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ABSTRACT 46 

DNA damage resistance is a major barrier to effective DNA-damaging therapy in 47 

multiple myeloma (MM). To discover novel mechanisms through which MM cells 48 

overcome DNA damage, we investigated how MM cells become resistant to antisense 49 

oligonucleotide (ASO) therapy targeting ILF2, a DNA damage regulator that is 50 

overexpressed in 70% of MM patients whose disease has progressed after standard 51 

therapies have failed. Here, we show that MM cells undergo an adaptive metabolic 52 

rewiring and rely on oxidative phosphorylation to restore energy balance and promote 53 

survival in response to DNA damage activation. Using a CRISPR/Cas9 screening 54 

strategy, we identified the mitochondrial DNA repair protein DNA2, whose loss of 55 

function suppresses MM cells’ ability to overcome ILF2 ASO-induced DNA damage, as 56 

being essential to counteracting oxidative DNA damage and maintaining mitochondrial 57 

respiration. Our study revealed a novel vulnerability of MM cells that have an increased 58 

demand for mitochondrial metabolism upon DNA damage activation. 59 

  60 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 22, 2023. ; https://doi.org/10.1101/2023.02.22.529457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.22.529457


 4 

STATEMENT OF SIGNIFICANCE 61 

Metabolic reprogramming is a mechanism through which cancer cells maintain survival 62 

and become resistant to DNA-damaging therapy. Here, we show that targeting DNA2 is 63 

synthetically lethal in myeloma cells that undergo metabolic adaptation and rely on 64 

oxidative phosphorylation to maintain survival after DNA damage activation.  65 
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INTRODUCTION 66 

The prevalence of multiple myeloma (MM), already the second most common 67 

hematological malignancy worldwide, will grow by almost 60% by 2030, making the 68 

disease an increasingly important public health challenge1. In the last decade, MM 69 

patients’ clinical outcomes have significantly improved owing to the introduction of novel 70 

agents, which have doubled these patients’ overall median survival duration. However, 71 

the expected survival duration for patients with higher-risk disease is still only about 2–3 72 

years2, likely because available agents were developed without a clear understanding of 73 

the pathobiology underlying this aggressive phenotype. 74 

The 1q21 amplification, which occurs in approximately 30% of de novo MMs, is 75 

among the most frequent chromosomal aberrations in MM patients and is considered a 76 

very high-risk genetic feature related to disease progression and drug resistance3. The 77 

1q21 amplification can be detected in up to 70% of patients as they develop relapsed 78 

and then refractory disease, likely because of the positive selection of a plasma cell 79 

clone that previously made up a minor fraction of the tumor bulk and/or the acquisition 80 

of new genetic alterations due to genomic instability. Among patients with the 1q21 81 

amplification who have relapsed the median overall survival duration is a dismal 9 82 

months4-6.  83 

In our previous studies, we identified the interleukin enhancer binding factor 2 gene, 84 

ILF2, as a key modulator of the DNA repair pathway in MM. ILF2 overexpression, driven 85 

by 1q21 amplification, promotes adaptive responses to DNA damage in a dose-86 

dependent manner, which explains why MM patients with the 1q21 amplification benefit 87 

less from high-dose chemotherapy than patients without the amplification. 88 
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Mechanistically, high ILF2 levels promoted resistance to genotoxic agents by 89 

modulating mRNA processing and stabilization of transcripts involved in DNA repair 90 

pathways in response to DNA damage7,8. These results supported the development of 91 

strategies for blocking ILF2 signaling to enhance the effectiveness of current therapeutic 92 

approaches based on DNA-damaging agents in 1q21-amplified MM.  93 

Here, we used antisense oligonucleotides (ASOs) to determine the feasibility of 94 

therapeutically targeting ILF2 and discover novel mechanisms through which MM cells 95 

overcome DNA damage activation and become resistant to therapeutic interventions 96 

affecting DNA repair pathways.  97 

 98 

RESULTS 99 

ILF2 ASOs induce DNA damage activation and enhance MM cells’ sensitivity to 100 

DNA-damaging agents  101 

To deplete ILF2 in 1q21 MM cells, we developed ILF2 ASOs with constrained ethyl 102 

chemistry, which induces improved stability, RNA affinity, and resistance against 103 

nuclease-mediated metabolism, resulting in a significantly improved tissue half-life in 104 

vivo and a longer duration of action9,10.  105 

To identify potential toxicities that could arise from ILF2 inhibition in healthy tissues, 106 

we injected ASOs targeting mouse Ilf2 into male Balb/c mice (Supplementary Table S1). 107 

We did not observe either consistent histopathological or biochemical ASO-induced 108 

alterations, which suggests that Ilf2 depletion does not induce on-target toxicity (Fig. 109 

1A).  110 
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We then screened about 300 ASOs targeting human ILF2 and performed a dose-111 

response confirmation for the 5 most effective ILF2 ASOs in the MM cell line JJN3. The 112 

ILF2 ASO 1146809 (09), which elicited the best dose response and had an acceptable 113 

tolerability profile in mice was selected for functional validation studies in MM cells 114 

(Supplementary Fig. S1A, S1B, and Supplementary Table S1). To determine the 115 

biological effect of ILF2 ASOs on MM cells, we treated the 1q21-amplified MM cell lines 116 

KMS11 and JJN3 with increasing concentrations of non-targeting (NT) ASOs and ILF2 117 

ASOs. We observed that ILF2 depletion was associated with significant γH2AX foci 118 

accumulation (Fig. 1B), apoptosis (Supplementary Fig. S1C), and inhibition of cell 119 

proliferation (Supplementary Fig. S1D), which is consistent with our previous findings 120 

using shRNAs targeting ILF27.  121 

To determine the role of ILF2 in the regulation of the DNA damage response in MM 122 

cells, we evaluated whether ASO-mediated ILF2 depletion increased MM cells’ 123 

sensitivity to DNA-damaging agents routinely used in the treatment of MM. Employing 124 

melphalan to induce DNA double-strand breaks, we found that ILF2 ASO-treated MM 125 

cells exposed to melphalan for 6 hours had increased γH2AX induction and caspase 3 126 

activation as compared with NT ASO–treated MM cells exposed to melphalan (Fig. 1C). 127 

These results aligned with the significant increase in the number of annexin+ ILF2 128 

ASO-treated MM cells that we observed when the treatment with melphalan was 129 

extended to 48 hours (Supplementary Fig. S1E). We also observed that ILF2 depletion 130 

sensitized MM cells to bortezomib (Fig. 1D; Supplementary Fig. S1F), which is 131 

consistent with previous findings showing that bortezomib impairs homologous 132 

recombination11, thus enhancing the effect of ILF2 depletion on the ability of MM cells to 133 
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repair DNA damage7. Similar data were obtained using the MM cell lines MM1R 134 

(Supplementary Fig. S1G, S1H, and S1I), H929 (Supplementary Fig. S1J and S1K), 135 

and RPMI-8226 (Supplementary Fig. S1L and S1M). 136 

To validate the effectiveness of ILF2 ASOs in enhancing the effect of DNA-137 

damaging agents in vivo, we established a MM xenograft model that recapitulates the 138 

disseminated nature of MM and the features of its bone and organ metastases in 139 

humans. To this end, we transduced KMS11 cells with a lentiviral vector delivering the 140 

green fluorescent protein (GFP) ZsGreen and the luciferase reporter transgene to 141 

create GFP+Luc+ KMS11 cells, which were injected via the tail vein into sublethally 142 

irradiated NSG mice. The mice were randomized based on the level of tumor burden 143 

detected by bioluminescence imaging and injected daily with NT or ILF2 ASOs for 7 144 

days. To evaluate whether ILF2 ASOs sensitized MM cells to DNA-damaging agents, 145 

we further treated the xenografts with NT or ILF2 ASOs every other day in combination 146 

with melphalan and evaluated tumor burden at the end of the third cycle of the 147 

combination therapy (Supplementary Fig. S1N). Immunohistochemical analysis showed 148 

a 50% reduction in ILF2 levels in KMS11 cells from the bone marrow (BM) and the liver 149 

of xenografts treated with ILF2 ASOs in combination with melphalan. These data were 150 

confirmed by real-time PCR in GFP+KMS11 cells isolated from the xenografts 151 

(Supplementary Fig. S1O). Consistent with these results, ILF2 depletion was associated 152 

with increased levels of caspase 3 activation (Supplementary Fig. S1P) and reduced 153 

BM and liver tumor burden (Fig. 1E). These data suggest that even a 50% reduction in 154 

MM cells’ ILF2 levels enhances the anti-tumor effect of melphalan on MM cells in vivo.  155 

 156 
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Metabolic reprogramming mediates MM cells’ resistance to DNA damage 157 

activation 158 

DNA damage resistance is a major barrier to effective DNA-damaging therapy in 159 

MM. To evaluate whether MM cells could eventually become resistant to the DNA 160 

damage induced by ILF2 depletion, we treated JJN3, KMS11, MM1R, H929, and RPMI-161 

8226 cells with NT or ILF2 ASOs for more than 3 weeks. Whereas KMS11 (Fig. 2A), 162 

MM1R, H929, and RPMI-8226 (Supplementary Fig. S2A) maintained high levels of DNA 163 

damage activation and had significantly increased rates of apoptosis after 3 weeks of 164 

ILF2 ASO, JJN3 cells overcame ILF2 ASO-induced DNA damage activation and 165 

became resistant to ILF2 ASO treatment (Fig. 2B), which suggests that MM cells can 166 

eventually activate compensatory mechanisms to overcome the deleterious effects of 167 

DNA damage and maintain their survival.  168 

To gain insights into the molecular mechanisms by which MM cells overcome ILF2 169 

ASO-induced DNA damage activation, we performed bulk RNA sequencing (RNA-seq) 170 

analysis of ASO-treated KMS11 and JJN3 cells at early (1 week) and late (3 weeks) 171 

treatment time points (Supplementary Fig. S2B). We observed that most of the genes 172 

that were significantly downregulated in JJN3 cells (but not KMS11 cells) treated with 173 

ILF2 ASOs for more than 3 weeks, as compared with those treated for 1 week, were 174 

involved in the regulation of the DNA damage response (Supplementary Fig. S2C). To 175 

exclude the possibility that continuous ILF2 ASO exposure could lead to the selection of 176 

MM clones intrinsically resistant to ILF2 ASO-induced DNA damage, we performed 177 

single-cell RNA-seq (scRNA-seq) analysis of JJN3 cells treated with NT or ILF2 ASOs 178 

for 3 weeks (Supplementary Fig. S2D). Our analysis divided JJN3 cells into 2 main 179 
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clusters that were independent of treatment (Fig. 2C; Supplementary Fig. S2E), which 180 

suggests that persistent exposure to ILF2 ASOs did not induce clonal selection. 181 

Differential gene expression analysis of NT ASO– or ILF2 ASO-treated cells in each of 182 

these clusters revealed that the significantly upregulated genes in ILF2 ASO-treated 183 

cells were mainly involved in oxidative phosphorylation (OXPHOS), mTORC pathway, 184 

DNA repair signaling, cell cycle regulation, and reactive oxidative species (ROS; Fig. 185 

2D; Supplementary Fig. S2F). 186 

To validate these findings, we evaluated JJN3 cells’ metabolomic changes induced 187 

by long-term exposure to ILF2 ASOs. Our targeted metabolomic analysis showed that 188 

among the 33 metabolites that were increased in ILF2 ASO-treated cells, intermediates 189 

in the tricarboxylic acid cycle and pyrimidine pathways were significantly enriched (P 190 

=0.016 and P <0.001, respectively; Fig. 2E; Supplementary Fig. S2G). Consistent with 191 

this observation, ILF2 ASO–resistant JJN3 cells were significantly more sensitive to the 192 

OXPHOS inhibitor IACS-01075912 than the ILF2 ASO–sensitive cells were 193 

(Supplementary Fig. S2H). In contrast, the pyrimidine inhibitor brequinar13 could not 194 

overcome MM cells’ resistance to ILF2 ASO–induced apoptosis (Supplementary Fig. 195 

S2H). As expected, ILF2 ASO–resistant cells had significantly higher oxidative 196 

consumption rates (OCRs) than NT ASO–treated cells did. Compared with NT ASO–197 

treated cells exposed to IACS-010759, ILF2 ASO–treated cells exposed to IACS-198 

010759 had significantly lower OCRs (Supplementary Fig. S2I) and higher 199 

mitochondrial ROS production (Supplementary Fig. S2J). To evaluate whether 200 

OXPHOS inhibition could efficiently target MM cells in vivo, we established an MM 201 

xenograft model by transplanting ILF2 ASO–resistant GFP+Luc+ JJN3 cells into NSG 202 
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mice. Mice were treated with NT or ILF2 ASOs in the presence or absence of IACS-203 

010759 (Supplementary Fig. S2K). Consistent with our hypothesis, ILF2 ASO–treated 204 

mice that received IACS-010759 had a significantly longer survival duration than those 205 

that did not receive IACS-010759 (P = 0.0006; Supplementary Fig. S2L). 206 

Together, these data suggest that MM cells can undergo an adaptive metabolic 207 

rewiring to restore energy balance and promote cell survival in response to DNA 208 

damage activation.  209 

 210 

DNA2 is essential for maintaining MM cells’ survival after DNA damage–induced 211 

metabolic reprogramming 212 

We hypothesized that ILF2 ASO–resistant cells’ metabolic reprogramming relies on 213 

the repair of DNA damage induced by ILF2 depletion or by the generation of ROS from 214 

activated mitochondrial metabolism and that targeting DNA repair proteins involved in 215 

these processes could overcome MM cells’ resistance to DNA damage. To test this 216 

hypothesis, we used a CRISPR/Cas9 library screening strategy to identify DNA repair 217 

genes whose loss of function could suppress MM cells’ capability to overcome 218 

resistance to ILF2 ASO–induced DNA damage. To this end, we designed a library of 219 

pooled single-guide RNAs (sgRNAs) targeting 196 genes involved in DNA repair 220 

pathways and DNA damage response regulation and cloned these sgRNAs into the 221 

pLentiGuide-Puro lentiviral vector (Supplementary Table S2). We infected Cas9-222 

transduced JJN3 and KMS11 MM cells using a multiplicity of infection < 0.3 to ensure 223 

that each MM cell was transduced by only 1 sgRNA. A representative portion of the total 224 

cells was collected 48 hours after the transduction and used as a reference sample. 225 
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Cells were selected with puromycin and treated with NT or ILF2 ASOs for 3 weeks 226 

before collection (Fig. 3A; Supplementary Fig. S3A). To identify ILF2 ASO sensitizer 227 

genes (genes whose sgRNAs were negatively selected in only ILF2 ASO–treated cells), 228 

we used deep sequencing of the sgRNA barcodes and the drugZ algorithm14 to assess 229 

differences in the representation of all sgRNAs between NT ASO– and ILF2 ASO–230 

treated cells across the 3 sets of experiments (Supplementary Fig. S3B). As expected, 231 

sgRNAs targeting essential genes were depleted in both NT ASO– and ILF2 ASO–232 

treated JJN3 and KMS11 cells (Supplementary Fig. S3C). Compared with those in NT 233 

ASO–treated cells, sgRNAs targeting MMS19, DNA2, and DDB1 were significantly 234 

depleted in ILF2 ASO–treated JJN3 cells but not in KMS11 cells after 3 weeks of 235 

treatment (P <0.01; Fig. 3B; Supplementary Fig. S3D), suggesting that the MMS19, 236 

DNA2, and DDB1 repair proteins may have roles in promoting resistance to ILF2 237 

depletion.  238 

Among these 3 DNA repair proteins, the nuclease/helicase DNA2, which is localized 239 

in the mitochondria but not in the nuclei of MM cells (Fig. 3C and Supplementary Fig. 240 

S3E), was the only druggable target15. Higher levels of DNA2 expression were 241 

correlated with 1q21 amplification (Supplementary Fig. S3F) and poorer progression-242 

free survival in MM patients treated with high-dose melphalan followed by tandem 243 

autologous transplantation (Fig. 3D), proteasome inhibitors (PIs) alone or in 244 

combination with other therapies but not in those treated with immunomodulatory drugs 245 

(Supplementary Fig. S3G). Based on these correlative observations, we hypothesized 246 

that targeting DNA2 ultimately overcomes DNA damage-induced metabolic 247 

reprogramming.  248 
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To test this hypothesis, we used the specific DNA2 activity inhibitor NSC105808 249 

(NSC)16. We confirmed that targeting DNA2 activity overcame resistance to ILF2 ASOs 250 

and induced MM cell death in vitro (Supplementary Fig. S3H) by inducing apoptosis 251 

(Fig. 3E). Importantly, NSC did not induce DNA damage in MM cells (Fig. 3F), which 252 

further confirms that DNA2 does not have a nuclear repair function in MM. Similar 253 

results were obtained using the DNA2 inhibitor C517 (Supplementary Fig. S3I). To 254 

evaluate whether DNA2 activity inhibition can efficiently target MM cells in vivo, we 255 

established an MM xenograft model by transplanting ILF2 ASO–resistant GFP+Luc+ 256 

JJN3 cells into NSG mice. The mice were randomized based on their bioluminescence-257 

based tumor burden and then treated for 1 week with NT or ILF2 ASOs in the presence 258 

or absence of NSC (Supplementary Fig. S3J). Consistent with our hypothesis, the mice 259 

that received ILF2 ASOs in combination with NSC had a significantly lower tumor 260 

burden than those that received NT ASOs in combination with NSC (Fig. 3G). 261 

Together, these data support the hypothesis that DNA2 inhibition plays a role in 262 

promoting MM cells’ survival in the context of DNA damage activation-induced 263 

metabolic reprogramming, such as that induced by ILF2 depletion. 264 

 265 

DNA2 is essential for OXPHOS activation in MM cells 266 

To dissect the mechanistic basis of DNA2 inhibition–induced synthetic lethality in the 267 

context of ILF2 depletion, we evaluated whether DNA2 activity is essential to 268 

maintaining activated OXPHOS, upon which ILF2 ASO–resistant cells rely to survive. 269 

To this end, we analyzed mitochondrial respiratory activity in NT ASO– and ILF2 270 

ASO-treated JJN3 cells exposed to NSC for 3 days (Fig. 4A and Supplementary Fig. 271 
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S4A). Compared with NT ASO–treated cells exposed to NSC, ILF2 ASO–treated cells 272 

exposed to the DNA2 inhibitor had significantly decreased OCRs and NAD/NADH levels 273 

(Supplementary Fig. S4B) but higher mitochondrial ROS production (Fig. 4B).  274 

Mitochondrial DNA (mtDNA) is arranged and packaged in mitochondrial nucleoids 275 

which are close to mitochondrial cristae18, the primary site of the OXPHOS machinery19. 276 

The mitochondrial cristae and mtDNA interact to maintain mitochondrial integrity20.  277 

Germline DNA2 loss-of-function mutations induce disruptions in cristae structures. 278 

These alterations only affect cells with high metabolic demand and result in early onset 279 

myopathies21,22. 280 

To evaluate whether DNA activity inhibition leads to cristae structure perturbations in 281 

MM cells, we performed electron microscopy analysis of NT or ILF2 ASO–treated cells 282 

exposed to NSC. Although both NT and ILF2 ASO–treated cells exposed to NSC had 283 

fragmented mitochondrial cristae structures (Fig. 4C), only ILF2 ASO–treated JJN3 cells 284 

exposed to NSC had upregulated expression of genes involved in respiratory electron 285 

transport and ATP synthesis, as an attempt to compensate for the decline in 286 

mitochondrial activity and maintain their survival (Supplementary Fig. S4C, S4D and 287 

S4E).  288 

Together, these data suggest that MM cells with higher mitochondrial respiration 289 

demand rely on repairing mitochondrial DNA damage-induced by increased ROS 290 

production and thus have enhanced sensitivity to the inhibition of DNA2, which leads to 291 

these cells’ apoptosis by inducing mitochondrial cristae structure perturbations.  292 

Given that previous studies in cell lines, mouse xenografts and patient-derived tumor 293 

samples demonstrated that a shift from glycolysis to high mitochondrial energy 294 
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metabolism is sufficient to promote PI resistance23, and that higher levels of DNA2 295 

expression were associated with worse survival after PI-based therapy (Supplementary 296 

Fig. S3G), we evaluated whether DNA2 activity inhibition was synthetically lethal in 297 

plasma cells (PCs) isolated from patients whose disease failed PI-based therapy. Two 298 

days of NSC treatment at a dose that did not deplete PCs isolated from healthy donor 299 

BM (Supplementary Figure S4F) significantly reduced NAD/NADH levels 300 

(Supplementary Figure S4G), increased mitochondrial ROS production (Supplementary 301 

Figure S4H), and led to cell death (Figure 4D) in PCs isolated from patients whose 302 

disease failed PI-based therapy in co-culture with mesenchymal cells (Supplementary 303 

Table S3). scRNA-seq analysis of PCs isolated from the co-cultures (Fig. 4E, and 304 

Supplementary Fig. S4I and S4J) showed that NSC–treated PCs had a significant 305 

increase in the expression of genes involved in the ROS and respiratory electron 306 

transport pathways (Fig. 4F), which is consistent with the results observed in NSC–307 

treated JJN3 cells. These data suggest that DNA2 is essential to counteracting 308 

oxidative DNA damage and maintaining mitochondrial respiration in the context of 309 

metabolic reprogramming. 310 

 311 

DISCUSSION 312 

We developed ILF2 ASOs to induce DNA damage in 1q21 MM cells and to assess 313 

whether 1q21 MM cells become resistant to persistent DNA damage activation-induced 314 

by impaired DNA repair pathways. Consistent with longstanding clinical data24, our 315 

findings demonstrate that 1q21 MM cells can eventually overcome the deleterious 316 

effects of DNA damage, which confirms that DNA damage resistance is a major barrier 317 
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to effective DNA-damaging anticancer therapy in MM. Using multiple unbiased 318 

analyses, we found that DNA damage–resistant MM cells rely on mitochondrial 319 

metabolism to maintain survival and we identified DNA2 as an essential effector of MM 320 

cells’ resistance to agents that induce metabolic adaptation (Supplementary Fig. S4K). 321 

Previous studies investigating the role of DNA2 in cancer pathogenesis and 322 

progression showed that DNA2 overexpression supports breast and pancreatic cancer 323 

cell survival by overcoming chemotherapy- or radiotherapy-induced replication stress at 324 

the DNA replication fork 25,26. Our functional data revealed a different role of DNA2 in 325 

cancer cells and demonstrated that DNA2 is essential to maintaining MM cells’ survival 326 

under DNA damage-induced metabolic reprogramming. Indeed, DNA2 expression 327 

levels were highly correlated with poor prognosis after melphalan- or PI-based therapy, 328 

which supports the hypothesis that DNA2 activity inhibition represents a synthetically 329 

lethal approach to targeting MM cells with high mitochondrial demand. Although DNA2 330 

expression was significantly correlated with the 1q21 amplification in MM PCs, DNA2 331 

activity inhibition significantly depleted both 1q21 and non-1q21 amplified PCs from 332 

patients that were refractory to PI-based therapy. These data suggest that DNA2 333 

inhibition has therapeutic potential for MMs that rely on OXPHOS to maintain survival 334 

independently of the genetic alterations. 335 

Consistent with our findings, other studies showed that DNA2 plays a role in 336 

maintaining mitochondrial functional integrity. Loss-of-function germline mutations in 337 

DNA2 cause cells to accumulate mitochondrial DNA damage and can lead to various 338 

mitochondrial diseases affecting energy metabolism in human organs and tissues that 339 

rely on OXPHOS to function 21,27. While these findings support the role of DNA2 in 340 
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maintaining mitochondrial homeostasis, they also suggest that targeting DNA2 can lead 341 

to widespread toxicity in normal tissues. However, mice heterozygous for DNA2 loss-of 342 

function mutations are viable, which suggests that there is a therapeutic window to 343 

inhibit DNA2 activity in the context of cancers with DNA2 overexpression, such as MM 344 

that has relapsed after PI-based treatment26. 345 

In conclusion, our study revealed a unique vulnerability of MM cells that are forced to 346 

use oxidative phosphorylation to overcome DNA damage activation. Given that 347 

metabolic reprogramming is a hallmark of cancer progression, further studies will clarify 348 

whether therapeutically targeting DNA2 has a broad spectrum of anti-cancer 349 

applications. 350 

 351 

FIGURE LEGENDS 352 

Figure 1. ILF2 ASOs induce DNA damage activation and enhance MM cells’ 353 

sensitivity to DNA-damaging agents.  354 

(A) Left, levels of alanine aminotransaminase (ALT), aspartate aminotransaminase 355 

(AST), total bilirubin (T. Bil), and blood urea nitrogen (BUN) in the peripheral blood of 356 

Balb/c mice treated with phosphate-buffered saline (control; n=4) or one of 3 different 357 

ASOs targeting Ilf2 (n=4 per each ASO). Middle, relative weights of the liver and 358 

kidneys in each mouse. Right, relative Ilf2 expression in the kidneys and lungs of the 359 

mice. Statistically significant differences were detected using one-way ANOVA (****P 360 

<0.0001; ***P <0.001) 361 

(B) Left, representative Western blot analysis of ILF2 and γH2AX in KMS11 (left) and 362 

JJN3 (right) cells treated with NT or ILF2 ASOs at the indicated concentrations; vinculin 363 
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was used as the loading control. Right, representative anti-γH2AX immunofluorescence 364 

in KMS11 (left) and JJN3 (right) cells treated with NT or ILF2 ASOs (0.5 and 1 μM, 365 

respectively) for 1 week. Green indicates γH2AX; blue, DAPI. Scale bars represent 10 366 

μm. 367 

(C) Representative Western blot analysis of ILF2, γH2AX, and cleaved caspase 3 in 368 

KMS11 (left) and JJN3 (right) cells treated with NT or ILF2 ASOs for 1 week prior to 369 

exposure to 10 µM melphalan for 0, 3, and 6 hours. Vinculin was used as the loading 370 

control. 371 

(D) Representative Western blot analysis of ILF2, gH2AX, and cleaved caspase 3 in 372 

KMS11 (left) and JJN3 (right) cells treated with NT or ILF2 ASOs for 1 week prior to 373 

receiving bortezomib for 48 hours at the indicated concentrations. Vinculin was used as 374 

a loading control. 375 

(E) Left, differences in the luciferase signal in NSG mice engrafted with GFP+Luc+ 376 

KMS11 cells after receiving NT or ILF2 ASOs for 1 week and NT or ILF2 ASOs in 377 

combination with melphalan (Melph) every other day for 5 more days. Data are 378 

expressed as the mean bioluminescence activity relative to that of the NT ASOs+Melph 379 

group from each mouse [D flux of luciferase signal (photons/second, p/s) NT 380 

ASOs+Melph, n=16; ILF2 ASOs+Melph, n=14 from 2 independent experiments). 381 

Statistically significant differences were detected using a paired 2-tailed Student t-test 382 

(**P <0.01). Right, tumor burden in the liver of the xenografts at day 12 of treatment. 383 

Data are expressed as percentages calculated by dividing the tumor area by the total 384 

area of the liver. The mean ± S.D. for 3 representative mice per group are shown. 385 
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Statistically significant differences were detected using a paired 2-tailed Student t-test 386 

(P =0.08). 387 

 388 

Figure 2. Metabolic reprogramming mediates MM cells’ resistance to DNA 389 

damage activation. 390 

(A) Western blot analysis of ILF2, γH2AX, and cleaved caspase 3 in KMS11 cells 391 

treated with NT or ILF2 ASOs for 1 week (left) or 3 weeks (right). Vinculin was used as 392 

a loading control. Every experiment was performed in 3 biological replicates (1-3). 393 

(B) Western blot analysis of ILF2, γH2AX, and cleaved caspase 3 in JJN3 cells treated 394 

with NT or ILF2 ASOs for 1 week (left) or 3 weeks (right). Vinculin was used as a 395 

loading control. Every experiment was performed in 3 biological replicates (1-3). 396 

(C) Uniform manifold approximation and projection (UMAP) of scRNA-seq data 397 

displaying pooled (n=2 independent experiments) single JJN3 cells after 3 weeks of NT 398 

ASO (n=7,041 cells) or ILF2 ASO (n=4,462 cells) treatment. Different colors represent 399 

the sample origins (top) and the 2 identities of the main clusters (bottom). 400 

(D) Pathway enrichment analysis of the significantly upregulated genes in ILF2 ASO–401 

treated cells compared with NT ASO–treated cells in the major clusters 1 (top) and 2 402 

(bottom) shown in Fig. 2C (adjusted P ≤ 0.05). The top 10 Reactome gene sets are 403 

shown. 404 

(E) Log2 fold change (FC) of all significant metabolites that were significantly enriched in 405 

JJN3 cells treated with ILF2 ASOs for 3 weeks compared with cells treated with NT 406 

ASOs (left). The significant metabolites in the tricarboxylic acid cycle pathway (top 407 
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right), and the pyrimidine pathway (bottom right) are highlighted in orange and violet, 408 

respectively (right) (n=2 independent replicates per group; adjusted P ≤ 0.05).  409 

 410 

Figure 3. DNA2 is essential for maintaining MM cells’ survival after DNA damage–411 

induced metabolic reprogramming. 412 

(A) Schematic of the CRISPR/Cas9 screening. Stable Cas9+JJN3 or Cas9+KMS11 cells 413 

were transduced with a library of pooled sgRNAs targeting 196 genes involved in 414 

several DNA repair pathways. A portion of cells was collected as a reference sample 415 

after 48 hours of transduction. Cells were continuously cultured under puromycin 416 

selection and treated with NT or ILF2 ASOs for 3 weeks. ILF2 sensitizer genes were 417 

identified using deep sequencing of the sgRNA barcodes and the drugZ algorithm to 418 

assess differences in the representation of all sgRNAs between NT ASO– and ILF2 419 

ASO–treated cells across the 3 independent sets of experiments. NGS, next-generation 420 

sequencing. 421 

(B) Ranking of the DNA repair genes whose sgRNAs were significantly depleted in ILF2 422 

ASO–treated JJN3 cells as compared with NT ASO–treated cells. The inset shows 423 

genes on the top ranks (adjusted P <0.01). 424 

(C) Western blot analysis of DNA2 in whole-cell lysates (W), nuclei (N), and 425 

mitochondria (M) isolated from JJN3 cells. Vinculin, Lamin A, and COX IV were used as 426 

the loading controls for W, N, and M, respectively. 427 

(D) Kaplan–Meier plots of progression-free survival (PFS) according to DNA2 428 

expression in MM PCs as evaluated by microarray analysis. Shown are the median 429 

progression-free survival durations of patients who were enrolled in the Arkansas Total 430 
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Therapy 2 trial and received high-dose chemotherapy followed by stem cell 431 

transplantation (n=256; P=0.0126). 432 

(E) Frequencies of apoptotic JJN3 cells after 3 weeks of exposure to NT or ILF2 ASOs 433 

followed by 48 hours of treatment with vehicle (Veh) or NSC at 2 µM. Data are 434 

expressed as the mean ± S.D. from one representative experiment performed in 435 

triplicate. Statistically significant differences were detected using one-way ANOVA 436 

(****P <0.0001; ***P <0.001).  437 

(F) Representative Western blot analysis of ILF2, cleaved caspase 3, and gH2AX in 438 

JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to receiving NT or ILF2 ASOs 439 

alone (Veh) or in combination with 1 μM NSC for 48 hours. Vinculin was used as a 440 

loading control.  441 

(G) Differences in the luciferase signal in NSG mice engrafted with ILF2 ASO–resistant 442 

GFP+Luc+ JJN3 cells after receiving NT or ILF2 ASOs alone (NT or ILF2+Veh) or in 443 

combination with NSC every day for 7 days. Data are expressed as the mean 444 

bioluminescence activity relative to that of the NT ASOs+Veh group [D flux of luciferase 445 

signal (photons/second, p/s] ± S.D. for each mouse (NT ASOs+Veh, n=22; NT 446 

ASOs+NSC, n=15; ILF2 ASOs+Veh, n=19; ILF2 ASOs+NSC, n=11; n=3 independent 447 

experiments). Statistically significant differences were detected using one-way ANOVA 448 

(**P <0.01; *P <0.05).  449 

 450 

Figure 4. DNA2 is essential for activated OXPHOS in MM cells. 451 

(A) Oxygen consumption rates (OCRs) in JJN3 cells treated with NT or ILF2 ASOs for 3 452 

weeks prior to receiving ASOs alone or in combination with 1 µM NSC for 72 hours. 453 
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Each data point is the mean ± S.D. of at least 4 replicates. FCCP, carbonyl cyanide-p-454 

trifluoromethoxy-phenyl-hydrazone; R/A, rotenone/antimycin. 455 

(B) ROS production in JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to 456 

receiving 1 µM NSC for 48 hours. Data are expressed as the mean ± S.D. from one 457 

representative experiment performed in triplicate. Statistically significant differences 458 

were detected using one-way ANOVA (****P <0.0001). 459 

(C) Representative transmission electron micrographs showing the mitochondrial 460 

ultrastructure of JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to receiving 461 

1 µM NSC for 48 hours. Scale bars: 7500X, 200 nm (top); 20,000X, 800 nm (middle); 462 

50,000X, 200 nm (bottom). 463 

(D) Numbers of PCs isolated from the BM of MM patients with PI-based therapy failure 464 

(n=7) after treatment with vehicle (Veh) or 2 µM NSC for 48 hours over a layer of 465 

mesenchymal cells. Data were normalized to each sample’s vehicle (Veh)-treated 466 

control. Statistical significance was calculated using a paired 2-tailed Student t-test (***P 467 

<0.001). 468 

(E) UMAP of scRNA-seq data displaying PCs from one representative MM patient 469 

(RD192) with 1q21 amplification, whose disease failed PI-based therapy. Cells were 470 

treated for 48 hours with vehicle (Veh) or 2 µM NSC over a layer of mesenchymal cells. 471 

Different colors represent the sample origins. 472 

(F) Pathway enrichment analysis of genes that were significantly upregulated in all 3 473 

NSC-treated MM PC samples compared with those treated with vehicle (Veh). The top 474 

10 Hallmark gene sets are shown. 475 

 476 
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SUPPLEMENTARY FIGURE LEGENDS 477 

Figure S1. ILF2-ASOs induce DNA damage activation and enhance MM cells’ 478 

sensitivity to DNA-damaging agents.  479 

(A) Relative ILF2 expression in JJN3 cells treated with 5 different ILF2 ASOs at the 480 

indicated concentrations for 72 hours (the last 2 digits of the ILF2 ASOs’ identification 481 

number from Supplementary Table S1 are shown). The mean ± S.D. of 2 independent 482 

experiments is shown; data are expressed as percentages of ILF2 expression in cells 483 

treated with 10 µM NT ASOs. 484 

(B) Left, levels of alanine aminotransaminase (ALT), aspartate aminotransaminase 485 

(AST), total bilirubin (T. Bil), and blood urea nitrogen (BUN) in the peripheral blood of 486 

Balb/c mice treated with phosphate-buffered saline (control; n=4) or the human ILF2 487 

ASO 09 (n=4). Right, relative weights of the liver and kidneys in each mouse.  488 

(C) Frequencies of apoptotic KMS11 (left) and JJN3 (right) cells after 1 week of 489 

treatment with NT or ILF2 ASOs. Data are presented as the mean ± S.D. from one 490 

representative experiment performed in triplicate. Statistically significant differences 491 

were detected using a 2-tailed Student t-test (**P <0.01). 492 

(D) Representative growth curves of KMS11 (left) or JJN3 (right) cells treated with NT or 493 

ILF2 ASOs at the indicated concentrations for 16 days. The mean ± S.D. of duplicates 494 

from one representative experiment are shown.  495 

(E) Frequencies of apoptotic KMS11 (left) and JJN3 (right) cells after treatment with NT 496 

or ILF2 ASOs for 1 week prior to receiving vehicle (Veh) or melphalan (Melph; 2 µM) for 497 

48 hours. Data are presented as the mean ± S.D. from one representative experiment 498 
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performed in triplicate. Statistically significant differences were detected using one-way 499 

ANOVA (***P <0.001; **P <0.01; *P <0.05).  500 

(F) Frequencies of apoptotic KMS11 (left) and JJN3 (right) cells after treatment with NT 501 

or ILF2 ASOs for 1 week prior to receiving vehicle (Veh) or bortezomib (Bort; 5 nM) for 502 

48 hours. Data are presented as the mean ± S.D. from one representative experiment 503 

performed in triplicate. Statistically significant differences were detected using one-way 504 

ANOVA (****P <0.0001; ***P <0.001; **P <0.01).  505 

(G) Left, representative growth curves of MM1R cells treated with NT or ILF2 ASOs at 506 

the indicated concentrations for 16 days. The mean ± S.D. of duplicates from one 507 

representative experiment are shown. Right, representative Western blot analysis of 508 

ILF2 and gH2AX in MM1R cells treated for 1 week with NT or ILF2 ASOs at the 509 

indicated concentrations. Vinculin was used as a loading control. 510 

(H) Left, representative Western blot analysis of ILF2 and gH2AX in MM1R cells treated 511 

with NT or ILF2 ASOs for 1 week prior to receiving melphalan (Melph; 10 µM) for 3 or 6 512 

hours. Vinculin was used as a loading control. Right, frequencies of apoptotic MM1R 513 

cells treated with NT or ILF2 ASOs for 1 week prior to receiving vehicle (Veh) or Melph 514 

(2 µM) for 48 hours. Data are presented as the mean ± S.D. from one representative 515 

experiment. Statistically significant differences were detected using one-way ANOVA 516 

(****P <0.0001; **P <0.01).  517 

(I) Left, representative Western blot analysis of ILF2 and gH2AX in MM1R cells treated 518 

with NT or ILF2 ASOs for 1 week prior to receiving vehicle (Veh) or bortezomib (Bort; 5 519 

nM) for 48 hours. Vinculin was used as a loading control. Right, frequencies of apoptotic 520 

MM1R cells treated with NT or ILF2 ASOs for 1 week prior to receiving Veh or Bort (5 521 
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nM) for 48 hours. Data are presented as the mean ± S.D. from one representative 522 

experiment performed in triplicate. Statistically significant differences were detected 523 

using one-way ANOVA (****P <0.0001). 524 

(J) Left, representative growth curves of H929 cells treated with NT or ILF2 ASOs (2 525 

µM) for 24 days. The mean ± S.D. of duplicates from one representative experiment are 526 

shown. Right, representative Western blot analysis of ILF2, gH2AX, and cleaved 527 

caspase 3 in H929 cells treated for 7 days with NT or ILF2 ASOs. Vinculin was used as 528 

a loading control. 529 

(K) Frequencies of apoptotic H929 cells treated with NT or ILF2 ASOs for 1 week prior 530 

to exposure to vehicle (Veh) or Melph (2 µM) for 48 hours (left) or vehicle (Veh) or 531 

bortezomib (Bort; 5 nM) for 48 hours; right. Data are the mean ± S.D. from one 532 

representative experiment. Statistically significant differences were detected using one-533 

way ANOVA (****P <0.0001; ***P <0.001; **P <0.01; *P <0.05). 534 

(L) Left, representative growth curves of RPM1-8226 cells treated with NT or ILF2 535 

ASOs (1 µM) for 20 days. The mean ± S.D. of duplicates from one representative 536 

experiment are shown. Right, representative Western blot analysis of ILF2, gH2AX, and 537 

cleaved caspase 3 in RPMI-8226 cells treated for 7 days with NT or ILF2 ASOs. 538 

Vinculin was used as a loading control. 539 

(M) Frequencies of apoptotic RPMI-8226 cells treated with NT or ILF2 ASOs for 1 week 540 

prior to exposure to vehicle (Veh) or Melph (2 µM) for 48 hours (left) or vehicle (Veh) or 541 

bortezomib (Bort; 5 nM) for 48 hours (right). Data are the mean ± S.D. from one 542 

representative experiment. Statistically significant differences were detected using one-543 

way ANOVA (****P <0.0001; ***P <0.001; **P <0.01). 544 
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(N) Schematic of ASO and melphalan (Melph) treatment in MM xenografts. GFP+Luc+ 545 

KMS11 cells (2 x 106) were injected into sublethally irradiated NSG mice. Two weeks 546 

after transplantation, mice were injected with luciferin and tumor burden was quantified 547 

using the IVIS Spectrum bioluminescence imaging system. Mice were randomized into 548 

2 groups based on tumor burden (day 0). Mice were injected with NT or ILF2 ASOs (50 549 

mg/kg) alone for 7 days (day 7) prior to receiving NT or ILF2 ASOs (25 mg/kg) in 550 

combination with Melph (2.5 mg/kg) every other day for 3 doses (day 12). Tumor burden 551 

was evaluated using bioluminescence imaging at days 7 and 12. The BM and liver from 552 

each mouse were collected at day 12 and analyzed. 553 

(O) Left, ILF2 expression in BM (left) and liver (right) biopsy specimens obtained from 554 

representative xenografts treated with NT ASOs+Melph and ILF2 ASOs+Melph. Right, 555 

relative ILF2 expression in GFP+ KMS11 cells isolated from BM of mice treated with NT 556 

or ILF2 ASOs for the time of the experiment. The expression level of ILF2 was 557 

normalized to that of ACTIN. (NT ASOs, n=9; ILF2 ASOs, n=11). Statistical significance 558 

was calculated using a 2-tailed Student t-test (****P <0.0001). 559 

(P) Cleaved caspase 3 expression in BM (left) and liver (right) biopsy specimens 560 

obtained from representative xenografts treated with NT ASOs+Melph and ILF2 561 

ASOs+Melph.  562 

 563 

Figure S2. Metabolic reprogramming mediates MM cells’ resistance to DNA 564 

damage activation. 565 
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(A) Western blot analysis of ILF2, γH2AX, and cleaved caspase 3 in ILF2 ASO–treated 566 

MM1R (left), H929 (middle), and RPMI-8226 (right) cells after treatment with NT ASOs 567 

or ILF2 ASOs for 3 weeks. Vinculin was used as a loading control. 568 

(B) Principal component analysis (PCA) of RNA-seq data from NT ASO– and ILF2 569 

ASO–treated KMS11 (left) and JJN3 (right) cells at the indicated time points. Each 570 

treatment was performed in biological triplicates. 571 

(C) Pathway enrichment analysis of genes that were significantly downregulated in 572 

JJN3 but not in KMS11 cells treated with ILF2 ASOs for 3 weeks as compared with 573 

those treated for 1 week. Data were normalized to the corresponding NT ASO–treated 574 

cells (adjusted P ≤ 0.05). The top 10 Gene Ontology gene sets are shown. 575 

(D) Western blot analysis of ILF2, γH2AX, and cleaved caspase 3 in ILF2 ASO–576 

resistant JJN3 cells after treatment with NT ASOs or ILF2 ASOs for 3 weeks (n=2 577 

biological replicates; #1-2). Vinculin was used as a loading control. 578 

(E) UMAP plots of scRNA-seq data from Fig. 2C showing single JJN3 cells after 3 579 

weeks of NT ASO or ILF2 ASO treatment. Different colors represent the individual 580 

replicates (left) or ILF2 expression levels (right). Red shading indicates normalized gene 581 

expression. 582 

(F) Heatmaps of the genes belonging to the OXPHOS (left), mTORC1 (middle), or DNA 583 

repair pathways (right) that were significantly overexpressed in each of the 2 cell 584 

clusters shown in Fig. 2C after treatment with ILF2 ASOs for 3 weeks compared with 585 

those treated with NT ASOs. 586 
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(G) Heatmap of the 33 metabolites that were significantly enriched in JJN3 cells treated 587 

with ILF2 ASOs for 3 weeks compared with cells treated with NT ASOs (n=2 biological 588 

replicates; adjusted P ≤ 0.05). 589 

(H) Frequencies of apoptotic JJN3 cells after 1 week (wk) or 3 weeks (wks) of NT or 590 

ILF2 ASO exposure followed by 72 hours of treatment with vehicle (Veh), IACS-010759 591 

(1 µM; top) or brequinar (100 nM; bottom). Data are expressed as the mean ± S.D. from 592 

one representative experiment performed in triplicate. Statistically significant differences 593 

were detected using two-way ANOVA (****P <0.0001; ***P <0.001; **P <0.01).  594 

(I) Oxygen consumption rates (OCRs; left panel) and maximal OCRs (right panel) in 595 

JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to receiving ASOs alone or in 596 

combination with vehicle (Veh) or IACS-010759 (IACS; 1 µM for 72 hours). Each data 597 

point is the mean ± S.D. of 4 replicates. FCCP, carbonyl cyanide-p-trifluoromethoxy-598 

phenyl-hydrazone; R/A, rotenone/antimycin. Statistically significant differences were 599 

detected using one-way ANOVA (*P <0.05). 600 

(J) ROS production in JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to 601 

receiving 1 µM IACS-010759 (IACS) for 48 hours. Data are expressed as the mean ± 602 

S.D. from one representative experiment performed in triplicate. Statistically significant 603 

differences were detected using one-way ANOVA (****P <0.0001; ***P <0.001; *P 604 

<0.05). 605 

(K) Schematic of ASO and IACS-010759 treatments in MM xenografts. ILF2 ASO–606 

resistant GFP+Luc+ JJN3 cells (1 x 106) were injected into NSG mice. Five days after 607 

transplantation, mice were randomized into 4 groups and treated with NT or ILF2 ASOs 608 
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alone (25 mg/kg) or in combination with IACS-010759 (IACS; 10 mg/kg) on a 5-days-on, 609 

2-days-off cycle until they were euthanized because they were moribund.  610 

(L) Survival curves of NSG mice that received transpants of ILF2 ASO-resistant JJN3 611 

cells after receiving NT or ILF2 ASOs alone (NT or ILF2+Veh) or in combination with 612 

IACS-010759 (IACS; 10 mg/kg) (NT ASOs+Veh, n=4; NT ASOs+IACS, n=4; ILF2 613 

ASOs+Veh, n=6; ILF2 ASOs+IACS, n=8). Survival curves were analyzed using the 614 

Mantel–Cox log-rank test (ILF2 ASOs+Veh vs ILF2 ASOs+IACS: P = 0.0012) 615 

 616 

Figure S3. DNA2 is essential for maintaining MM cells’ survival after DNA 617 

damage–induced metabolic reprogramming. 618 

(A) Western blot analysis of ILF2, γH2AX, cleaved caspase 3, and Cas9 in NT ASO– or 619 

ILF2 ASO–treated KMS11 (left) and JJN3 (right) cells after 3 weeks of culture. The 3 620 

biological replicates from the experiment described in Fig. 3A are shown (#1-3). Vinculin 621 

was used as a loading control. 622 

(B) Correlation of the sgRNAs’ gene-level log2 fold changes in KMS11 (left) and JJN3 623 

(right) cells among the 3 independent sets of experiments.  624 

(C) Density functions of gene-level log2 fold changes (FC) of essential and non-625 

essential genes in KMS11 (left) or JJN3 (right) samples collected after 3 weeks of NT 626 

(top) or ILF2 (bottom) ASO treatment. 627 

(D) Ranking of DNA repair genes whose sgRNAs were significantly depleted in ILF2 628 

ASO–treated KMS11 cells as compared with NT ASO–treated cells. The inset shows 629 

genes on the top ranks (adjusted P <0.01). 630 
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(E) Representative immunofluorescence images of DNA2 in JJN3 cells. Image was 631 

captured and processed using a Delta Vision OMX V4 Blaze Super-Resolution System. 632 

Green indicates DNA2; red, TOM20 (mitochondrial marker); and blue, DAPI. Scale bars 633 

represent 5 μm. 634 

(F) Violin plot of DNA2 expression in the PCs of newly diagnosed MM patients (n=543). 635 

Samples were divided into 2 groups (with or without the 1q21 amplification). The lines 636 

inside each violin plot define the 4 quartiles of DNA2 expression. Statistically significant 637 

differences were detected using a 2-tailed Student t-test (****P <0.0001). 638 

(G) Kaplan–Meier plots of progression-free survival (PFS) according to DNA2 639 

expression in MM PCs. Shown are the median progression-free survival durations of 640 

patients who received PIs alone (n=129; left; P=0.0182); patients who received PIs in 641 

combination with other therapies (n=326; middle; P<0.0001); and patients who received 642 

immunomodulatory drugs (n=37; right; P=0.5682). 643 

(H) Frequencies of live JJN3 cells after treatment with NSC at the indicated 644 

concentrations for 24, 48, and 72 hours. Data from one representative experiment 645 

performed in triplicate are expressed as the mean frequencies ± S.D. of live cells 646 

among all cells at each timepoint. 647 

(I) Left, frequencies of apoptotic JJN3 cells after 3 weeks of NT ASO or ILF2 ASO 648 

exposure followed by 48 hours of treatment with vehicle (Veh) or the DNA2 inhibitor C5 649 

(C5) at the indicated concentrations. Data are expressed as the mean ± S.D. from one 650 

representative experiment. Statistically significant differences were detected using one-651 

way ANOVA (****P <0.0001; *P <0.05). Right, representative Western blot analysis of 652 

ILF2 and cleaved caspase 3 in JJN3 cells treated with NT or ILF2 ASOs alone or in 653 
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combination with C5 at the indicated concentrations for 48 hours. Vinculin was used as 654 

a loading control. 655 

(J) Schematic of ASO and NSC treatments in MM xenografts. ILF2 ASO–resistant 656 

GFP+Luc+ JJN3 cells (1 x 106) were injected into NSG mice. Ten days after 657 

transplantation, mice were injected with luciferin, and tumor burden was quantified using 658 

the IVIS Spectrum bioluminescence imaging system. Mice were randomized into 4 659 

groups based on tumor burden on day 0. Mice were injected with NT or ILF2 ASOs 660 

alone (25 mg/kg) or in combination with NSC (10 mg/kg) every day for 7 days. Tumor 661 

burden was evaluated by bioluminescence imaging on days 0 and 7.  662 

 663 

Figure S4. DNA2 is essential for activated OXPHOS in MM cells. 664 

(A) Maximal OCRs in JJN3 cells treated with NT or ILF2 ASOs for 3 weeks prior to 665 

receiving ASOs alone or in combination with 1 µM NSC for 72 hours. The mean ± S.D. 666 

from at least 4 replicates per group are shown. Statistically significant differences were 667 

detected using one-way ANOVA (****P <0.0001; *P <0.05). 668 

(B) NAD/NADH quantifications in JJN3 cells treated with NT or ILF2 ASOs for 3 weeks 669 

prior to receiving 1 µM NSC for 48 hours. Data are expressed as the mean ± S.D. of 670 

Relative Light Unit (RLU) from one representative experiment performed in triplicate. 671 

Statistically significant differences were detected using one-way ANOVA (****P <0.0001; 672 

*P <0.05). 673 

(C) UMAP of scRNA-seq data displaying pooled single JJN3 cells from 2 independent 674 

experiments after 3 weeks of NT ASO or ILF2 ASO treatment prior to receiving ASOs 675 

alone (n=5,940 cells and n=4,790 cells, respectively) or in combination with 1 µM NSC 676 
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for 48 hours (n=4,971 cells and n=5,317 cells, respectively). Different colors represent 677 

the sample origins (left) and the 2 identities of the main cluster (right). 678 

(D) Violin plots showing the distribution of ILF2 expression values across the 4 samples 679 

shown in Fig. S4C. 680 

(E) Pathway enrichment analyses of significantly upregulated genes in JJN3 cells 681 

treated with ILF2 ASOs plus NSC as compared with cells treated with ILF2 ASOs alone 682 

in the major clusters 1 (left) or 2 (right) shown in Fig. S4C (adjusted P ≤ 0.05). 683 

Reactome gene sets are shown. No differences between the expression profile of JJN3 684 

cells treated with NT ASOs plus NSC and that of the cells treated with NT ASOs alone 685 

were detected.  686 

(F) Number of PCs isolated from 2 healthy donors’ BM samples after treatment with 687 

NSC. PCs were combined and treated with NSC at the indicated concentrations for 48 688 

hours over a layer of mesenchymal cells. The experiment was performed in triplicate. 689 

Data were normalized to the vehicle (Veh)-treated control. The mean ± S.D. are shown. 690 

No statistical significance was detected using one-way ANOVA. 691 

(G) NAD/NADH quantifications in PCs from the BM of MM patients with PI-based 692 

therapy failure (n=3) after treatment with vehicle (Veh) or 2 µM NSC for 48 hours over a 693 

layer of mesenchymal cells. Data were normalized to each sample’s Veh-treated control 694 

and expressed as the mean ± S.D. of Relative Light Unit (RLU). Statistically significant 695 

differences were detected using a 2-tailed Student t-test (***P <0.001). 696 

(H) ROS production in PCs from the BM of one representative MM patient with PI-based 697 

therapy failure after treatment with vehicle (Veh) or NSC (2 µM) for 48 hours over a 698 

layer of mesenchymal cells. Data are expressed as the mean ± S.D. of one 699 
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representative experiment performed in triplicate. Statistically significant differences 700 

were detected using a 2-tailed Student t-test (**P <0.01). 701 

(I) UMAP of scRNA-seq data displaying PCs from one MM patient with 1q21 702 

amplification (RD177), whose disease failed PI-based therapy. Cells were treated for 48 703 

hours with vehicle (Veh) or 2 µM NSC over a layer of mesenchymal cells. Different 704 

colors represent the sample origins. 705 

(J) UMAP of scRNA-seq data displaying PCs from one MM patient (RP1) without 1q21 706 

amplification, whose disease failed PI-based therapy. Cells were treated for 48 hours 707 

with vehicle (Veh) or 2 µM NSC over a layer of mesenchymal cells. Different colors 708 

represent the sample origins. 709 

(K) Proposed working model. Resistance to DNA damage induced by ILF2 depletion in 710 

1q21 MM cells relies on metabolic reprogramming which switches MM cells’ metabolism 711 

from glycolysis to high mitochondrial energy demand. Targeting DNA2 activity induces 712 

synthetic lethality in metabolically reprogrammed MM cells, such as those that have 713 

acquired resistance to PI-based therapy. 714 

  715 
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MATERIALS AND METHODS  716 

MM cell lines and primary MM samples 717 

JJN3 cells were obtained from DSMZ. KMS11 and MM1R cells were generously 718 

gifted from IONIS Pharmaceuticals. H929 and RPMI-8226 cells were obtained by 719 

ATCC. Mycoplasma testing was routinely performed on all cell lines, and cell identity 720 

was validated by STR DNA fingerprinting using the Promega 16 High Sensitivity STR 721 

Kit. Primary BM samples from patients with MM relapsed disease after PI-based 722 

therapy and referred to the Department of Lymphoma and Myeloma at MD Anderson 723 

Cancer Center or the Department of Medicine and Surgery at the University of Parma 724 

were obtained after written informed consent with the approval of the institutions’ 725 

respective Institutional Review Boards (IRBs) and in accordance with the Declaration of 726 

Helsinki. Patient characteristics are included in Supplementary Table S3. BM samples 727 

from healthy donors were obtained from AllCells. 728 

 729 

Cell culture and viability assays 730 

MM cell lines (KMS11, JJN3, RPMI-8226, H929, and MM1R) were cultured in RPMI 731 

1640 medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 732 

and 0.1% amphotericin B (all from Gibco). Cell cultures were maintained at 37°C in 5% 733 

CO2. Cells were constantly seeded at a density of 200,000 cells/mL independently of 734 

the type of treatment they received. Total cell viability was evaluated using trypan blue 735 

staining.  736 

Primary BM mononuclear cells isolated from MM patients or healthy donors were 737 

enriched in CD138+ PCs using magnetic sorting with the CD138 Microbead Kit (Miltenyi 738 
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Biotec). Cells were plated in 48-well plates previously seeded with human BM-derived 739 

mesenchymal cells.  740 

 741 

Drug treatments 742 

ASOs were designed and synthesized by IONIS Pharmaceuticals under a 743 

collaborative agreement. The list of mouse and human ILF2 ASOs used in this study 744 

are included in Supplementary Table 1. NT and ILF2 ASOs were prepared in culture 745 

medium supplemented with 10% fetal bovine serum to achieve the indicated 746 

concentrations. ASOs were delivered to the cells by free uptake. For in vitro single-747 

agent assays, KMS11, JJN3, MM1R, H929, and RPMI-8226 cells were initially treated 748 

with 0.1, 0.5, 1, 2, or 2.5 µM ASOs for 7 days. For combination therapy studies, the cells 749 

were treated with melphalan (Sigma), bortezomib (Tocris), brequinar (Sigma), IACS-750 

010759 (IACS), NSC105808 (Chemspace), or C5 (AOB9082, Aobious, Inc.) at the 751 

concentrations and times indicated in the figure legends in the presence or absence of 752 

NT or ILF2 ASOs (KMS11, 0.5 µM; JJN3, 1 µM; RPMI-8226, 1 µM; MM1R, 1 µM; H929, 753 

2 µM).  754 

Primary PCs isolated from MM patients and healthy donors were treated with 755 

NSC105808 at the concentrations and times indicated in the figure legends prior to 756 

being analyzed.  757 

 758 

Mouse experiments 759 

Animal experiments were approved by MD Anderson’s Institutional Animal Care and 760 

Use Committee and performed in accordance with the Animal Welfare Act.  761 
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For in vivo tolerability studies in an immune-competent mouse strain, Balb/c mice 762 

were treated with PBS or ASOs targeting murine Ilf2 or human ILF2 at a dose of 50 763 

mg/kg delivered twice weekly by intraperitoneal injection for 4 weeks. At the end of the 764 

study, peripheral blood samples were collected for blood chemistry evaluation. Mice 765 

were euthanized and the liver, kidneys, and lungs from each mouse were weighed and 766 

collected for Ilf2 expression quantification. Ilf2 expression was only quantified in the 767 

kidneys and lungs of the mice because liver cells do not express Ilf2. 768 

For xenograft experiments, 4-week-old NSG mice were obtained from the Jackson 769 

Laboratory and maintained in a pathogen-free environment, monitored daily, and 770 

humanely euthanized at the first sign of morbidity. NSG mice were sublethally irradiated 771 

prior to receiving GFP+Luc+ KMS11 cells (2 x 106) or LF2 ASO-resistant GFP+Luc+ JJN3 772 

cells (1 x 106) via tail vein injection. Mice harboring GFP+Luc+ KMS11 cells were 773 

injected with luciferin and anaesthetized, and their tumor burden was determined by live 774 

luminosity using the IVIS Spectrum bioluminescence imaging system (PerkinElmer). 775 

Mice were randomized based on the level of tumor burden detected by bioluminescence 776 

imaging (total flux; proton/sec) at day 0 (before any treatment). Randomized mice were 777 

assessed for tumor burden after 7 doses of ASOs (50 mg/kg) and after another 3 doses 778 

of ASOs (25 mg/kg) in combination with melphalan (2.5 mg/kg). Moribund mice were 779 

humanely euthanized, and target engagement was evaluated by real-time PCR in 780 

sorted GFP+ KMS11 cells. Mice harboring ILF2 ASO-resistant GFP+Luc+ JJN3 cells 781 

were randomized based on the level of tumor burden detected by bioluminescence 782 

imaging before receiving NT or ILF2 ASOs (25 mg/kg) alone or in combination with 783 
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IACS-010759 (10 mg/kg) or NSC (10 mg/kg) in independent experiments. Survival 784 

curves were analyzed using the Mantel–Cox log-rank test 785 

 786 

Apoptosis assays 787 

KMS11, JJN3, MM1R, H929, and RPMI-8226 cells were treated with NT or ILF2 788 

ASOs for 1 or 3 weeks prior to receiving either ASOs alone or ASOs in combination with 789 

melphalan, bortezomib, IACS-010759, brequinar, or NSC at the concentrations and 790 

times specified in the figure legends. The frequencies of apoptotic cells were 791 

determined using the annexin-V assay (BD Bioscience). 792 

 793 

Mitochondrial ROS production 794 

JJN3 cells were treated with 1 µM NT or ILF2 ASOs prior to receiving 1 µM IACS-795 

010759 or NSC for 48 hours. PCs were treated with vehicle or 2 µM NSC for 48 hours. 796 

Mitochondrial ROS production was quantified using the MitoSOX Red assay (Invitrogen, 797 

M36008) following the manufacturer’s protocol.  798 

 799 

NAD/NADH quantification 800 

JJN3 cells were treated with 1 µM NT or ILF2 ASOs prior to receiving 1 µM NSC for 801 

48 hours. PCs were treated with vehicle or 2µM NSC for 48 hours. Intracellular levels of 802 

NAD/NADH were measured using the NAD/NADH-GloTM quantitation kit ((Promega, 803 

G9071) according to the manufacturer's instructions. Luminescence levels in relative 804 

light units were measured using a Victor X2 multimode microplate reader (PerkinElmer) 805 

and normalized to the total cell number. 806 
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 807 

Western blot analysis 808 

Cell pellets were harvested and resuspended in Mammalian Cell & Tissue Extraction 809 

Kit buffer (BioVision Incorporated, K269) and incubated for 10 min on ice. Protein 810 

lysates were collected after centrifugation at 12,000 rpm for 20 min at 4°C. The total 811 

amount of protein was quantified using the Qubit Protein Assay Kit and a Qubit 812 

Fluorometer (Thermo Fisher). Sodium dodecyl sulfate–polyacrylamide gel 813 

electrophoresis and Western blotting were performed using pre-cast NuPAGE Bis-Tris 4 814 

- 12% mini-gels (Invitrogen) with 1X MOPS buffer (Invitrogen), following the 815 

manufacturer’s instructions. The primary antibodies anti-ILF2/NF45 (Santa Cruz, 816 

sc365068), anti-vinculin (Sigma, V9131), anti-gH2AX (Cell Signaling, 2577S), anti-817 

cleaved caspase 3 (Cell Signaling, 966S), and anti-Cas9 (Cell Signaling, 14697S), in 818 

addition to secondary anti-mouse and anti-rabbit digital antibodies (Kindle Biosciences 819 

LLP), were used. Membranes were developed using SuperSignal West Pico PLUS 820 

Chemiluminescent Substrate (Thermo Fisher) and imaged using a KwikQuant Imager 821 

and software (Kindle Biosciences LLP). 822 

 823 

Quantitative real-time PCR 824 

In xenograft experiments, RNA was extracted from sorted GFP+ KMS11 cells using 825 

the Arcturus PicoPure RNA isolation kit (Applied Biosystems), and cDNA was 826 

synthesized using Arcturus RiboAmp HS PLUS RNA Amplification Reagents (Applied 827 

Biosystems) according to the manufacturer’s protocol. Real-time PCR was performed 828 

using the TaqMan Universal PCR Master Mix (Applied Biosytems) and a 7500 Real-829 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 22, 2023. ; https://doi.org/10.1101/2023.02.22.529457doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.22.529457


 39 

Time PCR System (Applied Biosystems). Each condition was performed in duplicate. 830 

ACTIN was used as a housekeeping gene. The expression level of ILF2 was 831 

normalized to that of ACTIN. 832 

 833 

Histological analyses. Formalin-fixed paraffin-embedded mouse BM or liver sections 834 

were prepared for antibody detection and hematoxylin and eosin staining according to 835 

standard procedures. IHC was performed at the Dana Farber/Harvard Cancer Center 836 

Specialized Histopathology Core (Boston, MA). Samples were stained with anti-human 837 

ILF2 (H-4, Santa Cruz), and anti-human cleaved caspase 3 (D3E9, Cell Signaling). 838 

 839 

CRISPR/Cas9 library screening of sgRNAs targeting DNA repair genes 840 

The CRISPR/Cas9 library of pooled sgRNAs targeted 196 genes involved in DNA 841 

repair pathways and the DNA damage response regulation was designed at Cellecta 842 

using a proprietary algorithm with a coverage of 10 sgRNAs/gene (Supplementary 843 

Table 2). The library was cloned into the pLentiGuide-Puro lentiviral vector. KMS11 or 844 

JJN3 cells were transduced with the pCW-Cas9-Blast vector (#83481, Addgene) to 845 

establish stable Cas9+KMS11 and Cas9+JJN3 cells. Cas9+cells were selected with 5 846 

µg/mL blasticidin. Cas9+ cells were infected with a library of pooled sgRNAs targeting 847 

DNA repair pathways at a multiplicity of infection of <0.3 at 1000x coverage, and 8 x 106 848 

cells were collected at 48 hours after the transduction and used as a reference sample. 849 

Cells were selected with 1 µg/mL puromycin and continuously treated with NT or ILF2 850 

ASOs (0.5 µM) for 3 weeks before collection. Cells were pelleted and frozen at –80°C 851 

before further processing for DNA extraction. Every experiment was independently 852 
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repeated 3 times. DNA was extracted with DNeasy Blood & Tissue Kits (Qiagen) 853 

according to the manufacturer’s protocol. Genomic DNA was used for the PCR template 854 

using a mixture of 8 staggered primers with NEBNext Q5 Hot Start HiFi PCR Master Mix 855 

with an initial denaturing at 98°C for 1 minute, denaturing at 98°C for 10 seconds, 856 

annealing at 64°C for 20 seconds, elongation at 72°C for 30 seconds, and final 857 

elongation for 2 minutes. PCR cycles for each sample were controlled to the minimal 858 

levels at which the target bands could be seen in 2% agarose TAE gel to ensure 859 

unbiased PCR amplification. Each sample had a different reverse primer that differed in 860 

only an 8-digit barcode. The pooled Illumina library was then subjected to NextSeq550 861 

high-output sequencing with >1000x coverage per sample. For data analysis, raw reads 862 

were demultiplexed without any tolerance of barcode and then mapped using Bowtie 863 

with a single-base mismatch tolerance. Read counts for each sgRNA were enumerated. 864 

For the identification of genes sensitizing cells to ILF2 ASOs treatment, the reads were 865 

normalized, and the abundance difference between the NT ASO–sensitive and ILF2 866 

ASO–sensitive cells for each sgRNA were calculated and corrected for multiple 867 

hypothesis testing using the drugZ algorithm14. 868 

 869 

RNA-seq analysis 870 

RNA was extracted from KMS11 or JJN3 cells treated with NT or ILF2 ASOs using the 871 

RNeasy kit (Qiagen). Estimates of gene expression were generated by pseudo-aligning 872 

FASTQ files against human genome GRCh38.p12 (Ensembl version 94) using Kallisto 873 

with the default options28,29. Differential expression analysis was conducted using 874 

DESeq2 in R version 3.5.130. Separate differential expression analyses were conducted 875 
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to compare time points or treatments within each cell line. In addition, a multivariate 876 

analysis was performed which that included the time point, the treatment, and an 877 

interaction term to estimate treatment-induced differences in gene expression changes 878 

over time. Biologically relevant gene sets containing multiple differentially expressed 879 

genes were identified by analyzing the results of differential expression analyses using 880 

GSEA-pre-ranked analysis, as implemented in the FGSEA package31. 881 

 882 

scRNA-seq analysis 883 

JJN3 cells were treated with 1 µM NT or ILF2 ASOs for 3 weeks. In parallel 884 

experiments JJN3 cells exposed to 1 µM NT or ILF2 ASOs for 3 weeks were treated 885 

with vehicle or 1 µM NSC for 48 hours. Primary PCs were treated with 2 µM NSC for 48 886 

hours. Live cells were sorted by flow cytometry and subjected to scRNA-seq analysis. 887 

Experiments were performed in biological duplicates. Sample preparation and 888 

sequencing were performed at The University of Texas MD Anderson Cancer Center’s 889 

Sequencing and Microarray Facility. Samples were normalized for input onto the 890 

Chromium Single Cell A Chip Kit (10x Genomics), in which single cells were lysed and 891 

barcoded for reverse-transcription. The pooled single-stranded, barcoded cDNA was 892 

amplified and fragmented for library preparation. During library preparation, appropriate 893 

sequence primer sites and adapters were added for sequencing on a NextSeq 500 894 

sequencer (Illumina). After sequencing, FASTQ files were generated using the 895 

cellranger mkfastq pipeline (version 3.0.2). The raw reads were mapped to the human 896 

reference genome (refdata-cellranger-GRCh38-3.0.0) using the cellranger count 897 

pipeline. The digital expression matrix was extracted from the filtered_feature_bc_matrix 898 
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folder outputted by the cellranger count pipeline. Multiple samples were aggregated 899 

using the cellranger aggr pipeline. The digital expression matrix was analyzed with the 900 

R package Seurat (version 3.0.2) to identify different cell types and signature genes for 901 

each. Cells with fewer than 500 unique molecular identifiers or greater than 50% 902 

mitochondrial expression were removed from further analysis. The Seurat function 903 

NormalizeData was used to normalize the raw counts. Variable genes were identified 904 

using the FindVariableFeatures function. The ScaleData function was used to scale and 905 

center expression values in the dataset, and the number of unique molecular identifiers 906 

was regressed against each gene. Uniform manifold approximation and projection was 907 

used to reduce the dimensions of the data and the first 2 dimensions were used in the 908 

plots. The FindClusters function was used to cluster the cells. Marker genes for each 909 

cluster were identified using the FindAllMarkers function.  910 

 911 

Targeted metabolomic analysis 912 

JJN3 cells were pre-incubated with 1 µM NT or ILF2 ASOs for 3 weeks prior to 913 

receiving 1 μM NSC for 48 hours. Live cells (1 x 106) were sorted by flow cytometry and 914 

subjected to metabolomic analysis. Metabolites were extracted using 1 mL of ice-cold 915 

0.1% ammonium hydroxide in 80/20 (v/v) methanol/water. Extracts were centrifuged at 916 

17,000 g for 5 minutes at 4°C, and supernatants were transferred to clean tubes and 917 

evaporated to dryness under nitrogen. Dried extracts were reconstituted in deionized 918 

water and 10 μL were injected for analysis by ion chromatography–mass spectrometry 919 

(IC-MS). For mobile phase A, water was chosen, and for mobile phase B (MPB), water 920 

containing 100 mM potassium hydroxide was chosen. The Thermo Scientific Dionex 921 
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ICS 5000+ system, which included a Thermo IonPac AS11 column (4-µm particle size, 922 

250 x 2 mm) with the column compartment kept at 30°C, was used to perform IC-MS 923 

with a total run time was 50 minutes. Methanol was delivered by an external pump and 924 

combined with the eluent via a low dead volume mixing tee. Data were acquired using a 925 

Thermo Orbitrap Fusion Tribrid Mass Spectrometer under ESI negative ionization mode 926 

at a resolution of 240,000. Raw data files were imported to Thermo Trace Finder 927 

software for final analysis. The relative abundance of each metabolite was normalized 928 

by each sample’s live cell count.  929 

 930 

Immunofluorescence microscopy 931 

KMS11 or JJN3 cells were fixed and permeabilized using IntraPrep Permeabilizaton 932 

Reagent (Beckman Coulter) following the manufacturer’s protocol. Samples were 933 

incubated with the primary antibodies anti-gH2AX (Cell Signaling, 2577S), anti-DNA2 934 

(Invitrogen, PA5-66086), and anti-TOM20 (Santa Cruz, sc17764) at a dilution of 1:200 935 

overnight at 4°C, washed 3 times with PBS, and then incubated with fluorescently 936 

labeled goat anti-rabbit 488 secondary antibody (Invitrogen, 2156517) at a dilution of 937 

1:400 for 1 hour at room temperature. Nuclei were stained with 1 μg/mL DAPI at a 938 

dilution of 1:1000. Samples were washed 3 times with PBS and coverslips were 939 

mounted with Prolong Gold Antifade reagent (Life Technologies). Images were acquired 940 

using a confocal microscope (Nikon Instruments Inc.) and analyzed using Image J 941 

software v1.51U (https://imagej.nih.gov/ij/) or using a Delta Vision OMX Blaze V4 942 

Super-Resolution System with 62X magnification. 943 

 944 
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Transmission electron microscopy  945 

JJN3 cells (3 x 106) were washed twice with PBS and fixed in 4% paraformaldehyde 946 

solution, pH 7.3. Fixed samples were washed in 0.1 M sodium cacodylate buffer, 947 

treated with 0.1% Millipore-filtered cacodylate buffered tannic acid, and postfixed with 948 

1% buffered osmium tetroxide and 1% Millipore-filtered uranyl acetate. Samples were 949 

dehydrated using increasing concentrations of ethanol, embedded in LX-112 medium, 950 

and polymerized in a 60°C oven for approximately 3 days. Ultrathin sections were cut in 951 

an Ultracut microtome (Leica), stained with uranyl acetate and lead citrate in an EM 952 

Stainer (Leica), and examined using a JEM 1010 transmission electron microscope 953 

(JEOL) at an accelerating voltage of 80 kV. Digital images were obtained using the 954 

Advanced Microscopy Techniques Imaging System (Advanced Microscopy Techniques 955 

Corp) using 7500X, 20,000X, and 50,000X magnification.  956 

 957 

Quantification of mitochondrial respiration  958 

OCR was quantified by the Seahorse Mito Stress Test assay (Agilent Technologies). 959 

JJN3 cells were treated with 1 µM NT or ILF2 ASOs for 3 weeks prior to receiving 1 μM 960 

IACS-010759 or NSC for 72 hours. After exposure to IACS-010759 or NSC, cells were 961 

washed twice with PBS and resuspended in prewarmed Seahorse basal medium 962 

supplemented with 1 mM pyruvate, 2 mM glutamine, and 5 mM glucose, pH 7.4. Cells 963 

at a density of 1.5 x 106 cells/mL were plated in at least 4 replicates on 96-well 964 

Seahorse cell culture plates previously coated with Cell-Tak (Corning) according to the 965 

manufacturer’s instructions. Once plated, the cells were subjected to gentle 966 

centrifugation. OCR was determined using the Seahorse XFe96 analyzer according to 967 
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the manufacturer’s instructions. OCR values were obtained at baseline (3 initial 968 

measurements) and post-injections of the Seahorse XF Mito Stress Test Kit reagents 969 

oligomycin (1.5 μM), carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone (1 μM), and 970 

rotenone/antimycin (0.5 μM). All measurements were quantified using the Mito Stress 971 

Test Generator and normalized to the number of viable cells.  972 

 973 

Mitochondria and Nuclear Fractionation 974 

A mitochondria isolation kit (Abcam, ab110171) was used to prepare the large 975 

organelles/debris and intact mitochondria fractions from JJN3 cells. Briefly, cell pellets 976 

were frozen and thawed to weaken cell membranes. Cell pellets were resuspended in 977 

the extraction buffer and homogenized following the manufacturer’s procedures. After 978 

the last centrifugation step of mitochondrial isolation, the supernatants were collected 979 

for further nuclear isolation using the nuclear extraction buffer from a nuclear/cytosol 980 

fractionation kit (Biovision; K269) following the manufacturer’s procedures. 981 

Mitochondrial and nuclear proteins were quantified using the Qubit Protein Assay kit. 982 

WB analysis was performed using the following primary antibodies: anti-DNA2 983 

(Invitrogen, PA5-8167), anti-vinculin (Sigma, V9131), anti-COXIV (Cell Signaling, 984 

4850S), and anti-Lamin A (Abcam, ab26300). 985 

 986 

Clinical correlations 987 

To evaluate whether DNA2 expression was correlated with poorer progression-free 988 

survival in MM patients treated with high-dose melphalan, we analyzed the cumulative 989 

survival rate of 256 newly diagnosed MM patients enrolled in the Arkansas Total 990 
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Therapy 2 trial and treated with high-dose chemotherapy and stem cell transplantation 991 

using data deposited in GSE2658. Patients were stratified in 4 quartiles based on DNA2 992 

expression. The Kaplan-Meier curves were plotted, and the log-rank test was performed 993 

to test the difference in survival distributions among the 4 groups.  994 

To evaluate whether DNA2 expression was correlated with poorer progression-free 995 

survival in MM patients treated with PI-based therapy, we used the publicly available 996 

IA16 CoMMpass dataset from the Multiple Myeloma Research Foundation. We obtained 997 

RNA-seq data from the Salmon V7.2 Filtered Gene TPM file. We used IA16_FlatFile 998 

files for demographic, disease, and survival data. DNA2 gene (ENSG00000138346) 999 

expression levels were identified and matched to baseline patient data. Only patients 1000 

who did not undergo autologous stem cell transplant were included in the survival 1001 

analysis. Patients were further divided into subgroups based on the use of 1002 

immunomodulatory agents or PIs during induction therapy. DNA2 gene expression was 1003 

analyzed as a continuous variable and further divided into quartiles. All statistical 1004 

analyses were performed using the BlueSky Statistics 7.40 software package. Normality 1005 

tests were performed and association testing for categorical variables was done using a 1006 

chi-squared test. Testing for continuous variables was done with Student t-test, Mann–1007 

Whitney U test, or ANOVA. Progression-free survival was analyzed. Univariate and 1008 

multivariate Cox proportional hazard models were created to estimate hazard ratios for 1009 

the association of DNA2 expression and survival. Multivariate analysis included 1010 

variables known to be significantly associated with MM outcome. Kaplan–Meier curves 1011 

were constructed for DNA2 expression quartiles and compared using a log-rank test. A 1012 

P-value of <0.05 was set for statistical significance. 1013 
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 1014 

Statistical analyses 1015 

All statistical data are presented as the mean ± the standard deviation (S.D.) of the 1016 

mean. The number of replicates in each experiment is indicated in the figure legends. 1017 

Statistically significant differences were detected using a 2-tailed Student t-test, one-1018 

way ANOVA, or two-way ANOVA as indicated (****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, 1019 

* P <0.05). Analyses were performed with the GraphPad Prism 9.2.0 software program 1020 

(https://www.graphpad.com).  1021 

Functional enrichment analysis was performed using the Panther 1022 

(http://www.pantherdb.org/tools/compareToRefList.jsp) or the Metascape software32 1023 

packages. The human Hallmark and/or Reactome gene sets were used, and analyses 1024 

were performed using gene annotation available in 2019-2021. Fig. 3A, and 1025 

Supplementary Fig. S1N, S3J, and S4K were made using Biorender.com. No statistical 1026 

method was used to predetermine sample size. The investigators were blinded to 1027 

allocation during experiments and outcome assessment. 1028 
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Supplementary Figure 4
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Supplementary Figure 4 (continue)
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