash,
diarrhea, and thrombocytopenia.[6] In addition, in some lung cancer patients treated with
gefitinib and erlotinib, somatic mutations were observed in the EGFR kinase domain;[7] this
resulted in altered drug sensitivity and increased drug resistance.[8] Thus, development of
safer, yet highly potent and selective TK inhibitors is needed.
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Products of the type III polyketide synthases, including polyphenols such as catechins,
genistein, resveratrol, and curcumin, possess anticancer and antiangiogenic activity, are
capable of stimulating apoptosis in cancer cells, and appear to serve as chemopreventive
agents against oxidative damage in normal cells.[9] The diverse biological activity of
polyphenolic-based polyketides relates to the ability of these structurally complex molecules
to activate or inhibit one or more molecular targets that are critical in cancer cell
proliferation and/or metastasis.[9] In addition, these natural products are generally nontoxic
and have been used clinically for targeting HER2,[10] cyclooxygenase-2,[11] nuclear factor
κB (NF-κB) transcription factor,[12] protein kinases (e.g., Akt and MAPKs),[13] Bcl-2,[14]
among others.
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Despite the large number of polyphenols that exist in nature, only a small fraction of the
polyketide and polyphenolic structural universe can be tapped because of difficulties in
isolation of these compounds. Diversity-oriented synthesis (DOS) of natural product-like
polyphenolic compounds[15] and de novo polyphenol synthesis by plant-based type III
polyketide synthases (PKS) are possible alternative routes to the generation of novel
polyphenols. Although DOS has great potential to generate diverse natural product-like
architectures, multiple steps are required for polyketide chain elongation and cyclization,[16]
whereas, type III PKS alone is capable of performing both steps. Exploiting these PKS to
synthesize natural and unnatural polyphenols is possible and might be expected to yield
unexplored structurally diverse natural products.[17] Many secondary metabolism pathways
serve as excellent candidates for this strategy, including polyketides, isoprenoids, lignans,
etc., and rapid microarray-based screens can be developed based on key targets, e.g., caspase
family enzymes, kinases, phosphatases, histone deacetylases, as well as cell-based
assays.[18] The polyketide synthases are particularly well-suited for in vitro manipulation.
The type III PKS are fundamentally the simplest among the three classes of PKS, and are
comprised of homodimeric enzymes that catalyze decarboxylative condensation of malonylCoA or methylmalonyl-CoA onto a wide range of starter-CoA substrates. In nature, these
enzymes catalyze the synthesis of a diverse array of flavonoids, chalcones, stilbenes, and
together with other enzymes, a large number of hybrid molecules with activities as varied as
anti-infectives to anticancer agents.[19] Moreover, examples of natural post-PKS tailoring
reactions are known,[20] and our previous efforts have led to hybrid natural-unnatural
polyketide synthesis through post-PKS tailoring reactions.[18a]
Chalcone synthase (CHS) is the key enzyme involved in polyphenol biosynthesis and
possesses a very wide substrate specificity,[21] and utilizes both aromatic and aliphatic CoA
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esters as substrates.[22] The natural function of CHS is to initiate polyphenol biosynthesis
through sequential Claisen condensation of coumaroyl-CoA as a starter substrate with
malonyl-CoA as a chain extender substrate. After three rounds of chain elongation, the
resulting linear tetraketide intermediate is cyclized to form the chalcone naringenin. In some
cases, immature polyphenols are produced through truncated condensation reactions to yield
triketide and tetraketide products that are then cyclized to produce coumaroyl-4-hydroxy-2pyrones.[20] CHS possesses a high degree of substrate promiscuity, including both aromatic
and aliphatic CoA esters as substrates,[22] albeit far less promiscuity is evident for the
extender substrate.[21, 23] We reasoned that such broad specificity could be used to facilitate
the discovery of new molecular entities with potent biological activities.
In the current work, we used an in vitro precursor-directed synthesis strategy employing
CHS with a range of structurally diverse aromatic starter substrates to generate compounds
that possessed nanomolar activity against proliferation of several HER2 overexpressing
breast cancer cell lines. Importantly, these compounds were inactive against a
nontumorigenic breast cell line (MCF-10A), thereby providing highly selective and potent
biological activity with potential therapeutic applications.

Results and Discussion
In Vitro Synthesis of Unnatural Polyketides
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To obtain novel (unnatural) polyphenols derived from Type III PKS, we performed in vitro
precursor-directed synthesis with CHS from alfalfa (Medico sativa) and various Nacetylcysteamine (SNAc) thioester starter substrates (Figure 1S), with malonyl-CoA or
methylmalonyl-CoA serving as extender substrates (Scheme 1). To ensure that CHS reacted
with SNAc esters in a manner similar to the respective CoA esters, a standard reaction was
performed by using p-coumaryl-SNAc and malonyl-CoA as starter and extender substrates,
respectively. HPLC-MS/MS measurement of the reaction mixture resulted in two peaks with
parent ions [M+H]+ at m/z 273 and [M−H]− at m/z 271, indicating the successive
condensation of three units of malonyl-CoA. Based on MS/MS-ESI fragmentation analysis,
one fragment at m/z 227 corresponded to [M−H−CO2]−, and this indicates the presence of
an α-pyrone ring (3b), which was terminated without aromatic ring formation. The second
peak gave a similar UV spectrum (λmax 296 nm) and mass spectrum identical to the
expected product naringenin (4b). Thus, the SNAc starter substrate was effectively used by
CHS to generate the natural product of the reaction.
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Encouraged by this result, we proceeded to perform CHS catalysis on a range of starter
substrates with both malonyl-CoA and methylmalonyl-CoA as extender substrates (Scheme
1). The products from 21 enzymatic reactions were analyzed by HPLC-MS, and this resulted
in the identification of a large number of structurally diverse products, including tri- and
tetraketide pyrones and fully formed flavonoids. 1H and 13C NMR analyses were performed
on seven of these products, thus confirming the MS identification.
Inhibitory Effect of CHS Reaction Products on the HER2-PI3K-Akt Signaling Pathway
CHS reaction products were then extracted from the reaction mixtures into ethyl acetate and
evaluated as inhibitors of the HER2-associated PI3K/Akt signaling pathway. HER2overexpressing BT-474 cells[24] were then used to investigate whether the polyketide
products suppressed HER2 signaling. The extracted reaction mixtures were redissolved in
DMSO. The resulting product mixtures were used in 2D BT-474 cell culture assays in 6well plates. The inhibitory activity of these product mixtures were assessed against the
HER2-PI3K-Akt signaling pathway (Figure 1 and 2). As a negative control, the vehicle
containing 1% (v/v) DMSO was used and it showed the expected high levels of phospho-
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Akt (p-Akt), which is the downstream output of HER2 activation; thus, this demonstrated
the active PI3K-Akt signaling cascade. Positive controls consisted of 2 µM wortmannin and
50 µM LY-294002, which are known irreversible PI3K inhibitors.[25] The reaction mixtures
derived from 2-, 3-, and 4-trifluoromethylcinnamoyl-SNAc starter substrates (1c–1f)
appeared to strongly inhibit formation of phospho-HER2 (p-HER2), which shuts down the
downstream kinase signaling pathway such that negligible phosphorylation of PI3K and Akt
occur (Figure 3). This inhibition did not take place with 50 µM of the free cinnamic acid
derivatives, although some activity was observed with 50 µM of the 3,5bis(trifluoromethyl)cinnamoyl-SNAc (compound 1f) and 2-trifluoromethylcinnamoyl-SNAc
(compound 1c) starter substrates (reduced levels of p-Akt generated). Therefore, only in the
presence of the full CHS product mixtures was there significant inhibitory activity. These
results were not influenced by the effects of cell concentration, as the actin signal remained
relatively constant (Figure 3).
High-Yield Production of Bioactive Polyketide Analogs using Immobilized CHS
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The reaction mixtures from the trifluoromethylcinnamoyl-SNAc starter substrates (with
either malonyl-CoA or methylmalonyl-CoA as extender substrates) possessed the highest
biological activity. However, these mixtures were highly impure and the product
concentrations were low (< 3–5% conversion), as a result of the instability of CHS under the
in vitro reaction conditions (half-life of 5 h). Following our previous work,[26] we
immobilized CHS onto Ni-NTA agarose beads; this also served as a method to purify the
enzyme through its N-terminal His8-tagged construction. This approach resulted in
improved CHS stabilization (half-life of ca. 7 days, data not shown) and ~20% conversion
(Figure 2S in the Supporting Information) for both 2- and 4-trifluoromethylcinnamoylSNAc starter substrates, by using malonyl-CoA as extender, which enabled us to isolate the
triketide pyrone products (compounds 2c and 2e, respectively, structures confirmed by
NMR, see Supporting Information) after scale-up (50 mL reaction volume).
Cell Specific Growth Inhibition Assays by Bioactive Polyketide Analogs
Shutting down the HER2 signaling pathway was expected to activate apoptosis, which
would lead to growth inhibition[1] at increased doses of the CHS products. This was tested
by using purified compounds 2c and 2e for dose response assays against BT-474 cells. As
shown in Figure 3S (Supporting Information), both compounds showed strong growth
inhibition activity against BT-474 cells, with IC50 values of 120 and 30 nM, respectively
(Table 1). Interestingly, neither compound was active against nontransformed MCF10A
breast cells (IC50 > 100 µM, Table 1).
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The trifluoromethyl group is critical for inhibitory activity. When the CF3 group of
compound 2e is replaced with the CH3 group of compound 2g, an 1800-fold loss in
inhibitory activity is obtained (Table 1). The pyrone component is also important for
inhibitory activity; the SNAc starter substrates were less inhibitory than the pyrone products
(ca. 30-fold lower activity for compound 1e vs. compound 2e).
In addition to dramatic growth inhibition, compound 2e strongly activated apoptosis in
BT-474 cells, as demonstrated by severe cellular morphological changes and disruption of
the cell membrane. This was reflected in increasing red-colored cells (dead cells) by labeling
nuclei with membrane-impermeable ethidium homodimer-1 (Figure 4a, insets). Poly (ADPribose) polymerase (PARP) cleavage to an 89 KDa fragment, the hallmark of apoptosis, was
also shown to be strongly activated by compound 2e (Figure 4b). No evidence of apoptosis
(as indicated by lack of PARP cleavage) was obtained with the CH3 analog (compound 2g)
and much lower apoptosis and PARP cleavage was evident with the SNAc starter substrate
(compound 1e); this is consistent with the trifluoromethyl-containing pyrone as being a
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highly active HER2-pathway inhibitor. Due to the highly potent growth inhibition activity of
compound 2e towards BT-474 cells, we performed similar experiments for both compound
2e and a known HER2 specific inhibitor, AG-825,[27] against two other HER2overexpressing human breast cancer cell lines, including SKBR-3[28a] and trastuzumab
(Herceptin)-resistant MDA-MB-453 cells[28] (Figure 5a). Compound 2e was highly potent
against both cell lines with IC50 values of 60 and 130 nM against SKBR-3 and MDAMB-453, respectively, whereas AG-825 was less potent against these cell lines (IC50 values
of BT-474, SKBR-3 and MDA-MB-453 were 0.84, 2.7 and 132 µM, respectively).
Trastuzumab-resistant MDA-MB-474 cells showed the lowest sensitivity against AG-825.
When we compared the growth inhibition of compound 2e with commercially available
multiple-kinase inhibitor drug, lapatinib (Tykerb), Lapatinib had IC50 values against
SKBR-3 cells of 37–76 nM[29] and IC50 values of 2.5–71 nM against BT-474 cells.[29] Thus,
the effect of growth inhibition of compound 2e was similar to a commercially available
lapatinib.
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To gain a preliminary mechanistic understanding of the effect of compound 2e, we
evaluated the ability of the compound to inhibit HER1 and HER2 TK by using an ELISA
assay (Figure 5b). Compound 2e was a potent inhibitor of both HER1 and HER2 TK, with
IC50 values of 0.33 and 0.16 µM, respectively. This contrasts with AG-825, which had IC50
values of 23 and 0.59 µM for HER1 and HER2, respectively, thus indicating potent HER2
and only moderate HER1 TK inhibition. In addition, phosphorylation of kinase domain
residue Tyr877 of HER2 was also inhibited by compound 2e, as well as AG-825 (Figure 4 in
the Supporting Information). These results demonstrate that compound 2e is an effective
dual inhibitor of the TK function of HER1 and HER2. This, in turn, enables growth
inhibition against recalcitrant cell lines. It is important to note that while compound 2e is
effective against MDA-MB-453 cells, this cell line is resistant to Herceptin (trastuzumab).

NIH-PA Author Manuscript

Because MDA-MB-453 cells were resistant against a HER2 specific inhibitor (AG-825,
IC50 = 132 µM), these cells were chosen to examine the comparative effects of compound 2e
and AG-825 on the phosphorylation of all three HER isoforms. Treatment of MDA-MB-453
cells with compound 2e strongly suppressed the phosphorylation of HER1, HER2, and
HER3 (Figure 6). AG-825, however, did not suppress HER1 and HER3 phosphorylation
(Figure 6); this is consistent with the aforementioned specificity of this compound against
only the HER2 TK. The breadth of activity of compound 2e against all three HER isoforms
might explain the activity against the Herceptin-resistant MDA-MB-453 cells. It is possible
that compound 2e, by virtue of its broad specificity, can prevent both homodimerization
(HER2/HER2) and heterodimerization (HER1/HER2 and HER2/HER3), resulting in growth
inhibition of trastuzumab-resistant MDA-MB-453 cells although more experimental proof is
needed.
Structural Features of Pyrones that Inhibit HER Tyrosine Kinase
The CF3 group (compound 2e) appears to be essential for high cell-based activity and
selectivity, as replacing this group with CH3 resulted in a compound with an IC50 value of
55 µM—over 1800-fold less active than the CF3-containing analogue. The high activity of
compound 2e was presumably due to potent inhibition of the HER2 receptor TK, and this
was demonstrated by testing the compound against isolated HER2 kinase. The resulting IC50
value of 160 nM was substantially lower than that of compound 2g (9.4 µM, data not shown);
this indicating that the CF3 group is critical in inhibiting TK activity. In addition to the CF3
group, the pyrone moiety is important. Comparison of compound 2e with its relevant SNAc
starter substrate (compound 1e) revealed that the latter is approximately 30-fold less active
than the former. As a result of the HER2 TK inhibition, downstream signaling is diminished.
This was evident in diminished levels of p-HER2, p-Akt, and p-PI3K in the BT-474 cell
line. Thus, deactivation of downstream signaling pathways occurs, presumably involving
Chembiochem. Author manuscript; available in PMC 2011 May 16.
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proapoptotic factors including p53, BAD, procaspase-9, and Forkhead (FKHR) transcription
factor, as well as activation of transcription factors that involve cell survival, such as NF-kB,
cyclic-AMP response element-binding protein, etc.[30]
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Pyrones are commonly observed in polyketides generated through biosynthetic pathways of
the type II[31] and type III PKSs,[19, 32] and have been found to have activity as HIV
inhibitors,[33] acetylcholine esterase inhibitors (treatment of Alzhemier’s disease),[34]
cholesterol esterase inhibitors (treatment of hypercholesterolemia),[35] and protein TK
inhibitors (treatment of cancer).[36] Indeed, it is known that chalcone- or isoflavonoid-based
pyrones appear to strongly interact with the adenine pocket of the ATP binding site of c-Src
TK domains, presumably through both hydrophobic interactions and hydrogen bonding with
hydrophobic residues (Leu275, Ala295, Leu395) and (Met343, Glu341, Thr340),
respectively, resulting in TK competitive inhibition.[36] Incorporation of fluorobenzyl- or
trifluoromethylbenzyl groups into existing TK inhibitors has been used to increase the
selectivity of TK inhibition in addition to enhancing the potency of cellular activity, perhaps
due to the enhanced hydrophobic interaction with the hydrophobic residues in the ATPbinding pocket of TK.[37] For example, the fluorobenzyl group of EGFR- and HER2-kinase
inhibitors occupies a cleft formed by the hydrophobic residues (Met766, Leu777, Thr790,
Thr854, and Phe856) in HER1 kinase domain.[37b] The fluorine moiety might also undergo
hydrogen bonding to the Arg776 and Thr790 in the hydrophobic cleft, and is thus important
for optimal inhibition of HER1; however, we cannot exculde the possibility that the CF3
moiety activates the pyrone ring as an electrophile. Further studies are underway wherein an
X-ray structure of the HER kinase domain with compound 2e will be obtained, such that
specific interactions of the compound with the ATP binding site can be elucidated.

Conclusion
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In conclusion, we used an in vitro strategy to synthesize a library of polyketide analogs with
alfalfa CHS[38] that employed twelve different aromatic-SNAc starter substrates with
malonyl- or methylmalonyl-CoA as extender substrates. Testing of this library resulted in
the identification of several unnatural polyketide-based polyphenols that suppressed the
HER-PI3K-Akt signaling pathway, and had multiple HER TK inhibitory activity. The potent
compounds were highly selective against breast-cancer cell lines, yet were essentially
inactive against a nontransformed breast-cell line. Precursor-directed in vivo combinatorial
biosynthesis is well known, yielding hybrid or “unnatural” natural products.[39] However,
cell-based combinatorial synthesis platforms are subject to variabilities in the permeability
of precursor substrates into the cells and potential toxicity of the precursors or their
biosynthetic products.[40] Moreover, for complex products or product mixtures, purification
is often process limiting. Thus, in vitro enzymatic synthesis might provide an efficient
alternative to cell-based approaches, particularly in cases in which downstream tailoring
reactions can be used to diversify further the product spectrum.

Experimental Section
Chemical Synthesis of N-acetylcysteamine Thioester (SNAc) Analogues
The two-step synthesis of the SNAc analogues (1a–1l, Fig. 1S in the Supporting
Information) was carried out according to a modification of a previously reported
method.[41] Briefly, N,N′-dicyclohexylcarbodiimide (1.2 equiv) was added to starting
carboxylic acid (1 equiv) in ethyl acetate (25 mL) and the reaction mixture was stirred for 1
h followed by addition of N-hydroxysuccinimide (1.2 equiv) at RT. After 2 h, the substituted
urea was filtered off and SNAc (1.2 equiv) was added to the reaction mixture and stirred for
4 h. The SNAc analogues were purified by using flash silica gel chromatography and
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Expression and Purification of Chalcone Synthase (CHS)
Chalcone synthase (CHS) from alfalfa was produced by overexpression of the corresponding
gene by using the pET-28 expression vector in E. coli. The protein was purified by using NiNTA column chromatography. Nickel-chelating ligand nitrilotriacetic acid (Ni-NTA)
agarose beads were obtained from Invitrogen (Carlsbad, CA, USA) to give ~4 mg CHS/g
bead.
In vitro Precursor-Directed CHS Enzyme Reaction
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Tris-HCl buffer (100 µL, 50 mM, pH 7.5) was added to the reaction mixtures containing
starter substrates (1 mM, 1a–1l), extender unit (3 mM, malonyl-CoA or methylmalonyl-CoA),
and purified CHS (20 µL, ca. 2.0 mgmL−1) or Ni-NTA immobilized CHS (40 µg protein).
The reaction mixtures were incubated at 37 °C for 2 h. The reactions were stopped by
adding HCl (5 µL, 5% (v/v) 4N) and the products extracted into ethyl acetate (100 µL) and
analyzed by LC-ESI/MS. To isolate polyketide products, we performed reactions (50 mL
size). The resulting extracts were dried under nitrogen, redissolved in dichloromethane
(DCM; 2 mL) containing traces of methanol, and the products were purified by using flash
column chromatography with DCM/MeOH (from 20:1-3:1 (v/v)) as an eluent. Purified
samples were dissolved in CD3OD (0.5 mL, Sigma, St. Louis, MO, USA) for NMR analysis
(Bruker DPX500, GmbH, Germany). Compound characterization (2a-6k) is in Supporting
Information.
Cells and Cell Culture
The human breast cancer cell lines used in this study were MCF-7, BT-474, SKBR-3, and
MDA-MB-453. All cells were grown in DMEM (Invitrogen) supplemented with fetal
bovine serum (10%; Hyclone, Waltham, MA, USA) and penicillin/streptomycin (1 × Pen/
Strep). We also used a nontransformed MCF-10A cell line, which is phenotypically normal
and nontumorigenic. MCF-10A cells were cultured in DMEM, insulin (10 µgmLa−1; Sigma,
I1882), hEGF (20 ngmL−1; Trevigen, Gaithersburg, MD, USA), cholera toxin (100 ngmL−1;
Sigma, C8052), hydrocortisone (500 ngmL−1, Sigma), Pen/Strep (1 ×; Cellgro, Herndon,
VA, USA), and horse serum (5%; ATCC, Rockville, MD, USA).
Immunoblot Analysis
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After exposing all of compounds with PDGF to breast cancer cells for 3 h, proteins from the
cell lysates were separated by SDS-PAGE and transferred to a PVDF membrane. The
membrane was blocked with skim milk (5%) in PBS-Tween 20 (0.1%, v/v) at 4°C overnight.
The membrane was incubated with a primary antibody (1:500–1:1000; anti-phospho-Akt
(Ser473), anti-Akt, anti-HER1, anti-phospho-HER1 (Tyr1148), antiphospho-HER2
(Tyr1221/1222), anti-phospho-HER2 (Tyr877), anti-HER2, anti-phospho-HER3 (Tyr1197),
anti-HER3, anti-phospho-PI3K (Tyr508), anti-PI3K, anti-PARP, and anti-actin) at 4°C
overnight. All antibodies were purchased from Cell Signaling Technology, Beverly, MA,
USA. Horseradish peroxidase conjugated anti-rabbit or anti-mouse IgG was used as
secondary antibody. Immunoreactive proteins were visualized by the chemiluminescence
protocol (Super-Signal West, Pierce, Rockford, IL, USA).
Growth Inhibition Assays
Cells were grown in 96-well plates (1 × 104 cells/well) overnight, then treated with various
concentrations of purified CHS products, and incubated for an additional 72 h. The effect of
compounds on cell growth was examined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5Chembiochem. Author manuscript; available in PMC 2011 May 16.
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diphenyl tetrazolium bromide) assay. Briefly, MTT solution (20 µL, 5 mgmL−1, Sigma) was
added to each well and incubated for 4 h at 37°C. The supernatant was aspirated, and the
MTT-formazan crystals formed by metabolically viable cells were dissolved in DMSO (200
µL). Finally, the absorbance was monitored by using a multi-well spectrophotometer
(SpectraMax, Molecular Devices, Sunnyvale, CA, USA) at 595 nm.
HER Kinase Assay
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Purified HER1 and HER2 TK and the corresponding biotinylated peptide substrates were
purchased from Cell Signaling Technology and the kinase reaction was performed in
duplicate. Various concentrations of trifluoromethylcinnamoyl pyrones (AG-825 and
Compound 2e) were added to the HER kinase reaction mixture in 96-well polystyrene
round-bottomed plates. The reaction mixture contained MgCl2 (5 mM), MnCl2 (5 mM),
Na3VO4 (3 µM), DTT (1.25 mM), ATP (20 µM), peptide substrate (1.5 µM), and HER2 kinase
(50 ng) in of HEPES buffer (50 mL, 60 mM, pH 7.5). The reaction was initiated by adding
the peptide substrate and terminated after 30 min incubation at 23°C by adding EDTA (50
µL, 50 mM, pH 8.0). Each reaction mixture (25 µL) was diluted with deionized water (75
µL), and transferred into a 96-well streptavidin coated plate and incubated at 23°C for 60
min. After the plate was washed three times with PBS containing Tween 20 (0.1 %; PBST),
primary antibody (100 µL; phospho-Tyrosine mAb, p-Tyr-100, 1:1000 in PBST with 1%
BSA) was added and incubated at 23 °C for 60 min. After the plate was washed three times
with PBST, of horseradish peroxidase-conjugated goat anti-mouse IgG (100 µL, 1:500 in
PBST with 1% BSA) was added and the plate was reincubated at 23°C for 30 min. After the
plate was washed five times with PBST, the TMB (3,3′,5,5″-tetramethylbenzidine) substrate
was added and the plate was incubated at RT until color formed. The reaction was
terminated by adding H2SO4 (50 µL, 1N) and the plate was read at 450 nm.
Live/Dead Cytotoxicity Assay
BT-474 cells were plated in slide chambers. After treatment with compounds 1e and 2e (5
µM,) for 12 h, ethidium homodimer-1 (10 µL, 2 mM) and calcein AM (5 µL, 4 mM) were
added to PBS (2 mL), and 500 µL of this mixture was applied to each slide containing the
cell monolayer. After incubation for 30 min at RT, the cells stained and visualized with an
epifluorescence microscope (Micro Video Instruments Inc, Avon, MA, USA) equipped with
an FITC-Texas red double filter.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representation of HER2-mediated PI3K-Akt signaling pathway. Activation of
HER2 initiates the activation of the cytoplasmic tyrosine kinase domain and subsequent
events to activate downstream of PI3K and Akt. The activation of Akt suppresses apoptosis
and stimulates the cell survival pathway.
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Figure 2.

Effect of precursor-directed CHS reaction extracts on the level of phospho-Akt in HER2overexpressing human breast cancer BT-474 cells in 6-well plate 2D cultures. Abbreviation:
C, control (without treatment); LY, LY294001; W, wortmannin; M, malonyl-CoA; MM,
methylmalonyl-CoA. Whole-cell lysates were subjected to SDS-PAGE analysis and probed
with anti-phospho-Akt (Ser473) and anti-Akt antibody, respectively.
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Figure 3.

Effect of trifluoromethylcinnamic acid-based compounds (corresponding acids, SNAc
esters, and their CHS reaction extracts) on HER2-mediated PI3K-Akt signaling pathway.
The BT-474 cells, which are confluent in 6-well plates (3 mL), were treated for 3 h with
different trifluoromethylcinnamic acids (50 µM), trifluoromethylcinnamoyl-SNAc esters (50
µM), and their CHS reaction extracts (10 µL). Whole-cell lysates were subjected to SDSPAGE analysis and probed with anti-phospho-HER2 (Tyr1221/1222), anti-HER2, antiphospho-Akt (Ser473), anti-Akt antibody, anti-phospho-PI3K (Tyr508), and anti-actin,
respectively.
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Figure 4.

Effect of 4-trifluoromethyl cinnamoyl SNAc (1e) and 4-trifluoromethyl-cinnamoyl pyrone
(2e) on apoptosis of BT-474 cells. Cells were treated with compounds 1e or 2e (each 5 µM)
for 12 h with PDGF. After treatment, apoptosis was detected by: A) the live (green)/dead
(red) assay (inset) and cell morphological changes, and B) p-Her2 (Tyr1221/1222), p-Akt
(Ser473), and cleaved PARP signals
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Figure 5.

A) Dose-dependent effect of 4-trifluoromethylcinnamoyl pyrone (2e) and AG-825 on
growth inhibition of different breast cancer cell lines (MCF-7, BT-474, SK-BR-3, MDAMB-453) and a nontransformed breast cell line, MCF-10A. B) Dose response curves of
HER1 and HER2 kinase activity by 4-trifluoromethylcinnamoyl pyrone (2e) and AG-825.
Enzyme inhibition was assessed by measuring the inhibition of biotinylated peptide
substrate phosphorylation (DNEY*FY*V and DNDY*INA were used as substrates for
HER2 and HER1, respectively)
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Figure 6.

Inhibition of HER1, HER2, and HER3 in MDA-MB-453 cell lines by compound 2e and
AG-825. Whole-cell lysates were subjected to SDS-PAGE analysis and probed with antiphospho-HER1 (Tyr1148), anti-HER1, anti-phospho-HER2 (Tyr1221/1222), anti-HER2,
anti-phospho-HER3 (Tyr1197), anti-HER3, and anti-actin, respectively.
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Scheme 1.

CHS-catalyzed synthesis of unnatural polyphenols from cinnamoyl-SNAc starter substrates
with a) malonyl-CoA and b) methylmalonyl-CoA as extender units. Isolated yields of
compounds 2–6 ranged from 5–17 %.
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Cell growth inhibition by 2- and 4-trifluoromethylcinnamoyl-SNAc (1c and 1e), their corresponding pyrones
(2c and 2e), and 4-methylcinnamoyl pyrone (2g) on human normal (MCF-10A) and tumor-derived cell lines
(MCF-7 and BT-474).
Cell line
Compounds

BT-474

IC50 (µM)
MCF-7

MCF-10A

Compound 2e

0.03 ± 0.001

0.3 ± 0.02

> 100

Compound 1e

1.0 ± 0.1

1.5 ± 0.2

> 100

Compound 2c

0.12 ± 0.02

3.1 ± 0.1

> 100

Compound 1c

5.5 ± 0.2

15 ± 0.2

> 100

Compound 2g

55 ± 1.5

> 100

> 100
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