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Abstract
Cadmium (Cd), a carcinogenic toxic metal, is pervasively distributed in the soil, water and air.

Chronic exposure to Cd has been correlated to lung disease development including cancers.

Although many studies have been conducted to investigate the proteome response of cells

challenged with Cd, the epiproteomic responses (i.e., global histone post‐translational modifica-

tions [PTMs]), particularly in human lung cells, are largely unexplored. Here, we provide an

epiproteome profiling of human bronchial epithelial cells (BEAS‐2B) chronically treated with

cadmium chloride (CdCl2), with the aim of identifying global epiproteomic signatures in response

to Cd epigenotoxicity. Total histone proteins from Cd‐treated and untreated BEAS‐2B cells were

isolated and subject to quantitative histone PTM–enzyme‐linked immunosorbent assay using 18

histone PTM antibodies. Our results unveiled that chronic Cd treatment led to the marked down-

regulation of H3K4me2 and H3K36me3 and upregulation of H3K9acS10ph, H4K5ac, H4K8ac

and H4K12ac PTM marks. Cd‐treated cells exhibit transformed cell properties as evidenced by

enhanced cell migration and the ability of anchorage‐independent growth on soft agar. Notably,

treatment of Cd‐transformed cells with C646, a potent histone acetyltransferase inhibitor,

suppressed the expression of mesenchymal marker genes and cell migration ability of these cells.

Taken together, our studies provide for the first time the global epiproteomic interrogation of

chronic Cd‐exposed human lung cells. The identified aberrant histone PTM alterations associated

with Cd‐induced epigenotoxicity likely account for the epithelial−mesenchymal transition and

neoplastic survival of these cells.
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1 | INTRODUCTION mesenchymal marker genes and cell migration ability of these cells.
Cadmium (Cd), a carcinogenic toxic metal, is pervasively distributed in

the soil, water, food and air (International Agency for Research on

Cancer, 1993; Rafati Rahimzadeh, Rafati Rahimzadeh, Kazemi, &

Moghadamnia, 2017). Cd compounds in the environment show no effi-

cient recycling way for them (Rafati Rahimzadeh et al., 2017). So far, the

exact correspondence between realistic human exposure levels and the

experimental doses employed in animal studies remains to be fully

established (de Angelis et al., 2017). Nevertheless, chronic exposure

to Cd has been correlated to lung diseases including cancers (Kampa

& Castanas, 2008; Oberdörster, 1986). More recently, epigenetic

effects of Cd have been revealed in which Cd is able to affect the

cellular status of DNA methylation, histone modifications and non‐

coding RNA expression, leading to aberrant gene expression (Cheng,

Choudhuri, & Muldoon‐Jacobs, 2012; Martinez‐Zamudio & Ha,

2011). Therefore, chronic exposure to Cd can lead to epigenotoxicity,

a deleterious effect exerted by Cd to the cellular epigenetic circuit

and is potentially propagated from one generation to another.

Our previous studies showed that Cd‐adapted rat lung epithelial

cells developed resistance to apoptosis due to perturbation of the

c‐Jun N‐terminal kinase pathway and augmented expression of

cytokeratin 8 (Lau & Chiu, 2007; Lau, Zhang, & Chiu, 2006). Inter-

estingly, we have recently shown that the progressive silencing of

the zinc transporter ZIP8 (SLC39A8) in chronic Cd‐exposed lung epi-

thelial cells is involved in the acquisition of resistance against Cd in

rat lung cells, representing an adaptive survival mechanism that resists

Cd‐induced cytotoxicity (Gao et al., 2017; Xu, Gao, et al., 2017).

Nevertheless, the cellular response would be more reminiscent to the

human situation if human cells were to be used. Moreover, while some

proteomic studies have been conducted on human cells challenged

with toxic metals (Andrew et al., 2003; Galano, Arciello, Piccoli, Monti,

& Amoresano, 2014; Prins, Fu, Guo, & Wang, 2014), the epiproteomic

responses (i.e., global histone post‐translational modifications [PTMs])

are largely unexplored. For these reasons, we continued with the

human bronchial epithelial cells (BEAS‐2B) to examine the

epiproteomic response of BEAS‐2B that have been transformed upon

stepwise‐adaptation to environmentally‐relevant concentrations of Cd

(with concentration from 1 to 20 μM).

Cd‐adapted BEAS‐2B cells exhibiting resistance to 20 μM

cadmium chloride (CdCl2) were further enriched by growing on soft

agar and anchorage‐independent clones were then pooled and termed

as T20 cells, while the passage‐matched BEAS‐2B cells (PM) did not

form any clones on soft agar. By examining the global epiproteomic

signatures of PM and T20 cells by quantitative histone PTM‐enzyme‐

linked immunosorbent assay (ELISA), we revealed that among the 18

important histone PTM marks, the levels of H3K4me2 and

H3K36me3 were significantly downregulated while those of

H3K9acS10ph, H4K5ac, H4K8ac and H4K12ac upregulated in T20

cells (in which these marks are known to be involved in active tran-

scription, cell division and DNA repair) (Lall, 2007; Xu, Du, & Lau,

2014). Notably, the role of differential histone acetylation played in

epithelial−mesenchymal transition (EMT) has been supported by fact

that treatment of T20 cells with C646, a potent p300/CBP histone

acetyltransferase (HAT) inhibitor, suppressed the expression of
Taken together, to the best of our knowledge, our studies provide

for the first time the global epiproteomic interrogation of chronic

Cd‐exposed human lung cells and identify the aberrant histone

PTM alterations associated with Cd‐induced epigenotoxicity.
2 | MATERIALS AND METHODS

2.1 | Materials

CdCl2 was purchased from Sigma‐Aldrich (St. Louis, MO, USA). The

HAT inhibitor C646 (S7152) was purchased from Selleck (Shanghai,

China). All other general chemicals were purchased from GE

Healthcare (Uppsala, Sweden) and Sigma‐Aldrich. Antibodies used for

quantitative histone PTM‐ELISA were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA), Cell Signaling Technology

(Danvers, MA, USA), Abcam (Cambridge, MA, USA) and Millipore

(Temecula, CA, USA), details can be found in Table S1. Other

antibodies used for western blot analyses were divalent metal trans-

porter 1 (DMT1) (sc‐166884; Santa Cruz Biotechnology), cytokeratin

7 (CK7) (4465; Cell Signaling Technology), vimentin (GTX629743;

GeneTex, Irvine, CA, USA), N‐cadherin (GTX112733; GeneTex) and β‐

actin (A5441; Sigma‐Aldrich); while purified rabbit polyclonal anti‐

serum against ZIP8 employed for immunofluorescence analyses was

routinely produced and used in our laboratory as previously described

(Gao et al., 2017; Xu, Gao, et al., 2017; Zang, Xu, & Lau, 2015).
2.2 | Cell culture

The BEAS‐2B cell line was purchased from and authenticated by the

AmericanType Culture Collection (Rockville, MD, USA). BEAS‐2B cells

were isolated from normal human bronchial epithelium obtained from

autopsy of a non‐cancerous individual. Cells were routinely grown in

LHC‐9 medium (Gibco, Grand Island, NY, USA) at 37°C in an atmo-

sphere of 5% CO2/95% air as recommended by the American Type

Culture Collection. LHC‐9 is a defined, serum‐free medium, which is

prepared by mixing LHC basal medium with growth factors, cytokines

and supplements; and has been described previously (Xu et al., 2016).
2.3 | Cadmium treatment

BEAS‐2B cells were stepwise‐adapted to CdCl2 in LHC‐9 medium with

concentrations ranging from 1 to 20 μM after approximately 20

passages. The resulting Cd‐resistant cell line was subsequently

cultured in the presence of 20 μM CdCl2. Sham‐exposed BEAS‐2B cells

were obtained as PM control cells.
2.4 | Anchorage‐independent growth assay

Cell transformation was investigated in PM and Cd‐adapted BEAS‐2B

cells. In brief, cells (8 × 103 ml–1) were mixed in 1 ml of 0.3% agar in

LHC‐9 medium and overlaid on 0.5% agar in LHC‐9 medium. The cul-

tures were maintained in a 37 °C, 5% CO2 incubator for 2 weeks. The

Cd‐adapted BEAS‐2B cells exhibiting anchorage‐independent growth

on soft agar were retrieved from top agar and pooled, termed as T20
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cells, while PM cells did not form any anchorage‐independent clones

on soft agar.

2.5 | Cell migration assay

Cell migration by transwell assay using transwell chambers with 8 μm

pore sizes was performed the same as previously described (Xu, Gao,

et al., 2017). Briefly, a total of 50 000 cells were seeded into the upper

wells in 200 μl LHC basic medium with 10% LHC‐9 and the bottom

chamber were exposed to LHC‐9 medium. After incubation for

36 hours, the inserts were collected, washed with phosphate‐buffered

saline (PBS), fixed in methanol and the non‐migrated cells on the

membrane were wiped off with a cotton brush. The migrated cells

were stained with 0.1% crystal violet for 15 minutes. The stained

transwells were washed with Milli‐Q H2O for three times and then

air dried at room temperature. Migrated cells in each field were

photographed under light microscopy. Four fields from each

membrane were examined. After photographing, 200 μl of 33% acetic

acid were added to elute the crystal violet and then the absorbance

was measured at 595 nm. In vitro scratch assay was performed as

previously described (Xu, Gao, et al., 2017). In brief, cells were seeded

into a 60 mm dish; a wound was generated when the cells reached

90−95% confluency by scratching the surface of the dish with a

pipette tip. Cells were washed thrice with PBS to remove cell debris

and incubated with fresh culture medium. Cells were monitored and

photographed with phase‐contrast microscope.

2.6 | Histone extraction

Acid extraction of total histones was performed essentially the same as

previously described (Shechter, Dormann, Allis, & Hake, 2007). His-

tones were finally dissolved in Milli‐Q H2O and quantified using the

Bradford protein assay (Bio‐Rad, Hercules, CA, USA).

2.7 | Quantitative histone post‐translational
modification–enzyme‐linked immunosorbent assay

The ELISA using chromogenic substrate 3,3′,5,5′‐tetramethylbenzidine

(TMB) was conducted. In brief, denatured histones (boiled in stan-

dard 1× Laemmli sample buffer) were diluted in 50 mM carbonate‐

bicarbonate buffer (pH 9.6), then coated on a 96‐well ELISA plate

at 4 °C for 12 hours. After washing three times with PBS

(pH 7.4), 200 μl of 5% bovine serum albumin was added to each

well and incubated at room temperature for 2 hours. After blocking,

then different histone PTM antibodies as well as total histone H3/

H4 antibodies were added into each well of the plate. After incuba-

tion at room temperature for 2 hours and washed with PBS for

four times, the wells were incubated with horseradish peroxidase

(HRP)‐conjugated goat antirabbit IgG (sc‐2004; Santa Cruz Biotech-

nology), HRP‐conjugated goat antimouse IgG (sc‐2005; Santa Cruz

Biotechnology), or HRP‐conjugated donkey antigoat IgG (sc‐2020;

Santa Cruz Biotechnology) for 2 hours at room temperature.

Peroxidase activity was detected using TMB and H2O2 as substrates.

Color development was continuously monitored for 25 minutes and

A370 measured at 1.25 minute intervals using a microplate reader

(Thermo Scientific, Rockford, IL, USA).
2.8 | Western blot analysis

Proteins were separated by appropriate percentages of sodium

dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis gels and

transferred to PVDF membranes. Membranes were blocked with 5%

non‐fat dry milk (w/v) in PBS 0.05% Tween‐20 for 90 minutes at room

temperature and incubated with primary antibody overnight at 4 °C.

Then, the membranes were washed with PBS 0.05% Tween‐20 and

incubated with secondary antibody for 120 minutes at room tempera-

ture. After the membranes were washed, the immunoreactive bands

were detected using enhanced chemiluminescence reagents.

2.9 | Immunofluorescence microscopy

Cells were seeded on to two‐chamber culture slides. After 36 hours,

PM and T20 cells were fixed with 4% paraformaldehyde at room tem-

perature for 10 minutes and then permeabilized with 0.2% Tween 20

at room temperature for another 15 minutes. Cells were then blocked

in 5% goat serum for 1 hour at room temperature and incubated with

home‐made ZIP8 antiserum (1:25) overnight at 4 °C. Following the

wash, cells were incubated with goat antirabbit IgG‐fluorescein iso-

thiocyanate (sc‐2012; Santa Cruz Biotechnology), 1:25; for 1.5 hours

at room temperature. Nuclear DNA was stained with DAPI, and slides

were examined using an Olympus FV1000 laser‐scanning confocal

microscope (Tokyo, Japan). Images were taken at 600× magnification.

2.10 | Quantitative real‐time reverse transcription–
polymerase chain reaction

In brief, total RNA was extracted from cells using TRIzol Reagent

(15596018; Thermo Fisher Scientific, Waltham, MA, USA). cDNA

was synthesized using PrimeScript Reverse Transcriptase (TaKaRa,

2680A) according to the manufacturer's instructions. Quantitative

real‐time reverse transcription–polymerase chain reaction (RT‐qPCR)

was performed with GoTaq qPCR Master Mix (A6001) from Promega

(Fitchburg, WI, USA) and gene‐specific primers on Applied Biosystems

7500 Real‐Time PCR System (Waltham, MA, USA). β‐Actin was

amplified as an internal reference to normalize gene expression.

Primers were synthesized by Beijing Genomics Institute (Shenzhen,

Guangdong, China). Details of primers can be found in Table S3.

2.11 | Statistical analysis

Statistical analysis was done by using two‐tailed Student's t‐test. P < .05

was considered significant. All quantitative results were expressed as

themean ± SD of triplicate samples. The reproducibility of experimental

results was confirmed in three separate experiments and the

representative data set was shown.
3 | RESULTS

3.1 | Establishment of chronic CdCl2‐exposed human
bronchial epithelial BEAS‐2B cell model

From our previous studies, we established Cd‐adapted rat lung epithe-

lial cells that exhibit resistance to Cd‐induced apoptosis (Gao et al.,
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2017; Lau et al., 2006; Lau & Chiu, 2007; Xu, Gao, et al., 2017). Never-

theless, the cellular response would be more reminiscent to the human

situation if human cells were to be used. For this reason, in this study,

we resolved to use the BEAS‐2B cells that have been stepwise‐

adapted to 20 μM CdCl2 to mimic human chronic exposure to environ-

mentally‐relevant concentrations of Cd. Chronic Cd‐exposed BEAS‐2B

cells exhibited the ability of anchorage‐independent growth on soft

agar, while PM control cells did not form any clones on soft agar

(Figure 1A). The anchorage‐independent clones of chronic Cd‐exposed

BEAS‐2B cells were retrieved and pooled from soft agar and termed as

T20 cells. As shown in Figure 1(B), T20 cells remain resistant to 20 μM

CdCl2 treatment while PM control cells are sensitive to 20 μM CdCl2

treatment. Moreover, T20 cells exhibited transformed cell phenotypes

as evidenced by enhanced cell migration as compared with PM cells in
FIGURE 1 Establishment of chronic CdCl2‐exposed human bronchial
epithelial cell model. (A) Results of anchorage‐independent growth
assay of PM and T20 cells. (B) PM or T20 cells were grown to ~75%
confluence, they were then either sham‐exposed or exposed to 20 μM
CdCl2 for 48 hours. Shown are the corresponding cell morphology
pictures under light microscope. (C) Cell migration ability determined
by transwell assay. Results are representative of three independent
experiments. *Significant difference of P < .05. PM, passage‐matched
the transwell assay (Figure 1C). These data suggest that permanent

changes have occurred in T20 cells that govern their death tolerance,

anchorage‐independent growth and enhanced cell migration ability.
3.2 | Epiproteomic analyses by quantitative histone
post‐translational modification–enzyme‐linked
immunosorbent assay

Epigenetics refers to the study of heritable changes in gene expression

that does not involve changes to the underlying DNA sequence. In the

last decade, epigenotoxicity of Cd has been revealed in which Cd is

able to impact on the epigenome by alteration of DNA methylation,

histone modifications and non‐coding RNA expression (Cheng et al.,

2012; Martinez‐Zamudio & Ha, 2011). As our group is interested in

studying histone modifications, we studied the epiproteome profiles

of PM and T20 cells by utilizing quantitative histone PTM‐ELISA.

Total histones were isolated from PM and T20 cells by acid extrac-

tion as described in the Materials and methods. To assess the purity of

the histones, the samples were subject to 15% SDS‐polyacrylamide gel

electrophoresis analysis. As shown in Figure S1, the five major types of

histone (H1, H3, H2A, H2B and H4) could be predominantly detected

by Coomassie Blue staining, suggesting that our histone isolation was

successful, and these samples were then analyzed by quantitative

histone PTM‐ELISA.

Using 18 different histone PTM antibodies and the chromogenic

substrate TMB for time‐course ELISA, we indirectly and quantitatively

captured the differential histone PTM levels between PM and T20

cells. In general, the A370 values increased in a time‐dependent man-

ner. To ensure that the A370 readings from the ELISA were not at the

stationary phase, A370 values in the exponential phase of each graph

were used to first calculate the relative PTM units in PM and T20 cells

by normalizing respectively the A370 of histone H3 or H4 PTM against

A370 of total histone H3 or H4 from each cell line (Figure 2). Then, the

relative PTM unit of T20 cells was divided by that of PM cells to

become the PTM ratio (i.e., PM cells as a value of 1), for ease of com-

parison (Figure 3A). By following the above calculations, all the raw

data from the histone PTM‐ELISA were finally transformed into PTM

ratios (Figure 3A). The reproducibility of the PTM ratio was confirmed

in three separate experiments and finally presented as the mean ± SD.

Only P < .05 was considered statistically significant (Table S2).
3.3 | Validation of results from quantitative histone
post‐translational modification–enzyme‐linked
immunosorbent assay

From the quantitative histone PTM‐ELISA results, the levels of all the

18 histone PTM marks in PM and T20 cells were determined. Among

them, the levels of H3K4me2 and H3K36me3 were significantly

downregulated while those of H3K9acS10ph, H4K5ac, H4K8ac and

H4K12ac were upregulated in T20 cells (in which these marks are

known to be involved in active transcription, cell division and DNA

repair) (Lall, 2007; Xu et al., 2014). As a proof of concept, we also per-

formed western blot analyses on the same samples that were used for

ELISA. As shown in Figure 3B, the level of all 16 histone PTM marks

examined by western blot analyses were in agreement with those in



FIGURE 2 Epiproteomic analyses by quantitative histone PTM‐ELISA.
(A) Schematic of histone PTM‐ELISA in this study. (B) Detection of
peroxidase activity using 3,3′,5,5′‐tetramethylbenzidine and H2O2 as
substrates. Triplicated samples were coated in horizontal rows in
96‐well plate and color development was continuously monitored for
25 minutes and A370 measured at a 1.25 minute interval (shown are
graphical representations of A370 readings of the plate against time
using H3K4me2 and H3 antibodies, respectively). (C) Relative PTM
units of H3K4me2 in PM and T20 after adjusting for histone loading
based on H3 reactivity. ELISA, enzyme‐linked immunosorbent assay;
HRP, horseradish peroxidase; PM, passage‐matched; PTM, post‐
translational modification
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ELISA, suggesting that our quantitative histone PTM‐ELISA is reliable

and could be robustly used for the detection of histone PTM marks.

3.4 | Downregulation of Zn/Cd‐importers and the
development of epithelial−mesenchymal transition in
T20 cells

Among the hallmarks of cancer, the onset of death tolerance and EMT

are believed to be important events in tumorigenesis that facilitate

tumor survival, migration and invasion (Hanahan & Weinberg, 2011).

As mentioned, T20 cells remain resistant to 20 μM CdCl2 treatment

and exhibit enhanced cell migration ability as compared with PM cells.

Previously, we found that the Zn/Cd‐importer ZIP8 is silenced in

chronic Cd‐exposed rat lung epithelial cells, which is involved in the

acquisition of resistance against Cd in lung cells (Gao et al., 2017; Xu,

Gao, et al., 2017). Here, we therefore wondered if a similar
phenomenon occurs in T20 cells. As expected, when examining the

level of ZIP8 by immunofluorescence analysis, a significant reduction

of ZIP8 protein expression level in T20 cells was found compared to

PM cells (Figure S2). Furthermore, we detected the level of DMT1,

which is another major Zn/Cd‐importer, by western blot analysis.

Similar results could be observed in which the protein level of DMT1

in T20 cells was significantly downregulated as compared to PM cells

(Figure S3), suggesting that the downregulation of these Zn/Cd

importers would likely contribute to death tolerance of T20 cells by

reducing cellular Cd‐import. Finally, we checked the expression of

epithelial and mesenchymal markers in PM and T20 cells by western

blot analyses. The data indicate that T20 cells exhibit EMT (as

evidenced by the downregulation of CK7 and upregulation of vimentin

and N‐cadherin) (Figure 4A), which might likely govern their enhanced

cell migration ability.
3.5 | Histone acetyltransferase inhibitor C646
counteracts epithelial−mesenchymal transition in T20
cells

As there is hyperacetylation of histone in T20 cells, therefore, we

used the potent p300/CBP HAT inhibitor C646 to test if the EMT

can be impaired in T20 cells by suppressing the expression of mesen-

chymal marker genes in T20 cells. Notably, our results indicate that

C646 can significantly suppress the EMT‐related gene expressions

(i.e. α‐smooth muscle actin, fibronectin 1, integrin αV, integrin β1,

N‐cadherin, vimentin and vascular endothelial growth factor A) as

well as the cell migration ability of T20 cells as demonstrated by

RT‐qPCR and in vitro scratch assay, respectively (Figure 4B,C). Based

on our results, we suggest that the Cd‐induced aberrant histone

hyperacetylation is crucial that would lead to EMT and lung cell

transformation.
4 | DISCUSSION

In this study, we examined a panel of 18 important types of histone

modifications in Cd‐transformed human bronchial epithelial cells by

quantitative histone PTM‐ELISA. Some of the ELISA results were

further validated by conventional western blot analyses, which are in

agreement with ELISA, suggesting that our histone PTM‐ELISA

method is reliable and could be considered for histone PTM

determination besides using western blot analyses.

From the results, several histone PTM marks are consistently

altered (P < .05) between PM and T20 cells, including H3K4me2,

H3K36me3, H3K9acS10ph, H4K5ac, H4K8ac and H4K12ac. H3K9

acetylation, H3S10 phosphorylation and hyperacetylation of H4K5/

K8/K12 are well‐known PTMs that occurred during cell division and

implicated in active transcription (Lall, 2007; Xu et al., 2014); the global

increase of these PTM marks inT20 cells likely suggest that there is an

overall increase of cell proliferation/cell growth. Furthermore, the cru-

cial role of histone hyperacetylation in EMT has been supported by the

treatment of T20 with the potent p300/CBP HAT inhibitor C646, in

which our results indicate that C646 can significantly suppress the

mesenchymal gene expressions as well as the cell migration ability of



FIGURE 3 Side‐by‐side comparison of
quantitative histone PTM‐ELISA and western
blot analyses. (A) Relative PTM unit of T20
cells was divided by that of PM cells to
become the PTM ratio (i.e., PM cells as a value
of 1), for the ease of comparison.
Reproducibility of the PTM ratio was
confirmed in three separate experiments and
finally presented as the mean ± SD.
*Significant difference of P < .05. (B)
Verification of ELISA data by western blot
analyses. Shown are the western blot results
using 16 histone PTM antibodies. Same blot
was stripped and reprobed with the H3/H4
antibody as a loading control. Results are

representative of three independent
experiments. Duplicated samples are loaded as
technical repeats to ensure reproducibility of
western blot results. ELISA, enzyme‐linked
immunosorbent assay; PM, passage‐matched;
PTM, post‐translational modification
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T20 cells. On the other hand, our results show that the level of

H3K4me2 is severely downregulated in T20 cells. Interestingly, it has

been shown that a lower global/cellular level of H3K4me2 predicts sig-

nificantly poorer survival probabilities in lung cancer patients (Seligson

et al., 2009). For H3K36me3, besides being well known to be associ-

ated with active transcription, this PTM mark is also required for

homologous recombination repair and genome stability (Pfister et al.,

2014). The lower level of H3K36me3 inT20 cells suggest that the cells

are more susceptible to DNA damage, which may ultimately lead to

accumulation of oncogenic mutations (a significant downregulation of

several important DNA repair gene expression levels was also found

in T20 cells; Figure S4).

Epiproteomic profiling of embryonic stem cells have been

reported in 2007 using micrococcal nuclease (MNase) digested chro-

matin for nucleosome‐ELISA (Dai & Rasmussen, 2007). As a matter

of fact, we have performed the nucleosome‐ELISA by purifying the

MNase‐digested chromatin from PM and T20 cells; however, we

found that some of the antibodies worked poorly/did not work, prob-

ably because these antibodies cannot recognize the target epitope in
its native states when histone octamers are wrapped with DNA in

the nucleosomes. To solve this, we continued to perform acid extrac-

tion of total histones from the BEAS‐2B cells and then denatured the

histones by boiling them in standard SDS‐dithiothreitol containing 1×

Laemmli sample buffer before coating them to the ELISA plates. By

using this procedure, all the antibodies worked nicely in the

quantitative histone PTM‐ELISA as expected.

From the results, ZIP8, DMT1 and CK7 are downregulated in

T20 cells, which were accompanied by a decrease of the H3K4me2

mark. On the other hand, several important mesenchymal genes

were upregulated in T20 cells, which could be due to the observed

increase of H4K5ac/K8ac/K12ac marks. Further work is required to

validate this by examining the histone PTM landscape of these gene

promoters by ChIP‐sequencing. Yet, the present data suggest that

the downregulation of Zn/Cd‐importers (ZIP8 and DMT1) and

upregulation of mesenchymal marker genes would lead to Zn defi-

ciency, inflammation and cell invasion, which are critical hallmarks

of cancer development (Hanahan & Weinberg, 2011; Xu, Gao,

et al., 2017).



FIGURE 4 HAT inhibitor C646 counteracts
EMT inT20 cells. (A) Western blot analyses of
epithelial and mesenchymal markers in PM

and T20 cells. (B) Suppression of EMT‐related
gene expressions in T20 cells by 10 μM HAT
inhibitor C646 as determined by reverse
transcription–quantitative polymerase chain
reaction. *Significant difference of P < .05.
**Significant difference of P < .01.
***Significant difference of P < .001. (C)
Suppression of cell migration ability of T20
cells by C646 (5 and 10 μM) as determined by
in vitro scratch assay. Photos were taken at 0,
12 and 24 hours under light microscope.
Results are representative of three
independent experiments. crtl, control; PM,
passage‐matched
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In conclusion, conventional histone PTM analyses by western

blot analyses cannot monitor the target signal in real‐time and quan-

titative manners. Quantitative histone PTM‐ELISA is a convenient,

simple and low‐cost method for quantitative monitoring of the differ-

ential histone PTM alterations. As we monitor the signals in a time‐

course manner, the signals can be captured throughout the exponen-

tial phase until the stationary phase, which is reminiscent of RT‐qPCR.

Although the mass spectrometry‐based proteomic approach is com-

petent to delineate a large number of samples and PTM at one time,

it requires expensive equipment and experienced operators to
perform the task. We suggest that in conjunction to mass spectrom-

etry‐based PTM analysis, epiproteomic analysis by quantitative his-

tone PTM‐ELISA could be used as an alternative at routine basis for

analyzing epiproteomic signatures of cells upon different experimen-

tal treatment, or samples from diseased or healthy subjects. Further

study of the histone PTM‐ELISA is warranted by using a more com-

prehensive panel of histone PTM antibodies against well‐known as

well as novel histone PTM marks (Xu et al., 2014; Xu, Yu, & Lau,

2017), for getting a more global epiproteomic signature of subject

being examined.
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