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Abstract

The lymph node (LN) is the site of chronic lymphocytic leukemia (CLL) cell activation and
proliferation. Aberrant miRNA expression has been shown to play a role in CLL pathogenesis;
however a comparison of miRNA expression between CLL cells in the LN and the peripheral
blood (PB) has previously not been reported. Based on analysis of 17 paired LN and PB

samples from CLL patients, we identify a panel of miRNAs that are increased in LN CLL cells
correlating with an activation phenotype. When evaluated in CLL cells from 38 patients pre-

and post-treatment with ibrutinib, a subset of these miRNAs (miR-22, miR-34a, miR-146b, and
miR-181b) was significantly decreased in response to ibrutinib. A concomitant increase in putative
miRNA target transcripts (ARID1B, ARID2, ATM, CYLD, FOXP1, HDACL, IBTK, PTEN, and
SMADA4) was also observed. Functional studies confirmed targets of ibrutinib-responsive miRNAs
to include mRNA transcripts of multiple tumor suppressors. Knockdown of endogenous miR-34a
and miR146b resulted in increased transcription of tumor suppressors and inhibition of cell
proliferation. These findings demonstrate that ibrutinib down-regulates the expression of a subset
of miRNAs related to B-cell activation leading to increased expression of miRNA targets including
tumor suppressors and a reduction in cell proliferation.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common type of leukemia in adults in
the western world. CLL is a clonal disease of mature B cells that accumulate in bone
marrow (BM), lymph node (LN), spleen, and peripheral blood (PB).1 Activation of the

B cell receptor (BCR) signaling pathway and dysregulated apoptosis are key features

of CLL. The LN microenvironment supports CLL cell survival and proliferation and

has a significant impact on cellular signaling and CLL pathogenesis.2~* Gene expression
profiling of CLL cells isolated from BM, LN, and PB revealed that the LN is the primary
site of CLL proliferation; and demonstrated activation of BCR signaling in LN resident
CLL cells.5 Therapeutic agents targeting BCR signaling such as the Bruton’s tyrosine
kinase (BTK) inhibitor, ibrutinib, have been shown to be effective in treatment naive® and
relapsed refractory CLL in clinical trials.”~1 Ibrutinib potently inhibits BCR signaling,
downregulates NF-xB signaling, and rapidly reduces tumor burden through a combination of
inhibition of tumor proliferation and increased apoptosis.®: 1213

MicroRNAs (miRNAs) are small (~22 nt) noncoding RNAs that play an important role

in post-transcriptional regulation of their target MRNAs by binding to 3’ untranslated

region (UTR) leading to reduced stability, degradation, and/or inhibited translation. miRNAs
play key roles in regulating cellular processes including cell differentiation, proliferation,
and apoptosis.1* miRNAs can function as oncogenes and/or tumor suppressors and are

often disrupted by chromosomal deletions, translocations, and amplifications.1> Altered
expression of miRNAs has been reported in CLL.16-23 Notably, the 13q region often deleted
in CLL contains the genes encoding miR-15a and miR-16. Loss of these miRNAs promotes
resistance to apoptosis by increasing Bcl-2 translation.24: 25

Aberrant miRNA expression profiles in CLL PB have been previously reported to have
prognostic significance.28: 27 Calin et a/. identified a panel of thirteen out of 190 miRNAs
that could discriminate between aggressive CLL (ZAP-70 high expression and un-mutated
IGHV) versus indolent CLL (ZAP-70 low expression and mutated /GHV).2” High levels
of miR-21 are reportedly associated with a poor prognosis in CLL patients with a 17p
deletion; whereaslow levels of miR-181b reportedly identify patients who may benefit from
early therapeutic intervention.18 miR-155, miR-17-92, miR-181 and miR-29, have been
reported to regulate an activated phenotype of CLL, impacting differential expression of
these miRNAs in CLL prognostic subgroups.28 A distinct exosome miRNA signature in
CLL including miR-29 family, miR-150, miR-155, and miR-223 has been reported to be
associated with BCR activation induced exosome release.20

On the basis of previous studies demonstrating activation of CLL cells in the LN, and
changes in miRNA expression in CLL cells stimulated /n vitro through the BCR,2° we
hypothesized that 1) miRNAs might be differentially expressed between activated CLL cells
in the LN and PB; and 2) ibrutinib might alter miRNA expression in CLL, contributing

to the therapeutic response by regulating the expression of miRNA target genes. We show
that expression of specific miRNAs is affected by the tumor microenvironment and identify
down-regulation of key miRNAs, and concomitant up-regulation of tumor suppressor targets
as a previously unreported anti-tumor effect of ibrutinib.
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MATERIALS AND METHODS

Patients and samples

Patient samples were obtained in accordance with the Declaration of Helsinki, with
informed consent, and approval of the NHLBI institutional review board. For matched
peripheral blood (PB) and lymph node (LN) samples: samples were collected from 17
untreated CLL patients (10 males and 7 females) on the same day and processed in
parallel.> Additionally, samples were collected on a phase 11, open-label, single-center,
investigator-initiated single agent study of ibrutinib, registered at www.clinicaltrials.gov as
NCTO01500733. For the pre- and post-ibrutinib samples: PB samples were obtained from

40 CLL patients (22 [55%] males and 18 [45%] females with a median age of 66 years),
with 38 paired pre- and post-ibrutinib at day 28 and additional two pre-treatment CLL
samples. Healthy control PB samples were obtained from 33 healthy donors (24 [73%] male
and 9 [27%] female with a median age of 50 years). Additional data is in Supplementary
Tables 1 and 2. The LN and PB patient and control samples evaluated were the maximum
number of samples available for analysis. The sample sizes ensured adequate power to detect
significant differences between designated groups using Wilcoxon’s tests. Nodal response to
ibrutinib treatment was defined as a 50% reduction in lymphadenopathy determined by the
percent reduction in the sum of the product of the diameters of up to four LNs on computed
tomography scan after two cycles, as compared with the baseline.

CD19 * cell selection

Mononuclear cells were isolated by centrifugation using lymphocyte separation medium
(Lonza, Walkersville, MD); followed by CD19* cell selection (Miltenyi Biotec Inc., Auburn,
CA\) as previously described.3% Flow cytometric analysis was performed, confirming > 95%
enrichment for CD19* B-cells.

RNA isolation

RNA was isolated from CD19*B-cells and cell lines using miRNeasy Mini kit (Qiagen,
Germantown, MD). RNA concentration was determined using NanoDrop 2000 instrument
(Thermo Scientific, Wilmington, DE).

Quantitative real-time PCR (QRT-PCR)

For miRNA quantification, reverse transcription (RT) was performed with a polyadenylation
step added before the RT step as described previously3!: 32 with some modifications. Briefly,
RNA (160 ng for PB CLL B-cell samples and 600 ng for cell lines) was poly-adenylated
using the poly-(A) polymerase (New England Biolabs, Ipswich, MA). Reverse transcription
was conducted with an anchor primer using the High Capacity cDNA Reverse Transcription
kit on a GeneAmp PCR system 9700 (Life Technologies, Grand Island, NY). Real-time PCR
was performed on the StepOnePlus (Life Technologies) by using a specific forward primer
(mature miRNA sequence), a universal reverse primer, and a FAM-ZEN-IABKFQ-labeled
TagMan probe (Integrated DNA Technologies, Coralville, IA). Primer and probe sequences
are listed in Supplementary Table 3. A Ct value of 39 was assigned to miRNAs with
undetermined Ct values. To accurately determine the miRNA expression difference between
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PB CLL samples and healthy controls, each miRNA was synthesized (Integrated DNA
Technologies) and a miRNA standard curve was generated with eight serial dilutions starting
from 1000 pM and ending at 0.001 pM. The miRNA amount was interpolated from the
standard curve and expressed as fmoles/ ng of total RNA as described by Kubiczkova et a/33
The R2 value for each standard curve ranged from 0.97 to 0.99. For samples from LN CLL
cells and cell lines, ribosomal RNA 18S and/or small nucleolar RNAs (RNU44 or RNU48)
were amplified and used as the internal control. The relative miRNA expression level was
calculated as 2-delta Ct,

For mRNA quantification, RNA (1 pug for LN samples and 5 ug for cell line samples) was
reverse transcribed using the High Capacity cDNA Reverse Transcription kit. Real-time
PCR was performed in triplicate on the StepOnePlus by using TagMan gene expression
assays for ARID1B, ARID2, ATM, CYLD, FOXPI1, HDACI, PTEN, SMAD4, and IBTK
(Life Technologies). House-keeping genes PGK1, TFRC, GUSB, and PPIA were used as
internal controls. The relative gene expression level was calculated as 27délta Ct,

NanoString nCounter assay

Gene expression of miRNA targets was quantified using the NanoString nCounter assay
(nanoString Technologies, Seattle, WA) with a custom panel of 43 genes and three internal
control genes (Supplementary Table 4). RNAs from 23 pairs (pre- and post-ibrutinib) of
CD19+ CLL cells in the PB were assayed as previously described.30

Cell culture, drug treatment, Transfection, trypan blue staining, and water-soluble
tetrazolium salt assay

Human B-cell lymphoma cell lines SP5334 and MEC-1(ATCC, Manassas, VA, USA) were
cultured in RPMI11640 supplemented with 10% fetal bovine serum and 100 pg/ml penicillin/
streptomycin. Cells were treated with 1 uM ibrutinib or 1 pM fludarabine (Selleckchem,
Houston, TX) or approximately three million SP53 or MEC-1 cells were transfected with
150 picomoles of scrambled control, or pre-miR or anti-miR oligos (Life Technologies)
using the X-treme Gene siRNA transfection reagent (Roche Applied Science, Mannheim,
Germany) according to manufacturer’s recommendations . A fraction of cells were stained
with trypan blue and counted to determine the dead cell percentage. The difference in cell
proliferation was assessed using the water-soluble tetrazolium salts (WST) assay (Roche
Applied Science). WST reagent (10 ul) was added to 100 pl of cells in culture media in a
96-well plate and incubated for 4 hours. The sample absorption was then measured against a
blank control at 450 nm using the BioTek Synergy 4 (BioTek, Winooski, VT).

Western blotting

Pre-miR-34a, pre-miR-146b, and negative control oligo transfected SP53 cells were
harvested at 24 h. Cell lysates were prepared in cold RIPA buffer (Sigma-Aldrich, St. Louis,
MO). Protein concentration was determined using the Protein Assay Kit (Bio-Rad, Hercules,
CA). Total cellular protein (20 pg) was electrophoresed in SDS-PAGE gels and transferred
to PVDF membranes (Life Technologies). Protein detection was performed using the ECL
kit (GE Healthcare Life Sciences, Marlborough, MA, USA). Mouse monoclonal antibody
against actin (#A5316) was purchased from Sigma-Aldrich. Mouse monoclonal antibody
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against SMAD4 (#ab130242) and rabbit polyclonal antibody against ATM (#ab32420)
were purchased from AbCam (Cambridge, MA,USA). Mouse monoclonal antibody against
HDAC1 (#05-100-1) was purchased from EMD Millipore (Billerica, MA, USA). Secondary
antibodies against mouse (#sc-2005) and rabbit (#sc-2004) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Protein band intensities were quantified using
ImageJ.3°

Statistical analysis

RESULTS

Statistical analyses were performed using GraphPad Prism software version 6 (GraphPad
Software, La Jolla, CA, USA). Shapiro-Wilk test, t-test, Mann-Whitney and/or Wilcoxon
test were used where indicated. P values of less than 0.05 were considered significant.
Cluster analysis and heat map were generated using Cluster and Tree View software (Eisen
Laboratory, Stanford University, Stanford, CA, USA).

mMiRNA expression is increased in LN- derived CLL cells with activated B-cell phenotype

Given the reported differences in CLL cell activation between LN and PB, we tested the
hypothesis that miRNA in CLL cells in different sites might be differentially expressed for
22 miRNAs (Table 1), previously reported to play a role in BCR signaling and/or CLL
pathogenesis.16-22 miRNAs were assayed by quantitative PCR in CD19+ selected CLL
cells in paired samples from LN and PB of 17 previously untreated CLL patients and in
circulating CD19+ selected B-cells from 33 healthy controls. Twenty-one of the 22 miRNAs
tested were present at significantly higher levels in PB CLL cells than in the circulating
B-cells from healthy controls (Supplementary Table 5). Among them, miR-15a, miR-16,
miR-21, miR-22, miR-29a, miR-29¢-3p, miR-34a, miR-150, miR-155, and miR-650 levels
were increased by > 10-fold in CLL. Receiver operating characteristic curve analysis
showed that several miRNAs had high sensitivity and specificity for discrimination between
controls and CLL (data not shown).

Of the 22 miRNAs assayed, 19 miRNAs were significantly increased in CLL cells from

the LN when compared to matched cells from PB (Figure 1a and b and Table 1). Overall,
the median fold-change between PB and LN for all 22 miRNAs was 2.8 (range 0.9 - 5.5).
These findings suggest that increased expression of these miRNAs in CLL cells occurs

in the setting of increased cellular activation in the LN. Further, the higher expression in
circulating CLL cells compared to normal circulating B-cells likely reflects a more activated
state of CLL cells compared to normal circulating naive B cells.

Ibrutinib treatment decreases a subset of miRNAs in CLL cells in vivo

As previously shown, BCR and NF-xB signaling are significantly inhibited by ibrutinib /n
vivo and the extent of target inhibition correlated with clinical response to treatment.”- 2 To
test whether miRNA expression might also be altered in CLL cells in response to ibrutinib,
we assayed the levels of all 22 miRNAs in paired PB CD19+ B cells from 38 CLL patients
pre-treatment and at day-28 on continuous ibrutinib treatment. Expression of the miRNAs
in the CLL patients was compared to expression in 33 healthy controls. Of the 22 miRNAs
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evaluated, four (miR-22, miR-34a, miR-146b, and miR-181b) were significantly decreased
(0 < 0.05) on ibrutinib treatment (Figure 2a and Supplementary Table 6). Notably, miR-22
and miR-146b levels in CLL cells on ibrutinib were not significantly different from levels
in circulating B-cells from healthy controls (Figure 2B). miR-34a expression levels in CLL
on ibrutinib significantly decreased and approached levels seen in B-cells from the healthy
controls. miR-181b was the only miRNA in the panel that was significantly decreased in
CLL cells pre-ibrutinib compared with controls and showed further decrease on ibrutinib.
The remaining 18 miRNAs showed decreased expression on treatment in more than half
of the patients; however across the whole group the differences were not statistically
significant.

Nodal response was determined in 36 patients after two cycles of therapy. A total of

24 patientsobtained a nodal response with > 50% reduction in lymphadenopathy, and 12
were designated non-responders. miR-22 and miR-146b were significantly reduced in both
responders and non-responders in response to ibrutinib (day 28) (p<0.05) (Supplementary
Tables 7 and 8). In contrast miR-34a , miR-181b and miR-185 were significantly reduced
only in the responder group; whereas a significant reduction in miR-155 was only obsevered
in the non-responder group.

Putative targets of ibrutinib responsive miRNAs are significantly altered in CLL patient
samples on ibrutinib treatment

In order to explore the potential role of the ibrutinib responsive miRNAs in the anti-tumor
response, we analyzed expression of 43 mRNAs that are predicted targets of miR-22,
miR-34a, miR-146b, and miR-181b (Supplementary Table 4). The target mMRNASs were
compiled based on TargetScan and miRWalk analyses and expression was quantified using
the nanoString nCounter assay in 23 pairs of CLL samples obtained at baseline and after 4
weeks of treatment with ibrutinib. Out of the 43 evaluated mRNA targets, nine were found
significantly up-regulated in the post-ibrutinib CLL cells in comparison to pre-ibrutinib
levels: ARID1B, ARID2, ATM, CYLD, FOXP1, HDACI, IBTK, PTEN, and SMAD4
(Figure 3; Supplementary Table 9). Of note, some of the genes encoding these targets have
been reported to possess important tumor suppressor functions in CLL.36

Target mRNAs of ibrutinib responsive miRNAs are significantly down-regulated in CLL
cells in the lymph node

All the ibrutinib responsive miRNAs (miR-22, miR-34a, miR-146b, and miR-181b) were
also expressed at higher levels in treatment-naive LN CLL cells in comparison to matched
PB CLL cells (Figure 1; Table 1). Down-regulation of these miRNAs and concomitant
upregulation of the tumor suppressor targets of these miRNAS in response to ibrutinib
(Figures 2 and 3; Supplementary Tables 6 and 9) suggested that these miRNAs may play
an important role in CLL tumor biology. Next we tested whether the tumor suppressor
transcripts are also present at lower levels in treatment naive LN CLL cells having increased
levels of the corresponding miRNAS, than matched PB CLL cells. In 13 paired LN and PB
CLL samples evaluated by gRT-PCR we found that the mRNA levels of AR/D1B, CYLD,
and FOXP1 were significantly down-regulated in LN CLL cells in comparison to PB CLL
cells (p< 0.05) (Supplementary Table 10).
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Alteration of miRNA and target mRNA expression is observed with ibrutinib and not with

fludarabine

Ibrutinib is a selective BTK inhibitor37 and is relatively recently utilized as a therapeutic
agent for CLL. The chemotherapeutic agent fludarabine is a purine nucleoside analog3® and
has been used for CLL treatment for many years. To investigate whether miRNA and target
MRNA transcript expression changes are specific to the class of kinase inhibitors represented
by ibrutinib, and not a general consequence of chemotherapy, SP53 cells were treated
separately with ibrutinib or fludarabine. The percentage of dead cells was counted after
trypan blue staining. As shown in Figure 4A, in comparison to untreated cells, a 5.7-fold (o
< 0.05) and 4.6-fold (p < 0.05) increase in dead cells was observed, respectively, 48 h after
1 uM of ibrutinib or fludarabine treatment. Assessment of cell proliferation using the WST
assay showed a marked 4.6 fold (v < 0.0001) decrease in cell proliferation after ibrutinib
treatment; in contrast, treatment with fludarabine resulted in only a 1.1 fold decrease in

cell proliferation (p=0.049). The findings suggest that while both ibrutinib and fludarabine
cause a marked increase in cell death; ibrutinib treatment is more potent in reduction of cell
proliferation.

When miRNA expression was assayed by quantitativePCR in the ibrutinib treated cells, the
levels of miR-22, miR-34a, miR146b, and miR-181b were found significantly decreased
by 91%, 90%, 90%, and 80%, respectively (Figure 4C), in comparison to basal levels of
the miRNA in untreated cells. In sharp contrast, no significant change in the levels of
these miRNAs was observed with fludarabine treatment (Figure 4C). The transcription of
the putative tumor suppressor targets (AR/D1B, ARID2, ATM, CYLD, FOXPI1, HDACI,
PTEN, IBTK, and SMAD4) was also assayed in these samples. The transcription of tumor
suppressors was significantly increased after ibrutinib treatment, but not after fludarabine
treatment (Figure 4d and e; Supplementary Table 11). Taken together, these results suggest
that the changes in miRNA expression and target mRNA transcripts levels observed with
ibrutinib treatment are likely specific to the mechanism of action of ibrutinib, and are not
seen in the context of general antitumor effects with fludarabine.

Ibrutinib responsive miRNAs target multiple tumor suppressor transcripts

To further investigate the role of ibrutinib responsive miRNA in upregulation of tumor
suppressors, we chose miR-34a and miR-146b for additional functional studies, largely
based on the volume of reports implicating these two miRNAs in cancer.28: 27 miR-34a and
miR-146b were both previously reported to target SMAD4;3%-42 and miR-34 was reported
to target HDAC14344 in solid tumor cell lines, resulting in inhibition of both MRNA and
protein expression. To confirm inhibition of MRNA transcripts, and protein expression
regulated by miR-34a and miR146b in B-cell leukemia cell lines,, pre-miR oligonucleotides
were transfected into SP53 and MECL1 cells. As shown in Figure 5a, miR-34a and miR-146b
levels were markedly increased in both SP53 and MEC1 cells after pre-miR-34a and
pre-miR-146b transfection. Expression levels of the predicted miRNA targets ARID1b,
ATM, CYLD, FOXP1, HDAC1, IBKT, PTEN, and SMADA4 were assayed in both cell lines
(Supplementary Table 12). Of the targets assayed after pri-miR-34a transfection, HDAC1
and SMADA4 transcripts were significantly decreased in both cell lines (Figure 5b). Of the
targets assayed after miR-146b expression, ATM, HDAC1, and SMAD4 transcripts were
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significantly reduced in both cell lines (Figure 5b). Western blot and densitometry data
analysis confirmed that protein levels of ATM, HDAC1 and SMAD4 were reduced after both
miR-34a (Figure 5c) and miR-146b (Figure 5d) transfection. Transcripts of additional targets
were also found to be significantly altered post pre-miR-34a or pre-miR-146b transfection
(Supplementary Table 12) however, the findings were not significant across both cell lines
for other targets, possibly due to differences in the genetic backgrounds of the two cell lines.

Knock-down of endogenous miRNA results in up-regulation of tumor suppressors and
inhibition of cell proliferation

In order to evaluate the effect of decreased miR-34a and miR-146b on the expression of
putative tumor suppressor targets, anti-sense oligonucleotides (anti-miRs) were transfected
into SP53 and MEC1 cells. Anti-miR-34a and anti-miR-146b effectively knocked down the
expression of endogenous miR-34a and miR-146b in both SP53 and MECL1 cells (Figure
6a). Expression levels of predicted miRNA targets ARID1b, ATM, CYLD, FOXP1, HDAC1,
IBKT, PTEN, and SMAD4 were assayed (Supplementary Table 12). Of the targets assayed
after miR-34a knockdown, HDAC1 and SMADA4 were significantly increased in both cell
lines post anti-miR34a transfection. Of the targets assayed under miR-146b knockdown,
ATM, HDAC1, and SMAD4 were significantly increased in both cell lines (Figure 6b).
Additional targets were also found to be significantly altered post anti-miR-34a or anti-
miR-146b transfection (Supplementary Table 12) however, the findings were not significant
across both cell lines. The pre-miR overexpression and knock-down results for miR-34a
and miR-146b provide evidence that these miRs target a subset of the tumor suppressor
transcripts that were upregulated in patient samples in response to ibrutinib.

We postulated that decreased miR-34a and miR-146b expression and upregulation of tumor
suppressor targets might have an effect on tumor cell proliferation. To evaluate the effect

of reduced miR-34a and miR-146b on cell proliferation, the level of three cell proliferation
markers (Ki-67, topoisomerase Il alpha (TOP2A), and targeting protein for xenopus kinesin-
like protein 2 (TPX2))*> were assayed by quantitative PCR from the complementary DNA
of knock-down samples. In SP53 cells, knock-down of miR-34a resulted in a significant
decrease in Ki-67 (-15.63%; p= 0.035), TOP2A (-30.34%; p= 0.023), and TPX2
(—34.09%; p=0.001); and knock-down of miR-146b resulted in significant decrease in
Ki-67 (-31%; p=0.0031) and TOP2A (-27.13%; p=0.026) (Figure 6C). In MEC1 cells
TPX2 was significantly decreased after transfection of anti-miR-34a and anti-miR-146b
(p<0.05) (Figure 6¢ and Supplementary Table 13). When the cell proliferation rates were
measured from the same samples, WST assay results demonstrated that cell proliferation
was significantly inhibited in both SP53 and MEC1 cells 24 hours after anti-miR-34a and
anti-miR-146b transfection (Figure 6d). Knockdown of miR-34a resulted in a 24% decrease
in proliferation in SP53 cells and 27% decrease in MEC-1 cells. Similarly, knock-down

of miR-146b reduced cell proliferation by 9% in SP-53 cells and by 42% in MEC-1

cells (Figure 6D). Taken together, these results demonstrate that ibrutinib treatment causes
down-regulation of miRNAs, including miR34a and miR-146b, which in turn results in
up-regulation of tumor suppressor targets and inhibition of cell proliferation.
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DISCUSSION

Herein, we report that CLL cells residing in the lymph node have a distinct increase in

a subset of miRNAs associated with activated BCR and NF-kappa B signaling. This was
accompanied by a corresponding decrease in miRNA targets, many of which are tumor
suppressors. Among the miRNAs tested, miR-22, miR-34a, miR-146b, and miR-181b were
significantly down-regulated in patient CLL cells post ibrutinib treatment. This lead to
increased expression of multiple tumor suppressors including ARID1B, ARIDZ, ATM,
CYLD, FOXP1, HDACI, IBTK, PTEN, and SMADA4. Functional studies in cell lines
confirmed that ibrutinib results in down-regulation of these four miRNAs. Knock-down

of endogenous miR-34a and miR-146b leads to increased levels of ATM, HDACI, and
SMAD4 transcripts; and decreased cell proliferation as evidenced both by a significant
reduction in cell proliferation markers (Ki-67, TOP2A, and TPX2) and by a significant
decrease in cell proliferation rate. The findings of decreased expression of miRNAs,
up-regulation of miRNA tumor suppressor targets, and inhibition of cell proliferation in
response to ibrutinib provides additional insight into the mechanisms of therapeutic response
of CLL to ibrutinib.

Ibrutinib exerts antitumor effects through disruption of BCR and NF-kappa B signaling,’
and induces apoptosis, decreases cell proliferation, inhibits micro-environmental survival
stimuli to tumor cells, and impairs tumor-stromal adhesion.#® Yeh et a/20 recently reported
that ibrutinib treatment also results in decreased exosomal secretion by CLL cells and alters
exosomal miRNA profiles. Similarly, we found ibrutinib treatment results in significant
decreases in the expression of miR-22, miR-34a, miR-146b, and miR-181b; among

tested miRNAs. miR-22 is postulated to play an important role in CLL proliferation by
targeting phosphatase and tensin homolog (PTEN), resulting in activation of the PI3K/AKT
pathway.*748 In our study, miR-22 was highly expressed in CLL cells in the LN, lower in
circulating CLL cells, and even lower in circulating B-cells from healthy controls. lbrutinib
resulted in a threefold decrease in miR-22 expression in patients’ CLL cells, which was
accompanied by a concomitant increase in PTEN transcripts. Similar results were also
observed in experiments in cell lines suggesting that reduction in miR-22 contributes to
up-regulation of PTEN in response to ibrutinib.

Higher expression of miR-146b in ZAP-70 positive and un-mutated /GHV CLL? and in
EBV positive DLBCL#3 has been previously reported. Approximately 60% of the CLL cases
in our study were /GHV un-mutated. We found that miR-146b was highly expressed in
CLL cells in the LN and was significantly decreased (5.5-fold) in CLL cells after ibrutinib
treatment. miR-146b is shown to target multiple tumor suppressors including SMAD442,
which regulates the TGF-Bsignaling pathway and drives increased cellular proliferation.
Consistent with the reported relationship between miR-146b and SMAD4, we observed a
significant increase in SMADA4 transcripts upon down-regulation of miR-146b in response
to ibrutinib in patient CLL cells. These findings were confirmed in functional studies in cell
lines treated with ibrutinib. Our studies also provide evidence that miR-146b targets ATM
and HDAC1, which is previously unreported.
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The TP53 pathway is frequently mutated in CLL. miR-34a, a target of TP53, has

been reported to be altered in CLL and has been associated with disease progression

and outcomes.17: 19.50. 51 |ncreased miR-34a levels have been noted in several CLL
studies.26: 29,52, 53 |nhibition of miR-34a by antisense RNA has been shown to sensitize
lymphoma cells to apoptosis.>* We found that levels of miR-34a were 87-fold higher

in circulating CLL cells in comparison to normal circulating B-cells; and miR-34a was
significantly higher in CLL cells in the LN than that in the PB. miR-34a showed a

5.5-fold decrease in patient cells in response to ibrutinib. Knock-down of miR-34a in

cell lines resulted in increased MRNA and protein expression of HDAC1 and SMAD4;

and resulted in decreased cell proliferation. HDAC1 was previously shown to be a target

of miR-34a;43 44 and implicated as a tumor suppressor in a TP53-deleted and MYC
over-expressed mouse model, whereby lymphomagenesis was accelerated by knock-down
of HDAC1.4455 miR-34a has been shown to inhibit mesenchymal transition in human
cholangiocarcinoma and associate with glioblastoma survival by targeting SMAD4 of the
TGF-beta signaling pathway.3941 Several other studies have also shown that SMAD4 is a
target of miR-34a in functional studies involving solid tumor cell lines.#%: 56 Further studies
are needed to elucidate the exact roles that miR-34a might play in CLL- in TP53-dependent
and- independent settings; and in ibrutinib-induced cell growth inhibition and cell death.

Ibrutinib responsive miRNAs in our study were predicted to have multiple overlapping
targets including ATM, ARID1B, ARID2, CYLD, FOXP1, SMAD4, PTEN, and IBTK.
Nanostring nCounter assay results indicated that the transcription of these tumor suppressors
was largely increased after ibrutinib treatment. ATM regulates cell cycle checkpoints and
DNA repair process.36 ARID1B is a member of chromatin remodeling complexes that
function as tumor suppressors in many cancers.>’” 8 Recurrent AR/DIBand ARID2
mutations have been reported in breast, pancreatic, and gastric cancers.>® CYLD encodes
a deubiquitination enzyme that is reported to be a negative regulator of the NF-kappa B
pathway and may play a role in CLL leukemogenesis.?9 CYLD also serves as a regulator
of necroptosis, an alternative cell death pathway when apoptotic pathways are suppressed
or blocked.®1 Absence of CYLD is reported in many cancers®2 and CLL patients with high
CYLD levels were reported to have improved overall survival.89 IBTK is a physiologic
inhibitor of BTK.%3 We found that IBTK was significantly up-regulated by ibrutinib,
which may contribute to enhanced inhibition of BTK signaling and ibrutinib treated tumor
response.

Ibrutinib is known to inhibit BTK and NF-kappa B signaling and to represent an effective
molecularly targeted therapeutic agent in CLL. Our findings additionally suggest that the
therapeutic response to ibrutinib involves the decrease of a subset of miRNAs that play a
role in the up-regulation of tumor suppressors and inhibition of cell proliferation, expanding
our knowledge of the mechanism of action of ibrutinib.
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Figure 1. miRNA levelsare higher in CLL cellsresident in the LN than in CLL cellsin the PB.
The expression levels of 22 miRNAs were assayed by TagMan qPCR in duplicate in 17

paired, CD19+ selected CLL cells obtained concurrently from LN and PB of the same
patients. (a) Heat map shows median centered expression of each miRNA across all samples
graded according to the color scale shown. (b) Box plots show median and interquartile
range for each miRNA. Pvalues were calculated by the Wilcoxon paired test. *, p< 0.05,
** p<0.01; *** p<0.001.
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Figure 2. Expression of miR-22, miR-34a, miR-146b, and miR-181b are significantly decreased
in patient CLL cells after ibrutinib treatment.
miRNA expression was determined by TagMan gPCR in duplicate with RNA isolated

from CLL cells collected from 38 patients at time points corresponding to pre- and post
ibrutinib (day 28) treatment. (a.) Bar graph showing the percent changes of significant
miRNAs post ibrutinib treatment. The column represents the median and the bar indicates
the interquartile range. (B.) Scatter plots showing the miRNA expression in CLL patient
samples pre- and post-ibrutinib treatment, in comparison to miRNA levels in circulating
B-cells from 33 healthy controls. Pre-tx, pre-treatment. Pvalues were calculated by the
Wilcoxon paired test for paired samples and Wicoxon test for comparing healthy controls to
pre- and post-treatment CLL. *, p< 0.05, **, p< 0.01; ***, p< 0.001; ns, not significant.
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Figure 3. Altered transcription of predicted miRNA targetsin patient CLL cells after treatment
with ibrutinib.

MRNA transcripts of 43 predicted targets of miR-22, miR-34a, miR-146b, and miR-181b
were counted by nanoString nCounter assay with RNA isolated from 17 paired pre- and on
ibrutinib treatment (day 28) CLL cells. Nine out of 43 predicted targets were significantly
altered on ibrutinib (ARID1B, ARID2, ATM, CYLD, FOXP1, HDACL, IBTK, PTEN, and
SMADA4). Scatter plot graph showing the fold change post-ibrutinib:pre-ibrutinib expression
ratio, for individual patient CLL cells for nine miRNA targets. A line at 0 is inserted to
separate positive and negative fold changes. Median and interquartile ranges are represented.
Pvalues were calculated by Wilcoxon paired test. *, p< 0.05, **, p< 0.01.
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Figure 4. Down-regulation of miRNAs (miR-22, miR-34a, miR-146b, and miR-181b), and up-
regulation of putative miRNA target tumor suppressorsis seen by treatment with ibrutinib and
not with fludarabine.

SP53 cells were treated separately with 1 uM of ibrutinib or 1 uM of fludarabine for

48 hours. Mean and standard deviation are shown. (a) The percentage of dead cells is
significantly increased by both ibrutinib and fludarabine as enumerated by trypan blue
staining. (b) Cell proliferation was markedly decreased with ibrutinib (p < 0.0001), and
minimally decreased with fludarabine (p = 0.045) treated cells as measured by the WST
assay. (¢) The relative expression of miR-22, miR-34a, miR-146b, and miR-181b was
significantly decreased in ibrutinib treated cells (p < 0.001) but not in fludarabine treated
cells (p> 0.05) as assessed by qPCR in triplicate and compared to basal levels in untreated
cells. (d) Putative miRNA targets were significantly altered in response to ibrutinib, (E) but
not to fludarabine. The expression of miRNA targets was assessed by gPCR performed in
triplicate. Pvalues were calculated by the Student’s t-test. *, p< 0.05, **, p< 0.01; ***,
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p<0.001. FLU, fludarabine treatment IBR, ibrutinib treatment;; ns, not significant; UNT
untreated.
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Figure5. Ibrutinib responsive miRNAs target multiple tumor suppressorsin cell lines.
The scrambled control, pre-miR-34a and pre-miR-146b oligos were transfected into SP53

and MEC1 cells, respectively. The expression of miRNAs and putative tumor suppressor
MRNAs was measured by qPCR in triplicate. Mean and standard deviation are shown. ()
The expression of miR-34a and miR-146b were markedly increased compared with the
scramble control transfection in both SP53 and MEC1 cells 30 hours after pre-miR-34a

and pre-miR-146b transfection. (b) The expression of the putative tumor suppressor mMRNAS
was significantly reduced in SP53 and MECL1 cells after pre-miR-34a and pre-miR-146b
transfection. For (a) and (b), P values were calculated by the Student’s t-test. *, p< 0.05, **,
p<0.01; *** p<0.001;, @, p=0.06. (c) and (d) Western blot and densitometry analysis
data showing decreased protein expression of ATM, SMAD4, and HDACL1 in SP53 cells
transfected with pre-miR-34a (c) and pre-miR-146b (d), in comparison to scramble control.

Leukemia. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saleh et al.

Page 21

=]

-1004

*%

% change in miRNA after
anti-mir transfection
*

-150: T T T T

SP53 MEC1

@
-
o
(=}
o
(=}

%k %k

il

HDAC1 SMAD4 ATM HDAC1 SMAD4 HDAC1 SMAD4 ATM HDAC1 SMAD4

I

P53 MEC-1
*
ok k * *

= 4c L] L] L] L] L] L] L]
TPX2 TOP2A KI67 TOP2A KI67 TPX2 TPX:

-
[=]
[=]
(=]

% change in mRNA
-
(=]

after miRNA knockdown

o

N
(=]
[1

% change in mRNA
after miRNA knockdown

anti-miR-34a

D. SP53 MEC1

*

-]

-10-

-20-

-30- | —r—

* * %k %

-40-
ok ok

-5c L] L) L) L)
anti-miR-34a anti-miR-146b anti-miR-34a anti-miR-146b

SP53 MEC1

% change in cell proliferation

Figure 6. Knock-down of endogenous miR-34a and miR-146b resultsin up-regulation of tumor
suppressorsand inhibition of cell proliferation.

The scrambled control, anti-miR-34a and anti-miR-146b were transfected into SP53 and
MECL cells, respectively. The expression of miR-34a and miR-146b and putative target
mRNA transcripts was measured by quantitative PCR in triplicate. The change in cell
proliferation rate was assessed by qPCR for cell proliferation markers and by WST assay.
Mean and standard deviation are shown. (a) The expression of miR-34a and miR-146b
were significantly decreased compared with the scramble control transfection in both
SP53 and MEC1 cells 30 hours after the anti-miR-34a and anti-miR-146b transfection.

(b) The expression of the putative target mMRNA transcripts of miR-34a and miR-146b was
significantly increased in SP53 and MECL1 cells after the anti-miR-34a and anti-miR-146b
transfection. (c) The expression of cell proliferation markers (Ki-67, TOP2A, and TPX2)
was significantly decreased in SP53 and MECL cells after knockdown of miR-34a and
miR-146b by anti-miR-34a and anti-miR-146b transfection. (d) Change in cell proliferation
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is significantly decreased after knockdown of miR-34a and miR-146b as measured by the
WST assay 24 h after the anti-miR-34a and anti-miR-146b transfection in SP53 and MEC1
cells. Pvalues were calculated by the Student’s t-test. *, p< 0.05, **, p< 0.01; ***, p<
0.001; @, p=0.08.
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Differential miRNA expression in paired CLL samples from the PB and LN of 17 untreated patients.

miRNA Median (IQR) inPB  Median (IQR)inLN Fold change Pvalue ChangeinLN
Let-7a 565.6 (283 —1167) 1256 (800 — 2651) 2 0.02 Up
Let7a-3p 1.1(0.3-2.4) 31(1.7-6.2) 2.8 0.003 Up
Let-7g 467.2 (211-693) 1099 (581.7-2418) 2 0.002 Up
miR-9 0.3 (0.1-5.4) 1.9 (0.7-33) 6 0.0003 Up
miR-15a 139 (42-364) 394 (193.4-1705) 3 0.0026 Up
miR-16 10030 (2789-17081) 17548 (12515-46571) 18 0.015 Up
miR-17 122.4 (19.8-176.4) 966 (296.7-1515) 8 0.0004 Up
miR-20a 131 (94-200) 1215 (318-1652) 9 0.0005 Up
miR-21 4717 (2205-25555) 7417 (3771-21496) 16 0.2 No change
miR-22 0.47 (0.2-0.9) 1.2 (0.8-4.1) 3 0.001 Up
miR-29a 2.5(1.8-4.4) 11.2 (4-25.2) 45 0.003 Up
miR-29c-3p  284.5 (133.6-439.3) 956 (353-2898) 3 0.007 Up
miR-29c 2 (1.4-4.5) 7.2 (1.8-16.5) 4 0.02 Up
miR-34a 10 (5.7-18.8) 46.6 (18-111) 5 0.0005 Up
miR-106b 15.2 (8.9-24.7) 118 (30.4-211.7) 8 <0.0001 Up
miR-146b 5.1 (2.3-7.7) 18.6 (8.6-32) 4 0.0067 Up
miR-150 4593 (2348-6363) 3748 (2258-8981) -1.25 0.6 No change
miR-155 428 (289-1236) 867 (571-2077) 2 0.04 Up
miR-181b 0.7 (0.4-4.5) 3.3 (1.5-22.4) 5 0.0011 Up
miR-185 4.8 (2.2-7.6) 15.5 (7-31.7) 3 0.0002 Up
miR-223 0.9 (0.6-1.8) 1.7 (0.9-3.6) 2 0.09 No change
miR-650 0.1 (0.09-0.2) 0.3 (0.3-0.7) 3 <0.0001 Up

Twenty-two miRNAs were assayed by TagMan gqPCR in paired treatment naive LN and PB CLL cells. The median and interquartile ranges of the
relative miRNA expression are shown. LN, lymph node; PB, peripheral blood; IQR, interquartile range. P values calculated based on Wilcoxon

paired test.
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