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thus revealing mechanistic links between EZH2 and its upstream

and downstream signaling in MYC-associated lymphomas.

The results on EZH2 regulation of MYC are in agreement with

previous studies showing that EZH2 induced MYC expression

and provide insight into the mechanisms of MYC activation

and EZH2-driven cell proliferation. Recent studies have revealed

recurrent somatic mutations of EZH2 in lymphomas and the in-

activating somatic mutations of the H3K27 demethylase, UTX,

in multiple cancers (van Haaften et al., 2009). These findings

suggest that deregulation of H3K27 methylation may also con-

tribute to constitutive MYC activation in these lymphomas and

EZH2 trimethylase as an ideal therapeutic target for lymphoma

therapy. Here, we reveal that dynamic forces act through a feed-

back circuit to modulate oncogenic expression of proteins, MYC

and EZH2, at the posttranscriptional level via miRNAs. This

reverberating relationship ensures the signal transduction of

the upstream triggering events, leading to the sustained induc-

tion of MYC and EZH2 as well as the suppression of the down-

stream miR-29 family. Given the role of EZH2 in MYC activation

and miR-29 repression, inhibition of EZH2 will target both

upstream (MYC) and downstream (miR-29, CDK6, IGF-1R)

signaling events of aggressive lymphomas.

The transcriptional and posttranscriptional repression of

miRNAs through MYC, HDAC3, and PRC2 could be a common

feature of many tumor suppressor miRNAs. Thus, our findings

provide rational to redirect therapeutic effort by reactivating

these tumor suppressor miRNAs through combined inhibition

of HDAC and PRC2. Convincingly, we demonstrated that the

combination of HDAC and EZH2 inhibitors (vorinostat and

DZNep) or their siRNAs induced more miR-29a/b1 and miR-

29b2/c gene expression, resulting in the synergistic reduction

of protein levels of CDK6 and IGF-1R and subsequent inhibition

of cell survival and colony formation in vitro. Of note, HDAC3 and

EZH2 overexpression was detected in essentially all of the

lymphoma cell lines and primary samples that we tested, but

not in normal B lymphocytes and nontransformed B lympho-

cytes. This provides a strong rationale that targeting HDAC3

and EZH2 may be more effective in lymphoma cells than in

normal B lymphocytes. Indeed, our study showed that vorinostat

and DZNep dramatically inhibited cell growth of transformed

P493-6 cells and had no or minimal effect on nontransformed

P493-6 cells. Finally, in vivo studies presented in this work illus-

trated that, compared with treatment with each agent alone,

combined treatment with DZNep and vorinostat inhibits tumor

growth and significantly improves survival of NOD/SCID mice

bearing MCL xenografts. These results strongly support further

development and testing of a combination of anti-EZH2 and

a specific HDAC3 inhibitor against aggressive lymphomas.

EXPERIMENTAL PROCEDURES

Cell Lines, Cell Proliferation, Colony Formation Assay, and Patient

Samples

Cell lines and patient sample information are detailed in Supplemental

Experimental Procedures. All patient tissue specimens were from fresh

biopsy-derived lymphoma tissues (lymph nodes) after informed consent was

obtained, in accordance with the Declaration of Helsinki and after approval

by the Institutional Review Board of the University of South Florida.

Details of cell proliferation and colony formation assays are also described in

the Supplemental Experimental Procedures.

Co-IP and ChIP

For co-IP in 293T, cells were transfected with plasmids using Lipofectamine

2000 (Invitrogen). Cells were harvested 36 hr after transfection. Protein

(200 mg) was immunoprecipitated with the primary antibody (2 mg) overnight

at 4�C, and the immunocomplexes were resolved by SDS-PAGE followed by

immunoblot analysis.

For endogenous protein interaction in Jeko-1, IP was performed using the

Pierce Co-IP Kit (Thermo Scientific). Six micrograms of anti-HDAC3 antibody,

anti-SUZ12 antibody, or normal rabbit immunoglobulin G (IgG) was coupled to

AminoLink Plus Coupling Resin according to the manufacturer’s protocol.

Immune complexes were eluted from the resin and analyzed by SDS-PAGE

followed by immunoblot analysis.

For P493-6 cell line, cells were lysed in NP-40 lysis buffer. Protein (1,000 mg)

was immunoprecipitated with the primary antibody (2 mg) overnight at 4�C.
HDAC3 was detected using GenScript One-Hour IP-Western Kits.

For the ChIP assay, 23 106 cells and 3 mg of antibody was used per IP. The

immunoprecipitated DNA was treated with RNase (Ambion) for 30 min at 37�C
and proteinase K (Roche) for an hour at 45�C.The DNA was purified with

QIAGEN PCR Spin columns. Purified DNA was analyzed by real-time PCR

using specific primers. Primer sequences used in ChIP assay are listed in

the Supplemental Experimental Procedures.

Luciferase Assays

Cells transfected with indicated plasmid were harvested and subjected to

luciferase reporter assay using the luciferase assay system according to the

manufacturer’s instructions (Promega). Details of this analysis and procedure

are described in the Supplemental Experimental Procedures.

siRNA Knockdown and Short-Hairpin RNA-Mediated Gene

Knockdown

For transient trasfection of siRNA, 53 106 cells were transfected by electropo-

ration using Nucleofector (Amaxa) according to themanufacturer’s instruction.

For short-hairpin RNA-mediated gene knockdown, cells were transduced

with indicated lentivirus particles followed with puromycin selection. The

knockdown efficiency was confirmed by western blot.

Figure 7. miR-26a and miR-29 Downregulation Are Reversely Correlated with Upregulation of MYC and EZH2 in MCL and Other Aggressive

MYC-Expressing Lymphomas

(A) miR-26a and miR-29 expression levels and MYC and EZH2 protein levels in MCL and other aggressive B-cell lymphoma cell lines. Cell lines were as follows:

Jeko-1, Mino, HBL-2, NCEB-1, REC-1, Z138c (MCL); Raji and Ramos (Burkitt lymphoma) SUDHL-4 (Su-4), SUDHL-10 (Su10) (transformed large B-cell

lymphoma); and SKW6.2 (EBV-associated lymphoma).

(B) miR-26a and miR-29 expression levels and MYC and EZH2 protein levels in primary MCL samples and other aggressive B-cell lymphoma samples. Samples

were as follows: P1 and P5 (aggressive MCL); P13 and P31–P35 (Burkitt lymphoma); P14, P24, P25, and P36, (high-grade transformed diffuse large B-cell

lymphomas). N1–N3, CD19 sorted normal B lymphocytes. miR-26a and miR-29 expression levels were measured by qRT-PCR and normalized to RNU44. MYC

and EZH2 expression levels were evaluated by western blot; in (A) and (B), the relative levels of MYC and EZH2 protein were measured by quantitative densi-

tometry and are indicated below each lane. Insert, correlation between MYC and EZH2 protein. r, correlation coefficient.

(C) Correlation between MYC/EZH2 protein expressions with miR-26a/miR-29a-c level in MCL and other aggressive B-cell lymphoma cell lines. r, correlation

coefficient.

(D) Correlation between MYC/EZH2 protein expressions with miR-26a/miR-29a-c level in primary MCL and other aggressive B-cell lymphoma samples.

r, correlation coefficient. Results are representative of three independent experiments or means ± SD from at least three biological replicates.

Cancer Cell

MYC, HDAC, EZH2, and miRNA

520 Cancer Cell 22, 506–523, October 16, 2012 ª2012 Elsevier Inc.



β

μ
μ

μ
μ

μ
μ

μ

μ

p
p
p

p

p

p

A B

C
D

E F

G

Cancer Cell

MYC, HDAC, EZH2, and miRNA

Cancer Cell 22, 506–523, October 16, 2012 ª2012 Elsevier Inc. 521



The details of these analysis and procedures are described in the Supple-

mental Experimental Procedures.

qRT-PCR Analysis and miRNA Microarray Analysis

For qRT-PCR analysis, total RNA was isolated from cells with Trizol reagent

(Invitrogen). qRT-PCR was performed according to the manufacturer’s

instructions (Applied Biosystems).

Jeko-1 cells were treated with DZNep for 72 hr. Total RNA was extracted

and reverse transcribed into cDNA using the Megaplex Primer Pools by

TaqMan miRNA reverse transcription kit (Applied Biosystems). The cDNAs

were used to perform the microarray analysis using TaqMan Array miRNA

Cards according to the manufacturer’s instructions. Array data were analyzed

using DataAssist Software V3.0 (Applied Biosystems).

Tumorigenesis Assays

Z138c cells (5 3 106) were injected into flanks of NOD/SCID mice (n = 6 mice

per condition). Treatment was initiated when mean tumor volume was approx-

imately 200 mm3. Mice were treated intraperitoneally with dimethyl sulfoxide

(DMSO) (vehicle), 1 mg/kg of DZNep twice per week, and/or 30 mg/kg of

Vorinostat daily for 2 weeks. Tumor growth was measured by calipers every

3 days. Survival of the mice in all groups is represented by Kaplan-Meier

plot. All animal studies were performed in accordance with the Kansas

University Cancer Center Institutional Guidelines and Regulations for animal

care and under protocols approved by the Kansas University Medical Center

Institutional Animal Care and Use Committee.

Statistical Analysis

All of the analyses were completed with SPSS 11.0 software, with p < 0.05

considered statistically significant. Statistical analysis for cell proliferation

and tumor growth curve was carried out by an analysis of variance. A log-rank

(Mantel-Cox) test was used to test the Kaplan-Meier plot.

ACCESSION NUMBERS

The GEO database accession number for the microarray data is GSE40019.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental

Procedures and can be found in this article online at http://dx.doi.org/10.1016/

j.ccr.2012.09.003.
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