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Abstract 

Rationale: Chemoresistance is a major obstacle in prostate cancer (PCa) treatment. We sought to 
understand the underlying mechanism of PCa chemoresistance and discover new treatments to overcome 
docetaxel resistance. 
Methods: We developed a novel phenotypic screening platform for the discovery of specific inhibitors of 
chemoresistant PCa cells. The mechanism of action of the lead compound was investigated using 
computational, molecular and cellular approaches. The in vivo toxicity and efficacy of the lead compound were 
evaluated in clinically-relevant animal models. 
Results: We identified LG1980 as a lead compound that demonstrates high selectivity and potency against 
chemoresistant PCa cells. Mechanistically, LG1980 binds embryonic ectoderm development (EED), disrupts 
the interaction between EED and enhancer of zeste homolog 2 (EZH2), thereby inducing the protein 
degradation of EZH2 and inhibiting the phosphorylation and activity of EZH2. Consequently, LG1980 targets a 
survival signaling cascade consisting of signal transducer and activator of transcription 3 (Stat3), S-phase 
kinase-associated protein 2 (SKP2), ATP binding cassette B 1 (ABCB1) and survivin. As a lead compound, 
LG1980 is well tolerated in mice and effectively suppresses the in vivo growth of chemoresistant PCa and 
synergistically enhances the efficacy of docetaxel in xenograft models. 
Conclusions: These results indicate that pharmacological inhibition of EED-EZH2 interaction is a novel 
strategy for the treatment of chemoresistant PCa. LG1980 and its analogues have the potential to be integrated 
into standard of care to improve clinical outcomes in PCa patients. 
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Introduction 
Prostate cancer (PCa) is the most commonly 

diagnosed cancer and the second leading cause of 
cancer death among American men [1]. As the 

first-line chemotherapy for metastatic castration- 
resistant PCa, docetaxel initially prolongs overall 
survival by 3~4 months [2]. However, most patients 
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relapse and develop chemoresistance, eventually 
progressing without a cure [3]. 

Understanding the unique biological alterations 
in chemoresistant PCa cells is essential to the 
development of novel strategies to overcome 
docetaxel resistance. It has been proposed that 
multiple mechanisms contribute to chemoresistance 
[4]. The rare subpopulations of cancer cells with 
stemness or neuroendocrine characteristics are 
considered as intrinsically drug-resistant, which can 
evade conventional therapies and result in recurrence 
and metastasis [5]. Epithelial-to-mesenchymal 
transition (EMT), a major mechanism by which 
epithelial cancer cells gain invasive phenotypes, 
promotes self-renewal capability, increases expression 
of stem cell markers and confers chemoresistance 
[6-8]. Among the mechanisms common to most cancer 
types, overexpression of membrane-bound drug 
efflux pumps (mainly ATP binding cassette B 1 
[ABCB1), or multidrug resistance protein 1 [MDR1], 
p-glycoprotein) and anti-apoptotic proteins (such as 
survivin) have been frequently associated with 
therapeutic resistance in PCa [9-12]. S-phase 
kinase-associated protein 2 (SKP2), the substrate 
recognition component of SCF (SKP1-CUL1-F-box) E3 
ubiquitin-protein ligase complex, increases stem cell 
features and chemoresistance in PCa cells [13]. 

Enhancer of zeste homolog 2 (EZH2), a histone 
methyltransferase and a subunit of polycomb 
repressive complex 2 (PRC2), is commonly involved 
in transcriptional repression via PRC2-dependent 
histone 3 lysine 27 (H3K27) methylation [14, 15]. 
EZH2 can also methylate non-histone protein 
substrates (such as signal transducer and activator of 
transcription 3, Stat3) and act as a co-activator for 
transcriptional factors including androgen receptor 
(AR), β-catenin and nuclear factor kappa B (NF-κB) 
[16-20]. This noncanonical function may rely on EZH2 
phosphorylation at Ser21 (p-EZH2[S21]). 
Interestingly, p-EZH2(S21) is significantly increased 
in clinical castration-resistant PCa [17]. 

EZH2 is overexpressed in a wide range of 
human cancers, therefore, it has been actively pursued 
as a prominent target for drug development [21, 22]. 
A number of EZH2 inhibitors targeting the catalytic 
SET domain via competition with methyl-donating 
S-adenosylmethionine (SAM) have been developed 
and two of them have entered clinical trials [23-26]. 
However, cancer cells manage to develop EZH2 
mutations resistant to these SAM-competitive 
inhibitors, compromising the anticancer effects [27, 
28]. Recently, several novel strategies are being 
explored, including the destabilization of EZH2 
protein and allosteric inhibition of PRC2 function 
[29-38], which could achieve a general and more 

efficient blockade of EZH2 oncogenic signaling in 
highly heterogeneous therapeutic-resistant tumors. 

Embryonic ectoderm development (EED) 
protein is the “reader” component of the PRC2 
complex, which binds trimethylated H3K27 
(H3K27Me3) through the central pocket formed by 
seven WD-40 (β-transducin) repeats [14]. The 
interaction between EED and EZH2 is required for the 
epigenetic “writer” function of EZH2 [39, 40]. 
Interrupting the EED-EZH2 complex, therefore, 
represents an attractive strategy for inhibiting EZH2 
functions regardless of the mutation status of the 
EZH2 enzyme. Several small-molecule EED inhibitors 
have been developed, most binding to the central 
pocket and preventing allosteric activation of the 
catalytic activity of PRC2 [29, 30, 33-37]. MAK683, an 
EED inhibitor developed by Novartis, is the only one 
that has entered a Phase I/II clinical trial in 
lymphoma patients (NCT02900651). 

Although the correlation between EZH2 
overexpression and chemoresistance of human 
cancers or PCa progression has been reported [16, 17, 
22, 41-44], the role of EZH2 in PCa chemoresistance 
remains to be further defined. In this study, we have 
uncovered a novel mechanism wherein a non-
canonical EZH2 signal pathway consisting of Stat3, 
SKP2, ABCB1 and survivin confers chemoresistance 
in PCa cells. We further identified LG1980, a 
small-molecule EED inhibitor that demonstrates 
specific and potent in vitro and in vivo activities 
against chemoresistant PCa in preclinical models. As 
a lead compound, LG1980 exhibits potent anticancer 
activities and is well tolerated in animals. These 
results indicate that small-molecule inhibition of 
EED-EZH2 interaction is a promising strategy to 
overcome docetaxel resistance in PCa. 

Results 
A two-tier phenotypic screening platform for 
the discovery of selective inhibitors of 
chemoresistant PCa 

Both intrinsic and acquired mechanisms 
contribute to chemoresistance, particularly in 
advanced cancers. To increase the success rates of 
discovering more effective drug candidates, an 
excellent screening system is expected to recapitulate 
the high heterogeneity of chemoresistant tumors. Our 
phenotypic system consists of a sequential screening 
in two independent cellular models of chemoresistant 
PCa, i.e., ARCaPE-shEPLIN [45] and C4-2B-TaxR [9] 
(Figure 1A). The rationale for selecting these models 
are: (1) Previously we demonstrated that epithelial 
protein lost in neoplasm (EPLIN), a key molecule in 
the maintenance of epithelial structure at adherens 
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junctions, is a suppressor of metastasis in PCa and 
other solid tumors [45-47]. EPLIN knockdown in 
low-invasive PCa cells (such as ARCaPE) [48, 49] 
promotes EMT, enhances invasiveness, increases the 
expression of stem cell markers and confers 
chemoresistance. Compared with the control cells 
(ARCaPE-shCtrl), EPLIN-depleted ARCaPE cells 
(ARCaPE-shEPLIN) are more resistant to the 
treatment of common chemotherapeutics, including 
docetaxel [45] (Figure S1A). These results indicated 
that ARCaPE-shEPLIN cells could represent a 
subpopulation of stem-like cancer cells that are 
intrinsically chemoresistant, and potential inhibitors 
of chemoresistant PCa could be identified based on 
their capability of selectively targeting ARCaPE- 
shEPLIN cells in differential viability assays; (2) To 
confirm primary hits and eliminate false positives 
from the ARCaPE-shEPLIN/ARCaPE-shCtrl platform, 
we further included an orthogonal assay consisting of 
C4-2B, an AR-positive and bone metastatic PCa line 
[50], and C4-2B-TaxR, a highly docetaxel-resistant 
C4-2B derivative that represents the phenotypes of 
acquired chemoresistance [9] (Figure S1B). Only the 
primary hits that also demonstrated potent 
cytotoxicity in C4-2B-TaxR cells, but not in parental 
C4-2B cells, would be considered as potential leads for 
further evaluation; (3) the two models are also 
different in the activation status of AR signaling. 
ARCaPE cells are androgen-repressive whereas C4-2B 
cells maintain high androgen responsiveness [51, 52]. 
Taken together, this two-tier screening platform could 
recapitulate the heterogeneity and complex biology of 
advanced PCa, increase hit rate, reduce false positives 
and maximize the capabilities of identifying specific 
inhibitors of chemoresistant PCa. 

LG1980 is a selective and potent inhibitor of 
chemoresistant PCa cells 

Using a ”molecular hybridization” strategy, we 
have developed several generations of 
peptidomimetic compounds with a 3-component 
“A-B-C” structure, where “A”, “B” and “C” represent 
different pharmacophoric moieties [53-55]. In the case 
of LG1980, for instance, the “A” component is a 
cinnamic acid derivative, the “B” component is a 
biphenyl amino acid residue and the “C” component 
is an aminomethylenebisphosphonate moiety (Figure 
1B). We screened a panel of newly developed 
compounds for their selective cytotoxicity in 
chemoresistant ARCaPE-shEPLIN and C4-2B-TaxR 
cells (Table 1, Figure S2). Among the tested 
compounds, LG1980 potently inhibited the in vitro 
viability of ARCaPE-shEPLIN cells (IC50 = 0.26 µM), 
but exhibited weak cytotoxicity in ARCaPE-shCtrl 
cells (IC50 = 16.88 µM). The selectivity index (SI) of 

LG1980, defined as the ratio of the IC50 of LG1980 in 
ARCaPE-shCtrl and that in ARCaPE-shEPLIN cells, 
was determined as 64.9. Consistently, LG1980 
displayed an IC50 of 6.87 µM in C4-B-TaxR cells but a 
much higher IC50 (91.12 µM) in parental C4-2B cells, 
with an SI of 13.2 (Figure 1C). Flow cytometry showed 
that LG1980 effectively inhibited cell cycle 
progression at the G1/S checkpoint (Figure 1D, left; 
Figure S3A) and induced apoptosis (Figure 1E, left; 
Figure S3B) in C4-2B-TaxR cells. As a control, 
docetaxel did not cause any significant changes to the 
cell cycle progression and apoptosis in these cells 
(Figure 1D, 1E, right panels; Figure S3A, S3B). 
Western blotting analyses further confirmed that 
LG1980 induced the cleavage of poly (ADP-ribose) 
polymerase (PARP) and caspase-3 in C4-2B-TaxR cells 
in a dose-dependent manner. In comparison, LG1980 
treatment at the same concentrations did not 
significantly activate apoptosis in parental C4-2B cells 
(Figure 1F). Consistently, LG1980 effectively induced 
apoptosis in a dose-dependent manner in 
ARCaPE-shEPLN cells (Figure S3C). Taken together, 
these results indicated that LG1980 is a selective and 
potent inhibitor of chemoresistant PCa cells. 

 

Table 1. IC50 (µM) and SI of representative LG compounds in the 
ARCAPE and C4-2B models 

Compound LG1980 LG1800 LG2134 LG2136 
ARCAPE-shCtrl 16.88 0.75 0.75 0.25 
ARCAPE-shEPLIN 0.26 0.25 0.5 0.25 
SI* in ARCAPE model 64.9 3.0 1.5 1.0 
C4-2B 91.12 7.66 >20.0 >10.0 
C4-2B TaxR 6.87 >10.0 >20.0 >20.0 
SI in C4-2B model 13.2 <1.0 ND** ND 
*: selectivity index; **: not determined. 

 

LG1980 is a novel EED inhibitor 
Molecular docking analyses identified LG1980 as 

a novel pharmacological inhibitor of EED. 
Specifically, LG1980 bound the central pocket of 
human EED protein and docked to the side opposite 
to the EZH2 structure. The ligand interaction diagram 
showed that one of the diphenyl groups was angled 
inwards in the binding pocket, and had interactions 
with Trp364, Tyr365 and Tyr148. There were also 
interactions between both an oxygen, a nitrogen and 
Tyr148 (Figure 2A). Interestingly, when EZH2 was 
introduced into the docking model (Figure 2B), the 
binding affinity of LG1980 to the EED-EZH2 complex 
(-33.69) became significantly lower than that of EED 
only (-77.16) (Table 2). These results suggested that 
LG1980 preferably bound EED and it might interrupt 
the interactions between EED and EZH2 to achieve a 
more stable LG1980-EED conformation. 
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Figure 1. LG1980 is a selective and potent inhibitor of chemoresistant PCa cells. (A) A two-tier phenotypic screening platform for the discovery of inhibitors of 
chemoresistant PCa. Primary screening is performed to identify small-molecule compounds that selectively inhibit the in vitro viability of ARCaPE-shEPLIN but not ARCaPE-shCtrl 
cells. Primary hits are further screened in a second (orthogonal) assay for their potent in vitro cytotoxicity in C4-2B-TaxR cells, but not docetaxel-sensitive parental C4-2B cells. 
Potential leads are evaluated for their mechanism of action and in vivo efficacy against docetaxel-resistant PCa in xenograft models. (B) The “A-B-C” 3-component structure of 
LG1980. Note LG1980 is an “S”-stereoisomer. (C) In vitro cytotoxicity of LG1980 in the ARCaPE and C4-2B models (72 h). (D) Left: Flow cytometry analysis of cell cycle in 
C4-2B-TaxR cells following LG1980 treatment at the indicated concentrations (48 h). p < 0.05 for all pairwise comparisons between the percentages of cells in each cell cycle 
from the control and LG1980 treatment groups, except those in G2M phase between the control and 3 µM LG1980-treated cells; Right: Flow cytometry analysis of cell cycle in 
C4-2B-TaxR cells following docetaxel treatment at the indicated concentrations (48 h). p > 0.05 for all pairwise comparisons between the percentages of cells in each cell cycle 
from the control and docetaxel treatment groups. (E) Left: Flow cytometry analysis on Annexin V staining in C4-2B-TaxR cells following LG1980 treatment at the indicated 
concentrations (72 h). *p < 0.05; Right: Flow cytometry analysis on Annexin V staining in C4-2B-TaxR cells following docetaxel treatment at the indicated concentrations (72 h). 
p > 0.05 for all pairwise comparisons between the control and different concentrations of docetaxel. (F) Western bot analysis on the expression of apoptotic markers in C4-2B 
and C4-2B-TaxR cells following LG1980 treatment at the indicated concentrations (72 h). β-actin was used as the loading control. 
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Figure 2. LG1980 is a novel EED inhibitor. (A) Left: key amino acid residues and bonds mediating the interaction between LG1980 and EED. Pink lines refer to hydrogen 
bonds and the green lines refer to pi-pi bonds; Right: docked structure of LG1980 (green) and EED protein (gray). (B) Docked structure of LG1980 (green) and the EED 
(gray)-EZH2 (purple) complex. The binding of H3K27Me3 (blue) is also shown. (C) Binding of LG1980 to randomly biotinylated EED protein on ForteBio Octet Red384 System. 
X-axis, time in seconds; Y-axis, binding in nm. R2 was calculated as 0.9202. (D) Left: CETSA analysis of EED expression in C4-2B-TaxR cells treated with DMSO or LG1980 (50 
µM, 1 h). MAK683 (10 µM, 1 h) was used as a positive control. Right: melting temperature curves of EED protein in the presence of DMSO, LG1980 or MAK683 in C4-2B-TaxR 
cells. 

 

Table 2. Predicted binding affinity of LG1980 on EED protein and 
EED-EZH2 complex 

Protein(s) EED only EED-EZH2 complex 
Binding Affinity -77.16 -33.69 

 
 
The in vitro binding affinity between LG1980 and 

EED was evaluated by biolayer interferometry using 
the FortéBio Octet RED384 system. Recombinant 
human EED protein was randomly biotinylated and 
used for the binding assay. As shown in Figure 2C, 
LG1980 could directly bind EED protein in a dose- 
dependent manner, with an equilibrium dissociation 
constant (KD) value of 2.71 µM. The in vivo binding of 
LG1980 and EED was further confirmed in 
C4-2B-TaxR cells using cellular thermal shift assay 

(CETSA), a technique widely used for the validation 
of drug target engagement in live cells [56-60]. The 
results in Figure 2D demonstrated that upon LG1980 
treatment, there was a thermal stabilization of EED 
protein, as evidenced by a shift in melting 
temperature (Tm). As the positive control, MAK683 
induced a similar degree of shift in Tm of EED protein 
in C4-2B-TaxR cells. Taken together, these 
computational and experimental results indicated that 
LG1980 is a specific EED inhibitor. 

LG1980 disassembles the PRC2 complex and 
induces the degradation of key PRC2 
components in chemoresistant PCa cells 

The stability of EZH2 protein and its catalytic 
activity as a histone methyltransferase require the 
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presence of at least two other PRC2 core subunits, i.e., 
EED and SUZ12 [14, 61-63], therefore we examined 
protein expression profile of EZH2, EED and SUZ12 
in the ARCaPE-shCtrl/ARCaPE-shEPLIN and 
C4-2B/C4-2B-TaxR models (Figure 3A). All three 
components are expressed in the two pairs of PCa 
cells, with the levels of EZH2 slightly higher in 
ARCaPE-shEPLIN and unchanged in C4-2B-TaxR, 
EED unchanged in ARCaPE-shEPLIN and higher in 
C4-2B-TaxR, SUZ12 higher in ARCaPE-shEPLIN and 
unchanged in C4-2B-TaxR. H3K27Me3, an indicator of 
canonical EZH2 function, was highly expressed in all 
the cells examined, indicating an active PRC2 
signaling. On the other hand, however, there was no 
significant difference in H3K27Me3 levels between 
chemoresistant sublines and their parental 
counterparts, suggesting that the canonical EZH2 
signaling may not play a major role in 
chemoresistance. Intriguingly, p-EZH2(S21) was 
markedly increased in both ARCaPE-shEPLIN and 
C4-2B-TaxR cells. These results pointed to the 
possibility that a noncanonical EZH2 signaling may 
be associated with chemoresistance. 

We determined whether LG1980 affected EED 
interaction with EZH2 and SUZ12. The C4-2B-TaxR 
subline was used as the primary model, since it 

closely mimics the clinicopathological features of 
AR-positive, chemoresistant and bone-metastatic PCa 
[9, 64]. C4-2B-TaxR cells were treated with LG1980 or 
the vehicle for 16 h prior to immunoprecipitation 
using an EED or IgG antibody. As shown in Figure 3B, 
LG1980 significantly reduced EED-associated EZH2 
and SUZ12 without reducing the expression of EED, 
EZH2 or SUZ12 in the total cell lysates. These results 
indicated that LG1980 may interrupt the interactions 
between EED, EZH2 and SUZ12 and effectively 
disassemble the PRC2 complex. 

EED and SUZ12 are the limiting factors for PRC2 
complex formation, which is required for the 
stabilization of EZH2 protein [61-63]. Several recent 
studies using specific EED-targeted inhibitors found 
that interrupting EED interaction with the PRC2 
complex could induce significant degradation of 
EZH2, EED, and SUZ12 [29, 30, 38]. In consistence 
with these observations, LG1980 effectively inhibited 
the expression of EZH2, p-EZH2(S21), EED and 
SUZ12 in C4-2B-TaxR cells in a time-dependent 
manner (Figure 3C). In comparison, LG1980 only 
decreased EED level but did not markedly affect the 
expression of EZH2, p-EZH2(S21) or SUZ12 in 
parental C4-2B cells. 

 

 
Figure 3. LG1980 disassembles the PRC2 complex and destabilizes EZH2 protein in chemoresistant PCa cells. (A) Protein expression of core PRC2 
components in the ARCaPE and C4-2B models. (B) Western bot analysis on the expression of EZH2 and SUZ12 in IgG- and EED antibody-immunoprecipitates in C4-2B-TaxR 
cells treated with LG1980 or vehicle control (7 µM, 16 h). (C) Western bot analysis on the expression of p-EZH2, EZH2, SUZ12 and EED in C4-2B and C4-2B-TaxR cells treated 
with LG1980 (7 µM) at the indicated time points. Both β-actin and histone H3 were used as loading controls. (D) Left: Expression of EZH2 in C4-2B-TaxR cells treated with 
DMSO or LG1980 (7 µM) in the presence of CHX; Right: Calculated half-life of EZH2 protein in C4-2B-TaxR cells treated with DMSO or LG1980 (7 µM). (E) Western bot 
analysis on the expression of polyubiquitination in IgG- and EZH2 antibody-immunoprecipitates in C4-2B-TaxR cells treated with LG1980 or vehicle control (7 µM, 16 h). Arrow 
indicates the approximate size of EZH2 protein. 



Theranostics 2021, Vol. 11, Issue 14 
 

 
http://www.thno.org 

6879 

 
Figure 4. EZH2 regulates noncanonical Stat3-SKP2-ABCB1/survivin survival signaling in chemoresistant PCa cells. (A) Western blot analysis on the expression 
of H3K27 methylation in C4-2B-TaxR cells treated with LG1980 (7 µM) at the indicated time points. (B) Protein expression of p-Stat3, Stat3, SKP2, ABCB1 and survivin in the 
ARCaPE and C4-2B models. (C) Left: Western blot analysis on the expression of EZH2 in C4-2B-TaxR cells transfected with control or EZH2 siRNA (60 nM, 72 h); Right: In vitro 
viability of C4-2B-TaxR cells transfected with control siRNA or EZH2 siRNA (60 nM, 72 h) and in the presence of varying concentrations of docetaxel. (D) Protein expression 
of EZH2, p-Stat3, SKP2, ABCB1 and survivin in C4-2B-TaxR cells transfected with control or EZH2 siRNA (60 nM, 72 h). (E) Western blot analysis on the expression of Stat3, 
SKP2, ABCB1 and survivin in C4-2B-TaxR cells transfected with control or Stat3 siRNA (72 h). (F) Western blot analysis on the expression of p-Stat3, Stat3, SKP2, ABCB1, 
survivin and p27 in C4-2B-TaxR cells transfected with control or SKP2 siRNA (60 nM, 72 h). (G) Western blot analysis on the expression of SKP2, ABCB1 and survivin in C4-2B 
cells transfected with SKP2 expression vector or control plasmid (72 h). 

 
We investigated the mechanism by which 

LG1980 reduced the expression of these key PRC2 
components. At the mRNA level, LG1980 didn’t 
significantly affect the expression of EZH2 (Figure 
S4A), suggesting that the effect of LG1980 on EZH2 
expression may primarily occur at post-translational 
levels. Indeed, in the presence of cycloheximide 
(CHX), an inhibitor of de novo protein synthesis, 
LG1980 significantly shortened the half-life (T1/2) of 
EZH2 protein from > 48.0 h to 27.8 h (Figure 3D). 
Similarly, LG1980 reduced the calculated T1/2 of EED 
from 7.3 h to 4.0 h, and the T1/2 of SUZ12 from > 18.0 h 
to 9.4 h (Figure S4B). We further performed EZH2 
immunoprecipitation in C4-2B-TaxR cells treated with 
LG1980 or the vehicle for 16 h, then examined the 
expression of ubiquitinated EZH2. As shown in 
Figure 3E, LG1980 treatment significantly increased 
the levels of EZH2-associated polyubiquitination, 
suggesting that LG1980-induced EZH2 
downregulation may be mediated by proteasome- 
dependent degradation. 

Taken together, these results supported a 
mechanism of action wherein LG1980 effectively 

induced the disassembly of the PRC2 complex and 
promoted the degradation of key PRC2 components, 
subsequently reducing the expression of EZH2 and 
p-EZH2(S21) in chemoresistant PCa cells. 

A noncanonical EZH2 signaling activates Stat3 
and upregulates SKP2, ABCB1 and survivin in 
chemoresistant PCa cells 

An interesting observation was that, although 
LG1980 significantly reduced the expression of EZH2 
and p-EZH2(S21) (Figure 3C), it only significantly 
inhibited the mono- and di-methylation of H3K27, but 
to a much lesser degree, the tri-methylation, an 
indicator of canonical EZH2 function (Figure 4A). 
Consistently, LG1980 did not significantly affect the 
expression of known EZH2 target genes, such as 
CASP1 and RTP4, in C4-2B-TaxR cells (Figure S4C). 
These results indicated that LG1980 may mainly 
interfere with a noncanonical function of EZH2 in 
chemoresistant PCa cells. 

The elevated expression of p-EZH2(S21) (Figure 
3A) and selective inhibition of p-EZH2(S21) by 
LG1980 (Figure 3C) in chemoresistant PCa cells 



Theranostics 2021, Vol. 11, Issue 14 
 

 
http://www.thno.org 

6880 

provided an important clue to understanding the 
mechanism of action of LG1980. Previous studies 
have demonstrated that phosphorylation of EZH2 at 
Ser21 selectively reduces its affinity for H3K27me3 
without affecting the ability of EZH2 to bind other 
PRC2 component, making EZH2 more available to 
non-histone substrates, such as Stat3 [19, 20]. EZH2 
activates Stat3 methylation at lysine residues, 
resulting in Stat3 phosphorylation and subsequent 
Stat3-dependent gene transcription. Significantly, this 
p-EZH2(S21)-dependent Stat3 activation occurs 
preferentially in stem-like glioblastoma cells and not 
in non-stem cancer cells [19]. Activation of Stat3 
signaling has further been shown to upregulate the 
expression of multiple oncogenic proteins involved in 
chemoresistance, including SKP2 and survivin [9-13, 
65, 66]. Therefore, we examined the expression profile 
of these oncogenic factors in the ARCaPE and C4-2B 
models (Figure 4B). In consistent with our previous 
observations [67], p-Stat3(S727) was significantly 
increased in both ARCaPE-shEPLIN and C4-2B-TaxR 
cells. The expression of SKP2, survivin and 
interestingly, ABCB1, was also markedly increased in 
chemoresistance PCa cells. 

We determined the functional connections 
between these signaling molecules in chemoresistant 
PCa cells: (1) EZH2 depletion significantly inhibited 
the in vitro viability of C4-2B-TaxR cells by 
approximately 48.5%. In the presence of varying 
concentrations of docetaxel, EZH2 knockdown also 
resulted in a significant decrease in viable C4-2B-TaxR 
cells (Figure 4C). These results indicated that EZH2 is 
required for the maintenance of chemoresistance in 
PCa cells; (2) EZH2 knockdown in C4-2B-TaxR cells 
effectively inhibited the phosphorylation of Stat3 at 
S727, suggesting that EZH2 is required for the 
activation of Stat3 signaling. EZH2 depletion also 
resulted in the concurrent downregulation of SKP2, 
survivin and ABCB1 (Figure 4D). In comparison, 
EZH2 depletion only significantly inhibited the 
expression of H3K27Me1 and H3K27Me2, but to a 
much lesser degree, of H3K27Me3 (Figure S4D), an 
effect that was similar to that of LG1980 treatment 
(Figure 4A); (3) siRNA depletion of Stat3 in 
C4-2B-TaxR cells resulted in a marked reduction of 
SKP2 and survivin. ABCB1 level was also decreased 
in the Stat3 siRNA-transfected cells, indicating that 
ABCB1 is under the control of Stat3 signaling (Figure 
4E); (4) SKP2 depletion decreased the expression of 
ABCB1 and survivin and increased p27, a known 
SKP2 downstream target [68]. In comparison, SKP2 
knockdown did not affect the expression of 
p-Stat3(S727) or total Stat3 (Figure 4F); (5) 
Consistently, ectopic expression of SKP2 in parental 
C4-2B cells increased the expression of ABCB1 and 

survivin (Figure 4G). Taken together, these results 
indicated that a noncanonical EZH2 signaling can 
activate Stat3 and upregulate SKP2, ABCB1 and 
survivin in chemoresistant PCa cells. 

LG1980 inhibits noncanonical EZH2-Stat3- 
SKP2-ABCB1/survivin signaling in 
chemoresistant PCa cells 

Since LG1980 selectively inhibited p-EZH2(S21) 
in chemoresistant PCa cells, presumably by 
promoting EZH2 protein degradation, we 
investigated the hypothesis that LG1980 might target 
the noncanonical EZH pathway consisting of Stat3, 
SKP2, ABCB1and survivin: (1) Immunoprecipitation- 
Western blot analyses showed that in the Stat3 
immunoprecipitates from C4-2B-TaxR cells, LG1980 
significantly inhibited Stat3 methylation at lysines 
(Figure 5A), suggesting that LG1980 may affect Stat3 
signaling via the blockade of Stat3 methylation [19]; 
(2) LG1980 effectively inhibited the expression of 
p-Stat3(S727), SKP2, ABCB1 and survivin and 
increased the expression of p27 in C4-2B-TaxR cells. In 
comparison, LG1980 did not significantly affect the 
expression of these proteins in parental C4-2B cells 
(Figure 5B). At the mRNA level, LG1980 reduced 
survivin expression by approximately 50%, but had 
negligible effect on ABCB1 expression in C4-2B-TaxR 
cells (Figure 5C, left). These data indicated that 
LG1980 may mainly inhibit ABCB1 expression at 
post-transcriptional levels, and affect survivin 
expression at both transcriptional and post- 
translational levels. To test this hypothesis, C4-2B- 
TaxR cells were incubated in the presence of CHX 
prior to the treatment with LG1980 or vehicle control. 
As shown in Figure 5C, LG1980 reduced the half-life 
(T1/2) of ABCB1 protein from 47.6 h to 20.9 h and the 
T1/2 of survivin protein from 24.0 h to 7.9 h. 
Furthermore, in C4-2B-TaxR cells pre-incubated with 
a proteasome inhibitor MG132, LG1980 significantly 
increased the accumulation of ubiquitinated proteins 
with corresponding molecular weights of ABCB1 and 
survivin (Figure S5A). These results suggested that 
LG1980 may promote protein degradation of ABCB1 
and survivin via a proteasome-ubiquitin-dependent 
mechanism. 

Taken together, these mechanistic studies 
supported a working model that LG1980 may 
interrupt the EED-EZH2 interaction, disassemble the 
PRC2 complex, destabilize core PRC2 components 
(EED, EZH2, and SUZ12) and reduce the level of 
p-EZH2(S21), thereby selectively inhibiting the 
noncanonical EZH2-Stat3-SKP2-ABCB1/survivin 
signaling and inducing apoptosis in chemoresistant 
PCa cells (Figure 5D). 
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Figure 5. LG1980 inhibits the noncanonical EZH2-Stat3-SKP2-ABCB1/survivin signaling in chemoresistant PCa cells. (A) Western blot analysis of lysine 
methylation in the IgG- or Stat3 antibody-immunoprecipitates in C4-2B-TaxR cells treated with DMSO or LG1980 (7 µM, 24 h). (B) Protein expression of p-Stat3, Stat3, SKP2, 
ABCB1, survivin and p27 in C4-2B and C4-2B-TaxR cells following LG1980 treatment (7 µM) at the indicated time points. (C) Left: qPCR analysis of RNA expression of ABCB1 
and survivin in C4-2B-TaxR cells treated with LG1980 (7 µM, 24 h). * p < 0.01. Middle and right: C4-2B-TaxR cells were pre-incubated with CHX (50 µg/mL, 2h) prior to the 
treatment with DMSO or LG1980 (7 µM) for the indicated times. Protein expression of ABCB1 and survivin was analyzed by Western blotting and quantitated using the ImageJ 
program. (D) A proposed mechanism of action of LG1980. In chemoresistant PCa cells, EZH2 phosphorylation initiates noncanonical signaling via the methylation and 
phosphorylation of non-histone substrate Stat3, thereby activating the expression of SKP2, ABCB1 and survivin and inhibiting p27. LG1980 binds EED, disrupts EED-EZH2 
interaction and causes ubiquitin-mediated degradation of EZH2, thereby reducing p-EZH2 and suppressing Stat3-dependent survival signals. These events eventually induce 
apoptosis in chemoresistant PCa cells and sensitize them to chemotherapeutics. (E) Fluorescence microscopy images of cellular uptake of Oregon Green 488-paclitaxel in 
C4-2B-TaxR cells. Cells were first treated with LG1980 (7 µM) for 72 h prior to paclitaxel incubation for the indicated times. Scale bar: 50 µm. 

 

LG1980-mediated ABCB1 downregulation 
increases paclitaxel uptake in chemoresistant 
PCa cells 

Overexpression of the transmembrane pump 

ABCB1 is a major mechanism for multi-drug 
resistance in many cancer types [10]. We examined 
whether the LG1980 inhibition on ABCB1 expression 
can affect the cellular uptake of chemotherapeutics. 
Pre-treatment with LG1980 resulted in a rapid (within 
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30 min) accumulation of fluorescence dye (Oregon 
Green 488)-conjugated paclitaxel in C4-2B-TaxR cells. 
In comparison, there was no paclitaxel uptake until 60 
min in the control cells (Figure 5E). We further 
determined the effect of ABCB1 silencing on 
chemoresistance in C4-2B-TaxR cells. As shown in 
Figure S5B, ABCB1 depletion with siRNAs 
significantly increased the intracellular presence of 
Oregon Green 488-paclitaxel. These results indicated 
that LG1980-mediated ABCB1 downregulation could 
be responsible for the increased uptake and 
intracellular retention of chemotherapeutics in 
chemoresistant PCa cells. 

In vitro and in vivo safety profile of LG1980 
Inhibition of cytochrome P450 (CYP450) 

metabolic enzymes is a major cause of clinical toxicity 
and drug withdrawal [69]. Particularly, CYP 3A4 and 
2D6 are the two major determinants of the 
metabolism of most clinical drugs, including 
docetaxel [70-74]. As shown in Figure 6A, LG1980 had 
very weak inhibition on the activities of 3A4 and 2D6, 
even when used at high concentrations. These results 
indicated that LG1980 exhibits weak drug-drug 
interaction [69] and is unlikely to affect the 
bioavailability of co-administered chemotherapeutics, 
such as docetaxel. 

 

 
Figure 6. In vitro and in vivo safety profile of LG1980. (A) In vitro effect of 
LG1980 on the activities of CYP450 3A4 and 2D6. (B) CCK-8 assay of the in vitro 
cytotoxicity of LG1980 in BPH-1 and RWPE-1 cells (72 h). (C) Left: Average body 
weights of healthy CD-1 mice treated with vehicle (n = 3), LG1980 (50 mg/kg, n = 3) 
or LG1980 (100 mg/kg, n = 4) via subcutaneous route, three times per week; Right: 
Percentage of mouse body weight change in different treatment groups. 

 
Cell culture studies showed that LG1980 (up to 

80 µM) did not affect the in vitro proliferation of 
human prostatic epithelial cells RWPE-1 and BPH1 
(Figure 6B), indicating low cytotoxicity to normal/ 

benign cells. The ineffectiveness of LG1980 in such 
cells may be attributed to the lack of an intact and 
functional PRC2 complex, for example, very low 
expression of EED (Figure S6). We further evaluated 
the repeat-dose sub-chronic toxicity of LG1980 in 
healthy CD-1 mice via subcutaneous injection, a 
clinically-relevant route. Compared with the vehicle 
control, the administration of LG1980 at two high 
doses, i.e., 50 mg/kg and 100 mg/kg, three times per 
week, did not have any significant side effects in 
animals, as demonstrated by their normal body 
weight gains and behaviors in all groups (Figure 6C). 
Ex vivo examination of major organs did not observe 
any abnormalities (Table S1). 

As a monotherapy, LG1980 inhibits the 
skeletal growth of chemoresistant C4-2B-TaxR 
tumors 

As a single agent, LG1980 selectively and 
effectively inhibited the in vitro viability of 
chemoresistant PCa cells (Figure 1C). We evaluated 
the in vivo efficacy of LG1980 against bone-metastatic 
and chemoresistant PCa in the intratibial C4-2B-TaxR 
xenografts. Previous studies have shown that serum 
prostate-specific antigen (PSA) value is a reliable, 
quantitative indicator of the in vivo growth of PCa 
xenografts, particularly in mouse bones [75-83]. 
Following a 4-week treatment, intraperitoneal 
injection of LG1980 (20 mg/kg, 3 times per week) 
significantly reduced the average PSA level when 
compared with either the vehicle control or docetaxel 
treatment. In contrast, there was no statistical 
difference in the PSA levels between the control group 
and docetaxel-treated mice (Figure 7A). X-ray 
radiography showed that LG1980 treatment was 
associated with reduced osteolytic lesions and 
improved architecture in tumor-bearing tibias (Figure 
7B). Immunohistochemistry demonstrated that 
compared with the vehicle control or docetaxel, 
LG1980 effectively reduced the tissue levels of 
p-EZH2(S21) in C4-2B-TaxR bone tumors (Figure 7C). 
LG1980 treatment was not associated with significant 
changes in the average body weights of 
tumor-bearing mice (Figure S7A). Taken together, 
these results indicated that as a monotherapy, LG1980 
is efficacious in retarding the skeletal growth of 
chemoresistant PCa. 

As an adjunct therapy, LG1980 enhances the 
efficacy of docetaxel against the skeletal 
growth of C4-2 xenografts 

A unique feature of LG1980 is that it 
demonstrates high selectivity against chemoresistant 
PCa cells, but only having weak cytotoxicity in 
chemoresponsive cells (Figure 1C and Table 1). 
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Consistently, LG1980 had a high IC50 of 56.06 µM in 
C4-2 cells, an androgen-independent and docetaxel- 
responsive LNCaP derivative [50] (Figure 8A, left). 
Interestingly, the addition of low-concentration 
LG1980 in C4-2 cultures significantly augmented the 
in vitro cytotoxicity of docetaxel. For example, the IC50 
of docetaxel was reduced from 1.94 nM to 0.39 nM (a 
4.9-fold decrease) in the presence of 5 µM LG1980, 
demonstrating a strong synergy between the two 
agents (Figure 8A, right). At the molecular levels, the 
combination of LG1980 (5 µM) and docetaxel (0.5 nM) 
reduced the expression of SKP2 and survivin (Figure 
8B). These molecular changes may contribute to the 
synergistic cytotoxicity of the combination regimen. 

We evaluated the in vivo efficacy of the 
combination of LG1980 and docetaxel in athymic 
nude mice carrying intratibial C4-2-Luc tumors. Mice 
were treated for 6 weeks with low-dose LG1980 (10 
mg/kg, three times per week), docetaxel (5 mg/kg, 

once per week), the combination of LG1980 and 
docetaxel, or vehicle, respectively, via the 
intraperitoneal route. Compared with the control 
group, docetaxel treatment had a moderate inhibitory 
effect on tumor growth, but LG1980 monotherapy did 
not significantly reduced PSA level. Importantly, 
there were significant differences in the PSA values 
between the combination group and the vehicle 
control, docetaxel or LG1980 alone groups, 
respectively (Figure 8C). X-ray radiography 
demonstrated improved bone structure in mice 
treated with the combination regimen (Figure 8D). 
LG1980 treatment was not associated with a 
significant reduction of body weights of 
tumor-bearing mice (Figure S7B). These results 
demonstrated that at low doses, LG1980 
synergistically enhanced the in vivo efficacy of 
docetaxel against the skeletal growth of C4-2 
xenografts. 

 

 
Figure 7. As a monotherapy, LG1980 inhibits the in vivo growth of chemoresistant PCa and enhances docetaxel efficacy in athymic nude mice. (A) Left: 
serum PSA values of C4-2B-TaxR xenograft-bearing mice treated with vehicle (n = 4), docetaxel (5 mg/kg, i.p, once per week; n = 3), or LG1980 (20 mg/kg, i.p, three times per 
week; n = 5); Right: two-way ANOVA analysis of the PSA values between different treatment groups. ** p < 0.01, *** p < 0.001. (B) Representative x-ray radiography of 
tumor-bearing mouse tibias in different treatment groups. Red arrow: osteoblastic lesions; green arrow: osteolytic lesions. (C) IHC expression of p-EZH2(S21) in C4-2B-TaxR 
bone tumor tissues. Scale bar: 50 µm. 
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Figure 8. As an adjunct therapy, LG1980 synergistically enhances the in vivo efficacy of docetaxel against the skeletal growth of C4-2 tumors and the 
subcutaneous growth of LuCaP 23.1 tumors in athymic nude mice. (A) Left: In vitro cytotoxicity of LG1980 in C4-2 cells (72 h); Right: In vitro cytotoxicity of docetaxel 
in C4-2 cells in the presence of varying concentrations of LG1980 (72 h). (B) Western blot analysis of protein expression of SKP2 and survivin in C4-2 cells treated with LG1980 
and docetaxel. (C) Left: serum PSA values of C4-2-Luc tumor-bearing mice treated with vehicle control (n = 5), docetaxel (5 mg/kg, i.p, once per week; n = 5), LG1980 (10 mg/kg, 
i.p, three times per week; n = 5), or the combination of docetaxel and LG1980 (n = 5). Right: two-way ANOVA analysis of the PSA values between different treatment groups. 
* p < 0.05, ** p < 0.01, *** p < 0.001. (D) Representative x-ray radiography of tumor-bearing mouse tibias in different treatment groups. Red arrow: osteoblastic lesions; green 
arrow: osteolytic lesions. (E) Left: serum PSA values of LuCaP 23.1 tumor-bearing mice treated with vehicle (n = 3), docetaxel (5 mg/kg, once per week; n = 5), LG1980 (20 mg/kg, 
three times per week; n = 5), or the combination of docetaxel and LG1980 (n = 6). Right: two-way ANOVA analysis of the PSA values between different groups. ** p < 0.01, *** 
p < 0.001. 

 

The combination of LG1980 and docetaxel 
inhibits the in vivo growth of LuCaP 23.1 
xenograft tumors 

We further evaluated the in vivo efficacy of 
LG1980 as a monotherapy or in combination with 
docetaxel in LuCaP 23.1 tumors, a patient-derived 
xenograft (PDX) model established from PCa 
metastases and resistant to docetaxel treatment [84]. 
Athymic nude mice bearing subcutaneous LuCaP 23.1 
tumors at both flanks were randomized and treated 
for 6 weeks with docetaxel (5 mg/kg, once a week), 

LG1980 (20 mg/kg, 3 times per week), the 
combination of LG1980 and docetaxel, or vehicle, 
respectively, via intraperitoneal injection. Compared 
with the control group, the treatment with either 
docetaxel or LG1980 alone did not significantly 
suppress the growth of LuCaP 23.1 tumors. In 
contrast, the combination of LG1980 and docetaxel 
significantly retarded tumor growth when compared 
with the control or docetaxel groups (Figure 8E). 
These results indicated that the combination of 
LG1980 and docetaxel was effective in suppressing 
the in vivo growth of PCa. LG1980 treatment was not 
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associated with significant changes in the average 
body weights of LuCP 23.1 tumor-bearing mice 
(Figure S7C). 

Discussion 
Herein, we established a phenotypic screening 

platform for the discovery of small-molecule 
inhibitors of chemoresistant PCa. We identified 
LG1980 as a new EED inhibitor that demonstrated 
high specificity and potency against chemoresistant 
PCa cells. We described a novel mechanism of 
chemoresistance wherein EZH2 phosphorylation 
activates a noncanonical EZH2 oncogenic signaling. 
LG1980 exerts its anticancer activity by affecting the 
PRC2 complex assembly and inducing protein 
degradation of key PRC2 components, including 
EZH2, subsequently reducing the expression of 
p-EZH2(S21) and inhibiting noncanonical EZH2 
signaling (Figure 5D). LG1980 was well tolerated in 
animals and exhibited acceptable safety 
pharmacology profiles. As a monotherapy, LG1980 
effectively inhibited the skeletal growth of 
chemoresistant C4-2B-TaxR tumors; and as an adjunct 
agent, LG1980 enhanced the in vivo efficacy of 
docetaxel against C4-2 and LuCaP23.1 xenografts. 
These results indicated that pharmacological 
inhibition of the noncanonical EED-EZH2 signaling is 
a promising strategy to overcome PCa 
chemoresistance. To our knowledge, LG1980 is a 
first-in-class selective inhibitor of chemoresistant PCa, 
which has the potential of being integrated into 
standard of care to improve clinical outcomes. 

The success of hypothesis-driven, target-based 
drug discovery depends on the validation of the 
physiological importance of the target in a specific 
disease. While progress has been made in 
understanding the mechanism of chemoresistance, 
these efforts have been significantly limited by the 
high heterogeneity and complex biology of advanced 
cancer [4]. As a noticeable consequence, efficient drug 
screening platforms are still lacking for the discovery 
of specific inhibitors of chemoresistant PCa. In this 
study, we have utilized a combinational approach by 
performing target deconvolution studies following 
sequential phenotypic screens in two independent 
cellular models, i.e, the ARCaPE-shEPLIN/ 
ARCaPE-shCtrl and C4-2B-TaxR/C4-2B pairs. These 
two models differ significantly with regard to their 
mechanism of resistance and molecular 
characteristics: ARCaPE-shEPLIN represents a 
subpopulation of PCa cells that gain stemness and 
exhibit intrinsic chemoresistance via EMT [6-8, 45], 
whereas C4-2B-TaxR cells mimic the clinical 
progression of acquired docetaxel resistance [9]. 
Despite these distinct differences, both chemoresistant 

sublines seem to rely on a convergent EED-EZH2- 
Stat3-SKP2-ABCB1/survivin signaling cascade to 
survive and escape docetaxel chemotherapy. Selective 
inhibition of this survival mechanism can provide an 
effective approach to eliminate chemoresistance PCa 
cells whereas sparing chemosensitive cancer cells or 
normal cells. Supporting this notion, LG1980 
demonstrates high selectivity against chemoresistant 
PCa cells and exhibits an excellent in vitro and in vivo 
safety profile. 

The canonical function of EZH2 is to catalyze the 
mono-, di-, and tri-methylation of H3K27, thereby 
acting as a transcriptional repressor in a variety of 
physiological and pathological processes [14]. 
Interestingly, there was no significant difference in 
the expression of H3K27Me3 between chemoresistant 
PCa cells and their chemoresponsive counterparts 
(Figure 3A), indicating that the canonical EZH2 
signaling may not play an important role in 
chemoresistance. Supporting this notion, three highly 
selective, SAM-competitive EZH2 inhibitors 
(CPI-1205, GSK126 and EPZ-6438) had much higher 
IC50 values in chemoresistant PCa cells and did not 
affect major components of the putative noncanonical 
EZH2 signaling (Figure S8). On the other hand, EZH2 
can act as a transcriptional activator of multiple 
oncogenes in a PRC2-independent manner, 
promoting tumor progression and therapeutic 
resistance [16-19]. Of particular interest, EZH2 
phosphorylation at Ser21 only reduces the affinity of 
EZH2 toward H3 histone without compromising 
PRC2 composition, thus allowing the binding and 
lysine methylation of non-histone substrates, such as 
Stat3 [20]. For example, EZH2 phosphorylation at 
Ser21 and the EZH2-Stat3 interaction preferentially 
occur in stem-like glioblastoma relative to non-stem 
bulk tumor cells, subsequently activating Stat3 
phosphorylation and Stat3-dependent transcription 
[19, 20]. This functional connection between 
p-EZH2(S21) and Stat3 activation was also observed 
in chemoresistant PCa cells, indicating that EZH2 may 
have a noncanonical role in the activation of Stat3 
signaling and the acquisition of chemoresistance, 
which is independent of the epigenetic repressor 
activity of EZH2. Our results from the two 
independent and diverse cellular models suggested 
that chemoresistant PCa cells may rely on, or become 
“addicted to”, the noncanonical EED-EZH2-Stat3- 
SKP2-ABCB1/survivin signaling to survive and 
escape standard chemotherapy. Therefore, targeting 
this pivotal survival mechanism may provide a 
promising approach to overcome chemoresistance 
and eliminate lethal PCa cells. 

An interesting observation from the current 
study is that although LG1980 reduced the expression 



Theranostics 2021, Vol. 11, Issue 14 
 

 
http://www.thno.org 

6886 

of EZH2, it did not have a significant effect on the 
canonical function of EZH2, as evidenced by 
unchanged expression of H3K27Me3 and known 
EZH2 target genes (Figure 4A, Figure S4C). In fact, 
EZH2-containing PRC2 complex is not the sole 
histone methyltransferase responsible for methylation 
on H3K27 and transcriptional silencing. For example, 
EZH1, a sequence homolog of EZH2, can form 
homodimers (EZH1/EZH1) or heterodimers (EZH1/ 
ZEH2) to maintain H3K27Me3 level and prevent the 
derepression of PRC2 target genes [40, 85]. EZH1 and 
EZH2 are functionally redundant in the slowly 
proliferating precursors of malignant peripheral 
nerve sheath tumor, and the depletion of EZH2 from 
these cells (such as ipNF05.5) only partially affects 
H3K27 trimethylation [86]. Bortezomib, a proteasome 
inhibitor for the treatment of multiple myeloma, 
significantly reduced EZH2 (but not EZH1) in 
MM.1S myeloma cells and did not affect H3K27Me3 
expression [87]. Currently there is no study on the role 
of EZH1 in H3K27 methylation in PCa cells, but it 
would be plausible to postulate that when EZH2 is 
phosphorylated at Ser21 and preferentially associated 
with Stat3 in chemoresistant PCa cells, EZH1 (and 
possibly other histone methyltransferases) can 
complement the canonical EZH2 function and 
maintain the H3K27Me3 mark. In fact, LG1980 only 
selectively inhibited the noncanonical EZH2-Stat3 
signaling but slightly increased EZH1 expression in 
C4-2B-TaxR cells (Figure S9), which may provide an 
explanation for the ineffectiveness of LG1980 on 
canonical EZH2 signaling. 

MAK683 is the only EED inhibitor currently 
under clinical evaluation. Although MAK683 
demonstrated similar molecular effects on the 
expression of p-EZH2, p-Stat3(S727), SKP2, ABCB1 
and survivin with LG1980 in C4-2B-TaxR cells (Figure 
S10A), it had similar IC50 values in parental C4-2B 
(9.44 µM) and chemoresistant C4-2B-TaxR (6.69 µM) 
cell, respectively, with an SI of 1.4 (Figure S10B). 
Furthermore, MAK683 appeared to be more cytotoxic 
than LG1980 in normal/benign prostatic epithelial 
cells, with an IC50 of 25.47 µM and 20.69 µM in 
RWPE-1 and BPH1 cells, respectively (Figure S10C; 
note the IC50 of LG1980 in both cell lines were > 80 
µM, Figure 6B). Although these results were only 
from immortalized human cell lines, they suggested 
that LG1980 is potentially less toxic in vivo, as 
supported by the repeat-dose toxicity studies (Figure 
6C). 

In summary, our investigation into the 
mechanism of action of LG1980 has uncovered a novel 
function of EED-EZH2 interaction in the regulation of 
PCa chemoresistance. These findings not only 
validated the therapeutic significance of EED-EZH2- 

Stat3-SKP2-ABCB1/survivin signaling, but also 
demonstrated LG1980 as a novel EED inhibitor that 
potently induces apoptosis in chemoresistant PCa 
cells. Furthermore, by promoting EZH2 protein 
degradation, LG1980 may be more effective than 
SAM-competitive EZH2 inhibitors in targeting PRC2 
functions in highly heterogeneous, therapeutic- 
resistant tumors (Figure S8A). As we recently 
reported, LG1980 has a high retention and slow 
clearance rate in rat plasma, suggesting the 
compound is sufficiently stable in circulation [88], 
which could be an advantage of using LG1980 in 
targeting metastatic cancer cells. Although certain 
pharmaceutical properties of LG1980 are still 
suboptimal and need to be improved [88], LG1980 
demonstrates a high selectivity against 
chemoresistant PCa with a satisfactory safety profile. 
Continued development of LG1980 and its analogues 
as a novel class of inhibitors of chemoresistant PCa is 
warranted. 

Materials and Methods 
Chemical Synthesis 

LG1980 (Pcin-Bip-AMDP(OEt4), C39H46N2O8P2: 
732.75 dalton) was synthesized using a two-step 
procedure as we described previously [55] (Figure 
S11). LG1980 was purified by preparative reversed- 
phase high-performance liquid chromatography (RP- 
HPLC). The purity and homogeneity of final products 
were cross-checked by analytical RP-HPLC and liquid 
chromatography-mass spectrometry. 

Molecular Docking 
The structures of human EED protein (PDB 

ID:5wuk, resolution: 2.03 Å) [89] and EED-EZH2 
complex (PDB ID: 5HYN resolution: 2.0 Å) were 
obtained from the Protein Data Bank [90]. The 
proteins were prepared using the “protein 
preparation” wizard of Schrödinger Maestro. The 
SMILES (Simplified Molecular Input Line Entry 
System) of LG1980 is CP(=O)(C)C(NC(=O)[C@H] 
(Cc1ccc(cc1)c2ccccc2)NC(=O)/C=C/c3ccc(cc3)c4ccccc
4)P(=O)(C)C. The conformations of LG1980 and 
MAK683 were generated using “LigPrep” module of 
Maestro. The potential binding sites predicted by 
Schrödinger “SiteMap” module and LISE server [91] 
were the same as the binding site of bound ligand on 
5wuk. The receptor grid was generated at the 
predicted binding site using “Glide” module of 
Maestro and docking was conducted in extra 
precision (XP) docking protocol. 

Cell Culture and Chemicals 
Human PCa ARCaPE cells stably expressing 

human EPLIN short hairpin RNA (shRNA) 
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(ARCaPE-shEPLIN) or control shRNA (ARCaPE- 
shCtrl) were established and cultured as we described 
previously [45]. C4-2 cells (provided by Dr. Leland 
WK Chung at Cedars-Sinai Medical Center) were 
routinely cultured in T-medium (Life Technologies, 
Carlsbad, CA) supplemented with 5% fetal bovine 
serum (FBS; Atlanta Biologicals, Atlanta, GA) and 
penicillin-streptomycin (Corning, Corning, NY). 
C4-2B and its docetaxel-resistant derivative C4-2B- 
TaxR (provided by Dr. Allen C. Gao at University of 
California Davis) were cultured following the 
procedures described in [9], with the modification 
that C4-2B-TaxR cells were routinely maintained in 
the presence of 100 nM docetaxel (LC Laboratories, 
Woburn, MA). The final concentration of docetaxel in 
culture medium was reduced to 5 nM before 
experimental assays. Human prostate epithelial cell 
lines RWPE-1 (provided by Dr. Ruoxiang Wang at 
Cedars-Sinai Medical Center) and BPH-1 (provided 
by Dr. Balakrishna Lokeshwar at Georgia Cancer 
Center) were cultured following the procedures 
described in [92] and [93], respectively. Cell Counting 
Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., 
Rockville, MD) following the manufacturer’s 
instruction. The half minimal inhibitory 
concentration (IC50) of specified agent was calculated 
with SigmaPlot program (Systat Software Inc., San 
Jose, CA). Cycloheximide (CHX), dimethyl sulfoxide 
(DMSO), MG132, propidium iodide were purchased 
from Sigma-Aldrich (St. Louis, MO). MAK683 was 
obtained from Biovision Inc (Milpitas, CA). 

CPI-1205, GSK126 and EPZ-6438 were purchased 
from Sellechchem Chemicals LLC (Houston, TX). 

In vitro Binding Affinity Measurement 
Biolayer interferometry analysis on a ForteBio 

Octet Red384 instrument (Sartorius BioAnalytical 
Instruments, Inc., Fremont, CA) was carried out using 
biotinylated EED protein (Novus Biologicals, 
Centennial, CO). The biotinylated EED (30 µg/mL) 
was loaded onto super streptavidin sensors in 50 µL 
loading buffer (PBS + 0.02% Tween-20) for 10 min 
resulting in a 14 nm loading density. Subsequently, 
the biosensors were quenched in 20 µg/mL biocytin 
for 2 min and washed in the loading buffer for 3 min. 
EED-loaded biosensors were then pre-equilibrated in 
kinetic buffer (cat. No. 18-1105, Sartorius 
BioAnalytical Instruments, Inc., Fremont, CA) 
supplemented with 1% DMSO for 180 s. The same 
buffer was used throughout the rest of the assay. The 
kinetics of compound association were monitored by 
dipping biosensors into wells containing compound 
at different concentrations for 120 s. This was 
followed by dissociation in buffer for an additional 
180 s. Reference biosensors were subjected to the same 

experimental procedures except that loading was 
done in loading buffer without biotinylated EED, 
which would be used to measure non-specific binding 
(NSB) of compound to biosensors. Binding curves 
were produced by the subtraction of NSB from the 
sensorgram of EED-loaded biosensors. The data was 
analyzed with Fortebio Data Analysis HT software 
(v12). 

In vivo Xenograft Models 
All animal procedures were performed in 

compliance with Augusta University Institutional 
Animal Care and Use Committee (IACUC) and 
National Institutes of Health guidelines. A total of 
2×106 C4-2-Luc or C4-2B-TaxR cells were inoculated 
into the bilateral tibia of male athymic nude mouse 
(5-week old, Envigo RMS, Inc, Indianapolis, IN). 
Following the confirmation of tumor formation by 
rising PSA levels in mouse sera, mice were 
randomized into different groups and treated with 
vehicle (100% DMSO), LG1980, docetaxel or the 
combination at the indicated doses and schedules via 
intraperitoneal route. Mice were weighed twice per 
week, and tumor growth in bilateral tibia was 
monitored by serum PSA once a week using an 
enzyme-linked immunosorbent assay (ELISA) kit 
from United Biotech, Inc (Mountain View, CA). At the 
end point, X-ray radiography was performed using 
MX-20 System (Faxitron, Tucson, Arizona). At the end 
point, tumor-bearing tibias were harvested and fixed 
in 10% neutralized formalin for future analysis. 

Human PCa patient-derived xenograft (PDX) 
strain LuCaP 23.1 [84] was provided by Dr. Eva Corey 
(University of Washington) and routinely passaged 
subcutaneously in male C.B-17 SCID mice (Charles 
River Laboratories Inc, Wilmington, MA) or athymic 
nude mice. For treatment experiments, LuCaP 23.1 
tumors were harvested when the diameter reached 1 
cm, cut into small pieces with the size of approximate 
2 × 2 × 2 mm3, then implanted subcutaneously into 
both flanks of male athymic nude mouse (5-week old). 
Following the confirmation of tumor formation by 
rising PSA levels in mouse sera, mice were randomly 
divided into 4 groups and treated with vehicle, 
docetaxel, LG1980 or the combination of LG1980 and 
docetaxel at the indicated doses and schedules, 
respectively, via intraperitoneal injection. Mice were 
weighed twice per week, and tumor growth was 
monitored by serum PSA analysis. At the end point, 
subcutaneous tumors were harvested and fixed in 
10% neutralized formalin for future analysis. 

Statistical Analysis 
All in vitro data represent three or more 

experiments. The unpaired t-test was used to 
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determine the significance of differences between any 
two groups. Two-way analysis of variance (ANOVA) 
was used to test the overall difference between 
different treatment groups during the whole study 
period. Prism 7.03 program (GraphPad Software Inc., 
La Jolla, CA) was used to perform the statistical 
analyses. p < 0.05 was considered as statistically 
significant. 

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v11p6873s1.pdf  
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