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Abstract

Multiple myeloma (MM) is the second most common hematologic malignancy characterized by 

the clonal expansion of plasma cells. Despite continuing advances, novel biomarkers are needed 

for diagnosis and prognosis of MM. In this study we characterized the diagnostic and prognostic 

potential of circulating miRNAs in MM. Serum miRNA levels were analyzed in 108 newly 

diagnosed symptomatic MM patients and 56 healthy donors (HD). Our analysis identified ninety-

five dysregulated miRNAs in newly diagnosed MM patients. Of the ninety-five dysregulated 

miRNAs, dysregulation of miR-19a, miR-92a, miR-214-3p, miR-135b-5p, miR-4254, miR-3658 

and miR-33b were confirmed by RT-qPCR. Receiver operating characteristic analysis revealed 

that a combination of miR-19a and miR-4254 can distinguish MM from HD with a sensitivity of 

91.7% and specificity of 90.5%. Decreased expression of miR-19a was positively correlated with 

international staging system advancement, del(13q14) and 1q21 amplification. Furthermore, 

down-regulation of miR-19a resulted in significantly decreased progression free and overall 

survival. Our analysis indicated that the poor prognostic correlation of miR-19a expression was 

independent of genetic abnormalities in MM. Multivariate analysis revealed that miR-19a was a 

significant predictor of shortened PFS and OS. Interestingly, although miR-19a levels portend a 

poor prognosis, patients with low miR-19a levels had an improved response to bortezomib 

compared to patients with high miR-19a profile. Patients with down-regulated miR-19a 

experienced a significantly extended survival upon bortezomib based therapy. These data 
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demonstrate that the expression patterns of serum microRNAs are altered in MM and miR-19a 

levels are a valuable prognostic marker to identify high-risk MM.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy characterized by clonal expansion of 

plasmas cells associated with paraproteins in the blood, bone lesions, hypercalcemia and 

renal failure1. MM accounts for approximately 13% of hematological malignancies and is 

primarily considered a disease within the aging population. Recent advances in the 

understanding of MM biology, pathology and development of novel therapeutics have 

significantly increased life expectancy and quality of life however, despite all of our 

advances MM remains an incurable disease2, 3. Multiple myeloma pathogenesis consists of a 

multistep process in which plasma cells undergo a series of molecular and cellular changes 

within the human bone marrow, which supports the growth, survival, and evolution of drug 

resistant tumor cells4–6. Although there are known diagnostic serum markers for myeloma, 

recent attention has focused on identifying more powerful markers and has turned to 

circulating microRNAs as a potential diagnostic and/or prognostic tool7–10.

MiRNAs are small, non-coding RNAs of 20–22 base pairs that repress gene expression by 

primarily interacting with the 3’ untranslated region of their target transcripts11–13. 

Following processing and transport out of the nucleus, miRNAs regulate their target mRNAs 

through Watson-Crick base pairing between the miRNA and a complementary sequence on 

the target mRNA14. Since their discovery, 1872 miRNAs have been characterized 

throughout the human genome (www.mirbase.org) with the potential for more to be 

discovered. Furthermore, each miRNA has the potential to repress the translation of 

hundreds of mRNA targets13, 15. Recent research has shown that different miRNA 

expression profiles were described and resulting miRNA levels correlated with patient 

survival and prognosis16–18. Blood serum or plasma derived miRNA biomarkers offer a 

potentially significant clinical advantage over conventional tumor cell examination due to 

the minimally invasive nature of acquiring samples, ease of standardization, and the 

opportunity for repeated sampling throughout disease progression. Such observations 

suggest that miRNAs represent a novel clinical marker for detection, classification, 

prognosis and therapeutic development in patients with MM.

Considering the advancements made in our understanding of aberrantly expressed miRNAs 

in cancer and their involvement in pathogenesis of MM18, 19,20, we hypothesized that 

circulating miRNAs could represent an ideal class of blood-based diagnostic and prognostic 

markers in MM; due to (1) miRNA expression is dysregulated in MM cells; (2) expression 

patterns of miRNAs in malignant samples appears to be tissue-specific; and (3) miRNAs are 

stable in circulation21, 22.
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In the current study we evaluated serum miRNA expression profiles in MM patient and 

healthy donor samples to identify differentially expressed miRNAs. Furthermore, diagnostic 

and prognostic utility of serum miRNAs was analyzed in a 108 patient cohort under 

differing treatment regimens.

Materials and Methods

Patients and healthy donors

Peripheral blood (PB) serum samples from MM patients and healthy donors (HD) from the 

Institute of Hematology and Blood Disease Hospital were obtained at the time of diagnosis. 

All patients signed an informed consent form approved by the Institutional local ethics 

committee. For 103 newly diagnosed MM patients, bone marrow plasma cells (BMPC) were 

obtained for routine fluorescence in situ hybridization analysis (FISH), specifically for 

del(13q14), del(17p),t(11;14), t(4;14), t(14;16) and 1q21 amplification, as described 

previously23.

According to their request, patients were assigned to either the thalidomide-based (arm A) or 

bortezomib-based (arm B) treatment. Arm A (n=7) consisted of 4 cycles of induction 

treatment with thalidomide (TAD) 200 mg/day; intravenous (i.v.) adriamycin 9 mg/m2 on 

Days 1–4; and oral or i.v. dexamethasone 20 mg/d on Days 1–4 and 9–12; or TCD (i.e. 

thalidomide 200 mg/day; i.v. cyclophosphamide 300 mg/m2 on Days 1 and 8; and oral or 

i.v. dexamethasone 20 mg/d on Days 1–4 and 9–12); Arm B (n=9) consisted of 4 cycles of 

induction treatment with BCD (i.e. i.v. bortezomib 1.3 mg/m2 on Days 1, 4, 8, and 11; i.v. 

cyclophosphamide 300 mg/m2 on Days 1 and 8; and oral or i.v. dexamethasone 20 mg/d on 

Days 1, 2, 4, 5, 8, 9, 11 and 12); or PAD (i.v. bortezomib 1.3 mg/m2 on Days 1, 4, 8 and 11; 

i.v. adriamycin 9 mg/m2 on Days 1–4; and oral or i.v. dexamethasone, 20 mg/d on Days 1, 

2, 4, 5, 8, 9, 11 and 12). After at least four cycles of treatment with partial remission or 

better, patients underwent consolidation therapy. This was either autologous stem cell 

transplant (ASCT) or chemotherapy with the patient’s original regimen according to patient 

request. Subsequently, patients were treated with thalidomide (100–150 mg/day) for one 

year to maintain response. When necessary, some of them also received supportive 

treatment with zoledronic acid every 1–2 months and erythropoietin or granulocyte colony-

stimulating factor. All patients underwent prophylactic acyclovir treatment.

Serum collection and miRNA/RNA extraction

Peripheral blood serum samples were collected by centrifugation at 3000 rpm/10 min at 

room temperature. Peripheral blood samples were frozen in 0.2 mL aliquots, stored at −80°C 

and thawed once for RNA extraction. Total RNA (≈1300ng/0.2mL) was harvested and 

enriched from all serum samples using TRIzol (Invitrogen, Grand Island, NY, USA) and 

RNeasy mini kits (Qiagen, Valencia, CA) modified for circulating miRNAs according to the 

manufacturers’ recommendations. RNA quantity was assessed on a NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific).

Hao et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MicroRNA profiling and data analysis

To study the differential miRNA expression in MM patients, we performed miRNA 

expression profiling arrays of serum samples from 7 newly diagnosed symptomatic MM 

patients and 5 healthy donors using the miRCURY™ LNA Array (version 11.0, Exigon, 

Denmark) system. The microarray for miRNA profiling was conducted by the China 

Shanghai Kangcheng Technology Co, Ltd24, 25. Briefly, 3 µg RNA samples were labeled 

with the Exiqon miRCURY™ Hy3/Hy5 power labeling kit and hybridized to the miRCURY 

LNA Array station. Scanning was performed using the Axon GenePix 4000B microarray 

scanner. GenePix pro version 6.0 was used to read image raw intensity. The intensity of the 

green signal was calculated after background subtraction, and replicated spots on the same 

slide were averaged to obtain median intensity. The median normalization method was used 

to acquire normalized data (foreground minus background divided by median)26,27, 28. The 

median was the 50th percentile of miRNA intensity and was >50 in all samples after 

background correction. The threshold value for significance used to define up-regulation or 

down-regulation of miRNAs was a fold change >1.5, with p<0.05 calculated by a student’s t 

test.

Candidate miRNA confirmation by RT-qPCR

Individual miRNA assays for 10 miRNAs (hsa-miR-19a, hsa-miR-92a, hsa -miR-214-3p, 

hsa -miR-135b-5p, hsa -miR-4254, hsa –miR-3658, hsa -miR-33b, hsa -miR-132, hsa -

miR-574-3p, hsa -miR-376c) were performed using 1µg RNA. The All-in-One™ miRNA 

First-strand cDNA synthesis kit and miRNA RT-qPCR detection kit was used per the 

manufactures recommendations (GeneCopoeia, China)29. Quantitative PCR for miRNA was 

carried out at the following conditions: 95°C for 5 min, 30–50 cycles of 95°C for 5 s and 

60°C for 40–60 s depending on different miRNA study followed by a final dissociation 

analysis with the Ct cutoff determined by a Youden’s index. MiRNA expression for each 

sample was normalized to expression levels of miR-423-5p, with three biological replicates 

of comparative RT-qPCR30.

Statistical Analysis

Data was analyzed using SPSS version 17.0 (IBM, Chicago, IL) with the Youden’s Index 

used to identify optimal cut-off points. Logistic regression analysis was performed to 

analyze various combinations of miRNA markers. PFS was calculated from the initiation of 

therapy to progression, date of death or the last follow up. OS was measured from the 

initiation of treatment to the date of death or last follow up according to the international 

uniform response criteria.31 Two-sided Fisher’s exact tests were used to assess associations 

between categorical variables, with a confidence coefficient (confidence interval, CI) of 

95%. The survival curves were plotted using the Kaplan-Meier method, with differences 

assessed by the log rank test. Multivariate analysis was performed using Cox’s regression 

hazard model with forward stepwise (likelihood ratio). P values <0.05 were considered to be 

significant. The correlation coefficients (r) were calculated by using the Spearman 

correlation.
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Results

Patients’ characteristics

A total of 108 patients with newly diagnosed symptomatic MM were enrolled in the present 

study between January 2007 and December 2008, with a median follow-up time of 13.5 

months from diagnosis. Moreover, 56 healthy donors were chosen at the time of hospital 

checkups and were chosen based on follow-up studies that determined that indeed they were 

healthy donors and were also analyzed to determine comparative miRNA expression 

profiles. Among 108 newly diagnosed symptomatic MM patients, fifty-three patients were 

included in arm A, fifty-five patients were included in arm B (Figure 1). There were no 

significant differences in clinical and cytogenetic characteristics between the groups (Table 

1). For 16 newly diagnosed patients, their paired serum samples in relapsed and remission 

were collected as well with 7 patients enrolled in arm A and 9 patients enrolled in arm B..

miRNA profiling and analyzing

To perform the miRNA screen on 1891 miRNAs, we utilized the 6th generation of the 

miRCURY™ LNA Array. We analyzed samples from 7 newly diagnosed MM patient and 5 

HD sample (Suppl. Table 1) to identify differentially expressed circulating miRNAs that 

could serve as putative biomarkers. Ninety-five miRNAs were significantly dysregulated 

(fold change ≥ 3.0, all p<0.01) between MM patients and HD: 37 (38.9%) miRNAs were up-

regulated and 58 miRNAs (61.1%) were down-regulated in patients with MM (Figure 2A). 

Of the dysregulated miRNA, miR-19a, miR-92a, miR-214-3p, miR-135b-5p, miR-4254, 

miR-3658, miR-33b, miR-132, miR-574-3p and miR-376c were chosen for further 

validation, based on their chromosomal location, fold change and p-value (Suppl. Table 2).

Validation of candidate miRNAs using RT-qPCR

Validation of miRNAs was performed using RT-qPCR over microarray validation due to its 

increased sensitivity and dynamic range32. We employed miRNA specific assays (miR-19a, 

miR-92a, miR-214-3p, miR-135b-5p, miR-4254, miR-3658, miR-33b, miR-132, 

miR-574-3p and miR-376c) in a large cohort of 108 newly diagnosed MM patients and 56 

HD to confirm the pattern of candidate miRNA expression profiles between MM patients 

and HD samples (Figure 2B). The RNA yield from 0.2mL serum was 1360 ±214 ng. The 

amount of total RNA used for the reverse transcription reaction was 1µg according to the 

manufacturers’ instruction. The mean Ct values (95% confidence interval (CI)) of 

miR-423-5p were 28.5 (27.6–28.6) in healthy donors and 28.7 (27.7–28.8) in patients with 

MM, demonstrating that miR-423-5p expression in serum is stable and can be used as an 

internal control to normalize sampling variations in our RT-qPCR analysis.

The RQ value (2−ΔΔCt) significantly decreased in miR-19a (−0.91 vs. 0.03, p=0.0016) and 

miR-92a (−1.03 vs. −0.19, p=0.0023) in the MM group compared with healthy donors. 

However, miR-214-3p (1.65 vs. −0.04, p=0.0007), miR-135b-5p (1.84 vs. −0.13, p=0.0001), 

miR-4254 (1.38 vs. −0.13, p=0.007), miR-3658 (1.74 vs. 0.12, p=0.025) and miR-33b (0.38 

vs. 0.07, p=0.026) values significantly increased compared to HD group. Since our analysis 

did not identify significant dysregulation in miR-132, miR-574-3p and miR-376c we chose 

to excluded them from further analysis.
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miRNA expression pattern correlation analysis

Serum miRNA levels were further analyzed by Pearson-moment correlation coefficient 

calculations utilizing CoExpress version 1.5 (P.V. Nazarov, Luxembourg), a bioinformatics 

tool for co-expression analysis of microarray data. Three miRNA clusters (miR-33b, 

miR-92a and miR-3658) were identified with correlation coefficients > 0.600 and 

corresponding p <0.0001 (highlighted in Suppl. Table 3). Furthermore, a strong correlation 

was observed between miR-19a and miR-33b (r=0.866, p<0.001). However, the correlation 

between these two miRNAs remains unlikely due to their distinct chromosomal locations. 

Similarly, correlations were identified for miR-19a and miR-92a, and for miR-3658 and 

miR-214-3p, with each correlative group sharing similar chromosomal locations.

Correlation of miRNAs with clinical parameters and chromosome aberrations in plasma 
cells

To determine the correlation of miRNA expression levels with clinical parameters, a two-

sided Fisher’s exact test was performed. The lower level of miR-19a revealed a significant 

positive correlation with advancement of ISS staging (r=0.214, p=0.026). However, no 

correlation was observed with age, gender, beta 2-microglobulin, percentage of BMPC 

infiltration and M component when compared to healthy controls.

Little is known about the origin of circulating miRNAs and their relationship with BMPCs. 

To expand our understanding of this species of miRNAs, we explored the correlation of 

miRNA levels with chromosome aberrations in PCs. The level of miR-19a exhibited a 

significant positive correlation with 1q21 amplification (r=0.228, p=0.023) and 13q14 

deletion (r=0.195, p=0.048). We discovered that the presence of 1q21 amplification in MM 

exhibited a significant correlation with low levels of miR-19a. Furthermore, we observed a 

positive correlation with low levels of miR-19a and del(13q14). To address the correlation 

of miR-19a with other common cytogenetic abnormalities in myeloma, we examined the 

correlation between miR-19a and del(17p), t(4;14), t(11;14) and t(14;16). Our analysis did 

not discover a correlation between miR-19a expression levels and the common myeloma 

genetic abnormalities (Data not shown).

The miR-19a/miR-4254 combination offers a powerful diagnostic tool for identification of 
myeloma

Receiver operating characteristic analysis (ROC) of 108 MM samples revealed that serum 

levels of miR-19a, miR-92a, miR-135b-5p and miR-4254 can be used to distinguish MM 

from HD with area under the curve (AUC)>0.8 compared to healthy donors (Suppl. Table 

4). Moreover, multivariate logistical regression analysis showed that the combination of 

miR-19a and miR-4254 could improve the stratification power characterized with AUC of 

0.95, sensitivity of 91.7% and specificity 90.5% for MM (Figure 3A). Furthermore, to assess 

the dynamics of miRNA levels during disease progression of 16 MM patients, serum 

samples at the time of diagnosis, in remission and relapse were collected. Our data indicated 

that miR-19a and miR-4254 expression levels were closer to HD levels when in remission 

phase after 4 cycle treatment. However, down-regulated miR-19a and up-regulated 

miR-4254 levels return to diagnostic levels upon relapse (Figure 3B). These results 
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demonstrate that miR-19a and miR-4254 varied with myeloma progression and have utility 

in monitoring myeloma progression.

Prognostic value of miR-19a in MM patients

We have shown that miR-19a can serve as a diagnostic tool for identifying MM, we next 

queried the impact of miRNA expression on survival in newly diagnosed MM patients. The 

108 newly diagnosed patients with completed clinical data were grouped into a high or low 

miR-19a group with the Youden’s Index used to identify the optimal cut-off point for 

miR-19a expression grouping. We discovered that expression of miR-19a exhibited a 

profoundly negative impact on survival. Furthermore, patients with down-regulated miR-19a 

expression had a significantly shortened PFS (11.0 months, p=0.002) and shortened OS 

(28.1 months, p=0.020) than patients with increased miR-19a expression (Figure 4A). 

Interestingly, a positive correlation was drawn between miR-19a and 1q21 amplification 

(r=0.228, p=0.023).Patients exhibiting the 1q21 amplification correlation had a poorer 

clinical outcome, which is consistent with previous studies23. Therefore, we then analyzed 

the survival of patients with miR-19a in the absence of 1q21 amplification and found that 

the median PFS among these cases were 12.5 months (p=0.026). We determined that the 

inferior prognostic outlook for patients with low miR-19a levels was independent of 1q21 

amplification. A multivariate analysis was performed building on our univariate analysis to 

determine the correlation between miR-19a expression and 1q21 amplification (Table 2). 

ISS stage (HR 1.948, [95%CI 1.012–3.752]; p=0.046) and miR-19a (HR 2.787, [95% CI 

1.421–5.468], p=0.003) were statistically independent predictors of PFS. A similar analysis 

for prediction of OS identified that miR-19a (HR 2.995, [95% CI 1.167–7.690], p=0.023) 

was statistically independent and a valuable predictor of overall survival.

Prognostic value of miR-19a in MM patients treated with bortezomib based therapy

We have shown that the serum concentration of miR-19a can serve as a prognostic indicator 

of survival in MM patients. We further queried whether levels of miR-19a factored in a 

patients’ response to different therapy. We consolidated the patients into 4 subgroups with 

therapeutic reagent (thalidomide and bortezomib) and the level of miR-19a. The data 

showed the different PFS in those 4 subgroups, p= 0.012. The therapeutic response in 

patients with up-regulated miR-19a serum levels was modest: median PFS was not 

significantly prolonged in the treatment with either bortezomib or thalidomide (13.5 month 

vs. NR, p=0.145). Strikingly, bortezomib based treatment significantly extended PFS of 

patients with down-regulated miR-19a (NR vs. 10.0 months, p=0.002, Figure 4B). 

Therefore, bortezomib was able to reverse the poor prognosis of MM patients with a low 

miR-19a level and significantly improve the survival within these patients.

Discussion

Interest in serum miRNAs as potential biomarkers is a rapidly growing research area32–34. 

To date, multiple reports describe altered serum miRNA profiles in metastatic neoplasms of 

various origins21, 35, 36. In association with other biomarkers, changes in circulating 

miRNAs levels offers the potential for a highly sensitive and specific tumor detection and 

classification system37, 38. Furthermore, circulating markers are more accessible, which 
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further increase their potential utility. The recent introduction of new therapeutic regimens 

has greatly improved the response and survival of patients with MM39 however, some MM 

patients respond poorly due to adverse genetic features and the development of refractory 

disease. Since there has been a lag in the development of novel therapeutics, identification 

of new diagnostic and prognostic markers are urgently needed to improve patient survival 

and quality of life40–42.

In this study, we queried a constellation of serum miRNAs of newly diagnosed MM patients 

and healthy donors to identify novel biomarkers for detection, classification of disease 

progression and therapeutic design. MiRCURY™ LNA arrays were utilized to identify 

circulating miRNAs that are differentially expressed in MM serum samples. Our results for 

the global miRNA analysis identified ninety-five differentially expressed miRNAs in MM 

samples when compared to HD serum samples. Interestingly, the results from our miRNA 

analysis closely mirrored results from a previous study examing dysregulated circulating 

miRNAs from MM plasma and serum samples10, 43. Similar to our results, Yoshizawa et al. 

identified miR-92a as down-regulated in MM patient samples43. Furthermore, Kubiczkova 

et al. identified miR-744 and let-7e as dysregulated in MM patient serum samples10, 

however, we did not see dysregulation of let-7e in our serum miRNA analysis and could be 

due to different sensitivities of the array platforms used by.

Of the ninety-five dysregulated miRNAs identified seven miRNAs (miR-19a, miR-92a, 

miR-214-3p, miR-135b-5p, miR-3658, miR-4254 and miR-33b) were confirmed as 

significantly dysregulated in an independent cohort of MM patient samples via RT-qPCR. 

Previous work has shown that miRNAs are present in circulation and present as a new class 

of powerful and minimally invasive biomarkers for MM detection and prognosis7, 9, 10. 

However, researchers have failed to reach a consensus regarding miRNAs as biomarkers, 

proper array platforms and analytical approaches to take in the analysis of the data. So far no 

miRNA is accepted as a standard for serum samples however, miR-16 has worked as a 

normalizer in many research studies exploring prognostic markers in patients with 

carcinoma44, 45. Interestingly, miR-16 was not suitable to work as a normalizer in serum 

samples of MM due to its tumor suppressor function, which was identified in our previous 

studies46, 47. According to microarray profiling results, the level of RNU6, hsa-miR-423-5p, 

hsa-miR-130a and hsa-miR-4288 exhibited no significant different between MM patient 

samples and HD. Furthermore, RT-qPCR validation revealed that the mean Ct value (95% 

confidence interval (CI)) of miR-423-5p were 28.5 (27.6–28.6) in HD and 28.7 (27.7–28.8) 

in patient samples, identifying miR-423-5p as a suitable internal control for the 

normalization of sample variations in RT-qPCR analysis.

ROC analysis revealed that miR-19a and miR-4254 can discriminate MM from HD. 

However, the combined detection of miR-19a and miR-4254 (highest specificity 90.5% and 

sensitivity 91.7% for MM) proved to be an even more powerful diagnostic tool in 

distinguishing MM patients from healthy controls. Different miRNA expression profiles 

were confirmed in 16 paired MM samples taken at diagnosis, relapse and in remission 

however, lower levels of miR-19a were only seen at diagnosis and at relapse, suggesting that 

dysregulated levels of miRNAs reflects on the patients’ condition and disease progression. 
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This observation is further supported by the relationship of higher miR-4254 levels at 

diagnosis and at relapse.

In the newly diagnosed MM patients, dysregulation of miR-19a was observed to be 

associated with clinical parameters and advanced ISS stages. Rocci, et al48 and us both 

described serum miR-19 family members correlated with del(13q14). Based on our miRNA 

profiling data, the level of serum miR-17–92 cluster has no significant difference between 

MM patients and healthy donors except miR-19a and miR-92a. Serum miR-19a and 

miR-92a were significantly decreased in MM patients. Furthermore, low level of miR-19a 

exhibited a positive correlation with 13q14 deletion. MiR-19a located on chromosome 

13q31.3 where it was very close to 13q14. The correlation between low miR-19a level and 

del(13q14) probably due to their chromosome location. Moreover, lower levels of miR-19a 

were associated with 1q21 amplification. However, our data did not support a direct 

correlation between low levels of miR-19a and common cytogenetic changes in myeloma; 

t(4;14), t(11;14), t(14;16) and del(17p).

We then investigated the possibility of a prognostic serum miRNAs marker in MM, our 

results indicated that patients with down-regulated miR-19a expression had a significantly 

shortened PFS (12.0 vs. NR, p=0.002) and OS (26.5 vs. NR, p=0.020) than patients with an 

increase in miR-19a expression. A multivariate analysis showed miR-19a (HR 2.787, [95% 

CI 1.421–5.468], p=0.003) and ISS stage (HR 1.948, [95% CI 1.012–3.752], p=0.046) were 

statistically independent predictors of PFS. MiR-19a (HR=2.995, 95% CI 1.167–7.690, 

p=0.023) was statistically independent predictor of OS as well. This observation could be 

partially explained by the fact that the gene for miR-19a lies within the 13q31.3 region, 

close to the RB tumor suppressor gene (13q14). Also, decreased expression of miR-19a was 

highly correlated with 1q21 amplification, which is associated with a decreased PFS and 

OS23.

Interestingly, miR-19a expression was shown to have a profound effect on patient response 

to bortezomib based therapeutic regimens. Patients with a low miR-19a expression profiles 

responded very well to bortezomib therapy, with an improved PFS and OS, whereas patients 

with increased miR-19a levels did not respond as dramatically to treatment with bortezomib. 

These results identify bortezomib as an effective first line treatment for patients with low 

miR-19a expression and further support the validity of miR-19a as an important prognostic 

marker. Our results therefore suggest that miRNAs can serve as accurate and reliable 

biomarkers for detection and monitoring disease progression.

MiR-19a is one of six precursors of the oncogenic miR-17–92 cluster, which is transcribed 

in a common primary transcript (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and 

miR-92a)49, 50. Members of the miR-17–92 cluster are known for their pleotropic functions 

in cell survival, differentiation, proliferation and angiogenesis. The first study of circulating 

miRNAs in MM revealed down-regulated plasma miR-92a levels in patients with MM43. 

Moreover, the down-regulation of miR-92a in plasma also correlated with response to 

treatment. Unfortunately, limited information is available describing the function of 

miR-19a, the only available information identifies it as up-regulated in many cancers51–53. 

Interestingly, Yu et al. showed that over-expression of miR-19a suppressed CD142 
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expression and inhibited cell migration and invasion in colon cancer53. Our results closely 

mirror results from the Yu et al. study however, we go further to show that MM patients 

with a high miR-19a serum expression have better outcomes than patients with low serum 

miR-19a expression, suggesting that miR-19a may be targeting genes essential to cellular 

progression. Interestingly, the dysregulated circulating miRNAs are different from miRNAs 

detected within myeloma cells, as Yoshizawa et al. reported that miR-92a is down-regulated 

in plasma, but is part of the up-regulated miR-17–92 cluster in MM cells43. This trend is 

further supported by our present study, miR-19a was down-regulated in serum of MM 

patients, but up-regulated in MM cells (data not shown).

It has been shown that miR-19a expression directly correlates with patient outcome 

however, little is known about how miR-19a functions in MM. Ye et al. demonstrated that 

miR-19a can suppress CLYD translation in acute lymphoblastic leukemia54. Moreover, a 

decrease in CLYD signaling results in the over-activation of NF-κB signaling, a hallmark of 

MM55. Of particular interest, studies by Grillari et al., Olive et al. and Wang et al. have 

identified miR-19a as a key mediator of PTEN expression. Their data suggests that over-

expression of miR-19a results in the suppression of PTEN and activation of the AKT/mTOR 

pathway56–58. Wang et al. further identified miR-19a as a mediator of drug resistance in 

gastric cell cancer, demonstrating that miR-19a accelerates drug efflux through up-

regulation of MDR158. Interestingly, patients in our study with high miR-19a expression 

responded poorly to bortezomib therapy. A potential explanation relates to high miR-19a 

expression leading to increase in drug efflux pumps. In aggregate, these findings suggest 

that inhibitors to miR-19a may enhance response to bortezomib in patients with high 

miR-19a.

In summary, our data offers novel insights into the miR-17–92 cluster in MM. We 

demonstrate that the expression of miRNAs in serum of MM patients varies significantly, 

depending on stage of disease. These results suggest that miR-19a and miR-4254 may serve 

as important prognostic markers for detection of MM and determination of disease 

progression. Furthermore, low serum level of miR-19a was identified as a poor prognostic 

indicator. Interestingly, although miR-19a levels portend a poor prognosis, patients with low 

miR-19a levels had a better response to bortezomib than patients with high miR-19a 

expression. The results of this study show the importance of miR-19a expression in 

myeloma detection and prognosis, suggesting that clinical applications are appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty & Impact Statements

With the successful detection of stable miRNAs in bodily fluids of humans and animals, 

the use of miRNAs as potential biomarkers is a reality. These discoveries play an 

important role in the way we diagnose and treat MM and will have a positive impact on 

human health. Our findings indicated the miRNA profile identified for MM has potential 

benefits to help improve the diagnosis and prognosis of MM and predict therapeutic 

efficacy and disease recurrence for patients.
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Figure 1. CONSORT (Consolidated Standards of Reporting Trails) flow diagram
Among 108 newly diagnosed symptomatic MM patients, fifty-three patients were included 

in arm A, fifty-five patients were included in arm B. Survival analysis included 103 patients 

with completed clinical data.
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Figure 2. Hierarchical clustering analysis of miRNA expression and Validation of candidate 
miRNAs using RT-qPCR
(A) The expression of miRNA is hierarchically clustered on the x axis, and MM serum 

samples or healthy control serum samples are hierarchically clustered on the y axis. The 

legend indicates the miRNA represented in the corresponding row. Relative miRNA 

expression is depicted according to the color scale shown: Red indicates up-regulation and 

blue, down-regulation. Numbers with P indicate MM samples; numbers with H, healthy 

control samples. (B) Relative expression of 10 miRNAs on a large cohort of 108 newly 

diagnosed MM patients and 56 HD samples. The significant dysregulation of miRNAs was 

observed in miR-19a, miR-92a, miR-214-3p, miR-135b-5p, miR-4254, miR-3658 and 

miR-33b. Statistical significance was determined by a student’s t-test (*p<0.05, **p<0.01, 

***p<0.0001, NS: not significant).

Hao et al. Page 17

Int J Cancer. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The miR-19a combined with miR-4254 offers a powerful diagnostic tool for 
identification of MM
(A) Receiver operating characteristic analysis was performed for miR-19a and miR-4254, 

and area under the ROC curve (AUC) was performed for miR-19a or miR-4254 to test the 

prognostic validity of each miRNA. Furthermore, ROC and AUC were performed for both 

miR-19a and miR-4254 to determine the sensitivity of a combination of miRNAs as a 

biomarker. (B) Expression profiling of miR-19a and miR-4254 was performed at various 

stages (newly diagnosed, remission and relapse) of MM progression. Statistical significance 

for miRNA expression profiles was determined by a one-way ANOVA (p<0.05).
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Figure 4. Prognostic value of miR-19a level in MM patients
(A) Progression free survival and overall survival was determined for MM patients 

according to expression of miR-19a. Survival analysis was determined via Kaplan–Meier 

survival analysis, with differences between curves analyzed via a log-rank test. Significance 

was defined as p<0.05. (B) Patients with low miR-19a expression had significantly greater 

response to bortezomib than patients with high miR-19a expression. Progression free 

survival was determined for MM patients treated with a thalidomide-based or a bortezomib-

based therapy according to their miR-19a expression profile. Survival analysis was 

determined using Kaplan–Meier survival analysis, with the differences between curves 

analyzed via a log-rank test. Significance was defined as p<0.05.
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Table 1

Patients' and healthy donors' base-line characteristics

Healthy donors MM patients

Charateristic (n=56) Treatment arm A
(n=53) n/N (%)

Treatment arm B
(n=55) n/N (%)

p value

Age(years) 52 56 59 NA

Range 40–78 33–83 43–76 NA

M component at diagnosis, % 0.055

IgG ND 23/53 (43.3) 28/55(50.9)

IgA ND 10/53 (18.9) 19/55 (34.5)

IgD ND 6/53 (11.3) 2/55 (3.6)

IgM ND 0/53 (0) 0/55 (0)

Light chain ND 12/53 (22.6) 6/55 (10.9)

Non-secretory ND 2/53 (3.8) 0/55 (0)

ISS stage 0.439

I ND 9/49 (18.4) 9/55 (16.14)

II ND 18/49 (36.7) 21/55 (38.1)

III ND 24/49 (49.0) 26/55 (47.3)

β2-microglobulin 0.070

< 5.5mg/dL ND 22/49 (44.9) 32/50 (64)

≥5.5mg/dL ND 27/49 (55.1) 18/50 (36)

Durie-Salmon stage, % 0.356

I–II ND 4/48 (8.3) 7/49(14.3)

III ND 44/48 (91.7) 40/49 (81.6)

Cytogenetic abnormalities, %

del(13q) ND 29/50 (58.0) 23/54 (42.6) 0.169

del(17p) ND 5/50 (10.0) 3/53 (5.7) 0.113

1q21 amplification ND 26/48 (54.2) 25/52 (48.1) 0.694

t(11;14) ND 6/48 (12.5) 9/53 (17.0) 0.582

t(4;14) ND 11/47 (23.4) 13/50 (26.0) 0.817

t(14;16) ND 4/45 (8.9) 1/49 (2.1) 0.190

ISS: International Staging Systerm; Ig: immunoglobulin; DS: Durie Salmon; NS: not significant.
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