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Abstract:
Long noncoding RNAs (lncRNA) can drive tumorigenesis and are susceptible to therapeutic
intervention. Here, we used a large-scale CRISPR interference viability screen to interrogate cell
growth dependency to lncRNA genes in multiple myeloma (MM), and identified a prominent role for the
miR-17-92 cluster host gene (MIR17HG). We show that a MIR17HG-derived lncRNA, named lnc-17-92, is
the main mediator of cell growth dependency acting in a microRNA- and DROSHA- independent manner.
Lnc-17-92 provides a chromatin scaffold for the functional interaction between c-MYC and WDR82,
thus promoting the expression of ACACA, which encodes the rate-limiting enzyme of de novo
lipogenesis acetyl-coA carboxylase 1 (ACC1). Targeting MIR17HG pre-RNA with clinically applicable
antisense molecules disrupts the transcriptional and functional activities of lnc-17-92, causing
potent anti-tumor effects both in vitro and in vivo in three pre-clinical animal models, including
a clinically relevant PDX-NSG mouse model. This study establishes a novel oncogenic function of
MIR17HG and provides potent inhibitors for translation to clinical trials.
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KEY POINTS 37 
• MIR17HG produces a long noncoding RNA that acts as a chromatin scaffold for 38 

protein interaction and tumor cell growth. 39 

• Targeting this long noncoding RNA with optimized antisense oligonucleotides 40 

has potent anti-myeloma activity in pre-clinical models. 41 

 42 

ABSTRACT 43 

Long noncoding RNAs (lncRNA) can drive tumorigenesis and are susceptible to 44 

therapeutic intervention. Here, we used a large-scale CRISPR interference viability 45 

screen to interrogate cell growth dependency to lncRNA genes in multiple myeloma 46 

(MM), and identified a prominent role for the miR-17-92 cluster host gene (MIR17HG). 47 

We show that a MIR17HG-derived lncRNA, named lnc-17-92, is the main mediator of 48 

cell growth dependency acting in a microRNA- and DROSHA- independent manner. 49 

Lnc-17-92 provides a chromatin scaffold for the functional interaction between c-MYC 50 

and WDR82, thus promoting the expression of ACACA, which encodes the rate-limiting 51 

enzyme of de novo lipogenesis acetyl-coA carboxylase 1 (ACC1). Targeting MIR17HG 52 

pre-RNA with clinically applicable antisense molecules disrupts the transcriptional and 53 

functional activities of lnc-17-92, causing potent anti-tumor effects both in vitro and in 54 

vivo in three pre-clinical animal models, including a clinically relevant PDX-NSG mouse 55 

model. This study establishes a novel oncogenic function of MIR17HG and provides 56 

potent inhibitors for translation to clinical trials.   57 
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INTRODUCTION 58 

Multiple myeloma (MM) is a genetically complex malignancy of plasma cells that 59 

accounts for about 10% of hematologic cancers and remains largely incurable1. A 60 

growing body of evidence points to a key role played by noncoding RNA (ncRNA) 61 

networks in MM2, suggesting that MM cells can become significantly addicted to and 62 

therapeutically susceptible to the modulation of oncogenic ncRNAs3-8. In particular, long 63 

ncRNAs (lncRNAs) outnumber protein-coding genes in humans and are susceptible to 64 

the same oncogenic pathogenetic events9,10. These RNA molecules, defined as 65 

transcripts greater than 200nt with no protein-coding potential, have a diverse array of 66 

functional roles, ranging from being precursor molecules for the biogenesis of mature 67 

microRNAs (miRNAs) to direct interactions with proteins and nucleic acids to regulate 68 

protein function and/or stability11-13. With the plethora of biological functions that 69 

lncRNAs modulate to control cellular processes at multiple levels, it is not surprising that 70 

their aberrant expression and function have been implicated in the progressive gain of a 71 

malignant phenotype by tumor cells14. Indeed, the expression of 14 lncRNAs in newly 72 

diagnosed MM patients is correlated (or anti-correlated) with progression-free survival 73 

independent of cytogenetic, international staging system (ISS), or minimal residual 74 

disease (MRD) status15. Other lncRNAs, including SMILO, also independently predict 75 

MM progression and response to therapy16,17. 76 

To find lncRNAs that have a direct impact on MM proliferation and survival, thus 77 

providing cell growth dependency, we conducted a lncRNA-targeted large-scale 78 

CRISPR interference (CRISPRi) viability screen. CRISPRi makes use of a catalitically 79 

inactive Cas9 (dCas9)-KRAB fusion protein to repress the expression of endogenous 80 
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lncRNA genes18,19. From this screen, we identified MIR17HG as essential in MM and i) 81 

characterized its novel function as lncRNA mediating protein-protein and protein-DNA 82 

interactions, ii) developed potent inhibitors for translation to clinical trials.  83 
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METHODS 84 

Cells 85 

Human cell lines and primary cells were grown at 37°C, 5% CO2. Detailed information is 86 

included in Supplementary Methods section. 87 

 88 

RNA-seq, microarray-based gene expression analysis and miRNA profiling of MM 89 

patients and cell lines. 90 

These analyses were performed in purified CD138+ cells. Detailed information can be 91 

found in Supplementary Methods section.  92 

 93 

CRISPRi viability screen and validation 94 

Cell lines expressing the dCas9-KRAB fusion protein were generated as previously 95 

described19. Detailed information on library design, gRNA pool library production, 96 

titering of virus, primary and secondary screenings, validation study, as well as on data 97 

analysis can be found in Supplementary Methods section. 98 

 99 

Antisense oligonucleotides (ASO), synthetic miRNA mimics and inhibitors, 100 

siRNAs 101 

Long Non-Coding LNA gapmerRs were custom-designed and purchased from Exiqon 102 

(Vedbaek, Denmark). Sequences can be found in Supplementary Methods section. 103 

Synthetic miRNA mimics and inhibitors, as well as silencer select siRNAs, were 104 

purchased from Ambion (Applied Biosystems, CA, US). SiRNA pool targeting WDR82 105 

was purchased from Horizon Discovery (Waterbeach, U.K.). Design of clinically 106 

applicable ASOs is described in Supplementary Table 8. 107 

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/doi/10.1182/blood.2022016892/1922286/blood.2022016892.pdf by guest on 09 January 2023



7 
 

 108 

Gymnosis 109 

Gymonotic experiments were performed as previously described20.  110 

 111 

Transient and stable transfection of cells 112 

Cell transfection and transduction was performed as previously described5. Detailed 113 

information can be found in Supplementary Methods section.  114 

 115 

Detection of cell proliferation and apoptosis. 116 

Cell viability was evaluated by Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular 117 

Technologies), according to the manufacturer’s instructions. Apoptosis was investigated 118 

by an Annexin V/7-AAD flow cytometry assay using FACS CANTO II (BD Biosciences). 119 

 120 

Reverse transcription (RT) and quantitative real-time amplification (qRT-PCR) 121 

RNA extraction, reverse transcription (RT) and quantitative real-time amplification (qRT-122 

PCR) were performed as previously described5. Detailed information can be found in 123 

Supplementary Methods section.  124 

 125 

Western blot analysis 126 

Protein extraction and western blot analysis were performed as previously described. 127 

Detailed information can be found in Supplementary Methods section.  128 

 129 

RNA FISH and Co-immunofluorescence with RNA FISH (Co-IF/FISH) 130 
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These experiments were conducted according to established protocols21,22. Detailed 131 

information can be found in Supplementary Methods section.  132 

 133 

Luciferase reporter assay 134 

Promoter reporter clones for human ACACA (NM_198834), ANO6 (NM_001025356), 135 

CCDC91 (NM_018318), EPT1 (NM_033505), EXT1 (NM_000127), FER 136 

(NM_001308028) and ZYG11A (NM_001004339) were cloned into the GLuc-ON™ 137 

Promoter Reporter Vector (GeneCopoeia, Rockville, MD). A luciferase reporter assay 138 

was performed according to the manufacturer’s instructions. 139 

 140 

ChIRP 141 

Lnc-17-92 and LacZ antisense DNA probes were designed using the online probe 142 

designer at singlemoleculefish.com. Oligonucleotides were biotinylated at the 3′ end 143 

with an 18-carbon spacer arm. AMO1 cells were collected and subjected to ChIRP 144 

using the EZ- Magna ChIRP RNA Interactome Kit (Millipore Sigma, Bedford, MA), 145 

according to the manufacturer’s instructions and established protocols23. 146 

 147 

De novo lipogenesis assay 148 

These experiments were conducted as previously described24. Detailed information can 149 

be found in Supplementary Methods section.  150 

 151 

ChIP-qPCR 152 
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ChIP-qPCR was performed as previously described25. Detailed information can be 153 

found in Supplementary Methods section.  154 

 155 

RNA-Protein Pull-Down 156 

Lnc-17-92 transcripts and truncated versions were cloned into a pBlueScript vector and 157 

sequence verified. In vitro transcription and biotinylation was performed using 158 

AmpliScribe™ T7-Flash™ Biotin-RNA Transcription Kit (Lucigen, cat. no. #ASB71110), 159 

according to the manufacturer’s instructions. Cell nuclear lysates (from 1x107 AMO1 160 

cells) were incubated with biotinylated RNA and streptavidin beads for RNA pull-down 161 

incubation, using Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher 162 

Scientific, cat. no. #20164), according to the manufacturer’s instructions. RNA-163 

associated proteins were eluted and analyzed by western blotting. 164 

 165 

RNA Yeast 3 Hybrid 166 

These experiments were conducted according to established protocols21,22. Detailed 167 

information can be found in Supplementary Methods section.  168 

 169 

RIP-qPCR 170 

RNA immunoprecipitation (RIP) experiments were performed using the Magna RIP 171 

RNA-binding Protein Immunoprecipitation Kit (Millipore Sigma, cat. no. 17-701), 172 

according to the manufacturer’s instructions. The anti-MYC antibody [Y69] used for RIP 173 

was purchased from Abcam (ab32072). Normal Rabbit IgG was purchased from Cell 174 
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Signaling Technology (cat. no. #2729). The primers used for detecting lnc-17-92 are 175 

listed in Supplementary Methods section.  176 

 177 

Co-immunoprecipitation (Co-IP) 178 

Protein lysates were obtained from 1x107 cells (AMO1, H929 and U266MYC+, with 179 

corresponding treatments). Coimmunoprecipitation was performed using the Pierce™ 180 

Co-Immunoprecipitation Kit (Thermo Fisher Scientific, cat. no. 26149), according to the 181 

manufacturer’s instructions. IP antibodies are listed in  Supplementary Methods section.  182 

 183 

Proximity-dependent biotin identification (BioID) 184 

BioID was performed as described by Kalkat et al.26. Detailed information can be found 185 

in Supplementary Methods section.  186 

 187 

Mass Spectrometry 188 

Mass Spectrometry analysis of Co-IP and BioID samples was performed at the Taplin 189 

Mass Spectrometry Facility (Harvard Medical School, Boston, MA). 190 

 191 

Animal study 192 

6-week-old female immunodeficient NOD.CB17-Prkdcscid/NCrCrl (NOD/SCID) mice 193 

(Charles River) or NSG mice (Jackson Laboratory) were housed in our animal facility at 194 

Dana-Farber Cancer Institute (DFCI). All experiments were performed after approval by 195 

the Animal Ethics Committee of the DFCI and performed using institutional guidelines. 196 

Detailed information can be found in Supplementary Methods section.  197 
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 198 

Statistical Analysis 199 

All in vitro experiments were repeated at least three times and performed in triplicate. A 200 

representative experiment was shown in the figures. Statistical significances of 201 

differences were determined using Student's t test (unless otherwise specified), with the 202 

minimal level of significance specified as p<0.05. Kaplan-Meier survival curves were 203 

compared by log-rank test. Statistical analyses were determined using GraphPad 204 

software (http://www.graphpad.com). Graphs were obtained using GraphPad software 205 

(unless otherwise specified). 206 

 207 

Data availability 208 

The authors declare that all data supporting the findings of this study are available 209 

within the article and its Supplementary Information. Files or reagents are available from 210 

the corresponding authors on request. Data is stored at accession number GSE208599.211 
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RESULTS 212 

CRISPRi viability screens identify MIR17HG as a leading cell growth dependency 213 

in MM.  214 

We analyzed RNA-seq data from 360 newly diagnosed MM patients and identified 913 215 

lncRNA transcripts expressed in primary MM cells (Fig. 1A, I.) and in a panel of 70 MM 216 

cell lines (data not shown). To systematically interrogate the role of these lncRNAs in 217 

MM cell growth, we transduced 3 MM cell lines (H929, KMS-11 and KMS-12-BM) 218 

engineered to express a dCAS9-KRAB fusion protein with a pooled library consisting of 219 

7 sgRNAs against each of the 913 transcription start sites (TSS) of the identified 220 

lncRNAs and 576 negative control sgRNAs (Fig. 1A, II. and Supplementary Table 1). 221 

After 3 weeks, we tested for sgRNAs that were relatively depleted or enriched in the MM 222 

cell population using deep sequencing and the Model-based Analysis of Genome-wide 223 

CRISPR-Cas9 Knockout (MAGeCK) robust rank aggregation (RRA) algorithm27.  224 

The most enriched or depleted sgRNAs were further tested in secondary screens 225 

using a pooled library targeting the TSS of 224 lncRNAs, the TSS of known protein-226 

coding oncogenes (MYC, IRF4)28,29 or tumor suppressors (TP53)30 as positive controls, 227 

and 2245 non-targeting sgRNAs as negative controls (Fig. 1A; III. and Supplementary 228 

Table 2). In the secondary screens, 4 MM cell lines (H929, KMS11, KMS12BM and 229 

AMO1) were used to detect and rank significantly depleted or enriched sgRNAs. As 230 

expected, sgRNAs targeting IRF4 and MYC were significantly depleted in three (MYC) 231 

or all (IRF4) cell lines, while sgRNAs targeting TP53 were significantly enriched in both 232 

TP53 wild-type cell lines (AMO1 and H929)31.  233 
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Focusing on depleted sgRNAs, we identified lncRNA dependencies in MM cells 234 

that were either cell-line specific (54%) or shared (46%) (Supplementary Fig. 1A and 235 

Supplementary Table 3). A ranked analysis of sgRNA depletion identified MIR17HG as 236 

the leading dependency, with RRA scores equal or superior to those obtained by 237 

targeting MYC or IRF4 in all cell lines tested (Fig.1B). To validate this data further, we 238 

next transduced MM cell lines expressing dCAS9-KRAB fusion protein with the top four 239 

sgRNAs targeting MIR17HG under the regulation of a tetracycline-inducible promoter 240 

and observed reduced cell growth compared to cells infected with non-targeting 241 

sgRNAs after continued exposure to doxycycline (Fig. 1C and Supplementary Fig. 242 

1B). Moreover, we used 2 different locked nucleic acid (LNA) gapmeR ASOs (simply 243 

referred to as ASO), which target the MIR17HG nascent RNA (pre-RNA) for RNase H–244 

mediated degradation32,33, to transfect 11 MM cell lines including those resistant to 245 

conventional anti-MM agents (AMO1-ABZB resistant to bortezomib; AMO1-ACFZ 246 

resistant to carfilzomib; MM.1R resistant to dexamethasone) and confirmed a significant 247 

impact on MM cell viability independent of the genetic and molecular background (Fig. 248 

1D and Supplementary Fig. 1C).  249 

 250 

MIR17HG-derived lnc-17-92 mediates cell growth dependency in a miRNA- and 251 

DROSHA-independent manner. 252 

MIR17HG is the locus of the miRNA cluster miR-17-92 and a lncRNA34,35, named here 253 

lnc-17-92. Lnc-17-92 has two isoforms, one that is ~5,000 nt long (lnc-17-92TV1) and 254 

one that is ~900 nt (lnc-17-92TV2)34,35, and both have yet to be functionally explored 255 

(Fig. 2A). In MM cells, both RNA-seq (Supplementary Fig. 2A) and qRT-PCR 256 
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(Supplementary Fig. 2B) indicated preferential expression of lnc-17-92TV1, which is the 257 

isoform further investigated in this study and hereafter referred to as lnc-17-92. Using 258 

RNA-seq, we confirmed its expression in CD138+ cells from an additional large cohort 259 

of MM patients (MMRF/CoMMpass, n=720) and in MM cell lines (n=60) 260 

(Supplementary Fig. 2C-D). In MM cell lines, we also demonstrated nuclear 261 

enrichment of lnc-17-92 using single molecule RNA-FISH (Fig. 2B) and subcellular 262 

qRT-PCR (Supplementary Fig. 2E). We observed that lnc-17-92 expression was 263 

higher during disease progression in two independent datasets from MM patients 264 

analyzed at diagnosis and/or relapse (Supplementary Fig. 2F-G) and that higher 265 

expression of lnc-17-92 was associated with shorter event-free survival (EFS) and 266 

overall (OS) survival in 3 large cohorts of newly diagnosed MM patients (Fig. 2C). 267 

Expression of lnc-17-92 did not significantly correlate with the expression of miR-17-92 268 

miRNAs in CD138+ MM cells from 140 patients (average Spearman r = 0.16), 269 

suggesting that lnc-17-92 and miR-17-92 are under independent regulatory control and 270 

function in distinct molecular pathways mediating cell growth dependency to MIR17HG 271 

(Supplementary Fig. 2H).  272 

To test independent activity of lnc-17-92, we first established two MM cell lines 273 

over-expressing miR-17-92 via ectopic expression of the primary precursor pri-mir-17-274 

92 (Supplementary Fig. 3A). We specifically depleted lnc-17-92 in these cell lines with 275 

ASOs targeting the 5’-end of MIR17HG pre-RNA, a region not covered by pri-mir-17-92, 276 

and observed a significant inhibition of cell growth that was not rescued by ectopic pri-277 

mir-17-92 (Fig. 2D). Next, we established two DROSHA knockout (DR-KO) MM cell 278 

lines (AMO1DR-KO and H929DR-KO), which are unable to enzymatically digest pri-mir-17-279 

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/doi/10.1182/blood.2022016892/1922286/blood.2022016892.pdf by guest on 09 January 2023



15 
 

92 and produce miR-17-92s (Supplementary Fig. 3B)36, and still observed strong anti-280 

proliferative activity in both DR-WT and DR-KO cell systems after lnc-17-92 depletion 281 

using gymnotic treatment with ASO1 (Fig. 2E) or after transfection with 3 different ASOs 282 

(-1/-2/-3) (Supplementary Fig. 3C). Importantly, exposure to gymnotic ASO1 (Fig. 2E-283 

F) or transfection with ASO2 (Supplementary Fig. 3D) abrogated the ability of 284 

AMO1DR-KO cells to establish tumors in NOD SCID mice, resulting in prolonged animal 285 

survival. Next, using the easy-to-transfect colorectal cancer cell line HCT-116, which is 286 

driven by MIR17HG34, we found that ectopic expression of lnc-17-92TV1 significantly 287 

rescued the anti-proliferative activity of ASOs targeting MIR17HG pre-RNA more 288 

effectively than ectopic lnc-17-92TV2 or pri-mir-17-92 (Supplementary Fig. 3E-F). 289 

Finally, we confirmed the independent activity of lnc-17-92 in the HCT-116 and DLD-1 290 

colorectal cancer cell lines carrying a mutant Dicer, which confers a hypo-morphic 291 

phenotype preventing the cells from enzymatically processing mature miRNAs37 292 

(Supplementary Fig. 3G).  293 

These results indicate that lnc-17-92TV1 is the main mediator of MIR17HG cancer 294 

dependency, separate from the actions and biogenesis pathway of miR-17-92. 295 

 296 

Lnc-17-92 forms a transcriptional axis with ACACA to promote MM cell growth. 297 

The nuclear enrichment of lnc-17-92 suggests a possible role in the regulation of gene 298 

expression. We therefore depleted lnc-17-92 in DR-WT (AMO1 and H929) and DR-KO 299 

(AMO1DR-KO) MM cell lines using early exposure to gymnotic ASO1 to avoid modulation 300 

of miR-17-92 (Supplementary Fig. 4A) and miR-17-92’s canonical targets in DROSHA 301 

WT cells (Supplementary Fig. 4B-C) and identified 7 genes rapidly downregulated 302 
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after depletion of lnc-17-92 in all the cell lines tested (Fig. 3A). We validated these 303 

findings in CD138+ cells from 3 MM patients treated ex-vivo with ASO1 (Fig. 3B) and in 304 

the lymphoma cell lines Raji and Daudi (Supplementary Fig. 4D). Conversely, the 305 

expression of these genes was not affected by modulating individual members of miR-306 

17-92 using synthetic mimics or inhibitors (Supplementary Fig. 4E-F). Moreover, we 307 

observed significant positive correlation (Spearman r > 0.3; p<0.001) between lnc-17-92 308 

and its target genes in at least 1 out of 2 large RNA-seq MM patient datasets (IFM/DFCI 309 

and MMRF/CoMMpass) (Fig. 3C). 310 

Using a luciferase reporter assay, performed in 293TDR-KO cells in the presence 311 

or absence of lnc-17-92 depletion, we demonstrated that the regulatory control of lnc-312 

17-92 over these genes, except ANO6, occurs at the promoter level (Fig. 3D). 313 

Consistently, we confirmed lnc-17-92 interaction at the promoter region of the top target, 314 

ACACA, by a chromatin isolation by RNA precipitation (ChIRP) assay followed by qRT-315 

PCR analysis (Fig. 3E and Supplementary Fig. 4G-H) and showed frequent 316 

localization of lnc-17-92 to the ACACA locus by single-molecule dual RNA FISH 317 

analysis of lnc-17-92 and ACACA pre-mRNA (<300nm to nearest lnc-17-92 spot in 318 

~50% of ACACA pre-RNA spots analyzed (n=60)) (Fig. 3F). Proximal localization of lnc-319 

17-92 to the ACACA gene locus was significantly more frequent compared to random 320 

spots (Fig. 3F). 321 

Among the identified lnc-17-92 targets, ACACA had the largest impact on the 322 

proliferation and survival of MM cells (Fig. 3G). ACACA encodes the rate-limiting 323 

enzyme for the de novo lipogenesis pathway ACC1, which supports tumorigenesis in 324 

different cancer contexts38. To confirm that lnc-17-92’s control over ACACA expression 325 

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/doi/10.1182/blood.2022016892/1922286/blood.2022016892.pdf by guest on 09 January 2023



17 
 

has a functional effect, we depleted lnc-17-92 and found that the incorporation of C14-326 

radiolabeled glucose into the lipid pool was significantly reduced, indicating a reduced 327 

amount of de novo lipogenesis24, both in MM cell lines and CD138+ MM patient cells 328 

(Supplementary Fig. 4I). This was not observed after transfection of MM cells with 329 

synthetic inhibitors of miR-17-92s (Supplementary Fig. 4J). Moreover, supplementing 330 

palmitate, which is the main downstream product of ACC1 activity, significantly rescued 331 

the anti-proliferative and pro-apoptotic effects of lnc-17-92 depletion in MM cells 332 

(Supplementary Fig. 4K-L).  333 

Altogether, these data indicate lnc-17-92 is a chromatin-interacting lncRNA with 334 

transcriptional regulatory functions. We next sought to determine how it can promote 335 

transcription by searching for its protein-binding partners. 336 

 337 

Lnc-17-92 directly interacts with c-MYC and promotes its occupancy at the 338 

ACACA promoter.  339 

The targeting of MIR17HG primarily kills c-MYC positive (MYC+) tumor cells, including 340 

in MM5,34,39,40. Intriguingly, MYC is known to reactivate ACACA expression and de novo 341 

lipogenesis in tumor cells41, with MYC+ tumor cells becoming addicted to this metabolic 342 

pathway, findings that we validated in MM cells (Supplementary Fig. 5A-D). Therefore, 343 

we hypothesized that lnc-17-92 mediates the functional interplay between MYC and 344 

MIR17HG by directly interacting with MYC protein to promote gene expression.  345 

We performed an RNA Protein pull-down (RPPD) experiment and found that 346 

MYC forms a complex with  lnc-17-92TV1 (Fig. 4A). RNA immunoprecipitation (RIP) 347 

assay with MYC antibody confirmed the enrichment of lnc-17-92TV1  (Fig. 4B). 348 
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Moreover, an RNA yeast-3-hybrid (Y3H) assay confirmed the lnc-17-92TV1-MYC 349 

interaction in an in vivo cellular model42, as shown by yeast colony growth (Fig. 4C). An 350 

analysis using truncated versions of lnc-17-92TV1 further indicated the 3’-end regions, 351 

which do not include miR-17-92, as particularly relevant for the interaction with MYC in 352 

MM cells (Supplementary Fig. 5E). 353 

Next, we evaluated if MYC and lnc-17-92 cooperate to promote ACACA 354 

expression in MM cells. Depletion of lnc-17-92 in MM cells indeed abrogated MYC 355 

occupancy at the ACACA promoter while not affecting MYC expression (Fig. 4D) and 356 

reduced the expression of ACACA in the conditional MYC Tet-Off cell line P493-643 only 357 

in presence of high MYC levels (Fig. 4E). Moreover, by coupling RNA FISH analysis of 358 

lnc-17-92TV1 and ACACA pre-RNA with immunofluorescence analysis of MYC protein 359 

(FISH/IF), we captured the co-localization of lnc-17-92TV1 and MYC at the ACACA gene 360 

locus (Supplementary Fig. 5F).  361 

These data demonstrate that lnc-17-92TV1 forms an RNA-protein complex with 362 

the transcription factor MYC to promote its chromatin occupancy and transcriptional 363 

activity at the ACACA promoter.  364 

 365 

Lnc-17-92 mediates the assembly of a MYC-WDR82 transcriptional complex, 366 

leading to transcriptional and epigenetic activation of ACACA. 367 

MYC transcriptional activity is modulated through the interaction with transcriptional and 368 

epigenetic co-regulators41. To determine if lnc-17-92 affects these protein-protein 369 

interactions, we integrated the results of a proximity-dependent biotin identification 370 

(BioID) analysis (Supplementary Fig. 6A) with a co-immunoprecipitation assay 371 
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followed by mass-spectrometry analysis (Co-IP/MS) in three MM cell lines (AMO1, 372 

H929 and U266MYC+), in the presence and absence of depletion of lnc-17-92. This 373 

analysis highlighted WDR82 as a very high-confidence lnc-17-92-dependent MYC 374 

interactor (Fig. 5A and Supplementary Tables 4-7). A direct RNA-protein interaction 375 

between lnc-17-92TV1 and WDR82 was further confirmed by both RPPD (Fig. 5B) and 376 

RNA Y3H (Fig. 5C) assays. Analysis using the truncated versions of lnc-17-92TV1 377 

indicated that this interaction may involve different domains across lnc-17-92 378 

(Supplementary Fig. 6B). 379 

WDR82 is a regulatory component of the SET1 methyltransferase complex, 380 

which catalyzes histone H3 Lys-4 (H3K4) methylation (mono-, di-, tri-) at the 381 

transcriptional start sites of active loci44,45, a prerequisite for MYC binding to chromatin 382 

and transactivation46. We confirmed a global effect of silencing of WDR82 on H3K4 383 

methylation in MM cells (Supplementary Fig. 6C). Consistently, depletion of WDR82 384 

reduced the occupancy of H3K4me3 (Fig. 5D and Supplementary Fig. 6D) and MYC 385 

(Fig. 5E and Supplementary Fig. 6E) at the ACACA promoter, and decreased ACACA 386 

mRNA expression (Fig. 5F and Supplementary Fig. 6F) in MM cells. Furthermore, 387 

using MM cells expressing an ectopic WDR82-GFP fusion protein (Supplementary Fig. 388 

6G), we demonstrated that lnc-17-92 expression is essential for WDR82 occupancy at 389 

the ACACA promoter (Fig. 5G). Additionally, lnc-17-92 depletion resulted in reduced 390 

levels of H3K4me3 at the ACACA promoter (Fig. 5H), without globally impacting the 391 

H3K4 methylation status (Fig. 5I). 392 
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These findings suggest lnc-17-92TV1 is a chromatin scaffold mediating the 393 

assembly of the MYC-WDR82 multiprotein transcriptional complex to control the 394 

expression of ACACA and likely other genes. 395 

 396 

Therapeutic inhibitors of MIR17HG exert potent anti-tumor activity in vitro and in 397 

vivo in animal models of human MM. 398 

We next explored MIR17HG as a therapeutic target, which includes both the lncRNA 399 

and miRNA factors. To develop clinically applicable inhibitors, we screened >80 fully 400 

phosphorothioated (PS), 2’-O-methoxyethyl (2’-MOE)-modified, lipid-conjugated ASOs 401 

that could either trigger RNase H–mediated degradation of MIR17HG pre-RNA 402 

(gapmeRs) or exert function via an RNase H–independent mechanism (blockmeRs)47 403 

(Supplementary Fig. 7A-B). This procedure identified an 18-mer tocopherol (T)-404 

conjugated gapmeR G2-15b-T (“G”) and an 18-mer tocopherol (T)-conjugated steric 405 

blocker SB9-19-T (“B”) as both having strong anti-proliferative effects (cell growth 406 

inhibition, CGI > 50%) in a large panel of MM cell lines as well as CD138+ primary MM 407 

cells, while sparing (CGI < 50%) non-malignant cell lines (THLE-2, HK-2, HS-5 and 408 

293T) and PBMCs from 3 healthy donors (Supplementary Fig. 7C).  409 

To assess the in vivo anti-tumor activity of both compounds, we first used a 410 

AMO1-based plasmacytoma xenograft model in immunocompromised NOD SCID mice. 411 

Here, we observed a significant reduction of tumor growth after a treatment cycle with 412 

either G2-15b-T (tumor growth inhibition, TGI=76%) or B9-19-T (TGI=69%) (Fig. 6A). 413 

Analysis of tumors retrieved from mice following this treatment confirmed reduced 414 

expression of lnc-17-92 (Fig. 6B) and miR-17-92s (Supplementary Fig. 7D), as well as 415 
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modulation of lnc-17-92’s targets (ACACA, EPT1, EXT1, CCDC91, ANO6, FER and 416 

ZYG11A) (Fig. 6C) and miR-17-92’s target BIM (aka BCL2L11) (Supplementary Fig. 417 

7E). We also observed reduced levels of tripalmitin (Supplementary Fig. 7F), a 418 

surrogate for the de novo lipogenesis product palmitate48. This demonstrates efficient 419 

uptake of G2-15b-T and B9-19-T by tumor cells in vivo. We observed no overt toxicity in 420 

the mice after treatment, as shown by blood cell count, clinical biochemistry 421 

(Supplementary Tables 9-10), and body weight analysis (not shown). 422 

We next confirmed the significant anti-MM activity of G2-15b-T and B9-19-T in an 423 

aggressive model of diffused myeloma, in which tumor growth of MOLP8-luc+ MM cells 424 

is assessed by bioluminescence imaging (BLI). In this model, tumor growth was 425 

significantly antagonized after a treatment cycle with either G2-15b-T (TGI=84%) or B9-426 

19-T (TGI=52%). Treatment with G2-15b-T resulted in tumor clearance in 2 out of 8 427 

mice (25%) (Fig. 6D). Importantly, both inhibitors significantly prolonged animal survival 428 

(Fig. 6E).  429 

Finally, we established a clinically relevant PDX-NSG mouse model by tail-vein 430 

injection of CD138+ MM cells obtained from an advanced-stage patient (PDX-NSG). In 431 

this model, tumor growth was monitored in serum samples using human kappa light 432 

chain as a surrogate. Remarkably, we observed a regression of tumor growth after a 433 

treatment cycle with G2-15b-T, whose effects were comparable to bortezomib (a 434 

positive control) (Fig. 6F).435 

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/doi/10.1182/blood.2022016892/1922286/blood.2022016892.pdf by guest on 09 January 2023



22 
 

DISCUSSION  436 

MIR17HG is often amplified and/or overexpressed in human cancer and has a driver 437 

role34,39,49. One of its transcriptional products, pri-mir-17-92, is enzymatically digested by 438 

DROSHA into six precursor transcripts (pre-mir-17 / -18a / -19a / -20a / -19b1 / -92a) 439 

that are further processed by DICER to generate the miR-17-92 mature miRNAs (miR-440 

17 / -18a / -19a / -20a / -19b1 / -92a). These miRNAs post-transcriptionally repress 441 

relevant tumor-suppressive mRNAs34,39,40,49, such as the pro-apoptotic factor BIM50. 442 

Their impact on tumorigenesis is particularly relevant when co-expressed with MYC34,39, 443 

as there’s a well-documented interplay between miR-17-92, especially of miR-19b51,52, 444 

and MYC transcriptional targets in maintaining cancer cell homeostasis5,39,40. We have 445 

previously demonstrated that these miRNAs play a relevant role in MM by forming 446 

homeostatic feed-forward loops with MYC and BIM5. Interestingly, our previous work 447 

also showed that depletion of mature miRNAs does not phenocopy the inhibition of 448 

MIR17HG pre-RNA, suggesting other tumor-promoting functions for this transcript5. An 449 

alternative mechanism to explain the oncogenic role of MIR17HG has been recently 450 

identified and involves the overload of DROSHA by an overexpressed pri-mir-17-92 in B 451 

cell lymphomas53. Our description in this study of the miRNA-, DROSHA- and DICER-452 

independent function of MIR17HG, via lnc-17-92, establishes this gene as having both 453 

short (miR-17-92) and long (lnc-17-92) noncoding RNA activities, with the latter 454 

mediating tumor-promoting activity in MM and likely other cancer contexts (e.g., 455 

colorectal cancer).  456 

We described lnc-17-92 as a specific regulator of gene expression via chromatin 457 

occupancy and interaction with MYC and WDR82. Lnc-17-92 directly reduces the 458 
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expression of a small subset of genes and prevents the accumulation of H3K4me3 at 459 

the ACACA promoter. These effects are in contrast to what is observed by depleting c-460 

MYC (i.e., global effect on gene expression) or WDR82 (i.e., global effect on 461 

methylation of H3K4) in cancer cells, as reported in this and other studies44,54. Our data 462 

support the emerging paradigm whereby chromatin occupancy by transcription factors 463 

like MYC may be determined through interacting with specific lncRNAs55, in addition to 464 

protein partners26. In a broader perspective, our observations on lnc-17-92 suggest 465 

lncRNAs are key mediators of the epigenetic and transcriptional reprogramming of MM 466 

cells. In this molecular scenario, while proteins act as catalytic effectors, the intrinsic 467 

structural flexibility of lncRNAs makes them good modular scaffolds able to mediate 468 

both protein-protein and protein-DNA interactions at specific chromatin regions.  469 

We further showed that the lnc-17-92-MYC-WDR82 complex impacts tumor cell 470 

metabolism by activating the de novo lipogenesis pathway via regulation of ACACA. 471 

This anabolic pathway is primarily restricted to liver and adipose tissue in normal adults 472 

but is reactivated in cancer cells via mechanisms yet to be fully described38,56. Notably, 473 

MYC has been implicated in the reprogramming of tumor cell metabolism by activating 474 

that pathway via ACACA and other genes57. In turn, lipogenesis has emerged as an 475 

essential pathway for the onset and progression of MYC-driven cancers, which are 476 

susceptible to pharmacologic inhibition of ACC141. This seems particularly relevant in 477 

MM, where tumor cells need to adapt their metabolic pathways to meet the high 478 

bioenergetic and biosynthetic demand posed by the malignant cell growth coupled with 479 

unceasing production of monoclonal immunoglobulin58,59. Nevertheless, we 480 

acknowledge that the oncogenic roles of lnc-17-92 are likely not limited to the 481 
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transcriptional axis with ACACA and will require further investigation to be 482 

comprehensively elucidated.  483 

Deletion of MIR17HG is tolerated in adult mice60, and its haploinsufficiency is 484 

compatible with life in humans61. The physiological role of MIR17HG seems particularly 485 

relevant only for the hematopoietic stem cell compartment60, which continuously 486 

renews. These observations support the development of MIR17HG as a target. Thus, 487 

for translational purposes, we developed two therapeutic ASOs that target the 488 

MIR17HG pre-RNA via different mechanisms of action (i.e., RNase H-dependent or -489 

independent). With the recent advances in RNA medicine62-64, the use of ASOs to 490 

therapeutically antagonize disease-driver genes is becoming increasing possible47,65, 491 

including in MM therapy5,66. Our optimization of design and chemistry has helped to 492 

overcome the major obstacles to the clinical use of ASOs, such as poor bioavailability65, 493 

while limiting off-target toxicity. The inhibitors described here bear state-of-the-art 494 

chemical modifications (2’MOE, PS-backbone, lipid conjugation) and have sufficient 495 

nucleotide length (18mer) to ensure high specificity for MIR17HG. Inhibitors of this kind 496 

have already been tested within clinical trials and a few are already FDA approved for 497 

use in different human diseases65. Our optimized ASOs targeting MIR17HG with 498 

demonstrated activity in 3 different murine models of human MM provide the rationale to 499 

now consider clinical application in MM. 500 

Different questions remain open about the dual nature of MIR17HG and its 501 

therapeutic targeting. Important future directions will be to uncover how the splicing of 502 

MIR17HG is alternatively regulated to produce lnc-17-92 or miR-17-92 and to address 503 

the relative contribution of lnc-17-92 and miR-17-92 to the oncogenic activity of 504 
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MIR17HG in other cancer models. Whether the host genes of the two paralogs of miR-505 

17-92, miR-106a-363 and miR-25-106b, also retain miRNA-independent function will be 506 

an important line of investigation.  507 

Overall, this study establishes MIR17HG with a unique lncRNA function of 508 

facilitating protein-protein and protein-DNA interactions, mediating tumor-promoting 509 

activity with therapeutic implications.  510 
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FIGURE LEGENDS 566 

Figure 1. CRISPRi viability screens identify MIR17HG as a leading cell growth 567 

dependency in MM. A) Schematic of CRISPRi viability screens. B) RRA-based ranked 568 

analysis of lncRNA dependencies in the secondary screen, considering 4 MM cell lines 569 

either together or individually. The top lncRNA dependency, MIR17HG, is highlighted, 570 

along with the protein-coding genes IRF4 and MYC used as positive controls. C) CCK-8 571 

proliferation assay of MM cell lines (AMO1, H929, KMS11 and KMS12BM) stably 572 

expressing KRAB-dCAS9 fusion protein and transduced with lentivectors to 573 

conditionally express anti-MIR17HG sgRNAs. CCK-8 assay was performed at indicated 574 

time points after exposure to doxycycline (0.5μg/mL). Cell proliferation is calculated 575 

compared to parental cells infected with the empty sgRNA vector and exposed to 576 

doxycycline under the same conditions. D) CCK-8 proliferation assay of MM cell lines 577 

(n=11) transfected with 2 different ASOs targeting the MIR17HG pre-RNA or a non-578 

targeting ASO (NC). ASOs were used at a concentration of 25nM. Cell viability was 579 

measured 2 and 4 days after electroporation, and it is represented as % viability 580 

compared to cells transfected with NC-ASO. Data from 1 out of 3 independent 581 

experiments is shown in panel D and E. Data present mean ± s.d.in D and E.  *p<0.05 582 

by Student’s t test. 583 

 584 

Figure 2. MIR17HG-derived lnc-17-92 mediates cell growth dependency in a 585 

miRNA- and DROSHA- independent manner. A) Overview of MIR17HG locus, 586 

including both lncRNA (lnc-17-92) and miRNA (miR-17-92)-derived transcripts. B) 587 

Single molecule  RNA FISH analysis of subcellular localization of lnc-17-92 in AMO1. 588 
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Cell nuclei are stained by DAPI. C) Prognostic significance (PFS and OS) of high lnc-589 

17-92 expression (top quartile) in 3 large cohorts of MM patients. D) CCK-8 proliferation 590 

assay in AMO1 and H929 cells stably transduced with either a lentivector carrying pri-591 

mir-17-92 (pri-miR) or a lentiviral vector carrying GFP as a control, and transfected with 592 

2 different ASOs targeting the 5’end (5’-ASO) of MIR17HG pre-RNA or a scrambled 593 

control (NC). Effects on cell proliferation were assessed 48h after transfection. E) CCK-594 

8 proliferation assay of DROSHA WT or KO AMO1 and H929 exposed to ASO1 (1µM 595 

for AMO1 and 2.5µM for H929) for 6 days. Western blot analysis of DROSHA 596 

expression in WT and KO cells. Vinculin was used as a protein-loading control. F) 597 

Effects of lnc-17-92 depletion in a matrigel-based AMO1DR-KO xenograft in NOD SCID 598 

mice. Tumor growth of AMO1DR-KO with (ASO-1) or without (NC) lnc-17-92 depletion. G) 599 

Survival analysis of tumor-injected mice. *indicates p<0.05, ns indicates p>0.05 after 600 

Student’s t test. 601 

 602 

Figure 3. Lnc-17-92 forms a transcriptional axis with ACACA to promote 603 

proliferation and survival of MM cells. A) Transcriptomic analysis after lnc-17-92 604 

depletion in MM cell lines that have either DROSHA WT (AMO1, H929) or KO (AMO1DR-605 

KO). Venn diagram of commonly downregulated genes (adj p<0.05; log2FC<-1). Cells 606 

were exposed to ASO1 for 24h. B) qRT-PCR analysis of lnc-17-92 targets in CD138+ 607 

cells from 3 MM patients exposed to ASO1 for 24h. The results shown are average 608 

mRNA expression levels after normalization with GAPDH and ΔΔCt calculations. RNA 609 

level in cells exposed to NC (vehicle) were set as an internal reference. C) Correlation 610 

analysis between lnc-17-92 targets (mRNA) and lnc-17-92 in CD138+ MM patient cells 611 
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from 2 large RNA-seq cohorts (DFCI/IFM, n=360; MMRF/CoMMpass, n=720). 612 

Spearman r obtained in DFCI/IFM (x axis) and MMRF/CoMMpass (y axis) dataset. 613 

Dotted red lines indicate r=0.3. Individual correlation plots are shown below. D) GLuc/ 614 

SEAP dual reporter assay showing reduced activity of ACACA, ANO6, CCDC91, EPT1, 615 

EXT1, FER and KIAA1109 promoter activity after lnc-17-92 knockdown using ASO1. 616 

The reporter vectors were co-transfected into 293T cells with either ASO1 or control 617 

ASO. Cells were harvested for the luciferase activity assay 48h after transfection. 618 

Results are shown as % of normalized Gluc activity in ASO1-transfected cells compared 619 

to control. E) ChIRP-qPCR analysis showing effective amplification of ACACA promoter 620 

in chromatin purified using two lnc-17-92 antisense probe sets (ps1 and ps2), compared 621 

to chromatin purified using LacZ antisense probes (negative control). F) (left) Snapshot 622 

obtained by dual RNA-FISH analysis of ACACA pre-mRNA (green) and lnc-17-92 623 

(purple) in a representative AMO1 cell; (right) box plot showing the distance (nm) of 624 

ACACA pre-RNA spots to the nearest lnc-17-92 spots (n=57) or to the nearest random 625 

spots (160). 300nm was used as a cut-off determining proximity. G) CCK-8 proliferation 626 

assay in 5 MM cells lines after transfection with siRNAs against lnc-17-92 targets. Two 627 

siRNAs were used for each target, plus a scramble siRNA (NC) as a control. Cell 628 

viability was measured at the indicated time point and it is represented as % of NC-629 

transfected cells. *indicates p<0.05 after Student’s t test in panels B, D, and G, or after 630 

Fisher Exact Test in E and F. 631 

 632 

Figure 4. Lnc-17-92 directly interacts with c-MYC and promotes its occupancy at 633 

the ACACA promoter. A) Western blot analysis of MYC in RPPD material precipitated 634 
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with control RNA or lnc-17-92TV1 or lnc-17-92TV2. 5% input is used as a reference. B) 635 

qRT-PCR analysis of lnc-17-92 (detecting lnc-17-92TV1) in RIP material precipitated 636 

using an anti-MYC antibody (α-MYC) or IgG control. LncRNA PVT1 is used as a 637 

positive control for its role as MYC interactor. C) RNA Y3H using MYC as hybrid protein 638 

2 and, as hybrid RNAs, a negative control RNA (-) or lnc-17-92TV1 or lnc-17-92TV2. D) 639 

ChIP-qPCR analysis of MYC occupancy at the ACACA promoter in AMO1, H929 and 640 

U266MYC+ exposed for 24h to ASO1 or NC (vehicle). MYC occupancy at ACACA 641 

promoter is calculated as % of input chromatin. Below each histogram plot is the 642 

western blot analysis of MYC from paired samples. GAPDH or α-tubulin were used as 643 

protein loading controls. E) qRT-PCR analysis of ACACA mRNA in P493-6 cells 644 

exposed for 2 days to either doxycycline or DMSO to knockdown MYC, and then 645 

exposed for 2 additional days to either ASO1 or vehicle (NC) to deplete lnc-17-92. 646 

ACACA expression levels in cells exposed to NC were set as an internal reference. *p < 647 

0.05, Student’s t test. 648 

 649 

Figure 5. Lnc-17-92 mediates the assembly of a MYC-WDR82 transcriptional 650 

complex, leading to transcriptional and epigenetic activation of ACACA. A) 651 

Schematic of integrated BioID and Co-IP/MS assays to explore the MYC-protein 652 

interacting network in the presence or absence of lnc-17-92 depletion. B) Western blot 653 

analysis of WDR82 in RPPD material precipitated with lnc-17-92TV1 or lnc-17-92TV2 or 654 

with control RNA. 5% input is used as a reference. C) RNA Y3H using WDR82 as 655 

hybrid protein 2 and, as hybrid RNAs, either a negative control RNA (-) or lnc-17-92TV1 656 

or lnc-17-92TV2. Red arrows indicate yeast colony growth. D) ChIP-qPCR analysis of 657 
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H3K4me3 occupancy at ACACA promoter after silencing of WDR82 with a siRNA pool 658 

(n-4) in H929 (24h time point). Data are represented as % of input chromatin. E) ChIP-659 

qPCR analysis of MYC occupancy at the ACACA promoter after silencing of WDR82 660 

with a siRNA pool (n-4) (24h time point). Data are represented as % of input chromatin. 661 

F) qRT-PCR analysis of ACACA mRNA after silencing of WDR82 with a siRNA pool (n-662 

4) (48h time point). Raw Ct values were normalized to GAPDH mRNA and expressed 663 

as ΔΔCt values calculated using the comparative cross threshold method. ACACA 664 

expression levels in cells transfected with NC were set as an internal reference. G) 665 

ChIP-qPCR analysis of WDR82-GFP occupancy at the ACACA promoter in AMO1 666 

exposed for 24h to gymnotic ASO1. Data are represented as % of input chromatin. 667 

Western blot analysis of WDR82-GFP from paired samples. α-tubulin was used as the 668 

protein loading control. H) ChIP-qPCR analysis of H3K4me3 occupancy at the ACACA 669 

promoter in AMO1 and H929 exposed for 24h to gymnotic ASO1. Data are represented 670 

as % of input chromatin. I) Western blot analysis of H3, H3H3K4me1, H3H3K4me2, and 671 

H3H3K4me3 in AMO1 and H929 exposed for 24h to gymnotic ASO1. Lamin A/C was 672 

used as the protein loading controls (nuclear lysates). *p < 0.05, Student’s t test. 673 

 674 

Figure 6. Therapeutic inhibitors of MIR17HG exert potent anti-tumor activity in 675 

vitro and in vivo in animal models of human MM. A) Subcutaneous in vivo tumor 676 

growth of AMO1 cells in NOD SCID mice, 21 days after treatment with G2-15b*-TO (G; 677 

n=5) or B9-19-TO (B; n=5) or vehicle (NC; n=5). B-C) qRT-PCR analysis of lnc-17-92 678 

(C) and lnc-17-92 targets (D) in AMO1 xenografts, retrieved from animals treated with 679 

G2-15b*-TO (G; n=1) or B9-19-TO (B; n=1) or vehicle (NC; n=1) as a control. Raw Ct 680 
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values were normalized to ACTB mRNA and expressed as ΔΔCt values calculated 681 

using the comparative cross threshold method. Expression levels in NC were set as an 682 

internal reference. D) BLI-based measurement of in vivo tumor growth of MOLP8-luc+ in 683 

NSG mice, after treatment with G2-15b*-TO (G; n=8) or B9-19-TO (B; n=6) or vehicle 684 

(NC; n=11). On the top, a scatter plot showing the analysis of bioluminescence intensity. 685 

Red bars indicate median value. Bioluminescence was measured at the end of the 686 

treatment cycle (day 15). Below, image acquisition. Mice removed from the study due to 687 

failed I.V. injection of tumor cells are covered by a black rectangle. E) Survival analysis 688 

from experiment in panel E. F) Human Kappa light chain ELISA-based measurement of 689 

in vivo tumor growth of MM patient cells in NSG mice (PDX-NSG), after treatment with 690 

G2-15b*-TO (G; n=2), bortezomib (BTZ; n=2) or vehicle (NC; n=3). Black arrows 691 

indicate treatments. *indicates p<0.05; **means p<0.01; ***means p<0.001. 692 
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