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Trichostatin A downregulates bromodomain 
and extra-terminal proteins to suppress 
osimertinib resistant non-small cell lung 
carcinoma
Yuting Meng1, Xixi Qian1, Li Zhao1, Nan Li1, Shengjie Wu2, Baoan Chen3, Tong Sun4* and Xuerong Wang1,4*  

Abstract 

Background: The third-generation epithelial growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have 
shown significant therapeutic effects on patients with non-small cell lung carcinoma (NSCLC) who carry active EGFR 
mutations, as well as those who have developed acquired resistance to the first-generation of EGFR-TKIs due to the 
T790M mutation. However, most patients develop drug resistance after 8–10 months of treatment. Currently, the 
mechanism has not been well clarified, and new therapeutic strategies are urgently needed.

Methods: Osimertinib resistant cell lines were established by culturing sensitive cells in chronically increasing doses 
of osimertinib. The anticancer effect of reagents was examined both in vitro and in vivo using the sulforhodamine 
B assay and a xenograft mouse model. The molecular signals were detected by western blotting. The combination 
effect was analyzed using CompuSyn software.

Results: We found that bromodomain and extra-terminal proteins (BETs) were upregulated in osimertinib resistant 
(H1975-OR) cells compared with those in the paired parental cells (H1975-P), and that knockdown of BETs significantly 
inhibited the growth of H1975-OR cells. The BET inhibitor JQ1 also exhibited stronger growth-inhibitory effects on 
H1975-OR cells and a greater expression of BETs and the downstream effector c-Myc than were observed in H1975-P 
cells. The histone deacetylase (HDAC) inhibitor trichostatin A (TSA) showed stronger growth suppression in H1975-OR 
cells than in H1975-P cells, but vorinostat, another HDAC inhibitor, showed equal inhibitory efficacy in both cell types. 
Consistently, downregulation of BET and c-Myc expression was greater with TSA than with vorinostat. TSA restrained 
the growth of H1975-OR and H1975-P xenograft tumors. The combination of TSA and JQ1 showed synergistic growth-
inhibitory effects in parallel with decreased BET and c-Myc expression in both H1975-OR and H1975-P cells and in 
xenograft nude mouse models. BETs were not upregulated in osimertinib resistant HCC827 cells compared with 
parental cells, while TSA and vorinostat exhibited equal inhibitory effects on both cell types.
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Background
Lung cancer is the leading cause of cancer related 
deaths worldwide [1]. A clinically significant sub-
population of patients with non-small cell lung cancer 
(NSCLC), especially women, non-smokers, and East 
Asians, have epidermal growth factor receptor (EGFR) 
mutations [2, 3]. EGFR tyrosine kinase inhibitors 
(EFGR-TKIs) have achieved clinically significant thera-
peutic effects, but patients can develop resistance after 
8–10 months of TKI treatment [4]. The most common 
mechanism of resistance to the first-generation EGFR-
TKIs is the gatekeeper mutation T790M, occurring in 
60% of patients [5]. Third-generation EGFR-TKIs, such 
as osimertinib, rociletinib, and WZ4002, have shown 
their efficacy in counteracting the growth of EGFR 
T790M mutant tumors [6, 7]. Recently, osimertinib 
has been recommended as the first-line treatment for 
patients with advanced or metastatic NSCLC who carry 
EGFR-sensitive mutations or acquired T790M resistant 
mutations after using first or second-generation EGFR-
TKIs [8]. However, an effective strategy is still needed 
for treatment of patients who have developed resist-
ance to the third-generation EGFR-TKIs.

The widespread clinical use of osimertinib in patients 
with NSCLC has made acquired resistance an urgent 
issue. A range of studies have revealed some mechanisms 
of resistance, including EGFR C797S mutations, MET 
amplification, and sustained activation of the MAPK 
kinase pathway [9–11]. Clarifying the mechanism of osi-
mertinib resistance would provide new therapeutic strat-
egies for patients and facilitate the design of drugs that 
targeting key molecules involved in resistance.

One class of attractive targets are the bromodomain 
and extra-terminal proteins (BETs), which act as epi-
genetic “readers” that recognize and bind acetylated 
histones or other molecules to regulate gene expres-
sion transcriptionally [12]. BET proteins have been 
reported to promote tumor growth, metastasis, and 
drug resistance in a variety of cancer types, including 
colon, breast, and lung cancers [13, 14]. The inhibi-
tors of BETs, and especially BRD4 inhibitors (JQ1 and 
I-BET151), have shown significant therapeutic efficacy 
in clinical trials in patients with malignant hematologi-
cal cancers, such as multiple myeloma and leukemia 
[15–17]. However, the efficacy of BET inhibitors in lung 
cancer was not sufficient.

In a previous study, we reported that JQ1 targeting of 
BRD4 inhibited the growth of NSCLC via downregula-
tion of eIF4E expression [18]. A recent report indicated 
that BET degraders suppressed the growth of NSCLC by 
upregulating Mcl-1 degradation and promoting apopto-
sis, but JQ1 did not show the same efficacy. Currently, the 
contribution of BETs to the resistance of osimertinib and 
the possibility of targeting BETs to restrain the growth of 
osimertinib resistant NSCLC remain to be established.

The functioning of BETs relies on histone acetylation 
as a key step [19]. Histone acetylation and deacetylation 
are regulated by histone deacetylase (HDAC) and histone 
acetyltransferase (HAT) enzymes, respectively [20]. Acet-
ylation of histones enhances the transcription of tumor-
promoting genes and facilitates cancer development [21]. 
Consequently, inhibitors of HDACs, such as trichostatin 
A (TSA), vorinostat, and MS-275, have been reported 
to suppress a variety of cancers, including lung, gastric, 
and breast cancers [22, 23]. Vorinostat has been proved 
effective against cutaneous T-cell lymphoma [24], but the 
effectiveness of HDAC inhibitors for suppression of osi-
mertinib resistant NSCLC is unknown.

In this study, we examined BET expression in paired 
osimertinib sensitive and osimertinib resistant cell lines, 
evaluated the in  vitro and in  vivo inhibitory effects of 
BET inhibitors and an HDAC inhibitor on tumor growth, 
and explored the potential mechanisms. Our findings 
open up new avenues to potential therapeutic new tar-
gets and strategies for treatment of osimertinib resistant 
NSCLC.

Methods
Reagents
The following antibodies were purchased: anti-BRD4 
(E2A7X) from Cell Signaling Technology, anti-BRD2 
(D89B4) from Cell Signaling Technology, anti-BRD3 
(2088C30) from Abcam Technology, anti-c-Myc 
(A19032) from ABclonal Technology, anti-c-Met (25869-
1-AP) from Proteintech Technology, anti-EGFR (2232) 
from Cell Signaling Technology, and anti-GAPDH 
(AP0063) from Bioworld Technology Inc. All antibod-
ies were utilized at 1:1000 dilutions, except GAPDH 
(1:10,000). JQ1 (HY-13030) and (2-Hydroxypropyl)-β-
cyclodextrin (HY-101103) were purchased from Haoy-
uan Chemexpress Co., Ltd. Trichostatin A (T6270) was 
purchased from Target Mol, Inc. Vorinostat (T1583) was 

Conclusion: Upregulation of BETs contributed to the osimertinib resistance of H1975 cells. TSA downregulated BET 
expression and enhanced the growth inhibitory effect of JQ1 both in vitro and in vivo. Our findings provided new 
strategies for the treatment of osimertinib resistance.
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purchased from Target Mol, Inc. Osimertinib (HY-15772) 
was purchased from MedChemExpress (Monmouth 
Junction, NJ, USA). Reagents were dissolved in DMSO at 
20 mmol/L, stored at -20℃, and diluted just before use. 
Lipofectamine 2000® transfection reagent (11668-019) 
was purchased from Life Technologies Co. Invitrogen 
(Carlsbad, CA, USA).

Cell lines and culture conditions
The H1975 and HCC827 EGFR-mutant NSCLC cell 
lines were kindly provided by Dr. Shi-Yong Sun (Emory 
University, USA). The H1975-OR and HCC827-OR osi-
mertinib resistant cell lines were newly established in 
our laboratory by exposing H1975 and HCC827 cells to 
gradually increasing concentrations of osimertinib (from 
1 to 1000 nmol/L) for approximately 6 months. In detail, 
the cells were first exposed to 1 nmol/L osimertinib, then 
the drug was withdrawn for recovery when the survival 
rate decreased to 30%. The dose increase was 5  nmol/L 
at first and then changed to 20  nmol/L and 50  nmol/L 
when the IC50 increased by 50-fold and 500-fold, respec-
tively. Untreated cells cultured in parallel were defined as 
parental cells (H1975-P and HCC827-P). The resistance 
index (RI) was calculated as the ratio of the IC50 values 
of resistant versus parental cells. Cells were cultured in 
RPMI1640 medium (Gibco) supplemented with 10% fetal 
bovine serum (Lonsera) at 37 °C in a humidified 5%  CO2 
atmosphere.

Gene knockdown
All siRNAs were obtained from Shanghai GenePharm. 
Cells were transfected with siRNAs at a final concentra-
tion of 100  nmol/L using Lipofectamine2000 for subse-
quent experiments. The following siRNAs sequences 
were used: Control siRNA that target: 5′-UUC UCC GAA 
CGU GUC ACG UTT-3′; 5′-ACG UGA CAC GUU CGG 
AGA ATT-3′; BRD4 siRNA that target:5′-CUC CCU GAU 
UAC UAU AAG ATT-3′; 5′-GCA CAA UCA AGU CUA 
AAC UTT-3′; 5′-GGA GAU GAC AUA GUC UUA ATT-3′, 
BRD3 siRNA that target: 5′-GUG CAA GCG AAU GUA 
UGC ATT-3′; 5′-CGG AUG UUC UCG AAU UGC UTT-3′; 
5′-GUA GUG CAC AUC AUC CAA UTT-3′, BRD2 siRNA 
that target: 5′-CAG CUG CAA UAC CUA CAC ATT-3′; 
5′-GAC UUC UCA AGU CCU UGC ATT-3′; 5′-GGA CAG 
CUC AAU UCU ACU ATT-3′; c-Myc siRNA that target: 
5′-GGT CAG AGT CTG GAT CAC C-3′; 5′-CGA GCT AAA 
ACG GAG CTT T-3′; 5′-GCT TGT ACC TGC AGG ATC 
T-3’.

Sulforhodamine B assay
Cells were seeded in 96-well plates at 2500 cells/well and 
treated on the second day with different drug concentra-
tions for 3  days. Cell numbers were determined by the 

sulforhodamine B (SRB) staining, as described previously 
[25].

Western blot analysis
Whole-cell protein lysates were prepared and subjected 
to western blotting as described previously [26]. The pro-
tein expression levels were quantified and are presented 
under the blot images. The index of density (IOD = den-
sity × area) for each blot was first obtained by ImageJ 
and then the expression level of each protein was calcu-
lated by the formula: IOD ratio = IOD (Target protein)/IOD 
(GAPDH). The fold change for each treatment compared 
to the control was then calculated as: Fold change = IOD 
ratio (Treatment)/IOD ratio (Control).

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
Total RNA from cells was extracted using TRIzol® rea-
gent (1596–026) from Invitrogen Life Technologies 
(Carlsbad, CA, USA). Crushed, snap-frozen tumor tis-
sues were homogenized in TRIzol. Cells were harvested 
for qRT-PCR as we described previously [27]. The follow-
ing primer sequences were used for this study: BRD4, F: 
AGC AGC AAC AGC AAT GTG AG and R: GCT TGC ACT 
TGT CCT CTT CC; BRD3, F: CGG AAG CTC CAG GAC 
GTG TT and R: GGA GCC ACC TTG GCC TTC TT; BRD2, 
F: CAG GAA CAG CTT CGG GCA GT; R: TCA TGG GCC 
TGC TCT CTT CC; GAPDH, F: ATG GGG AAG GTG AAG 
GTC G; R: GGG GTC ATT GGC AAC AAC AATA; c-Myc, 
F: AAA CAC AAA CTT GAA CAG CTAC; R: ATT TGA 
GGC AGT TTA CAT TATGG.

Lung cancer xenografts in nude mice
All experiments were conducted in accordance with 
protocols approved by the Nanjing Medical University 
at Animal Care and Use Committee. Female athymic 
(nu/nu) mice, 4 to 5 weeks of age, were purchased from 
the Model Animal Research Center of Nanjing Univer-
sity. The mice were kept on a 12 h light–dark cycle with 
free access to food and water. Preliminary experimen-
tal results showed that the growth rate of subcutane-
ous tumors was slower with H1975-OR cells than with 
H1975-P cells. H1975-OR cells ( 5  ×  106cells/mouse) 
were injected subcutaneously into the right flank 
regions of nude mice. Four weeks later, H1975-P cells 
(5 ×  106cells/mouse) were injected subcutaneously into 
the right flank regions of another batch of nude mice 
purchased simultaneously. TSA (0.5  mg/kg, daily) and 
the vehicle control were administered on the second 
day after inoculation by intraperitoneal (i.p.) injection 
(n = 7 mice/group). For the combination study, mice 
were divided into four groups and treated on the sec-
ond day after cell injection (n = 7  mice/group) with 
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vehicle (control: DMSO + 10% β-cyclodextrin), TSA 
0.5  mg/kg, JQ1 100  mg/kg, or TSA + JQ1 by intra-
peritoneal (i.p.) injection. Tumor diameters and body 
weights were measured every three days. After 21 days, 
the mice were sacrificed and the tumors were removed 
and weighed. Tumor volume was calculated with the 
formula V = π (length ×  width2)/6.

Statistical analysis
The data are presented as the mean ± SD from triplicate 
or quadruplicate samples. The results are representa-
tive of at least three independent experiments. Statisti-
cal significance between two groups was analyzed using 
two-tailed unpaired Student t tests. Multiple groups 
were compared using one-way ANOVA. GraphPad 
software was used for data analysis. The IC50 values 

were determined by GraphPad. The combination index 
(CI) was calculated using CompuSyn. The results were 
considered statistically significant at p < 0.05.

Results
Osimertinib resistant cells showed elevated expression 
of BETs.
We explored the mechanism of osimertinib resistance 
by first establishing osimertinib resistant cell lines 
(H1975-osimertinib resistant, H1975-OR) using an 
osimertinib sensitive cell line H1975 (H1975-paren-
tal, H1975-P), which harbors EGFR L858R and 
T790M mutations resulting in constitutively activated 
EGFR signaling and shows sensitivity to osimertinib 
but resistance to the first-line EGFR-TKI erlotinib. 
H1975-OR cells were smaller in size than the H1975-P 
cells (Fig.  1a), but the growth rates were comparable 
between the two cell lines, as determined by SRB assays 

Fig. 1 BETs were upregulated in osimertinib resistant (H1975-OR) cells compared to osimertinib sensitive parental (H1975-P) cells. A and B, Photos 
(a) and growth curve (b) of H1975-OR and H1975-P cells. Magnification, 100 × . c, d H1975-OR and H1975-P were treated with osimertinib for 3 days 
and subjected to sulforhodamine B (SRB) assays (c), or were cultured for 24 h and subjected to western blot analysis (d). Points, mean; bars, SD; *, 
P < 0.05
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(Fig.  1b). The IC50 of osimertinib in H1975-OR cells 
dramatically increased to 1.35  μmol/L compared to 
0.41  nmol/L in H1975-P cells with a resistance index 
(RI) of 3285.58 (Fig.  1c). Whole genome sequenc-
ing revealed an EGFR C797S mutation in 98.0% of the 
H1975-OR cells, but not in the H1975-P cells. The total 
EGFR protein levels were comparable in the parental 
and resistant cells (Fig. 1d). The C797S mutation results 
in insensitivity of EGFR to osimertinib but retention 
of EGFR activity; therefore, we suspected that EGFR 
signaling pathway was constitutively activated in the 
H975-OR cells.

Notably, we found that the protein levels of BETs, 
including BRD2, BRD3, and BRD4, were significantly 
higher in the H1975-OR cells than in the H1975-P cells 
(Fig.  1d). Other important downstream signaling mol-
ecules that are responsible for the resistance of first-line 
EGFR inhibitors, such as c-Myc and c-Met, were also 
increased significantly in the H1975-OR cells. These data 
indicated that the activation of BET signaling may con-
tribute to osimertinib resistance.

Knockdown of BETs inhibited the growth of H1975‑OR 
cells.
We also explored the consequences of targeting BETs in 
H1975 cells. We knocked down BET expression using 
siRNAs targeting BRD2, BRD3, or BRD4 individually 
and examined the effect of BET depletion on cell growth. 
Western blot analysis confirmed the successful silencing 
of BET protein expression (Fig. 2a). The SRB assay results 
showed that knockdown of BRD2 and BRD4, but not of 
BRD3, significantly inhibited the growth of H1975-OR 
cells compared with cells treated with control siRNAs 
(Fig. 2b).

We also tested the effect of JQ1, a BET inhibitor 
that mainly targets BRD4. JQ1 treatment resulted in a 
greater growth inhibition in the H1975-OR cells than 
in the H1975-P cells, with IC50 values of 0.079 and 
0.876  μmol/L, respectively (Fig.  2c). However, we noted 
that JQ1 increased the expression of all three BETs, 
which may ameliorate its anticancer efficacy (Fig.  2d). 
JQ1 treatment also markedly upregulated c-Myc expres-
sion in H1975-P cells but downregulated c-Myc expres-
sion in H1975-OR cells (Fig.  2d), whereas c-Met was 
downregulated in H1975-P cells and EGFR expression 
was unaltered in either cell type (Fig. 2d). These data sug-
gest that targeting BETs using either siRNA or inhibitors 
could suppress the growth of osimertinib-resistance cells, 
but JQ1 may ameliorate its own anticancer efficacy by 
upregulating BETs under both osimertinib sensitive and 
osimertinib resistant cells and by upregulating c-Myc in 
osimertinib sensitive cells.

The HDAC inhibitors TSA and vorinostat downregulated 
BET expression and inhibited the growth of osimertinib 
resistant cells
The BETs are DNA readers and can promote cell growth 
through epigenetic regulation. BETs activate gene pro-
moters by binding with acetylated histones, thereby facil-
itating the transcription of oncogenes. However, their 
own transcriptional regulation still remains elusive. We 
found that treatment of either H1975-P or H1975-OR 
cells with TSA, a non-selective HDAC inhibitor that 
mainly works on Class I and II HDACs, significantly 
downregulated the expressions of BRD2, BRD3, and 
BRD4 (Fig.  3a). Moreover, the expression of c-Myc and 
c-Met, but not EGFR, decreased dramatically after TSA 
treatment (Fig.  3a), but the growth inhibitory action of 
TSA was stronger in H1975-OR than in H1975-P cells, 
with an IC50 values of 0.0813 and 0.232 μmol/L, respec-
tively (Fig. 3b).

Treatment of the two cell types with vorinostat, a 
clinically used HDAC inhibitor that specifically targets 
HDAC1, 2, 3 and 6, downregulated BET expression and 
the downstream c-Myc and c-Met expression levels, but 
to a lesser extent than that observed with TSA (Fig. 3c). 
The H1975-OR and H1975-P cells exhibited equal sen-
sitivity to vorinostat, suggesting the importance of BET 
signaling in osimertinib resistance (Fig. 3d).

We further examined the BET mRNA levels following 
TSA treatment and observed that BET levels significantly 
decreased after TSA treated for only 6 h, suggesting that 
BETs was downregulated directly in transcriptional or 
post-transcriptional levels (Fig.  3e). Since c-Myc was 
drastically downregulated by TSA treatment in resist-
ant cells, we examined the effect of c-Myc in osimertinib 
resistance. We found that c-Myc silencing using siRNAs 
significantly suppressed the growth of both H1975-OR 
and H1975-P cells, suggesting the important role of 
c-Myc in osimertinib resistance (Fig. 3f ).

We then evaluated the effect of TSA in a xenograft nude 
mouse model. TSA treatment significantly suppressed the 
growth of both the H1975-OR and the H1975-P tumors. 
The average size and weight of the H1975-P tumors were 
significantly smaller with TSA treatment than without 
TSA treatment (p < 0.05) (Fig.  3g, h). The body weights 
of the mice were comparable between these two groups, 
indicating the dose of TSA were tolerable (Fig.  3i). The 
size and weight of the H1975-P and H1975-OR tumors 
were not compared because the H1975-OR tumors grew 
more slowly and were smaller than the H1975-P tumors 
when the experiment ended.

These findings suggest that HDAC inhibitors down-
regulated the expression of BETs and the downstream 
oncogenic signals to suppress the growth of osimertinib 
resistant cells both in vitro and in vivo.
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Fig. 2 Knockdown of BET expression or inhibition of BET activity suppressed the growth of osimertinib resistant cells. a, b osimertinib resistant 
(H1975-OR) cells were transfected with siRNAs pools that specifically target BRD2, 3, or 4 for 24 h, followed by another 24 h incubation before being 
subjected to western blot analysis (a) or reseeded to 96-well plates for a 5-day SRB assay (b). c, d osimertinib sensitive parental (H1975-P) cells and 
H1975-OR cells were either treated with JQ1 for 3 days and subjected to sulforhodamine B (SRB) assays (c) or treated with JQ1 (1, 5, 10 μmol/L) for 
24 h and subjected to western blot analysis (d). Points, mean; bars, SD; *, P < 0.05

Fig. 3 The histone deacetylase (HDAC) inhibitor trichostatin (TSA) downregulated BET expression and suppressed the growth of osimertinib 
resistant cells and xenograft tumors. a–d Osimertinib sensitive parental (H1975-P) and osimertinib resistant (H1975-OR) cells were either treated 
with TSA (a) or vorinostat (b) for 24 h and subjected to western blot analysis or treated with TSA (c) or vorinostat (d) for 3 days and subjected 
to sulforhodamine B (SRB) assays as indicated. E, The mRNA levels of BETs under TSA (1 μmol/L) treatment for 6 h. F, Cells were transfected with 
c-Myc or control siRNAs as indicated, and subjected to SRB assays and Western blotting. Columns, mean; Points, mean; bars, SD; *, P < 0.05. g–i A 
schematic diagram of experiment design, the tumor size (g), tumor weight (h), and body weight (i) are indicated. TSA (0.5 mg/kg/d) or vehicle 
was administered for 21 days. G columns, mean. H points, individual tumor weight; horizontal line, mean tumor weight. I points, mean. Bars, SD; *, 
P < 0.05

(See figure on next page.)
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Combination of HDACs inhibitors with JQ1 exhibited 
synergistic growth‑inhibitory effect on osimertinib 
sensitive and resistant cells and xenograft tumors
TSA downregulated BET and c-Myc expressions in both 
H1975-P and H1975-OR cells; therefore, we examined 
the effect of a combination of TSA and JQ1. As shown 
in Fig.  4a, TSA significantly decreased the induction of 
BRD2, BRD3, and BRD4 protein levels by JQ1 in both 
H1975-P and H1975-OR cells. The combination treat-
ment of TSA and JQ1 further downregulated c-Myc and 
c-Met protein levels compared with each individual sin-
gle-agent treatment (Fig. 4a). The combined use of TSA 
with JQ1 also synergistically suppressed cell growth as 
determined by the combination index (CI < 1) (Fig. 4b).

We then examined their combination on the growth of 
H1975-P and H1975-OR tumors in the xenograft mouse 
model. We observed that JQ1 (100  mg/kg, i.p daily) or 
TSA (0.5 mg/kg, i.p daily) significantly decreased tumor 
size and tumor weight compared with the vehicle control. 
The combination of JQ1 and TSA resulted in a synergistic 
restraint of tumor growth beyond that achieved by either 
treatment alone with statistical significance (P < 0.05) 
(Fig. 4c, d). No obvious toxicity was observed, based on 
the comparable body weights of the mice in the different 
groups (Fig.  4e). These data suggest that the combined 
use of TSA and JQ1 has a better therapeutic effect on osi-
mertinib resistance and that the mechanism at least par-
tially involves the suppression of BET-mediated signaling.

HDAC inhibitors downregulated BET expressions 
and suppressed the growth of osimertinib sensitive 
and resistant HCC827 cells
We also tested the effect of HDAC inhibitors on another 
pair of osimertinib sensitive (HCC827-P) and resist-
ant (HCC827-OR) cells. The HCC827 cells harboring 
the deletion of exon 19 (Del 19), but no T790M muta-
tion, were sensitive to both first-generation EGFR-TKIs, 
such as erlotinib and gefitinib, and the third-generation 
EGFR-TKI osimertinib. This cell type could therefore 
mimic those patients who carry a sensitive EGFR-TKI 
mutation or who develop resistance to first-line EGFR-
TKIs but lack the T790M mutation. The HCC827-OR 
and HCC827-P cells were identical in phenotype, but 
the growth was slower for HCC827-OR cells than for 
HCC827-P cells (Fig.  5a, b). Whole genome sequencing 
did not reveal the EGFR C797S mutation in either of the 
two cell lines. The RI of HCC827-OR for osimertinib was 
14,726.28 (IC50 of 0.5133 vs. 7559  nmol/L), indicating 
that the HCC827-OR cells were resistant to osimertinib 
(Fig. 5c). However, we did not observe any upregulation 
of BETs in the HCC827-OR cells above the expression in 
the HCC827-P cells (Fig. 5d).

The expressions of c-Myc, c-Met, and EGFR were also 
not increased (Fig. 5d). TSA dramatically downregulated 
BET expression, as well as that of c-Myc, c-Met, and 
EGFR in both HCC827-P and HCC827-OR cells (Fig. 5e). 
The HCC827-OR cells exhibited equal sensitivity to TSA 
and vorinostat (Fig.  5f, g). These findings suggest that 
HDAC inhibitors likely inhibit the growth of sensitive 
and resistant HCC827 cells by a different mechanism that 
that functioning in H1975 cells.

Discussion
Osimertinib is a third-generation EGFR-TKI that is 
highly selective for EGFR-activating mutations, as well 
as for the EGFR T790M mutation, in patients with 
advanced NSCLC [28]. Despite the documented efficacy 
of osimertinib in first- and second-line settings, patients 
inevitably develop resistance [29]. In this study, we found 
that TSA can inhibit tumor growth both in  vivo and 
in vitro. More importantly, TSA is more effective against 
H1975 osimertinib resistant cells than against the paren-
tal osimertinib sensitive cells, although TSA exhibited 
the same growth inhibitory effect on both the HCC827 
resistant and parental cells. HDACs are well recognized 
to play crucial roles in cancer by deacetylating various 
histone and nonhistone proteins involved in the regula-
tion of the cell cycle, apoptosis, DNA-damage responses, 
metastasis, angiogenesis, autophagy, and other cellu-
lar processes [30–32]. Another notable point is that the 
HCC827 cells did not contain C797S and T790M muta-
tions; therefore, they may represent those patients with 
EGFR active mutations (Exon 19 delete) that are suit-
able for both first-line and third-line EGFR-TKIs but are 
administered osimertinib as the priority therapy. These 
findings indicate a potentially stronger inhibitory effi-
cacy of TSA in osimertinib resistant patients with both 
T790M and C797S mutations of EGFR, indicating new 
therapeutic strategies.

We propose that acetylation of some proteins specifi-
cally enhanced by the EGFR signaling pathways (such as 
the C797S active mutation) may contribute to osimerti-
nib resistance. However, unfortunately, the clinically used 
reagent vorinostat showed equal efficacy to osimertinib 
in both sensitive and resistant cells. The different effects 
of TSA on these two different H1975 and HCC827 drug-
resistant cell lines deserve further study. For example, 
RNA sequencing analysis of EGFR-TKI-treated HCC827 
cells may clarify the mechanism of osimertinib resistance.

Interestingly, JQ1 exhibited a stronger growth-inhib-
itory effect on H1975 osimertinib resistant cells than 
on osimertinib sensitive cells. We suspect that this may 
reflect the different BET basal protein levels in the two 
cell types. Previous reports have shown that the levels of 
BET proteins are higher in H1975 cells than in a panel of 
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Fig. 4 The combination of trichostatin A (TSA) and JQ1 synergistically inhibited the growth of osimertinib sensitive and resistant H1975 cells. 
a Osimertinib resistant (H1975-OR) and osimertinib sensitive parental (H1975-P) cells were treated with TSA (2 μmol/L), JQ1 (10 μmol/L), or 
their combination for 24 h, and then subjected to western blot analysis. b Cells were treated with TSA, JQ1, or their combination in different 
concentrations as indicated for 3 days and then subjected to sulforhodamine B (SRB) assays, followed by combination index assays using 
CompuSyn software. Points, mean; bars, SD. c–e, The tumor size (c), tumor weight (d), and body weight (e) of the xenograft mouse model are 
presented. The vehicle control, TSA (0.5 mg/kg/d), JQ1 (100 mg/kg/d), or their combination was administered for 21 day. In C: columns, mean. In D: 
points, individual tumor weight; horizontal line, mean tumor weight. In E Points, mean; bars, SD; *, P < 0.05 vs. control; #, P < 0.05 vs. TSA; $, P < 0.05 vs. 
JQ1
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NSCLC cell lines, including H157, H1299, H1650, H460, 
H1972, and PC-9 cells [33]. In this study, we showed that 
H1975-OR cells have even higher BET protein levels than 
are found in H1975-P cells, suggesting that H1975-OR 
cells may be more sensitive to JQ1. Zong et  al. [33] 
reported that BET protein levels were correlated posi-
tively with high sensitivity to BET degraders (a novel class 
of drugs that work by inducing BET protein degradation), 
such as ZBC260 and dBET, but not with JQ1. Our find-
ing that JQ1 induced an upregulation of BET protein 
levels may partially explain the unfavorable antican-
cer activity of JQ1 in lung cancer. We also revealed that 

TSA drastically decreased both basal BET protein levels 
and the BET upregulation induced by JQ1; therefore, 
TSA exhibited significant growth inhibitory effects when 
used alone and it synergized the JQ1 effects when used 
in combination. Currently, we are uncertain whether the 
higher BET protein levels observed in H1975-OR cells 
determine their higher sensitivity compared to H1975-P 
cells; however, the potential mechanism deserves further 
study and may provide more efficient therapeutic strate-
gies for overcoming osimertinib resistance.

Some studies have reported a transcriptional down-
regulation of c-Myc by JQ1 treatment by direct 

Fig. 5 HDAC inhibitor treatment suppressed the growth of osimertinib resistant (HCC827-OR) and osimertinib sensitive parental (HCC827-P) cells. 
a, b Photos (a) and growth curve (b) of HCC827-OR and HCC827-P cells. Magnification, 100×. c, d Cells were treated with osimertinib for 3 days and 
subjected to sulforhodamine B (SRB) assays (c), or were cultured for 24 h and subjected to western blot analysis (d). E, HCC827-OR and HCC827-P 
cells were treated with TSA (0.5, 1, 2 μmol/L) for 24 h, and subjected to western blot analysis. f, g, HCC827 -OR and H1975-P cells were treated with 
TSA (f) or vorinostat (g) for 3 days and subjected to SRB assay. Points, mean; bars, SD
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targeting of BRD4 in certain types of cancer, includ-
ing lung cancer [34]. In this study, we observed that 
JQ1 inhibited the activity of BETs, but simultaneously 
upregulated BET expression, resulting in an upregu-
lation of c-Myc in H1975 parental cells. However, in 
H1975 resistant cells, JQ1 significantly downregulated 
c-Myc levels, in parallel with increased BET protein lev-
els, suggesting that c-Myc alteration may also be caused 
by some factors other than BETs. Another possibility is 
that elevation of the basal BET levels in H1975 resistant 
cells prevented further c-Myc upregulation of BET lev-
els in response to JQ1 treatment and instead resulted in 
an indirect consequence of downregulation. However, 
the use of TSA, which almost completely eliminated 
BET proteins, led to downregulation of a portion of 
c-Myc due to the decreased BET protein levels. c-Myc 
silencing suppressed the growth of H1975-OR cells. 
Our findings indicate that c-Myc may be a key down-
stream effector of BETs that contributes to osimertinib 
resistance.

Previously, c-Met was reported to contribute to the 
resistance of the first-line EGFR-TKI and to be down-
regulated by BRD4 inhibitors [35]. Our results show that 
c-Met expression was higher in osimertinib resistant cells 
than in the parental cells. However, JQ1 or TSA reduced 
the c-Met levels in resistant H1975 cells to a lesser extent 
than in parental cells. This finding is inconsistent with the 
results showing that resistant cells were more sensitive to 
JQ1 or TSA treatments and indicates that c-Met is not a 
key factor in osimertinib resistance.

One point to note is that the HDAC inhibitor, TSA, 
almost completely eliminated BET expression in both 
osimertinib resistant and parental cells, whereas vori-
nostat only partially decreased the BET levels. The find-
ing that osimertinib sensitive and osimertinib resistant 
cells exhibited equal sensitivity to vorinostat is somewhat 
disappointing, since vorinostat is a clinically approved 
medicine. However, these results suggest that the combi-
nation of BET inhibitors and HDAC inhibitors may ben-
efit patients with osimertinib resistance.

Conclusion
In summary, the upregulation of BETs in osimertinib 
resistant cells may contribute to resistance to this drug. 
TSA and JQ1 showed strong growth-inhibitory effects on 
osimertinib resistant NSCLCs via downregulation of BET 
expression and BET activity, respectively. The combina-
tion of JQ1 and TSA showed synergistic inhibitory effi-
cacy. These findings partially clarified the mechanism of 
osimertinib resistance and provide potential new strate-
gies for NSCLC therapy.

Abbreviations
EGFR-TKIs: Epithelial growth factor receptor tyrosine kinase inhibitors;; NSCLC: 
Non-small cell lung carcinoma;; BETs: Bromodomain and extra-terminal 
proteins;; HDAC: Histone deacetylase;; TSA: Trichostain A;; HAT: Histone 
acetyltransferase.

Acknowledgements
Thanks for all members.

Authors’ contributions
YM, XQ, LZ, and NL conducted the experiments in cells. YM, XQ, and LZ con-
ducted the experiments in animal models. YM, LZ, NL, and BC were involved in 
study design and data analysis. XW and TS were responsible for study design, 
data analysis, and manuscript writing. All authors read and approved the final 
manuscript.

Funding
This work is supported by the National Natural Science Foundation of China 
(grant numbers 8197276 and 81473241 to X. Wang; 81702882 to T. Sun); the 
Key Laboratory of Human Functional Genomics of Jiangsu Province, Nanjing 
Medical University, Nanjing 210029, Jiangsu, China (to X. Wang and T. Sun); 
the Science and Technology Department of Jiangsu Province (grant number 
BK20171056 to T. Sun); the Jiangsu Social Development Project (grant number 
BE2018711 to B. Chen); the Zhejiang Province Youth Talent Project, part of the 
Medical and Health Department (grant number 2019RC190 to S. Wu).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Animal experiments followed the institutional guidelines and were approved 
by the Institutional Animal Care and Use Committee of Nanjing Medical 
University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pharmacology, Nanjing Medical University, 140 Hanzhong 
Road, Nanjing 210029, Jiangsu Province, China. 2 Department of Pharmacol-
ogy, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hang-
zhou 310000, Zhejiang, China. 3 Department of Hematology and Oncology, 
Zhongda Hospital, School of Medicine, Southeast University, Nanjing 210009, 
Jiangsu, China. 4 Laboratory of Human Functional Genomics of Jiangsu 
Province, Nanjing Medical University, 101 Longmiandadao, Nanjing 211166, 
Jiangsu Province, China. 

Received: 31 October 2020   Accepted: 7 April 2021

References
 1. Miller KD, Nogueira L, Mariotto AB, Rowland JH, Yabroff KR, Alfano CM, 

Jemal A, Kramer JL, Siegel RL. Cancer treatment and survivorship statis-
tics, 2019. Ca-Cancer J Clin. 2019;69(5):363–85.

 2. Rosell R, Moran T, Queralt C, Porta R, Cardenal F, Camps C, Majem M, 
Lopez-Vivanco G, Isla D, Provencio M, et al. Screening for epidermal 
growth factor receptor mutations in lung cancer. New Engl J Med. 
2009;361(10):958-U938.

 3. Tomas A, Futter CE, Eden ER. EGF receptor trafficking: consequences for 
signaling and cancer. Trends Cell Biol. 2014;24(1):26–34.

 4. Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski MF, Pao W, Kris MG, 
Miller VA, Ladanyi M, Riely GJ. Analysis of tumor specimens at the time 



Page 12 of 12Meng et al. Cancer Cell Int          (2021) 21:216 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

of acquired resistance to EGFR-TKI therapy in 155 patients with EGFR-
mutant lung cancers. Clin Cancer Res. 2013;19(8):2240–7.

 5. Yamaoka T, Ohba M, Ohmori T. Molecular-targeted therapies for epider-
mal growth factor receptor and its resistance mechanisms. Int J Mol Sci. 
2017;18(11):2420.

 6. Remon J, Steuer CE, Ramalingam SS, Felip E. Osimertinib and other 
third-generation EGFR TKI in EGFR-mutant NSCLC patients. Ann Oncol. 
2018;29:I20–7.

 7. Xiao Q, Qu R, Gao DD, Yan Q, Tong LJ, Zhang W, Ding J, Xie H, Li YX. Dis-
covery of 5-(methylthio)pyrimidine derivatives as L858R/T790M mutant 
selective epidermal growth factor receptor (EGFR) inhibitors. Bioorgan 
Med Chem. 2016;24(12):2673–80.

 8. Lim ZF, Ma PC. Emerging insights of tumor heterogeneity and drug 
resistance mechanisms in lung cancer targeted therapy. J Hematol Oncol. 
2019. https:// doi. org/ 10. 1186/ s13045- 019- 0818-2.

 9. Niederst MJ, Hu HC, Mulvey HE, Lockerman EL, Garcia AR, Piotrowska 
Z, Sequist LV, Engelman JA. The allelic context of the C797S muta-
tion acquired upon treatment with third-generation EGFR inhibitors 
impacts sensitivity to subsequent treatment strategies. Clin Cancer Res. 
2015;21(17):3924–33.

 10. Baldacci S, Kherrouche Z, Cockenpot V, Stoven L, Copin MC, Werkmeister 
E, Marchand N, Kyheng M, Tulasne D, Cortot AB. MET amplification 
increases the metastatic spread of EGFR-mutated NSCLC. Lung Cancer. 
2018;125:57–67.

 11. Ichihara E, Westover D, Meador CB, Yan Y, Bauer JA, Lu PC, Ye F, Kulick A, de 
Stanchina E, McEwen R, et al. SFK/FAK signaling attenuates osimertinib 
efficacy in both drug-sensitive and drug-resistant models of EGFR-
mutant lung cancer. Cancer Res. 2017;77(11):2990–3000.

 12. Baldan F, Allegri L, Lazarevic M, Catia M, Milosevic M, Damante G, Milasin 
J. Biological and molecular effects of bromodomain and extra-terminal 
(BET) inhibitors JQ1, IBET-151, and IBET-762 in OSCC cells. J Oral Pathol 
Med. 2019;48(3):214–21.

 13. Welti J, Sharp A, Yuan W, Dolling D, Rodrigues DN, Figueiredo I, Gil V, Neeb 
A, Clarke M, Seed G, et al. Targeting bromodomain and extra-terminal 
(BET) family proteins in castration-resistant prostate cancer (CRPC). Clin 
Cancer Res. 2018;24(13):3149–62.

 14. Shu SK, Lin CY, He HH, Witwicki RM, Tabassum DP, Roberts JM, Janisze-
wska M, Huh SJ, Liang Y, Ryan J, et al. Response and resistance to BET 
bromodomain inhibitors in triple-negative breast cancer. Nature. 
2016;529(7586):413-+.

 15. Carew JS, Espitia CM, Zhao WG, Visconte V, Anwer F, Kelly KR, Nawrocki 
ST. Rational cotargeting of HDAC6 and BET proteins yields synergistic 
antimyeloma activity. Blood Adv. 2019;3(8):1318–29.

 16. Saenz DT, Fiskus W, Qian Y, Manshouri T, Rajapakshe K, Raina K, Coleman 
KG, Crew AP, Shen A, Mill CP, et al. Novel BET protein proteolysis-targeting 
chimera exerts superior lethal activity than bromodomain inhibitor (BETi) 
against post-myeloproliferative neoplasm secondary (s) AML cells. Leuke-
mia. 2017;31(9):1951–61.

 17. Mill CP, Fiskus W, Saenz DT, Lara BH, Karkhanis V, Manshouri T, Bhalla I, 
Shao N, Maher JV, Verstovsek S, et al. Mechanistic basis and efficacy of 
targeting beta-catenin-TCF7L2-JMJD6-MYC axis to overcome resistance 
to BET inhibitors. Blood. 2019;134:538.

 18. Gao ZY, Yuan T, Zhou X, Ni P, Sun G, Li P, Cheng ZX, Wang XR. Targeting 
BRD4 proteins suppresses the growth of NSCLC through downregulation 
of eIF4E expression. Cancer Biol Ther. 2018;19(5):407–15.

 19. Wan LL, Wen H, Li YY, Lyu J, Xi YX, Hoshii T, Joseph JK, Wang XL, Loh YHE, 
Erb MA, et al. ENL links histone acetylation to oncogenic gene expression 
in acute myeloid leukaemia. Nature. 2017;543(7644):265-+.

 20. Shen Y, Wei W, Zhou DX. Histone acetylation enzymes coordinate 
metabolism and gene expression. Trends Plant Sci. 2015;20(10):614–21.

 21. Audia JE, Campbell RM. Histone modifications and cancer. Csh Perspect 
Biol. 2016;8(4):a019521.

 22. Choi JH, Kwon HJ, Yoon BI, Kim JH, Han SU, Joo HJ, Kim DY. Expression 
profile of histone deacetylase 1 in gastric cancer tissues. Jpn J Cancer Res. 
2001;92(12):1300–4.

 23. Zhang ZH, Yamashita H, Toyama T, Sugiura H, Ando Y, Mita K, Hamaguchi 
M, Hara Y, Kobayashi S, Iwase H. Quantitation of HDAC1 mRNA expression 
in invasive carcinoma of the breast. Breast Cancer Res Tr. 2005;94(1):11–6.

 24. Fu WJ, Yi SG, Qiu L, Sun JR, Tu P, Wang Y. BCL11B-mediated epigenetic 
repression is a crucial target for histone deacetylase inhibitors in cutane-
ous T-cell lymphoma. J Invest Dermatol. 2017;137(7):1523–32.

 25. Ma Z, Zhu LJ, Luo X, Zhai SL, Li P, Wang XR. Perifosine enhances mTORC1-
targeted cancer therapy by activation of GSK3 beta in NSCLC cells. Cancer 
Biol Ther. 2012;13(11):1009–17.

 26. Huang WB, Yang L, Liang S, Liu DX, Chen X, Ma Z, Zhai SL, Li P, Wang XR. 
AEG-1 Is a target of perifosine and is over-expressed in gastric dysplasia 
and cancers. Digest Dis Sci. 2013;58(10):2873–80.

 27. Wu SJ, Yang L, Wu DD, Gao ZY, Li P, Huang WB, Wang XR. AEG-1 induces 
gastric cancer metastasis by upregulation of eIF4E expression. J Cell Mol 
Med. 2017;21(12):3481–93.

 28. Recondo G, Facchinetti F, Olaussen KA, Besse B, Friboulet L. Making the 
first move in EGFR-driven or ALK-driven NSCLC: first-generation or next-
generation TKI? Nat Rev Clin Oncol. 2018;15(11):694–708.

 29. Lim SM, Syn NL, Cho BC, Soo RA. Acquired resistance to EGFR targeted 
therapy in non-small cell lung cancer: Mechanisms and therapeutic 
strategies. Cancer Treat Rev. 2018;65:1–10.

 30. Yamaguchi T, Cubizolles F, Zhang Y, Reichert N, Kohler H, Seiser C, Mat-
thias P. Histone deacetylases 1 and 2 act in concert to promote the G1-to-
S progression. Gene Dev. 2010;24(5):455–69.

 31. Zhang J, Zhong Q. Histone deacetylase inhibitors and cell death. Cell Mol 
Life Sci. 2014;71(20):3885–901.

 32. Levy JMM, Towers CG, Thorburn A. Targeting autophagy in cancer. Nat 
Rev Cancer. 2017;17(9):528–42.

 33. Zong D, Gu JJ, Cavalcante GC, Yao WL, Zhang GJ, Wang SM, Owonikoko 
TK, He X, Sun SY. BRD4 levels determine the response of human lung 
cancer cells to BET degraders that potently induce apoptosis through 
suppression of Mcl-1. Cancer Res. 2020;80(11):2380–93.

 34. Zhang Y, Cheng K, Xu BW, Shi JF, Qiang J, Shi SJ, Yi YQ, Li HX, Jin TC, Guo 
RH, et al. Epigenetic input dictates the threshold of targeting of the 
integrin-dependent pathway in non-small cell lung cancer. Front Cell Dev 
Biol. 2020. https:// doi. org/ 10. 3389/ fcell. 2020. 00652.

 35. Xu YJ, Fan Y. Responses to crizotinib can occur in c-MET overexpressing 
nonsmall cell lung cancer after developing EGFR-TKI resistance. Cancer 
Biol Ther. 2019;20(2):145–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s13045-019-0818-2
https://doi.org/10.3389/fcell.2020.00652

	Trichostatin A downregulates bromodomain and extra-terminal proteins to suppress osimertinib resistant non-small cell lung carcinoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Reagents
	Cell lines and culture conditions
	Gene knockdown
	Sulforhodamine B assay
	Western blot analysis
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Lung cancer xenografts in nude mice
	Statistical analysis

	Results
	Osimertinib resistant cells showed elevated expression of BETs.
	Knockdown of BETs inhibited the growth of H1975-OR cells.
	The HDAC inhibitors TSA and vorinostat downregulated BET expression and inhibited the growth of osimertinib resistant cells
	Combination of HDACs inhibitors with JQ1 exhibited synergistic growth-inhibitory effect on osimertinib sensitive and resistant cells and xenograft tumors
	HDAC inhibitors downregulated BET expressions and suppressed the growth of osimertinib sensitive and resistant HCC827 cells

	Discussion
	Conclusion
	Acknowledgements
	References




