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LYMPHOID NEOPLASIA

miR-150 downregulation contributes to the high-grade
transformation of follicular lymphoma by upregulating
FOXP1 levels
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Follicular lymphoma (FL) is a common indolent B-cell malignancy with a variable clinical
course. An unfavorable event in its course is histological transformation to a high-grade
lymphoma, typically diffuse large B-cell lymphoma. Recent studies show that genetic ab-
errations of MYC or its overexpression are associated with FL transformation (tFL). However,
the precise molecular mechanisms underlying tFL are unclear. Here we performed the first
profiling of expression of microRNAs (miRNAs) in paired samples of FL and tFL and identified
5 miRNAs as being differentially expressed. We focused on one of these miRNAs, namely
miR-150, which was uniformly downmodulated in all examined tFLs (~3.5-fold), and observed
that high levels of MYC are responsible for repressing miR-150 in tFL by binding in its
upstream region. This MYC-mediated repression of miR-150 in B cells is not dependent on
LIN28A/B proteins, which influence the maturation of miR-150 precursor (pri-miR-150) in
myeloid cells. We also demonstrated that low miR-150levels in tFL lead to upregulation of its
target, namely FOXP1 protein, which is a known positive regulator of cell survival, as well as B-cell receptor and NF-«xB
signaling in malignant B cells. We revealed that low levels of miR-150 and high levels of its target, FOXP1, are associated
with shorter overall survival in FL and suggest that miR-150 could serve as a good biomarker measurable in formalin-fixed
paraffin-embedded tissue. Overall, our study demonstrates the role of the MYC/miR-150/FOXP1 axis in malignant B cells
as a determinant of FL aggressiveness and its high-grade transformation. (Blood. 2018;132(22):2389-2400)

® miR-150 is
downmodulated with
transformation of
FL leading to
upregulation of
FOXP1 protein.

® Upregulation of MYC
protein is responsible
for the repression of
miR-150 in
transformed FL.
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the inactivation of the cell-cycle regulators CDKN2A/B, p53, and
MDM2.67:101517 Changes in malignant B-cell gene expression

Introduction

Follicular lymphoma (FL) is the second most common indolent

B-cell malignancy, with a variable clinical course. An adverse and/or lymphoma microenvironment have also been associated with

event in the course of FL is histological transformation to a high-
grade lymphoma, which is associated with clinically aggressive
behavior and poor patient prognosis.”* FL most frequently
transforms to diffuse large B-cell lymphoma (DLBCL), with the
continuous risk of 2% to 3% per year.?® The effort to understand
and predict histological transformation in FL is an active area of
research, and several aberrations have been described as po-
tential drivers of this process.®'® The most common genomic
aberrations acquired during transformation include genetic le-
sions activating MYC protooncogene and mutations resulting in
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FL progression and transformation.’®'7" Gene expression profiling
studies revealed that a MYC pathway “proliferation signature” is
associated with >70% of high-grade FL transformations.'®"
However, the precise molecular mechanisms underlying the
transformation of FL to DLBCL remain largely unknown.

Factors that might regulate the expression of protein-coding
genes involved in FL transformation are microRNAs (miRNAs).
These short noncoding RNAs can posttranscriptionally regulate
expression of variety of genes and thus fine tune essential cell
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functions. We and others have shown that this is needed for the
survival and normal maturation of B cells, immunoglobulin pro-
duction, and B-cell receptor (BCR) signaling regulation.??2> Ab-
errations in such miRNA-mediated regulation directly influence
malignant B-cell biology, as well as the prognosis of patients
(reviewed by Musilova and Mraz?*). The miRNA role in lympho-
magenesis was directly demonstrated in studies generating
miRNA mouse models, with an impact on B-cell lymphoma
development.?#24-28 However, the role of miRNA deregulation in
tFL is unclear.

Here we performed the first complex profiling of miRNA ex-
pression in paired samples of FL before and after its transforma-
tion to DLBCL. We identified 5 miRNAs as being differentially
expressed between FL and transformed FL (tFL). In our study,
we focused on one of these miRNAs, namely miR-150, which was
downmodulated in tFL. We show that low levels of miR-150 in tFL
lead to upregulation of FOXP1 protein, which is a direct target of
miR-150. We have previously shown that high-level expression of
FOXP1 increases BCR signaling propensity in chronic lymphocytic
leukemia (CLL).22 FOXP1 has been extensively studied in DLBCL,
where it is known to regulate survival and aggressiveness of B cells
(reviewed by Gascoyne and Banham??).3%-33 High FOXP1 levels are
associated with worse prognosis in DLBCL,**3” and FOXP1 is used
in numerous algorithms (such as Choi, Tally, and Visco-Young) that
distinguish the non-germinal center (non-GC) vs GC subtypes of
DLBCL.273843 We further show that upregulation of MYC protein is
responsible for the repression of miR-150 in tFL. Additionally, we
reveal that miR-150 and its target FOXP1 are strong prognostic
markers in FL, which further supports the relevance of the MYC/
miR-150/FOXP1 axis in malignant B-cell biology.

Methods

Patient samples and lymphoma cell lines
Formalin-fixed paraffin-embedded (FFPE) tissue or freshly frozen
lymph node biopsy material was obtained from the contributing
institutions, and the study was approved by the respective in-
stitutional review boards. The samples were obtained with
written informed consent. Patient characteristics are described
in supplemental Methods and supplemental Tables 1 and 2,
available on the Blood Web site. The samples were processed
for gene expression analysis and immunohistochemistry (IHC;
supplemental Methods).

RNA isolation and mRNA/miRNA

expression analyses

Total RNA was isolated from 10- to 20-um FFPE tissue sections
using a High Pure miRNA Isolation Kit (Roche) according to the
manufacturer’s protocol. Total RNA from freshly frozen tissue or cell
lines was isolated with TRI-Reagent (Sigma-Aldrich) as described
previously.** MiRNA expression profiling was performed using
TagMan Array Human MicroRNA A Cards v2.0 (377 miRNAs;
Thermo Fisher Scientific) and individual TagMan microRNA Assays
(detailed description provided in supplemental Methods).

Luciferase assay
Luciferase reporter assay was performed using psiCHECK2 re-
porter plasmid and the Promega Dual-Luciferase Reporter Assay
Kit (Promega) according to the manufacturer’s protocol (sup-
plemental Methods).
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Transient miRNA or siRNA transfection and cell-
cycle analysis

A WSU-NHL B-cell line was obtained from the German Collection
of Microorganisms and Cell Cultures and cultured in RPMI 1640
supplemented with 10% fetal bovine serum in 5% carbon dioxide
at 37°C. B cells (0.75 X 10°) were electroporated (Neon Trans-
fection System; Thermo Fisher Scientific; program 1500 V per
20 ms per 1 pulse) with a short artificial miR-150 (1000 nM;
MISSION miRNA Mimic; Sigma-Aldrich), control miRNA (1000 nM;
MISSION miRNA Mimic Negative Control), short interfering RNA
(siRNA; 1000 nM; On-TargetPlus Smartpool siRNAs for FOXP1; GE
Dharmacon; Silencer Select Pre-Designed siRNA for MYC; Thermo
Fisher Scientific; or 1000 nM; On-Target Plus Smartpool Negative
Control). The WSU-NHL cell line was used for the transfection
experiments because of its FL-like features (GC origin and
presence of t[14;18]), relatively low-level expression of miR-150,
relatively high levels of FOXP1 protein, and sufficient silencing
efficiency and viability after transfection. After the indicated
period of time, all cells in the well were harvested for cell-cycle and
viability analyses and immunoblotting (supplemental Methods).

Statistical analysis

Univariate and multivariate Cox regression analyses of overall
survival (OS) were computed using Statistica 13.2 (TIBCO Soft-
ware Inc.; supplemental Methods). All other statistical analyses
were performed with GraphPad Prism software v5.0 (GraphPad
Software). All statistical tests were 2 sided, and P values <.05 were
considered significant.

Results

miR-150 is downregulated after transformation of
FL to DLBCL

To identify miRNAs that are changed upon FL transformation,
we analyzed the global expression of 377 miRNAs in 8 pairs
of samples (n = 16) from patients with FL that subsequently
transformed to DLBCL. The analyzed miRNAs contained most of
the miRNAs known to be associated with normal or malignant
B-cell biology (supplemental Table 3). This identified 4 miRNAs
(miR-150, miR-31, miR-222, and miR-517b) as downregulated
and 1 miRNA (miR-106b) as upregulated in tFL (P < .05; fold-
change =2; Figure 1A; supplemental Table 3). We further fo-
cused on miR-150 studies, because we have previously shown
that miR-150 plays an important role in CLL biology by regu-
lating transcription factor FOXP1 known to be of biological
relevance in multiple B-cell lymphomas.?2734.3537 mjR-150 was
the most constantly changed miRNA, with ~3.5-fold down-
modulation in FL (Figure 1A). To validate this, we analyzed miR-
150 expression by individual gRT-PCRs in an extended cohort of
26 paired FL-tFL samples (13 pairs, including the original 8 pairs)
and confirmed reduced miR-150levels in all examined tFL samples
(Figure 1B; supplemental Figure 1A). Additional miR-150 ex-
pression analyses in an extended cohort of tFLs (n = 18), non-
transformed FL (n = 66), and de novo DLBCLs (n = 41) validated
that miR-150 is consistently less expressed in tFL and DLBCL than
in FL (Figure 1C; supplemental Figure 2). The non-B cells in the
non-Hodgkin lymphoma samples (eg, T cells or stromal cells) did
not significantly affect the measurement of miR-150 levels (sup-
plemental Figure 3A), which was further supported by lack of any
correlation between miR-150 levels and the percentage of T-cell
infiltration in FL samples (supplemental Figure 3B).

MUSILOVA et al
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Figure 1. MiRNAs are differentially expressed in tFL. (A)
miRNAs were quantified in paired FL-tFL samples from 8 patients A
(analyzed by TagMan Array Human MicroRNA Cards; supple-
mental Methods). Expression of each miRNA was centered on the |
median miRNA expression in all samples and visualized in a 0.25 1.0 4.0
heatmap (MeV software). Lower expression is indicated in blue,
1op L P ) . — N m < 1o N © 389 g g N9
and higher expression in yellow (linear scale). The differences in D L s e s e B B T T T T T T Tl T
. . . [ L L L T e e e = e = = = S~ =)
miRNA expression between FL vs tFL were tested by paired t test I tFL
(P < .05; fold change =2). Patient characteristics are listed in FL
sup;?lementa\ Table. 1 (FL. pauentsI .1—8). All tFLs were transfor- hsa-miR-106b-5p
mations (transf) to histologically verified DLBCL. All RNA samples
in the analyses were isolated from FFPE tissue. (B) Validation of hsa-miR-31-5p
miR-150levels in paired FL and tFL samples from 13 patients. The h iR-150-5
same 16 samples from panel A and additional 10 samples (5 pairs) sa-mir- 0P
were analyzed by individual quantitative reverse transcription hsa-miR-222-3p
polymerase chain reaction (QRT-PCR; tested by paired t test; .
patient characteristics listed in supplemental Table 1 [FL patients hsa-miR-517b
1-13)). (C) miR-150 expression in patients who did not experience
transformation during follow-up (FL non-transf) and those with FL B C P<0.0001
before transformation (FL before transf; patient later transformed 1
to DLBCL), tFL (at sampling), and primary DLBCL (tested by Mann- P<0.0001
Whitney test). The median follow-up for patients in the non-
. P<0.0001
transforming FL group was 131 months (range, 2-276 months), the
’ ) : P<0.0001 NS
median follow-up for those in the FL before transformation group
was 95 months (range, 25-231 months), and the median follow-up 5000 4 20000 4
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We also analyzed miR-150 levels in FL patient samples that later
developed transformation (n = 21) and those FL samples that did not
develop transformation during follow-up (n = 45). This showed that
there is no difference in miR-150 levels in cases that later develop
transformation (Figure 1C), and miR-150is only downmodulated after
transformation to DLBCL. The miR-150 levels also did not signifi-
cantly decrease with disease progression in FL (diagnosis vs relapse
[transformation excluded]; supplemental Figure 4). Altogether
these data demonstrate that miR-150 is consistently and
specifically downmodulated in tFL when compared with FL.

High levels of MYC repress miR-150 expression in
transformed FL

We further investigated the possible mechanisms for miR-
150 downmodulation in tFL. MYC was previously reported

LOW miR-150 LEVELS CONTRIBUTE TO FL TRANSFORMATION

to downregulate miR-150 in acute myeloid leukemia,** and
MYC mutations/translocations (~40% of tFL cases) and over-
expression are among the most frequent aberrations in
tFL.71077 We detected reduced miR-150 expression in splenic
B cells from transgenic MYC-overexpressing mice (MYC
transgene controlled by the immunoglobulin a heavy-chain
enhancer) compared with wild-type mice (Figure 2A-B). Fur-
thermore, the factors known to induce MYC and activate B cells
such as CD40 and interleukin-4 signaling,***” also lead to
downmodulation of miR-150 levels in malignant B cells (sup-
plemental Figure 5A-B). Importantly, silencing MYC in B cells
by siRNA led to upregulation of miR-150 expression in B cells
(Figure 2C).

We next assessed MYC protein levels by IHC in paired FL-tFL
samples from 14 patients for whom material was available. tFL
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Figure 2. MYC represses miR-150 expression in tFL. (A-B) The differences in MYC messenger RNA (MRNA) and miR-150 levels in B cells from transgenic iMyc® mice (MYC
transgene controlled by the immunoglobulin [Ig] a heavy-chain enhancer) compared with wild-type (WT) mice. The splenic B cells were purified from MYC hemizygous and
control (ctrl) spleens of relatively young mice before the development of any malignancy, which was verified by flow cytometry together with the sample purity (>95% B cells
postpurification; supplemental Methods). The differences between groups were tested by unpaired ttest. (C) miR-150 expression in WSU-NHL B-cell line transfected with siRNA
against MYC (siMYC) or siRNA negative control (siNeg. Ctrl) (n = 4). Statistical differences were tested by paired ttest. (D) Intensity of MYC IHC staining in paired FL-tFL samples
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samples were in great majority strongly positive for MYC staining
in a majority of B cells, and all had lower miR-150 levels com-
pared with FL samples, which were mostly weakly positive for
MYC (=5% MYC* cells); (Figures 1 and 2D-E; supplemental
Figure 6A-B). Study of additional 30 FL samples using tissue
microarrays showed that the MYC* (>5% positive cells) FL cases,
although rare (n = 7), had significantly lower miR-150 levels
(P < .05; Figure 2F). Similarly, IHC staining of de novo DLBCL
showed significantly lower miR-150 expression in highly MYC*
cases in comparison with MYC™ cases (supplemental Figure 8).
Additionally, the study of a cohort of rare samples of CLL cells
with MYC aberration (n = 29) also showed significantly lower
miR-150levels compared with CLL samples that did not harbor
MYC aberration (supplemental Figure 5C). These data suggest
that miR-150 is transcriptionally repressed by MYC and that
this could be an important feature of high-grade transformation
of FL.

miR-150 is directly repressed by MYC and its

maturation is not regulated by LIN28A/B proteins
It has previously been shown in AML cells that MYC upregulates
LIN28, which then inhibits the maturation of miR-150 from its
precursor.*> However, the regulation of miR-150 expression
could be cell type and context specific. Therefore, we analyzed
the expression of LIN28 family members (LIN28A and LIN28B)
in FL/tFL. The LIN28B mRNA was undetectable by qRT-PCR in
most FL specimens (?4% of cases had cycle threshold [Ct] value
>40), and LIN28A mRNA had median Ct value of 38.0 and was
not reliably detectable in most FL specimens. There was no
anticorrelation of LIN28A mRNA with miR-150 levels (supple-
mental Figure 9). Immunoblot analysis of LIN28A/B protein in
B-cell lymphoma cell lines and primary FL and CLL samples
revealed the absence of this protein in B cells (Figure 2G). The
expression of primary miR-150 transcript (pri-miR-150) in FL and
DLBCL strongly correlated with mature miR-150 levels (sup-
plemental Figure 10). pri-miR-150 was expressed at relatively
low levels (median Ct value, 32.7) when compared with mature
miR-150 (median Ct value, 21.7), suggesting that miR-150 is
efficiently processed from its precursor (pri-miR-150) in FL
B cells. We also did not find any association between the miR-
150 levels in B cells and functionality of p53 protein (supple-
mental Figure 11), which is frequently affected by aberrations
in tFL. We hypothesized that MYC regulates miR-150 expression
by binding directly to its upstream regions. Indeed, our
chromatin immunoprecipitation data for MYC have shown

that MYC directly binds in the region upstream of MIR150
transcription start site in malignant B cells (Figure 2H; sup-
plemental Figure 12).

Low levels of miR-150 lead to high levels of FOXP1
transcription factor

We have previously shown that miR-150 regulates the levels of
FOXP1 transcription factor in CLL cells.?2 Similarly to CLL cells,
the transfection of the non-Hodgkin lymphoma B-cell line WSU-
NHL with synthetic miR-150 reduced the FOXP1 levels by ~33%
(P < .05; Figure 3A). A luciferase assay with cloned 3’UTR region
of FOXP1 gene containing the putative miR-150 binding site
confirmed a direct physical binding of miR-150 to FOXP1, and
this was interrupted by introducing mutations in the region
encoding the miR-150 binding side (Figure 3B). This suggests
that FOXP1 is a relevant target for miR-150 in FL/tFL.

We further examined FOXP1 protein levels by IHC in FL and tFL.
The immunostaining of these paired FL-tFL samples showed
significantly stronger FOXP1 staining in tFL (P < .05; Figure
3C-D; supplemental Figure 6C). We also assessed the protein
levels of FOXP1 in the other 30 FL samples (in a tissue
microarray format). This revealed significantly lower miR-150
levels in FL samples with high FOXP1 positivity (Figure 3E).
These data suggest that miR-150 contributes to the regulation
of FOXP1 levels in both FL and tFL.

Impact of miR-150 on the cell cycle

We and others have previously shown that FOXP1 can directly
influence normal and malignant B-cell BCR signaling,?? positively
regulate NF-kB signaling activity,** and bind ~300 gene pro-
motors in malignant B cells.*® These data suggest that the miR-
150/FOXP1 axis might influence malignant B-cell behavior on
multiple levels. Additionally, several publications have reported
the role of FOXP1 in the proliferation and survival of activated
B-cell (ABC) DLBCL B cells.** To examine this, we transfected
B-cell line WSU-NHL with artificial miR-150 or siRNA against its
target FOXP1 (Figure 3A). Transfection with miR-150 or siRNA
against FOXP1 did not have any direct impact on cell viability
(supplemental Figure 15). However, the miR-150 transfection
resulted in a significantly increased percentage of cells in the
G1 phase and a reduced percentage of cells in the S phase,
which corresponded to reduced cell proliferation (Figure 3F;
supplemental Figure 16). However, we did not observe
changes in cell cycle or viability upon transfecting B cells with

Figure 2 (continued) from all 14 patients with available material (patient characteristics listed in supplemental Table 1 [FL patients 5-10 and 12-19]). Percentages of FL-tFL
samples are shown, which were scored as MYC~ (0% to 1% positive cells), mostly MYC™ (1% to 5% positive cells), MYC* (10% to 40% positive cells), strongly MYC™ (40% to 70%
positive cells), and very strongly MYC* (>70% positive cells). The number in each segment of the column indicates the number of samples with the corresponding intensity
of IHC staining. Each arrow indicates the change in the IHC staining category in each of the analyzed pairs (note that the angle of the line does not show the trend of
increase/decrease in percentage of positive cells). Representative images of the scoring of MYC staining in FL are shown in panel E and in supplemental Figure 7. The
statistical differences between 13 paired FL-tFL samples were tested by Wilcoxon matched-pairs test. For 1 patient, only the material from the tFL sample was available for
IHC (included in the graph but not in the paired statistical analysis). (E) Representative examples of differences in IHC staining for MYC between paired samples of FL (upper)
and tFL (lower) from 3 patients. Original magnification X400. (F) The miR-150 expression levels in FL samples scored as MYC~ (0% to 1% positive cells), mostly MYC™ (1% to
5% positive cells), weakly MYC* (5% to 10% positive cells), or MYC™ (10% to 40% positive cells) for MYC staining. P values were assessed by unpaired t test. Representative
images of the scoring of MYC staining in FL are shown in supplemental Figure 7 (MYC staining performed as tissue microarray blocks; supplemental Methods).
(G) Immunoblot analysis of LIN28 protein (LIN28A and LIN28B) in B-cell non-Hodgkin lymphoma (B-NHL) cell lines and primary samples. The membrane was overexposed
while detecting immunocomplexes, and no band(s) appeared in any B-NHL samples. Protein lysates from human embryonic stem cells (RESCs) were used as a positive
control for LIN28A/B. *Two bands identified by the anti-LIN28B antibody represent two isoforms of LIN28B protein. (H) ChIP analysis for MYC binding in the region upstream
of the MIR150 transcription start site in WSU-NHL cells. DNA from immunoprecipitates was assayed by gPCR on the independent amplicons upstream of the MIR150 gene
(—12.7 to —0.35kb relative to the MIR150 transcription start site [TSS]; supplemental Figure 12). The results are represented as percentage of DNA input; the error bars
indicate the standard error of the mean. Enrichment quantitation of immunoprecipitates with control IgG antibody was calculated to equal 1, and MYC IP was normalized
accordingly. NS, not significant.
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Figure 3. miR-150 regulates FOXP1 levels in FL/tFL. (Ai) Statistical analysis of the effect of synthetic miR-150 on FOXP1 levels in WSU-NHL cells (48 hours; n = 3). WSU-NHL
cells were transfected with siRNA against FOXP1 (siFOXP1) or siRNA negative control (siNeg. Ctrl) or miR-150 mimic (miR-150 MIMIC) or miRNA negative control (miR Neg. Ctrl)
and harvested after 48 hours. The siRNA against FOXP1 serves as a positive control. The blot images were quantified with UVitec Alliance 4.7, and the FOXP1/B-actin ratio in the
first sample (siNeg. Ctrl) was arbitrarily set at 1. The differences were tested by paired t test. (Aii) Representative immunoblot of FOXP1 levels in WSU-NHL cells transfected with
siRNA against FOXP1 or miR-150 mimic as described in panel Ai. *Two bands identified by the anti-FOXP1 antibody represent two isoforms of FOXP1 protein. (B) The luciferase
activity in HEK293T cells cotransfected with miR-150 mimic (400 nM) and luciferase reporter construct (15 ng), containing the 3'UTR region of wild-type or mutated FOXP1
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siRNA for FOXP1 (Figure 3F; supplemental Figures 15 and 16).
This suggests that miR-150 might regulate other targets be-
sides FOXP1 that are influencing the cell cycle independently
or together with FOXP1. This is also in line with other reports
showing that FOXP1 affects cell proliferation and survival in
ABC DLBCL, but not GC DLBCL, cell lines such as WSU-NHL
used in our study.??293% The effect of FOXP1 on cell pro-
liferation is likely to depend on the specific context of other
signaling pathways in individual patients with FL. Importantly,
primary FL samples with high FOXP1 levels have a higher
percentage of Ki67+ B cells (Figure 3G), suggesting FOXP1
relevance in proliferation in vivo.

Prognostic significance of miR-150 and FOXP1 in FL
Altogether our data suggest that miR-150 might play a role not
only in tFL but also in the behavior of FL B cells. Indeed, the
expression level of miR-150 is associated with characteristics
related to malignant B-cell biology and the outcome of patients
with FL. miR-150 expression was reduced in FL samples with high
Kié7 positivity (>30%; P = .01; Figure 4A) and in patients with
high FLIPI score (3-5; P = .03; Figure 4B). To assess the potential
prognostic impact of miR-150 levels in FL, we analyzed its ex-
pression in a cohort of FFPE samples and freshly frozen FL
samples that were available (to increase the size of the cohort).
The expression levels for miR-150 obtained by gRT-PCR from
both sample types (ie, FFPE and freshly frozen tissues were
highly concordant, which allowed us to include both sample
types in the analyses; r= 0.82; P = .006; n = 10 pairs of FFPE and
freshly frozen samples from the same biopsy; data not shown).
The patients with FL with relatively low miR-150 levels (divided
by median) had a trend toward a shorter OS than those with
relatively high miR-150 levels (P = .07; n = 85; Figure 4C). The
difference in OS was more pronounced and statistically signif-
icant when we compared patients with the lowest and the
highest miR-150 levels based on the terciles (median survival,
9.1 years vs not reached; P = .008; hazard ratio [HR], 3.5; confi-
dence interval [Cl], 1.3-9.2; Figure 4D) or quartiles of its expression
(median survival, 9.1 years vs not reached; P = .006; HR, 4.9; CI,
1.6-15.4; Figure 4E). To determine whether miR-150 is an in-
dependent predictor of OS, we performed a multivariate analysis,
which included several known prognostic markers (age, sex, FLIPI,
hemoglobin levels, lactate dehydrogenase levels, number of
lymph node areas involved, Ann Arbor stage, presence of B
symptoms, and miR-150 levels). This showed that miR-150 levels
retained independent predictive power for OS (supplemental
Table 4; P = .02). The prognostic value of low-level miR-150
expression was also retained (P < .05) when the patients who
experienced transformation during follow-up (n = 8; 9.4%) were
excluded from the OS analysis. Interestingly, miR-150 was also

significantly less expressed in patients who experienced early
death within 3 years from diagnosis or biopsy (transformation to
tFL excluded), and similar data were obtained for occurrence
of early relapse (<24 months), which suggests a potential to
identify the ~20% of patients with FL with the most aggressive
disease*” (Figure 4F; supplemental Figure 17). This also supports
the overall biological relevance of miR-150 for the behavior of
malignant FL cells. However, this will require further analysis in a
cohort of patients treated homogeneously and prospectively. It
has previously been shown that high-level expression of miR-155
is associated with ABC DLBCL®%>? and shorter survival in CLL3;
however, we did not find any association of miR-155levels with OS
or high-grade transformation of FL (supplemental Figure 18).

In univariate analyses, high-level FOXP1 expression was asso-
ciated with a significantly shorter OS in FL (median survival, 33
months vs not reached; P = .03; HR, 5.0; Cl, 1.1-22.6; Figure 4G).
Altogether, the adverse prognostic impact of low-level miR-150
expression and the reverse trend for FOXP1 provide support for
the relevance of these genes to the biology of neoplastic FL and
tFL cells.

Discussion

We have shown that the process of high-grade transformation of
indolent FL to a more aggressive lymphoma is associated with a
uniform downregulation of miRNA miR-150. We have demon-
strated that an increase in MYC levels represses miR-150 levels
in tFL. Downmodulating miR-150 leads to the upregulation of
FOXP1 transcription factor, which is a direct target of miR-150
and an important regulator of B-cell activation. Additionally,
some FL cases have relatively low miR-150 levels and therefore
higher levels of the FOXP1, which is strongly associated with
shorter OS in FL.

The histological transformation of FL to a high-grade lymphoma,
usually DLBCL, is associated with clinically aggressive behavior
and poor patient prognosis.’* Recently, several genetic lesions
acquired during the transformation process were identified, such
as MYC aberrations and CDKN2A/B or TP53 loss,®’:'> and high
AID expression was reported to increase the risk of tFL.>*
However, the role of miRNAs in this process is largely unknown.
Here we report the first complex profiling of miRNA expression
in paired samples of FL and tFL. A recent profiling of selected
miRNAs in FL-tFL (only 2 pairs of samples) suggested that
2 miRNAs (miR-17-5p and miR-31) change upon tFL.>* We have
identified miRNAs miR-150, miR-31, miR-106b, miR-222, and
miR-517b as differentially expressed in tFL. This partially vali-
dates and extends the previous findings, because we also

Figure 3 (continued) (supplemental Methods). As a negative control, we used a control miRNA mimic (miR Neg. Ctrl; 400 nM). Luciferase activity was measured 24 hours
posttransfection and compared by paired t test. (C) Statistical analysis of FOXP1 staining in paired FL-tFL samples from all 14 patients with available material (patient
characteristics listed in supplemental Table 1 [FL patients 5-10 and 12-19]). Percentages of samples with low (=30%), intermediate (inter; 30%-70%), and high (=70%) percentages
of FOXP1* cells are shown. The number in each segment of the column indicates the number of samples with the corresponding intensity of IHC staining. Each arrow indicates
the change in the IHC staining category in each of the analyzed pairs (note that the angle of the line does not show the trend of increase/decrease in percentage of positive cells).
The statistical differences were tested by Wilcoxon matched-pairs test. Representative images of the scoring of FOXP1 staining in FL are shown in panel D and in supplemental
Figure 14. (D) Representative examples of FOXP1 IHC staining between paired samples of FL (upper) and tFL (lower). Original magnification X400. (E) Differences in miR-150
expression levels between FL samples with low (=30%), intermediate (30%-70%), and high (=70%) percentages of FOXP1* cells from 30 FL patients with available material
(FOXP1 staining performed as tissue microarray blocks; supplemental Methods). P values were assessed by unpaired t test. Representative images of the scoring of FOXP1
staining in FL are shown in supplemental Figure 14. (F) Cell-cycle analysis of WSU-NHL cells transfected with synthetic miR-150 mimic or siRNA against FOXP1 or negative controls
for miRNA or siRNA. Cells were harvested after 24 hours (n = 10 independent experiments) and analyzed for cell cycle (supplemental Methods; supplemental Figure 16). Pvalues were
assessed by paired ttest. (G) The Ki67 proliferation index in FL samples with low (=30%), intermediate (30%-70%), or high (=70%) percentage of FOXP1+ cells from 27 FL patients with
available material (FOXP1 staining performed as tissue microarray blocks; supplemental Methods). P values were assessed by unpaired t test. NS, not significant.

LOW miR-150 LEVELS CONTRIBUTE TO FL TRANSFORMATION € blood® 29 NOVEMBER 2018 | VOLUME 132, NUMBER 22 2395

20z AeN 80 uo 1sanb Aq Jpd-Z0G5G8PO0IA/ Y09V L LI68ET/ZE/ZE L/IPd-a1olEe/POO|gAeU suOlEDIqNdysE//:d)y Wwol) papeojumoq



A P=001_ B P=0.03_ C D
NS NS
NS | —|
La— 17000 La— e
10000 ° 10000 1 o . .
5000 °® ° 3000 L% ‘@ Qo —L— tercile3 miR-150 (highest)
s 5000 -+ E 3000 - —— High r‘rTiR—150 (&3 med.ian) - L - tercile2 miR-150
G ° [} g ® =!= Low miR-150 (< median) — tercile1l miR-150 (lowest)
[<5] —
S 4000 - o g 25007 o o
> ) % 6 ..
0 ~ 2000 { @@ % < <
< a0- S P =
g ° g | e 9 = 60 [T =
e — 1500 = =
8 ~ (5] Q@ ° () =] =S
2 2000 { %~ > & = e o 2 2
= A o = 1000{% o T 40+ N
S ® S 4 @
2 i ° o IS} S
2 1000 { & « - s @ 20 P-007 © 20 *P=0.008 righest . lowest miR-150)
® n=85 n=85
) °)
0 '_I_I_’_ 0- $ 0 T T T 0 T T T
5 \(,)\ //\%\ ,\Q //\\o\ //fb‘& 0 2000 4000 6000 0 2000 4000 6000
< < < & &
a8 S Qo\o\ 8 \q/\ oS Days Days
oS NRCOING
R RS
= \.96\ ©
E F NG
P=0.003
190004 P=0.03 o
| —— |
—— quartile4 miR-150 (highest) 11000 A
—L— quartile3 miR-150 - 3000 L+ ° ‘ —L— Low FOXP1 (<30%; n=7)
- L+ quartile2 miR-150 S 3000 T Inter FOXP1 (30-70%; n=14)
—L quartile? miR-150 (lowest) ¢ G0 - High FOXP1 (270%; n=9)
% 2500 ° ‘. 100 A 1 n=30
§ ': ' ot |_._._._.
= < 2000 A _l = 80 :
E S o % E : .
= 3 1500 A = 60 l
3 = 3 !
= 2 o0 % & 2 w0 7
S S
20  *P=0.006 (highest vs. lowest miR-150) 500 - o 20 o *P=0.03 (Low vs. High FOXP1)
n=85 ° ° P=0.05 (Low vs. Inter FOXP1)
0 . . . 012 0 . . .
0 2000 4000 6000 ,\'\\ ,\b) (,)O\\ 0 2000 4000 6000
7 Y
Days ¢ & Days
N & &
sV sy o5
be’g@ 60’5;(\ '§\A®

Figure 4. The association of miR-150 expression with biological characteristics of FL and survival of patients. (A) miR-150 expression in FL patients divided according
to terciles of Kié7 proliferation index (the differences were tested by Mann-Whitney test). All samples with available data on Kié7 were used in the analysis. (B) miR-150 expression in
FL patients divided according to Follicular Lymphoma International Prognostic Index (FLIPI) score (the differences were tested by Mann-Whitney test). All samples with available data
on FLIPI were used in the analysis. (C-E) Association of miR-150 expression with OS in FL. The OS is depicted using the Kaplan-Meier curves (with log-rank test) in the FL cohort divided
by median miR-150 expression (C) or by dividing the cohort into 3 (D) or 4 (E) groups based on terciles or quartiles of miR-150 expression, respectively. For all analyses, only patients
with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included. Patient characteristics are listed in supplemental
Table 2. (F) Differences in miR-150 levels between FL patients who experienced early death within 3 years from biopsy (death <3 years) or who died later (death >3 years) or are still
alive for longer than 3 years (alive >3 years) from biopsy. One patient with a follow-up time <3 years was excluded from the analysis. Similar data were obtained when only samples
obtained at diagnosis were included in the analysis (54 of 84 samples; supplemental Figure 17A) or in patients experiencing early relapse (<24 months; supplemental Figure 17B). For
all analyses, only patients with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included. The differences in miR-150
levels between individual groups were tested by Mann-Whitney test. (G) The OS in FL patients divided according to immunostaining for FOXP1 (30 FL patients with material available
as tissue microarray blocks; supplemental Methods). The patients were divided into 3 groups of samples with low (=30%), intermediate (inter; 30%-70%), or high (=70%) percentage
of FOXP1* cells. For all analyses, only patients with histologically verified FL at the time of sampling (with no histopathological signs of transformation to DLBCL) were included.
Representative images of the scoring of FOXP1 staining in FL are shown in supplemental Figure 14. NS, not significant.

observed downmodulation of miR-31 and upregulation of miR-
106b, which is part of the cluster homologous to miR-17-92 on
chromosome 7. It has previously been described that miRNA

expression profiles in tFL (DLBCL) and primary DLBCL are not
identical,®" but miR-150 had a similar expression pattern in both
entities when compared with FL (Figure 1C). Notably, none of
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Figure 5. A schematic overview of the MYC/miR-
150/FOXP1 role in the aggressiveness and high-
grade transformation of FL. MYC overexpression
caused by genomic aberrations (eg, translocations,
mutations, or duplications) or B-cell activation down-
regulates miR-150 expression during the transformation
of FL to DLBCL or in aggressive FL. Low levels of miR-
150 lead to the upregulation of its target, FOXP1.

FL | FOXP1 , tFL

|
=it

t(8;14)

s /

1 FOXP1 f/’

transformation/aggressiveness:
tmyc »{ — TFOXP1

the significantly changed miRNAs are located in regions with
known genomic aberrations in FL/tFL.™

We focused on studying miR-150 because it was consistently
downmodulated in every tFL sample examined (fold change,
~3.5; Figure 1B). We have previously described low miR-150
levels in aggressive CLL,?2 and low levels of miR-150 have been
described in aggressive non-Hodgkin lymphomas.>*>8 Here we
show that MYC protein represses miR-150 expression in tFL,
which is compatible with the observed gain of MYC-activating
aberrations and expression in tFL.”-1%"7 In our experiments, MYC
silencing by siRNA increased miR-150 levels, and miR-150 levels
were low in B cells from transgenic MYC-overexpressing mice.
Additionally, CLL samples with activating MYC aberrations had
significantly lower miR-150 levels. MYC is known to directly
suppress the expression of large number of miRNAs®>? and activate
expression of the miR-17-92 cluster (and its homologs miR-106b-
25/miR-106a-92).¢° In accordance with previous findings, ¢! most
of our FL samples had weak MYC expression as assessed by
immunostaining. In contrast, paired tFL samples were strongly
MYC* compared with the pretransformation samples that were
MYC~ or showed only weak staining in a small number of cells.
However, we did observe higher MYC levels (>5% positive cells)
with lower miR-150 expression in a few FL samples from patients
who did not have tFL.

It has recently been shown that MYC upregulates LIN28 ex-
pression in myeloid cells, which inhibits miR-150 maturation from
its precursor pri-miR-150.%> We have shown that LIN28A/B is not
expressed in a panel of B-cell lines and FL samples. Additionally,
pri-miR-150 was effectively processed in B cells. These data
suggest that the decrease in miR-150 levels in tFL and some
cases of FL is mediated by MYC through a mechanism that
does not involve LIN28. This conclusion is supported by the
results of the MYC—chromatin immunoprecipitation experiments

LOW miR-150 LEVELS CONTRIBUTE TO FL TRANSFORMATION

identifying MYC binding sites in the upstream region of miR-150
gene in B cells.

We further investigated the effect of low miR-150 levels on
the expression of its direct target in B cells, namely FOXP1.22
We demonstrated that FOXP1 is upregulated with the trans-
formation of FL to tFL, and its levels are regulated by miR-150
in this context and in FL. FOXP1 has been extensively studied
in lymphoid malignancies, because its high levels are known
to be associated with worse prognosis in DLBCL and MALT
lymphoma,3#3%37 and FOXP1-staining is used in IHC algorithms
(eg, Choi, Tally, and Visco-Young) that distinguish the non-GC
vs GC DLBCL subtypes.??3843 FOXP1 belongs to a family of
forkhead box transcription factors and has been shown to be
required for early B-cell development and GC reaction.®42
In DLBCL cells, FOXP1 acts as a key transcription factor that
regulates expression of a large number of genes, including those
involved in cell survival, lymphocyte activation, chemotaxis,
cell cycle, and plasmacytic differentiation.2?:30.3348.63.64 \We and
others have shown that FOXP1 positively affects BCR signaling
and NF-kB pathway and Wnt signaling in malignant B cells?23363
and contributes to immune escape in DLBCL by suppressing
MHCII expression.®® Altogether, it has been shown that FOXP1
contributes to lymphomagenesis in vivo by affecting a number
of proproliferative and prosurvival genes and in ABC-DLBCL
by disrupting terminal B-cell differentiation.?? However, in vitro
in DLBCL cell lines, FOXP1 silencing can have an effect on
cell cycle and survival, or only on one or none of these cell
characteristics.>%-33¢¢ This is likely to depend on the context of
other factors determining certain aspects of FOXP1 functionality
(extensively discussed by Gascoyne and Banham??), which could
also explain why FOXP1 alone was insufficient to cause lym-
phomagenesis in mice.*® In WSU-NHL cells, transfection with
miR-150 resulted in significant reduction of S phase, but this was
not observed upon silencing FOXP1, suggesting that miR-150
regulates other targets that are influencing the cell cycle, alone
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or together with FOXP1. However, this does not exclude the
possibility that FOXP1 is involved in proliferation of primary
FL cells in vivo, and its known role in the activity of NF-kB and
BCR signaling suggests that it is plausible that it has some
role in B-cell proliferation. Importantly, we observed a signif-
icantly higher percentage of Ki67* cells in FL samples with high
FOXP1 protein levels, which is in accordance with other
studies. 303367

Recently, FOXP1 upregulation was associated with a process of
high-grade transformation of MALT lymphoma to aggressive
gastric DLBCL.%® In their report, the authors describe that
downmodulation of miR-34a in gastric DLBCL leads to upre-
gulation of FOXP1, because it is a target of miR-34a.¢¢% We
tested the expression of miR-34a and another FOXP1-targeting
miRNA, namely miR-181a,%? in paired FL and tFL, but these
miRNAs are clearly not downmodulated in most tFLs (sup-
plemental Figure 1B-C). We also tested the expression of
another known miR-150 target, namely MYB, regulation of
which by miR-150 is critical in immature B cells.?> MYB ex-
pression was not influenced by miR-150 levels in our previous
study in CLL,22 and we found no inverse correlation between
MYB and miR-150 levels in FL/tFL (data not shown). This in-
dicates that FOXP1 is likely to be a more relevant miR-150
target in FL/tFL B cells. We propose that MYC-induced re-
pression of miR-150 results in upregulation of FOXP1 in ma-
lignant B cells in tFL, contributing to transformation to DLBCL,
as summarized in Figure 5. Altogether, our data suggest that
MYC acts to activate oncogenic miRNAs (eg, miR-17-92 family)
and inhibits expression of tumor suppressor miR-150 during
tFL. Previous reports have also suggested a relevance of miR-
142-3p and miR-142-5p in the FL/DLBCL biology, because
their mutations have been described in DLBCL’® and tFL."®
However, we detected no mutations in mature sequences
of these miRNAs or miR-150 in the 24 analyzed paired FL-tFL
samples (supplemental Figure 19).

miR-150 expression could also determine the behavior of FL
B cells in patients who do not undergo transformation. miR-150
expression was reduced in FL samples with high Kié7 positivity
(>30%) and in patients with high FLIPI score (3-5), and fur-
thermore, patients with FL with lower miR-150 levels had a
shorter OS (median survival, 9.1 years vs not reached; P = .008;
HR, 3.5; ClI, 1.3-9.2]). miR-150 levels retained independent
predictive power for OS (HR, 2.8; P = .02) in a multivariate
analysis, which included several known prognostic markers
(age, sex, FLIPI, hemoglobin levels, lactate dehydrogenase
levels, number of lymph node areas involved, Ann Arbor
clinical stage, presence of B symptoms, and miR-150 levels).
miR-150 was also significantly lower in patients dying within
3 years from biopsy or diagnosis (FL transformation excluded)
or those with early relapse after therapy. This finding suggests
that measurement of miR-150 levels could be useful in iden-
tifying patients with FL with unfavorable prognosis as defined
by progression within 24 months after therapy*’ (supplemental
Figure 17), and this should be studied prospectively in a clinical
trial. The possibility to use FFPE samples to quantify miR-150
levels suggests its use as a relatively simple prognostic bio-
marker based on analyzing FFPE material available from rou-
tine biopsy evaluation. The circulating levels of extracellular
miR-150 in serum or plasma might potentially also serve as a
biomarker; however, previous findings in CLL suggest that the

2398 & blood® 29 NOVEMBER 2018 | VOLUME 132, NUMBER 22

serum/plasma miR-150 levels reflect tumor burden and lym-
phocyte count rather than the biology of malignant B cells.”?72
Univariate analysis showed that high protein expression of
FOXP1 as determined by IHC was associated with a signifi-
cantly shorter OS in FL (median survival, 33 months vs not
reached; P = .03; HR, 5.0; Cl, 1.1-22.6). During preparation
of this report, similar results demonstrating the association of
higher FOXP1 levels with shorter failure-free survival in FL were
reported.®” The adverse prognostic implications of low-level
miR-150 expression and increased expression of FOXP1 sup-
port an important role in progression of tFL and FL. However,
it is possible that miR-150 could also influence FL biology
by regulating translation of other genes besides FOXP1 that
contribute to malignant B-cell biology and their interplay with
genetic aberrations in individual FL cases.
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