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Abstract

MMSET/WHSC1 is a histone methyltransferase (HMT) overexpressed in t(4;14)+ multiple 

myeloma (MM) patients, believed to be the driving factor in the pathogenesis of this MM subtype. 

MMSET overexpression in MM leads to an increase in histone 3 lysine 36 dimethylation 

(H3K36me2), and a decrease in histone 3 lysine 27 trimethylation (H3K27me3), as well as 

changes in proliferation, gene expression, and chromatin accessibility. Prior work linked 

methylation of histones to the ability of cells to undergo DNA damage repair. In addition, t(4;14)+ 

patients frequently relapse after regimens that include DNA damage-inducing agents, suggesting 

that MMSET may play a role in DNA damage repair and response. In U2OS cells, we found that 

MMSET is required for efficient non-homologous end joining as well as homologous 

recombination. Loss of MMSET led to loss of expression of several DNA repair proteins, as well 

as decreased recruitment of DNA repair proteins to sites of DNA double strand breaks (DSBs). 

Using genetically matched MM cell lines that had either high (pathological) or low (physiological) 

expression of MMSET, we found that MMSET high cells had increased damage at baseline. Upon 

addition of a DNA damaging agent, MMSET high cells repaired DNA damage at an enhanced rate 

and continued to proliferate, whereas MMSET low cells accumulated DNA damage and entered 

cell cycle arrest. In a murine xenograft model using t(4;14)+ KMS11 MM cells harboring an 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding Author: Jonathan D. Licht, M.D., Division of Hematology/Oncology, Northwestern University Feinberg School of 
Medicine, 303 E. Superior Street, Lurie 5-123, Chicago, IL 60611, Office: 312.503.0985, Fax: 312.503.0189, j-
licht@northwestern.edu. 

Conflict of interest: J.D.L. receives funding from Celgene.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2018 August 02.

Published in final edited form as:
Oncogene. 2016 November 10; 35(45): 5905–5915. doi:10.1038/onc.2016.116.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inducible MMSET shRNA, depletion of MMSET enhanced the efficacy of chemotherapy, 

inhibiting tumor growth and extending survival. These findings help explain the poorer prognosis 

of t(4;14) MM and further validate MMSET as a potential therapeutic target in MM and other 

cancers.
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Introduction

Multiple myeloma (MM), which accounts for 20% of deaths from hematologic malignancies 
1, is a tumor of post-germinal center B-cells that have undergone somatic hypermutation, 

antigen selection and immunoglobulin heavy chain class switching 2. MM is often 

characterized by chromosomal translocations that link an oncogene with a strong 

immunoglobulin promoter/enhancer. Among these, the t(4;14) translocation, occurring in 

15–20% of patients, leads to the overexpression of MMSET/WHSC1/NSD2 3. These 

patients have a poorer prognosis and response to therapy compared to other MM subtypes 4. 

MMSET was first identified in Wolf-Hirschorn Syndrome, characterized by growth 

deficiency, craniofacial abnormalities and developmental delays 5. MMSET is one of three 

NSD family members, all of which possess a SET domain and lysine methyltransferase 

activity. Overexpression of MMSET is also observed in neuroblastoma, prostate and breast 

cancer, and is associated with a poorer prognosis 6, 7.

We showed previously that elevated levels of MMSET in t(4;14)+ MM lead to a global 

increase in histone 3 lysine 36 dimethylation (H3K36me2) and a concomitant decrease in 

histone 3 lysine 27 trimethylation (H3K27me3) 8–10. H3K36me2 is a chromatin 

modification associated with active transcription, whereas H3K27me3 is a repressive mark. 

MMSET overexpression leads to increased proliferation, clonogenicity and chromatin 

accessibility, as well as changes in gene expression (including DNA repair genes) 8, 11, 12. In 

vivo targeting of MMSET reverses histone methylation changes and leads to decreased 

tumor burden in athymic mice, indicating that MMSET is required for MM proliferation and 

represents a therapeutic target 10.

Treatment of MM has improved but most patients will eventually relapse, especially 

individuals with adverse cytogenetics such as t(4;14). Melphalan, an alkylating agent that 

generates either monoadducts or DNA interstrand crosslinks 13, is used at high doses with 

autologous stem cell transplant in MM patients, resulting in improved survival 14. In the pre-

bortezomib and lenalidomide era, t(4;14)+ patients responded well to induction melphalan 

initially, but then experienced quicker disease progression 15. Including drugs like 

bortezomib improves patient response rates 16. Furthermore, in relapsed patients, melphalan 

plus salvage transplant resulted in poorer outcomes in t(4;14)+ patients 15, 17, suggesting that 

MMSET may influence chemotherapy response. There is still a need for more targeted MM 

therapies and a clearer understanding of the molecular mechanism of drug resistance and 

response.
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Recently, MMSET was implicated in the DNA damage response (DDR), although differing 

data exist regarding its function. MMSET was identified in a screen for genes involved in 

DNA replication stress and its depletion sensitized cells to genotoxic agents 18. Another 

group reported that MMSET accumulates at DSBs, leading to recruitment of 53BP1, a 

critical regulator of the DDR 18, 19. MMSET also plays a role in class switch recombination 

(CSR) during B-cell development, accumulates at immunoglobulin gene switch regions with 

H3K36me2 and γH2AX, and its depletion led to defects in CSR 20.

H3K36 methylation, created by MMSET and other SET domain proteins in vivo, can also 

influence DNA repair pathway choice. The SET-domain protein SETMAR/Metnase deposits 

H3K36me2 at DSBs, enhancing association of non-homologous end joining (NHEJ) repair 

components at those sites 21. In yeast, loss of Set2/H3K36 methylation led to decreased 

DNA damage signaling and more open chromatin around DSBs 22, 23. Set2 promoted Ku 

recruitment to damaged DNA 23 and inhibited homologous recombination (HR) 22, 

increasing NHEJ. In human cells, loss of the H3K36me3 methyltransferase SETD2 led to 

reduced DSB end resection and decreased recruitment of HR repair proteins such as RAD51 
24–26. Collectively, this background suggests that MMSET may modulate DNA repair and 

chemotherapy response in t(4;14)+ MM.

Here, we demonstrate that MMSET affects DNA repair when expressed at physiological and 

pathological levels. MMSET is necessary for both efficient NHEJ and HR repair in U2OS 

cells, and loss of MMSET leads to decreased expression of DNA repair genes, as well as 

decreased recruitment of DNA repair proteins to the site of damage. Using genetically 

matched MM cell lines differing only in their levels of MMSET expression, we found that 

MMSET promoted the survival and proliferation of cells in the face of DNA damage due to 

an enhanced rate of DNA repair. Loss of MMSET enhanced the efficacy of chemotherapy in 

a murine xenograft model, further substantiating MMSET as a therapeutic target.

Results

MMSET participates in multiple pathways of DNA repair

To investigate the role of MMSET in NHEJ, U2OS cells were transfected with a linearized 

vector harboring a neomycin-resistant gene 27 and an siRNA targeting MMSET. In the 

presence of neomycin, only cells that can integrate the plasmid via NHEJ survive. As 

expected 8, 28, 10, MMSET depletion led to decreased levels of H3K36 dimethylation and 

increased levels of H3K27 trimethylation (Figure 1a). Furthermore, knockdown of MMSET 
led to decreased formation of drug-resistant colonies (Figure 1b and 1c, Supplemental 

Figure 1a), suggesting that MMSET is important in NHEJ. In parallel, siRNA-mediated 

depletion of Ligase IV, which is required to form the NHEJ complex, led to an expected 

decrease in cell survival (Supplemental Figure 1b) 27. To assess if MMSET had a role in HR, 

cells were transfected with two mutant β-galactosidase (lacZ) plasmids. Only cells that 

repair the plasmids via HR express lacZ. Again, the efficiency of HR decreased when 

MMSET was depleted (Figure 1d and Supplemental Figure 1c).

Using a qPCR-based array, we found that knockdown of MMSET in U2OS cells led to 

decreased expression of many genes implicated in DNA repair pathways (Supplemental 
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Figure 2a). We used two siRNAs directed against MMSET, one that was a pool of siRNAs 

(Supplemental Figure 2a, top) and one that was directed toward the C-terminal region of 

MMSET (Supplemental Figure 2a, bottom). Both siRNA reagents led to downregulation of 

many of the same genes, including DDIT3, PRKDC, MSH2, MSH3, XRCC2, BARD1 and 

BLM. We confirmed that MMSET knockdown did not affect cell cycle progression in U2OS 

cells (Supplemental Figure 2b) and therefore the changes in DNA repair were not simply 

related to changes in cell proliferation.

The U2OS cells were engineered to express the AsiSI enzyme fused to an estrogen receptor 

hormone-binding domain 29. Upon 4-hydroxytamoxifen (4-OHT) treatment, the enzyme 

translocates into the nucleus to induce DSBs at AsiSI sites throughout the genome. We 

confirmed an increase in γH2AX levels after addition of 4-OHT (Supplemental Figure 2c). 

Upon MMSET depletion there was decreased expression of RAD51 and 53BP1 (Figure 2a), 

and this depletion was not altered by DSB induction. We also observed loss of CtIP 

expression (data not shown). By contrast, no loss of expression of XRCC4 and Ku80 was 

observed (Figure 2a). RAD51 binds the ends of single-stranded DNA during HR 30, whereas 

53BP1 is a regulator of the DSB response 31. XRCC4 and Ku80 complex with Ligase IV to 

promote end joining in NHEJ 32.

We performed chromatin immunoprecipitation (ChIP) and monitored a specific AsiSI-

induced DSB site for recruitment of DNA repair proteins. After MMSET knockdown, we 

observed increased levels of γH2AX, a well-established indicator of DNA damage (Figure 

2b and 2e). Simultaneously, XRCC4 recruitment was decreased (Figure 2c and 2e) even 

though its protein expression was unchanged. ChIP showed that RAD51 was recruited to 

this DSB but this failed to occur with MMSET knockdown (Figure 2d and 2e), likely due to 

the striking loss of RAD51 protein expression. These findings imply that MMSET is 

important for regulating expression of certain DNA repair proteins in both major repair 

pathways, and may facilitate recruitment of DDR proteins to DSBs.

MMSET extends a proliferative advantage in MM cells treated with a DNA damaging agent

To study the effects of MMSET on the DDR in MM, we used two cell lines derived from the 

t(4;14)+ KMS11 myeloma cell line and manipulated by HR-mediated gene disruption 11. 

NTKO, or MMSET high cells, express only the t(4;14) allele, and TKO, or MMSET low 

cells, express only the wild-type allele (Supplemental Figure 3a). When treated with a 

modest dose of the DNA crosslinking agent melphalan (0.5 μM) (Figure 3a and 3b) or the 

DSB inducer bleomycin 33 (Supplemental Figure 3b and 3c), MMSET high cells had 

increased proliferation and formed more colonies. Based on the differences in proliferation, 

we next determined if a checkpoint response and cell cycle arrest was occurring. At baseline, 

both cell lines showed a similar cell cycle profile (Figure 3c, left and 3d). MMSET low cells 

treated with melphalan had a significant decrease of cells in S phase and an accumulation of 

cells in G2/M (Figure 3c and 3d, right), in accordance with prior findings 34. However, even 

when treated for an extended time, MMSET high cells continued to progress through the cell 

cycle. Treatment of these cells with bleomycin and monitoring response by immunoblot for 

ATM, DNA-PK and Chk1 showed that both cell lines activated DDR pathways in a similar 

manner (Supplemental Figure 3d), suggesting that both cell types were sensing and 
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responding to DNA damage. Nevertheless, cell cycle arrest only occurred in MMSET low 

cells.

MMSET high cells have increased DNA damage at baseline and enhanced repair

Since DDR signaling appeared intact in MMSET high and low cells, we determined whether 

the differential response of the cells could be due to differences in the handling of DNA 

damage. MMSET high and low cell lines were treated with bleomycin for one hour, 

collected either immediately after treatment or washed, fed with drug-free media and 

collected one hour later. Intriguingly, at baseline before treatment, MMSET high cells 

demonstrated higher levels of DNA damage, as measured by the alkaline comet assay 

(Figure 4a, top and 4b) 35. This was corroborated by immunostaining the MMSET high and 

low cells for 53BP1, which binds to damaged chromatin 31 (Figure 4c and 4d). After one 

hour of bleomycin treatment, both cell types had increased levels DNA damage as assayed 

by tail moment compared to untreated (Figure 4a, middle), but one hour after drug release, 

MMSET high cells displayed a much shorter tail moment, indicating a significantly greater 

extent of DNA repair (Figure 4a, bottom and Figure 4b). MMSET low cells still had a 

significant increase in tail length after drug release. Similar results were found when these 

cells were treated with melphalan (Supplemental Figure 3e).

Next, MMSET low (TKO) cells were repleted using retroviruses harboring wild-type (wt) 

MMSET or an HMT-inactive form (Y1118A) of MMSET 8. TKO cells overexpressing wt 

MMSET had higher levels of baseline DNA damage than cells infected with the control 

vector. Importantly, the HMT inactive mutant did not induce increased DNA damage 

(Supplemental Figure 4a and 4b). When cells were treated with a pulse of melphalan for one 

hour and collected at 0 h and 24 h post-release, we again observed that cells with wt 

MMSET repaired DNA damage more rapidly (Supplemental Figure 4b). TKO cells 

overexpressing wt MMSET displayed increased survival when continuously treated with 

melphalan than did cells containing the vector or HMT-inactive mutant (Supplemental 

Figure 4c). These data suggest that the increased survival of MMSET overexpressing cells 

after DNA damaging agents is linked to accelerated DNA repair and that HMT activity of 

MMSET is critical for its role in DDR in MM.

MMSET high cells have increased rates of DNA damage and repair

To further examine the induction and resolution of DNA damage in MM cells, we performed 

kinetic experiments (Figure 5) in which MMSET high and low cells were treated with 

bleomycin and assayed for γH2AX protein expression over time. In MMSET high cells, a 

dramatic increase in γH2AX expression was seen immediately following bleomycin release, 

which returned to baseline levels after 2 hours (Figure 5a). This effect was amplified with 

higher concentrations of bleomycin. However, in MMSET low cells, no γH2AX expression 

was observed at the lower concentration of bleomycin. Even at the higher concentration, 

γH2AX expression was not seen until 30 minutes following drug release and continued to 

increase over time (Figure 5a). These data extend the results of the comet assay and suggest 

that MMSET high cells have a higher baseline level of DNA damage, and accumulate more 

DNA damage after a genotoxic insult.
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We further attempted to define differences in DNA damage and repair kinetics using a high 

throughput single cell phenotyping (htCP) platform 36–38 to elucidate cell cycle-dependent 

contributions on the DDR. DNA damage and repair kinetics were evaluated by the total 

γH2AX content present within the nucleus (per single cell) at baseline and after bleomycin 

treatment (Figure 5b-d) and by using linear regression of the change in γH2AX content as a 

function of time, we quantified the rates of DNA damage and repair. MMSET high cells 

displayed an increased rate of DNA damage as seen by a 5-fold increase in γH2AX content 

relative to MMSET low cells (Figure 5c, left and Supplemental Figure 5a and 5b). The rate 

of accumulation of γH2AX content/time was significantly increased for all phases of the 

cell cycle in MMSET high cells (Figure 5c, middle panel) versus MMSET low cells (Figure 

5c, right panel, and, Supplemental Figure 5a and 5b). Furthermore, actively cycling cells in 

G2/M showed higher rates of damage relative to cells in G0/G1 and S phases in both 

MMSET high and low cells, which may be attributed to differences in the chromatin state as 

a function of cell cycle progression 36, 39. DNA repair rates were evaluated by the loss of 

γH2AX signal per single nuclei following bleomycin removal. When cells across all phases 

of the cell cycle were examined there was a trend towards higher repair rates in MMSET 

high cells (Figure 5d, left). Upon closer examination of cells in each phase the cell cycle, 

there was an elevated rate of repair in MMSET high cells in G0/G1 (when NHEJ is active) 

and G2/M (when HR may occur) as measured by the rate of loss of γH2AX expression, but 

not S phase (Figure 5d, compare middle and right panels, Supplemental Figure 5a and 5b). 

Together, these experiments confirm that MMSET high cells have increased levels of DNA 

damage at baseline, demonstrate that MMSET high cells can tolerate higher levels of DNA 

damage and accumulate DNA damage at a higher rate, and repair damage faster than 

MMSET low cells.

MMSET low cells have delayed restoration of chromatin architecture after induced DNA 
damage

For the DDR to ensue, chromatin is reorganized according to the “access, repair, restore” 

model 40, 41. DNA damage is recognized, chromatin remodeling occurs to allow DNA repair 

proteins to access the damage and finally, the original chromatin architecture is restored. 

Histone dynamics, including histone variants like γH2AX, are important in the DDR and 

histone chaperones and other chromatin remodelers are required to disassemble and 

reassemble chromatin during these phases. We hypothesized that MMSET may affect 

nucleosome disruption caused by DSBs which can be monitored by loss and regain of the 

H2A/H2B histone dimer 42, 43 at Alu sequences 44. These repetitive elements position 

nucleosomes with the central and 3’ flanking regions being nucleosome-free 45, thus 

showing increased sensitivity to DNA damage 45–47. MMSET high and low cells were 

treated with a pulse of bleomycin and cells were collected at various timepoints after drug 

release for ChIP followed by amplification of the Alu repeats 48. MMSET high cells 

exhibited a depletion of H2B, representing a partial loss of nucleosomes one hour after 

bleomycin treatment, but regained H2B occupancy after 2 hours (Figure 6a, top). By 

contrast, while MMSET low cells also exhibited eviction of H2B, they regained full 

nucleosomes more slowly (Figure 6b, top). As expected 43, histone H3 levels over the Alu 

sequences stayed relatively constant over time (Figure 6a and 6b, middle). We also observed 

a dynamic change in γH2AX occupancy, similar to Figure 5a (Figure 6a and 6b, bottom). 
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MMSET high cells had increased γH2AX occupancy immediately following drug release at 

0 m, whereas MMSET low cells still had low levels of γH2AX (Figure 6a and 6b, bottom). 

MMSET high cells showed an initial increase of γH2AX and then a plateau of accumulation 

by 2 hours, but MMSET low cells demonstrated a steady increase of γH2AX over time, 

again suggesting that MMSET high cells may be capable of limiting DNA damage through 

accelerated repair.

Loss of MMSET combined with chemotherapy in mice leads to decreased tumor size and 
increased survival

The increased repair capacity and survival of MMSET high cells after chemotherapy 

represents a barrier to effective therapy for t(4;14)+ MM. Increased DNA repair by MMSET 

requires its HMT activity. Accordingly, loss of MMSET expression or the application of a 

potential MMSET enzyme inhibitor would be predicted to enhance chemotherapy efficacy. 

To test this idea, we injected nude mice with t(4;14)+ KMS11 cells tagged with luciferase 

and expressing a doxycycline-inducible shRNA targeting MMSET 8, 10 (Figure 7). Tumors 

formed over two weeks, after which mice were left untreated, administered doxycycline to 

down-regulate MMSET expression, administered melphalan chemotherapy, or were given 

both treatments. Treatments were administered for four weeks, and mice were monitored 

non-invasively for an additional four weeks (Figure 7a, lower schematic). Untreated mice 

had rapidly growing tumors and were sacrificed due to tumor burden (Figure 7a and 7b). 

Knockdown of MMSET slowed tumor progression and melphalan chemotherapy had a 

similar effect on survival (Figure 7b). Strikingly, the combination of MMSET knockdown 

and melphalan led to decreased tumor size (Figure 7a) and increased survival (Figure 7b), 

with several mice experiencing complete tumor regression. This suggests that MMSET 

inhibition might synergize with other therapies in MM patients.

Discussion

Our work and that of others provide growing evidence that MMSET and histone methylation 

are important for DNA repair. In U2OS cells, loss of MMSET leads to less efficient NHEJ 

and HR (Figure 1), correlating with decreased expression of specific DNA repair genes and 

decreased recruitment of particular DNA repair proteins to DSBs (Figure 2). This suggests 

that MMSET may act as a transcriptional co-factor to assure the transcription of key DDR 

components. This does not exclude others modes of action and how MMSET may affect 

recruitment of factors to sites of DNA damage is not yet understood. Along these lines, 

when we isolated MMSET partner proteins in 293 cells, we identified KAP1 49, which has 

been implicated in the DDR 50, suggesting that MMSET may assist in recruitment of some 

DDR components to chromatin. Recent work has shown that MMSET is recruited to DSBs 

as part of a larger protein complex, which results in chromatin remodeling and recruitment 

of RAD51 to the DSB site 51. Alternatively, the loss of expression of key constituents of the 

DDR pathways, such as CtIP, may lead to inefficient recruitment of other DDR proteins, like 

XRCC4, to DNA lesions. For example, loss of the histone chaperone nucleolin led to 

decreased recruitment of XRCC4, abrogating repair at DSB sites 43.
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The role of MMSET in the normal DDR may not be reflective of effects of pathological 

overexpression of MMSET in MM. High levels of MMSET lead to altered gene expression, 

including expression of DNA repair genes 8, but whether the modest increase in DDR genes 

we observed in t(4;14) cells can explain the increased rates of DNA damage at baseline and 

after genotoxic insult is uncertain. Furthermore, there are still conflicting data regarding 

MMSET and the role of the specific histone marks it makes in relation to DNA repair. While 

some groups showed that MMSET might accumulate at DSBs and induce H4K20 

methylation at those sites, resulting in recruitment of 53BP1 18, 19, two independent groups 

showed that MMSET had no effect on H4K20 methylation or 53BP1 formation 52, 53. We, 

and others, have not observed MMSET-induced H4K20 methylation in vivo and instead find 

that H3K36 is the main target of MMSET 8, 10, 54. A number of studies have shown that the 

H3K36 mark helps determine DNA repair pathway choice, favoring NHEJ 21–26. We showed 

that the global increase of H3K36me2 and decrease of H3K27me3 across the genome 10 due 

to MMSET overexpression was associated with a more open chromatin state characterized 

by increased chromatin susceptibility to micrococcal nuclease 8. The open chromatin of 

MMSET high cells may allow DNA to be more accessible to damaging agents, including the 

genotoxic stresses experienced by cells in culture. In support of this idea, single cell analysis 

showed that MMSET high cells had increased baseline levels of γH2AX and accumulated 

more of this modification, reflecting increased DNA damage, when treated with bleomycin 

(Figure 5). The increased accessibility of chromatin in t(4;14) cells would also allow the 

DNA repair machinery to more rapidly access lesions, thus facilitating repair of the breaks 

and restoration of normal chromatin 40, 41 to an intact, undamaged state. Alu repeat sequence 

analysis supported this idea with MMSET high cells showing more rapid restoration of 

chromatin (Figure 6). Given that DDR signaling pathways appeared intact in both MMSET 

high and low cells, we propose that the rapid DNA repair of MMSET high cells underlies 

their relative insensitivity to genotoxic chemotherapy.

There is precedent for the physical status of chromatin altering the efficiency of DNA repair. 

Embryonic stem (ES) cells have a more open chromatin structure with more chromatin 

remodeling occurring at any given time 55, 56. Accordingly, murine ES cells demonstrate a 

high level of DNA single strand breaks and γH2AX accumulation, which was attributed to 

global chromatin decondensation 57. Increased levels of histone acetylation characterize 

transcriptionally active euchromatin and use of histone deacetylase inhibitors (HDACi) leads 

to a more relaxed chromatin state and increased gene expression. Treating leukemia cells 

with the HDACi trichostatin A led to DNA damage in regions of DNA containing H4 

acetylation and stimulated apoptosis as a result of that damage in leukemic cells 58. Treating 

cancer cells with a different HDACi, vorinostat, also led to increased γH2AX levels 59. 

Normal cells could repair DSBs upon HDACi removal, but cancer cells could not, which 

was attributed to decreased expression of DNA repair proteins 59. These examples all 

support the idea that altered chromatin structure can lead to increased DNA damage and 

altered DNA repair in cancer cells.

Melphalan resistance in MM has been associated with enhanced DNA repair. The 

melphalan-resistant cell line RPMI8226-LR5 demonstrated upregulated expression of NHEJ 

proteins, including XRCC4 60. Melphalan-resistant cells had an increased number of cells 

with γH2AX foci compared to -sensitive cells, and the resistant cells showed a greater 
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decrease in the number of γH2AX foci over time 60. A connection between chemotherapy 

resistance and enhanced DNA repair has also been documented in other malignancies. In a 

mouse lung cancer model, prolonged treatment with cisplatin led to drug resistance, elevated 

expression of DNA damage repair genes and enhanced DNA repair 61. The endonuclease 

Ape1/Ref-1, a key component for base excision repair, can be elevated in human gliomas, 

contributing to alkylating agent chemotherapy resistance 62. These findings support our data 

showing that loss of MMSET leads to a decrease in repair protein expression (Figure 2) and 

that MMSET high cells can repair DNA damage more quickly than MMSET low cells 

(Figure 4 and 5).

In addition to MM, neuroblastoma, prostate, breast and ovarian cancers also have high levels 

of MMSET 6, 7. Our findings show that MMSET enhances multiple pathways of DNA repair 

and provides a rational target for therapy. The search for an MMSET inhibitor is already 

underway and could prove fruitful for MM and other cancers.

Materials and Methods

See also Supplementary Materials and Methods.

Cell culture

U2OS cells harboring the pBabe-AsiSI-ER vector 29 were grown in DMEM with 10% heat-

inactivated fetal bovine serum, 25 mM HEPES and antibiotics. Cells were treated with 300 

nM 4-hydroxytamoxifen for 6–8 h to induce DSBs. All MM cell lines were cultured in 

RPMI as described 8 and treated with varying concentrations of melphalan or bleomycin.

NHEJ assay

U2OS cells were transfected with siScramble, siMMSET pool or siLigase IV. 24 h after 

transfection, cells were transfected with BamHI-XhoI linearized pEGFP-C1 (Clontech, 

Mountain View, CA, USA). The next day, cells were trypsinized, counted and plated. Cells 

with and without G418 (0.5 mg/ml) were incubated for 14 days at 37°C and colonies 

visualized with 0.05% crystal violet, 1% formaldehyde, 1% methanol. Quantification was 

performed using ImageJ.

HR assay

A Homologous Recombination Assay (Norgen Biotek, Thorold, ON, Canada) was 

performed in U2OS cells after transfection with siScramble, siMMSET pool or siMMSET 

C-terminal. On day 5 of knockdown, cells were trypsinized and 1x105 cells were replated. 

On day 6, cells were transfected using TurboFect (ThermoScientific, Pittsburgh, PA, USA) 

with 2.5 μg of Positive Control Plasmid or 2.5 μg each of dl-1 and dl-2 plasmids. 24 h after 

transfection DNA was isolated using the Wizard® Genomic DNA Purification Kit 

(Promega, Madison, WI, USA). qPCR (Primer sequences in Supplementary Table 1) was 

performed on a Roche LightCycler 480 II using the Assay Primers from the kit and 

LightCycler 480 SYBR Green I Master (Roche Applied Science, Indianapolis, IN, USA). 

GAPDH was used for normalization.
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Comet assays

Cells were processed using the CometAssay® Kit (Trevigen, Gaithersburg, MD, USA). 

Images were obtained using a Leica DFC320 microscope camera with Leica Application 

Suite V4.4 software. (Leica Microsystems, Wetzlar, Germany). At least 100 cells were 

analyzed per sample using CometScore (TriTek Corp., Sumerduck, VA, USA).

High-throughput cell phenotyping

MM cells were seeded at a density of 2x105 cells into 6-well plates and treated with 0.33 

μg/ml bleomycin for 24 h followed by drug washout and incubation in drug-free media. 

After treatment, cells were washed and incubated with 1 μg/ml LIVE/DEAD® Fixable Far-

Red Dead Cell Stain (L10120, Molecular Probes, Eugene, OR, USA). Cells were fixed, 

permeabilized 36 and stained for γH2AX (EMD Millipore, Billerica, MA, USA), F-actin 

(phalloidin, Molecular Probes), and DNA (Hoechst 33342). Fluorescently-labeled 

suspension cells were injected into a custom microscopy imaging chamber and an 8x8 

square grid covering a contiguous area of approximately 30 mm2 was scanned for each 

sample at low magnification (20x). Four fluorescence channels for Hoescht 33342 (DNA), 

Alexa Fluor 488 (γH2AX), Alexa Fluor 568 (F-Actin), and 647 live/dead cell stain were 

recorded to obtain cell and nuclear information at single cell resolution. Image correction, 

calibration, segmentation and signal quantification was performed as described 36–38.

Xenograft experiments

5x106 KMS11 cells harboring a doxycycline-inducible MMSET shRNA 8 were resuspended 

in PBS, mixed with CultreX PathClear BME (Trevigen) and injected into six-week-old 

female athymic nude mice (Crl:NU(NCr)-Foxn1nu, Charles River Laboratories, Wilmington, 

MA, USA). One week later, mice were divided into groups of 5. Group 1 (control) was 

administered regular drinking water; group 2, water with doxycycline (2 mg/ml); group 3, 

regular water and melphalan by intraperitoneal (ip) injection; and group 4, water with 

doxycycline and melphalan by ip injection. Groups 1 and 2 were given PBS by ip injection 

as control. Beginning two weeks after treatment initiation, images were acquired using an 

IVISR Spectrum (Caliper Life Sciences, Inc., Hopkinton, MA, USA) every other week. 150 

mg/kg firefly luciferin was injected by ip injection and images were taken 10 min after 

luciferin injection. Bioluminescence was quantified using the Living Images software 

(Caliper Life Sciences, Inc.). Kaplan-Meier survival analysis was calculated using GraphPad 

Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of MMSET in U2OS cells leads to decreased efficiency of NHEJ and HR
(a) Immunoblot for MMSET, H3K36me2 and H3K27me3 upon MMSET knockdown in 

U2OS cells. 5 μg of nuclear protein was loaded per sample. (b) NHEJ assay upon MMSET 
knockdown in the presence of G418. One representative experiment is shown out of three 

performed. (c) Quantification of NHEJ assay shown in (b) and Supplemental Figure 1a. The 

average ± SEM is shown. (d) HR assay measuring relative lacZ expression by qPCR in cells 

with MMSET knockdown. The average ± SEM is shown for 3 independent experiments. ** 

p<0.007 by Student’s t-test. A pooled MMSET siRNA was used for all experiments shown.
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Figure 2. Loss of MMSET in U2OS cells leads to loss of expression and recruitment of some DNA 
repair proteins
(a) Left, immunoblot for RAD51 and XRCC4 upon siRNA knockdown of MMSET. Cells 

were treated with or without 4-hydroxytamoxifen (4-OHT). 25 μg of total protein was 

loaded per sample. Right, immunoblot for 53BP1 and Ku80 after siRNA knockdown of 

MMSET. ChIP-qPCR for (b) γH2AX (n=3 experiments, * p<0.05 by Student’s t-test), (c) 

XRCC4 (n=3 experiments, not significant), and (d) RAD51 (n=2 experiments, ** p<0.01) 

occupancy at a DSB site on chromosome 1. For (b-d), the average ± SEM is shown. A 

pooled MMSET siRNA was used for all experiments shown. (e) Average relative enrichment 

± SEM for γH2AX, XRCC4 and RAD41 in siMMSET + 4-OHT relative to siScr + 4-OHT.
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Figure 3. MMSET high cells continue to proliferate and form colonies after a DNA damaging 
insult, whereas MMSET low cells enter cell cycle arrest
(a) Proliferation of MMSET high (blue) and low (red) cells grown in the presence of 0.5 μM 

melphalan for 9 days. The average ± SEM is shown for 3 independent experiments. * p<0.02 

at day 6, ** p<0.001 at day 10 by Student’s t-test. (b) Colony-forming assay of MMSET 

high and low cells grown in the presence of 0.5 μM melphalan. Two individual experiments 

were performed in duplicate. A minimum of 4 fields/well were counted and the average 

number of colonies is shown ± SEM. **** p<2.3 x 10−5 by Student’s t-test. (c) Cell cycle 

analysis of MMSET high and low cells treated with or without 3.3 μM melphalan for 5 days. 
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The percentage of cells in each cell cycle phase is shown on each FACS plot. One 

representative experiment is shown. (d) Quantification of percentage of cells in each phase 

of the cell cycle in MMSET high (left) or MMSET low (right) cells. The average ± SEM is 

shown for 3 independent experiments. * p<0.02, ** p<0.002 by Student’s t-test. ns, not 

significant.
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Figure 4. MMSET high cells display enhanced DNA damage repair and increased survival
(a) Images obtained after performing the comet tail assay in MMSET high (left) and low 

(right) cells. Cells were left untreated (top), treated with 0.33 μg/ml bleomycin for 1 h, 

washed and then collected immediately after (middle) or 1 h later (bottom). (b) 

Quantification of the comet tail assay shown in (a). Blue, MMSET high; red, MMSET low. 

The average ± SEM is shown for 3 independent experiments. **** p<0.0001 by Mann-

Whitney U test. ns, not significant. (c) Immunofluorescence for 53BP1 in untreated MMSET 

high and low cells. Green, 53BP1. Blue, DAPI. (d) Quantification of 53BP1 positive cells 

shown in (c). The average ± SEM is shown. **** p<0.0006 by Student’s t-test.
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Figure 5. MMSET high cells have higher levels of DNA damage and an increased rate of DNA 
repair
(a) Immunoblot showing γH2AX levels in MMSET high and low cells. Cells were either 

untreated or treated for 1 h with a low (0.33 μg/ml) or high (3.3 μg/ml) concentration of 

bleomycin, washed and then collected at 0, 30, 60 and 120 m after drug washout. Total 

H2AX is a control for γH2AX and H4 is used as a loading control. (b-d) High-throughput 

cell phenotyping was performed on MMSET high and low cells using γH2AX content to 

determine rates of DNA damage and repair. Cells were treated continuously with 0.33 μg/ml 

bleomycin for up to 24 h and γH2AX levels were assessed in each phase of the cell cycle. 

(b) Left panel, representative image of single cells showing fluorescent staining of γH2AX 

foci (green). Right panel, merged image with DAPI (blue) for DNA content. (c) DNA 
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damage rates and (d) DNA repair rates in MMSET high and low cells. In (c) and (d), the left 

graph shows the overall rate of DNA damage or repair for MMSET high (blue) and low 

(red) cells. The middle (MMSET high) and right (MMSET low) graphs show the rate of 

damage or repair in each phase of the cell cycle. G0/G1, green; S-phase, red; G2/M, blue.
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Figure 6. MMSET low cells have delayed histone restoration at Alu sequences after DNA damage
MMSET high and low cells were treated with a pulse of bleomycin (3.3 μg/ml) for 1 h, 

washed and collected at 0 m, 30 m, 1h and 2h after release. ChIP-qPCR was performed over 

Alu repeat sequences to determine occupancy of H2B, H3 and γH2AX in (a) MMSET high 

and (b) MMSET low cells. The average ± SEM is shown for 3 independent experiments. * 

p<0.03, ** p<0.008 by Student’s t-test. (c) Average relative enrichment ± SEM of γH2AX 

at each timepoint relative to 0 m after drug release in MMSET high and low cells.
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Figure 7. MMSET knockdown and melphalan treatment eliminates tumors in a mouse xenograft 
model
(a) Mice were divided into four treatment groups (n=5) and imaged using a fluorescent 

imaging system to measure tumor formation over time. Two mice from each group are 

represented. Mice received no treatment (first column), doxycycline alone (second column), 

melphalan alone (third column), or both doxycycline and melphalan together (fourth 

column). Images were obtained one week after injection of cells (first row), two weeks after 

starting doxycycline and/or melphalan treatment (second row), and four weeks after 

stopping all treatment (bottom row). An experimental timeline is shown below the pictures. 
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Wk, week. Inj, injection. Trt, treatment. (b) Kaplan-Meier survival curve. Red, no treatment. 

Green, doxycycline alone. Black, melphalan alone. Blue, doxycycline and melphalan in 

combination. p<0.003 for no treatment vs. +Dox+Mel by Mantel-Cox test.
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