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Flavonoids have been extensively studied and are well docu-
mented to have anticancer effects, but it is not entirely known 
how they impact cellular mechanisms to elicit these effects. In the 
course of this study, we found that a variety of different flavo-
noids readily restored Brahma (BRM) in BRM-deficient cancer 
cell lines. Flavonoids from each of the six different structural 
groups were effective at inducing BRM expression as well as 
inhibiting growth in these BRM-deficient cancer cells. By block-
ing the induction of BRM with shRNA, we found that flavonoid-
induced growth inhibition was BRM dependent. We also found 
that flavonoids can restore BRM functionality by reversing BRM 
acetylation. In addition, we observed that an array of natural fla-
vonoid-containing products both induced BRM expression as well 
as deacetylated the BRM protein. We also tested two of the BRM-
inducing flavonoids (Rutin and Diosmin) at both a low and a high 
dose on the development of tumors in an established murine lung 
cancer model. We found that these flavonoids effectively blocked 
development of adenomas in the lungs of wild-type mice but not in 
that of BRMnull mice. These data demonstrate that BRM expres-
sion and function are regulated by flavonoids and that functional 
BRM appears to be a prerequisite for the anticancer effects of 
flavonoids both in vitro and in vivo.

Introduction

The Brahma (BRM) protein is a key catalytic subunit of the SWI/SNF 
complex, and together they function to mediate gene expression. This 
complex is recruited by a variety of transcription factors and key cel-
lular proteins, such as retinoblastoma (RB) and p53, to specific pro-
moters and DNA regions where SWI/SNF complexes function to shift 
the position of histones and facilitate gene expression (1,2). Thus, the 
SWI/SNF complex does not act in only a single signal transduction 
pathway, but rather it has a broad scope of action that impacts the 
function of diverse pathways, many of which have anticancer effects 
(1,2). It is not surprising, then, that the SWI/SNF complex is tar-
geted and inactivated during cancer progression. This complex con-
tains 8–10 subunits, and loss of any of these subunits could alter or 

negatively impact the function of the complex (3,4). Indeed, BAF180 
and BAF250 have recently been found to be targeted and lost in renal 
cell, breast and cervical cancers (5–10). Likewise, over the last dec-
ade, BRM and its homolog Brahma-related gene 1 (BRG1), the two 
catalytic, complex-nucleating subunits of SWI/SNF, were found to be 
silenced in a variety of tumor types (1,2). While BRG1 is frequently 
mutated in cancer cell lines (11,12), in primary tumors BRG1 appears 
to be infrequently (<3%) silenced by mutations based on the muta-
tional Atlas database (13). Similarly, mutational data from the Atlas 
database show that BRM is silenced by mutations in <1% of human 
cancers (13). Non-silencing mutations (e.g. missense mutations) for 
BRG1 and BRM are observed to occur in <3.3 and in <2.3%, respec-
tively, according to the Atlas database (13). In comparison, immuno-
histochemistry data for BRG1 and BRM also show that these genes 
are silenced at rates that range from 15 to 40% in most human tumors 
(14–20); therefore, these data suggest that other mechanisms, such as 
epigenetic silencing, may silence BRG1 and BRM expression (1,2) 
in human cancers. In support of this observation, we have found that 
BRM can be pharmacologically restored by a variety of compounds 
(20,21), but the mechanism of action remains unclear.

SWI/SNF has been functionally linked to differentiation, devel-
opment, cell adhesion, DNA repair and growth control (1,2). As the 
integrity of these cellular mechanisms is necessary to thwart cancer 
development, inactivation of this complex impairs or blocks these 
cellular functions, thereby potentiating the development of cancer. 
Murine models have shown that the loss of certain SWI/SNF subu-
nits can impact skin, vascular, cardiac and neurologic development 
(1,2). The determination of how the inactivation of this complex sig-
nificantly impacts cancer development is a challenge, given its various 
possible cellular relationships. Perhaps the best-studied link to date 
between cancer and SWI/SNF has been the interdependence of this 
complex and growth control (22,23). For example, cancer cell growth 
is blocked when the BAF47, BRG1 or BRM subunits are reexpressed 
in cell lines with complexes that lack the expression of these genes 
(20,23–25). Clearly, this complex is needed for RB-mediated growth 
inhibition, and by extrapolation of these data, the RB homologs p130 
and p107 (26,27) are also likely dependent on the function of SWI/
SNF. Similarly, p53 has been functionally linked to SWI/SNF by a 
number of in vitro studies (1,2). A variety of other anticancer proteins 
with various functions, such as E-cadherin, BRCA1, CD44, KLF4, 
Jun and GADD45, have also been linked to SWI/SNF (1,2). Given 
these associations, the impairment or total inactivation of the SWI/
SNF complex would have a significant effect on many distinct cel-
lular functions, thereby effectively knocking out multiple anticancer 
mechanisms at once.

The dietary compounds known as flavonoids have been extensively 
studied over the last three decades and have been shown to have both 
in vitro and in vivo anticancer effects in a variety of tumor types and 
model systems (28–30). This work has defined six major structural 
groups derived mainly from different food sources. The mechanism 
of how flavonoids inhibit cancer has also been extensively studied. 
Flavonoid compounds are thought to be ATP analogs capable of 
blocking the function of various kinases, and a subset of flavonoids, 
including semisynthetic compounds such as flavopiridol, are actually 
known to inhibit CDK2 and CDK4, both of which control the func-
tion of the anticancer protein RB (31,32). Other data link flavonoids 
to the inhibition of certain chromatin remodeling proteins, such as 
HDACs (33–37). However, despite two decades of molecular studies, 
a detailed mechanistic profile of exactly how these compounds func-
tion has yet to be elucidated.

Our previous work has shown that BRM is reversibly suppressed in 
cancer cells and that the restoration of BRM expression inhibits cellular 
growth (20,38). As such, restoring BRM expression to thwart cancer 
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growth is a potential novel pursuit for cancer therapy. Although HDAC 
inhibitors were the first agents known to restore BRM (20,39), they 
were soon found to inactivate BRM via acetylation of the protein’s 
C-terminus (40). Thus, these compounds cannot be used clinically for 
restoring BRM (20). However, the induction of BRM by treatment with 
HDAC inhibitors has shown that BRM is epigenetically suppressed 
and that the silencing of BRM can be pharmacologically reversed. 
This appears to be clinically advantageous because BRM is silenced 
in 15–20% of most solid tumor types (20). As a first step toward the 
development of BRM reactivation as a therapeutic strategy, we sought 
to identify agents that could effectively restore BRM expression and 
its function. From a high-throughput screening assay, we discovered 
that many flavonoids readily restore BRM expression. We now show 
that flavonoids act as small-molecule inhibitors by inducing and restor-
ing the function of BRM. Furthermore, we show that the induction of 
BRM is required in part for the observed anticancer effects of flavo-
noids. These findings pull together two pieces of the puzzle: namely, 
how flavonoids act to inhibit cancer by activating both RB and BRM.

Materials and methods

Compounds
Flavonoids and flavonoid-containing supplements were purchased from 
Indofine (Hillsborough, NJ), Selleck Chemical (Houston, TX), Puritan’s Pride 
(Oakdale, NY) and Swanson Health Products (Fargo, ND). All compounds 
were resuspended at a concentration of 10 mM in dimethyl sulfoxide (DMSO). 
These tablets were pulverized into fine powder. We admixed and incubated each 
capsule/tablet powder in DMSO to dissolve the flavonoid(s). After several hours 
of incubation with DMSO, we then removed the minor insoluble ingredients 
by centrifugation. To derive a relative concentration, we used the difference in 
the weight of the pill material before and after the DMSO extraction. This net 
weight was then divided by the volume of the DMSO that was used to dissolve 
the powder. We have listed the composition of the natural compound sources 
in Supplementary Table  4, available at Carcinogenesis Online. As shown in 
Supplementary Table 4, available at Carcinogenesis Online, the vast majority 
of the weight of each natural extract is a single flavonoid or a combination of 
flavonoids. A stock concentration was calculated as ‘grams of extract’ divided 
by the ‘volume of DMSO’ used to dissolve the extract. The final concentration 
in µg/ml was achieved by multiplying the concentration of the stock (mg/ml) 
by the volume added and then dividing by the total final volume. The minimum 
effective concentration for each extract was determined by BRM induction as 
observed by quantitative PCR (qPCR) (>5-fold induction). Diosmin and Rutin 
were purchased from Alfa Aesar (Ward Hill, MA) and incorporated into AIN-
93G base diet at levels of no flavonoids, 0.05% (low dose), or 0.2% (high dose).

Cell culture/daughter cell line generation and growth inhibition assay
All cell lines were grown and maintained as described in ref. 41. shRNA 
daughter cell lines were generated, and growth assays were conducted as 
described previously (41). BRM-negative SW13, C33A and H522 cell lines 
were obtained from ATCC and are derived from an adrenal, cervical carcinoma 
and lung adenocarcinoma, respectively. BRM-positive H460 and H441 cell 
lines were obtained from ATCC and are derived from a lung carcinoma and a 
lung adenocarcinoma, respectively.

BRM-dependent (MG213) luciferase assay
Cells were treated with 3 μM, or for dose-curve studies, with various doses of 
flavonoids, for 72 h before luciferase levels were measured. Cells were lysed 
and each well was evaluated for luciferase signal for 5 s using the OneGlo 
reagent (Promega, Madison, WI) and the FLx800 microplate reader (Biotek, 
Winooski, VT) (21).

Drug discovery and high-throughput screen
For this assay, we stably integrated the MMTV promoter linked to the luciferase 
gene, along with the rat glucocorticoid receptor, into the BRG1/BRM-deficient cell 
line SW13 as described (20,21,42). The assay was conducted at the Life Science 
Institute (http://www.msdiscovery.com/) at the University of Michigan by screen-
ing the ‘MS2000’ library that contains ~4500 compounds (see Supplementary 
Table 1, available at Carcinogenesis Online, for a full list of the compounds and 
Supplementary Table 2, available at Carcinogenesis Online, for the hits includ-
ing the respective pAC50 values). A total of 5000 cells were plated per 96-well 
plate with 10 µM of each individual compound or DMSO with or without 0.1 µM 
dexamethasone for 72 h. The luciferase activity was read by the one-step One-Glo 
assay (Promega) after 72 h, and the data are reported as a percentage by assay, 
where 0% is the negative control and 100% is the positive control (Indoprofen). 

The data are reported as fold induction (or percentage of positive control) of lucif-
erase activity demonstrated by the positive control, Indoprofen.

Quantitative PCR
mRNA levels were examined at 48 h, as our previous time-course experiments 
showed that maximal mRNA induction by various compounds occurs after 
24 h (20). Sequences of the primers specific for BRM, BRM-inducible genes, 
or RNA polymerase 2A (POLR2A) are listed in the Supplementary Table 5, 
available at Carcinogenesis Online. All reactions were performed using vol-
umes of 25 μl. EvaGreen was used as the indicator of amplification, and ROX 
was used for plate/well normalization. Fold change of mRNA expression was 
computed by comparing the normalized Ct value of the treated cell lines with 
the untreated parental cell lines.

Western blotting
Following 72-h treatment times with 3 μM of flavonoids, cells were har-
vested, and total protein was isolated using a urea-based lysis buffer as 
described previously (20,41). This time point is based on our previous work 
where maximal protein induction by various compounds is seen after 72 h 
(20). Antibodies that identify BRM (rabbit polyclonal anti-BRM), acety-
lated BRM (rabbit anti-acetylated-BRM, a gift from Christian Muchardt) 
and RB (mouse anti-RB, BD Biosciences, San Jose, CA) were all used at a 
dilution of 1:500. Appropriate secondary antibodies (GE Healthcare, UK) 
were used at a 1:2000 dilution. A glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) antibody (GeneTex, Irvine, CA) was used as the loading 
control.

Immunohistochemistry and cell counts
Mouse lungs were fixed in 50% ethanol/50% methanol and paraffin embed-
ded. Antigen retrieval was performed by using either 10 mM Tris (pH 10) or 
10 mM sodium citrate buffer (pH 6) and by heating the slides for 15 min on 
the ‘high’ setting in a standard microwave. Immunohistochemical staining for 
proliferating cell nuclear antigen (PCNA) (Thermo Scientific, RB-9055-P0, 
Pittsburgh, PA) and phosphorylated RB (Cell Signaling Technology, 9307, 
Danvers, MA) was performed with a 2-h incubation at room temperature at 
dilutions of 1:500 and 1:250, respectively. Sections were incubated for 1 h 
with a goat anti-rabbit biotinylated secondary antibody at a 1:200 dilution 
(Vector Labs, Burlingame, CA). We used an ABC staining kit with a DAB/
nickel detection reagent (BD Pharmingen, San Diego, CA) and counterstained 
with Harris hematoxylin. Sections were imaged using a Zeiss Axioplan light 
microscope. The total number of positive cells was counted in a 60× field in 
each adenoma present on the slide. The lungs from at least five mice were 
scored for each genotype and treatment group. The number of positive cells 
in each adenoma (those that were present on the slide) for each mouse within 
a group was then divided by the number of total cells per 60× field to calcu-
late the percentage of PCNA- and pRB-positive cells. The average percentage 
of immunoreactive cells and the standard of the mean were then calculated. 
More than 5 PCNA counts per mouse and >25 total counts for each group 
were used for statistical analysis using Student’s t-test.

Mouse breeding/dosing and statistical analysis
Mice experiments followed an experimental design reviewed and approved 
by the Institutional Animal Care and Use Committee at the University of 
Florida. This mouse model is described below and has been previously estab-
lished (20). Both BRMnull (BRM−/−) (SV/129) mice and wild-type BRM 
(BRM+/+) (SV/129) mice were divided into three experimental treatment 
groups (six groups in total). Each mouse was then intraperitoneally injected 
with 1 g/kg urethane (ethyl carbamate) weekly for 2 weeks to initiate the 
development of lung adenomas. At 6 weeks of age, and 2 weeks prior to the 
first injection of urethane, each mouse group was provided ad libitum with 
one of the following food variants: 0.05% (low dose), 0.2% (high dose), or 
food that was not supplemented. The diet was designed and made by Tina 
Harfel, PhD, at Harlan Laboratories. Mice were fed these diets for an addi-
tional 12 weeks (~3 months) at which time they were killed and the number 
of lung adenomas analyzed. The number of tumors was counted indepen-
dently by two blinded investigators, and then an average of the tumor counts 
was obtained for each set of mouse lungs scored. We compared tumors from 
untreated mice with tumors derived from mice in the two treatment groups 
and calculated the statistical significance of the difference in tumor counts 
between each treatment group, using Student’s t-test with alpha 0.05 signifi-
cance level.

Statistical analysis
Student’s t-test was used to compare the statistical significance of the data. The 
graphs represent the average of experiments performed in at least triplicate. 
The error bars represent the standard error of the mean (SEM) of experiments 
performed in at least triplicate.
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Results

Flavonoid structure impacts BRM induction
To identify agents that functionally induce Brahma (BRM) or other-
wise known as SMARCA2, we conducted high-throughput screening 
using a BRM functional-dependent assay (21). Using this assay, we 
screened the ‘MS2000’ chemical library, which contains 384 FDA-
approved drugs and naturally occurring compounds. We observed that 
the most potent, as well as the most frequent hits, were from the flavo-
noid family of compounds and found that 31 out of 112 hits (~28%) 
were flavonoids (Supplementary Table 2, available at Carcinogenesis 
Online) with a pAC50 that ranged from 4 to 5. As flavonoids fall into 
one of six structural groups, we next tested two compounds from each 
of the six structural groups to determine if certain types of flavonoids 
would or would not activate BRM (see Supplementary Tables 3 and 
4, available at Carcinogenesis Online, for a list of groups and com-
mon corresponding natural product sources). These compounds were 
selected on the basis that they are frequently used in anticancer stud-
ies and cited in the flavonoid literature. We treated two BRG1/BRM-
deficient cell lines, SW13 and C33A, with flavonoids from each of 
these structural groups (listed in Supplementary Table 3, available at 
Carcinogenesis Online) at a concentration of 3 μM, and we observed 
that each compound readily induced BRM protein expression 
(Figure 1A and Supplementary Figure 1, available at Carcinogenesis 
Online). Many natural products contain high amounts of either a sin-
gle flavonoid or a combination of flavonoids, and these flavonoids are 
believed to underlie the health benefits attributed to these products. As 
such, we further investigated the ability of a number of natural product 

supplements (Supplementary Table  4, available at Carcinogenesis 
Online) to restore BRM. We dissolved these supplements (naturally 
occurring mixture of flavonoids) in DMSO, and we treated SW13 and 
C33A cell lines with 0.9 µg of extract/ml (stock was 0.9 mg/ml in 
DMSO; see Materials and methods). We observed that these natural 
products (Figure 1B) also readily induced BRM in both cell lines, sim-
ilar to that of the pure flavonoids represented in Figure 1A. Although 
there are nearly 2000 different flavonoids, testing this subset of 12 fla-
vonoids (listed in Supplementary Table 3, available at Carcinogenesis 
Online) selected from the six different structural categories suggests 
that certain flavonoids may, in general, induce BRM.

As we have previously demonstrated that BRM silencing is driven 
by the over expression of GATA3 and HDAC9 (41), we investigated 
whether certain flavonoids such as Luteolin, Quercetin and Genistein 
might have an impact upstream of GATA3 and HDAC9 and thereby 
effect the expression of GATA3, HDAC9 or both as part of the mecha-
nism described above by which flavonoids induce BRM.

As we have also demonstrated that high levels of GATA3 and 
HDAC9 mRNA and protein inversely mirror changes in BRM expres-
sion, we used qPCR to quantitatively measure if GATA3 and HDAC9 
mRNA expression levels in BRM-deficient cell lines change after 
treatment with flavonoids. As such, we treated SW13 and C33A cells 
with the three most potent of the naturally occurring flavonoids that 
we tested (Luteolin, Genistein and Quercetin) and then conducted 
qPCR to measure the GATA3 and HDAC9 mRNA levels as a func-
tion of flavonoid treatment. We found that the GATA3 mRNA levels 
after treatment with each of these three flavonoids differed from the 
pretreatment levels of GATA3 mRNA, and the net decrease (change) 

Fig. 1.   (A) demonstrates the induction of BRM protein in the BRM/BRG1-deficient cell lines, SW13 and C33A, following 72-h treatment with 3 µM of 
flavonoids selected from each of the known six flavonoid structural groups [1: Luteolin (flavone), 2: Quercetin (flavonol), 3: Genistein (isoflavone), 4: Hespiridin 
(flavanone), 5: EGCG (flavanol/catechins) and 6: Delphinidin (anthocyanins)]. H460 cell line was used as the positive control and GAPDH was used as the 
loading control. (B) illustrates the induction of the BRM protein in the SW13 and C33A cell lines after 72-h treatment with ~0.9 μg of extract/ml of each 
naturally occurring food extract (1: Broccoli, 2: Hibiscus, 3: Celery, 4: Cinnamon, 5: Turmeric, 6: Green tea and 7: Soybean). H460 cell line was used as the 
positive control and GAPDH was used as the loading control. (C) shows the decrease in the level of GATA3 mRNA following treatment with Luteolin, Quercetin 
or Genistein in the BRM/BRG1-deficient cell lines, SW13 and C33A for 48 h, as measured by qPCR. (D) shows the decrease in the level of HDAC9 mRNA 
following 48-h treatment with Luteolin, Quercetin or Genistein in the BRM/BRG1-deficient cell lines, SW13 and C33A, as measured by qPCR.
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was ~2.7 delta CT values (6.5-fold) and ~3.5 delta CT values (11-
fold) for the SW13 and C33A cell lines, respectively (Figure  1C); 
these differences were statistically significant (P < 0.05). Similarly, 
the application of the same three flavonoids decreased the mRNA 
level of HDAC9 (P < 0.05); after treatment with any of these flavo-
noids, we observed that the levels of HDAC9 mRNA decreased by 
~4.3 delta CT values (20-fold) and ~6 delta CT values (32-fold) for 
the SW13 and C33A cell lines, respectively (Figure 1D). HDAC3 and 
MEF2D also regulate BRM, but unlike GATA3 and HDAC9, HDAC3 
and MEF2D are not overexpressed in BRM-deficient cell lines. As 
such, we did not observe any noticeable effects of any of these three 
flavonoids on HDAC3 or MEF2D mRNA levels as measured by qPCR 
(P > 0.05) in the BRM-deficient cell lines, SW13 and C33A (data not 
shown). We observed that not only did certain flavonoids, as listed in 
Supplementary Table 3, available at Carcinogenesis Online, induce 
BRM, but at least a subset of them also downregulated two proteins 
that contribute to BRM silencing: GATA3 and HDAC9. This suggests 
that certain flavonoids can target a BRM-regulating pathway further 
upstream of HDAC9 and GATA3. For example, the MAP kinase path-
way has been reported to be targeted by flavonoids (43,44) and is 
known to induce BRM (41) when inhibited.

Flavonoids have a common skeleton backbone consisting of three 
phenolic rings, and each unique flavonoid differs in the number and 
positions of hydroxyl and methyl groups attached to this conserved 
ring structure. We conducted dose–response curves again using our 
luciferase reporter assay to assess which of the six structural flavonoid 
groups were most potent in inducing BRM. We observed that each 
tested flavonoid (one from each structural group) progressively induced 
luciferase (Figure 2A) over a range of concentrations from 0.05 μM to 
5 μM. Maximal induction of luciferase activity was observed at 10 μM 
for each flavonoid tested and was noted to be statistically significant 
compared with vehicle at concentrations greater than 250 nM for each. 
Comparing the tested flavonoids, we observed that the most robust 
luciferase activity (indirect BRM induction) occurred with Luteolin 
and Quercetin, respectively, at concentrations of 2–5 μM.

To understand which hydroxyl positions are related to BRM induc-
tion, we tested 30 synthetic flavonoids (Supplementary Figure  2, 
available at Carcinogenesis Online), which had different locations 
and numbers of hydroxyl groups positioned around the flavonoid ring 
structure. The lack of specific flavonoids prevented a complete and 
thorough analysis and a comparison of the potency of each hydroxyl 
substitution. Nevertheless, we found that hydroxyl groups at the 3′ 
and 4′ positions as well as at the 5′, 6′and 7′ positions both indi-
vidually, and in combination, increased their ability to induce BRM 
(Supplementary Figure 2, available at Carcinogenesis Online).

Flavonoids induce BRM-dependent genes
Although these three compounds induced BRM, we wanted to deter-
mine if they might also have preferential side effects that might block 
a subset of SWI/SNF functions. SWI/SNF complexes facilitate the 
function of a variety of different transcription factors to foster gene 
expression (1,45); thus, we further measured BRM functionality by 
measuring the expression of a variety of BRM-dependent genes. We 
previously identified a cadre of genes whose expression is depend-
ent on BRM and the activity of this complex. We examined the two 
most potent of the tested flavonoids in the BRM/BRG1-deficient 
cell lines, C33A and SW13, for their ability to induce three BRM-
dependent genes (SW13: LGAL, DDX58, P8 and C33A: DDX58, P8, 
XAF1), which were previously established as being BRM depend-
ent by Gramling et  al. (38,46). To show that these genes are spe-
cifically induced by the reexpression and functional restoration of 
BRM, the C33A and SW13 cell lines were transduced with either 
scrambled shRNA (control) or anti-BRM shRNA, capable of block-
ing the induction of BRM. We observed that cells transduced with 
scrambled shRNA robustly induced each of the three BRM-dependent 
genes when treated with either Luteolin or Quercetin, the two most 
potent inducers of BRM observed in Figure 2A. In comparison, those 
cells that were transduced with anti-BRM shRNA showed little or no 
induction of these genes after treatment with Luteolin and Quercetin 

(Figure 2B and C). Hence, by using the glucocorticoid-based lucif-
erase assay and the expression analysis of BRM-dependent genes, we 
have shown that a subset of flavonoids is capable of not only inducing 
BRM expression, but also act to specifically restore its function.

Flavonoids require BRM to inhibit cellular growth
Since the restoration of BRM can result in growth arrest (20), we also 
sought to determine if treatment with certain pure flavonoids or natu-
ral flavonoid-containing extracts could induce growth arrest in BRM-
deficient cell lines. Such data could potentially help us to elucidate 
how certain flavonoids might thwart cancer by inhibiting cell growth. 
To accomplish this, we treated SW13 and C33A cells with either 
Luteolin or Quercetin. For these experiments, we generated daugh-
ter cell lines from these two parental cell lines by transducing them 
with scrambled shRNA (control) or anti-BRM shRNA (test), which 
suppresses the induction of BRM. We conducted growth studies on 
these SW13 and C33A cells using a 3 µM dose for either Luteolin or 
Quercetin. At this dose, for each of the compounds tested in both cell 
lines that harbored the scrambled shRNA, we observed >85% growth 
inhibition after a 72-h incubation (Figure 2D). However, there was 
an absence of growth inhibition with either compound when tested 
in the cell lines that harbored the anti-BRM shRNA. These data indi-
cate that the induction of BRM is a prerequisite for growth inhibition 
induced by certain flavonoids in these cell lines. To determine if struc-
turally different flavonoids also demonstrate this effect, we repeated 
this experiment using representative flavonoids from the four remain-
ing flavonoid structural groups (Genistein, Hesperidin, EGCG and 
Delphinidin). The results of these experiments paralleled the results 
from the Luteolin and Quercetin experiments and show that each of 
these four flavonoids required BRM induction in order to inhibit cel-
lular growth (Figure 2E).

Flavonoids reverse BRM acetylation
Previous work has demonstrated that BRM can be functionally inac-
tivated by acetylation of lysine residues within its C-terminus (40). 
It was also shown that the replacement of these lysine residues with 
arginine residues does not change the function of BRM, but rather pre-
vents BRM inactivation caused by these acetylations (40). Although 
HDAC inhibitors were one of the first groups of compounds shown to 
induce BRM (1,2), these compounds cannot be used clinically because 
they also induce BRM acetylation (40), which inactivates the protein. 
We have shown that BRM acetylation is controlled by the balance 
of HDAC2 activity and KAT2B/KAT8 activity (41), whereas certain 
flavonoids are known to promote HDAC2 activity and inhibit KAT2B 
(47,48). To determine if certain flavonoids in general could reverse 
BRM acetylation and thus reactivate BRM, we treated two BRM acet-
ylated cell lines, H460 and H157, with either Luteolin or Quercetin, 
and then determined if these flavonoids could reverse BRM acetyla-
tion. As with our previous results for BRM induction, we observed 
that the Luteolin or Quercetin that avidly induce BRM also reversed 
BRM acetylation (Figure 3A). To test BRM functionality, we assayed 
for the induction for BRM-dependent genes in these cell lines. After a 
72-h treatment with Luteolin or Quercetin, we observed the induction 
of BRM-dependent genes (specifically, RSAD2, CEACAM, CD44) 
at levels of >4-fold in each of the daughter cell lines that we tested 
and that harbored scrambled shRNA (Figure  3B and C). However, 
for those daughter cell lines that harbored anti-BRM shRNA, little 
to no induction was observed for the BRM-dependent genes tested 
(Figure  3B and C). These data demonstrate that certain flavonoids 
restore BRM expression and/or function by both reversing BRM 
silencing as well as through the reversal of BRM acetylation.

Flavonoids fail to inhibit tumor development in BRMnull mice
Since abundant data show the anticancer effects of flavonoids in both 
the prevention and treatment of cancer, we wanted to determine if 
BRM might play a key role in the in vivo effects of flavonoids. Based 
on our in vitro experiments, which indicate that BRM contributes to 
the anticancer effects of flavonoids, we next tested whether there was 
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Fig. 2.  (A) shows the use of the MMTV-luciferase assay to indirectly measure the potency of flavonoids from the six structural groups at various concentrations. 
Quercetin and Luteolin show the highest induction of luciferase activity at >5 µM, nearly 11-fold and 15-fold higher, respectively, compared with their respective 
baseline luciferase levels (~1). (B and C) SW13 and C33A show the induction of BRM-dependent genes in the daughter SW13 and C33A cell lines harboring 
the scrambled shRNA (control) after treatment with either 3 µM Luteolin or Quercetin for 72 h (P < 0.05). In comparison, the induction of these BRM-dependent 
genes was blunted in daughter SW13 and C33A cell lines that harbored the anti-BRM shRNA (BRM-KD). (D) C33A and SW13 cells were infected with either 
scrambled shRNA (control) or anti-BRM shRNA (BRM-KD). These cell lines were then treated with 3 µM of either Luteolin or Quercetin for 72 h. Compared 
with C33A and SW13 cell lines transduced with anti-BRM shRNA, the cell lines transduced with the scrambled shRNA elicited significant growth inhibition 
after Luteolin or Quercetin treatment (P < 0.05). (E) C33A and SW13 cells were transduced with either scrambled shRNA (control) or anti-BRM shRNA 
(BRM-KD), followed by 72-h treatment with 3 µM of flavonoids from each of the four other structural groups (Genistein, Hesperidin, EGCG and Delphinidin). 
Compared with C33A and SW13 cell lines transduced with anti-BRM shRNA, the cell lines transduced with scrambled shRNA elicited growth inhibition after 
treatment with each flavonoid (P < 0.05).
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an interdependence of the anticancer effects of certain flavonoids and 
BRM expression in vivo. To accomplish this, we used a carcinogen-
induced murine lung cancer model described previously (49) to 
determine if tumors that arise in BRMnull (BRM-deficient) mice are 
impacted in a similar way by exposure to certain flavonoids as those 
tumors that arise in wild-type mice (that is, tumors that express BRM). 
As Quercetin and Luteolin were observed to be the more potent fla-
vonoids for inducing BRM in our in vitro experiments (Figure 2A), 
these flavonoids were thus used in this in vivo experiment. However, 
to improve the absorption of these flavonoids, we instead used the 
respective glycosidic forms of Quercetin and Luteolin, which are 
Rutin and Diosmin (50,51). Specifically, the glycosides Rutin and 
Diosmin are more readily bioavailable in that their dietary absorption 
is significantly favored, and once absorbed, they are metabolized into 
their respective aglycone forms, Quercetin and Luteolin. Hence, giv-
ing the glycosidic forms, Rutin and Diosmin, is essentially the same 
as giving the aglycone forms, Quercetin and Luteolin. The concentra-
tions of flavonoids used in this experiment were based on a review of 
a variety of animal studies, in which the concentrations ranged from 
0.1 to 1%, that were successfully used to test the in vivo effects of 
flavonoids (52–58). As such, this experiment was designed to examine 
the impact of a combination of two flavonoids, Rutin and Diosmin, 
either at a low (0.05%) or a high dose (0.2%), given to mice that were 
exposed to a lung-specific carcinogen compared with mice given the 
same carcinogen, but who were fed a normal diet devoid of signifi-
cant levels of Rutin and Diosmin. We elected to use a dose approxi-
mating the upper range of dietary flavonoid consumption (59,60) but 
also within a range of concentration previously used in other mouse 
experiments (52). Most diets, however, are not high in specific flavo-
noids but rather are composed of a combination of flavonoids at more 

modest, lower levels. As such, we also chose to feed a second group of 
mice a diet containing a lower dose of Rutin and Diosmin. Since food 
sources of flavonoids rarely contain solely one flavonoid, we elected 
to treat the mice in this experiment with a combination of Rutin and 
Diosmin in which the combined concentration was also within the 
range of published flavonoid concentrations (52). We surmised that 
this combination of flavonoids might show efficacy, though each indi-
vidual compound is at a lower dose than that used to show effects in 
most other single flavonoid studies.

To generate the mice for these experiments, we crossbred hetero-
geneous, BRMnull mice to generate mice containing either wild-type 
BRM or the BRMnull genotype. To initiate the development of lung 
adenomas, intraperitoneal injections were performed on these mice 
using the lung-specific carcinogen ethyl carbamate at 8 weeks and 
9 weeks of age as described (61). Starting at 6 weeks of age, before 
the injections, BRMnull and wild-type mice were fed a regular diet 
or a combination of Rutin and Diosmin supplemented into the regu-
lar diet at a low dose (0.05%) or a high dose (0.2%). All mice were 
maintained on their specified diets until the completion of the experi-
ment, ~3 months (Figure 4A). We have found from our work and other 
publications that the adenomas generated in the lungs reach ~90% of 
their total numbers at 3 months and then slowly increase in number 
in the next 3 months by another 10% (49,62). After these 6 months, 
a small percentage of adenomas (1–2%) convert to adenocarcinomas 
that develop in the 6–12 months post injection (63). As such, in this 
experiment we focused on the susceptibility of the mice to develop 
lung adenomas in response to carcinogen exposure as a function of 
Rutin and Diosmin treatment and BRM expression as the primary 
endpoints. After the 3-month treatment period, we killed all mice and 
counted the number of visible adenomas on the surface of the lungs 

Fig. 3.  (A) illustrates the reversal of BRM acetylation following 3 µM treatment for 72 h with (1) Luteolin, (2) Quercetin or (3) Genistein in the H460 or H157 
cell lines. (B and C) H460 and H157 demonstrate the induction of BRM-dependent genes by at least 4- to 5-fold in both the H460 and H157 cells that were 
transduced with scrambled shRNA (control), while these genes were observed to be induced in these same cell lines (P < 0.05) when they were transduced with 
anti-BRM shRNA (BRM-KD).
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to determine the relative number of tumors that arose in each mouse. 
We observed that the wild-type mice demonstrated 83 and 55% fewer 
adenomas, from the high-dose and low-dose Rutin and Diosmin 
groups, respectively, compared with the untreated ‘control’ wild-type 
mice (Figure 4B and C). Flavonoid inhibition of carcinogen-induced 

adenoma formation in murine lungs has been previously demon-
strated (64,65). However, in the BRMnull mice, we observed equiva-
lent numbers of adenomas arising from each of the three diet groups, 
indicating that the lack of BRM expression imparts a ‘resistance’ to 
the anticancer effects of these flavonoids (Figure 4B and C).

Fig. 4.  (A) shows the time-course outline of the murine experiment with the age of the mice in weeks on the horizontal axis. All mice were given two 
intraperitoneal injections of ethyl carbamate at a dose of 1 g/kg at 8 weeks of age and then again at 9 weeks of age. Mice were given no flavonoids (non-
supplemented diet), a combination of low-dose (0.05%) Rutin and Diosmin or a combination of high-dose (0.2%) Rutin and Diosmin in their food starting 
at 6 weeks of age until 12 weeks after the administration of ethyl carbamate (or ~21 weeks of age). At 21 weeks of age, all mice were killed, and their lungs 
were subsequently examined to determine the number of visible adenomas on the surface. (B) shows the relative number of tumors visible on the surface of 
the lungs from either BRM wild-type or BRMnull mice that were fed no flavonoids, a low-dose combination of Rutin and Diosmin (each 0.05%) or a high-
dose combination of Rutin and Diosmin (each 0.2%). (C) shows the number of tumors seen in cross-sections of the lungs from wild-type or BRMnull mice 
that were fed either no flavonoids or a high-dose combination of Rutin and Diosmin. In the wild-type mice, the observed difference in tumor number between 
control diet group and low-dose flavonoid diet group or high-dose flavonoid group was found to be significant at P = 0.025 and P = 3E−15, respectively, whereas 
observed difference in tumor number between low and high flavonoid diet was also statistically significant at P = 3E−8. In contrast in the BRMnull mice, we 
found no statistically significant difference in the number of tumors observed in the control group versus the low flavonoid diet group (P = 0.98) or the high 
flavonoid diet group (P = 0.59); similarly, there was no statistically significant difference in the number of tumors in low flavonoid diet group versus the high 
flavonoid diet group (P = 0.35). (D) Lungs from either wild-type BRM or BRMnull mice were stained for PCNA expression and then scored for the percentage 
of tumor cells (nuclei) that expressed PCNA per high power field: 60×. PCNA immunoreactivity was ~3- to 4-fold higher in the tumors derived from BRMnull 
mice regardless of treatment (no flavonoid diet: P = 5.5E−3; high-dose flavonoid diet: P = 0.013) as well as those from untreated wild-type mice (P = 7.0E−5) 
compared with the tumors derived from wild-type mice treated with a high dose of flavonoids. (E) Lungs from wild-type BRM or BRMnull mice were stained 
with an antibody to phosphoRB that specifically detects phosphorylation at RB Ser780. The percentage of phosphoRB staining for each of the four groups was 
scored. Immunopositivity was higher in the tumors derived from untreated mice compared with that in the tumors derived from high-dose flavonoid-treated mice 
regardless of the genotype.
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Flavonoids induce growth inhibition by inducing BRM and the 
dephosphorylation of retinoblastoma (Rb) protein
As BRM is a cofactor for Rb function, in order for growth inhibition 
to occur, not only must BRM be functionally active, but Rb also has 
to be activated. Specifically, Rb must become hypophosphorylated, 
thus transforming into its active form. This functional interdepend-
ence of BRM and Rb to mediate the cellular growth inhibition has 
been previously demonstrated (22,23). Certain flavonoids are sur-
mised to function as ATP analogs (66), which in turn can act as CDK 
inhibitors to change the phosphorylation status of Rb and possibly 
as MEK/MAP kinase inhibitors, which have been shown, in turn, to 
induce BRM (41). Hence, we next stained the tumors with antibod-
ies against PCNA (a marker of cell proliferation) and phosphoRb (a 
marker of Rb inactivation). For PCNA staining in these tumors, we 
observed that the number of tumor cells that maintain their prolifera-
tive capability (PCNA positive) is qualitatively ~3-fold lower in tumor 
cells from the Rutin- and Diosmin-treated wild-type mice compared 
with the tumor cells derived from either BRMnull mice (Rutin- and 
Diosmin-treated or untreated) or untreated wild-type mice (Figure 4D 
and Supplementary Figure  3, available at Carcinogenesis Online). 
For Rb phosphorylation, we observed a higher percentage of cells 
stained in the tumors from untreated wild-type mice and untreated 
BRMnull mice (4- and 2.5-fold higher, respectively), compared with 

tumors from Rutin- and Diosmin-treated wild-type and flavonoid-
treated BRMnull mice (Figure 4E and Supplementary Figure 4, avail-
able at Carcinogenesis Online). Together, the PCNA and phosphoRB 
staining data indicate the decrease in observed growth rate (decreased 
PCNA immunoreactivity) is not caused by a lack of Rb activation 
qualitatively, as Rutin and Diosmin treatment caused Rb phosphoryla-
tion to decrease similarly in BRMnull and wild-type tumors. Rather, 
the decrease in observed growth rate (decreased PCNA immunoreac-
tivity) occurs when both BRM is present (wild-type) and Rb becomes 
activated via dephosphorylation by Rutin and Diosmin treatment.

To further illustrate these results, we conducted western blot analysis 
with BRG1/BRM-deficient cell lines SW13 and H522 harboring either 
scrambled shRNA or anti-BRM shRNA and then treated with or with-
out 3 µM Quercetin or Luteolin. After 72 h of Quercetin or Luteolin 
treatment, we then probed for BRM, phosphoRb and PCNA protein 
expression under these experimental conditions. Similar to our stain-
ing data with lung adenomas, we observed that Quercetin or Luteolin 
treatment of BRM/BRG1-deficient cancer cell lines SW13 and H522 
readily induced BRM and decreased the level of phosphoRb (causing 
the hypophosphorylated form of Rb to accumulate) in these cell lines 
(Figure  5A and B). Moreover, proliferation as measured by PCNA 
only decreases significantly when BRM can be induced (no anti-BRM 
shRNA) (Figure 5A and B). Certain flavonoids require Rb function for 

Fig. 5.  (A and B) SW13 and H522: SW13 and H522 cell lines were transduced with either scrambled shRNA (control) or anti-BRM shRNA (shBRM) and then 
treated with 3 µM of Luteolin (Diosmin) and Quercetin (Rutin) for 72 h followed by western blotting to detect BRM, phosphoRB and PCNA expression. BRM 
expression was blunted by the introduction of anti-BRM shRNA, and the levels of phosphoRB expression were reduced in both cell lines that were treated with 
flavonoids. PCNA expression was only decreased in the SW13 and H522 cells that harbored scrambled shRNA and that were treated with either Quercetin or 
Luteolin. H460 cell line was used as the positive control and GAPDH was used as the loading control.
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their growth inhibitory effects, while BRM is known to be a neces-
sary cofactor for Rb-mediated growth inhibition (26,27), as illustrated 
in Figure 6. As such, it is not surprising that these data show that BRM 
is required for growth inhibition that is induced by certain flavonoids.

Summary
Reactivation of BRM by flavonoids occurs either by induction or by 
fostering the deacetylation of BRM. The induction of BRM by flavo-
noids does not appear to be restricted or limited to a particular subset 
of flavonoids as we observed that 42 out of 42 tested flavonoids, each 
structurally different and selected from the six different structural sub-
groups, induced BRM. Flavonoids cause growth inhibition to occur 
by both reactivating BRM and by decreasing RB phosphorylation.

Discussion

Flavonoids have long been known to block cancer initiation as well as 
thwart cancer growth. Detailed studies during the past 30 years have 
demonstrated the ability of these compounds to inhibit a variety of 
targets, but recent data mainly focus on their ability to inhibit HDACs 
and kinases, such as CDK2. Despite this insight into their function, 
concrete models of how they mechanistically support their anticancer 
effects have not been clearly elucidated. Nevertheless, a key step in 
the progress of growth inhibition depends on the ability of flavonoids 
to activate Rb. To this end, it is not surprising that flavonoids addition-
ally induce BRM and activate the SWI/SNF complex because SWI/
SNF is a necessary cofactor for Rb function. A number of papers have 
shown that in BRM/BRG1-deficient cancer cell lines, the lack of a 
functional SWI/SNF complex blocks growth inhibition induced by 
the constitutively active form of Rb (22,23). However, growth inhi-
bition is restored when either BRM or BRG1 is coexpressed with 
Rb (22,23). This interdependence of BRM/BRG1 with Rb occurs 
because Rb can effectively bind to both BRM and BRG1 proteins via 
their LXCXE domains (27,67), which are situated in the C-terminus 
of each protein following the BRM and BRG1 helicase domain (1,2). 
Mutation of this LXCXE domain blocks the ability of BRM/BRG1 to 
bind to Rb and inhibits Rb-mediated growth inhibition (67).

Given their evolutionary and chemical diversity, it is intrigu-
ing that flavonoids from the six structural families and the diverse 
cadre of natural products tested all revealed similar effects on BRM. 
Flavonoids modulate a large number of specific biological processes 
and therefore must have a significant number of molecular targets. 
Understanding how flavonoids interact with biological targets should 
help provide insight into how they uniformly target the BRM gene and 
its reexpression, which could be important in the understanding of the 
anticancer effects of diets rich in flavonoids (68). It is known that fla-
vonoids are nanomolar inhibitors of human CDK2, a cyclin-depend-
ent kinase (69). Interestingly, studies have shown that flavonoids are 
competitive inhibitors of this enzyme although their structures bear 

little similarity to ATP. This is supported by an X-ray crystal struc-
ture of CDK2 with the inhibitor L868276 (a flavonoid) bound (69), 
as illustrated in Supplementary Figure 5, available at Carcinogenesis 
Online.

As there are ~2000 structurally different flavonoids, it is impracti-
cal to test each flavonoid to show that there is general or common 
effect that flavonoids demonstrate. To begin to address this question, 
we conducted a subset analysis where we tested two flavonoids from 
each of the six structural groups to determine the potential spectrum 
of flavonoids that might restore BRM. The tested naturally occurring 
flavonoids as well as another 30 synthetic flavonoids were each found 
to restore BRM. Hence, we tested a total 42 different flavonoids as 
well as 8 flavonoid-containing extracts, all of which demonstrated the 
same effect: the restoration of BRM expression and activation. There 
are nine carbon positions within the flavonoid basic ring structure 
that can be hydroxylated; thus, there are roughly 29 or 512 possible 
hydroxylation permutations. As such, we tested roughly 8% of the 
possible hydroxylation combinations. Additional flavonoids can be 
generated, as theoretically, each hydroxyl group can be methylated. 
Nevertheless, that none of the compounds we tested failed to induce 
BRM argues that the regulation of BRM expression is not restricted 
or limited to a particular subgroup of flavonoids and that flavonoids 
in general might be able to induce BRM. In this manuscript, we sug-
gest that certain flavonoids induce BRM by inhibiting kinases such 
as MAPK. However, more recent papers have shown that certain fla-
vonoids can target a diverse array of pathways, which may reflect the 
structural diversity among different flavonoids, although the mecha-
nisms are just beginning to be explored (70,71). Hence, flavonoids 
may also induce BRM by targets and mechanisms yet to be defined.

In this paper, we demonstrate that a level of flavonoids that could be 
feasibly obtained from diets low and high in flavonoids, and the combi-
nation of flavonoids used, is effective in inducing BRM and promoting 
cellular growth inhibition. The work presented here, particularly in the 
combination of flavonoids used, more closely reflects the human diet, 
since few, if any, people consume only a single flavonoid for extended 
periods of time. Of interest would be to broaden the combination of 
flavonoids given but provide them each at even lower doses to better 
mimic the normal dietary exposure to flavonoids. Since the flavonoids 
appear to have similar or the same target proteins regardless of the 
structural group from which they are derived, the total combined dose 
would seem to be more important than individual doses of any one 
flavonoid. This might explain the discrepancy between the higher lev-
els necessary for a single flavonoid to be effective in vitro compared 
with the lower but effective levels achieved from a regular diet rich in 
flavonoids. Thus, dose accumulation, which occurs as a result of regu-
lar consumption of a variety of flavonoids, may also contribute to the 
greater benefit provided by lower levels of flavonoids found in foods 
such as fruits, vegetables and natural supplements.

Moreover, while the yield of tumors is diminished in flavonoid-
treated mice, the transformation process is not completely blocked. 

Fig. 6.  Illustrates a proposed model underlying the mechanisms of growth inhibition by flavonoids. Based on both our current and published data, we 
hypothesize that flavonoids activate RB by inhibiting CDK2/4 and by inducing BRM expression via the inhibition of the MAP kinase pathway. Consequently, 
following treatment with flavonoids, hypophosphorylated RB and BRM bind together to facilitate growth inhibition.
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Incomplete or partial absorption of the flavonoids may have contrib-
uted to this observed effect. Specifically, although we chose to use 
the glycosidic forms of Luteolin and Quercetin based on previously 
established literature that indicates a higher absorption of these forms, 
recent work has shown that the aglycone forms may be better absorbed 
than their glycosidic counterparts (72). Although the benefits of using 
either the aglycone or the glycosidic forms are not clear, we clearly 
observed a biological effect in this experiment. As such, these precan-
cerous lesions, adenomas, may still evolve into malignant tumors. The 
question that remains is whether the reduction in these lesions com-
pletely underlies the overall anticancer effects of these compounds. An 
alternative consideration is whether flavonoids slow or impede the evo-
lution of adenomas into adenocarcinomas. To experimentally examine 
this question using the model system presented, flavonoids would be 
provided to wild-type mice after the establishment of the adenomas, 
beginning at the 3-month time point, and the rate of appearance of ade-
nocarcinomas monitored as a function of flavonoid dose. Since adeno-
mas are precancerous, it would be much more informative to observe 
the development rate of malignant adenocarcinomas. To this end, the 
flavonoids found in tea (EGCG) have been shown to inhibit adenocar-
cinoma development in murine lungs when carcinogenesis is initiated 
by the tobacco carcinogen NKK (64). This occurs in part because these 
particular flavonoids lower the phosphorylation rate of Erk1/2 kinase 
(28) and therefore inhibit Erk1/2 kinase (73), which would presumably 
induce BRM, as BRM is regulated by the MAP kinase pathway (41). 
In another study, it was shown that various tea polyphenols inhibited 
the growth of H661 (BRG1-negative) and H1299 (BRG1- and BRM-
negative) lung cancer cell lines (74). The results from these two cell 
lines support the role of BRM in flavonoid-induced growth inhibi-
tion, as the lack of either BRG1 or BRM would typically abrogate 
growth inhibition. This study also showed that application of tea can 
continuously inhibit NNK-induced lung tumorigenesis at both the ini-
tiation and promotion stages (75). Based on these data, it would be 
informative to investigate the rate of malignant tumor development in 
wild-type compared with BRMnull mice as a function of combination 
low-dose flavonoids versus high-dose flavonoids.

Supplementary material

Supplementary Tables 1–5 and Figures 1–5 can be found at http://
carcin.oxfordjournals.org/.
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