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ABSTRACT 40 

Despite improved clinical outcomes of diffuse large B-cell lymphoma, a certain 41 

proportion of patients still develop a primary refractory disease. To overcome these 42 

lymphomas that are intractable to existing treatment strategies, the tumor 43 

microenvironment has been identified as a potential therapeutic target. Here we describe 44 

our search for effective drugs for primary refractory lymphoma cells with MYC 45 

rearrangement. Through the drug screening of 3,440 known compounds, we identified a 46 

unique compound, emetine. This compound was effective against lymphoma cells with 47 

MYC rearrangement from two different patients that were co-cultured with cancer 48 

associated fibroblasts. Emetine induced the death of these cells with a half maximal 49 

inhibitory concentration of 312 nM and 506 nM, respectively. Subsequent analyses of 50 

the mechanism of action of emetine showed that the drug induced apoptosis of tumor 51 

cells via alteration of glucose metabolism through inhibition of hypoxia inducible 52 

factor-1α. Moreover, emetine inhibited the potential of cancer associated fibroblasts to 53 

support tumor cell viability in vitro and demonstrated significant inhibition of tumor 54 

growth in in vivo analyses. Emetine also induced cell death in other primary refractory 55 

lymphoma cells with MYC rearrangement. Our combined data indicate that emetine is a 56 

potential promising drug for the treatment of intractable lymphomas, which targets both 57 
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the tumor and its microenvironment. 58 

 59 

INTRODUCTION 60 

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous disorder comprising 61 

25-30% of non-Hodgkin lymphomas.[1] The R-CHOP (rituximab, cyclophosphamide, 62 

doxorubicin, vincristine and prednisolone) regimen has markedly improved outcomes in 63 

DLBCL over the last decade. However, the prognosis of DLBCL with MYC 64 

rearrangement, which regulates multiple functions including cell cycle progression, cell 65 

proliferation, apoptosis, and glucose metabolism, remains poor with a median overall 66 

survival of less than 1 year.[2-10] Although intensive induction regimens and/or 67 

targeting treatment approaches that directly or indirectly interfere with MYC function 68 

including targeting of mTOR, PI3K or NF-κB have been developed,[11-15] these 69 

approaches failed to show a benefit in the relevant clinical trials.[3, 16, 17] Therefore, 70 

innovative approaches for the development of novel therapies are vital in order to 71 

improve outcomes in DLBCL patients with MYC rearrangement. 72 

 Recent findings suggest that resistance to chemotherapy is mediated by 73 

interactions between the tumor cells and their microenvironment.[18-20] The tumor 74 

microenvironment has therefore drawn much attention as an attractive potential 75 
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therapeutic target for intractable lymphoma.[20, 21] For example, it has been shown 76 

that stromal cells in the tumor microenvironment can promote a metabolic switch in 77 

malignant tumor cells away from mitochondrial respiration to glycolysis.[22] This 78 

so-called Warburg effect confers growth advantages and drug resistance to tumors.[23] 79 

 Here, we report regarding the discovery of a novel therapy targeting the tumor 80 

microenvironment to overcome the poor prognosis of intractable DLBCL with MYC 81 

rearrangement. We applied primary patient lymphoma cells that were co-cultured with 82 

cancer associated fibroblasts (CAF) derived from a human lymph node to a previously 83 

reported high throughput drug screening system [24] and identified an effective 84 

anti-tumor drug, emetine. We also elucidated a novel mechanism of emetine in vitro and 85 

in vivo, i.e., emetine induced the apoptosis of tumor cells via inhibition of glycolysis. 86 

Our results indicate that emetine, which was discovered with a screening method, may 87 

be a promising drug for targeting the tumor of intractable lymphoma and its 88 

microenvironment.  89 
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RESULTS 90 

Establishment of the in vitro culture system for primary lymphoma cells 91 

We encountered primary refractory DLBCL patients with MYC rearrangement during 92 

our usual clinical practice. The detailed clinical characteristics of the two patients who 93 

demonstrated resistance to conventional immunochemotherapies and whose tumor cells 94 

we analyzed are shown in Table 1. Both patients developed refractory diseases within 1 95 

year after diagnosis that were accompanied by MYC and BCL2 rearrangements in their 96 

tumor cells. These rearrangements were detected via break-apart fluorescence in-situ 97 

hybridization (FISH) that was performed using their formalin-fixed paraffin-embedded 98 

(FFPE) tumor tissue (Figure 1A). To search for drugs effective against these intractable 99 

DLBCL tumors, we performed high-throughput drug screening using a library that 100 

mainly contained known pharmacologically active substances or off-patent drugs. 101 

 We recently reported that the mouse fibroblastic reticular cell line BLS4, which 102 

was established from a mouse lymph node,[25] provides glutathione to tumor cells, and 103 

enables the culture of patient-derived xenograft (PDX) lymphoma cells in vitro.[24] 104 

However, to perform drug screening against primary patient lymphoma cells, we 105 

considered that it was important to use an in vitro co-culture system based on human 106 

origin cells. We therefore cultured lymph node samples from lymphoma patients, and 107 
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successfully isolated stromal cells that are described in detail in the Materials and 108 

Methods section. The surface phenotype of these stromal cells, i.e., α-smooth muscle 109 

actin (SMA) positive and CD31 negative, were coincident with those of fibroblasts, and 110 

these cells were therefore considered to be CAF. We then investigated whether we could 111 

in vitro culture patient lymphoma cells on the fastest-growing of these CAF. In the 112 

subsequent screening analyses, primary tumor cells obtained from the lymph node 113 

biopsy of patient (Pt) #1 were used. Tumor cells from a PDX mouse model were used 114 

for Pt #2 to validate the results for Pt #1, as we were unable to obtain a large number of 115 

primary tumor cells from the lymph node biopsy of Pt #2. Although lymphoma cells 116 

from neither of the patients could survive for a long period in an in vitro monoculture, 117 

they could survive in co-culture with CAF for a much longer time than in monoculture 118 

(Figure 1B and 1C). Intriguingly, the viability of the tumor cells of Pt #1 that were 119 

co-cultured with CAF was significantly superior to that of the cells co-cultured with 120 

BLS4, whereas the viability of the tumor cells of Pt #2 from the PDX model did not 121 

differ between co-culture with stromal cells of CAF or BLS4 (Figure 1B and 1C). 122 

Primary lymphoma cells without MYC rearrangement could also survive in co-culture 123 

with CAF for a longer time than in monoculture (Supplemental Figure 1A). We next 124 

analyzed adenosine triphosphate (ATP) production in the tumor cells based on a 125 
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previous finding that stromal cells induced an increase in ATP in tumor cells, resulting 126 

in cell proliferation and survival.[22] As expected, ATP increased in tumor cells that 127 

were co-cultured with CAF (Figure 1D). Moreover, since the tumor environment 128 

promotes glycolysis resulting in energy production in tumor cells,[22] we analyzed the 129 

expression of key enzymes involved in glycolysis including hexokinase-2 (HK2), 130 

pyruvate dehydrogenase kinase-1 (PDK1), and lactate dehydrogenase A (LDHA) in the 131 

presence or absence of co-culture with CAF, using western blotting. Markedly increased 132 

expression of HK2 and PDK1 was observed when the cells were co-cultured with CAF 133 

(Figure 1E). These combined data indicated that CAF isolated from human lymph nodes 134 

promotes the glycolysis of tumor cells, which allows evaluation of the survival of 135 

primary tumor cells in an in vitro co-culture system. 136 

 137 

High throughput drug screening using intractable lymphoma cells co-cultured with 138 

CAF 139 

To search for a drug compound that is effective against the tumor cells, we performed 140 

drug screening using the primary tumor cells from Pt #1 that were co-cultured with 141 

CAF (Figure 2A). The results for all 3,440 compounds were plotted on scattergrams, in 142 

which the viability of the primary tumor cells was indicated on the Y-axis, and the 143 
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WST-8 values of the CAF were indicated on the X-axis (Figure 2B). Ninety-nine 144 

compounds for which the viability of tumor cells was less than 0.5 were identified as 145 

potentially effective compounds. Subsequently, we validated the effect of these 99 146 

compounds by testing them against the lymphoma cells from Pt #2 that were derived 147 

from the PDX model. Ultimately 10 compounds were identified as potentially effective 148 

for both of the primary lymphomas (Figure 2B and Supplemental Table 1). Among 149 

these potentially effective drugs, several drugs including Verteporfin and Brefeldin A 150 

are known to display high toxicities and poor bioavailability in humans. In addition, the 151 

drug dose of 2 μM that was used in the current screening was too high for the use of 152 

anthracyclines in humans, considering the equivalent concentration in humans. Taking 153 

these factors, as well as the possibility of translation to the clinic for the remaining 154 

drugs into account, emetine was therefore chosen from these 10 compounds for further 155 

analyses (Figure 2C). We confirmed that emetine induced the death of lymphoma cells 156 

from both Pt #1 and #2; the half maximal inhibitory concentration (IC50) value was 312 157 

nM and 506 nM, respectively (Figure 2D). Moreover, emetine also induced the death of 158 

lymphoma cells without MYC rearrangement with a moderately higher IC50 value 159 

(Supplemental Figure 1B), and strongly inhibited the growth of various lymphoma cell 160 

lines with a GI50 ranging from 1.5 to 321 nM (Supplemental Figure 1C). 161 
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 162 

The effects of emetine on CAF 163 

To understand the underlying biology of emetine, we first investigated the effect of 164 

emetine on CAF. The proliferation and survival of CAF were not decreased when 165 

treated with emetine at the concentration of emetine (2 μM) that was used for the 166 

screening (Figure 3A and Supplemental Figure 2A and 2B). Next, to evaluate the effect 167 

of emetine on the ability of CAF to support tumor growth, we pretreated CAF with or 168 

without emetine for 48 h and then washed the CAF to remove the drug prior to initiation 169 

of the co-culture. Both ATP production and CAF support of tumor cell survival 170 

decreased in tumor cells co-cultured with CAF that were pretreated with 0.5 μM 171 

emetine (Figure 3B and 3C). This decreased support of tumor cell survival was 172 

observed in the absence of a direct contact between the tumor cells and CAF, when the 173 

tumor cells and CAF were separated by a transwell with a pore size of 0.4 μm 174 

(Supplemental Figure 2C). This result implied that CAF support of cell survival was 175 

mediated by small molecules including metabolites, cytokines and microvesicles. The 176 

mRNA expression of GLUT1, which is an indicator of glucose metabolism, decreased in 177 

tumor cells when the tumor cells were co-cultured with emetine-pretreated CAF (Figure 178 

3D). Moreover, whereas the level of glutathione in tumor cells increased when they 179 
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were co-cultured with non-treated CAF compared to in monoculture, it did not increase 180 

when they were co-cultured with emetine pretreated CAF (Figure 3E). Addition of 2 μM 181 

glutathione to the culture media prevented emetine-induced death of the tumor cells 182 

(Figure 3F). These combined data indicated that emetine inhibited the promotion of 183 

glycolysis and the provision of glutathione to tumor cells that are mediated by CAF, 184 

which resulted in a decreased potential of CAF to support tumor cells. 185 

 186 

The mechanism of action of emetine on tumor cells 187 

We next investigated mechanisms of emetine induced cell death in the tumor cells. Cell 188 

cycle analysis after emetine treatment revealed a population of sub G1, apoptotic cells 189 

in lymphoma cells co-cultured with CAF, which resulted from induction of a G2/M 190 

arrest (Figure 4A and Supplemental Figure 3A and 3B). Since it has been reported that 191 

emetine suppresses the expression of HIF-1α, which is a key regulator of glucose 192 

metabolism, [26-29] we evaluated HIF-1α expression in the tumor cells using western 193 

blotting. [30, 31] HIF-1α expression in the tumor cells was suppressed by treatment of 194 

the cells with 0.5 μM emetine in the presence of CoCl2, which was used to mimic a 195 

hypoxia condition and by treatment of cells grown under the condition of 5% O2 196 

hypoxia for 48 h (Figure 4B and Supplemental Figure 3C). Taking into account the fact 197 
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that emetine inhibited the promotion of glycolysis in tumor cells that was mediated by 198 

CAF as described above, we considered that emetine might suppress glycolysis in tumor 199 

cells, which would result in apoptosis of the tumor cells. As expected, the expression of 200 

enzymes involved in glycolysis was suppressed in the tumor cells in the presence of 201 

emetine under a hypoxia condition (Figure 4C and Supplemental Figure 3C). ATP 202 

production and both the mRNA and protein expression of GLUT1 in tumor cells were 203 

also suppressed by emetine treatment (Figure 4D and Supplemental Figure 3C). The 204 

serial signaling cascade that occurs following alteration of glycolysis, including 205 

decreased mitochondrial membrane potential, alteration of the pentose phosphate 206 

pathway and reduction in NADPH and glutathione that leads to the accrual of reactive 207 

oxygen species (ROS) and apoptosis accompanied by caspase cleavage, was observed in 208 

the presence of emetine (Figure 4E~4G and Supplemental Figure 3D). [32] These data 209 

indicated that emetine inhibited glycolysis in the tumor cells leading to the 210 

accumulation of intracellular ROS, which resulted in induction of apoptosis of the 211 

tumor cells (Figure 4H). 212 

 213 

In vivo efficacy of emetine 214 

Finally, we evaluated the growth inhibitory effect of emetine on lymphoma cells in vivo. 215 
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We subcutaneously injected 1 × 107 PDX tumor cells originating from Pt #1 together 216 

with 2 × 105 CAF into NOD/SCID mice. Inoculation of tumor cells with CAF ensured 217 

tumor cell engraftment according to our preliminary experiments. Once the mice had 218 

developed a subcutaneous tumor of at least 100 mm3 in size, we intraperitoneally 219 

administered 10 mg/kg of emetine as a treatment arm (N = 7) and dimethyl sulfoxide as 220 

a control arm (N = 7) for 7 days (Figure 5A). Emetine significantly inhibited the growth 221 

of the tumors compared to the control arm (p < 0.05) (Figure 5B and 5C). Body weight 222 

loss did not occur in either the treatment or the control arms (Supplemental Figure 4A). 223 

Representative pathological specimens stained with hematoxylin and eosin (HE) are 224 

shown in Figure 5D. Tumor cells undergoing mitosis were prominent in the control 225 

specimen, while degenerative cells were conspicuous in the tumor tissue treated with 226 

emetine. Consistent with this finding, 80% of the tumor cells in the control specimen 227 

were Ki67 positive in immunohistochemical (IHC) staining, while only 25% of the 228 

tumor cells in the treated specimens were Ki67 positive (Supplemental Figure 4B). 229 

Fibroblasts that stained with α-SMA in IHC were observed in the control specimen; 230 

however, we also observed a small number of α-SMA positive fibroblasts in the treated 231 

specimen, indicating that emetine also suppressed the growth of CAF in vivo 232 

(Supplemental Figure 4B). Moreover, we investigated the effect of emetine on the 233 
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primary tumors of three other patients who were diagnosed with DLBCL with 234 

MYC/BCL2 rearrangement (Supplemental Table 2). We confirmed that the efficacy of 235 

emetine for these cells was within the same range as that for the samples from Pt # 1 236 

and #2, with an IC50 ranging from 367 to 840 nM (Figure 5E). These data indicated that 237 

emetine was potentially useful for the treatment of intractable MYC related lymphomas. 238 

  239 
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DISCUSSION 240 

We successfully identified the drug, emetine, which was effective against intractable 241 

DLBCL with MYC rearrangement, through the use of a high-throughput drug screening 242 

system using primary patient tumor cells. In the subsequent analyses of the mechanism 243 

of action of emetine, we found that the anti-tumor effect of this drug is mediated by its 244 

effect on the interaction between tumor cells and stromal cells in the tumor 245 

microenvironment. Moreover, we successfully developed CAF from human lymph 246 

nodes, which were useful for drug screening. Our system, which is based on 247 

human-origin cells, identified a drug that was effective in targeting a tumor 248 

microenvironment, which could lead to the development of a novel treatment for 249 

intractable lymphoma. 250 

 Emetine has been approved as an anti-protozoal drug and as an emetic, and has 251 

been used in a clinical setting all over the world. We determined the dose of emetine as 252 

10 mg/kg in mice in the in vivo analyses, which is equivalent to a dose of 0.8 mg/kg in 253 

humans. This dose is lower than the approved dose of 1 to 10 mg/kg in a clinical setting 254 

in humans.[33] Emetine-induced toxicities, including cardiac toxicities, have sometimes 255 

been reported in the clinical use of emetine in humans. However, the current dose of 0.8 256 

mg/kg determined in the present study is safe in humans, with a low incidence of severe 257 
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toxicities. The 50% of lethal dose in the mouse has been established as 16.2 mg/kg, and 258 

we confirmed that the same or higher dose was quite harmful for mice. We thus 259 

considered that it was inappropriate to administer emetine to mice at a higher dose than 260 

10 mg/kg with the expectation of further anti-lymphoma effects. Although it should be 261 

clarified whether a dose of 0.8 mg/kg emetine demonstrates anti-lymphoma effects in 262 

humans, we believe that emetine could elicit a treatment effect at a dose at which it 263 

exerts minimum toxicity. Further investigation of the efficacy of emetine is warranted. 264 

 MYC and HIF-1α are known to cooperatively activate glycolysis to generate 265 

adequate energy for tumor cells, resulting in chemo-resistance through the upregulation 266 

of many genes relevant to glucose metabolism.[27, 34, 35] In the present analysis, 267 

emetine affected both CAF and the tumor cells in vitro; it inhibited CAF-mediated 268 

support of tumor cell survival and it inhibited glycolysis due to the suppression of 269 

HIF-1α and key enzymes of glycolysis including HK2 and PDK1 in tumor cells, leading 270 

to the accumulation of intracellular ROS and the induction of apoptosis. Considering 271 

that emetine tended to be more effective in lymphoma with MYC rearrangement than in 272 

lymphoma without MYC rearrangement, emetine could be highly effective in tumor 273 

cells with increased glycolysis. In addition, it should be mentioned that HIF-1α is a 274 

potential therapeutic target. Thus, considering the molecular basis of HIF-1α activity, an 275 



 

18 
 

HIF-1α inhibitor is also an attractive drug. Indeed, we identified an HIF-1α inhibitor, 276 

chetomin, as a promising anti-lymphoma drug candidate with an IC50 of 1.3 nM 277 

(Supplemental Table 1). However chetomin could not be applied to humans due to 278 

severe toxicity.[36, 37] The development of tumor specific HIF-1α inhibitor, which has 279 

a reduced off-target effect compared to chemotin, is warranted. 280 

 In the present study, using a drug screening method we found that emetine 281 

might be a promising drug against MYC-associated intractable DLBCL. We believe that 282 

targeting the tumor microenvironment is a potentially promising strategy for the 283 

treatment of current refractory diseases. However, careful interpretation of potential 284 

clonal selection and/or evolution of tumor cells during development of the CAF and 285 

PDX models are required. The CAF that we used in this study were not derived from 286 

the same patient whose tumor cells we evaluated. Mutual interaction between CAF and 287 

tumor cells might differ compared to when both CAF and tumor cells are derived from 288 

the same patient. Moreover we only evaluated the interaction of tumor cells with CAF 289 

in this study. Needless to say, the tumor microenvironment also includes other cells 290 

such as T cells, B cells, macrophages, and fibroblast dendritic cells. Thus, we could 291 

only study some of the interactions of tumor cells with the tumor microenvironment. 292 

Nevertheless, a search for effective drugs through a screening method that uses primary 293 
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tumor samples and/or tumor cells from the PDX model might be a quite promising 294 

avenue for the development of a novel treatment strategy against intractable disease. 295 

Validation of the effectiveness of the drug identified in this study is warranted in order 296 

to confirm the utility of our method.  297 
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MATERIALS AND METHODS 298 

Patient samples 299 

All patient samples were collected from patients diagnosed with lymphoma and were 300 

used experimentally after obtaining written informed consent. The study protocol for the 301 

experimental use of patient samples and information was approved by the institutional 302 

review board of Nagoya University Hospital and complied with all provisions of the 303 

Declaration of Helsinki and the Ethical Guidelines issued by the Ministry of Health, 304 

Labour and Welfare in Japan. 305 

 306 

Establishment of PDX cells and CAF 307 

PDX cells were established as described previously.[24, 38] In brief, to develop 308 

xenograft mouse models, 1.0 × 106 ~ 5.0 × 106 of tumor cells from patients 309 

pathologically diagnosed with DLBCL were transplanted intravenously into 310 

NOD/Shi-scid IL2Rγnull (NOG) mouse (purchased from the Central Institute for 311 

Experimental Animals, Tokyo, Japan). To suppress the proliferation of human T cells 312 

from the patient tumor in NOG mice, 100 μg of OKT3, an anti-CD3 monoclonal 313 

antibody (mAb), were also injected intraperitoneally (BioLegend, San Diego, CA, 314 

USA). The engraftment of lymphoma cells was investigated using flow cytometry and 315 
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pathological specimens. All the animal experimental procedures complied with the 316 

Regulations on Animal Experiments in Nagoya University.  317 

CAFs were established as follows. A fresh patient lymph node sample was 318 

mashed to obtain a cell suspension for subsequent diagnostic analyses. The residue was 319 

then loosened in 0.25% trypsin-ethylendiaminetetraacetic acid solution and cultured in 320 

Iscove’s Modified Dulbecco’s Medium (IMDM) (Sigma-Aldrich, St. Louis, MO, USA) 321 

supplemented with 10% fetal bovine serum (FBS) (Gibco in Thermo Fisher Scientific, 322 

Waltham, MA, USA). Of the various types of cells in this culture, only the 323 

spindle-shaped adherent cells survived for more than several months. These 324 

spindle-shaped adherent cells show the expression of α-SMA positive and CD31 325 

negative. Since such adherent cells were not established from benign disease samples, 326 

these patient-derived adherent cells were regarded as CAF. These CAF were maintained 327 

in the above-mentioned culture condition by subculture once a week. 328 

 329 

Drugs, compound library and cell lines 330 

Emetine dihydrochloride hydrate and menadione were purchased from Sigma-Aldrich. 331 

Reduced-form glutathione (GSH), 4-hydroperoxy cyclophosphamide and CoCl2 were 332 

purchased from Wako Pure Chemical Industries (Osaka, Japan), Toronto Research 333 
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Chemicals (Toronto, Canada) and Kanto Chemical (Tokyo, Japan), respectively. Library 334 

compounds mainly consisting of off-patent drugs and pharmacologically active reagents 335 

were provided by the Drug Discovery Initiative (The University of Tokyo, Tokyo, 336 

Japan) as described previously.[24]. SU-DHL4, SU-DHL10, OCI-Ly3 and OCI-Ly10 337 

cell lines were kindly provided by Dr. Kunihiko Takeyama (Dana Farber Cancer 338 

Institute, Boston, MA, USA) within the context of collaboration. BLS4 cells were 339 

kindly provided by Dr. Tomoya Katakai (Niigata University, Niigata, Japan). SU-DHL6, 340 

Raji and Daudi cell lines were obtained from the ATCC (Manassas, VA, USA). The 341 

RRBL-1 cell line was established in our laboratory.[39] 342 

 343 

Cell proliferation assays 344 

To evaluate cell proliferation, the cells were seeded in six-well plates (5 × 104 cells per 345 

well) and were cultured at 37 °C in a 5% CO2 incubator. Cell numbers were counted 346 

every 24-48 h over a 7 day period. Cell counts were accurately measured with the TC20 347 

automated cell counter (Bio-Rad, Hercules, CA, USA). For the WST-8 assay, the cells 348 

were seeded in 96-well plates and were cultured for 72 h. Ten microliters of the Cell 349 

Counting Kit-8 reagent (Dojindo Laboratory, Kumamoto, Japan) was then added into 350 

each well and fluorescence was evaluated at 450 nM using the GloMax®-Multi 351 
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Detection System (Promega, Madison, WI, USA). 352 

 353 

Cell death and cell cycle assessment 354 

To evaluate the cell death of tumor cells co-cultured with CAF, we assessed cell death 355 

using an image analyzer as reported previously.[24] In brief, 1 × 103 CAF were placed 356 

in 96-well plates and were incubated for 24 h. Subsequently, 3 × 104 tumor cells were 357 

added into each well and the cells were co-cultured for 24 h. The appropriate drug was 358 

then added into each well, and, after 48 h incubation, total and dead cells were stained 359 

with Hoechst 33342 and 15 μg/ml of propidium iodide (PI). Dead lymphoma cells were 360 

selectively counted with an Array Scan VTI HCS Reader (Thermo Fisher Scientific). To 361 

evaluate cell death of mono-cultured tumor cells, a PI and Annexin V-fluorescein 362 

isothiocyanate (FITC) assay was performed as described in detail previously.[40, 41] In 363 

brief, cells were seeded in 96-well plates, were incubated with the required drugs for 48 364 

h and were then stained with 10 μg/mL PI and 10 μg/mL Annexin V-FITC for 15 min at 365 

room temperature in the dark. Cell death was assessed using flow cytometry 366 

(FACSCalibur, BD, Franklin Lakes, NJ, USA) and was analyzed using FlowJo Version 367 

7.6.5 software (TreeStar, Ashland, OR, USA). For cell cycle assessment, cells were 368 

assessed using the hypotonic PI assay that was described in detail previously.[40] Cells 369 
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were incubated with the appropriate drugs for 12 h, were then washed and re-suspended 370 

in phosphate-buffered saline (PBS) containing 0.2% Triton X-100 and 50 μg/mL PI 371 

before analysis using flow cytometry. Data were analyzed with ModFit LT cell-cycle 372 

analysis software (Verity Software House, Topsham, ME, USA). 373 

 374 

Drug screening   375 

To extract effective anti-tumor drugs from library compounds through high-throughput 376 

drug screening, we assessed cell death based on co-culture methods using CAF as 377 

mentioned above. For this screening, 2 µM of one of the 3,440 library compounds was 378 

added into each well and was incubated for 48 h. All screenings were performed with 379 

Z’-factors > 0.5 and coefficient of variation values < 10%, demonstrating the suitability 380 

for screening. The effect of each library compound on tumor proliferation on CAF was 381 

measured using the WST-8 assay as described above. 382 

 383 

Measurement of tumor metabolic products   384 

ROS production was assessed using a fluorogenic probe (CellRox Deep Red Reagent, 385 

Thermo Fisher Scientific) as described previously.[24] Adenosine triphosphate (ATP) 386 

concentration was assessed using the Colorimetric ATP Assay Kit (Abcam, Cambridge, 387 
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UK). ATP generation was normalized by the number of cells. The GSH concentration 388 

was calculated using the GSH-Glo Assay kit (Promega). Cellular NADPH contents 389 

were determined by a colorimetric determination method using an NADP/NADPH 390 

determination kit (Biovision, Milpitas, CA, USA). Mitochondrial membrane potential 391 

was measured by using the JC-1 Mitochondrial Membrane Potential Assay Kit (Cayman 392 

Chemical, Ann Arbor, MI, USA). All procedures were conducted according to the 393 

manufacturer's instructions. 394 

 395 

Immunoblotting 396 

Immunoblotting was performed as described previously.[40] In brief, cells were treated 397 

with the indicated drug and lysed. Samples were separated by sodium dodecyl sulfate 398 

polyacrylamide gel electrophoresis and transferred to polyvinyldene difluoride 399 

membranes that were then blocked with 5% skimmed milk in TBS-Tween buffer (50 400 

mM Tris-HCL [pH 7.4], 150 mM NaCl and 0.05% Tween 20). Immunoblotting was 401 

carried out using primary antibodies (Supplementary Table 3) and signals were detected 402 

with the appropriate horseradish peroxidase–conjugated second antibodies. Images were 403 

visualized with the LAS-4000 mini image analyzer (Fujifilm, Tokyo, Japan) and 404 

analyzed with MultiGauge software (Fujifilm).  405 
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 406 

Quantitative real-time reverse transcriptase (RT)-PCR analysis 407 

RNA was extracted from cell lysates (RNeasy Mini Kit, Qiagen, Venlo, Netherlands) 408 

and complementary DNA was prepared with SuperScript II Reverse Transcriptase and 409 

random primers (Thermo Fisher Scientific). Quantitative PCR analysis was conducted 410 

as previously described.[42] Quantitative RT-PCR analysis of the expression of 411 

GLUT-1 was performed with 40 cycles of two-step PCR (15 seconds at 95 °C and 60 412 

seconds at 60 °C) after initial denaturation (50 °C for 2 min and 95 °C for 10 min) using 413 

an Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems in Thermo 414 

Fisher Scientific). Data were normalized by the amount of HPRT1 mRNA using 415 

gene-specific primers (Supplementary Table 4). 416 

 417 

Pathological analyses, immunohistochemical staining and fluorescence in-situ 418 

hybridization 419 

The FFPE tissues of patient and mouse samples were evaluated using routine HE and 420 

IHC staining. Chromosomal G-banding was performed by the LSI Medience 421 

Corporation (Tokyo, Japan). Break-apart of the chromosome at MYC and BCL2 genes 422 

was also routinely evaluated by FISH analysis that was performed in our pathology 423 
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department. L26 (Dako, Glostrup, Denmark) was used as the mAb targeting CD20. IHC 424 

for CD20 was performed as described previously.[38] For IHC of α-SMA (Dako) and 425 

Ki-67 (Dako), after deparaffinization and rehydration of the sections, antigen retrieval 426 

was performed in Target Retrieval Solution, Citrate pH 6 (Dako) for 15 minutes at 427 

98 °C using a microwave oven and for 5 minutes at 121 °C using an autoclave, 428 

respectively. The sections were subsequently incubated with primary antibody at 4 °C 429 

overnight followed by the addition of biotin-conjugated secondary antibody for 2 h at 430 

room temperature. Staining was activated by addition of the avidin-biotin complex 431 

(ABC). Horseradish peroxidase activity was detected with 3, 3-diaminobenzidine 432 

tetrahydrochloride (DAB). The specimens were observed with an Olympus BX51 N-34 433 

(Olympus, Tokyo, Japan), and the photographs were taken with a BZ9000 (Keyence, 434 

Osaka, Japan). All pathological specimens were reviewed by hematopathologists (S.S. 435 

and S.K.) according to the current WHO classification. 436 

 437 

In vivo studies 438 

To evaluate the anti-lymphoma effect of emetine in vivo, 1 × 107 tumor cells from 439 

patient #1 together with 2 × 105 CAF were subcutaneously inoculated into the flank of 440 

NOD/SCID mice (purchased from CLEA Japan Inc. Tokyo, Japan). To suppress the 441 
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proliferation of human NK cells from the patient’s tumor in NOD/SCID mice, 500 μg of 442 

anti-asialo ganglio-N-tetraosylceramide (GM1) rabbit polyclonal antibody were also 443 

injected intraperitoneally (Wako Pure Chemical Industries). Treatment was initiated 444 

when the inoculated tumors reached a size of at least 100 mm3, defined as day 0. Seven 445 

mice were randomly divided into control and emetine treatment groups according to 446 

tumor volume. Mice were intraperitoneally treated daily with vehicle or 10 mg/kg/day 447 

of emetine for 7 days. Tumor volume was measured every day and was calculated using 448 

the following formula: Tumor volume (mm3) = (d2 × D)/2, where D (mm) and d (mm) 449 

are the longest and shortest diameters of the tumor, respectively. 450 

 451 

Statistical analysis 452 

All quantitative results are presented as the mean ± standard error of the mean taken 453 

from two or three independent experiments. The statistical significance of in vitro 454 

experiments was evaluated by an unpaired t-test or by two-way ANOVA, and P < 0.05 455 

was considered significant. Regarding in vivo analyses, the results were analyzed with 456 

repeated measure ANOVA with Tukey’s multiple comparisons test to determine 457 

statistical significance at a significance level of P < 0.05. All statistical analyses were 458 

performed using GraphPad Prism Version 6 (GraphPad Software Inc., La Jolla, CA).  459 
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FIGURE LEGENDS 631 

Figure 1. Establishment of ex vivo culture of primary lymphoma cells using CAF. 632 

(A) Pathological specimens of lymph node samples of intractable DLBCL patients (#1 633 

and #2). HE staining (a), L26 immunostaining (b), split FISH assays for BCL2 probes 634 

(c) and for MYC probes (d) are shown. (B) Viability of lymphoma cells at 48 h after 635 

initiation of co-culture with or without CAF. A bar graph of relative cell viability under 636 

each culture condition is shown. Each point represents the mean value taken from three 637 

representative independent experiments. Error bars indicate SEM. Asterisks indicate the 638 

P value as follows; * P < 0.05; ** P < 0.01; **** P < 0.0001. (C) Long-term ex vivo 639 

culture of lymphoma cells. Lymphoma cells of patients #1 and #2 were cultured with or 640 

without CAF. Each point represents the mean value taken from three representative 641 

independent experiments. Error bars indicate SEM. (D) ATP levels were measured in 642 

lysates from lymphoma cells (#2) cultured with or without CAF. Each point represents 643 

the mean value taken from three representative independent experiments. Error bars 644 

indicate SEM. Asterisks indicate the P value as follows; ** P < 0.01 (E) Whole cell 645 

lysates of tumor cells (#2) were obtained at 48 h after initiation of the co-culture with or 646 

without CAF. Immunoblotting was performed for HK2, PDK1 and LDHA. Tubulin was 647 

blotted as a loading control. 648 
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 649 

Figure 2. High-throughput drug screening for intractable lymphoma. (A) The 650 

scheme of the drug screening method is shown. Library compounds were added to 651 

lymphoma cells that were co-cultured with CAF on 96-well plates. After 48 h, the 652 

viability of the lymphoma cells was analyzed using an image analyzer. (B) Results of 653 

the drug screening are shown. All compounds were plotted on a scattergram in which 654 

the relative viability of lymphoma cells and of CAF were indicated on the Y-axis and 655 

X-axis, respectively. Emetine is indicated as a red square. The gray line indicates a 656 

relative viability value of 0.5. (C) The chemical structural formula of emetine is shown. 657 

(D) Dose-dependent anti-lymphoma effects of emetine. The death of lymphoma cells 658 

from patient #1 (circles, solid line) and #2 (squares, dotted-line) that were co-cultured 659 

with CAF in the presence of various concentrations of emetine for 48 h is shown. Each 660 

point represents the mean value for three independent experiments. Error bars represent 661 

SEM. 662 

 663 

Figure 3. The mechanism of action of emetine on CAF. (A) Fluorescent microscopic 664 

analysis of lymphoma cells and CAF treated with emetine. Lymphoma cells (#2) 665 

co-cultured with CAF were assessed after treatment with 2 µM emetine for 48 h. Live 666 

and dead cells stained with Calcein-AM (green) and PI (red), respectively, are shown. 667 
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(B) ATP production in lymphoma cells co-cultured with emetine-pre-treated CAF. The 668 

scheme of the experiment is shown at left. ATP levels were assessed in lysates from 669 

lymphoma cells (#2) (3 × 104 cells per well) co-cultured with non-treated (Control) CAF 670 

or with CAF that were treated with emetine (3 × 103 cells per well, 0.5 μM, for 48 h) 671 

prior to initiation of the co-culture. Each point represents the mean value taken from 672 

three independent experiments. Error bars indicate SEM. (C) Assessment of the death 673 

of lymphoma cells co-cultured with non-treated or emetine-pre-treated CAF. The 674 

scheme of the experiment is shown at left in (B) The death of lymphoma cells (#1 and 675 

#2) was assessed 48 h after co-culture with non-treated or emetine-pre-treated CAF. 676 

Each point represents the mean value taken from two independent experiments. Error 677 

bars indicate SEM. Asterisks indicate the P value as follows; * P < 0.05; ** P < 0.01. 678 

(D) Relative gene expression of the glucose transporter GLUT1. RNA was extracted 48 679 

h after co-culture of lymphoma cells (#2) with non-treated or emetine-pre-treated CAF, 680 

and relative mRNA expression of GLUT1 was then assessed using quantitative RT-PCR. 681 

Each point represents the mean value taken from two independent experiments. Error 682 

bars indicate SEM. Asterisks indicate the P value as follows; ** P < 0.01. (E) 683 

Intracellular GSH concentration of lymphoma cells (#2) co-cultured with non-treated 684 

(control) or emetine-pre-treated CAF, or cultured as a monoculture (No CAF). Each 685 
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point represents the mean value taken from three independent experiments. Error bars 686 

indicate SEM. Asterisks indicate the P value as follows; * P < 0.05 (F) Escape from the 687 

anti-tumor effect of emetine by the addition of GSH into the culture medium. Cell death 688 

of lymphoma cells (#1, left and #2, right) co-cultured with CAF in the presence of 689 

various concentrations of emetine supplemented with (squares, dotted-line) or without 690 

(circles, solid line) 2 mM GSH for 48 h is shown. Each point represents the mean value 691 

taken from three independent experiments. Error bars indicate SEM. 692 

 693 

Figure 4. The mechanism of action of emetine on tumor cells. (A) Cell death of 694 

tumor cells (#2) co-cultured with CAF treated with emetine. Representative results of 695 

FACS analysis of the death of control cells and of cells treated with 0.5 μM emetine for 696 

48 h are shown. (B) Immunoblotting analysis of HIF-1α. Whole cell lysates of 697 

lymphoma cells (#1) were obtained 24 h after treatment with 100 μM CoCl2 with or 698 

without 0.5 μM emetine and were immunoblotted for HIF-1α. Tubulin was 699 

immunoblotted as a loading control. (C) Immunoblotting analysis of key glycolytic 700 

enzymes in lymphoma cells (#2) in the presence of emetine. Whole cell lysates were 701 

obtained 0, 3, 6, 12, 24, and 48 h after treatment with 0.5 μM emetine and were 702 

immunoblotted for HK2, PDK1 and LDHA. Tubulin was immunoblotted as a loading 703 
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control. (D, E, F, G) Alteration of glucose metabolism of lymphoma cells (#2) in the 704 

presence of emetine. (D) (left) ATP production in lymphoma cells treated with emetine. 705 

Cell lysates were obtained 24 h after treatment of the co-culture of lymphoma cells with 706 

CAF with 0.5 μM emetine, and ATP production was then assessed relative to control. 707 

(right) Gene expression of the glucose transporter, GLUT1 in lymphoma cells treated 708 

with emetine. RNA was extracted 12 h after treatment of the co-culture of lymphoma 709 

cells with CAF with 0.5 μM emetine, following which GLUT1 mRNA expression 710 

relative to control was assessed using quantitative RT-PCR. (E) The intracellular 711 

NADPH/NADP ratio in lymphoma cells treated with 0.5 μM emetine for 24 h is shown. 712 

(F) (left) The intracellular GSH concentration of lymphoma cells treated with 0.5 μM 713 

emetine for 24 h is shown. (right) The mitochondrial membrane potential (ΔΨM) of 714 

lymphoma cells treated with 0.5 μM emetine for 12 h is shown. Lymphoma cells were 715 

labeled with JC-1 reagents and were analyzed using a flow cytometer. The percentage 716 

of low ΔΨM cells was plotted on a bar graph. (G) ROS production of non-treated 717 

lymphoma cells (charcoal gray bars) or lymphoma cells treated with 0.5 μM emetine for 718 

24 h (gray bars) or with 50 μM Menadione, which was used as a ROS inducer, for 3 h 719 

(pale gray bars) is shown. ROS production was measured using CellROX Green 720 

Oxidative Stress Reagents and is plotted on a bar chart. For D-G, each point represents 721 
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the mean value taken from two (D) or three (E, F, G) independent experiments. Error 722 

bars indicate SEM. Asterisks indicate the P value as follows; *P < 0.05, **P < 0.01, 723 

***P < 0.001. (H) Scheme of the proposed mechanism of action of emetine. Emetine is 724 

proposed to induce apoptosis via alteration of glucose metabolism including glycolysis 725 

and the pentose phosphate pathway (PPP). 726 

 727 

Figure 5. In vivo effect of emetine on intractable lymphoma cells. (A) The scheme 728 

of the experiment is shown. A mixture of 1 × 107 lymphoma cells (#1) and 5 × 106 CAF 729 

cells was subcutaneously inoculated into NOD/SCID mice. Mice were treated daily 730 

with emetine (N = 7) or vehicle (N = 7) intraperitoneally for 7 days. Tumor volume was 731 

measured and the mice were killed and analyzed on day 7. (B) Tumor volumes of 732 

emetine (dotted-line) and control (solid line) treated mice were plotted on a line chart. 733 

Error bars indicate SEM. Asterisks indicate the P value as follows; *P < 0.05. (C) 734 

Representative photographs of a vehicle treated mouse (left), an emetine-treated mouse 735 

(center), and resected tumors (right) on day 7 are shown. (D) Representative HE 736 

staining of pathological specimens of mice killed on day 7 after initiation of treatment is 737 

shown. Mitotic cells observed in the control specimen are highlighted by yellow 738 

arrowheads (left). Degenerative cells observed in the emetine treated specimen are 739 
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highlighted by red arrowheads (right). Original magnification × 400, using a Keyence 740 

BZ9000. (E) Assessment of the death of lymphoma cells derived from DLBCL with 741 

MYC rearrangement. The viability of lymphoma cells from patient #3 (circles, solid 742 

line), #4 (squares, dashed line), and #5 (triangles, dotted-line) that were co-cultured with 743 

CAF in the presence of various concentrations of emetine for 48 h is shown. Each point 744 

represents the mean value for three independent experiments. Error bars represent SEM. 745 



0 1 2 3 4 5 6 7

A

#2

#1

B

D

C

0

20

40

60

80

100

0.01

0.1

1

10
R

el
at

iv
e 

liv
e 

ce
ll 

co
un

t

Days

Vi
ab

ilit
y 

(%
)

#1
 w

ith
 C

AF

#1
 w

ith
ou

t s
tro

ma

#1
 w

ith
 BLS

4

#2
 w

ith
 C

AF

#2
 w

ith
ou

t s
tro

ma

#2
 w

ith
 BLS

4

E

0
0.2
0.4
0.6
0.8

1
1.2

R
el

at
iv

e 
AT

P

CAF (+) CAF (-)

(a) HE (b) L26

(a) HE (b) L26

(c) BCL2 (d) MYC

(c) BCL2 (d) MYC

+ -Stroma

Tubulin

HK2

PDK1

LDHA

102

m/kDa

60

37

52

**

*

** ****

#1 with CAF
#1 without CAF
#2 with CAF
#2 without CAF

Figure 1



-2 -1 0 1 2
0

50

100

150

log (Emetine) (µM)

Stroma

PDX cells

#2 
Stroma

#1 

Primary 
tumor cells 

Day 1

Day 3

Dead cell counting by image analyzerDay 5

Library 
compounds
(3440)

Library 
compounds
(99)48 hours

A B

0

0.5

1

1.5

0 0.5 1 1.5 2
0

0.5

1

1.5

0 0.5 1 1.5

R
el

at
iv

e 
Vi

ab
ilit

y 
va

lu
e

   
   

 o
f t

um
or

 c
el

ls

Emetine

#1 #2

C D

#1 (IC50 = 312nM) 
#2 (IC50  = 506nM)

N
um

be
r o

f l
iv

in
g 

ce
lls

 
   

   
   

(%
 c

ou
nt

)

Figure 2

Relative Viability value of stroma cells



-2 -1 0 1 2
0

50

100

150

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

A

100μm

B

R
el

at
iv

e 
AT

P 
pr

od
uc

tio
n

Control    Emetine
treated CAF

DC

Day1
Stroma

Day2

Day3

Day5
Annexin V and PI assay

Emetine

removal the 
supernatant

Tumors

0

20

40

60

80

100

Vi
ab

ilit
y 

(%
)

Pt
 #

1 
co

nt
ro

l

Pt
 #

2 
co

nt
ro

l
Pt

 #
2 

em
et

ine

   
tre

at
ed

 C
AF

Pt
 #

1 
em

et
ine

   
tre

at
ed

 C
AF

R
el

at
iv

e 
G

LU
T1

 e
xp

re
ss

io
n

E

0
0.2
0.4
0.6
0.8

1
1.2
1.4

R
el

at
iv

e 
G

SH
 c

on
ce

nt
ra

tio
n

Control    Treated 
      CAF

  No
 CAF

F
*

*

#1 

IC50 = 2.2μM

IC50 = 312nM

-2 -1 0 1 2
0

50

100

150

log (Emetine) (µM)

#2 
#2 with GSH 

IC50 = 2.4μM

IC50 = 506nM

Control    Emetine
treated CAF

* **

**

**

N
um

be
r o

f l
iv

in
g 

ce
lls

   
   

   
(%

 c
ou

nt
)

#1 with GSH 

log (Emetine) (µM)

Figure 3



0

0.2

0.4

0.6

0.8

1

1.2

0

1.2

-
+

Tubulin

HIF-1

m/kDa

120

52

0 3 6 12 24 48Time (h)

Tubulin

HK2

D

PDK1

LDHA

102
m/kDa

60

37

52

C

G

R
el

at
iv

e 
AT

P 
pr

od
uc

tio
n

R
el

at
iv

e 
N

AD
PH

 ra
tio

Control Emetine

E

**

R
el

at
iv

e 
G

SH
 c

on
ce

nt
ra

tio
n

F

Control Emetine
0

20

40

60

80

Control Emetine

ΔΨ
Μ

 lo
w

 c
el

ls
 (%

)

0

1

2

3

4

R
el

at
iv

e 
R

O
S 

ge
ne

ra
tio

n

Emetine

Menadione

-
-

*

***

R
el

at
iv

e 
G

LU
T1

 e
xp

re
ss

io
n

- +

+    -

CoCl2

-
+
-

+

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

Control Emetine Control Emetine

0

20

40

60

80

100 ***

***

0

0.2

0.4

0.6

0.8

1

1.2

***

**

**

84

6.73.3

6.5 29

4619

6.7

Annexin V

PI

Annexin V

PI

Control Emetine

A

H

B

Figure 4

Emetine

Emetine treatment

NADPH

GSH
ROS

Apoptosis

PPP

Glycolysis

GLUT1
Energy production

  MYC (+)
Lymphoma

Stroma Stroma

Glycolysis

Chemoresistance

No treatment

metabolic shift

HIF1
HIF1 MYC

MYC

PDK1
PDK1

HK2
HK2



Control Emetine

A

Day0 Day7Injection

CAF

#1 PDX cells

Emetine Treatment

Analyses

B

0

200

400

600

800

1000

1200

1400

0 2 4 6 7

Tu
m

or
 V

ol
um

e 
(m

m
3 )

Day

C

D

P < 0.05*

Control Emetine

Control Emetine

E

N
um

be
r o

f l
iv

in
g 

ce
lls

   
   

   
(%

 c
ou

nt
)

＃3 (IC50 = 810nM) 
＃4 (IC50  = 367nM)
＃5 (IC50  = 840nM)

Log (Emetine) (nM)
0 1 2 3 4 5

0

50

100

150

Figure 5



Table 1. Characteristics of DLBCL patients #1 and #2 

Name #1 #2 
Origin of cells LN PB 

Age 29 75 
MYC 

rearrangement 
+ + 

BCL2 

rearrangement 
- + 

MYC protein in 

IHC 
- + 

BCL2 protein in 

IHC 
+ + 

CNS invasion + + 
1st line 

treatment  
DA-EPOCH-R R-CHOP 

Response PD PR 
Overall Survival 

(Mo) 
5 31 

Progression-fre

e Survival (Mo) 
1 10 

Cytogenetic  

analyses 

46, XY, add(1)(q21), add 
(3)(p13), 

add(4)(p16), ?t(8;22)(q24;q11.
2), add(17)(p11.2) 

48, XX, +X, add(1)(p36.1), add 
(5)(q31),add(7)(q22), 

t(8;14)(q24;q32), del(13)(q?), 
t(14;18)(q32.q21),+der(18)t(14;18),-

22, -22, +der(?)t(?.q21),+mar1 
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