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Abstract

HGF is emerging as a cytokine with an important role in the pathophysiology of multiple myeloma. Originally identified
and described as a growth factor for hepatocytes, HGF was later found to have mitogenic, motogenic, or morphogenic
effects on several cell types through its interaction with the tyrosine kinase receptor c-Met. This cytokine—receptor pair
is implicated in the development and promotion of several types of cancer. The expression of both HGF and c-Met by
myeloma cells is one of the traits distinguishing these cells from healthy plasma cells, and seems to be an early step
in tumor development. HGF and c-Met have an effect on proliferation, migration, and adhesion of myeloma cells; and
research suggests that myeloma cell-produced HGF is an important factor in angiogenesis and bone destruction seen
in the majority of patients with multiple myeloma.
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Multiple myeloma (MM)

MM is malignant growth of plasma cells, which are terminally
differentiated B lymphocytes'’. The disease is characterized by
production of monoclonal immunoglobulin, by anemia, and by
destruction of bone. The malignant myeloma cells are usually
located in the bone marrow (BM).

Despite some advances in treatment in recent years, MM still is
a persistently fatal disease with a median patient survival time of
three to four years from the time of diagnosis. In addition to the
dismal prognosis, patients also experience substantial morbidity
during the course of the disease. MM therefore continues to be a
serious health problem. Standard front-line therapy for patients
with MM includes the chemotherapeutic agents melphalan and
prednisone, drugs that have been used for this purpose for more
than 40 years. Recently, immunomodulatory drugs with putative
effect against formation of new blood vessels (e.g., thalidomide),
as well as botezomib, a member of an entirely new class of drugs:
so-called protesome inhibitors, have shown effects in subsets of
patients with MM'®. However, there is an urgent need for better
therapy that is targeted at the weak points of MM.

Our understanding of the molecular etiology of MM has increased
enormously over the past ten years*!?. Approximately 50% of
patients have translocations affecting the immunoglobulin heavy
chain locus on chromosome 14. The translocation partner varies,
but close to the breakpoint in the partner chromosome, there is a

(putative) oncogene that is placed under transcriptional control
of an enhancer normally controlling the immunoglobuline heavy
chain gene. The ch14 translocations are believed to be early events
in the development of MM, and are also present with roughly
the same frequency in the premalignant condition “monoclonal
gammopathy of undetermined significance”(MGUS) as in overt
MM. (There is only a one percent chance per year of progressing
from MGUS to MM, so the majority of MGUS cases never
develop into MM.) The other 50% of MM cases do not have ch14
translocations, and the early and crucial genetic aberrations in
this group of patients are still unknown, but overall, these cases
tend to have hyperdiploidy with trisomy of a several recurrent
chromosomes. A common theme in all patients with MM is the
expression of various isoforms of the cell cycle regulatory protein
cyclin-D>.

Myeloma cells usually do not grow for longer periods in vitro,
despite addition of rich growth medium and growth factors. It is
generallybelievedthatthe cellsare dependent on currently unknown
factors in the microenvironment of the bone marrow for growth and
for protection against apoptosis. At the same time the malignant
cells exert a profound influence on the same microenvironment.
In overt myeloma there is increased bone marrow angiogenesis*
and—in most cases—perturbed bone homeostasis**. It has been
known for more than three decades that myeloma cells stimulate
osteoclasts, the bone-resorbing cells?®. A simultaneous reduction
in bone formation, leading to an unbalanced bone metabolism

www.ctt-journal.com 2008;1(1) 57



with ensuing erosion of bone substance* was also observed many
years ago. Factors produced by myeloma cells and either secreted
or presented on the cell surface, are believed to be responsible for
the perturbed microenvironment, and many candidate factors have
been proposed as being responsible for increased bone resorption,
with variable experimental documentation.

Role of HGF in the pathogenesis of MM: a mediator of
autocrine loops

In 1996 we showed for the first time that myeloma cells express
the receptor for HGF, c-Met, and at the same time often produce
the ligand HGF’. This simultaneous expression of a cytokine
and its receptor in the same cell was suggestive of an autocrine
stimulatory loop, and we were able to demonstrate that c-
Met was indeed activated in the myeloma cell line JIN-3 in an
autocrine fashion®. Autocrine HGF-driven growth loops have also
been demonstrated in other MM cell lines®. Later we showed
that high levels of HGF in the serum of a patient with MM at
the time of diagnosis was an adverse prognostic sign, a finding
that has been confirmed by others?*32. Recently, we and others
have demonstrated that HGF stimulates growth and survival of
myeloma cells, and that HGF uses the myeloma marker protein
syndecan-1 (CD138) as a co-receptor'**!. It has also been shown
that myeloma cells express HGF activator, an enzyme converting
pre-HGF into the active form of the growth factor®. Pre-HGF can
also be converted to HGF by urokinase plasminogen activator
(uPA)?. This enzyme is also produced by MM cells®*. HGF could
also be involved in the migration of myeloma cells to the bone
marrow*'. HGF is important in promoting adherence of MM cells
to fibronectin, a matrix protein in the bone marrow environment?®.
Such adhesion is beneficial to the MM cells in the sense that it
increases cell proliferation. HGF is also a potent angiogenic factor,
and there is a positive correlation between HGF levels in serum
and bone marrow angiogenesis in patients with MM, suggesting
HGEF’s role in the excessive angiogenesis seen in these patients'.
In an abstract presented to the 2006 ASH meeting, D. Hose and
colleagues presented data showing that among 89 proangiogic
genes only HGF was significantly overexpressed in MM cells
compared to normal bone marrow plasma cells?.

HGF expression is characteristic of malignant plasma cells
and distinguishes MM from other closely related diseases

The first comprehensive gene array study of MM by Zhan et
al., comparing gene expression in MM cells with that in normal
plasma cells, showed that HGF was the only secreted growth
factor on the list of the 70 genes that were the most up-regulated
of more than 5000 examined genes*. Interestingly, HGF was not
only expressed in overt MM, but also in BM plasma cells from a
majority of patients with MGUS, indicating that initiation of HGF
expression is an early event in the transformation of healthy cells
into malignant MM cells (Erming Tian and John D. Shaughnessy
Jr., personal communication). A recently published gene array
study by Chng et al. showed that expression of HGF together with
IL-6, a potent growth factor for MM cells, was characteristic for
a subgroup of patients with hyperdiploid MM, In another study,
using comparative genomic hybridization (aCGH) analysis,
recurrent gene copy number alterations were identified, and 47
areas of recurrent gene amplifications were found’. HGF was
located within a small recurrent amplification that included a total
of four genes, and HGF was found to be the only one of those genes
with an oncogene-like expression pattern. This amplification was
present in more than 40% of patients, and the finding indicates
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that gene aberrations leading to HGF expression are part of the
oncogenic development leading to MM.

In order to identify the gene expression that is important for the
specific clinical manifestations of MM, a logical approach would
be to compare the gene expression profile of MM cells with that of
cells from closely related diseases. This was done with gene array
analysis of purified malignant cells from patients with chronic
lymphocytic leukemia, Waldenstom macroglobulinemia and
MM." Again, HGF stood out as one of the genes that characterized
MM as opposed to the two other diseases. Interestingly, the HGF
receptor c-Met was also on this list of MM-related genes.

Disturbance of key regulators of bone homeostasis in patients
with MM

Skeletal tissue in healthy people is constantly undergoing a
balanced remodeling process, where osteoclasts resorb bone
and are followed by osteoblasts forming bone. Central to this
regulation are specific factors that act directly on osteoclasts and
are downstream mediators for many of the systemic bone-active
factors. It has become clear that osteoblasts play a crucial role in
the direct regulation of osteoclast activity. Osteoblasts express the
cell surface protein RANKL, which is necessary for osteoclast
differentiation®. Furthermore, the osteoblasts express a soluble
decoy receptor for RANKL, osteoprotegerin (OPG)?. The balance
between the two osteoblast products, RANKL and OPG, seems to
be critical for the regulation of bone homeostasis.

We have found that multiple myeloma patients have reduced levels
of soluble OPG in bone marrow plasma compared to healthy
controls® and others have found that there is also an increased
expression of RANKL in the MM bone marrow*®. OPG contains
a heparin binding site and may bind to heparan sulfates on cells
in the bone marrow. We have shown that MM cells bind OPG,
presumably via the heparan sulfate-containing protein Syndecan-
1°. Moreover, we found that this binding led to internalization and
degradation of OPG by the myeloma cells®, thereby providing
one possible explanation for the reduced OPG levels in the bone
marrow of multiple myeloma patients.

Inhibition of bone formation is important for skeletal
destruction in patients with MM

In patients with MM, the balanced process of bone remodeling is
upset, leading to degradation of bone and to skeletal morbidity.
Intensive research has been conducted to try to unravel the
mechanism causing this bone disease. For several decades, the
research focus was on factors leading to untimely activation of
osteoclasts, although it had long been realized that perturbation in
osteoblast function might be equally important*. In a mouse model
of MM with severe bone disease, osteoblasts were virtually non-
existent??. Lately, the focus has moved from osteoclasts to
osteoblasts, and several papers have contributed to our
understanding of osteoblast inhibition**3. Searching for a
correlation between gene expression in purified primary MM cells
and level of bone disease in the patients, Tian and colleagues
identified DKK1, an inhibitor of Wnt signaling, as a prime suspect
for the destruction of bone in MM patients*. They found that
DKKI1 inhibited the differentiation of osteoblast precursors into
mature bone-forming osteoblasts. Later studies seem to confirm
that DKK1 is linked to excessive bone disease and that it works by
inhibiting the formation of osteoblasts'®*. Interestingly, genes
that encode known osteoclast-regulating factors, suchas RANKL,



RANK, OPG, MIP1, PTHrP, and IL-1, did not show a significant
relation to the presence of bone disease?’. This is not a proof
against these factors as important for bone destruction in MM, but
argues against MM cells as the source of them. Similarly,
osteoclast-activating factors were conspicuously absent from the
list of gene expression that was characteristic for MM cells; as
opposed to cells from chronic lymphocytic leukemia and
Waldenstom macroglobulinemia''. Bone disease is not a common
clinical trait of the latter two diseases, and one would expect the
genes that are responsible for this hallmark of MM to be present
on the list of genes that define the specific cancer phenotype of
MM. Like HGF and c-Met, DKK 1 was high up on this list, further
supporting the role of DKK1 in promoting the bone disease that is
linked to MM.

HGF inhibits bone morphogenetic protein-induced
differentiation of mesenchymal stem cells into bone-forming
osteoblasts

Since HGF is one of the genes distinguishing malignant plasma
cells from healthy plasma cells, and also defines malignant plasma
cells as opposed to other closely related malignant cells, it was
logical to see whether HGF played a role in bone homeostasis. It
had been previously published that HGF induces bone resorption
by osteoclasts, but only in the presence of osteoblasts's. This
indirect effect on osteoclasts could be partly through HGF-
induced production of IL-11, an osteoclast-stimulating cytokine?..
Bone morphogenetic proteins (BMP) promote differentiation of
osteoblast precursors from mesenchymal stem cells (MSCs) and
further maturation into bone forming osteoblasts. Experiments by
our group showed that HGF inhibited BMP-induced expression
of alkaline phosphatase in human MSCs and in the murine
myoid cell line C2C12%. HGF also prevented BMP-induced
mineralization by human MSCs. Furthermore, the expression
of the osteoblast-specific transcription factors Runx2 and
Osterix was reduced by HGF treatment. Interestingly, HGF
promoted proliferation of human MSCs, whereas BMP halted the
proliferation. Again, HGF was a key regulator, keeping the cells
in a proliferative, undifferentiating state despite the presence of
BMP. BMP-induced nuclear translocation of receptor-activated
Smads was inhibited by HGF, providing a possible explanation
as to how HGF inhibits BMP signaling. These findings support
a role of HGF similar to that of DKKI1. By preventing MSCs
from becoming mature osteoblasts, the osteoblast precursors are
arrested in an intermediate stage of differentiation, where they
express RANKL, an osteoclast-stimulating protein. Therefore,
instead of contributing to bone repair, these cells promote the
bone-destruction process: bone homeostasis is no longer balanced.
Was there any clinical evidence that HGF really played this role
as an osteoblast inhibitor in patients? Yes, the in vitro data were
supported by the observation of a significant negative correlation
between HGF and a marker of osteoblast activity, bone-specific
alkaline phosphatase, in sera from 34 patients with myeloma3¢.

Targeting HGF hepatocyte growth factor and its receptor c-
Met in multiple myeloma

Since expression of HGF seems to be an early oncogenic event
in the development of MM, and due to HGF’s many effects on
disease manifestations, it might be an attractive target in treatment
of MM. A host of new pharmacological inhibitors of c-Met are
in the pipelines of the pharmaceutical industry. Possible HGF
inhibitors include small molecular drugs and antibodies, as well
as naturally occurring splice variants of HGF with antagonistic or

partially antagonistic effects on c-Met. NK4 belongs to the latter
group: a variant of HGF that lacks part of the full molecule!?. This
molecule was shown to block growth of MM cell line cells in a
mouse model, an effect that was believed to be a combination
of direct anti-proliferative effect of the drug on MM cells, as
well as an indirect, anti-angiogenic effect on formation of new
blood vessels'*. PHA-665752, a novel pharmacological inhibitor
of c-Met from Pfizer belongs to the group of small molecular
inhibitors. This molecule prevented HGF-driven autocrine loops
in an MM cell line, as well as in freshly isolated MM cells from
myeloma patients®. No in vivo data on effects on MM cells of
small-molecule inhibitors of c-Met have been published yet, and
no clinical trial with c-Met inhibitors has been started so far.
However, the data from such studies are sure to be met with great
anticipation.
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Poasb ¢pakTopa pocra renarouutoB (HGF) B narorene3e MHO:KeCTBEHHOH MHEJIOMbI

M.Bbopcer, T.Ctanaana, A.Boore, A.Cynaan

PacmimpenHoe pe3rome

MHuosxecTBeHHasd mMuenoma (MM) - 3TO MIa3MOKIIETOUHAs 3JI0KAa4€CTBEHHAs! OMYXOJb C NMOPaKeHNEM KOCTHOT'O MO3ra,
KOTOpas COMPOBOXKAAETCS NPOAYKLIHEH MOHOKJIOHAIBHOTO HMMMYHOITIOOYJIMHA, aHeMHEH W AeCTPYKIHeH KOCTH.
Heusneunma. I'enetnueckass ocHoBa MM rereporeHHa: B NpUOIU3UTENBHO TONOBHHE HaOmoaeHnid MM unMmeroTcs
TPaHCIOKAIUH C Y4acTHEM, C OJHOM CTOPOHBI, XpoMocoMbl 14 (ren IgH), u ¢ npyro# — psana XpoMocoM ¢ TOYKOW pa3pbiBa
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BOJIM3U JIOKAIM3AIUU Pa3TUIHBIX OHKOTEHOB. DTH MYyTaIlMU OTHOCSTCS K paHHEMY OHKOTeHe3y. B ocTalbHBIX cirydasx
HaOII01aeTCs TUIEPAUTIIIONANS ¢ TPUCOMHUSIMU HEYETHBIX XpOMOCOM. BHe 3aBHCMMOCTH OT XapakTepa T€HEeTHYEeCKOro
nedekTa B OMyXOJNEBBIX KIIETKax OOHapy)KMBaeTcs THIEpIKcrpeccus HUKIUHOB D. Muenomusle kinetkun (MK), kak
MpaBujo, HE PacTyT B MCKYCCTBEHHBIX Cpeaax; 3TO TMO3BOJISIET CUMUTATh, YTO OHUM KPUTHUECKH 3aBHCHUMBI OT psaa
elle He M3BECTHBIX (PaKTOpOB, KOTOPBIE coAepk aTcs B KOCTHOM Mo3re. MK cTHMymIHpyIOT pocT cocyAoB ¥ (YHKIIHIO
OCTEOKJIACTOB.

HGF sBnsercsa paxkropom aytokpunHoi ctumynsauun MK. Okenpeccuss HGF xapakrepna nns MK u otnuyaer MM ot
poncTtBeHHbIX onyxoieil. MK gacTo koskcnpeccupytor HGF u ero peuenrtop c-Met 1 MOT'yT CeKpeTHpOBaTh BELLIECTBA,
nepesogsiniie HGF B akTuBHY0 (hopMmy, B TU. aKTHBATOp IUIa3MHHOTeHa. Mapkep miasMaTudeckux kietok CDI138
(cuamekan-1) saserca kopenentopom HGF. HGF ctumynupyer murpamuio u anre3nto MK u Takum oOpa3oM MOXKET
nMeTh 3HaueHue B yaepxanuu MK B koctHom Mo3re. Kpome Toro, HGF, no Bunumomy, crumynupyet anruoreses. ['en HGF
SBJISIETCS €TUHCTBEHHBIM U3 70 TeHOB ()aKTOPOB POCTA, M €AMHCTBEHHBIM U3 I'€HOB, KOAUPYIOIUX IPOAHT HOT €HHBIE OCNIKH,
runepakcrnpeccupoBaHHbIM B MK, 1o cpaBHEHHIO C HOpMaJIBHBIMU IIJIa3MaTHUUYECKUMH KJIeTKaMHU. [ unepakcnpeccus reHa
HGF 0bu1a oOHapyxeHa U 'y yactu 001bHBIX ¢ MGUS (MOHOKJIOHAJIBHAS TaMMAaInaTHs HESICHOTO 3HAYCHM ), YKa3bIBas Ha
BeposTHyto poib HGF Ha panHux stamax omyxoneBoro pocta. Ilokazano, yto ren HGF BkiroueH B cocTaB KOpOTKOTO
(dbparmenTa U3 4 reHOB, KOTOPBIM aMITU(OUIIPOBAH Y 3HAUUTEIBHON JacTh 00JbHBIX MM. IIpu 3TOM THITEpIKCIIPECCHUS
HGF ne obHapyxuBaeTcs y 00IBHBIX XpoHHYEeCKUM JuMdodeiiko3oMm (XJIJI) n makpornobynmHemuerr BanpaeHcTpema.
Beicokue ypoan HGF B ceiBopoTke 601pHBIX MM acconuupoBaHbl ¢ HEOIAronpUsTHEIM TPOrHO30M.

Hapymenus perynsiuu romeoctasa Koctu y 6onbHbIx MM. [lonaBieHue ocTeorenes3a He MeHee BaKHO, YeM CTHM YJISIIHS
pe3opOmuu. JlecTpyKIus KOCTH - OHO U3 BaKHEUMHX mposiBieHu MM. ['omeocTa3 KOCTH BO MHOTOM OIPEACIISICTCS
OajaHcOM IBYX OEITKOBBIX MPOXYKTOB octeoOmactoB — RANKL (HeoOXomum i CO3pPEBaHHS OCTEOKJIACTOB) H
octeonporereprHa (pacTBopuMslid penentop-noBymka 11 RANKL). I[Ipuy MM konnenTparmus pactsopumoro OPG B
KOCTHOM MO3Tre HIKe, a KoHneHTpanus R ANKL — Brrtre, uem y 310poBbix. MK criocoOHBI cBsi3piBath OPG, 110 BUANMOMY,
C TIOMOIIIBIO CUHJIEKaHAa-1, ¢ MOCHeaYIONIeH HHTEepHATU3alUel U AeTpaJallueH.

J1o HaCTOSAIIET0 BPEMEHH HE OOHAPYIKEHO CBSI3U MEKY CTEIEHBIO BBIPAXXCHHOCTH KOCTHOTO CHHIPOMA M aKTHBAI[UCH
Te€HOB BaKHEWIMX (hakTopoB, ctumynupyomux ocreoknacTel (RANKL, RANK, OPG, MIP1, PTHrP, u IL1), a Takxe
pasnuuunii 3Kcrpeccuu 3Tux reHoB npu MM, XJIJI u makpornoOynunemun BanpneHcTpema. B To jke BpeMs moka3aHo,
yto 3kcripeccuss DKK-1 (marn6urop Wnt-3aBHCHMOT0 CUTHAJIMHTA, HHTUONpPYET T PepeHInPOBKY PEIICCTBEHHUKOB
ocTeo0s1acToB) Mpu MM MpONOpIUOHANIBHA TSIKECTH KOCTHOW MAaTOJIOTHH.

HGF wunrun6upyer auddepeHnnpoBKy Me3eHXMMAJBHBIX CTBOJOBBIX KIJIETOK B OCTEOOJNACThI, WHIYIHPOBAHHYIO
MopdoreHeTnaeckuMu mporenHamMu koctu (BMP). HGF ctumynupyeT pe30opOIuio KOCTH OCTEOKIIACTaMH, HO TOJBKO
B IIPHUCYTCTBUU OcTeobmacToB. YacTuaHO 3TOT 3hPpekT MoxkeT oOBsICHITHC mpoxykmuen IL-11 ocTeobmactamu mof
nevicteueM HGF. OcHOBHBIM WHIYKTOpPOM oOcTeobnacTudeckoil nuddepeHMpoBKH Me3eHXHUMAaIbHBIX CTBOJIOBBIX
KJIETOK sBJsitOTCS MopdoreHetuueckue Oenku koctu (BMP). HGF crumynupyer nponudepannio ¥ TOPMO3HT
T QepeHIIPOBKY ME3CHXUMaIBHBIX CTBOJIOBBIX KJIETOK, HECMOTPS Ha mpucyTcTBue BMP. B pesynbrare HegocTaTtouHo
nuddepeHIIPOBaHHBIE OCTEO0IACTHI ellle He CTOCOOHBI K CHHTE3Y KOCTH, HO YIKE IKCITPECCUPYIOT Ha CBOEH MOBEPXHOCTH
RANKL — 6enok, CTUMYIUPYIONINH OCTEOKIACTHL. B MOIB3y CyIeCTBOBAHMS TAaKOTO MEXaHW3Ma TOBOPUT U CHIIbHAS
oTpHULaTeTbHAS CBA3h MeX Ay KoHneHTparueit HGF n ocreocnenuduyeckoi menodnoit pocdarassl (Mapkep akTHBHOCTH
0CTE00JIACTOB) B CEIBOPOTKE KPOBH OOJIBHBIX MM.

HGF u c-Met xak moTeHIMAJbHBIE MUIIEHH TEpanuu. YUYHUTBIBasgs MHOrorpanHoctb 3¢dekroB HGF B oTHOmEeHMH
MUEIIOMHBIX KJIETOK H IX MHKPOOKPYKEHUSI, pACCMaTPUBAETC BOZMOKHOCTH UCTIONB30BaHus aHTaroHuctoB HGF/c-Met
B KaueCTBE JeKapCTBEHHbIX cpeacTs. Muruouropel HGF/c-Met BkirouaroT HU3KOMOJIEKYJISIPHBIE HHTUOUTOPHI, aHTUTENA
U ecTecTBeHHbIE ciuiaiic-BapuanThl HGF ¢ monHpIM unu yacTuuHbIM aHTaroHuaMoM. K mocnegnum otHocutcst NK4,
npeacTaBiusomui coboit yacte Monekynsl HGF. NK4 6nokupyeT pocT MHETOMHBIX KJIETOYHBIX JIMHUN B MBIIIMHOM
MOZEJIH, BEPOSITHO, IyTEM MPSIMOro TopMoxeHus nponudepannn MK 1 onocpesoBaHHOTO TOPMOKEHHUS POCTa COCYIOB.
K rpynmne HuzkoMonekynsipHbIX HHrHOUTOpOB c-Met otHOcuTCst PHA-665752 (Pfizer). B Hamux skcriepumenTax PHA-
665752 momaBisNl CTUMYJAIUIO c-Met U ee TOCIEACTBUS KaK B KJICTOYHBIX JIMHUSX, TAaK U B KJIETKAX MAI[UCHTOB C
MM. Pe3ynbTaThl BO3MOXXHOTO KJIMHHYECKOTO IpuUMeHeHUs mHruomTopoB HGF/c-Met mpencTaBisitoT HECOMHEHHBIH
HUHTEpEC.

KaroueBbie cioBa: MuenoMHasi 00iie3Hb, OHKOTeMaToNnorus, GakTop pocta rematountos, c-Met, RANK, RANKL,
octeonporerepud (OI1I'), kaHmeporenes, KOCTHas pe30pOIHs, OCTEOTeHe3, 0030p
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