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Plasma Cell Disorders

Introduction

Models of development of multiple myeloma (MM) involve
the transformation of a normal plasma cell through a series of
related precursor stages, including monoclonal gammopathy
of undetermined significance (MGUS) and smoldering MM
(SMM).1,2 Using current definitions, proposed by the
International Myeloma Working Group, SMM is distinguished
from MGUS by the presence of >10% marrow plasmacytosis
and/or ≥3 g/dL serum M-protein, together with the absence of
the so-called CRAB criteria (hypercalcemia, renal failure, ane-
mia and bony lesions).3 MGUS is essentially a benign clinical
condition with an annual risk of approximately 1% of trans-
formation into MM.4 In comparison to MGUS, SMM has a
greater risk of progression to MM with approximately 10% of
patients progressing to MM each year for the first 5 years,
after which the progression rate is more similar to that of
MGUS.5 It would appear clinically important to distinguish a
high-risk subset of patients with SMM with a greater potential
for progression from those patients with a more MGUS-like
pattern of progression. Early intervention in the high-risk
SMM group would avoid development of CRAB criteria and
thus improve patients’ survival. The current practice guide-
lines of withholding treatment until end-organ damage devel-
ops put patients at risk of renal failure6 and adverse skeletal
events.7 This strategy of delaying treatment does not only
influence patients’ morbidity and overall costs, but also mor-
tality, since renal insufficiency at diagnosis of MM has been
shown to predict for inferior survival8 except when borte-
zomib was included in the upfront management.9

Several groups have attempted to risk-stratify precursor
states of MM by using clinical laboratory data such as pres-
ence of serum free light chains (FLC),10-12 >95% aberrant/bone
marrow plasma cells, DNA aneuploidy and immunoparesis,13

plasma cell proliferation,14 circulating plasma cells15 and imag-
ing.16 Some of these findings led to a recently adopted
International Myeloma Working Group proposal that patients
with bone marrow plasmacytosis >60%, involved/uninvolved
light chain ratio >100 and more than one focal lesion on mag-
netic resonance imaging (MRI) should be considered for anti-
MM therapy.17 While both Mayo and Spanish prognostic mod-
els identified patients with high-risk MM, the risk factors
emerged in multivariate analysis as independent prognostic
factors, even though they did not overlap in the two models.18

The development of an objective and reproducible tool that
can consistently identify high-risk SMM is, therefore, urgently
needed. This issue is particularly relevant given the evidence
from a Spanish trial showing improved survival with early ini-
tiation of therapy in high-risk SMM.19

We explored the use of gene expression profiling (GEP) to
risk-stratify SMM. In an analysis of South West Oncology
Group (SWOG) trial S0120, we evaluated GEP70, developed
for defining high-risk behavior in symptomatic MM,20,21 for its
predictive value for high-risk MM.22 A GEP70 score ≤-0.26),
together with a serum M-protein >3g/dL and serum FLC >25
mg/dL, identified SMM patients with a 70% 2-year risk of
progression to MM requiring therapy.22 In order to improve
on the GEP70 approach, we developed a new, optimized sig-
nature based on a novel analysis using all the differentially
expressed genes present on the Affymetrix platform. 
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Multiple myeloma is preceded by an asymptomatic phase, comprising monoclonal gammopathy of uncertain sig-
nificance and smoldering myeloma. Compared to the former, smoldering myeloma has a higher and non-uniform
rate of progression to clinical myeloma, reflecting a subset of patients with higher risk. We evaluated the gene
expression profile of smoldering myeloma plasma cells among 105 patients enrolled in a prospective observational
trial at our institution, with a view to identifying a high-risk signature. Baseline clinical, bone marrow, cytogenetic
and radiologic data were evaluated for their potential to predict time to therapy for symptomatic myeloma. A gene
signature derived from four genes, at an optimal binary cut-point of 9.28, identified 14 patients (13%) with a 2-
year therapy risk of 85.7%. Conversely, a low four-gene score (<9.28) combined with baseline monoclonal protein
<3 g/dL and albumin ≥3.5 g/dL identified 61 patients with low-risk smoldering myeloma with a 5.0% chance of
progression at 2 years. The top 40 probe sets showed concordance with indices of chromosome instability. These
data demonstrate high discriminatory power of a gene-based assay and suggest a role for dysregulation of mitotic
checkpoints in the context of genomic instability as a hallmark of high-risk smoldering myeloma. 
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Methods

Eligibility criteria and study design
Patients with SMM seen at the Myeloma Institute for Research

and Therapy were included in a prospective, observational clinical
trial (SWOG S0120) as part of a national cooperative group trial to
identify biological correlates that may relate to progression to
symptomatic disease. Other eligibility criteria included no prior
therapy for the plasma cell disorder and willingness to submit
samples for research. Diagnostic criteria for SMM were based on
the International Myeloma Working Group convention.3 All
patients signed informed consent, in keeping with the Declaration
of Helsinki and federal and institutional guidelines. The protocol
was approved by the National Cancer Institute and all participat-
ing centers’ internal review boards.
All patients underwent detailed clinical staging at initial registra-

tion, including full blood count, analysis of blood chemistry, and
standard MM-related serological and urinary measurements.
Nephelometric analysis was performed to determine serum
immunoglobulin levels. Immunofixation analyses of serum and
urine were performed to define the nature of the monoclonal pro-
tein present in serum and/or urine. Bone marrow aspirates and
biopsies were obtained for cytological and histopathological eval-
uation of the degree of plasma cell infiltration, including immuno-
histochemical clonality assessment. Metaphase karyotyping was
performed on at least 20 Giemsa-stained metaphases.23 In most
patients, serum FLC assays were used to quantify k and l light
chains. Imaging studies involved standard metastatic bone surveys
by X-ray examination, and, when possible, MRI of the entire spine
was used to identify focal lesions. The minimum follow-up of
patients involved MM-related laboratory studies at 3, 6, and 12
months in the first year, and then every 6 to 12 months.

Gene expression profiling and statistical methods
A sample of bone marrow aspirate was collected to isolate

CD138+ plasma cells with immunomagnetic bead selection
(autoMACS; Miltenyi Biotec) as described elsewhere.24 The purity
of the plasma cells was monitored by flow cytometry and >85%
purity was used as a criterion for inclusion of GEP data. Total RNA
from these plasma cells was used for the GEP with Affymetrix
U133 Plus 2.0 microarrays. We identified patients with SMM and
baseline GEP data who were cared for at this institution. We eval-
uated 54,675 Affymetrix gene probes for their potential to predict
time to myeloma therapy (TTT). Probes were ranked by their q-
values;25 we used 10-fold cross validation to identify the number of
genes at the top of this list, which collectively maximized the con-
cordance between risk score and survival. Gene scores were com-
puted by subtracting the sum of the expressions of the up-regulat-
ed probes from the sum of the expressions of the down-regulated
probes, then dividing by the total number of probes. A running
log-rank test was used to identify statistically optimal binary cut-
points for the gene scores within the S0210 population for TTT
analysis.  
To determine how many probe sets from the ranked probe set

list were needed to create a score, we performed 10-fold cross-val-
idation. We divided our data into ten folds of approximately equal
size, using nine folds at a time to create a score with the top n
probe sets, where n takes integer values from 1 to 100. We used
the remaining fold for validation and to calculate the c-index, a
measure of the proportion of agreement between observed and
predicted responses.26 We repeated this for ten iterations per value
of n; the c-index for each 10-fold cross-validation was the average
value of those obtained using each fold as the validation fold, and
our final c-index was the mean c-index from the ten iterations.  
Cumulative incidence analysis was used to model TTT with

death as a competing risk. Univariate and multivariate Cox pro-
portional hazards regression analyses were used to identify factors
significantly associated with TTT.27 Recursive partitioning was
used to build regression trees based on statistically optimal binary
cut-points for continuous baseline covariates.28 This method was
used in order to observe which of the many covariates considered
would best define the classification of patients for being at high,
intermediate, or low risk of progression requiring therapy. The R2

statistic was used to quantify the percentage of total variation
explained by the models considered.29 The c-index was used to
measure the performance of various models with TTT as
response. 

Results

Identifying gene probes linked to time to treatment 
for myeloma
There were 105 SMM patients with baseline GEP data

available for analyses: the baseline characteristics of these
patients are presented in Table 1. Bone marrow plasma cell
data were available for 104 (99.0%) and staging MRI was
performed in 64 (60.9%) patients. Of the 54,675

Table 1. Patients’ characteristics.
Factor                                                                        n/N (%)

Age ≥ 65 years                                                                     45/105 (43%)
Female                                                                                  47/105 (45%)
White                                                                                     91/105 (87%)
Albumin < 3.5 g/dL                                                             20/105 (19%)
β2 microglobulin ≥ 3.5 mg/L                                            26/104 (25%)
β2 microglobulin > 5.5 mg/L                                              6/104 (6%)
Creatinine ≥ 2 mg/dL                                                          3/105 (3%)
Hemoglobin < 10 g/dL                                                         2/105 (2%)
M protein ≥ 3 g/dL                                                             24/104 (23%)
Excess k free light chains                                               62/105 (59%)
Excess l free light chains                                               28/105 (27%)
Normal FLC ratio                                                                15/105 (14%)
Involved light chain > 25 mg/dL                                       27/90 (30%)
Involved/uninvolved ratio > 8                                           58/90 (64%)
Involved/uninvolved ratio > 100                                       17/90 (19%)
Bone marrow plasma cells ≥ 10%                                  90/104 (87%)
Cytogenetic abnormalities                                               16/103 (16%)
GEP CD-1 subgroup                                                             2/105 (2%)
GEP CD-2 subgroup                                                           23/105 (22%)
GEP HY subgroup                                                               29/105 (28%)
GEP LB subgroup                                                               25/105 (24%)
GEP MF subgroup                                                              11/105 (10%)
GEP MS subgroup                                                              12/105 (11%)
GEP PR subgroup                                                                 3/105 (3%)
GEP 70-gene risk > -0.26                                                  35/105 (33%)
GEP proliferation index > -2.73                                      50/105 (48%)
GEP poly PC > 11.6                                                            30/105 (29%)
MRI-detected focal lesion ≥ 1                                         11/64 (17%)
MRI-detected focal lesion ≥ 2                                           3/64 (5%)
n/N (%):  n- number with factor, N- number with valid data for factor. 
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Affymetrix probes, using q statistics at <0.05 and <0.10, 40
and 81 probes, respectively, were significantly associated
with TTT. Of all gene list sizes considered by 10-fold
cross-validation, the list using the top four probe sets
(GEP4) maximized the concordance between risk score
and TTT. The top four genes in descending order of pre-
dictive power were RRM2 (2p25-p24), DTL (1q32),
TMEM48 (1p32.3) and ASPM (1q31). An optimal cut-point
for risk of progression by the four-gene score was found to
be 9.28, which identified a subset of 14 (13.3%) patients
with a 2-year progression probability of 85.7%, with the
remainder of the 91 patients (87%) have a probability of
requiring therapy of only 17.8% (Figure 1A). The criteria
for clinical MM were recently revised to include a FLC ratio
>100 (with involved FLC >100 mg/L) and more than one
focal lesion on MRI.17 We, therefore, reanalyzed the impact
of GEP4 after excluding the nine patients who were re-cat-
egorized as having MM based on the new criteria.

Exclusion of these patients did not alter the prognostic
impact of GEP4, with a 2-year estimate of 81.8% for high-
risk patients and 15.5% for low-risk ones (Figure 1B). By
comparison, patients classified as high-risk by the GEP70
cut-point had a 2-year progression probability of 49.7%
(Figure 1C).24 The patients’ characteristics that varied
between GEP4-defined high-risk and low-risk SMM
included M-protein ≥3 g/dL, GEP-PR molecular sub-group,
GEP70-gene high-risk, GEP-based high proliferation index,
and GEP-based high centrosome index (Table 2). 
Online Supplementary Table S1 lists the top 40 most signif-

icant (q<0.05) probe sets relating to 34 unique genes, 11 of
which were located on chromosome 1q, six on chromo-
some 15q and four on chromosome 1p. Cellular processes
affected included cell cycle checkpoint control and apopto-
sis, DNA repair, biosynthesis and metabolism, cellular
assembly and organization, RNA transport and processing,
and interleukin-6 signaling (Online Supplementary Table S2).   
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Table 2. Patients’ characteristics by GEP4 classification.
Factor                                                                           All                           4-gene score              4-gene score 8                            P
                                                                                patients                            < 9.28                           ≥ 9.2
                                                                                n/N (%)                           n/N (%)                        n/N (%)

Age ≥ 65 years                                                                  45/105 (43%)                         36/91 (40%)                        9/14 (64%)                                   0.083
Female                                                                                47/105 (45%)                         40/91 (44%)                        7/14 (50%)                                   0.673
White                                                                                   91/105 (87%)                         77/91 (85%)                      14/14 (100%)                               0.207*
Albumin < 3.5 g/dL                                                           20/105 (19%)                         17/91 (19%)                        3/14 (21%)                                 0.728*
β2-microglobin ≥ 3.5 mg/L                                             26/104 (25%)                         24/90 (27%)                        2/14 (14%)                                 0.509*
β2-microglobin > 5.5 mg/L                                               6/104 (6%)                             5/90 (6%)                           1/14 (7%)                                  0.590*
Creatinine ≥ 2 mg/dL                                                        3/105 (3%)                             3/91 (3%)                           0/14 (0%)                                  1.000*
Hemoglobin < 10 g/dL                                                      2/105 (2%)                             2/91 (2%)                           0/14 (0%)                                  1.000*
M-protein ≥ 3 g/dL                                                          24/104 (23%)                         17/90 (19%)                        7/14 (50%)                                 0.017*
Excess k free light chains                                             62/105 (59%)                         53/91 (58%)                        9/14 (64%)                                   0.667
Excess l free light chains                                             28/105 (27%)                         23/91 (25%)                        5/14 (36%)                                 0.517*
Normal FLC ratio                                                             15/105 (14%)                         15/91 (16%)                         0/14 (0%)                                  0.212*
Involved light chain > 25 mg/dL                                    27/90 (30%)                          21/76 (28%)                        6/14 (43%)                                 0.341*
Involved/uninvolved ratio > 8                                         58/90 (64%)                          48/76 (63%)                       10/14 (71%)                                0.763*
Involved/uninvolved ratio > 100                                    17/90 (19%)                          13/76 (17%)                        4/14 (29%)                                 0.456*
Bone marrow plasma cells ≥ 10%                               90/104 (87%)                         76/90 (84%)                      14/14 (100%)                               0.207*
Cytogenetic abnormalities                                             16/103 (16%)                         13/89 (15%)                        3/14 (21%)                                 0.453*
GEP CD-1 subgroup                                                           2/105 (2%)                             2/91 (2%)                           0/14 (0%)                                  1.000*
GEP CD-2 subgroup                                                         23/105 (22%)                         20/91 (22%)                        3/14 (21%)                                 1.000*
GEP HY subgroup                                                            29/105 (28%)                         28/91 (31%)                         1/14 (7%)                                  0.106*
GEP LB subgroup                                                             25/105 (24%)                         23/91 (25%)                        2/14 (14%)                                 0.510*
GEP MF subgroup                                                            11/105 (10%)                           8/91 (9%)                          3/14 (21%)                                 0.163*
GEP MS subgroup                                                            12/105 (11%)                         10/91 (11%)                        2/14 (14%)                                 0.661*
GEP PR subgroup                                                               3/105 (3%)                             0/91 (0%)                          3/14 (21%)                                 0.002*
GEP 70-gene risk > -0.26                                                35/105 (33%)                         23/91 (25%)                       12/14 (86%)                               <.001*
GEP proliferation index > -2.73                                   50/105 (48%)                         36/91 (40%)                      14/14 (100%)                                <.001
GEP centrosome index > 2.76                                      17/105 (16%)                         12/91 (13%)                        5/14 (36%)                                 0.049*
GEP poly PC > 11.6                                                          30/105 (29%)                         28/91 (31%)                        2/14 (14%)                                 0.341*
MRI-detected focal lesions ≥ 1                                     11/64 (17%)                           7/54 (13%)                         4/10 (40%)                                 0.060*
MRI-detected focal lesions ≥ 2                                       3/64 (5%)                              2/54 (4%)                          1/10 (10%)                                 0.405*
n/N (%):  n- number with factor, N- number with valid data for factor. *P-value from Fisher exact test, otherwise χ2 test. P-values represent a comparison between groups, not against
the overall population.
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Identifying predictors of time to myeloma therapy
We next evaluated other baseline factors for their uni-

variate potential to predict TTT (Online Supplementary
Table S3). TTT was linked to age (>65 years), albumin
(<3.5 g/dL), serum M-protein (≥3 g/dL), bone marrow
plasma cells (>10%), excess l FLC, involved light chains
>25 mg/dL and involved/uninvolved FLC ratio >8. The
presence of at least one focal lesion on MRI, available in 64
patients, was also significant (hazard ratio, HR=2.59). In
contrast to the Mayo dataset on which the International
Myeloma Working Group guidelines were constructed, in
our cohort TTT was not affected by FLC ratio >100,11 per-
taining to 17 of 90 evaluable patients. It is notable that
while FLC ratio is a risk factor for disease progression in
the SWOG dataset,22 the hazard ratio for FLC ratio >100
(HR 1.53, P=0.243) is lower than in the Mayo dataset.
None of our patients had >60% bone marrow plasma
cells. Time-dependent analyses of changes in serum M-
protein were found to be predictive for progression with a
serum M-protein increase from baseline of 1 g/dL carrying
a 21-fold higher risk of earlier TTT. Among GEP parame-
ters associated with shorter TTT, we identified GEP4

score >9.28, GEP70 score > -0.26, GEP PR subgroup, GEP
proliferation index > -2.73, and GEP centrosome index
>2.76. In contrast, GEP poly PC >11.6, indicating a higher
proportion of normal plasma cells, was TTT-protective.
On multivariate analysis of clinical variables, age >65
years, albumin <3.5 g/dL and M-protein ≥3 g/dL were
independently correlated with TTT, with a cumulative R2

value of 66.0%. Consideration of GEP parameters
revealed that GEP4 ≥9.28 provided the highest hazard
ratio value of 9.36, although not displacing the three afore-
mentioned standard variables (Table 3). As reflected by
cumulative R2 statistics, GEP4 high risk alone accounted
for 54.6% of all variability encountered, to which albu-
min, serum M-protein and age added a cumulative 27.3%
(cumulative total R2=81.9%).  

Recursive partitioning model of time to myeloma therapy
In order to refine the identification of patients with

SMM at highest risk of progression requiring therapy, we
combined standard clinical and GEP-derived variables to
model for high-risk SMM using recursive partitioning
(Figure 2). GEP4 ≥9.28, pertaining to 13% of patients, was

Table 3. Multivariate Cox proportional hazards analysis of risk factors of progression to clinical MM requiring therapy with cumulative R2 for each
variable.

Time to therapy for MM
Variable n/N (%) HR (95% CI) P Cumulative R2

GEP 4-gene score ≥ 9.28 14/104 (13%) 9.36 (4.29, 20.41) <0.001 0.546
Albumin < 3.5 g/dL 20/104 (19%) 4.90 (2.44, 9.84) <0.001 0.695
M-protein ≥ 3 g/dL 24/104 (23%) 4.43 (2.23, 8.82) <0.001 0.773
Age ≥ 65 years 44/104 (42%) 2.73 (1.44, 5.15) 0.002 0.819
n/N (%): n - number with factor, N -  number with valid data for factor; HR: hazard ratio; 95% CI: 95% confidence interval; P-value from Wald chi-square test in Cox regression.
Multivariate model used stepwise selection with entry level 0.1 and the variable was retained if significant at the 0.05 level .A multivariate P-value greater than 0.05 indicates vari-
able forced into model with significant variables chosen using stepwise selection. The cumulative R2 calculation is based on the order in which variables entered the multivariate
model through stepwise selection.

Figure 1. (A). Time to progression requiring myeloma therapy (TTT). The
four-gene score identified a high-risk group with an estimated probability
of 2-year progression to myeloma of 85.7%. (B) Limiting the four-gene
score to 96 patients with SMM, as defined by the recent International
Myeloma Working Group criteria yielded a 2-year risk of treatment of
81.8%. (C). By comparison, the GEP70 identified a high-risk group with an
estimated 2-year progression probability of 49.7% 
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linked to a 2-year estimate of therapy requirement of
85.7%. GEP4 <9.28 with either serum M-protein ≥3 g/dL
or albumin <3.5g/dL (28% of patients) was associated
with an intermediate probability of progression (45% at 2
years). The lowest probability of requiring myeloma ther-
apy was seen among the 59% of patients with GEP4
<9.28, serum M-protein <3 g/dL and albumin ≥3.5 g/dL
(5% at 2 years).  

Comparison with the Mayo model
There were 68 patients at the University of Arkansas for

Medical Sciences with complete data sets for GEP, M-pro-
tein, age, albumin, bone marrow plasma cells and
involved/uninvolved FLC allowing for comparison with a
published risk stratification model utilizing FLC ratio >8
(Figure 3). The c-index, a measure of correlation between

the test and survival, was marginally higher with the GEP-
based model (0.753 versus 0.658) (Table 4A). Overall, the
GEP4 model identified 47% of patients as having low-risk
SMM compared to 26% using the FLC model, resulting in
2-year therapy requirements in 9.4% and 16.7%, respec-
tively. With regards to high-risk SMM, GEP identified 11%
and FLC 19% of such patients, with 2-year therapy require-
ment estimates of 81.8% and 63.2%, respectively. There
was minimal concordance between the two models (Table
4B), as 54.5% of GEP4-defined high-risk SMM patients
were classified as either low or intermediate risk by the FLC
ratio model; furthermore, the majority of patients (56%) in
the GEP4-defined intermediate-risk group were at high risk
according to their FLC ratio, and those with GEP4 low risk
were split between intermediate- and low-risk subsets
according to the model based on FLC ratio.

R. Khan et al.
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Figure 2. Recursive partitioning for TTT.
(A). A recursive partitioning algorithm
used GEP and clinical variables to define
distinct clinically relevant risk groups. (B).
A high-risk group is defined by GEP4 ≥9.28
and has a 2-year progression probability of
85.7%; a low-risk group comprises
patients with GEP4 <9.28, M-protein <3
g/dL and albumin ≥3.5 g/dL and has a 5%
probability of progression at 2 years; and
an intermediate-risk group featured
patients not in the high-risk or low-risk
group and has a 2-year progression proba-
bility of 44.8%, UAMS: University of
Arkansas for Medical Sciences.
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Discussion

GEP was developed and has been validated as a potent
prognostic tool in clinically symptomatic MM such that
15% of patients with high-risk MM defined by GEP con-
tinue with a median progression-free survival of only 2
years or less.20 In the current study, we generated a high-
risk SMM signature based on only four genes that, alone,
predicted a 2-year probability of therapy requirement of
85.7%. When combined with standard clinical tests
(serum M-protein <3 g/dL, albumin ≥3.5 g/dL), a powerful
high-fidelity risk stratification model in SMM was gener-
ated, in which absence of risk factors successfully selected
for an indolent MGUS-like population of 59% of patients
with a low 2-year estimated rate of therapy requirement
of 5%.  
Previously we have reported on the utility of GEP70 in

identifying patients with high-risk SMM.22 Here we show
that GEP4 outperforms GEP70. Thus, GEP70-defined
high-risk SMM predicted a 2-year risk of progression to
requiring therapy of 49.7% while GEP4-defined high-risk
SMM raised that estimate to 85.7%. Significantly, and
shown previously, serum M-protein kinetics was the most
predictive marker of progression,30 superseding GEP vari-
ables, hence justifying close monitoring of MM parame-
ters in the first 3 months in all patients. 
Previous high-risk SMM models have identified FLC

ratio,10-12 bone marrow plasma cells >60%,12 percent of
bone marrow plasma cell aberrancy on multiparametric
flow cytometry,13 presence of more than one focal lesion
on whole-body MRI,16 and presence of circulating plasma
cells by slide-based immunofluorescence (Online
Supplementary Table S4).15 Cross-comparison of our GEP-
based strategy with these models was limited by sample
size. We did not perform peripheral blood plasma cell
immunofluorescence, and bone marrow plasma cell
counts >60% were not observed in our cohort. The com-
bination of FLC ratio, bone marrow plasma cells and
serum M-protein has been shown to segregate risk of pro-
gression to MM, so that patients exhibiting all three risk
features had a probability of progression of 76% at 5
years.10 Although the Mayo model performed well in pre-
dicting progression in our dataset, there was significant
discordance between risk classification subsets, as seen

previously in comparing the Mayo Clinic and Spanish
PETHEMA models.18 GEP-defined molecular sub-groups,
associated with superior progression-free and overall sur-
vival (HY, CD-2, LB) in MM, were more common in SMM
than were  the MF, MS and PR subtypes.24 While the
t(4:14) translocation, identified by fluorescence in situ
hybridization, predicted earlier progression in SMM,31 the
GEP-based MS molecular subtype was not linked to pro-

Table 4A. C-index comparison of the GEP4 and the FLC-R >8 model.
Group Factors Risk groups C-index
UAMS GEP4 ≥ 9.28, High-risk: elevated GEP4 0.753

M-protein ≥ 3 g/dL, Intermediate-risk: low GEP4, elevated M-protein
Albumin < 3.5 g/dL OR low GEP, low M-protein, deficient albumin

Low-risk: low GEP4, low M-protein, high albumin
Mayo BMPC  ≥ 10%, High-risk: all three factors 0.658

M-protein ≥ 3 g/dL, Intermediate-risk: any two factors
Involved/uninvolved FLC ratio > 8 Low-risk: any one factor

Table 4B. A 3 x 3 table to evaluate overlap between the two models showing minimal concordance.
Mayo low risk Mayo Int.-Risk Mayo high risk Total

UAMS low risk 13 19 0 32
UAMS intermediate risk 4 7 14 25
UAMS high risk 1 5 5 11
Total 18 31 19 68

UAMS: University of Arkansas for Medical Sciences.

Figure 3. TTT comparison on University of Arkansas for Medical
Sciences (UAMS) and Mayo risk models. Patients with complete data
for model comparison were classified and compared for TTT using (A)
the classification scheme driven by the four-gene score and (B) the
Mayo FLC-ratio >8 risk stratification model. 
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gression. Although only three patients were assigned to
the PR molecular subtype, the hazard for TTT was 9-fold
the average, identifying a subset of patients with immi-
nent progression, as also reported by Hose et al.32
The top gene in the GEP4 model, RRM2, is the beta sub-

unit of ribonucleotide reductase (RNR). RRM2 overexpres-
sion is associated with cellular invasiveness, metastasis
and tumor angiogenesis33 via activation of the ERK1/2 sig-
naling pathway34 in cancer. RRM2 expression independ-
ently identified 15.2% patients with a 2-year TTT esti-
mate of 75% (Online Supplementary Figure S1). Baseline
RRM2 was found to be differentially overexpressed in the
IFM GEP15 highest risk (quartile 4) group of MM patients35
and is prognostic in patients treated on our TT2 and TT3
protocols (unpublished data). Paired analyses of RRM2
expression in patients with clinical MM at baseline and in
the relapsed setting showed overexpression with disease
progression.36 Other constituents of GEP4 included DTL
(also called retinoic acid-regulated nuclear matrix-associat-
ed protein – RAMP), which has been implicated in onco-
genesis of solid tumors via its role in apoptosis and cell
cycle control,37 and ASPM, shown previously to be a mark-
er of poor prognosis in MM.38
A significant number of genes (15 genes) within the top

40 probe sets were located on chromosome 1, corroborat-
ing its previously reported importance in MM disease pro-
gression.39 Since there are no comparable GEP-based
datasets with mature follow up in SMM, we compared the
top 40 top probe sets with pre-existing GEP-based MM
prognostic models, which revealed minimal overlap (Online

Supplementary Table S5). Interestingly, there was significant
overlap with several published GEP-based indices of chro-
mosomal instability.40-42 This concordance suggests dysregu-
lation of mitotic checkpoints in the setting of genomic insta-
bility as an important hallmark of high-risk SMM. 
As the current study is the first to prospectively analyze

baseline GEP in the setting of SMM, it will be critical to
evaluate this signature in other datasets. In an institutional,
observational, follow-up study of 76 cases, the 2-year pro-
gression estimate was 45% for patients with GEP4-defined
high-risk SMM as opposed to 5% in the remaining patients
(P<0.05), but longer follow-up is needed. Our data corrobo-
rate the recent finding that baseline genomic variations,
such as the pattern of mutations,43 may differ between
patients with MGUS/SMM who progress and those who
do not. In order to generate a cogent hypothesis, it would,
in addition, be important to perform serial clinical and GEP
analyses on patients with SMM as they progress to clinical
disease, as well as incorporate additional aspects such as
epigenetic and bone marrow microenvironmental factors in
future studies. While our GEP-based models are highly
quantitative and reproducible, GEP analysis is limited to a
few specialized centers. Once the GEP4 model has been
validated in independent datasets, we envision centralized
laboratories could offer such a service.  
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