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Cisplatin is a mainstay of systemic therapy for a variety of cancers,
such as lung cancer, head and neck cancer, and ovarian cancer.
However, resistance to cisplatin represents one of the most significant
barriers for patient outcome improvement. Actin-like 6A (ACTL6A) is a
component of several chromatin remodeling complexes, including
SWI/SNF, NuA4/TIP60 histone acetylase, and INO80. Amplification of
ACTL6A gene is often seen in lung squamous cell carcinoma, ovarian
cancer, and esophageal cancer, but its significance remains to be fully
determined. Here we identify ACTL6A overexpression as a novel
cause for platinum resistance. High levels of ACTL6A are associated
with chemoresistance in several types of human cancer. We show
that overexpression of ACTL6A leads to increased repair of cisplatin-
DNA adducts and resistance to cisplatin treatment. In contrast, de-
pletion of ACTL6A inhibits the repair of cisplatin-induced DNA le-
sions, and increases cisplatin sensitivity in cisplatin-resistant ovarian
cancer cells. The regulation of repair by ACTL6A is mediated through
the SWI/SNF chromatin remodeling complex. Treatment with a his-
tone deacetylase inhibitor can reverse the effect of ACTL6A overex-
pression on the repair of cisplatin-induced DNA damage and render
cancer cells more sensitive to cisplatin treatment in a xenograft
mouse model. Taken together, our study uncovers a novel role for
ACTL6A in platinum resistance, and provides evidence supporting the
feasibility of using HDAC inhibitors for platinum resistant tumors.
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Actin-like 6A (ACTL6A), also known as BAF53A, is an ac-
cessory subunit of SWI/SNF-like BAF (Brgl/Brm-associated
factor) chromatin remodeling complexes and is crucial for the
maintenance of stem or progenitor cells during mammalian em-
bryonic development (1-3). ACTL6A is also a subunit of the
INO8O chromatin remodeling complex (4) and the NuA4/TIP60
acetyltransferase complex (3). ACTL6A encodes a family member
of evolutionally conserved actin-related proteins (Arps) that
contain an actin fold for the binding and hydrolysis of adenosine
triphosphate (ATP) (5). These Arps are involved in very diverse
biological processes, and can be grouped as either cytoskeleton
associated (Arpl-3 and 10) or chromatin associated (Arp4-9).
Cytoskeleton-associated Arps regulate the assembly and function
of the actin and microtubule cytoskeletons. Chromatin-associated
Arps (such as Arp4, a yeast homolog of ACTL6A) regulate the
structure and function of chromatin. Prior studies have shown that
ACTLG6A is involved in transcriptional regulation and chromatin
remodeling (4, 6, 7). ACTL6A gene is frequently amplified in
squamous cell carcinoma of the lung, head, and neck, ovarian and
cervical cancers, etc. According to The Cancer Genome Atlas
(TCGA) PanCancer Atlas, amplification of ACTL6A gene is
found in 37.37% of lung squamous cell carcinoma, 19.52% of
ovarian cancer, and 17.58% of esophageal cancer. Recently, the
oncogenic role of ACTL6A in tumor progression has been dem-
onstrated by several different groups. ACTL6A can promote
epithelial-mesenchymal transition and metastasis or invasion in
hepatocellular carcinoma, colon cancer, osteosarcoma, and glioma
cells (8-11). The researchers from Dr. Ellisen’s group also found
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that ACTL6A is coamplified with 7P63 in squamous cell carcinoma
to drive a YAP-dependent regenerative proliferation, and leads to a
poor prognosis in cancer patients (12). However, whether ACTL6A
has any effect on the response to chemotherapy has not yet been
investigated.

Cisplatin is one of the common chemotherapeutic drugs and is
widely used to treat many solid tumors, such as ovarian cancer,
testicular cancer, cervical cancer, bladder cancer, lung cancer,
head and neck cancer, etc. Despite its effectiveness in a wide
spectrum of cancers, many patients either have intrinsic resistance
or eventually develop resistance to cisplatin, which presents a major
challenge for cisplatin-based anticancer therapy (13). Resistance to
cisplatin can be attributed to three molecular mechanisms, including
altered accumulation of drug in cells, cytosolic inactivation of drug
and altered DNA damage response with enhanced DNA repair
process. Among these mechanisms, enhanced DNA repair is the
most important cause of cisplatin resistance (14).

Cisplatin causes DNA intrastrand and interstrand cross-links
(ICLs) by forming cisplatin-DNA adducts. Intrastrand cross-links
are removed by the nucleotide excision repair (NER) mechanism
(15). Repair of DNA ICLs involves proteins in NER, Fanconi
anemia (FA), homologous recombination (HR), structure-specific
endonucleases, and gap-filling translesion DNA synthesis (TLS)
(16). Overexpression of some of the NER repair proteins has been
linked to cisplatin resistance (14). However, the clinical signifi-
cance remains unclear since these are not frequent alterations
in tumors.

Significance

Platinum resistance remains as a major issue in the therapy for
many types of cancer. However, the mechanisms of resistance have
not been fully elucidated. ACTL6A gene is frequently amplified in
several types of cancer such as lung squamous cell carcinoma,
ovarian cancer, and esophageal cancer. ACTL6A is a subunit shared
by multiple complexes, including SWI/SNF, INO80, and NuA4/TIP60.
We unveil a new role for ACTL6A in repairing cisplatin-induced DNA
damage, providing a novel mechanism for cisplatin resistance. We
also show that the action of ACTL6A in the repair of cisplatin-
induced DNA lesions is through the SWI/SNF remodeling complex.
Furthermore, we demonstrate that an HDAC inhibitor can abolish
cisplatin resistance caused by ACTL6A overexpression.
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In the present study, we report that ACTL6A regulates the
repair of cisplatin-induced DNA damage through the SWI/SNF
chromatin complex in cancer cells. Elevated ACTL6A levels in
cancer lead to cisplatin resistance in both lung cancer cells and
xenograft tumor models, and are also associated with poor
prognosis in some cancer patients. Panobinostat is one of the
histone deacetylase inhibitors, which is approved for the treat-
ment of multiple myeloma (17). In our study, we found that pan-
obinostat could abolish cisplatin resistance caused by ACTL6A
overexpression by inhibiting ACTL6A-mediated DNA repair,
which provides a therapeutic strategy to abolish platinum resis-
tance in the cancers with high levels of ACTL6A.

Results

ACTL6A Overexpression Is Associated with Shorter Survival and a Worse
Response to Cisplatin-Containing Chemotherapy in Lung Cancer and
Ovarian Cancer. According to Oncomine, ACTL6A mRNA expres-
sion is elevated in most cancer types when compared with their
normal counterparts, particularly in lung cancer, head and neck,
and ovarian cancers which often harbor ACTL6A gene amplifica-
tion. We therefore used KM Plotter (18), an online tool for met-
aanalysis of survival from multiple databases including Gene
Expression Omnibus, European Genome-Phenome Archive, and
TCGA, to assess whether high expression of ACTL6A affects pa-
tient outcomes and their response to chemotherapy. Indeed, higher
levels of ACTL6A are associated with shorter patient survival in
both lung cancer and ovarian cancer (Fig. 1 A-C). ACTL6A
overexpression is also associated with a higher relapse rate in lung
adenocarcinoma patients who received cisplatin-containing adju-
vant chemotherapy, but not in those who did not received adjuvant
chemotherapy (Fig. 1 D and E). This result suggests a predictive
value for ACTL6A in cisplatin response in lung adenocarcinoma.
Likewise, ovarian cancers resistant to cisplatin treatment also ex-
press higher levels of ACTL6A than those sensitive to cisplatin
(Fig. 1F). Consistently, ACTL6A overexpression is associated with
an earlier relapse rate in ovarian cancer patients who received
platinum chemotherapy (Fig. 1G). The association between high
ACTL6A expression and cisplatin resistance is also observed in
cancer cell lines across different types of cancer. We mined Ge-
nomics of Drug Sensitivity in Cancer (GDSC) dataset (19). Among
GDSC cancer cell lines, the cell lines harboring ACTL6A gene
amplification (cnaPANCAN246) are more resistant to cisplatin
than those without amplification (SI Appendix, Fig. S14). Interest-
ingly, the difference of cisplatin ICs, between ACTL6A4-amplified
and -nonamplified cell lines is bigger than that between 7P53 mu-
tations and wild-type cell lines (SI Appendix, Fig. S1 A, Right).
GDSC lung cancer cell lines resistant to cisplatin also express higher
levels of ACTL6A than those sensitive to cisplatin (SI Appendix,
Fig. S1B). Together, these results suggest a role for ACTL6A in
determining cisplatin sensitivity in cancer.

Overexpression of ACTL6A Leads to Cisplatin Resistance in Lung
Cancer Cells. To explore the role of ACTL6A in the regulation of
cellular response to cisplatin, we first examined the protein and
mRNA levels of ACTL6A in a panel of lung cancer cell lines (S/
Appendix, Fig. S2 A and B). As A549 and H1299 express the
moderate level of ACTL6A, we decided to either overexpress or
knock down ACTLO6A in these two cell lines for further studies. We
overexpressed ACTL6A in both A549 and H1299 cells by infection
of a retrovirus harboring the full-length ACTL6A. After puromycin
selection for a week to establish stable cell lines, we performed cell
viability and clonogenic cell survival assays. We observed that
overexpression of ACTL6A did not affect lung cancer cell growth
(ST Appendix, Fig. S2 C and D), but significantly increased cell vi-
ability in both lung cancer cell lines following cisplatin treatment
(Fig. 24). The number of colonies after cisplatin treatment was also
significantly increased in ACTL6A-overexpressing cells (going up
from 21 to 71% in A549 cells, Fig. 2B; and from 36 to 64% in
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H1299 cells, Fig. 2C). These data indicate that overexpression of
ACTL6A enhances cisplatin resistance in lung cancer cells.

Depletion of ACTL6A Increases Sensitivity to Cisplatin in Cancer Cells.
To further confirm the significant role of ACTL6A in the response
to cisplatin, we used lentiviral ShRNA constructs (shACTL6A#1,
#2, or #3) to knock down endogenous ACTLOA gene expression
in several cell lines. Indeed, depletion of ACTL6A significantly
decreased cell viability in both A549 and H1299 cells (Fig. 2 D and
E). The clonogenic survival assay also showed that the number of
colonies was significantly decreased in ACTL6A knockdown
H1299 cells after cisplatin treatment (from 64% down to 33%,
Fig. 2F), indicating that depletion of ACTL6A increases sensitivity
to cisplatin in lung cancer cells.

The effect of ACTLO6A in the regulation of cisplatin response
is not limited to lung cancer cells. A2780cis is a well-established
acquired cisplatin-resistant ovarian cancer cell line, which has
been widely used in the study of cisplatin resistance (20). We
found that, similar to lung cancer cells, depletion of ACTL6A in
A2780cis cells also decreased cell viability (Fig. 2G) and colony
formation (from 67% down to 38% or 27%, Fig. 2H) after cis-
platin treatment. ACTL6A knockdown also enhances cisplatin-
induced apoptosis in A2780cis cells as determined by caspase-3/7
activity assay (Fig. 2I). These findings indicate that depletion of
ACTLO6A in a cisplatin-resistant ovarian cancer cell line can
resensitize these cells to cisplatin.

Taken together, our results strongly suggest that ACTL6A plays
an important role in the regulation of cellular response to cisplatin
treatment in both lung and ovarian cancer cells.

Overexpression of ACTL6A Causes Cisplatin Resistance in Lung Cancer
Xenografts. To determine the effect of ACTL6OA on the regula-
tion of cisplatin response in vivo, we developed a xenograft lung
tumor model in NOD scid IL2 receptor y chain knockout mice
(NSG) mice. Stable H1299 cells harboring a control empty vec-
tor (Ctrl) or ACTL6A were injected subcutaneously into both
sides of the flank of 6- to §-wk-old NSG mice. When the tumor
volumes reached ~50 to 100 mm®, mice were randomly sepa-
rated into two groups, such that each group had about seven to
nine mice, with a total of 14 to 18 tumors in each group. Cisplatin
or sterile phosphate-buffered saline (PBS) was then given to the
mice by intraperitoneal injection twice per week. As shown in
Fig. 3, cisplatin treatment effectively blocked the growth of
control xenografts. However, ACTL6A-overexpressing xeno-
grafts were very resistant to cisplatin treatment, as indicated by
the final tumor volumes (Fig. 3 B and C) and weights (Fig. 3D) of
the xenografts. Thus, overexpression of ACTL6A causes cis-
platin resistance in lung xenografts in vivo.

ACTL6A Positively Regulates the Repair of Cisplatin-Induced DNA
Damage. To investigate how ACTL6A promotes cisplatin resis-
tance in cancer cells, we first examined the effect of ACTL6A on
DNA damage response and DNA repair process since ACTLOA
has been reported to bind most histones as a nuclear actin-related
protein, and therefore may be involved in the chromatin remodeling
process. We observed that overexpression of ACTL6A blocked
cisplatin-induced H2AX activation in both A549 and H1299 cells,
as indicated by the inhibition of yH2AX induction (Fig. 44), which
suggests that high levels of ACTL6A may either alter cisplatin ef-
ficacy in inflicting DNA damage or enhance DNA repair process
after cisplatin treatment. We then performed DNA repair assay
with an antibody capable of detecting cisplatin-DNA adducts spe-
cifically. Our data showed that there was no difference in the
adducts signal between control and ACTL6A-overexpressing cells
after cisplatin treatment for 2 h, indicating that ACTL6A over-
expression does not prevent cisplatin-induced DNA damage.
Nonetheless, after cisplatin was removed, the cisplatin-DNA ad-
ducts were cleared more rapidly in ACTL6A-overexpressing cells
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than in the control cells (Fig. 4B), indicating enhanced DNA re-  adducts in H1299 xenografts from prior experiment shown in Fig. 3.
pair by ACTL6A. These results highly suggest that overexpression  Similar to the results obtained in cell lines, when the mice were killed
of ACTL6A does not affect cisplatin uptake or its action on DNA, 3 d after the last injection of cisplatin, cisplatin-induced yH2AX
but instead stimulates the DNA repair process. expression (Fig. 4C) and the levels of remaining cisplatin-DNA

To further identify the molecular basis for ACTL6A-mediated  adducts (Fig. 4D) were much lower in ACTL6A-overexpressing
cisplatin resistance in vivo, we next measured the cisplatin-DNA  tumors compared to the control tumors, indicating that
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Fig. 1. High ACTL6A levels are associated with shorter survival in lung cancer and ovarian cancer patients. (A) High levels of ACTL6A are associated with
shorter overall survival in lung cancer patients. Data were generated using the KM Plotter server (kmplot.com). Patients from all 14 lung cancer datasets in the
server were separated into four quartiles based on the expression levels of ACTL6A in tumors. Overall survival is compared between the lowest quartile and
the highest quartile. (B) High levels of ACTL6A are associated with shorter survival in lung adenocarcinoma patients. TCGA lung adenocarcinoma data were
analyzed in Xena Browser based on ACTL6A expression. (C) High levels of ACTL6A are associated with shorter survival in ovarian cancer patients. Data were
generated using the KM Plotter server. Patients from all 15 ovarian cancer datasets in the server were separated into three tertiles based on the expression
levels of ACTL6A in tumors. Overall survival is compared between the lowest tertile and the highest tertile. (D and E) High levels of ACTL6A are associated
with shorter relapse-free survival in lung cancer patients who received cisplatin-containing adjuvant chemotherapy, but not in patients who did not receive
adjuvant chemotherapy. A lung adenocarcinoma (LUAD) dataset GSE68465 (lung cancer caARRAY) (46) was analyzed for ACTL6A expression (D). All adjuvant
chemotherapy regimens in this study contain cisplatin. Relapse-free survival from the same dataset was generated using the KM Plotter (E). Since roughly
80% of patients receiving adjuvant chemotherapy and 50% of patients in observation arm had relapsed, lower tertile was chosen as the same cutoff of
ACTL6A expression for both groups (i.e., 1/3 of the group are low and 2/3 of the group are high). (F) Two ovarian cancer datasets GSE26712 (47) and GSE26193
(48) were analyzed for ACTL6A expression. All patients in GSE26712 and the majority of patients (93/107) in GSE26193 received cisplatin-containing che-
motherapy. (G) High levels of ACTL6A are associated with shorter survival in ovarian cancer patients receiving platinum. Data were generated using the KM
Plotter server. Patients were separated into three tertiles based on ACTL6A expression in tumors as described in C except that only patients who received
platinum-containing chemotherapy are included for progression-free survival analysis.
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Fig. 2. Overexpression of ACTL6A attenuates sensitivity to cisplatin, whereas depletion of ACTL6A enhances it in lung cancer and ovarian cancer cells. (A)
Overexpression of ACTL6A increases cell viability after cisplatin treatment. A549 or H1299 cells that stably harbor an empty vector (Ctrl) or ACTL6A were
treated with cisplatin for 48 h. Cell viability was assessed by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. ACTL6A levels were
determined by Western blot analysis. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) serves as a loading control. (B and C) Overexpression of ACTL6A
promotes cell survival in both A549 and H1299 lung cancer cells treated with cisplatin. Equal amounts of stable cells as indicated were treated with vehicle
(PBS) or 1 uM cisplatin for 24 h. After washing, cells were cultured in fresh medium for 8 to 12 d. After fixation and crystal violet staining, colonies were
counted. (D and E) Depletion of ACTL6A increases sensitivity to cisplatin. A549 or H1299 cells stably harboring a scrambled shRNA (shScr) or an ACTL6A shRNA
(shACTL6A #1, #2, or #3) were treated with 10 or 50 pM cisplatin for 48 h. Cell viability was determined by MTT assay. Knockdown of ACTL6A was confirmed
by Western blot analysis. (F) Depletion of ACTL6A increases cisplatin sensitivity in H1299 lung cancer cells. Clonogenic cell survival assay was performed as
described in B. (G and H) Depletion of ACTL6A enhances cisplatin sensitivity in cisplatin-resistant A2780cis ovarian cancer cells. A2780cis stably expressing shScr
or shACTL6A were treated with cisplatin and then subjected to MTT assay (G) or clonogenic cell survival assay (H). For each MTT assay, data shown represent
the mean + SD from at least three or four biological replicates. For each clonogenic cell survival assay, data shown represent the mean + SD from at least three
independent experiments, and representative images are shown on the Left of each figure. *P < 0.05, **P < 0.01, and ***P < 0.001. (/) Depletion of ACTL6A
enhances cisplatin-induced apoptosis in A2780cis cells. A2780cis cells stably expressing shScr or shACTL6A (#2 or #3) were treated with cisplatin for 20 h. Data
shown are the mean + SEM of four independent experiments. *P < 0.05, **P = 0.01 versus shScr cells treated with 20 uM and 40 pM cisplatin, respectively.
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Fig. 3. Overexpression of ACTL6A leads to cisplatin resistance in lung cancer xenografts. The H1299 cells stably expressing an empty vector (Ctrl) or ACTL6A
were implanted onto both sides of the flanks of NSG mice to establish in vivo xenograft tumors. Mice were randomly divided into two groups and injected
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(D) Weights of xenograft tumors. The final tumor volumes and tumor weights were calculated by averaging both sides of tumors on each mouse. The number
of mice in each group is 7 (Ctrl_Vehicle), 9 (Ctrl_Cisplatin), 8 (ACTL6A_Vehicle), or 9 (ACTL6A_Cisplatin). Data shown represent the mean + SEM. *P < 0.05,

***p < 0.001, N.S., not significant.

overexpression of ACTL6A enhanced DNA repair after cisplatin-
induced DNA damage in lung cancer xenografts. Conversely, deple-
tion of ACTL6A in H1299 cells delayed the repair of cisplatin-
DNA adducts (Fig. 4E).

Taking together, we conclude that ACTL6A positively regu-
lates the DNA repair process following cisplatin-induced DNA
damage. The elevation of ACTL6A protein levels promotes re-
sistance to cisplatin in both cultured cancer cells and xenografts
by enhancing DNA repair activity.

ACTL6A Regulates the Repair of Cisplatin-Induced DNA Damage through
the SWI/SNF Chromatin Remodeling Complex. Actin-like protein
ACTL6A is an essential subunit of SWI/SNF chromatin remod-
eling complex. The catalytic subunit of the complex, Brahma re-
lated gene 1 (Brgl) or Brahma (Brm), has been reported to
modulate cisplatin cytotoxicity (21). Down-regulation of Brgl and
Brm results in impaired DNA repair activity and increases cellular
sensitivity to cisplatin treatment (21). To test the possibility that
ACTLOA regulates cellular response to cisplatin through the SWI/
SNF chromatin remodeling complex, we first overexpressed both
Brgl and Brm dominant-negative mutants, which have been used to
block the activity of endogenous Brgl and Brm proteins (22-24), in
H1299 cells stably harboring an empty vector or ACTL6A. Our data
showed that loss of Brgl and Brm activity increased the basal levels
of yYH2AX, and further blocked the inhibitory effect of ACTL6A
on H2AX activation (Fig. 54, comparing lanes 4 and 8). These
dominant-negative Brgl/Brm mutants also significantly inhibited
ACTL6A-enhanced DNA repair activity (Fig. 5B) after cisplatin
treatment. In both cell viability (Fig. 5C) and clonogenic survival
assays (Fig. 5D), loss of function of Brgl and Brm successfully
overcame ACTL6A-induced cisplatin resistance in H1299 cells,
suggesting that both Brgl and Brm are required for ACTL6A to
enhance DNA repair after cisplatin-induced DNA damage.
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To further confirm that ACTL6A regulates cisplatin-induced
DNA repair through the SWI/SNF complex, we knocked down
another core protein in this complex, BAF155, which functions
as a core subunit to stabilize the whole complex (25, 26). We
observed that depletion of BAF155 by its specific ShRNA strongly
increased cisplatin-induced H2AX activation in ACTL6A-
overexpressing cells (Fig. 5E) and completely eliminated ACTL6A-
enhanced DNA repair (Fig. 5F). Depletion of BAF155 also
completely reversed cisplatin resistance caused by ACTL6A
overexpression in H1299 cells as demonstrated in the cell viability
(Fig. 5G) and clonogenic survival assays (Fig. 5H), which provides
another strong evidence that ACTL6A regulates the repair of
cisplatin-induced DNA damage through the SWI/SNF chromatin
remodeling complex.

ACTL6A Regulates Cellular Response to Cisplatin by Maintaining the
SWI/SNF Complex Integrity. Previous studies have shown that the
heterocomplex formation between ACTL6A and p-actin main-
tains the integrity of Brgl complex through direct binding to the
helicase-SANT-associated (HSA) domain of Brgl complex (27),
whereas an M3 mutant (E388A/R389A/R390A) of ACTLO6A,
which showed reduced binding to p-actin, is impaired in forming a
complex with Brgl (7). Therefore, we examined the effect of M3
mutant ACTL6A on cisplatin response. Interestingly, contrary to
wild-type ACTL6A, overexpression of M3 mutant ACTL6A not only
increased the basal activity of H2AX, but also enhanced cisplatin-
induced H2AX activation (Fig. 64); and as a result, it blocked DNA
repair activity after cisplatin treatment (Fig. 6B). Indeed, in contrast
to the wild-type ACTLOA, overexpression of M3 mutant ACTL6A
enhanced cisplatin sensitivity, as demonstrated by cell viability assay
(Fig. 6C) and clonogenic cell survival assay (Fig. 6D).

We next examined the effect of ACTL6A expression on the
SWI/SNF family BAF complex formation. Overexpression of wild-
type ACTLO6A did not affect the protein levels of other components
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Fig. 4. ACTL6A regulates the repair of cisplatin-induced DNA damage in vitro and in vivo. (A) Overexpression of ACTL6A attenuates cisplatin-induced H2AX
activation in lung cancer cells. Empty vector control (Ctrl) or ACTL6A-overexpressing A549 or H1299 cells were treated with vehicle or 10 pM cisplatin for 24 h, and
the whole cell lysates were subjected to Western blot analysis using an antibody specific to phosphorylated H2AX (yH2AX), ACTL6A, or GAPDH. (B) Overexpression
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(Upper) followed by SYBR Gold nucleic acid staining for loading control (Lower). (C) Overexpression of ACTL6A decreases cisplatin-induced H2AX activation in
xenograft lung tumors. Figures shown are Western blots of total lysates prepared from two tumors randomly chosen from each group in the experiment de-
scribed in Fig. 3. (D) Overexpression of ACTL6A enhances the repair of cisplatin-DNA adducts in xenografts. Genomic DNA was extracted from two xenografts
randomly selected from each group described in Fig. 3, and then was subjected to slot blot assay using an anti-cisplatin-DNA adducts antibody as described in B.
The last dose of cisplatin was given to the mice 3 d before mice were killed and tumors were harvested. (E) Depletion of ACTL6A impairs the efficiency of the
repair of cisplatin-DNA adducts. H1299 cells stably expressing shScr or an ACTL6A shRNA (#1 or #3) were treated with 10 pM cisplatin for 2 h, and then released
and cultured in fresh medium for various times as indicated, followed by slot blot assay using an anti-cisplatin-DNA adducts antibody as described in B.

of Brm complex, but increased the complex integrity by enhancing
the interaction between Brm and other core subunits, such as
BAF155 and BAF170 (Fig. 6E). In contrast, overexpression of the
M3 mutant destabilized the complex and blocked Brm binding to
both BAF155 and BAF170. As expected, Brm immunoprecipitates
pulled down wild-type ACTL6A, but not M3 mutant. Depletion of
ACTLOA also impaired the complex integrity by preventing Brm
binding to both BAF155 and BAF170 (Fig. 6F), which further
confirms the importance of ACTL6A in the maintenance of the
SWI/SNF complex integrity, and indicates that ACTLO6A regulates
cellular response to cisplatin through maintaining the SWI/SNF
complex integrity.

Depletion of INO80 or TIP60 and Inactivation of TIP60 Do Not Affect
ACTL6A-Mediated Cisplatin Resistance. ACTLOA is also a compo-
nent in the INOS80 chromatin remodeling complex and the TIP60/
p400 acetyltransferase complex. Therefore, we further examined
whether INO8SO or TIP60/p400 complex also plays a role in the
action of ACTL6A in response to cisplatin treatment. We found
that depletion of INOS8O (SI Appendix, Fig. S3A4) slightly delayed
the timing of the clearance of cisplatin-DNA adducts, but failed to
abolish ACTL6A-enhanced DNA repair (SI Appendix, Fig. S3B).
Both cell viability (SI Appendix, Fig. S3C) and clonogenic cell
survival assays (SI Appendix, Fig. S3D) showed that overexpression
of ACTL6A could still induce cisplatin resistance in INOS0-
knockdown H1299 cells, indicating that ACTL6A does not regu-
late cisplatin resistance through the INO80 chromatin remodeling
complex. Our data also showed that depletion of TIP60 (SI Ap-
pendix, Fig. S44) did not block ACTL6A-enhanced DNA repair
(SI Appendix, Fig. S4B). Inactivation of TIP60 by a chemical
inhibitor NU9056, as indicated by the decreased acetylation of
Histone H4KS8 or H3K18 (SI Appendix, Fig. S4C), also did not
affect ACTL6A-mediated repair of cisplatin-DNA adducts
(SI Appendix, Fig. S4D). As a result, depletion of TIP60 could
not reverse ACTL6A-induced cisplatin resistance (SI Appendix,
Fig. S4 E and F). It has been reported that a complete loss of
TIP60 or INOS8O impairs cell viability (28, 29). Indeed, we ob-
served a decrease in clonogenic viability upon depletion of
INOSO or TIP60, particularly when TIP60 expression was almost
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completely eliminated by shTIP60#1 (SI Appendix, Fig. S4A).
Nonetheless, ACTL6A overexpression could still enhance repair
and promote cisplatin resistance in these INO80- or TIP60-
depleted cells.

Collectively, these results strongly indicate that ACTL6A en-
hances the repair of cisplatin-induced DNA damage through the
SWI/SNF chromatin remodeling complex, but not the INO80 or
TIP60/p400 complex.

An HDAC Inhibitor Abolishes ACTL6A-Mediated Cisplatin Resistance.
HDAC inhibitors have been used as a promising class of anti-
cancer reagents when combined with common chemotherapeutic
drugs, such as cisplatin, doxorubicin, or etoposide, in some cancer
patients (30). Panobinostat is one of the pan-HDACs inhibitors
with potent inhibitory activity against all class I and II HDAC
enzymes at low concentrations, and has been shown to synergize
with cisplatin (31, 32). Since ACTL6A causes cisplatin resistance
through SWI/SNF, an epigenetic mechanism, we wanted to in-
vestigate whether HDAC inhibitors can reverse cisplatin resis-
tance caused by ACTL6A. Indeed, while ACTL6A overexpression
could decrease cisplatin-induced H2AX activation, this effect was
largely mitigated by cotreatment with panobinostat (Fig. 74),
suggesting that panobinostat may inhibit the effect of ACTL6A on
enhancing repair of cisplatin-induced DNA damage. Here the on-
target effect of panobinostat was confirmed by the enhanced
Histone H3 acetylation (H3Ac). This was further confirmed by
slot blotting assay, which showed that with panobinostat treatment,
the clearance of cisplatin-DNA adducts was no longer enhanced by
ACTLO6A overexpression (Fig. 7B), strongly suggesting that pan-
obinostat was able to block the effect of ACTL6A on enhancing
DNA repair. We also found that panobinostat treatment resen-
sitized ACTL6A-overexpressing cells to cisplatin as shown by both
cell viability assay (Fig. 7 C and D) and clonogenic cell survival
assay (Fig. 7 E and F) in two different lung cancer cell lines. These
data indicate that panobinostat is able to abolish ACTL6A-
induced cisplatin resistance by blocking its enhancing effect on
DNA repair.

Since ACTL6A regulates cisplatin response through the SWI/
SNF complex, we then performed the coimmunoprecipitation
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Fig. 5. ACTL6A regulates cellular response to cisplatin and DNA repair process through the SWI/SNF complex. (A) Overexpression of both dominant-negative
Brg1 and Brm (dn-Brg1/Brm) increases the basal activity of H2AX, and blocks the effect of ACTL6A on the reduction of cisplatin-induced H2AX activation.
H1299 cells stably harboring an empty vector or ACTL6A were transiently transfected with an empty vector or both dn-Brg1 and dn-Brm expression vectors.
Cells were treated with 10 pM cisplatin for 24 h before lysis for Western blot analysis. (B) Overexpression of both dn-Brg1 and dn-Brm blocks ACTL6A-
enhanced DNA repair after cisplatin treatment. Transfected H1299 cells as described in A were treated with vehicle or 10 uM cisplatin for 2 h, and then
released and cultured in fresh medium for indicated times. Genomic DNA was isolated and subjected to slot blot assay as described above. (C and D)
Overexpression of both dn-Brg1 and dn-Brm inhibits the effect of ACTL6A on enhancing cell viability and cell survival after cisplatin treatment. Transfected
H1299 cells as indicated were treated with 10 or 50 uM cisplatin for 48 h (C), or with 1 uM cisplatin for 24 h (D). Cell viability was determined by MTT assay (C).
Clonogenic cell survival assay was performed (D). (E) Depletion of BAF155 enhances the basal activity of H2AX and blocks the inhibitory effect of ACTL6A on
cisplatin-induced H2AX activation. H1299 cells stably harboring an empty vector or ACTL6A were infected with a lentivirus expressing either shScr or
shBAF155 (#1 or #2). Cells were treated with vehicle or 10 pM cisplatin for 24 h followed by Western blot analysis. (F) Depletion of BAF155 blocks ACTL6A-
enhanced DNA repair after cisplatin treatment. Transfected H1299 cells as described in E were treated with vehicle or 10 uM cisplatin for 2 h. After release and
culture in fresh medium for indicated times, genomic DNA was isolated and subjected to slot blot analysis. (G and H) Depletion of BAF155 inhibits the effect of
ACTL6A on enhancing cell viability and cell survival after cisplatin treatment. Transfected H1299 cells as described in E were treated with 10 or 50 pM cisplatin
for 48 h (G) or with 1 pM cisplatin for 24 h (H). Cells were subjected to MTT cell viability assay (G) or clonogenic survival assay (H). For cell viability assay, Data
shown represent the mean + SD from at least three or four biological replicates. For colony formation assay, data shown represent the mean + SD from at
least three independent experiments. Representative images are shown on the Left of each figure. *P < 0.05 and **P < 0.01.

experiment to investigate whether panobinostat had any effect on ~ Furthermore, cisplatin increased the recruitment of BAF155 to
the integrity of this complex. We observed that cisplatin treatment ~ Brm, whereas panobinostat impaired this complex formation
was able to enhance the interaction between ACTL6A and Brm, (Fig. 7H). Neither cisplatin nor panobinostat had an effect on the
but panobinostat completely blocked this binding (Fig. 7G). recruitment of another subunit BAF170 to Brm.
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Fig. 6. The ACTL6A mutant defective in Brg1 binding promotes the H2AX activity and cisplatin sensitivity by blocking DNA repair and the recruitment of the
SWI/SNF complex. (A and B) In contrast to wild-type ACTL6A, the M3 mutant of ACTL6A, which is impaired in Brg1 binding, enhances H2AX activation and
inhibits the repair of cisplatin-DNA adducts. H1299 cells stably overexpressing an empty vector (Ctrl), wild-type (WT) ACTL6A, or the M3 mutant of ACTL6A
were treated with vehicle (PBS) or 10 pM cisplatin for 24 h (A) or 2 h (B). The activation of H2AX was determined by Western blot analysis (A). The slot blot
assay was performed to determine the repair of cisplatin-DNA adducts (B). (C and D) Overexpression of the M3 mutant of ACTL6A enhances cisplatin sen-
sitivity. Stable H1299 cells as indicated were treated with cisplatin, followed by MTT cell viability assay (C) or clonogenic cell survival assay (D) as described in
Fig. 2 A and B, respectively. For cell viability assay (C), data shown represent the mean + SD from at least three or four biological replicates. For colony
formation assay (D), data shown represent the mean + SD from at least three independent experiments. Representative images are shown on the Left of each
figure. *P < 0.05, **P < 0.01, and ***P < 0.001. (E) Wild-type ACTL6A binds to Brm and promotes the recruitment of both BAF155 and BAF170 to Brm,
whereas the M3 mutant of ACTL6A blocks this complex formation. H1299 cells stably overexpressing an empty vector (Ctrl) or HA-tagged ACTL6A (WT or M3
mutant) were harvested for coimmunoprecipitation. Endogenous Brm was immunoprecipitated with an anti-Brm rabbit monoclonal antibody or a control
rabbit IgG, followed by immunoblotting. (F) Depletion of ACTL6A impairs the recruitment of both BAF155 and BAF170 to the Brm complex. H1299 cells stably
expressing shScr or shACTL6A were harvested, and the endogenous protein coimmunoprecipitation of Brm with BAF155, BAF170, or ACTL6A was performed
as described in E.

Collectively, our results suggest that panobinostat is able to
abolish ACTL6A-induced cisplatin resistance by affecting the
integrity of the SWI/SNF complex and inhibiting the repair of
cisplatin-DNA adducts.
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An HDAGCs Inhibitor Abolishes ACTL6A-Induced Cisplatin Resistance in
a Lung Cancer Xenograft Model. To investigate the therapeutic effi-
cacy of panobinostat in overcoming ACTL6A-induced cisplatin re-
sistance, we next implanted NSG mice with ACTL6A-overexpressing
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H1299 cancer cells subcutaneously. The mice were randomized to
receive the treatment with panobinostat and/or cisplatin, or the
vehicle for a total of 15 d. Compared to the vehicle control, cis-
platin or panobinostat alone only slightly slowed down the growth
of ACTL6A-overexpressing H1299 tumors, whereas the combi-
nation of both drugs robustly blocked tumor growth (Fig. 84). At
the end point of the treatment, the size (Fig. 8 B and C) and

weights (Fig. 8D) of the harvested xenograft tumors were dra-
matically reduced by treatment with both cisplatin and pan-
obinostat compared with cisplatin or panobinostat alone. We then
randomly selected two tumors from each group for Western blot
analysis and cisplatin-DNA adducts assay. Indeed, panobinostat
treatment did not alter ACTL6A protein level in vivo, but sig-
nificantly increased H2AX activation (Fig. 8E) and blocked the
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Fig. 7. Panobinostat abolishes cisplatin resistance caused by ACTL6A overexpression through the destabilization of the SWI/SNF complex. (A) Panobinostat
treatment mitigates the inhibitory effect of ACTL6A on cisplatin-induced H2AX activation. H1299 cells stably overexpressing an empty vector or ACTL6A were
treated with 100 nM panobinostat and/or 10 uM cisplatin for 24 h. The whole cell lysates were subjected to Western blot analysis to determine the levels of
phosphorylated H2AX (yH2AX) or acetyl Histone H3 (H3Ac). (B) Panobinostat blocks the effect of ACTL6A on enhancing DNA repair after cisplatin treatment.
Control or ACTL6A-overexpressing H1299 cells were treated with 10 uM cisplatin and/or 100 nM panobinostat for 2 h. After release and culture in fresh
medium for various times as indicated, slot blot analysis was performed using an anti-cisplatin-DNA adducts antibody to determine the DNA repair. (C and D)
Panobinostat blocks the effect of ACTL6A on promoting cell viability after cisplatin treatment. A549 (C) or H1299 (D) cells stably overexpressing an empty
vector or ACTL6A were treated with vehicle or cisplatin (10 or 50 pM) in the absence or presence of 100 nM panobinostat for 48 h. Cell viability was de-
termined by MTT assay. (E and F) Stable A549 (E) or H1299 (F) cells as described above were treated with 1 pM cisplatin and/or 20 nM panobinostat for 24 h.
After washing, cells were cultured in fresh medium until colonies were formed. Representative images are shown on the Left. For cell viability assay, data
shown represent the mean + SD from at least three or four biological replicates. For colony formation assay, data shown represent the mean + SD from at
least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. (G) Panobinostat treatment blocks ACTL6A binding to Brm. H1299 cells stably
expressing an empty vector or HA-ACTL6A were treated with vehicle (Veh), 10 pM cisplatin (Cis), or 100 nM panobinostat (Pano) for 24 h. Coimmunopre-
cipitation was performed by immunoprecipitating HA-ACTL6A with anti-HA monoclonal antibody-conjugated agarose, followed by immunoblotting using an
anti-Brm rabbit antibody or an anti-HA antibody. (H) Panobinostat blocks the recruitment of BAF155 but not BAF170, to the Brm complex. H1299 cells were

treated with 10 pM cisplatin or 100 nM panobinostat for 24 h. Coimmunoprecipitation of endogenous Brm with BAF155 or BAF170 was performed as
described in Fig. 6E.
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Fig. 8. Panobinostat abolishes ACTL6A-induced cisplatin resistance in lung cancer xenografts. (A-D) H1299 cells stably overexpressing HA-tagged ACTL6A
were used to establish in vivo xenograft tumor models in NSG mice. Mice were randomly divided into four groups and injected with vehicle, cisplatin (Cis,
5 mg/kg), and/or panobinostat (10 mg/kg) intraperitoneally twice weekly for 2 wk. Data shown are the tumor growth curves (A), photographs of repre-
sentative tumors (B), tumor volumes measured at the start and in the end of the treatment (C), and tumor weights (D). The tumor volumes and weights were
calculated by averaging both sides of tumors on each mouse. The number of mice in each group is eight (Veh), nine (Pano), eight (Cis), or nine (Cis+Pano).
Data shown represent the mean + SEM. *P < 0.05, ***P < 0.001. (E and F) Panobinostat enhances cisplatin-induced H2AX activation and blocks DNA repair in
xenograft tumors overexpressing ACTL6A. Two tumors randomly selected from each group were processed for Western blot analysis to detect the expression
of indicated proteins (E), and cisplatin-DNA adducts slot blot assay was performed 4 d after the last injection of cisplatin (F). The whole cell lysates isolated

from control H1299 cells serve as negative control (Ctrl) in E.

repair of cisplatin-DNA adducts (Fig. 8F). The on-target effect of
panobinostat was confirmed by strong induction of Histone H4K16
acetylation (H4K16ac) in panobinostat-treated xenografts (Fig. 8E).
Taken together, our results demonstrate that panobinostat was able
to abolish ACTL6A-induced cisplatin resistance in vivo.

Discussion
Despite many advances in cancer therapy, platinum resistance
remains a major barrier for patient outcome improvement. In this
paper, we identify ACTL6A as a mediator for cisplatin resistance.
Amplification of ACTL6A gene is a very common gene alteration
event in cancer, which occurs in over one-third of lung squamous
cell carcinoma and nearly one-fifth of ovarian cancer. Thus,
ACTL6A overexpression could potentially be one of the most
common mechanisms for acquired resistance to cisplatin.

To determine its mechanism of action, we performed cisplatin
repair assay and demonstrated a role for ACTL6A in the repair of
cisplatin-DNA adducts through the SWI/SNF complex, but not
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INOS8O or TIP60 complex. Our results support a role for the SWI/
SNF complex in facilitating repair of the cisplatin-DNA lesions as
previously proposed (21). ACTLO6A is a shared subunit among
three remodeling complexes, i.e., SWI/SNF, INOS80, and TIP60.
All three complexes play a role in DNA repair, particularly during
the repair of double strand breaks (DSB) by HR (33). TIP60
acetylates the H4 tail and promotes the shift from repressive to
open chromatin for DSB repair (34). INO80 promotes nucleosome
eviction and is required for HR (35). However, depletion of INO80
or TIP60 in H1299 cells does not affect ACTL6A-mediated repair
of cisplatin-DNA adducts (SI Appendix, Figs. S3B and S4B). In
contrast, depletion of BAF155, a core subunit of the SWI/SNF
complex, completely blocks the repair of cisplatin-induced DNA
damage (Fig. 5F). These results indicate that the SWI/SNF com-
plex, rather than INOS80 or TIP60, plays a major role in the repair of
cisplatin-induced damage. We also demonstrate the unique role of
ACTL6A in regulating the complex formation between Brm and
either BAF155 or BAF170. Thus, in cancer cells harboring ACTL6A4
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gene amplification, overexpression of ACTL6A enhances the stability
and function of SWI/SNF, and therefore increases the cellular ability
in repairing cisplatin-DNA adducts.

The mechanism(s) by which SWI/SNF promotes the repair of
cisplatin lesions remain(s) to be fully explored. Efficient DNA
repair requires chromatin remodeling activities since nucleo-
somes inhibit DNA repair as demonstrated in an in vitro system
(36). SWI/SNF appears to play an evolutionally conserved role in
NER. The yeast SWI/SNF complex can increase the accessibility
and incision of damaged DNA by NER proteins on in vitro
reconstituted mononucleosomes (37, 38). Alternatively, SWI/
SNF may regulate other proteins involved in ICL repair, such as
FA, TLS polymerase, HR, etc., to promote repair of cisplatin-
DNA lesions. Moreover, SWI/SNF is required for repriming the
stalled DNA forks after damage (39, 40). Thus, the severe defect
of clonogenic viability found in ACTL6A- or BAF155-depleted
cells treated with cisplatin (Figs. 2 F and H and 5H) may be due
to not only a defect in repair but also a failure in resuming rep-
lication. On the other hand, while our study focuses on the repair
of cisplatin-DNA lesions, it is quite likely that ACTL6A plays a
similar role in other forms of DNA damage given the fact that
SWI/SNF has been implicated in multiple DNA repair pathways,
such as DSB repair (41).

Importantly, we identify panobinostat, an HDAC inhibitor, as
a potential therapeutic reagent that can reverse cisplatin resis-
tance caused by ACTL6A overexpression. Treatment with pan-
obinostat inhibits the interaction between ACTL6A and Brm,
leading to the destabilization of the SWI/SNF complex and in-
hibition of the repair of cisplatin-DNA lesions. It is worth noting
that the biological activity of ACTL6A in promoting repair and
the ability of panobinostat in counteracting ACTL6A activity are
demonstrated in both cultured cells and in vivo xenograft mod-
els. Thus, it is very desirable to investigate if HDAC inhibitors
can reverse platinum resistance in future clinical trials. The
mechanism by which panobinostat blocks the interaction be-
tween ACTL6A and Brm, whereas cisplatin treatment enhances
this binding (Fig. 7G) remains to be investigated. We speculate
that their interaction might be regulated by posttranslational mod-
ifications, such as acetylation, which could be induced by pan-
obinostat. HADC inhibitors not only increase the acetylation of
histones, but also prevent the deacetylation of some nonhistone
proteins, such as STAT3, E2F, and p53, during gene transcription
or DNA damage response (42). Brm and BAF155 contain some
potential HDAC deacetylation sites according to the online KAT-
specific Acetylation Site Prediction software. Therefore, HDAC
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inhibitors might directly induce the aceylation of Brm and/or
BAF155 and affect the integrity of the SWI/SNF complex. It is
intriguing that panobinostat inhibits the repair of cisplatin-induced
DNA damage (Figs. 7B and 8F) and only blocks the association of
Brm with BAF155, but not with BAF170 (Fig. 7H). Depletion of
ACTLO6A in H1299 cells also inhibits Brm/BAF155 binding to a
greater extent than Brm/BAF170 binding (Fig. 6F). These data
suggest that BAF complex that contains BAF155, but not BAF170,
is involved in the repair of cisplatin-DNA adducts. It is worthy to
investigate this possibility in future experiments.

Many components of SWI/SNF are found to be mutated in
certain cancers, e.g., Brgl, Brm, BAF155, and ARID1A/B (41). In
contrast, ACTL6A gene is rarely mutated, and often amplified
in lung squamous cell carcinoma, ovarian cancer, and esophageal
cancer. In addition to gene amplification, ACTL6A can be over-
expressed in cancer cells through other mechanisms. ACTLOA is a
direct MYC target gene (43, 44), and therefore is also overex-
pressed in MYC-amplified tumors.

In summary, our study links the overexpression of a subunit of
SWI/SNF to the enhanced DNA repair and chemoresistance,
and provides evidence for the use of HDAC inhibitors to abolish
cisplatin resistance. Overexpression of ACTL6A may serve as a
biomarker to predict resistance to cisplatin and identify patients
for additional therapies in future clinical trials.

Materials and Methods

DNA Repair Assay. Cells were treated with cisplatin for indicated hours followed
by washing with PBS twice, and were further incubated with fresh cultured
medium. Slot blotting assay was performed after cells were harvested at dif-
ferent time points. A total of 0.5 to 1 pg of genomic DNA was denatured
as described (45) and vacuum-transferred to nitrocellulose membrane
(GE Healthcare), followed by cross-linking with UV light. An anti-cisplatin-DNA
adduct monoclonal antibody (Millipore) was used to detect the adducts of
cisplatin conjugated to genomic DNA. The SYBR-Gold dye (Life Technologies)
was used to detect the total amount of DNA loaded onto the membrane.
Other methods are described in S/ Appendix, SI Materials and Methods.

Data Availability. All study data are included in the article and supporting
information.
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