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Key Points

• HAPLN1 matrikine
induces adhesion,
migration, and BM
homing of myeloma
cells by STAT1
activation via NF-κB–
induced IFN-β.

• Higher HAPLN1 levels
in BM samples
correlate with shorter
progression-free
survival of patients with
newly diagnosed MM.
The bone marrow (BM) microenvironment is critical for dissemination, growth, and

survival of multiple myeloma (MM) cells. Homing of myeloma cells to the BM niche is a

crucial step in MM dissemination, but the mechanisms involved are incompletely

understood. In particular, any role of matrikines, neofunctional peptides derived from

extracellular matrix proteins, remains unknown. Here, we report that a matrikine derived

from hyaluronan and proteoglycan link protein 1 (HAPLN1) induces MM cell adhesion to

the BM stromal components, such as fibronectin, endothelial cells, and stromal cells and,

furthermore, induces their chemotactic and chemokinetic migration. In a mouse xenograft

model, we show that MM cells preferentially home to HAPLN1 matrikine–conditioned BM.

The transcription factor STAT1 is activated by HAPLN1 matrikine and is necessary to induce

MM cell adhesion, migration, migration-related genes, and BM homing. STAT1 activation is

mediated by interferon beta (IFN-β), which is induced by NF-κB after stimulation by

HAPLN1 matrikine. Finally, we also provide evidence that higher levels of HAPLN1 in BM

samples correlate with poorer progression-free survival of patients with newly diagnosed

MM. These data reveal that a matrikine present in the BM microenvironment acts as a

chemoattractant, plays an important role in BM homing of MM cells via NF-κB–IFN-β–STAT1
signaling, and may help identify patients with poor outcomes. This study also provides a

mechanistic rationale for targeting HAPLN1 matrikine in MM therapy.

Introduction

Multiple myeloma (MM) is a plasma cell malignancy frequently detected in multiple bone marrow (BM)
sites where cancer cells are dependent on the BM microenvironment for their survival and proliferation.1

As the disease progresses, MM cells further disseminate to distant BM sites via a BM homing process
involving adhesion of circulating MM cells to vascular endothelium, transendothelial migration, and
localization into the BM niche.2,3 BM homing of MM cells is dependent on chemoattractant gradients
and the best studied is stromal cell–derived factor-1 (SDF-1)/CXCL12.4 SDF-1 is mainly secreted by
BM stromal cells (BMSCs) and enriched in the BM, and its cognate receptor CXCR4 is highly
expressed on MM cells. Nonetheless, blocking the SDF-1/CXCR4 axis is not sufficient to abrogate MM
BM homing, indicating that SDF-1 is critical but not the sole BM homing factor.4,5
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Cancer cell behaviors may be modulated by soluble factors not only
secreted by other cell types but also produced by partial proteolysis
of extracellular matrix (ECM) proteins, known as matrikines.6 Matri-
kines can control migration of different normal or malignant cell
types, including neutrophils via collagen matrikine,7 monocytes and
melanoma cells via elastin matrikine,8,9 and various other solid can-
cer cell types via laminin matrikine.10 In addition, in the context of
MM, to date, 1 matrikine, versikine derived from versican, has been
studied for the effect of tumor-infiltrating immune cells and immu-
nosurveillance. Versikine acts as a damage-associated molecular
pattern, promotes antitumor immunogenicity, and antagonizes the
tolerogenic actions of intact versican.11 Finally, proteolytic process-
ing of hyaluronan and proteoglycan link protein 1 (HAPLN1) by
matrix metalloproteinase 2, both secreted by BMSCs, produces
HAPLN1 matrikine, which can cause NF-κB signaling and resistance
of MM cells to several classes of anti-MM therapeutic agents.12-14 In
BM samples from patients with MM, variable levels of HAPLN1
matrikine forms could be detected.12 Despite known roles in the
regulation of both normal and cancer cell behaviors, a role of any
matrikine in MM cell BM homing and ability in the prediction of poor
patient outcomes remain unknown.

In this study, we investigated the potential role of HAPLN1 matri-
kine in MM cell adhesion and migration and BM homing. HAPLN1
matrikine was found to function as a chemotactic factor that could
induce MM cell migration and adhesion, and BM homing. In addi-
tion, further analyses have identified the transcription factor STAT1
as a critical mediator of HAPLN1 matrikine–induced MM cell
migration and BM homing. We also provide evidence that STAT1
activation is mediated by interferon beta (IFN-β), which is induced
by NF-κB after the stimulation of MM cells by HAPLN1 matrikine.
Finally, we measured HAPLN1 levels in BM samples of patients
with newly diagnosed MM (NDMM) and found their high levels of
HAPLN1 to correlate with poor patient outcomes. This study
reveals HAPLN1 matrikine to be a novel regulator of BM homing via
STAT1 signaling in MM disease progression and its potential role
as a marker for poor prognosis for certain patients with MM.

Methods

Primary CD138
+
myeloma cell isolation and BM

plasma collection

BM aspirates from patients with MM were obtained in accordance
with the University of Wisconsin-Madison Institutional Review
Board requirements (HO07403). CD138+ myeloma cells were
positively sorted with CD138+ magnetic MACS beads (Miltenyi
Biotec, Bergisch Gladbach, Germany) as described previ-
ously.12,17 The BM plasma fraction was collected by centrifuging
the BM aspirate and stored at −80◦C in multiple microcentrifuge
tubes until analysis.

In vivo BM homing assay

NOD/SCID interleukin-2Rγ (IL-2Rγ)–null (NSG) mice were injected
with HS-5 cells (105 cells per 10 μL phosphate-buffered saline per
tibia) by intratibial injection at 6 to 8 weeks of age. Two weeks after
the intratibial injection, a MM homing assay was conducted as
described previously.18,19 In brief, MM.1S cells labeled with PKH26
fluorescent cell linkers (Sigma-Aldrich, St Louis, MO) were inocu-
lated by intracardiac (IC) injection (3 × 106 cells per 100 μL
6860 CHANG et al
phosphate-buffered saline per mouse). To facilitate the MM
engraftment, 1 day before IC injection, mice were irradiated with a
sublethal dose (3 Gy). Three days after MM engraftment, hind leg
bones were harvested, and BM samples were collected after
centrifugation.20 BM samples were incubated with red blood cell
lysis buffer containing ammonium chloride and potassium bicar-
bonate. Subsequently, mononuclear cells were isolated by density
gradient centrifugation using lymphocyte separation medium
(Corning, Tewksbury, MA), following the manufacturer’s instructions,
and fixed with 4% paraformaldehyde. Mouse femur and tibia BM
samples were analyzed by flow cytometry. The injected PKH26-
labeled MM cells were cultured for 3 days and harvested at the
same time when the mice were euthanized. The cultured PKH26+

MM cells were analyzed together as a positive control to gate for
PKH26+ cells.

HAPLN1 AlphaLISA on patient BM plasma fractions

BM aspirates from patients with MM were obtained in accordance
with the University of Wisconsin-Madison Institutional Review
Board requirements (HO07403). Cytogenetic risk was assessed
using fluorescence in situ hybridization. The plasma layer of patient
BM aspirates, which were previously kept frozen, was subjected to
an amplified luminescent proximity homogenous assay–linked
immunosorbent assay (AlphaLISA).

Additional detailed materials and methods can be found in the
supplemental Methods.

Results

HAPLN1 matrikine stimulates MM cell adhesion and

migration

HAPLN1 is composed of an N-terminal signal peptide, followed by
3 structural domains, immunoglobulin-like and proteoglycan tan-
dem repeat 1 and 2 (PTR1 and PTR2).22 We previously reported
that along with a fragment containing all 3 domains, smaller frag-
ments of HAPLN1 containing PTR1 and PTR2 domains are
detectable in patient BM samples,12 and similar fragments are
produced by matrix metalloproteinase 2 proteolysis of recombinant
full-length HAPLN1.13 Although both recombinant PTR1 and PTR2
domains can induce NF-κB signaling separately or together, the
PTR1 domain was found to possess the stronger signaling activ-
ity.12 Thus, we used recombinant PTR1 tagged with maltose-
binding protein (MBP-PTR1)23 and MBP alone as a negative
control to assess whether HAPLN1 matrikine could modulate MM
cell adhesion and migration. We first assessed MM cell adhesion to
fibronectin, prevalent in the BM,24 using fluorescently labeled
RPMI8226 and MM.1S human MM cell lines. Pretreatment with
MBP-PTR1 induced an increase in adhesion of MM cells after 2
hours of incubation (supplemental Figure 1A-B). MBP-PTR1 also
increased MM cell adhesion to human microvascular endothelial
cell line, HMEC-1 (supplemental Figure 1C). Next, we assessed
whether MBP-PTR1 could function as a chemoattractant for MM
cells. Fluorescently labeled MM cells were placed in the upper
transwell chamber in serum-free media, and MBP-PTR1, MBP, or
SDF1, a well-established chemoattractant for MM cells, was added
in the bottom chamber; cells that migrated through the pore and
adhered to the bottom of the insert were imaged and counted 16
hours later. MBP-PTR1 induced a threefold and 1.5-fold increase in
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22



M
BP

M
BP-P

TR
1

SDF-
1

0

50

100

150

200

250

Mi
gr

at
ion

 (%
 o

f c
on

tro
l)

MM.1S
*

* nsMBP MBP-PTR1 SDF-1

A

200

100

0

–100

–200

–100 1000

(μm)

(μ
m

)

200

100

0

–100

–200

–100 1000

(μm)

(μ
m

)

200

–/+ –/– +/+

100

0

–100

–200

–100 1000

(μm)

(μ
m

)

E

M
BP

M
BP-P

TR
1

SDF-1

0

200

400

600

Mi
gr

at
ion

 (%
 o

f c
on

tro
l)

Primary CD138+ MM cells
**

*

C

100

258

450

327

276

316

241

255

291

0 10 30

0

10

30

100

Upper

MBP-PTR1 (nM)

Lo
we

r

200

300

400

D

M
BP

M
BP-P

TR
1

SDF-1
0

100

200

300

400

500

Mi
gr

at
ion

 (%
 o

f c
on

tro
l)

RPMI8226

**
* ns

B

–0.2

0.0

0.2

0.4

0.6

Fo
rw

ar
d 

m
igr

at
ion

 in
de

x (
FM

I) –/+
–/–
+/+

FMIII FMI⊥

F *
*

*

–/+ –/– +/+
0.0

0.2

0.4

0.6

0.8

1.0
G

Sp
ee

d 
(μ

m
/m

in)
*

* *

Figure 1. HAPLN1-PTR1 induces chemotactic and chemokinetic migration in MM cells. (A) Microscopic images of RPMI8226 cells on transwell membranes that had

migrated from the upper chamber to the lower chamber containing MBP or MBP-PTR1 at 100 nM or SDF-1 at 30 nM after 16 hours. (B) Graphs depicting percentage migration

of RPMI8226 and MM.1S MM cells treated as in panel A with MBP control being set as 100%. (C) Graphs depicting percentage migration of CD138+ primary MM cells isolated

from 6 patients in response to MBP, MBP-PTR1, or SDF-1 with MBP control being set as 100%. (D) Migration of RPMI8226 cells in response to indicated MBP-PTR1

concentrations in the upper and lower chambers were quantified with the control (0 nM) set at 100%. (E) Individual cell track trajectories of 3 groups in time-lapse μ-slide migration

assay using RPMI8226 cells recorded for 16 hours are shown: positive gradient (−/+; 30 nM MBP/MBP-PTR1), negative control (−/−; 30 nM MBP/MBP), and no gradient (+/+;

30 nM MBP-PTR1/MBP-PTR1). The y-axis is parallel to the chemotactic gradient in which cell trajectory going up along the y-axis is the migration toward the MBP-PTR1 in the

positive-gradient group. (F) Graphs showing the comparison of averaged FMIII and FMI⊥ for each group from panel E. (G) Graph showing the comparison of the cell speed

from panel E. All experiments were independently repeated 3 times for panel D and 4 times for panels B,E-G. Data are expressed as means ± standard error of the mean (SEM).

*P < .05; **P < .01; ns, not significant.
the migration of RPMI8226 and MM.1S cell lines, respectively,
whose magnitudes were comparable with those induced by SDF-1
(Figure 1A-B). MBP-PTR1 could also induce transwell migration of
primary cells of patients with MM (Figure 1C). Thus, HAPLN1
matrikine is capable of stimulating MM cell adhesion and migration.
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
The 2 most common cellular migratory behaviors are chemotaxis
(a directional motility toward a chemical gradient) and chemo-
kinesis (an increase in the motility speed without any direction-
ality).25,26 Dual increases in chemotactic and chemokinetic motility
are associated with metastasis of certain cancer types.27,28 SDF-1
HAPLN1: A NOVEL BONE MARROW HOMING FACTOR 6861



is known to induce MM cell chemotaxis but not chemokinesis.29 To
determine whether HAPLN1 matrikine could induce chemotactic
and/or chemokinetic migrations in MM cells, the Zigmond-Hirsch
migration assay30 was performed using the linear migration dose
range of MBP-PTR1 (0-30 nM; supplemental Figure 1D). The largest
positive gradient (0 nM in upper and 30 nM in lower chambers)
caused the greatest MM cell migration (Figure 1D, bottom-left),
demonstrating chemotactic migration toward MBP-PTR1.
Increasing concentrations at both sides of the chamber without
any gradient (diagonal grid) caused correspondingly increased MM
cell migration, thus indicative of chemokinetic migration.

To further define the promigratory activities of HAPLN1 matrikine
on MM cells, a time-lapse μ-slide migration assay15,16 was imple-
mented for 16 hours, with each recording at 10-minute intervals.
This assay tracks each MM cell to enable computation of migration
parameters, such as directionality, traveled distance, and speed.16

We performed this assay using 3 groups, a positive-gradient group
(−/+; MBP/MBP-PTR1), a no-gradient group (+/+; MBP-PTR1/
MBP-PTR1), and a negative control group (−/−; MBP/MBP), and
the ImageJ plugin was used to track cells in the time-lapse
sequences (Figure 1E). The directionality of migration was
assessed from the trajectory data using the forward migration index
(FMI), which was calculated by averaging the end point of migrated
cells divided by the accumulated distance, representing the effi-
ciency of migration in a direction parallel (FMIII) or perpendicular
(FMI⊥) to the chemotactic gradient.15,16 In the positive-gradient
group, the FMIII was significantly greater, thus, more chemotactic
than the other 2 groups (Figure 1F). Moreover, the FMIII of the
positive-gradient group was significantly higher than its FMI⊥

counterpart, indicating the induction of directional migration toward
MBP-PTR1. Finally, the positive-gradient group displayed the
highest speed, and the cell speed in no-gradient group was higher
than that in the negative control group (Figure 1G), indicative of
chemokinetic migration. Taken together, both the Zigmond-Hirsch
and time-lapse μ-slide migration assays demonstrated that
HAPLN1 matrikine has dual chemotactic and chemokinetic effects
on MM cells, thus distinguishing itself from the well-established,
chemotactic-only factor SDF-1.

HAPLN1 matrikine promotes BM homing in vivo

Next, we tested the ability of HAPLN1 matrikine to induce MM cell
BM homing in vivo. First, we established BMSCs capable of
secreting biologically active HAPLN1 matrikine, which could be
injected into mouse tibia to locally produce the matrikine. To this
end, we initially attempted to generate a HS-5 human BMSC line
secreting only the PTR1 domain of HAPLN1 but were unsuc-
cessful. Instead, we were able to generate a HS-5 cell line
(HS-5/H1) secreting HAPLN1 fragment (32-354 amino acids;
supplemental Figure 2A), which represents a product of MMP
cleavage31 and is capable of activating NF-κB, whereas the full-
length HAPLN1 lacked such activity.12 An enzyme-linked immu-
nosorbent assay of conditioned media demonstrated that HS-5/H1
cells secreted 69.5 nM HAPLN1 fragment (32-354 amino acids) at
steady state, which was in the range of MBP-PTR1 concentrations
used in the migration assays (Figure 1A-C; supplemental
Figure 1D). Moreover, when MM cells were incubated above
a confluent monolayer of HS-5/H1 or empty vector control
(HS-5/EV) cells for 2 hours, significantly increased adhesion was
observed for HS-5/H1 cells relative to that for HS-5/EV cells
6862 CHANG et al
(supplemental Figure 2B). Similarly, transwell migration assays
demonstrated that MM cells migrated significantly more toward
HS-5/H1 in the bottom chamber than toward HS-5/EV
(supplemental Figure 2C). To verify whether the overexpressed
HAPLN1 fragment and not the endogenous HAPLN1 acts as a
migratory factor, we generated HAPLN1 knockdown HS-5 cells.
Endogenous HAPLN1 was not detected in the conditioned media
(supplemental Figure 2D). The migratory potential induced by the
HAPLN1 fragment was lost when HAPLN1 was knocked down in
HS-5/H1 cells (supplemental Figure 2E). Thus, exogenous
HAPLN1 matrikine produced by HS-5/H1 cells was responsible for
the stimulation of MM cell migration.

We assessed whether HS-5 cells would remain at the injected
mouse BM site without forming a tumor. HS-5 cells stably
expressing the luciferase gene were injected into NSG mouse
tibiae and monitored for their presence by bioluminescence
imaging. The human HS-5 cells were maintained in the injected
sites for at least 2 weeks without any obvious growth or migration
to other BM sites (supplemental Figure 2F). To test the impact of
HAPLN1 matrikine secreted by HS-5/H1 in vivo, both tibiae in
individual NSG mice were injected with either HS-5/H1 or HS-5/
EV cells (supplemental Figure 2G). Two weeks later a sublethal
dose of radiation (3 Gy) was administered to facilitate MM cell BM
engraftment and PKH26-labeled MM.1S cells were then injected
via the IC route a day later to induce MM cell homing to the BM
within 48 to 72 hours.18,19 The BM of 2 tibiae was collected 72
hours after the MM engraftment and subjected to flow cytometry to
quantify percentages of the PKH26-labeled MM cells among BM
mononuclear cells (Figure 2A). Because individual mice had
different engraftment efficiencies, the MM cells that homed to
injection-naive femur were used as an internal control to calculate
the tibia-to-femur ratio for each mouse. Significantly, the tibia-to-
femur ratio of MM cells was ~2.5-fold greater for HS-5/H1 than
for HS-5/EV–injected mice (Figure 2B).

To rule out the potential for any unintended systemic effect induced
by the injection of HS-5/H1 cells, MM cell homing within individual
mice was assessed by injecting HS-5/H1 cells in one tibia and HS-
5/EV cells in the opposite tibia before systemic MM cell introduc-
tion (supplemental Figure 2H). Because initial analysis with the flow
cytometry assay became unreliable because of low MM cell yields
from a tibia, each tibia was subjected to immunohistochemistry
analysis to quantify injected MM cells by anti-CD138 staining and
HS-5 cells by anti-HLA class I (HLA-I) staining. CD138+ MM cells
were not costained with the HLA-I antibody (Figure 2C), similar to
many cancer cell types that display lower levels of HLA-I to evade
immunity.32 The numbers of MM cells and HS-5 cells were
normalized to the areas of BM sections imaged. The normalized
CD138+ MM cell number in HS-5/H1-injected tibia was ~2.5-fold
greater than that in the HS-5/EV counterpart (Figure 2D). In
contrast, the normalized HLA-I+ HS-5 staining was similar in both
cases (Figure 2D); thus, the observed difference in MM cell homing
was not due to different numbers of HS-5 cells retained in the BM.

To further validate the differences in MM cell homing to HS-5/H1-
vs HS-5/EV–injected tibia, we quantified the number of MM cells in
each tibia by means of MM cell–specific genomic DNA. An MM.1S
cell clone with the luciferase gene stably integrated into the
genome was used in BM homing experiments as in supplemental
Figure 2H, and the luciferase copy number was quantified to
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
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measure the MM cells homed to each BM. The BM of femur and
tibia were collected 72 hours after the MM cell injection and sub-
jected to genomic DNA and total RNA extraction. The tibia-to-
femur ratio of the luciferase copy number was calculated for
each leg in each mouse. Comparable with the aforementioned 2
distinct BM homing experiments (Figure 2A-B vs Figure 2C-F), the
number of luciferase-labeled MM cells was a ~1.9-fold greater in
the HS-5/H1-injected tibia than in the HS-5/EV–injected tibia
(Figure 2E). When human HAPLN1 messenger RNA (mRNA) was
quantified by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) using human SMA stromal gene as a
normalization control, significantly higher HAPLN1 mRNA was
detected in the HS-5/H1–injected tibia relative to that in its
counterpart (Figure 2F), indicating that the injected HS-5/H1 cells
were expressing the HAPLN1 gene. These 3 independent assays
collectively demonstrated that HAPLN1 matrikine promoted BM
homing of MM cells in vivo.

HAPLN1 matrikine activates STAT1 in MM cells

We previously performed RNA sequencing (RNA-seq) analysis of
RPMI8226 MM cells exposed to recombinant PTR1 (GSE202672)
and identified NF-κB and JAK/STAT as potentially enriched signaling
pathways.14 We previously confirmed NF-κB activation,12 but, to our
knowledge, STAT activation has not been demonstrated by stimula-
tion of MM cells with HAPLN1 matrikine. To further assess the
potential involvement of STAT factors, we also evaluated the RNA-seq
data using a novel bioinformatics tool, Mining Algorithm for GenetIc
Controllers21 and, again, identified NF-κB and STAT transcription
factors as being among the top potential drivers of transcriptional
changes in the HAPLN1 matrikine–induced genes (Figure 3A;
supplemental Table 1). The RNA-seq data also showed that tran-
scripts encoding NF-κB family members (RelA, RelB, c-Rel, NFKB1,
and NFKB2) and STAT family members (STAT1, STAT3, STAT4, and
STAT5A) were significantly induced in MM cells stimulated with
HAPLN1 matrikine relative to that in control cells (Figure 3B). Inter-
estingly, STAT1 had the highest reads per kilobase million among
these potential master regulators. To test the activation of STAT
transcription factors, we then performed a luciferase reporter assay
using a construct containing the STAT1/3 responsive M67 pro-
moter.33 Consistent with the bioinformatics predictions, MBP-PTR1
significantly increased the reporter activity in MM cells at a level
similar to the positive control IL-6 (Figure 3C). Next, electrophoretic
mobility shift and anti-STAT1/3 supershift assays were performed
using an M67 probe, which demonstrated the presence of STAT1 but
not STAT3 (Figure 3D). Consistently, western blot analysis demon-
strated that STAT1 phosphorylation at tyrosine-701 was induced in a
dose-dependent manner within 3 hours after MBP-PTR1 treatment,
which lasted 24 hours (Figure 3E-F). Total STAT1 level was also
increased after MBP-PTR1 treatment (Figure 3F), consistent with the
induction of STAT1 gene expression (Figure 3B). In contrast, STAT3
tyrosine-705 phosphorylation and its total level were only minimally
induced (Figure 3E-F). These results revealed that HAPLN1 matrikine
primarily activates STAT1, not STAT3, in MM cells.

STAT1 is required for HAPLN1 matrikine–induced MM

cell migration and BM homing

To test whether STAT1 activation is critical for HAPLN1 matrikine
functions, we generated STAT1 (short hairpin [shSTAT1]) or
control (shControl) knockdown MM.1S cells (supplemental
6864 CHANG et al
Figure 3A) and assayed for in vitro migration. Although basal
migration (MBP only) was not affected, the increased migration
observed in MBP-PTR1–treated shControl cells was absent in
shSTAT1cells (Figure 4A). Similarly, in vivo BM homing of MM cells
to control HS-5/EV–injected tibia was similar to but was reduced
compared with the control level in HS-5/H1-injected tibia
(Figure 4B; supplemental Figure 3B). To confirm that STAT3 does
not play a role in HAPLN1-induced migration, we generated STAT3
knockout (KO) cells and conducted a migration assay. The STAT3
KO induced both STAT1 activation and HAPLN1-induced migra-
tory potential comparable with those of the wild-type cells
(supplemental Figure 3C-D). These results confirmed that STAT3
does not participate in HAPLN1-induced migration. Together,
these data indicate that STAT1, not STAT3, is necessary for
HAPLN1 matrikine–induced MM cell migration and BM homing.

To identify STAT1-dependent, migration-related genes whose
expression was induced by HAPLN1 treatment, a similar RNA-seq
analysis as previously done on RPMI8226 cells was performed,14

except for using control and STAT1 KO cells (supplemental
Figure 3E; GSE237216), the latter of which also showed defec-
tive MBP-PTR1–induced migration (supplemental Figure 3F).
Cluster analysis identified 11 clusters in the differentially expressed
genes (supplemental Figure 3G-H). We were particularly inter-
ested in the one in which the lack of STAT1 did not affect the basal
expression but abrogated MBP-PTR1–induced gene expression
(red cluster, Figure 4C; supplemental Table 1). Enrichment analysis
using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database showed that the genes in this cluster were
enriched in JAK/STAT pathway and those previously identified to
be involved in adhesion, migration, and BM homing of MM cells (eg,
CD44, CXCR5, ICAM-1, VAV1, and DOCK10), among others.
(Figure 4D; supplemental Table 2). We confirmed the MBP-PTR1–
dependent induction of the well-established MM BM homing–
related genes, CD44, SDF-1, and ICAM-1, using qRT-PCR
(Figure 4E). These homing-related genes were not reduced in
STAT3 KO cells, but some (ICAM-1 and CD44) were increased
instead (Figure 4F). Taken together, these results demonstrated
that HAPLN1 matrikine activates STAT1 to induce migration- and
BM homing–related genes in MM cells.

HAPLN1 matrikine activates STAT1 via

NF-κB–induced IFN-β in MM cells

We previously demonstrated that HAPLN1 matrikine can activate
NF-κB signaling and induce NF-κB regulated drug resistance
genes in MM cells.12,14 This study showed peak NF-κB activation
occurring within 2 hours after HAPLN1-PTR1 treatment in
RPMI8226 cells, whereas peak STAT1 phosphorylation was
delayed and observed 3 to 6 hours after stimulation. This temporal
sequence suggests that STAT1 phosphorylation takes place after
NF-κB activation. Thus, we investigated whether NF-κB signaling
was involved in HAPLN1-induced STAT1 activation. To test this
possibility, we cotreated cells with MBP-PTR1 and an IκB kinase
(IKK) inhibitor, IKK16 that was previously demonstrated to block
MBP-PTR1–induced NF-κB signaling.12 Importantly, this cotreat-
ment completely inhibited STAT1 phosphorylation (Figure 5A).
Additionally, to determine whether any secreted factor downstream
of NF-κB activates STAT1, we treated RPMI8226 cells with
cycloheximide to block new protein synthesis or brefeldin A to
block secretion. Both reagents effectively abrogated HAPLN1-
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induced STAT1 phosphorylation (Figure 5B). Furthermore, condi-
tioned medium from HAPLN1-treated cells was capable of
inducing STAT1 activity within 15 minutes of treatment (Figure 5C),
indicating that newly synthesized and secreted factor(s), down-
stream of NF-κB signaling, mediate STAT1 activation in an auto-
crine or paracrine manner. To determine which factor activates
STAT1 after HAPLN1 induces NF-κB activation, we identified
candidate cytokines, for example, IL-6 and IFN-β, which are enco-
ded by NF-κB target genes and are well-established activators of
STAT1 signaling, in the red cluster genes from the RNA-seq
analysis (Figure 5D). A previous study demonstrated that lipo-
polysaccharide stimulation of macrophages induces toll-like
receptor 4 (TLR4)– and NF-κB–dependent STAT1 signaling via
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
autocrine or paracrine production of IFN-β.34 Because HAPLN1
activates NF-κB through the TLR4-chaperonin 60 (CH60) cell
surface receptor complex,23 we tested whether IFN-β is involved in
the HAPLN1-activated STAT1 process. The cotreatment of IKK16
significantly reduced the HAPLN1-induced IFNB1 mRNA level
(Figure 5E). In addition, the cotreatment of the Food and Drug
Administration–approved type 1 IFN receptor blocking antibody,
anifrolumab, completely inhibited HAPLN1-induced STAT1 phos-
phorylation (Figure 5F). In contrast, a neutralizing antibody against
IL-6 had no effect (not shown). Taken together, these results
support the notion that autocrine or paracrine production of IFN-β
by NF-κB signaling is required for HAPLN1-induced STAT1
signaling.
HAPLN1: A NOVEL BONE MARROW HOMING FACTOR 6865
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Figure 5. Autocrine/paracrine production of IFN-β by NF-κB contributes to HAPLN1 matrikine–induced STAT1 activation. (A) Representative western blot analysis of

indicated proteins in RPMI8226 cells pretreated with IKK16 (10 μM) or dimethyl sulfoxide (DMSO) for 10 minutes and stimulated with 100 nM of MBP or MBP-PTR1 for 6 hours.

(B) Representative western blot analysis of indicated proteins in RPMI8226 cells pretreated for 10 minutes with cycloheximide (CHX; 20 μg/mL) or brefeldin A (BFA; 3 μg/mL)

and stimulated with 100 nM of MBP or MBP-PTR1 for 6 hours. (C) RPMI8226 cells were stimulated with 100 nM of MBP or MBP-PTR1 for 6 hours (lane 1 and 2). RPMI8226

cells were stimulated with 100 nM of MBP or MBP-PTR1 for 5 hours and subsequently washed with fresh media. Conditioned medium (CM) was harvested after a 1-hour

incubation of fresh media without MBP or MBP-PTR1. CM was added to fresh RPMI8226 cells for 15 minutes (lane 3 and 4) and analyzed using western blotting for the indicated

proteins. (D) RPMI8226 (WT and STAT1 KO) cells were stimulated with 100 nM of MBP or MBP-PTR1 for 6 hours. The IFNB1 mRNA level was quantified using qRT-PCR and

normalized to GAPDH and fold change relative to control (MBP in WT cells) was plotted. (E) RPMI8226 cells were treated as in panel A. The mRNA level of IFNB1 was quantified

using qRT-PCR and normalized to GAPDH and fold change relative to control (MBP and DMSO treated cells) was plotted. (F) Representative western blot analysis of indicated

proteins in RPMI8226 cells pretreated with 10 μg/mL of anifrolumab or human immunoglobulin G (IgG) for 10 minutes and stimulated with 100 nM of MBP or MBP-PTR1 for 6

hours or IFN-β (50 pg/mL) for 15 minutes. The graph represents the means ± SEM of 3 biological replicates for panels D-E, each performed in duplicates. *P < .05, **P < .01.
High HAPLN1 levels in BM aspirates correlate with

poor outcomes in patients

We previously reported that HAPLN1 matrikine is capable of
inducing resistance to multiple classes of therapeutic agents in
MM cells.14 We also showed that soluble HAPLN1 fragments are
detectable in BM plasma but are highly variable from patient to
patient, similar to HAPLN1 mRNA levels in patient BMSCs.12,13

Therefore, given the dual role of HAPLN1 in inducing drug
resistance and BM homing, we hypothesized that soluble
HAPLN1 in the BM may contribute to poor outcomes in patients
with MM. To quantify soluble HAPLN1 levels in the plasma of BM
Figure 4. STAT1 is required for HAPLN1 matrikine–induced MM cell migration and

shSTAT1 clones in response to MBP or MBP-PTR1, with MBP-treated shControl being s

in Figure 2B. (C) Graph depicting the normalized expression of genes in the red cluster. D

scores of the top 30 pathways in which the size of dot indicates the number of genes en

“Methods” for enrichment score calculations. (E-F) mRNA levels of indicated genes was q

dehydrogenase (GAPDH) and fold change relative to control (MBP in wild-type [WT] cells

panel E and 3 biological replicates for panel F, each performed in duplicates. *P < .05; **
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aspirates, we developed an AlphaLISA (“Methods”), which
detected HAPLN1 with minimal cross-reactivity with highly
homologous HAPLN3 protein (supplemental Figure 4A). HAPLN1
levels in BM plasma samples from 26 patients with NDMM were
measured using the AlphaLISA, and the patients were grouped
into high and low groups based on the median cut-off value
(Table 1). Both the sex and age of the patients were not different
between these groups (supplemental Figure 4B). Significantly,
the high-HAPLN1 group exhibited worse progression-free survival
(PFS) than the low-HAPLN1 group (Figure 6A). The median PFS
rates for the low- and high-HAPLN1 groups were 57 months and
BM homing. (A) Graphs depicting the percentage migration of MM.1S shControl or

et as 100%. (B) The tibia-to-femur ratio of PKH26+ MM percentage was plotted as

ata are expressed as mean ± SD. (D) The dot plot represents the enrichment

riched for each pathway, and the color intensity correlates with the adjusted P. See

uantified using qRT-PCR and normalized to glyceraldehyde-3-phosphate

) were plotted. The graph represents the means ± SEM of 5 biological replicates for

P < .01; ***P < .001; ****P < .0001.
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Table 1. Characteristics of patients with NDMM

All Low High

Patient characteristics

Median age 65 62 65

Sex, no. (%)

Male 17 (65.4) 8 (61.5) 9 (69.2)

Female 9 (34.6) 5 (38.5) 4 (30.8)

Cytogenetic risk (no. of patients)

Standard 14 7 7

High 7 2 5

Ultrahigh 3 2 1

Not assessed 2 2 0

Median follow-up time (mo) 51 59 45

HAPLN1 concentration (μg/mL)

Mean ± SD 0.71 ± 0.80 0.36 ± 0.05 1.06 ± 1.03

Median PFS (mo) 42 57 28

HR (95% CI) 3.027 (1.135-8.072)

P value (log-rank) .0164

CI, confidence interval; SD, standard deviation.
28 months, respectively (hazard ratio [HR], 3.027). Furthermore,
patients in the high-HAPLN1 group underwent a significantly
higher number of therapies (Figure 6B). We further stratified the
patients based on cytogenetic risk assessed using fluorescence
in situ hybridization based on the Revised International Staging
System and the second revision of the International Staging
System.35,36 Interestingly, patients with standard cytogenetic
risk showed a stark difference in PFS (HR, 5.861; Figure 6C).
Although the sample size was too small to draw conclusive
results, patients with high/ultrahigh cytogenetic risk did not
exhibit a significant difference in PFS (supplemental Figure 4C).
These results suggest that the level of HAPLN1, a MM cell-
extrinsic factor derived from the ECM protein in the tumor
microenvironment (TME), can serve as a prognostic marker in
MM. Furthermore, patients with higher STAT1 mRNA level (n =
47) exhibited significantly worse PFS than the STAT1-low group
(n = 48; HR, 1.7539; Figure 6D) in the CoMMpass trial RNA-seq
data set from the Multiple Myeloma Research Foundation
Researcher Gateway. Altogether, the results suggest that the
HAPLN1 level in the BM and the STAT1 mRNA level in MM cells
can be predictive markers of prognosis in patients with MM.
Discussion

In this study, we uncovered for the first time, to our knowledge, that
an ECM-derived matrikine could stimulate migration and BM
homing of human MM cells. Specifically, the PTR1 domain of
HAPLN1 or a larger fragment containing all 3 domains of HAPLN1
(immunoglobulin, PTR1, and PTR2 domains), representing
HAPLN1 matrikine, could promote such activities. Similarly, larger
and smaller fragments of HAPLN1 containing the PTR1 domain
6868 CHANG et al
were detected in the BM aspirates of some patients with relapsed/
refractory MM with progressive disease, an unfavorable category of
treatment response.12 We also previously found that HAPLN1
matrikine could promote the resistance of MM cells to a variety of
therapeutic agents.14 Thus, HAPLN1 matrikine may be a potentially
important MM progression factor via 2 unique and distinct mech-
anisms: enhancing migration and homing to multiple BM sites and
increasing multidrug resistance. Accordingly, higher HAPLN1
levels in the BM plasma correlated with a shorter PFS of patients
with NDMM than that of the low-HAPLN1 group.

Although we previously found NF-κB to be a drug resistance fac-
tor,14 the discovery of STAT1 as the main MM cell migration and
BM homing mechanism induced by HAPLN1 matrikine was unan-
ticipated. Previous studies have demonstrated coactivation of
NF-κB and STAT3 in a variety of human malignancies37,38 and the
role for STAT3, not STAT1, as an oncogenic driver in MM.39,40

However, biochemical and genetic studies clearly revealed the
activation of STAT1, not STAT3, and its requirement for HAPLN1
matrikine–induced MM cell migration and BM homing. Moreover,
our study demonstrated that NF-κB is upstream of STAT1 activa-
tion and likely involves the NF-κB–dependent synthesis and
secretion of IFN-β to induce subsequent STAT1 activation. Thus,
HAPLN1 matrikine as a sequential activator of NF-κB and STAT1
adds to the emerging evidence supporting a tumor promoter role
for STAT1 observed in other cancer types. For example, STAT1
has been implicated in the migration of colon cancer cells41 and
cell adhesion, migration, and progression of serous papillary
endometrial cancer cells.42 STAT1 has also been implicated in
chemoresistance of head and neck cancer,43 epithelial-to-
mesenchymal transition of lung cancer,44 and metastasis of
melanoma.45 In addition, Boiarsky et al reported their single-cell
RNA-seq analysis on CD138+ cells from patients with MM and
premalignant cancer in whom IFN-inducible signatures, including
the STAT1 level, were significantly upregulated in MM but not in
precursor conditions.46 This report is consistent with our finding
that HAPLN1 activates STAT1 in MM cells and that HAPLN1-
induced IFN-β acts in an autocrine or paracrine manner.
Moreover, our analysis of a larger scale clinical trial (CoMMpass)
database also demonstrated that higher STAT1 mRNA level
correlated with poor PFS of patients with MM. Thus, the new
function of STAT1 in HAPLN1 matrikine–induced MM cell migra-
tion and BM homing expands its emerging context-dependent
tumor promoter roles.

Our study also revealed that HAPLN1 matrikine may be a novel
dual chemotactic and chemokinetic factor for MM cells. To date,
the crucial role of SDF-1/CXCR4 axis in MM cell adhesion,
migration, and BM homing is well established.47-49 SDF-1 induces
MM cell chemotaxis at low doses but inhibits MM cell migration at
high doses, thus promoting MM cell homing in circulation (ie, low
concentrations) but retaining MM cells in the BM niche, where
SDF-1 is enriched.4 In contrast, HAPLN1 matrikine increased MM
cell migration not only when there was a positive concentration
gradient acting as a chemotactic factor but also when concen-
trations were high without any gradient as a chemokinetic factor.
It is noteworthy that a combination of increased chemotactic and
chemokinetic motilities correlates with invasiveness and metas-
tasis of other cancer types, including non–small cell lung cancer
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
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cells and others.27,28 These prior studies support the possibility
that dual chemotactic and chemokinetic action of HAPLN1
matrikine contributes to not only BM homing through chemotaxis-
mediated migration into the BM niche but also to egress from the
BM into the circulation because of high motility when exposed to
even higher concentrations of the matrikine in the BM niche,
which can result in a vicious cycle of disease dissemination.

We demonstrated that high HAPLN1 levels in BM samples are
associated with poor prognosis of patients with NDMM, sup-
porting its potential use as a prognostic marker and therapeutic
target. The current prognostic staging system for MM uses the
Revised International Staging System, which can stratify the risk
for patients based on protein biomarkers (β2-microglobulin,
albumin, and lactate dehydrogenase) and cytogenetic aberra-
tions.35 Although it is informative on tumor burden and risk
assessment, it is not used for therapeutic decision-making.50

Given that the ECM is a major component of the TME, the role
of ECM proteins per se as biomarkers remains incompletely
understood. This study discovered that a TME factor could be a
risk factor in MM pathogenesis. Our previous study also revealed
that although HAPLN1 matrikine may induce resistance to mul-
tiple therapeutic agents, such as bortezomib, lenalidomide,
dexamethasone, and others, it failed to induce resistance to the
28 NOVEMBER 2023 • VOLUME 7, NUMBER 22
second generation proteasome inhibitor, carfilzomib and the
nuclear export inhibitor, selinexor.14 These findings combined
suggest the possibility that patients with NDMM with a high
HAPLN1 status may benefit from therapies that contain either
carfilzomib or selinexor or both. These findings also suggest a
potential clinical benefit of ablating HAPLN1 matrikine function
in MM therapy. However, a caveat is the relatively low number of
samples of patients with NDMM analyzed (n = 26) in this study,
especially for the patient groups who are at high or ultrahigh risk.
Another weakness may be the generally low sensitivity of
HAPLN1 AlphaLISA. Finally, the roles of full-length HAPLN1 and
its matrikine in normal physiological processes in adult humans
are currently lacking. Thus, development of a highly sensitive and
specific assay to quantify HAPLN1 levels and an assessment of
larger cohorts of patients with MM are necessary to establish
this ECM-derived matrikine as a potential biomarker for pre-
dicting poor outcomes in patients. Once established, clinical
studies could be conducted to test the potential benefits of
stratifying patients with NDMM to carfilzomib and/or selinexor
therapies. Finally, improved knowledge of the role of HAPLN1
and its matrikine in human physiology may shed light on the
safety of HAPLN1 matrikine–targeting therapeutics against MM,
which is currently considered an incurable cancer type.
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