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MYC dysregulation in the progression of multiple myeloma
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Multiple myeloma (MM) is a plasma cell malignancy preceded by a premalignant stage, named
monoclonal gammopathy of undetermined significance (MGUS), and often a smoldering phase
(SMM).X-2 Primary events, which include recurrent translocations of the IgH locus and
hyperdiploidy, occur early in pathogenesis, and are followed by the acquisition of secondary
genetic events such as MYC structural variants (SV), mutations that activate the RAS or NFkB
pathways, mutations of DIS3 or FAM46C that drive precursor stages of disease toward MM.%®
Whole exome sequencing (WES) studies comparing serial MGUS/SMM and MM samples
indicate clonal stability, and no significant increase in mutational load in patients that progress
rapidly to MM.” In contrast, in 33 unselected MGUS patients single-nucleotide variants (SNVs)

were less frequent, and no MYC translocations identified.®

To study the role of MYC in myeloma we performed an integrated genomic analysis of 612
newly diagnosed myeloma (NDMM) patients enrolled in the CoMMpass study, as well as
targeted sequencing of 23 patients with MGUS and 90 patients with SMM. We identified MYC
SV in 42% of NDMM, including the majority of HRD (57%), and a quarter of MM with primary
IgH translocations. The majority of these rearrangements resulted in juxtaposition of a super-
enhancer (SE) and/or stretch enhancer adjacent to MYC, with one third involving an Ig super-
enhancer, one third involving another recurrent super/stretch enhancer and the remaining third
split between non-recurrent super/stretch enhancers, no identified super/stretch enhancer, or
rearrangements wholly confined to the region telomeric to MYC, frequently duplications with no
exogenous sequences present (Table S1A-B, Table S2-4). The IgH MYC rearrangements often
were complex - sometimes involving duplications and 3 or more chromosomes - and the IgH
breakpoints were often within or near the 3’ SE regions, suggesting a different timing or

mechanism than the primary IgH translocations.

By using an informative group of patients in which we were able to identify germline
polymorphisms within the exons of MYC (n=147), we found 66/69 (96%) NDMM with elevated
mono-allelic MYC expression have a MYC SV, whereas in 69/77 (90%) with variable levels of
biallelic MYC expression no MYC SV was identified (Table S5). This highlights the functional
significance of MYC SV, suggesting that our analysis is neither missing nor overcalling the

presence of many MYC SVs, and that the primary mechanism of cis-dysregulation of MYC is by



54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

SV. The level of expression of MYC is higher in samples with rearrangements compared to those
without (Figure 1A, B), with similar levels whether an Ig or non-1g enhancer is involved (p-
value > 0.10), but intermediate levels for samples with a wholly confined telomeric

rearrangement.

While in patients with MYC SV there was no correlation between MYC expression and NFkB
index (Figure 1C), in patients lacking MYC SV, there was a strong linear correlation (Figure
1D), identifying coordinate dysregulation of MYC associated with both constitutive and ligand-
dependent NFKB pathway activation. Unlike many cancers, we did not find a correlation
between the presence of MYC SV, or the level of MY C expression, and proliferation, as
measured using a gene expression index (data not shown). As recently noted®MAX mutations or
inactivation correlate with extremely low levels of MYC expression, and we found that
aberrations in these genes rarely occur together (Figure 1B). (Table S6). This data suggests that
as reported for small cell lung cancer'® and oligodendroglial tumors®!, aberrancies of MYC and

its heterodimeric partner MAX!2, operate in a mutually exclusive fashion.

Taken altogether, MYC SV, MAX inactivation and NFkB pathway mutation, identify a genetic
mutation associated with MYC/MAX pathway dysregulation in two-thirds of NDMM (261+22+
127/612, Table S1A). In 86 of the remaining patients (14% of the total) there is ligand dependent
NF«kB activation associated with increased MYC expression. The overwhelming majority of the
remaining patients, representing 14% of the total (86/612), have a mutation activating the MAPK
pathway (RAS/BRAF/FGFR3). Only one in twenty (30/612) tumors lacks evidence of
dysregulation of the MYC/MAX, NFkB or MAPK pathway. In contrast, there is no correlation
between MYC dysregulation and mutations of the MAPK pathway, which are instead inversely
correlated with NFxB activation, particularly in patients without MYC SV (Figure 1E and 1F,
Table S7, S8).

We further expanded our genomic analysis and included premalignant stages in MM
development. First, we established a sequencing panel targeting regions surrounding IgH (500
Kb), IgL (100 Kb), IgK (50 Kb) and MYC (2 Mb) loci, in addition to detecting SNVs in 88

important MM genes*®. The robustness of the approach was tested by comparing with FISH data



85  from 90 primary samples, and for 60 of these also with Mate Pair whole genome sequencing

86 (WGS). Across all 90 samples, the Custom Capture approach was able to detect 93% (39/42) of
87  IgH translocations and 86% (19/22) of MYC SVs previously detected by FISH and Mate Pair
88  WGS, respectively (details in Supplementary Methods). and as such we slightly underestimate
89  the incidence of MYC SV in MGUS and SMM compared to MM patients in the CoMMpass

90  study.

91

92  We analyzed 23 unselected MGUS cases using the sequencing panel. Three patients had an N
93 and/or K-RAS, two had NFKB pathway mutations (TRAF2 and CYLD) and none had
94  rearrangements in the MYC locus. However, canonical initiating events (HRD and IgH
95 translocations with MAF, MAFA, MMSET, CCND1, and CCND3) were observed in all but four
96  samples, three with no clear initiating event and the other an IgH rearrangement with UPK2
97 (Table S9, Table S10-S12). When analyzing 90 SMM samples with the sequencing panel, 22
98  cases were observed with MYC SVs (24%), including 5 IgH-MYC and 1 IgL-MYC SV (Table
99  S9). The time to progression (TTP) for SMM cases with non-Ig MYC SVs was not significantly
100 different than cases without any MYC SV (median TTP of 45 versus 61 months, p-value >0.10).
101  However, the SMM cases with Ig MYC SVs progressed rapidly to MM (all 6 cases progressed
102  within 23 months of observation, Figure 2A). On multivariate analysis performed using Mayo
103  Clinic criteria for high risk of progression Ig MYC SVs retained significance (HR 4.59, p 0.003)
104  as an independent prognostic marker for rapid progression to MM (Table S13).
105
106  In an expanded analysis of potentially relevant genomic features within this SMM cohort, DIS3
107  mutations associated with rapid progression to MM along with Ig MYC SVs (Table S14).
108  Notably, many CNAs that are commonly aberrant and often associated with adverse prognosis in
109 NDMM, such as gain of 1q or deletion of 13q, bore no significant association with progression to
110 MM despite increased frequency with advancing disease stage (Figure 2C, Table S15, S16).
111
112 While DIS3 mutation and Ig MYC SVs were significantly associated with rapid progression to
113 MM in SMM, Ig MYC SVs alone only bordered on significance in NDMM (PFS p-value =
114  0.055) but did achieve significance when paired with DIS3 mutation (PFS p-value < 0.05, Table
115  S17). In contrast to SMM, we observed that IgL, rather than IgH or IgK MYC SV, were
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associated with more rapid disease progression in NDMM (Figure S1)'*. In a more focused
analysis comparing prognostic associations of MYC SV types (g, non-Ig, or none), we observed
that HRD cases with a non-lg MYC SV had uniquely beneficial prognosis with a significantly
reduced rate of progression (82% cases without PFS events at 2-years compared to 59% in
remaining cases, Figure 2B) while no difference in outcome was noted across MYC SV type in
non-HRD MM (Figure S2, S3). Both the combination of non-Ig MYC SVs with HRD positivity
and IgL MYC SV retained significant association with PFS in multivariate models including
covariates for key genomic features (MMSET or MAF translocations, 1q gain, 13q loss, 17p loss,
DIS3 mutation), treatment strategy, i.e. use of combined therapy with Immunomodulatory drugs
(Imids), and International Staging System (ISS) stage (Table S18). Whereas previous studies in
lymphoma, and MM have shown MYC SVs to be an adverse prognostic factor & ** we did not
observe this in our studies of SMM or MM. This suggests that MYC may serve a somewhat
different role in MM, less focused on proliferation and instead driving protein translation and
metabolism to meet the demands of highly secretory plasma cells. Our findings require further
investigation but provides preliminary evidence that outcome, and likely function, of MYC
rearrangements is dependent upon partnered enhancer and genetic context. It is supported by the
parallel observation of a much more rapid progression from MGUS through SMM to MM for
patients with Ig MYC SV, but not non-Ilg MYC SV.

Our analyses demonstrate that MM tumors rely for progression on a few signaling pathways
(MYC, RAS, NFkB) that show functional redundancy and complementary activation, with at
least one pathway activated in 95% of NDMM. In contrast to previous studies of serial samples,’
our analysis of MGUS cases showed a lack of key progression features, e.g., 0/23 with MYC SV
and only 2/23 with a clonal NFKB or KRAS mutation. This discrepancy is likely due to not
selecting samples known to progress to MM. Focusing on the same 3 progression pathways for
SMM vs MM, MYC SV are 24 vs 43%, NFkB mutations 12 vs 32%, and RAS pathway
mutations 46 vs 53%. Rapid progression of SMM to MM appears to be independently associated
with Ig MYC SV and DIS3 mutations, and possibly with NFkB mutations.
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Figure Legends

Figure 1. Location of MYC breakpoints and variation in MYC expression

The exact location of breakpoints (black dots) at the MYC locus for the 260 NDMM cases

with MYC SV in the CoMMpass cohort, shows that the breakpoints clustered within an
approximately 2Mb region around MYC, with three breakpoint cluster regions: one centered on
MYC, a less frequent one centromeric, and more common one telomeric to MYC. The level

of MYC expression (log transform of Salmon TPM) is shown on the Y-axis, and shows that the
breakpoints were associated with an increased expression of MYC, (A). The level

of MYC expression is highest in cases with 1G or Non-IG MYC SVs (median TPM 79; non-
significant one-sided Wilcoxon test between 1G and Non-1G MYC SVs, p-value > 0.05)
according to data from 612 NDMM CoMMpass cases. Cases with IG or non-IG MYC SVs have
significantly higher MYC expression than those with wholly confined telomeric MYC SVs
(median TPM 38, p-value < 0.001), who in turn have significantly higher expression than cases
with NFKB aberrations (median TPM 26, p-value < 0.05), and cases with RAS or FGFR3
mutations (median TPM 15) have low expression of MYC, even lower than cases with NFkB
aberrations (p-value < 0.001). MYC expression is lowest in cases harboring MAX aberrations
(median TPM 1, B). Across patients with MYC SVs, there was no correlation between the level
of expression of MYC and NFKB aberrations or index (C and E). However, in patients

without MYC SV, there is a significant correlation between the level of MYC TPM and the NFkB
index (D and F). Vertical line in plots C and D denotes the median NFkBI. Correlation triangles
report Spearman correlations between variables when highly significant (p-value < 0.001) with
negative correlation in blue, positive correlation in red, and size of circle associated with

absolute value of correlation.

Figure 2. Progression in SMM and NDMM and genomic copy number comparison of
MGUS, SMM, and NDMM

An analysis of MYC SVs in SMM cohort revealed that MYC rearrangements that juxtaposed any
of the Ig regions (five IgH, one IgL) had a rapid progression to MM (B). However, in NDMM,

only cases with IgL MYC SVs had inferior outcomes (see also Supplementary Figure S1)
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Additionally, HRD cases harboring a Non-lg MYC SV had a significant association with
improved performance (B) not observed for Non-HRD (NHRD) cases (Supplementary Figures
S2 and S3). Across 23 MGUS, 90 SMM, and 612 NDMM cases, the percent of samples with a
gain and loss were determined at equal 30 Kb intervals across the entire genome. A gain was
denoted if copy number segment values at given location was greater than log2(2.25/2) and loss
if segment value was below 10g2(1.30/2). Across entire chromosomes, many of the copy number
gains and losses are similarly prevalent across disease stages, however gain of 1g and loss of 13q
significantly increase in frequency with disease stage, more so than any other chromosomes. (C)



199

200
201

202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239

References

10.

Landgren O, Kyle RA, Pfeiffer RM, Katzmann JA, Caporaso NE, Hayes RB, et al.
Monoclonal gammopathy of undetermined significance (MGUS) consistently precedes
multiple myeloma: a prospective study. Blood 2009; 113(22): 5412-5417.

Weiss BM, Abadie J, Verma P, Howard RS, Kuehl WM. A monoclonal gammopathy
precedes multiple myeloma in most patients. Blood 2009 Jun 28; 113(22): 5418-5422.

Kuehl WM, Bergsagel PL. Multiple myeloma: evolving genetic events and host
interactions. Nat Rev Cancer 2002 Mar; 2(3): 175-187.

Bergsagel PL, Kuehl WM, Zhan F, Sawyer J, Barlogie B, Shaughnessy J, Jr. Cyclin D
dysregulation: an early and unifying pathogenic event in multiple myeloma. Blood 2005
Jul 1; 106(1): 296-303.

Affer M, Chesi M, Chen WD, Keats JJ, Demchenko YN, Tamizhmani K, et al. Promiscuous
MYC locus rearrangements hijack enhancers but mostly super-enhancers to dysregulate
MYC expression in multiple myeloma. Leukemia 2014 Aug; 28(8): 1725-1735.

Walker BA, Wardell CP, Brioli A, Boyle E, Kaiser MF, Begum D, et al. Translocations at
8024 juxtapose MYC with genes that harbor superenhancers resulting in overexpression
and poor prognosis in myeloma patients. Blood cancer journal 2014; 4(3): e191.

Dutta AK, Fink JL, Grady JP, Morgan GJ, Mullighan CG, To LB, et al. Subclonal evolution in
disease progression from MGUS/SMM to multiple myeloma is characterised by clonal
stability. Leukemia 2019 Feb; 33(2): 457-468.

Mikulasova A, Wardell CP, Murison A, Boyle EM, Jackson GH, Smetana J, et al. The
spectrum of somatic mutations in monoclonal gammopathy of undetermined
significance indicates a less complex genomic landscape than that in multiple myeloma.
Haematologica 2017 Sep; 102(9): 1617-1625.

Wang D, Hashimoto H, Zhang X, Barwick BG, Lonial S, Boise LH, et al. MAX is an
epigenetic sensor of 5-carboxylcytosine and is altered in multiple myeloma. Nucleic
Acids Res 2017 Mar 17; 45(5): 2396-2407.

Romero OA, Torres-Diz M, Pros E, Savola S, Gomez A, Moran S, et al. MAX inactivation in
small cell lung cancer disrupts MYC-SWI/SNF programs and is synthetic lethal with
BRG1. Cancer discovery 2014 Mar; 4(3): 292-303.



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

11.

12.

13.

14.

15.

Kamoun A, Idbaih A, Dehais C, Elarouci N, Carpentier C, Letouze E, et al. Integrated
multi-omics analysis of oligodendroglial tumours identifies three subgroups of 1p/19q
co-deleted gliomas. Nat Commun 2016 Apr 19; 7: 11263.

Kalkat M, De Melo J, Hickman KA, Lourenco C, Redel C, Resetca D, et al. MYC
Deregulation in Primary Human Cancers. Genes (Basel) 2017 May 25; 8(6).

Kortuem KM, Braggio E, Bruins L, Barrio S, Shi CS, Zhu YX, et al. Panel sequencing for
clinically oriented variant screening and copy number detection in 142 untreated
multiple myeloma patients. Blood cancer journal 2016; 6: e397.

Barwick BG, Neri P, Bahlis NJ, Nooka AK, Dhodapkar MV, Jaye DL, et al. Multiple
myeloma immunoglobulin lambda translocations portend poor prognosis. Nat Commun
2019 Apr 23; 10(1): 1911.

Weinhold N, Kirn D, Seckinger A, Hielscher T, Granzow M, Bertsch U, et al. Concomitant
gain of 1921 and MYC translocation define a poor prognostic subgroup of hyperdiploid
multiple myeloma. Haematologica 2016; 101(3): e116-e119.



12 12
° . o . * s .$ H
- . o®
10 . ...‘:o o .0 .. q =N 10 = ’.p.ﬁ‘
o o : * I L .t . X
N . LI ® ...:": ° o
9 . . S : :
\?’/ 8 n . ..: .: 3 ) * ':’.ﬁ‘.. ’ 8 7] :'..O : e o
cg’ : .. * oo o .’ 0 o° o °
2 : IEEERRSCRNPT 5
—_ . o . L . . .u . N . o (] o
& ’ . D A - :
S 6. LT Y 1 ¥ N
= vE
. o Sxe
& . . ° i H .:.
g.') . . % i
= 4- 4 %
(V] .
[«
o
2 2 -
L] L] '
0 T T 0 T N T N T N T
127MB 128MB 129MB 130MB 2 2 §\0 & S & ] é\«@
L L © & o & &
N N & ® QQ‘ & &
chr8 o O & kg C N <
N o° & N N
S < S
Q~
12 ; 12 !
r=0.035 . oo r=0.422 i
p-value 0.576 S : n a p-value < 0.001 ! o
10 : 10 I
|
|
_ l
© [}
N
S 8 8
(aV]
[«
o
o MYC TPM 20 MYC TPM 20
P . | e U o pintetaiainiaiainiit
" 6 - 6 -
s
o
|_
Q
= 4 : 4
(aV]
= : MYC TPM 2
o | N S A IRSVRMMGRNE _ | e eeeeeo-
: V}ﬁl : v V<>V
» |MYC SV present : > |MYC SV absent Vv '+ o
1 vv
I [= |l
¢ NFkB aberrant v | ¢ NF«B aberrant a | v <
v MAX aberrant I v MAX aberrant Vg Y
@ Remaining ! @ Remaining B la
0 T T T : T T 0 T T | ' T T
0 2 4 6 8 10 12 0 2 4 6 8 10
NF«Bi NF«Bi
HRD HRD
MYC SV present MYC SV absent
MYC TPM MYC TPM 0.28
NF«Bi NF«Bi 0.47
NF«B aberrant 0.44 NF«xB aberrant 0.24 0.50
RAS/FGFR3 SNV -0.21 RAS/FGFR3 SNV ‘ ‘
t(11;14) . t(11;14) ‘ -0.19 0.20 ‘
t(4;14) ‘ t(4;14) ‘ ‘
MAX aberrant MAX aberrant .
5 & = W & 5 & = W &
&L & & & S N A & & & & & S N N &
N X & < S \s & < N X & @ S \s &
QO S < = ® S $© S ® S ® S
N Q& ‘<é< \s A\ Q& <<C§< W
S 2) \ X & W
& &

12



Progression to Myeloma
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