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* Under hypoxia,
KDMS3A, but not IRF4,
leads myeloma cells
to acquire an anti-
apoptotic phenotype.

* KDMB3A regulates a
long noncoding RNA,
MALAT1, leading to
upregulation of glycolytic
genes under hypoxia.

In multiple myeloma (MM), the bone marrow (BM) microenvironment may contain a
myeloma cell fraction that has acquired treatment resistance by undergoing an epigenetic
gene expression change. Hypoxic stress is an important factor in the BM microenvironment.
Recently, we demonstrated that miR-210 was upregulated in hypoxia and downregulated
IRF4, which is known as an essential factor in myeloma oncogenesis in normoxia. In the study,
we demonstrated that myeloma cells still showed a strong antiapoptotic phenotype despite
IRF4 downregulation, suggesting that another antiapoptotic factor might be involved under
hypoxic stress. To determine the factor or factors, we conducted gene expression analysis on
myeloma cells (primary samples and cell lines) that were exposed to chronic hypoxia and
observed upregulation of glycolytic genes and genes encoding H3K9 demethylases in
myeloma cells with hypoxia. Among these, KDM3A was most significantly upregulated in all
examined cells, and its knockdown induced apoptosis of myeloma cells in chronic hypoxia.
Expression of KDM3A was dependent on HIF-1a, which is a transcription factor specifically
upregulated in hypoxia. We further demonstrated that an essential target of KDM3A was a
noncoding gene, MALAT1, whose upregulation contributed to acquisition of an antiapop-
totic phenotype by accumulation of HIF-1«, leading to upregulation of glycolytic genes under
hypoxia. This process was independent from IRF4. These results led us to conclude that
the hypoxia-inducible HIF-1a-KDM3A-MALAT1 axis also contributes to acquisition of the
antiapoptotic phenotype via upregulation of glycolysis-promoting genes. Thus, this axis is a
promising therapeutic target against myeloma cells in the BM microenvironment.

Introduction

Multiple myeloma (MM) is a hematological malignancy for which novel drugs have been developed and
applied, leading to a dramatic improvement in the overall survival rate." However, the tumor entity
remains an incurable disease, and therefore, molecular-based studies aimed at establishing a radical
new treatment strategy for MM are required. Recently, many studies have demonstrated that
heterogeneity of MM can result in treatment resistance in different circumstances. In particular,
epigenetic alterations of tumor cells in the microenvironment are known to be strongly associated with
treatment resistance.?

Myeloma cells showing treatment resistance can exist in the bone marrow (BM) microenvironment. BM
niches are composed of cellular components (blood cells, vascular endothelial cells, osteoblasts,
osteoclasts, and stromal cells), soluble factors (cytokines and chemokines), and noncellular factors such
as hypoxia.® A number of studies have investigated myeloma oncogenesis, with a focus on the cellular
compartments. For example, Kikuchi et al.* demonstrated that myeloma-stromal cells play a crucial role
in the maintenance of myeloma progenitor cells. Umezu et al.° reported that stromal cells that are
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activated by myeloma-producing exosomes promote angiogenesis,
leading to myeloma development via a positive feedback mecha-
nism. Thus, these extracellular environments contribute to myeloma
progenitor cell survival in BM niches.

Several groups, including our group, have studied the noncellular
components of myeloma oncogenesis, focusing particularly on
hypoxia.®® These reports are based on the following concept: Gene
expression in myeloma cells in the BM microenvironment is distinct
from that in the other BM regions. The oxygen pressure of BM is
lower than that in the peripheral blood, but higher than that in the
BM microenvironment, which may result in different gene expres-
sion profiles between BM and the BM microenvironment. Indeed,
hypoxia causes myeloma cells to acquire different phenotypes when
compared with normoxia.®® Hypoxia can suppress myeloma cell
proliferation, inhibit differentiation, and cause resistance to
apoptosis. Although a variety of gene expression changes occur
in cancer cells during hypoxia, there may be master regulators that
are common to all cancer subtypes; namely, hypoxia-inducible
factor-1a (HIF-1a) and HIF-2¢.'®"* These transcription factors
regulate a variety of downstream target genes, including those
involved in cell cycle arrest, angiogenesis, glycolysis, and glucose
transport induction. In addition, HIFs might play a crucial role in MM
pathogenesis.'® It has been shown that through activation of HIF-1a,
hypoxia induces activation of the glycolytic pathway and inactivation of
the tricarboxylic acid cycle in myeloma cells via regulation of many
related genes.®

IRF4 is the most important oncogenic factor involved in the
antiapoptotic phenotype in MM, and it plays a crucial role in cell
proliferation and differentiation into plasma cells.'® Recently, we
reported that IRF4 expression is decreased in hypoxia-subjected
myeloma cells.” In the present study, we demonstrated that hypoxia-
inducible miR-210 upregulation suppressed IRF4, resulting in
proliferation and maturation inhibition.° We further demonstrated
that, despite IRF4 downregulation in hypoxia, myeloma cells still
exhibited an antiapoptotic phenotype under chronic hypoxia. This
suggests that the IRF4-independent axis may contribute to MM
acquisition of antiapoptotic phenotypes during hypoxia.

In the BM microenvironment, various epigenetic alterations that
affect treatment resistance might occur in myeloma cells. To
achieve full remission of MM, it will be necessary to target specific
genes and products that are highly expressed in the BM
microenvironment. Thus, in the current study, we sought to
determine the most accumulated epigenome factor that contrib-
utes to the antiapoptotic phenotype during the hypoxic stress
response in myeloma cells.

Materials and methods
Primary MM samples

The study included 15 cases of primary multiple myeloma from Akita
University Hospital. Samples were collected under a protocol
approved by the Institutional Review Boards of Akita University
(no.1313). This study was conducted with written informed consent
of the study participants and the approval of these Institutional
Review Boards, according to the Declaration of Helsinki, before
collection of the specimens. Information about the patient samples
is summarized in another published paper.® Primary MM samples
were subjected to hypoxia for 48 hours, and then CD38" " cells
were sorted and total RNA was subsequently collected.
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Myeloma cell lines

We used 8 well-known MM cell lines with various molecular
subtypes: RPMI-8226 (8226), KMS-12-BM (KMS12BM), KMS-11
(KMS11), U266, JIN3, H929, Amo1, and MM.1S. These cell lines
were purchased from American Type Culture Collection.

DNA microarray

We analyzed gene expression using an Agilent DNA microarray
(Agilent, Santa Clara, CA). The array scanner was an Agilent
G2600A SureScan Microarray Scanner System. Experiment pro-
tocol was according to Agilent Protocol Ver. 6.7. Data were
analyzed by GeneSpring (Agilent), computed normalized signal
intensity with 75%-tile normalization. Data were uploaded at
GSEB80140 (cell lines under normoxia or hypoxia), GSE80545
(patient samples under normoxia or hypoxia), and GSE96858
(normal or scrambled or shKkDM3A for U266 under normoxia or
hypoxia) in the NCBI database.

Quantitative reverse transcription-polymerase chain
reaction analysis

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)
was performed by the TagMan method (Applied Biosystems,
Foster City, CA). TagMan probes of GAPDH (Hs02758991_g1),
KDM3A (Hs00218331_m1), IRF4 (Hs02559152_s1), PFKFB3
(Hs00998700_m1), PFKFB4 (Hs00190096_m1), SLC2A1
(Hs00892681_m1), HIF1A (Hs00153153_m1), EPASH1
(Hs01026149_m1), and MALAT1 (Hs00273907_s1) were
purchased from Applied Biosystems. Expression levels were
separately normalized with GAPDH, and the relative expression
level of specific MRNA was presented by 2744t or 274¢ o-RT-
PCR was performed using Light Cycler Nano (Roche, Basel,
Switzerland) with the TagMan method. Total RNA was extracted
using TRIzol (Life Technologies, Palo Alto, CA). Reverse transcrip-
tion was performed using a Transcriptor First Strand cDNA
Synthesis Kit (Roche).

Western blot analysis

Western blot analysis was performed according to manufacturer’s
protocol. Antibodies of KDM3A (ab107235) and KDM7A
(ab36044) were purchased from Abcam (Cambridge, United
Kingdom). Antibodies of IRF4 (4964), HIF-1« (3716S), Caspase 3
(9662P), Caspase 9 (9508P), Bim (2819), and PARP (9542P)
were purchased from Cell Signaling Technology (Danvers, MA).
Tubulin (MS-581-P0) was from NeoMarkers (Fremont, CA).

Transient siRNA transfection

We purchased the following Silencer Select siRNA from Applied
Biosystems: siHIF1A (s6539), siEPAS1 (s4698), siKDM3A#1
(s224392), siKkDM3A#2 (s224393), and siMALAT1 (n511399).
Information of siRNA sequence is listed in supplemental Table 1.
Negative control siRNA (scrambled siRNA) was designed and
synthesized by Nippon Gene (Toyama, Japan). The transfection of
siRNA was used by the Nucleofector I and the Cell Line
Nucleofector Kit V (VCA-1003; Amaxa, Koeln, Germany) according
to the manufacturer's protocol. Briefly, the cells were resuspended
in the nucleofector V solution. One hundred microliters of cell
suspension at a density of 1X10”/mL mixed with a total of 1.0 ug
siRNA were transferred to a cuvette and nucleofected with an
Amaxa Nucleofector Il apparatus using “S-020" program for

27 FEBRUARY 2018 - VOLUME 2, NUMBER 4 & blood advances



MM.1S, “G-015" program for RPMI-8226, “T-001" program for
KMS-12-BM, “G-015" program for KMS-11, and “X-005" program
for U266.

Stable shKDM3A constructs and lentivirus infection

We purchased 4 shKDM3A pGFP-C-shLenti Lentiviral plas-
mids (TL303857) and a control plasmid from OriGene (Rockville,
MD). Together with 9.0 g ViraPower Packaging mix (Invitrogen,
Carlsbad, CA), 3.0 pg of vectors was transfected using
Lipofectamine 3000 (Invitrogen) into 293FT producer cells.
After overnight culture, medium was exchanged to remove
transfection reagents. The following day, viral supernatants
were harvested 48 to 72 hours after transfection. Then, 1x10°
MM cells were prepared with medium changed, and medium-
contained virus was added. After 3-day cultures, cells stably
expressing siRNAs were sorted for GFP expression using a
MoFlo (Agilent). Information of shRNA sequences are listed in
supplemental Table 1.

Cell cycle analysis

The cells were suspended in a mixture containing 0.2 mL of 0.9%
NaCl and 3.0 mL of 70% EtOH, after which the nuclei were stained
with propidium iodide (Sigma-Aldrich Co, St. Louis, MO). The
cellular DNA content was then measured using a FACS Canto flow
cytometer running the FACS Diva program (BD Biosciences, San
Jose, CA).

Statistical analysis

Data were analyzed by either Student ¢ test or paired t test. Bars
represent mean * 95% confidence interval (Cl) of 3 independent
experiments.

Results

Chronic hypoxia activates genes encoding glycolytic
enzymes and H3K9 demethylase in MM

The oxygen pressure in microenvironments (endosteal or vascular
niches) is thought to be less than 10 mm Hg.'® We therefore used
1% O,, which equates to 7.6 mm Hg, in our in vitro experiments to
mimic the microenvironment. We examined myeloma cell lines
under chronic hypoxia (1% O, for 48 hours) and observed
phenotypic changes, such as growth inhibition accompanied by
an increase in the proportion of Gy-arrested cells, acidification of
the medium resulting from accelerated glycolysis, increased drug
resistance, and a decrease in CD138 expression.9 To screen for
genes whose expression increases with chronic hypoxia in myeloma
and to identify IRF4-independent antiapoptosis factors, we
conducted a gene expression analysis of cell lines (n = 5) and
patient samples (n = 4). Samples were cultured under normoxia
and chronic hypoxia (1% Oy, 48 hours). A gene set enrichment
analysis showed that glycolytic genes and HIF-1a-regulated genes
were significantly activated after exposure to hypoxia (supplemental
Figure 1A). Glycolysis is thought to play an important role in the
survival of myeloma cells.® To address this in our system, we
performed an XTT assay with normoxia and hypoxia in the MM cell
line, U266, using the glycolytic inhibitor 3-bromopyruvate.'” We
found that inhibition of glycolysis led to an increase in cell death
under hypoxic conditions (supplemental Figure 1B-C), suggesting
that glycolysis becomes more important during hypoxia in MM cells.
We identified genes whose expression increased more than 2-fold
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in the examined specimens and performed a gene ontology analysis
(Figure 1A). The fluctuating gene ontology consisted of many genes
related to the glycolytic pathway, dioxygenase activity, and H3K9
demethylases. Both KDM3A and KDM7A were categorized to
H3K9 demethylases and dioxygenase activity, and these genes
showed more than a 2-fold increase under hypoxic conditions in all
cell lines and patient specimens (Figure 1B; supplemental Table 2).
We examined the expression of H3K9 methylating enzymes and
demethylating enzymes and found that members of the H3K9
methylating enzyme group, including SUV39H1, SUV39H2, and
EHMT2 (G9a), showed a decreasing trend during hypoxia
(Figure 1C). In particular, SUV39H2 was included in the group of
genes whose expression decreased to a fold change <0.5 in all
patient samples, together with genes related to the cell cycle
(supplemental Figure 2A-B; supplemental Table 3). In contrast,
genes in the H3K9 demethylating enzyme group, including KDM3A
and KDM7A, showed increased expression (Figure 1C). Although it
is known how glycolytic genes function in the hypoxic environment
of myeloma, this has yet to be clarified for H3K9 demethylases.
Therefore, we sought to determine how these demethylating
enzymes are associated with myeloma oncogenesis during hypoxia.

Upregulation of H3K9 demethylase KDM3A is
regulated by HIF-1« during chronic hypoxia

It is known that expression of H3K9 demethylating enzymes KDM3A
and KDM7A is induced under stress conditions: hypoxic stress
mainly induces KDM3A, and serum starvation mainly induces
KDM7A."82° We performed a western blot analysis of KDM3A and
KDM7A expression in normoxia- and hypoxia-subjected myeloma
cell lines and found that expression of KDM3A was more strongly
increased than that of KDM7A under hypoxia (Figure 2A-B). The
increase in KDM3A expression was time-dependent, but that of
KDM7A was not (Figure 2B). These results suggested that KDM3A
has a more potent function in chronic hypoxia than KDM7A does.
The increase in KDM3A expression during chronic hypoxia was
confirmed by gqRT-PCR, using all myeloma cell lines (n = 8) and
patient specimens (n = 15) (Figure 2C-D).

It is known that KDM3A has a hypoxia response element within
its promoter, and induction of KDM3A by hypoxia is HIF-
dependent.?'2* Therefore, to determine the relationship between
HIFs (HIF-1a and HIF-2a) and KDM3A, we knocked down HIF-1a
or HIF-2a in U266 and KMS-11 cell lines. We confirmed that HIF-1a
and HIF-2a expression was reduced to at least half of their normal
levels (supplemental Figure 3). Knockdown of HIF-1a, but not
HIF-2a, suppressed the expression of KDM3A (Figure 2E-F)
and glycolytic genes, such as SLC2A1 (GLUT1; supplemental
Figure 3). These results suggested that the increase in KDM3A
expression during hypoxia is caused by activation of HIF-1a, but not
HIF-2a. It has been shown that HIF-1a can bind to the KDM3A
promoter region in the human breast cancer cell line MCF7.2% In the
current study, we also found that HIF-1a binds to KDM3A in KMS-
11 cells (supplemental Figure 4A), suggesting that hypoxia-induced
HIF-1a activation can induce KDM3A expression in myeloma cells.
We also examined this relationship in the clinical specimen datasets
(GSE2113 and GSE6477)%%2® and found a significant positive
correlation in GSE2113 (P < .001) and a positive correlation trend
in GSE6477 (P = .07) for KDM3A and HIF1A (supplemental
Figure 4B). Furthermore, we investigated whether any stimulation
from the microenvironment other than hypoxia affects the
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Figure 1. Glycolysis-associated genes and H3K9 histone demethylases are upregulated under hypoxia in MM. (A) Gene ontology analysis of hypoxia-inducible
genes (normoxia vs hypoxia expression, fold change >2.0) of 5 cell lines (RPMI-8226, KMS-11, KMS-12-BM, MM.1S, and U266) and samples from patients MM (n = 4)
cultured in normoxia or chronic hypoxia (1% O,) for 48 hours. (B) Commonly upregulated genes (fold change >2.0) in both cell lines and primary samples. (Upper) Diagram
showing number of upregulated genes. (Lower) Gene symbols of upregulated genes. Red genes: H3K9 demethylases. (C) Quantitative gene expression change of H3K9
methylases and demethylases under chronic hypoxia. Y-axis: logp-scale FC (fold change). Pt, primary sample.
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Figure 2. KDM3A is upregulated via HIF-1« activation in hypoxia-stressed MM. (A) Western blot analysis of KDM3A and KDM7A for indicated cell lines cultured in
normoxia or hypoxia (1% O,) for 48 hours. H, hypoxia; N, normoxia. (B) Western blot analysis of KDM3A and KDM7A in U266 cell line cultured in hypoxia (1% O,) for 0, 3, 6,
12, 24, and 48 hours. (C) gRT-PCR of KDM3A for indicated cell lines cultured in normoxia or hypoxia (1% O,) for 48 hours. Bars represent mean = 95% Cl of 3 independent
experiments. ***P < .001. Student t test was used to test for significance. (D) gRT-PCR of KDM3A for primary myeloma samples (n = 15) cultured in normoxia or hypoxia
(1% Oy) for 48 hours. ***P < .001. Student t test was used to test for significance. (E) qRT-PCR of KDM3A for KMS-11 and U266 cell lines transiently transduced with
siHIF1A and/or siHIF2A and control scrambled siRNA (Scr) and cultured in normoxia or hypoxia (1% O,) for 48 hours. Bars represent mean = 95% CI of 3 independent
experiments. **,001 = P < .01. Student ¢ test was used to test for significance. (F) Western blot analysis of KDM3A for KMS-11 and U266 cell lines transiently transduced
with siHIF1A and/or siHIF2A and control scrambled siRNA and cultured in normoxia or hypoxia (1% Oy) for 48 hours. NS, not significant.

expression of KDM3A. However, serum starvation, IL-6, and
coculture with the stromal cell line HS-5 did not notably affect the
expression of KDM3A (supplemental Figure 4C-D). Although it has
been reported that KDM3A, an H3K9 demethylase containing a
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jumonii domain, plays an important oncogenic role in cancer,”2°

the exact role of KDM3A in the hypoxic stress response of myeloma
has not been reported. We therefore sought to investigate the role
of KDM3A in hypoxia.
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Figure 3. Knockdown of KDM3A leads myeloma cells to induce apoptosis under chronic hypoxia in MM. (A) gRT-PCR of KDM3A for U266 cell line stably
transduced with shKkDM3A#A, #B, #C, #D, and control scrambled shRNA (Scr). Bars represent mean = 95% ClI of 3 independent experiments. ***P < .001. Student ¢ test
was used to test for significance. (B) Western blot analysis of KDM3A for U266 cell line stably transduced with shKkDM3A#A, #B, #C, #D, and control scrambled shRNA
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Knockdown of KDMB3A induces apoptosis in myeloma
cells under hypoxia

To analyze the function of KDM3A in myeloma cells, we transduced
a GFP-scramble control and 4 GFP-shKDM3A into the U266 cell
line, using a lentiviral vector. The resulting transfectants were then
sorted using GFP markers to obtain stable transfectants expressing
each shRNA. Of the 4 stable knockdown transfectants, qRT-PCR
revealed that “shKDM3A#C" showed the strongest suppression
of KDM3A (Figure 3A). Western blot data for KDM3A protein
expression supported the gRT-PCR data (Figure 3B). Changes in
expression were also examined under hypoxic conditions to identify
a reduction compared with the hypoxia-subjected GFP-scramble
cells (Figure 3C-D). In addition, because KDM3A has been reported
to positively regulate IRF4,>° we examined IRF4 expression.
Although IRF4 expression is reduced by hypoxia, its expression
was not affected by shKDM3A in any of the myeloma cell lines
(U266, RPMI-8226, and KMS-11; Figure 3D; supplemental
Figure 5A). There was no effect of siKkDM3A knockdown on IRF4
expression in 5 additional myeloma cell lines that we examined
(supplemental Figure 5B). These results suggest that KDM3A does
not regulate IRF4 in either normoxia or hypoxia.

Next, we used the stable transfectant shKDM3A#C cells to
investigate whether shKDM3A causes different hypoxic stress
susceptibility in vitro. We found that although there was no
significant difference in the proliferation of GFP-scramble control-
transduced and shKDM3A-transduced cells in normoxia, pro-
liferation was significantly inhibited in shKDM3A-transduced U266
cells in hypoxia (Figure 3E). To determine whether this proliferation
inhibition was caused by cell death, cell cycle arrest, or both, we
conducted a cell cycle assay. SubG1 was significantly increased
after shKkDM3A transduction compared with that of the GFP-
scramble control in hypoxia, although there was no significant
difference in cell cycle phases (G1, S, G2/M) (Figure 3F-G). Thus, it
seems likely that the inhibition of cell proliferation was not a result of
cell cycle arrest, but possibly a result of the induction of apoptosis.
As expected, shKDM3A-transduced cells showed an increase in
the expression of cleaved Caspase 3, cleaved Caspase 9, cleaved
PARP, and Bim after hypoxic exposure compared with that in GFP-
control-transduced cells (Figure 3H). Moreover, we performed an
apoptosis assay on KDM3A knockdown U266 cells (shKDM3A#C
and #D) and found that hypoxia increased the number of Annexin-V-
positive cells in the KDM3A knockdown U266 cells (supplemen-
tal Figure 6A). Apoptosis during hypoxia was partially inhibited
by the addition of the caspase inhibitor Z-VAD (supplemental
Figure 6B). Furthermore, we showed that shKkDM3A#C-transduced

RPMI-8226 cells also showed an increase in apoptosis during
hypoxia (supplemental Figure 6C). These results indicated that
apoptotic cell death is induced in KDM3A knockdown myeloma
cells during hypoxia. However, no difference was observed between
the behavior of control U266 and KDM3A knockdown U266
(shKDM3A#C) cells in a xenograft mouse model using immunode-
ficient mice (supplemental Figure 6D). Together, these results
suggested that upregulation of KDM3A contributes to myeloma cell
survival in hypoxic circumstances, such as in BM niches.

A KDM3A-MALAT1 positive feedback loop
contributes to a continuous HIF-1«-glycolysis axis

IRF4 has been identified as a KDM3A target gene in myeloma
cells.?® However, our data suggested that IRF4 is not an essential
target of KDM3A, at least in hypoxia, for the following reasons. First,
although KDM3A expression was very weak in normoxia, but
markedly increased in hypoxia, IRF4 expression was suppressed by
hypoxia. Second, shKDM3A and siKDM3A did not affect IRF4
expression during either normoxia or hypoxia (Figure 3D; supple-
mental Figure 5). This led us to investigate the expression of other
targets of KDM3A during hypoxia. We performed a comprehensive
gene expression analysis on the shKkDM3A-transduced U266 cell
line and identified 290 genes that showed increased expression
in hypoxia and were downregulated by shKDMS3A in hypoxia
(Figure 4A). These genes included those already known to act as
oncogenes in myeloma, such as /GF7 and MAF (supplemental
Table 5). Of the remaining candidate genes, the long noncoding
RNA MALAT1 was of particular interest because it has been
reported to be a poor prognostic factor in myeloma®®?®' and is
involved in various antiapoptotic pathways in myeloma oncogene-
sis.>? As expected, MALAT1 was upregulated during hypoxia in all
8 myeloma cell lines (Figure 4B). In the patient specimens, 11 of
15 showed an increase in MALAT1 expression during hypoxia
(supplemental Figure 7A). The transient transduction of siKDM3A in
hypoxia caused a more significant reduction in MALAT1 expression
than in normoxia (Figure 4C).

Next, we sought to determine whether KDM3A can bind to the
promoter region of MALATT in the myeloma cell line KMS-11, using
ChIP-PCR (supplemental Figure 7B). We found that sikDM3A
reduced H3K9me2 levels of MALAT1, as previously reported
(supplemental Figure 7C).%® These results suggested that, in
myeloma cells, KDM3A may promote MALAT1 transcription via
histone demethylation at the MALAT1 promoter. The expression of
MALAT1 was not decreased by either siHIF1A or siHIF2A, but
rather was increased by siHIF1A under hypoxia (supplemental

Figure 3. (continued) (Scr). (C) gRT-PCR of KDM3A for U266 cell line stably transduced with shKkDM3A#C, #D, and control Scr and cultured in normoxia or hypoxia

(1% O,) for 48 hours. Bars represent mean = 95% Cl of 3 independent experiments. ***P < .001. Student t test was used to test for significance. (D) Western blot analysis
of KDM3A and IRF4 for U266 cell line stably transduced with shKkDM3A#C, #D, and control Scr and cultured in normoxia or hypoxia (1% O,) for 48 hours. H, hypoxia; N,
normoxia. (E) Cell count of U266 cells stably transduced with shKkDM3A#C or control Scr and cultured in normoxia or hypoxia (1% O,; 24, 48, 72, and 96 hours). Cells

(0.5 X 10°) were cultured at O hours. Bars represent mean = 95% Cl of 3 independent experiments. **.001 < P < .01. Student ¢ test was used to test for significance. (F)

Cell cycle analysis of U266 cells stably transduced with shKkDM3A#C or control Scr and cultured in normoxia or hypoxia (1% O,; 48, 72, and 96 hours). X-axis: intensity of

propidium iodide (Pl). Y-axis, cell count. (G) SubGy cells (%) of U266 cell line stably transduced with shKDM3A#C or control Scr and cultured in normoxia or hypoxia (1% O;
48, 72, and 96 hours). Bars represent mean = 95% ClI of 3 independent experiments. **.001 = P < .01; ***P < .001. Student t test was used to test for significance. (H)

western blot analysis of PARP, cleaved PARP, Caspase 3, cleaved Caspase 3, Caspase 9, cleaved Caspase 9, and Bim for U266 cells stably transduced with shkDM3A#C

or control scrambled shRNA (Scr) and cultured in hypoxia (1% O; 0, 48, 72, 96 hours).
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Figure 4. KDM3A upregulates MALAT1, which contributes to glycolytic activation via HIF-1« stabilization under hypoxia in myeloma cells. (A) Number of
probes under indicated conditions: blue area shows region of genes upregulated under hypoxia and regulated by KDM3A only under hypoxia (cell line: U266, data
uploaded at GSE96858). (B) gRT-PCR of MALATT for indicated cell lines cultured in normoxia or hypoxia (1% O,) for 48 hours. Bars represent mean + 95% Cl of 3
independent experiments. **.001 = P < .01; ***P < .001. Student t test was used to test for significance. (C) gqRT-PCR of MALATT1 for indicated cell lines transiently
transduced with siKkDM3A#1, #2, and control scrambled siRNA (Scr) and cultured in normoxia or hypoxia (1% O,) for 72 hours. Bars represent mean = 95% Cl of 3
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Figure 7D). This result suggested that KDM3A, but not HIF-1q,
directly controls MALAT1 in myeloma cells under hypoxic
conditions.

Finally, we investigated the targets of MALAT1 in hypoxia. Because
hypoxia-exposed myeloma cell lines exhibit an elevation of glycolytic
enzymes (Figure 1A; supplemental Figure 1A), we investigated
changes in the expression of glycolytic enzymes after knockdown
of MALAT1. siMALAT1 transduction decreased the expression of
MALAT1, even during hypoxia (Figure 4D). Moreover, we found
that under hypoxic conditions, siMALAT1 transduction inhibited
the accumulation of HIF-1a and significantly inhibited the glyco-
lytic genes PFKFB3, PFKFB4, and SLC2A1 (GLUT1), which are
thought to be regulated by HIF-1a« in myeloma cells (Figure 4E-F).2
Suppressed proliferation and increased apoptosis was observed
in KMS-11 cells after siMALAT1 transduction under hypoxic
conditions (supplemental Figure 7E-F). These results strongly
suggested that hypoxia-inducible KDM3A enhances the expres-
sion of glycolytic genes through the control of MALAT1 in
MM, and that the HIF-1a-KDM3A-MALAT1 axis is essential for
the antiapoptotic properties of MM in the BM microenvironment
(Figure 5).

Discussion

There have been a number of reports on the role of KDM3A in
oncogenesis. For example, Osawa et al.'® reported that KDM3A is
induced by hypoxia or by starvation, leading to the production of
angiogenic factors by tumor cells and promotion of macrophage
infiltration into tumors. It has also been reported that in solid tumors
(such as breast cancer and rectal cancer), high KDM3A expression
is associated with a poor prognosis.?”?® As described earlier,
KDMB3A serves as an oncogenic factor in hypoxia-subjected tumors.
Although KDM3A is known to be induced by hypoxia in a variety of
cancers, no association has been reported between hypoxia and
KDM3A in MM.

KDMB3A is an H3K9 demethylating enzyme containing a jumoniji
domain. Demethylated H3K9 is known to increase transcriptional
activity,3* and several transcriptional targets of KDMS3A in cancer
have been identified.?*?°3° However, most of the “hypoxia-
specific” transcriptional targets of KDM3A are unknown in myeloma
oncogenesis. Our data suggested that MALAT1 could be a target
of KDM3A in myeloma oncogenesis under hypoxia. MALATT (long
noncoding RNA) is a noncoding gene that plays an important
oncogenic role in various cancers.*®7 It is a poor prognostic factor
in myeloma oncogenesis, and its expression increases with disease
progression.3>3? It is known that KDM3A promotes MALAT1
transcription by demethylating histones at its promoter region in
neuroblastoma, and its upregulation could contribute to metasta-
sis.®® Furthermore, it has been shown that KDM3A-MALAT 1-MAPK
signaling contributes to cell proliferation in gastric cancer.3®
Recently, Luo et al.®® reported that MALAT1 induces glycolytic

BM microenvironment

hypoxia
l MALAT1
HIF-1a ‘_I_ T
l KDM3A
glycolysis :

=

Anti-apoptosis

Figure 5. Schematic diagram: the HIF-1a/KDM3A/MALAT1 positive feed-
back loop has an oncogenic role under hypoxia in MM. HIF-1a upregulates
KDMS3A as well as glycolytic genes under hypoxia. This histone modulator
maintenance of the expression of MALAT1 long noncoding RNA leads to
accumulation of HIF-1a. This HIF-1a-KDM3A-MALAT1 positive feedback loop
contributes to survival of MM cells under hypoxia via enhancing genes controlling

the glycolysis pathway.

enzymes by inhibiting degradation of HIF-1a. Glycolytic regulatory
genes have also been identified as promising therapeutic targets
for myeloma.8 These reports support our idea that MALAT1 could
maintain and promote its own expression through KDM3A-
mediated positive feedback, leading to the promotion of glycolytic
gene expression (Figure 5). KDM3A-MALAT 1-targeting therapy can
target myeloma cells, which are present in the BM niches. However,
our experiments showed that the knockdown efficiency of MALAT1
by siRNA was worse than that of HIF1A and KDM3A. One possible
reason for this is that mRNA localized in the nucleus, such as that of
MALAT1, may not be susceptible to RNA interference by siRNA.*°
Further functional analysis of MALAT1 in MM will be the subject of
future studies.

Our findings suggested that KDM3A behaves in an oncogene-like
manner in hypoxic niches and that it protects itself from extracellular
stimulation from the BM microenvironment. It has been reported
that myeloma cells change their surface antigens and metabolic
pathways in response to hypoxic stress, and they also acquire
drug resistance.”® In addition, we recently reported that miR-
210, whose expression is markedly elevated in a hypoxic
environment, downregulates IRF4 through the direct regulation
of an 18S rRNA base methyltransferase, DIMT1.° These findings
led us to conclude that miR-210 suppresses IRF4 expression

Figure 4. (continued) independent experiments. *.01 = P < .05; **.001 = P < .01; ***P < .001. Student ¢ test was used to test for significance. (D) gRT-PCR of MALAT1 for

KMS-11 cell line transiently transduced with sSiMALAT1 or control Scr and cultured in normoxia or hypoxia (1% O) for 48 hours. Bars represent mean * 95% Cl of 3 independent

experiments. ***P < ,001. Student t test was used to test for significance. (E) Western blot analysis of HIF-1a for KMS-11 cell line transiently transduced with sSIMALAT1 or control
Scr and cultured in normoxia or hypoxia (1% O,) for 48 hours. (F) gRT-PCR of PFKFB3, PFKFB4, and SLC2A1 for KMS-11 cell line transiently transduced with siMALAT1 or
control Scr and cultured in normoxia or hypoxia (1% O,) for 48 hours. Bars represent mean = 95% Cl of 3 independent experiments. **.001 = P < .01; **P < .001. Student

t test was used to test for significance.
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under chronic hypoxia and prevents cell proliferation and cell
maturation. Expression of IRF4 is suppressed in hypoxic
environments,”® although IRF4 is a key factor in promoting
myeloma oncogenesis.'® Therefore, it is likely that during hypoxia,
factors that contribute to myeloma cell survival may act
independent of IRF4.

Oxygen pressure is different between the hypoxia niche and other
regions, including in the bone marrow.'® Here, we propose that a
myeloma cell exists in the hypoxia niche as a “hypoxia niche
myeloma cell” (HNMC), and in other bone marrow regions as a
“bone marrow myeloma cell” (BMMC; supplemental Figure 8).
Different oxygen pressure against HNMCs and BMMCs may
expose myeloma cells to different kinds of apoptosis-inducible
stress. BMMCs might be exposed to endoplasmic reticulum stress
via excessive synthesis of proteins, such as immunoglobulin. In such
cases, proteasome inhibitors such as bortezomib and carfilzomib
might be effective. However, proteasome inhibitors may not be
effective for myeloma cells subjected to lower endoplasmic
reticulum stress,*' such as HNMCs. Moreover, IRF4 is highly
expressed in BMMCs,? leading to an antiapoptotic phenotype in
myeloma cells. Therefore, immunomodulatory drugs, such as
lenalidomide and pomalidomide, which target the lkaros-IRF4
pathway, would be effective for these cells,*>*® but not for
myeloma cells that express lower levels of IRF4, such as HNMCs.
Accordingly, to achieve full remission, treatments that target
different molecules mainly present in BMMCs and HNMCs will be
necessary. Our findings provide reasons to use a combination of
proteasome inhibitors and/or immunomodulatory drugs in addition
to hypoxia-targeting drugs.*®

In conclusion, we have shown that KDM3A strongly correlates with
HIF-1a dependence in myeloma cells after hypoxic exposure,
contributing to the survival of hypoxia-subjected myeloma cells.
KDM3A contributes to the maintenance of MALAT1 expression,
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