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el elongator protein 2 inhibitors by
compound library screening using surface plasmon
resonance†

Chang-Peng Xu,‡a Yong Qi,‡a Zhuang Cui,b Ya-Jun Yang,c Jian Wang,d Yan-Jun Hu,b

Bin Yu,b Fa-Zheng Wang,e Qing-Po Yange and Hong-Tao Sun *a

Tumour necrosis factor-a (TNF-a) is a pleiotropic cytokine that becomes elevated in chronic inflammatory

states, including slowing down osteogenic differentiation, which leads to bone dysplasia in long-term

inflammatory microenvironments. The elongator complex plays a role in gene regulation and association

with various cellular activities, including the downstream signal transduction of TNF-a in osteogenic

cells. To find an inhibitor of Elongator Protein 2 (Elp2), we performed a compound library screen and

verified the pharmaceutical effects of candidate compounds on the mouse myoblast cell (C2C12) and

mouse osteoblastic cells (MC3T3-E1). The commercial FDA-approved drug (FD) library and the bioactive

compound (BC) library were used as candidate libraries. After a label-free, high-throughput affinity

measurement with surface plasmon resonance (SPRi), seven kinds of compounds showed binding affinity

with mouse Elp2 protein. The seven candidates were then used to perform an inhibition test with TNF-

a-induced C2C12 and MC3T3-E1 cell lines. One candidate compound reduced the differentiation

suppression caused by TNF-a with resuscitated alkaline phosphatase (ALP) activity, mineralization

intensity and expression of osteogenic differentiation marker genes. The results of our study provide

a competitive candidate to mitigate the TNF-a-induced osteogenic differentia.
Introduction

The evolutionarily conserved elongator complex (EC) plays an
imperative role in gene regulation, associates with various
cellular activities, and has attracted cultural attention.1 The EC
structure contains two parts, each with three subunits. The
Elp123 (Elp1–Elp3 subunit) is considered to be the core sub-
complex of EC, and Elp456 (Elp4–Elp6 subunit) is an ancillary
subcomplex.2 Elongator protein 2 (Elp2), also named STAT3
interacting protein 1 (StIP1), is the second largest subunit of EC
with two WD40 propeller domains. The domains function as
a histone acetyltransferase component of the RNA polymerase II
(Pol II) holoenzyme involved in transcriptional elongation.
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Maria et al. demonstrated that Elp2 contributes to the stability
of the Elp123 subcomplex and integrates different signals to
regulate elongator activity.3 Wang et al. also reported that the
conserved loop regions of Elp2 are crucial for elongator func-
tion.4 As a result, Elp2 plays a crucial role in conferring total
enzyme activity and occupies an important place in downstream
regulation.

The human skeleton is constantly renewing itself and
maintaining bone mass through a balance between the osteo-
genic activity of osteoblasts and the bone resorption activity of
osteoclasts.5 However, persistent inammation, such as trau-
matic fractures, rheumatoid arthritis (RA) and systemic lupus
erythaematosus (SLE), is usually associated with bone forma-
tion and affects this balance by reducing bone mass and
signicantly impacting bone regeneration.6 Our previous pro-
teomics study revealed that Elp2 showed a vital regulating effect
on TNF-a-induced inhibition of osteoblast differentiation and
regulation of ligand-dependent STAT3 activation. The verica-
tion on the C2C12 cell line showed that Elp2 activated the
STAT3 pathway and down-regulated BMPR2 expression to block
BMP-2-induced osteogenic differentiation. Elp2 activation leads
to slower bone tissue formation in the inammatory
microenvironment.7

Surface plasmon resonance (SPR) is a label-free bioanalytical
technique for interrogating biomolecular interactions at
ametal/dielectric interface.8 It can be used to study and quantify
This journal is © The Royal Society of Chemistry 2019
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Table 1 Affinity constants of positive compounds and controls

No. Protein name Compound name CAS # kon (1/Ms) koff (1/s) KD (M)

1 ELP2 Epinephrine bitartrate 51-42-3 7.83 � 102 5.29 � 10�4 6.76 � 10�7

2 ELP2 Isoprenaline hydrochloride 51-30-9 9.87 � 102 4.54 � 10�3 4.60 � 10�6

3 ELP2 Gluconolactone 90-80-2 2.64 � 103 8.19 � 10�2 3.10 � 10�5

4 ELP2 Temozolomide 85622-93-1 1.82 � 102 4.62 � 10�4 2.53 � 10�6

5 ELP2 PLX-4720 918505-84-7 1.32 � 102 2.22 � 10�5 1.68 � 10�7

6 ELP2 RK-33 1070773-09-9 5.38 � 101 2.59 � 10�5 4.81 � 10�7

7 ELP2 5-Hydroxymethyl tolterodine 207679-81-0 1.13 � 104 1.66 � 10�2 1.47 � 10�6

Blank ELP2 DMSO (solvent) 67-68-5 1.71 � 100 7.40 � 10�1 4.32 � 10�1
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molecular interactions such as protein–protein and protein–
nucleic acid binding affinities, as well as other interactions.9–12

One challenge facing classical SPR analysis is large-scale
screening of interaction between chemical molecules and
protein. As an improvement, the SPRi image (SPRi) technique
was developed with improvements in throughput and applied
to the ligand–protein screening eld.13–16 SPRi allows for the
parallel evaluation of hundreds or thousands of compounds
simultaneously.17 Moreover, it provides a rapid identication of
biomolecular interactions along with their kinetic parameters
in real time.18 A variety of small molecules have been reported
using SPRi to measure protein–ligand interactions and protein–
protein inhibition.19,20

Here, we report on our efforts to unite the compound library
and SPRi technique to screen ligand–protein interactions,
specically to nd new inhibitors of the Elp2 protein. Aer the
screening stage, different verication strategies were applied to
evaluate the pharmacodynamics of the candidate compounds in
vivo. The result showed that ALP activity and mineralization of
compound-treated cells were recovered during suppression of
TNF-a. The mRNA content and expression levels of osteogenic
differentiation marker genes were distinctly up-regulated
compared to the TNF-a treated group. The result conrmed
the antagonistic role of the candidates in TNF-a-induced oste-
oblast differentiation inhibition and revealed a possibility for
further optimization and developed into a potent clinical
inhibitor of Elp2.
Fig. 1 SPRi binding signal curve of positive compounds and controls
to Elp2 protein. The DMSO solution of each compound from the FD
and BC libraries was printed on the biosensor chips. The binding
signals were filtered with a cut-off of KD < 10�3. The positive inter-
action and negative control are shown in this figure individually.
Results
Chip preparation and SPRi affinity analysis

The two compound libraries, FD and BC, were prepared and
printed on photocross-linker biosensor chips with a density of
1800 dot per chip (50 points per line, 36 lines). Thus, the FD and
BC libraries were separately printed onto two and three chips;
three duplicated arrays were printed as replications. With the
help of photocross-linker biosensor chips and ultraviolet radi-
ation, the molecules in each sample dot were immobilized on
the chip surface. Optical inspection conrmed that the samples
were xed on the chip surface (data not shown), and the
scalogram images of chip surface were captured by the bScreen
LB 991 Label-free Microarray System (BERTHOLD TECHNOL-
OGIES, Germany) before affinity analysis in real time. During
the test, ve gradient concentrations (200 nM, 400 nM, 800 nM,
1600 nM and 3200 nM) of Elp2 protein diluted in PBS owed
This journal is © The Royal Society of Chemistry 2019
through the surface. The programme was described in the
methods section and the raw sensor gram was collected in real
time. The binding of each compound to the Elp2 protein during
each cycle was represented by the response unit (RU) of surface
resonance. The raw data was calculated and 10�4 M was set as
a cut-off for the equilibrium dissociation constant (KD).
According to the affinity measurement, seven compounds in the
two libraries showed obvious affinity for Elp2 protein. Among
those, six compounds showed a strong affinity (KD < 10�6 M for
Elp2 protein and one compound showed lower binding capacity
with a high koff. A higher koff indicated a high dissociate rate and
would presumably be difficult to utilize in vivo. The association
rate constants (kon), dissociation rate constants (koff) and KD of
positive samples and controls are shown in Table 1. Their
binding curves during the test are shown in Fig. 1.
Cell model establishment and culture

Regarding biological processes and drug function, an inam-
matory differentiation model (ID model, C2C12 + BMP-2 model,
C2C12 cells treated with 100 ng mL�1 BMP-2 to induce osteo-
blast differentiation) and a self-differentiation model (SD
model, MC3T3-E1model, MC3T3-E1 cells with no additive) were
used to investigate the ability of candidate compounds to
inhibit osteoblast differentiation. TNF-a (5 ng mL�1) was
RSC Adv., 2019, 9, 1696–1704 | 1697
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Fig. 3 Dose–effect curve of PLX-4720 based on ALP activity
measurement.
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present as the antagonist of cell osteogenic differentiation. The
IDmodel and SDmodel cells were cultured in 24-well plates and
divided into four groups as follows: positive control (treated
with no external conditions inhibiting differentiation), negative
control (treated with TNF-a to ease differentiation), test group 1
(treated with TNF-a to ease differentiation and candidate to
suppress the effect of TNF-a), test group 2 (treated with candi-
date only without TNF-a).

Alkaline phosphatase stain and activity measurement

Cells in each group were cultured for 7 days in a suitable envi-
ronment and alkaline phosphatase staining was performed
using the Alkaline Phosphatase Assay Kit (Beyotime Biotech-
nology, China) according to the manufacturer's instruction. The
stain observation eld and relative ALP activity were compared.
The results for the positive control in the ID and SD models
demonstrated strong ALP activity, indicating cell differentia-
tion. The negative controls with the addition of TNF-a remark-
ably reduced their ALP activity and were light in colour during
ALP staining. Compound PLX-4720 showed similar ALP activity
to the positive control. The effects of other candidate
compounds were not as strong as PLX-4720 and only slightly
eased TNF-a inhibition (data not shown). ALP staining and
activity are shown in Fig. 2.

Determination of effective concentration

The effective concentration (EC50) was calculated based on ALP
activity. The gradient of compound concentrations ranged from
10 nM to 800 mM in the presence of osteoblast differentiation
medium (with TNF-a). The EC50 of PLX-4720 was 10.35 mM in
C2C12 cells in the ID model, while the EC50 in MC3T3-E1 cells
in the SD model was 16.73 mM. The dose–effect curve is shown
in Fig. 3.
Fig. 2 The ALP stain and activity measurements on C2C12 and
MC3T3-E1 cells lines. AB shows ALP staining of C2C12 (A) and MC3T3-
E1 (B) cells on day 10 with combination treatments of BMP-2/TNF-a/
50 mM and PLX-4720 (bar¼ 50 mm). The ALP activity showed a positive
correlation with the area of the dyed region (blue). The ALP activity of
the C2C12 (C) and MC3T3-E1 (D) groups were measured and
compared; an asterisk indicates significant differences with p < 0.05.
With the presence of 2# or 5# compounds, the TNF-a suppression of
ALP activity was partially reversed. Compounds 2# and 5# did not
suppress TNF-a activity.

1698 | RSC Adv., 2019, 9, 1696–1704
Mineralization assessment

To investigate the osteoblasts mineralization activity derived by
different candidate, the SD and IDmodel cells were stained with
Alizarin Red S at day 35 of culture. The number of stained spots
was used to estimate the mineralization activity for each group.
As shown in Fig. 4, extracellular mineralization was visualized
by Alizarin Red S staining aer osteogenic induction. The
positive control showed a high quantity of spots, indicating
calcium deposits caused by osteogenic differentiation. The
negative control showed fewer spots due to inhibition of TNF-a.
The PLX-4720 groups showed more stained spots compared
with the negative control (p < 0.05). These results suggested that
the cell mineralization activity changes with the addition of
PLX-4720, indicating that the osteoblast differentiation altered
by TNF-a was reversed.

Expression levels of osteoblast differentiation related genes

Further Q-PCR and western blot assays were performed in
triplicate on the ID and SD model cell samples from day 7 to
Fig. 4 Alizarin Red S staining of differentiated osteogenic cells to
determine mineralization. The intensity of mineralization in C2C12 (A)
and MC3T3-E1 (B) cells with Alizarin Red S staining on day 35 (bar¼ 50
mm). The mineralization intensity showed a positive.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Validation of differentially expressed marker genes by real-time
PCR. The mRNA expression levels of COL-I, ALP, OCN, BMP-2, RUNX-
2 were measured with RT-Q-PCR. Under most circumstances, TNF-
a down-regulated the mRNA levels of the six genes and it returned to
a relatively higher level (p < 0.05) with the presence of PLX-4720.
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distinguish the altered expression of the osteogenic differenti-
ation marker genes including COL-I, ALP, OCN, BMP-2, RUNX-2
and OSX. Comparisons of the DDCt showed a signicant
increase in expression on day 7 in the positive control group
versus the negative control group. The expression levels of COL-
I, ALP, OCN, BMP-2, RUNX-2 and OSX were elevated in the PLX-
4720 group with a cellular morphology indicating differentia-
tion. This result indicated that the mRNA levels of osteogenic
differentiation marker genes increased with ALP activity and
mineralization in the positive control group and PLX-4720
group and remained steady in the negative control group
(Fig. 5). This indicated the cells treated with PLX-4720 and TNF-
a demonstrated stronger differentiation than the TNF-a only
treatment group (negative control). Further investigation of the
protein-level expression of osteoblast markers was performed
by western blot analysis. The relative protein content is shown
in Fig. 6 and was consistent with the Q-PCR results. Therefore,
combined with the cell staining and ALP activity analysis, the Q-
PCR and WB results suggest that the Elp2 inhibitor candidate
PLX-4720 ameliorated TNF-a-induced osteoblast differentiation
inhibition.
Fig. 6 Western blot verification of marker gene expression. The
protein expression levels of COL-I, ALP, OCN, BMP-2, RUNX-2 were
measured with a western blot. The results showed the same trend as
the mRNA levels. TNF-a down-regulated the protein expression of the
six genes and it returned to a relatively high level (p < 0.05) with the
presence of PLX-4720.

This journal is © The Royal Society of Chemistry 2019
Discussion

The elongator complex has been reported to have multiple
functions in different organisms. Several loss of function
studies have demonstrated the critical role of this complex in
cell development by regulating various cellular activities. For
example, yeast elongator complex mutants were allergic to
hyperthermia and osmotic conditions and exhibit exocytosis,
telomere gene silencing, DNA damage responses and defects in
adapting to new growth media.21 In Arabidopsis, mutations in
the elongator complex result in impaired root growth,22 and
deletion of Elp3 in Drosophila melanogaster lead to death at the
larval stage.23 In mice, knockdown of the transgenic Elp2 mRNA
resulted in embryonic lethality due to failed neuromodulation
and vascular system formation.24 In humans, some neurological
diseases are related to a defect in the elongator complex.25

Bone has a highly structured matrix and is still a very
dynamic tissue constantly being renewed through cycles of
resorption and formation. A previous study on Elp2 function7

reported that over-expression of Elp2 lead to an up-regulation of
TNF-a-induced inhibition of osteoblast differentiation. Since
inhibition of osteoblast differentiation impacts bone tissue
regeneration and new bone tissue formation in clinical settings,
Elp2 controls bone tissue dysplasia caused by excessive TNF-
a due to long-term infection.

The commercial FD library is a unique collection of 1591
FDA approved drugs for high-throughput screening (HTS) and
high content screening (HCS). The bioactivity and safety of each
compound were conrmed by clinical trials in past reports. The
BC library is a collection of 3051 bioactive chemical compounds
that have been used in many research preclinical trials, which
can also easily trace back to the progress of mechanistic
research. These two compound libraries can provide suitable
objects to be investigated for new inhibitors.26–33 Thus, we
focused on these two commercial compound libraries and
performed high-throughput screening to seek new Elp2
inhibitors.

The binding affinity between the Elp2 protein and
compounds was determined by the SPRi technique; 7
compounds in the libraries showed fair bind affinity to the
mouse Elp2 protein. Six candidate compounds were tested in
vivo to determine any potential drug effects. The candidates
were tested in ID and SD model cell lines and veried by ALP
activity measurement and alizarin red-S staining. Further Q-
PCR and western blot analyses on osteogenic differentiation
genes were performed and the results complied with cell
phenotypes. Among the candidates, PLX-4720 demonstrated its
inhibitory effect on TNF-a.

The candidate PLX-4720 is a 7-azaindole derivative and
a potential inhibitor of B-RafV600E in precious reports. It
signicantly inhibits the ERK phosphorylation in melanoma
cells bearing B-RafV600E but has no toxic effect in wild-type B-Raf
cells.34 The specic inhibitory effect results in a cell cycle arrest
and apoptosis exclusively in tumor cells carrying B-RafV600E

oncogenes (such as COLO205, A375, WM2664, and COLO829),
which enables advancement to human clinical treatments.35
RSC Adv., 2019, 9, 1696–1704 | 1699

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09640f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
1/

6/
20

25
 3

:1
8:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Some previous studies have shown that PLX-4720 may have
clinical benets in anti-tumor therapy. The study of Prahallad
A., et al.36 shows that PLX-4720 can also act on colon cancer cells
and inhibit the rapid response of B-RafV600E to EGFR activation
with no evidence of toxicity. Tsai J., et al.37 reported PLX-4720
inhibited the active B-RafV600E kinase with marked selectivity
in both biochemical and cellular assays. Through orally dosed
PLX-4720 in B-RafV600E dependented tumor xenogramodels, it
caused tumor growth delays without evidence of cytotoxicity.
Also, the GI50 of PLX-4720 in the common melanoma cells
bearing wild-type B-Raf genes were between 13 nM and 41 nM.
Compared to our result, we believe it is necessary to study if
PLX-4720 will impose an adverse inuence on normal body cell.
Then we further performed a set of ERK phosphorylation tests
and cell proliferation tests to determine if PLX-4720 inhibit the
growth of normal body cells without a B-RafV600E mutation
(such as MC3T3-E1 cell and C2C12 cell). The method was
according to Tsai J.'s.37 The results of the ERK phosphorylation
test suggested that even a very high concentration (100 mM) of
PLX-4720 did not cause a signicant down-regulating effect on
the ERK phosphorylation level of MC3T3-E1 cell and C2C12 cell
lines (Fig. S1A†). The results of cell proliferation assay showed
that the growth of MC3T3-E1 cell was inhibited at 100 mMwhile
the growth of C2C12 cells showed insignicant inhibition. It is
speculated that the reason for the phenotypic difference may be
the pluripotent stem cell characteristics of MC3T3-E1 cells
(Fig. S1B†). Further study will pay more attention to the dosage
regimen and the side effect of PLX-4720 on stem cells to pave
the way becoming a clinical drug.

SPR-based biosensors have been developed for biomolecular
interaction and various SPR and chemical surface modication
based biosensors have been developed for assaying.38–50 The
technique for immobilizing compounds in this study is
photocross-linker chemical modication. With this technique,
a plurality of random- orientated sub-structure of compound
was formed in one sample dot due to each carbon–hydrogen
bond in immobilized molecule was equivalent in free radical
substitution. It is possible that a few of these sub-structures was
endowed with unwanted binding activities to Elp2 and conse-
quently cause false positive in SPR screening. So, we went
through a set of in vivo analysis in the downstream workow to
verify the results of SPR step and ensure the reliability of drug
candidates.

In this study, osteoblast differentiation indicators were
evaluated by ALP activity, mineralization and osteogenic
differentiation marker genes. Tissue-nonspecic alkaline
phosphatase (ALP) is associated with mineral tissue forming
cells as well as stem cells.51 Differentiated osteoblasts express
matrix proteins (e.g., a-1-collagen) and alkaline phosphatase
(ALP), a protein associated with mineralization, which also
functions as a biochemical marker for osteoblastic differentia-
tion and bone-forming capacity.52 The ve osteoblast marker
genes, COL-I, ALP, OCN, BMP-2, RUNX-2 and OSX, were re-
ported early and used for osteogenic differentiation in several
other studies.53–56 Therefore, these models were used to study
the mechanism of inhibition of osteoblast differentiation in
this manuscript.
1700 | RSC Adv., 2019, 9, 1696–1704
According to a previous study, Elp2 regulates the JAK-STAT
cascade and affects the inammatory response through this
downstream pathway. These analyses suggest that Elp2 exerts
regulatory effects on osteoblast differentiation in response to
TNF-a. The C2C12 cells can switch from their normal myotube
formation pathway to the osteoblast differentiation pathway
aer a BMP-2 trigger.57 According to the aforementioned
results, to study the inhibition of candidate compounds on Elp2
function, inammatory differentiation model cell lines received
100 ng mL�1 BMP-2 in the culture medium of the C2C12 cell
line to trigger differentiation. On the other hand, the pre-
osteoblast MC3T3-E1 cells were regarded as a self-
differentiation model from pluripotent stem cells to osteocyte
without trigger molecules.

Growing evidence suggests that the inammatory environ-
ment adversely affects the recovery of bone tissue.58–61 Among
the inammatory factors, TNF-a is a pleiotropic cytokine that
becomes elevated during chronic inammation.62 Persistent
inammation and infection have obvious effects on bone
regeneration, and possible strategies for circumventing
inammatory inhibition of tissue regeneration can be pursued
once the signalling pathways involved have been elucidated.63

There is an urgent demand in clinical orthopaedics to nd
auxiliary drugs to ease the disadvantage of long-term TNF-
a excess.

In summary, we have screened one competitive inhibitor
PLX-4720 against mouse Elp2 protein. The in vivo verication
suggested the potential use of this compound to suppress TNF-
a-induced osteogenic differentiation in C2C12 and MC3T3-E1
cells. The EC50 of PLX-4720 is 10.35 mM in C2C12 cells in the
ID model, while the EC50 in MC3T3-E1 cells in the SD model is
16.73 mM. The results of the ALP staining, ALP activity, Alizarin
Red S staining, and differentiation-related marker gene
expression analysis met the initial expectations. PLX-4720 is
a potential new drug in clinical orthopaedics. However, in-
depth studies need to be performed to investigate the
complete drug effect mechanism, metabolic processes and
possible side effects of the candidates. Moreover, this study was
performed with mouse source protein to improve the conve-
nience of animal experiments at the early stage and reduce the
costs of model animals. However, PLX-4720 may have
a different mechanism of action between mouse and human
cells. This may be why the other 6 positive compounds from SPR
screening showed no efficacy during in vivo verication. This
compound may also lose treatment efficacy during clinical
testing. To mitigate this risk, cell experiments were performed
using human cells. In the future, further study will illuminate
additional pharmacodynamics and metabolic dynamics of PLX-
4720 to develop it into a clinical drug preventing the inhibition
of bone differentiation due to long-term inammation.

Experimental methods
Compound library preparation and array printing

The FDA-approved drug (FD) library and bioactive compound
(BC) library were purchased from Selleck Chemicals LLC (USA)
and contained 1591 compounds (Cat#. L1300, Bat#. C1591) and
This journal is © The Royal Society of Chemistry 2019
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3051 compounds (Cat#. L1700, Bat#. C3051), respectively. The
compounds were dissolved in DMSO or ddH2O according to
their solubility and stored in a dark �80 �C refrigerator. Before
printing, the compounds were restored to room temperature
and transiently spun with a horizontal centrifuge to concentrate
the solution. Concentrations of each compound were adjusted
to 100 mM using DMSO or ddH2O according to the product
specication and then aliquoted at 20 mL into 384-well plates.
Microarrays chips used in this experiment were 25 � 75 �
1.1 mm glass slides coated with 47.5 nM thick gold layer and
photocross-linker chemical modication (Betterways Inc.,
China). This sensor chip is capable of immobilizing small
chemical molecules (MW > 60 Da) with no chemical label
linking. The pre-treatment procedure of the microarrays chips
was performed according to the standard operating procedure
provided by the manufacturer. During the immobilization
process, the C–H bonds were attacked by azo radicals excited by
ultraviolet light and connected to the chip surface through
a hydrogen substitution reaction. This improvement enhanced
the molecules' spatial freedom and prevented inactivation by
the labelling step.

For spotting, a BioDot™ AD-1520 Array Printer (BIODOT
Inc., USA) printed samples and controls on the chip surface.
The instrument was maintained and operated in accordance
with official instructions and the pins for printing were origi-
nally supplied with the instruments. According to the printing
programme, each compound solution was printed with
a volume of 1.875 nL per dot on four parallel chips with
a formation of a 40 � 32 array (1280 dots per chip). Twelve
positive control dots (6 rapamycin dots and 6 biotin dots) and
12 negative control dots (6 DMSO dots and 6 ddH2O dots) were
printed around the sample printing area. Since one chip cannot
contain more than 1280 samples, the FD library was separated
into two different chips and the BC library was separated in
three chips. Subsequently, the solvent in the sample dots was
evaporated in a dark N2 atmosphere, and the sensor chips were
quickly transferred to a UV spectroirradiator for a photocross-
linking reaction. A UV Spectroirradiator 1020 (Amersham Life
Science, USA) was used for the photocross-linking reaction
quickly aer the array print. The irradiation programme was
100 mW cm�2, 2 min; pause 2 min; 100 mW cm�2, 2 min pause
2 min; 25 mW cm�2, 15 min. Two more sensor chips were
prepared as replicates. One of the four parallel chips was stored
in a�80 �C refrigerator as a backup for troubleshooting and the
other three chips underwent SPRi analysis. Then, the ow cell
chambers were assembled, and the sensor chips were inserted
and tested in the SPRi instrument.
SPRi interaction and affinity analysis

To understand the specic interactions between candidate
compounds and Elp2 protein, we performed an affinity
measurement using surface plasmon resonance (SPRi) tech-
nology. The SPRi validation experiment was performed with the
bScreen LB 991 Label-free Microarray System (Berthold Tech-
nologies, Germany). To validate detection of the chemical
compound–protein interactions using the photo-cross-linker
This journal is © The Royal Society of Chemistry 2019
SPRi sensor chip, we selected rapamycin and biotin as system
controls and arranged kinetic constant tests with FKBP12 and
streptavidin immediately aer the sample tests. Additionally,
the solvents for chemical compounds (DMSO, ddH2O) were also
tested during the Elp2 ow. At the end of the affinity test,
proteins solutions (PBS, pH¼ 7.0) were crosswise tested with all
compounds on the chip as the background noise control.

During the SPRi test, the surface was rst primed three times
with HBS-EP running buffer (containing 10 mMHEPES, pH 7.0,
150 mM NaCl, 3 mM EDTA and 0.005% (v/v) of P20 surfactant)
at rate of 2 mL s�1 for 40 s and one time with running buffer (1�
PBS with 5% DMSO) at rate of 2 mL s�1 for 40 s. The mouse Elp2
protein (Antibodies online, Germany) was diluted separately
with running buffer to 200 nM, 400 nM, 800 nM, 1600 nM and
3200 nM and injected for 600 s at a ow rate of 0.5 mL s�1 at
associating stage, followed by running buffer for 360 s at a ow
rate of 0.5 mL s�1 at each dissociating stage. At the end of each
associating–dissociating cycle, the surface was regenerated to
remove any remaining bound material with a pulse of 10 mM
glycine–HCl (pH 2.5) at 20 mL min�1 for 30 s.

The raw sensor grams and measurements of the binding
process of ligands and proteins were recorded in real time. The
response unit (RU) of surface resonance was compared to
determine the different binding affinities between each sample
dot. The response unit data collected on the SPRi biosensor was
further processed to eliminate any artefacts such as non-specic
binding and differences in buffer composition. The process and
analysis of association and dissociation rate constants (ka/kon
and kd/koff respectively) and the equilibrium dissociation
constant (KD, kd/ka) were performed using the data analysis
soware of the bScreen LB 991 unlabelled microarray system
according to a single-site binding model (1 : 1 Langmuir
binding) with mass transfer limitations for binding kinetics
determination.
Cell culture and experimental group

C2C12 and MC3T3-E1 cells were cultured in Dulbecco's Modi-
ed Eagle's Medium (DMEM, HyClone, GE Healthcare, USA)
and supplemented with 10% foetal bovine serum (FBS;
HyClone, GE Healthcare, USA), as well as 1% of penicillin/
streptomycin (Thermo Scientic, USA). All cell lines were
cultured at 37 �C in 5% CO2 and the culture media was replaced
every 2 days. One day before tests, cells in the exponential
growth phase were plated in 24-well plates at a density of 50%
conuence, followed by incubation for 24 h, then grouped and
treated separately. For the inammatory differentiation model
(ID model, C2C12 + BMP-2 model, and C2C12 cells treated with
100 ng mL�1 BMP-2 to induce osteoblast differentiation), four
groups were treated on day 0 as follows: (ID-a) with 100 ng mL�1

BMP-2; (ID-b) with 100 ng mL�1 BMP-2 and 5 ng mL�1 TNF-a;
(ID-c) with 100 ng mL�1 BMP-2 and a gradient concentration of
candidate compounds; (ID-d) with 100 ng mL�1 BMP-2, 5 ng
mL�1 TNF-a and a gradient concentration of candidate
compounds. On the other hand, four groups were treated in the
self-differentiation model (SD model, MC3T3-E1 model, and
MC3T3-E1 cells with no additive) and treated on day 0 as
RSC Adv., 2019, 9, 1696–1704 | 1701
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follows: (SD-a) with equal volume solvent (ddH2O); (SD-b) with
5 ng mL�1 TNF-a; (SD-c) a gradient concentration of candidate
compounds; (SD-d) with 5 ng mL�1 TNF-a and a gradient
concentration of candidate compounds. The gradient concen-
trations used for the candidate compounds ranged from 10 nM
to 800 mM (10 nM, 100 nM, 500 nM, 1 mM, 5 mM, 10 mM, 50 mM,
100 mM, 200 mM, 400 mM, 800 mM, eleven titters in total).

Alkaline phosphatase staining and activity measurements

The osteogenic differentiation of each group was evaluated as
a function of ALP activity on day 7. ALP activity was assessed
using an Alkaline Phosphatase Assay Kit (Abcam Inc., Cam-
bridge, UK) according to the manufacturer's protocol. Optical
density was measured at 405 nm using an Epoch 2 Microplate
Spectrophotometer (BioTek Instruments Inc., Virginia, USA).
ALP activity values were normalized with respect to the total
protein content obtained from the same cell lysate and
expressed as units per microgram of total proteins. Total
protein content was determined using the Pierce BCA Protein
Assay Kit (Thermo Scientic, USA). The absorbance of the
reaction product was measured at 562 nm. The protein
concentration was calculated and compared between each
group.

Mineralization assessment

Alizarin (1,2-dihydroxyanthraquinone), which emits a red signal
under uorescent green light, has been used for labelling
mineralization in osteocytes for many decades. In both cell
modules and all experimental groups, the culture medium was
changed every two days until day 35. Mineralization was visu-
alized by staining with an Optimized Alizarin Red S Stain Kit
(Solarbio Life Science, Beijing, China). The procedures were in
accordance with the instructions.

Expression levels of osteoblast differentiation related genes

Aer treatment and culturing for 7 days, 2 � 105 C2C12 and
MC3T3-E1 cells were harvested separately. Total RNA was iso-
lated from cultured cells using TRIzol reagent (Thermo Scien-
tic, USA) and was puried using the RNeasy Mini Kit (Qiagen,
Germany) and treated with RNase-Free DNase (Qiagen,
Table 2 Primer sequences of osteogenic differentiation marker genes

Gene symbol Primer sequence (50–30)

COL-I F: 50-GACCCTAACCAAGGATGCAA-30

R: 50-GGAAGTTCAGGATTGCCGTA-30

ALP F: 50-CCACGTCTTCACATTTGGTG-30

R: 50-AGACTGCGCCTGGTAGTTGT-30

OCN F: 50-GTGCAGAGTCCAGCAAAGGT-30

R: 50-CGATAGGCCTCCTGAAAGC-30

BMP-2 F: 50-TCAAGCCAAACACAAACAGC-30

R: 50-ACGTCTGAACAATGGCATGA-30

RUNX-2 F: 50-CTCTTCCCAAAGCCAGAGTG-30

R: 50-CAGCGTCAACACCATCATTC-30

OSX F: 50-TAATGGGCTCCTTTCACCTG-30

R: 50-GAGCCATAGGGGTGTGTCAT-30

1702 | RSC Adv., 2019, 9, 1696–1704
Germany). RNA concentrations were measured using Nano-
Drop™ 8000 spectrophotometry (Thermo Scientic, USA). RNA
integrity for all samples was conrmed with 1% agarose gels
electrophoresis. For cDNA synthesis, 0.25 mg of cDNA was
transcribed from total RNA using the High Capacity cDNA
Reverse Transcription Kit (Thermo Scientic, USA). Gene
expression proles for collagen alpha-1 (COL-I), alkaline phos-
phatase (ALP), osteocalcin (OCN), bone morphogenetic protein
2 (BMP-2), runt-related transcription factor 2 (RUNX-2) and
osterix (OSX) were determined by quantitative Q-PCR with the
Thermal Cycler Dice™ Real Time System III (TaKaRa, Japan).
Specic PCR primers were synthesized and optimized for
amplication of each cDNA. Primers are listed in Table 2. Beta-
actin (b-actin) was used as an internal reference for the experi-
ment and gene expression analysis was normalized to b-actin,
using delta–delta CT (DDCt).64 Another set of harvested cells was
processed for western blot analysis. The cell samples were
washed with PBS (pH ¼ 7.0) and lysed in RIPA Lysis Buffer
(Beyotime Biotechnology, China). Then, the lysates were sub-
jected to SDS-PAGE and immunoblotting analysis in triplicate.
Protein concentrations of the cell lysates were determined using
a Pierce BCA Protein Assay Kit (Thermo Scientic, USA).

Protein samples (20 mg each) were mixed with denaturing
buffer, heated to 98 �C for 10 min and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Total protein was transferred to a nitrocellulose membrane
(Millipore, USA) using a semi-dry transfer apparatus (Bio-Rad,
USA). The membranes were blocked with 5% skimmed milk
in Tris-buffered saline (TBS)-0.1% Tween-20 (TBST) for 1 h and
then incubated with the following corresponding primary
antibodies: anti-COL-1 antibody (mouse monoclonal, ab90395,
Abcam Inc., Cambridge, UK), anti-ALP antibody (rabbit mono-
clonal, ab133602, Abcam Inc., Cambridge, UK), anti-OCN anti-
body (mouse monoclonal, ab13420, Abcam Inc., Cambridge,
UK), anti-BMP-2 antibody (mouse monoclonal, ab6285, Abcam
Inc., Cambridge, UK), anti-RUNX2 antibody (mouse mono-
clonal, ab76956, Abcam Inc., Cambridge, UK), anti-Osterix
(rabbit monoclonal, ab209484, Abcam Inc., Cambridge, UK),
and anti-b-actin (mouse monoclonal, ab8226, Abcam Inc.,
Cambridge, UK). NC lms were washed with TBS-0.1% Tween-
20 (TBST) and incubated with horseradish peroxidase (HRP)-
Product size (bp) Accession no.

200 NG_007404.1

196 NG_008940.1

202 NG_047015.1

197 NG_023233.1

206 NG_008020.1

198 NG_023391.2

This journal is © The Royal Society of Chemistry 2019
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conjugated secondary antibodies as appropriate (rabbit anti-
mouse IgG, ab6728, Abcam; goat anti-rabbit IgG, ab6721,
Abcam) in a blocking buffer. Then, NC lms were washed with
TBST, incubated with a DAB Horseradish Peroxidase Color
Development Kit (Beyotime Biotechnology, China) for 1 min
and quickly removed the reaction solution. The NC lm was
washed with TBST twice according to the instructions. Images
were captured with an AlphaImager HP imaging system (Pro-
teinSimple LLC., USA). The relative quantication of each
sample in the western blots was normalized to b-actin.

Statistical analysis

Multiple comparisons were made using a two-way ANOVA.
Single comparisons were made using two-tailed Student's t tests
(P < 0.05 was considered statistically signicant). Analyses were
performed using the SPSS 13.0 statistical package (SPSS Inc.,
Chicago, USA) and Origin 2017 (OriginLab Corporation,
Massachusetts, USA). Data were presented as the mean � SEM,
performed in triplicate and repeated at least one time.

Conclusions

We screened two chemical libraries with a high-throughput SPR
technique and found one compound related to the signal
transmission of TNF-a inhibition of osteogenic differentiation
based on downstream factor Elp2. The compound reduced TNF-
a-induced differentiation inhibition on the C2C12 and MC3T3-
E1 cell lines. These results suggest PLX-4720 is a candidate for
bone dysplasia treatment during long-term inammation.
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