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cyclin D1 and D2 protein expression in primary myeloma cells and tumor lines, causing cell-cycle arrest, tumor cell–
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expression of transcription repressor isoforms of cAMP-response element modulator (CREM) and blocked both trans-
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Knockout	and	transgenic	studies	in	mice	demonstrate	that	normal	somatic	tissues	redundantly	express	3	
cyclin	D	proteins,	whereas	tumor	cells	seem	dependent	on	a	single	overexpressed	cyclin	D.	Thus,	selective	sup-
pression	of	the	individual	cyclin	D	deregulated	in	a	tumor	represents	a	biologically	valid	approach	to	targeted	
cancer	therapy.	In	multiple	myeloma,	overexpression	of	1	of	the	cyclin	D	proteins	is	a	ubiquitous	feature,	uni-
fying	at	least	7	different	initiating	genetic	events.	We	demonstrate	here	that	RNAi	of	genes	encoding	cyclin	D1	
and	cyclin	D2	(CCND1	and	CCND2,	respectively)	inhibits	proliferation	and	is	progressively	cytotoxic	in	human	
myeloma	cells.	By	screening	a	chemical	library	using	a	cell-based	assay	for	inhibition	of	CCND2 trans-activa-
tion,	we	identified	the	plant	cytokinin	kinetin	riboside	as	an	inhibitor	of	CCND2 trans-activation.	Kinetin	ribo-
side	induced	marked	suppression	of	CCND2	transcription	and	rapidly	suppressed	cyclin	D1	and	D2	protein	
expression	in	primary	myeloma	cells	and	tumor	lines,	causing	cell-cycle	arrest,	tumor	cell–selective	apoptosis,	
and	inhibition	of	myeloma	growth	in	xenografted	mice.	Mechanistically,	kinetin	riboside	upregulated	expres-
sion	of	transcription	repressor	isoforms	of	cAMP-response	element	modulator	(CREM)	and	blocked	both	
trans-activation	of	CCND2	by	various	myeloma	oncogenes	and	cis-activation	of	translocated	CCND1,	suggesting	
induction	of	an	overriding	repressor	activity	that	blocks	multiple	oncogenic	pathways	targeting	cyclin	D	genes.	
These	data	support	targeted	repression	of	cyclin	D	genes	as	a	therapeutic	strategy	for	human	malignancies.

Introduction
Multiple myeloma (MM) is a postgerminal center B cell malignan-
cy characterized by clonal plasma cell expansion. The disease man-
ifests clinically with anemia, monoclonal immunoglobulin, renal 
insufficiency, and lytic bone lesions and currently affects 63,000 
people in the United States alone (1); moreover, as it is currently 
incurable, MM causes a disproportionate 2% of all cancer deaths.

Although myeloma tumors present with complex karyotypes and 
an assortment of structural and numerical chromosomal abnor-
malities, these tumors are unified in their ubiquitous targeting of 
cyclin D genes for overexpression. Of MM tumors, 54% overexpress 
cyclin D1 (CCND1), 48% overexpress cyclin D2 (CCND2), 3% over-
express cyclin D3 (CCND3), and 8% overexpress both CCND1 and 
CCND2 (2). Deregulated expression of single CCND genes in MM 
occurs as the result of selective cyclin D gene trans-activation by 
deregulated transcription factors or from translocation of a single 

cyclin D gene to a strong enhancer locus. Notably, nearly half of all 
myeloma tumors possess 1 of 5 recurrent 14q32 immunoglobulin 
heavy-chain (IGH) enhancer translocations that directly dysregu-
late CCND1 or CCND3 or that dysregulate FGF receptor 3 (FGFR3) 
or human v-maf musculoaponeurotic fibrosarcoma oncogene 
homolog (avian) (MAF) family transcription factors, which ulti-
mately trans-activate CCND2 (3): 11q13 (CCND1); 6p21 (CCND3); 
4p16 (FGFR3/multiple myeloma SET domain–containing protein 
[MMSET]); 16q23 (MAF); or 20q12 (v-maf musculoaponeurotic 
fibrosarcoma oncogene homolog B [avian] [MAFB]). The remain-
ing myeloma tumors are hyperdiploid and have multiple trisomies 
involving chromosomes 3, 5, 7, 9, 11, 15, 19, and 21. Although 
hyperdiploid MM tumors generally lack recurrent 14q32 translo-
cations, they too show overexpression of a cyclin D with biallelic 
trans-activation of CCND1 or CCND2 (2).

D cyclins are essential regulators of blood-cell division. By 
modulating cyclin-dependent kinase (CDK) activity, cyclin D pro-
teins regulate retinoblastoma protein phosphorylation, acting as 
a switch to commit the cell to a program of DNA replication and 
cell division. While knockout mouse models indicate that most 
somatic tissues can develop in the complete absence of D cyclins 
(4) and even CDK4/6 (5, 6), the hematopoietic compartment in 
particular is dependent upon these proteins for proliferation and 
cell survival (4).

Normal proliferating human tissues typically coexpress 3 cyclin 
D proteins (D1, D2, and D3) that are essentially interchangeable 
(7, 8) due to substantive functional redundancy (9). In contrast, 
many hematopoietic cancers such as MM achieve sustained cell-
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cycle deregulation by overexpressing a single cyclin D. MM tumors 
thus differ from normal proliferating tissues in their dependence 
upon a single cyclin D for excess growth. Therefore, selective sup-
pression of the cyclin D gene exploited by such tumors may be an 
effective and universal targeted therapeutic strategy.

While CDK inhibitors are currently being tested with some suc-
cess in clinical trials for cancer, we believe that inhibition of indi-
vidual cyclin Ds may offer similar or greater therapeutic specificity 
in MM and comparable malignancies because at a molecular level 
these tumors differ both qualitatively and quantitatively from 
normal tissues in their expression of D cyclins but are less dis-
tinguished by their expression of CDK. In this paper, we identify 
kinetin riboside as what we believe is a novel inhibitor of cis- and 
trans-activation of CCND1 and CCND2 and explore its potential as 
a therapeutic agent for MM.

Results
Silencing CCND1 and CCND2 induces cell-cycle arrest and cytotoxicity 
in myeloma cells. As myeloma tumors universally dysregulate a 
cyclin D gene, commonly CCND1 or CCND2, we tested to deter-
mine whether silencing of 1 or both of these genes could induce 
growth arrest or cytotoxicity in myeloma cells and thus whether 
targeting of specific cyclin Ds could represent a valid therapeutic 
approach in this malignancy. H929 myeloma cells were infected 
with lentivirus vectors expressing interfering shRNA targeting 
either cyclin D1 or cyclin D2 or with control lentivirus expressing 
nontargeting (NT) shRNA, and the effects on cellular prolifera-
tion and viability were determined (Figure 1, Table 1, and Supple-
mental Table 1; supplemental material available online with this 
article; doi:10.1172/JCI34149DS1). Using conditions that resulted 
in more than 99% cellular infection (R. Tiedemann, unpublished 

Figure 1
Lentiviral shRNA suppression of cyclin D1 and D2 induces cell-cycle arrest and delayed apoptosis in H929 tumor cells. (A) Immunoblot analysis 
of cyclin D1, D2, and D3 expression in H929 myeloma cells 65 hours after infection with lentiviruses expressing cyclin D1 or cyclin D2 shRNA, 
NT control shRNA, or GFP cDNA. α-Tubulin levels are shown as loading controls. (B) Cell-cycle profiles of H929 cultures 4 days after lentivirus 
infection, comparing the effects of suppression of cyclin D1 or D2 with control NT lentivirus infection and with lentivirus-induced suppression 
of both cyclin D1 and cyclin D2. To ensure equivalent exposure to lentivirus and shRNA, cells infected with both D1 lentivirus and D2 lentivirus  
(D1 + D2) are compared with cells infected with D1 lentivirus and NT lentivirus (D1 + NT), D2 lentivirus and NT lentivirus (D2 + NT), or 2 aliquots 
of NT lentivirus (NT + NT). (C) H929 apoptosis was examined serially by flow cytometry (in this example on day 11) after cyclin D suppression. 
Viable cells (left lower quadrants) are distinguished from early apoptotic (annexin V–positive) or late apoptotic (propidium iodide–positive) cells. 
(D) Time course of H929 viability after infection with D1 + NT, D2 + NT, D1 + D2, or control NT + NT lentiviruses. Viability was determined by 
annexin V and propidium iodide staining, as illustrated in C, and is normalized to uninfected H929; 5% error in viability is shown.
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observations) and effective cyclin D gene silencing (Figure 1A), we 
observed substantial G0/G1 cell-cycle arrest with silencing of either 
cyclin D1 or cyclin D2 (Figure 1B) but not with control NT len-
tivirus, confirming the importance of cyclin D dysregulation to 
H929 cells. Suppression of both cyclin D1 and D2 caused a 64% 
reduction in S-phase progression (Table 1). Significantly, silencing 
of cyclin D1 and/or D2 was also associated with delayed myeloma 
cell apoptosis (Figure 1C) that was evident by day 7 after infection 
(Figure 1D). Combined cell-cycle arrest and apoptosis together 
resulted in substantial reductions in viable H929 numbers. Over-
all, these results, together with previous demonstrations of the 
viability of cyclin D1– or D2–deficient mice (10), suggest that spe-
cific silencing of cyclin D2 or D1 could be employed to achieve a 
targeted antimyeloma therapeutic effect.

High-throughput assay for inhibitors of MAF-driven CCND2 trans-acti-
vation. As cyclin D2 suppression was inhibitory to H929 and as 
poor prognosis myeloma variants commonly dysregulate CCND2 
(2), we sought to discover pharmaceutical inhibitors of CCND2 
trans-activation. To identify inhibitors, we developed a high-
throughput chemical genetics screen using NIH3T3 reporter 
cells stably overexpressing the CCND2-LUC promoter-reporter 
construct. 3T3 cells were chosen for their adherence, which is 
useful for high-throughput screening. To ensure that trans-acti-
vation of the cyclin D2 promoter in this system was relevant to 
myeloma, the 3T3 cells were cotransfected with MAF-express-
ing retrovirus. MAF directly trans-activates CCND2 and is recur-
rently overexpressed in t(14;16) myeloma (11). In our system, 
basal cyclin D2 promoter activity was readily detectable and 
was upregulated by MAF coexpression (Supplemental Figure 1).  
To eliminate discovery of nonspecific cytotoxic agents that indi-
rectly suppress CCND2 or LUC by causing 3T3 cytotoxicity, a 
3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) viability assay was performed 
in parallel with our primary CCND2-LUC assay. Additionally, 
to determine the MAF dependence or independence of CCND2 
inhibitors identified during primary screening, inhibitors were 
retested in a secondary screen both in the presence and absence 
of the MAF vector. Thus, together our primary and secondary 
screens could identify and distinguish drugs that caused MAF-
dependent or -independent suppression of CCND2 transcription 
and could eliminate drugs that caused only indirect suppression 
of CCND2 or LUC secondary to 3T3 cytotoxicity.

In an optimized and automated assay, 3T3 reporter cells were 
plated in 96-well plates by robot and treated for 16 hours at 37°C 
with compounds at final concentrations of approximately 5 μM 
with less than 0.1% DMSO. In control wells, cells were treated 
with buffer alone. More than 4,000 compounds from LOPAC  
(n = 1,280), Prestwick (n = 1,120), and Spectrum (n = 2,000) librar-
ies were screened. Compounds that induced greater than 2-fold 
reduction in CCND2 promoter–expressed LUC relative to viability 
were assigned the status of putative “hits.” The assay coefficient of 
variance (CV) during screening was less than 10%.

Surprisingly, the majority of hits from the LOPAC and Prestwick 
libraries were glucocorticoid family members. From screening the 
Spectrum compound library (Figure 2A), we identified 38 hits, 
of which 29 were also glucocorticosteroids. The mechanisms by 
which corticosteroids decrease cyclin D gene expression has been 
the subject of parallel investigation and is described elsewhere 
(12). Notably, 9 nonsteroid compounds were identified as putative 
suppressors of CCND2; these included kinetin riboside, dihydro-
gambogic acid, monensin, patulin, gentian violet, pararosaniline 
pamoate, pristimerin, aklavine, and camptothecin.

 Exclusion of nonspecific assay hits and prioritization of putative CCND2 
transcription inhibitors. Drugs that decreased LUC but not viability 
in the screening assay may have acted to reduce trans-activation of 
the cyclin D2 promoter or alternatively may have directly inhib-
ited the LUC enzyme. To distinguish between these possibilities, 
assay hits were retested against 3T3 cells that overexpress LUC 
under the control of an Rous sarcoma virus (RSV) promoter. From 
this testing, we discovered that patulin nonspecifically reduced 
LUC activity and both patulin and aklavine caused excessive 3T3 
cytotoxicity (X. Mao and R. Tiedemann, unpublished observa-
tions). Therefore, these drugs were excluded from further analy-
sis. However, other hits, including kinetin riboside (Figure 2B), 
did not decrease LUC when driven by the control RSV promoter 
and therefore act via the CCND2 promoter.

To focus our subsequent efforts, we next excluded compounds 
with reported toxicities likely to prevent clinical systemic use, includ-
ing pararosaniline pamoate and gentian violet (13, 14). Monensin 
was also excluded after experiments showed excessive nonspecific 
toxicity toward nonmalignant hematopoietic cells (R. Tiedemann, 
unpublished observation). Similarly, camptothecin was excluded 
as it directly interferes with DNA synthesis and likely modulates 
CCND2 expression only indirectly by its S-phase activity (15, 16).

To assess whether the remaining putative CCND2 inhibitors 
identified from screening act via MAF or are MAF-independent, 
these compounds were reassessed against reporter 3T3 cells 
both in the presence and absence of retrovirally expressed MAF. 
Untransformed 3T3 cells do not have detectable levels of MAF by 
immunoblotting (R. Tiedemann and X. Mao, unpublished obser-
vations). Each of the 3 compounds, including kinetin riboside, 
pristimerin, and dihydrogambogic acid, suppressed the CCND2 
promoter both in the absence and presence of MAF (results for 
kinetin riboside shown in Figure 2B). We concluded that these 
compounds function independently of MAF to inhibit CCND2 
trans-activation. However, since triterpenoids and dihydrogam-
bogic acid have previously been described as showing anticancer 
activity and as recent studies suggest that these likely suppress 
cyclin D secondarily via modulation of NF-κB (17, 18), we focused 
our detailed studies on kinetin riboside.

Kinetin riboside inhibits CCND1 plus CCND2 trans-activation and 
prevents cell-cycle entry from G0/G1. Kinetin riboside (N6-furfury-

Table 1
Cell-cycle profile of H929 myeloma cells 4 days following lentivi-
ral suppression of cyclin D1 and D2

	 G0/G1	 S	 G2/M	 Normalized	ΔS
Lentivirus/shRNA
No LV 46.5 38.7 14.8 0.0
NT + NT 53.8 34.6 11.4 –10.6
D1 + NT 75.7 19.4 4.9 –49.9
D2 + NT 76.9 16.7 6.4 –56.8
D1 + D2 79.9 13.9 6.1 –64.1

H929 cells were infected with various combinations of lentiviruses 
expressing NT shRNA or interfering shRNA targeting cyclin D1 or D2 
expression, as described in Figure 1. For each condition, the percent-
age of cells in G0/G1, S, or G2/M phases and the decrease in S-phase 
entry (ΔS) relative to uninfected cells is shown.
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ladenosine) reproducibly induced rapid suppression of the CCND2 
promoter in 3T3 fibroblasts (Figure 2C) and is a synthetic cytoki-
nin and nucleoside derivative. Cytokinins are a family of natural 
plant hormones that stimulate quiescent plant cells to undergo 
cell division (19, 20) via transcriptional induction of cyclin D3 (21); 
therefore, kinetin riboside–induced suppression of CCND2 in our 
assay suggested this compound may have related but antagonistic 
properties on cyclin D transcription in mammalian cells.

To further investigate kinetin riboside, we first validated the 
influence of this compound on cyclin D gene expression in a 
human malignancy model. Kinetin riboside was tested against a 
panel of human myeloma cell lines (HMCL). These MM cell lines 
have a range of transforming events relevant to myeloma and, as a 
consequence, all overexpress cyclin D1 or D2. As shown in Figure 
3A, kinetin riboside caused significant suppression of cyclin D1 
and/or D2 in HMCL but did not suppress cyclin D3. Thus, kinetin 
riboside induced suppression of cyclin D2 in H929 and KMS11 
cells despite the presence in these HMCL of FGFR3 and MAF 
translocations that cause biallelic trans-activation of CCND2 (2). 
Surprisingly, kinetin riboside also induced suppression of cyclin 
D1 in U266 cells despite cis deregulation of CCND1 in this HMCL 
resulting from chromosomal relocation of the IGH enhancer to 
CCND1. Suppression of both cis- and trans-activated CCND1 or 

CCND2 in HMCL and inhibition of direct MAF-driven CCND2 
promoter trans-activation in 3T3 cells suggest kinetin riboside may 
inhibit cyclin D gene expression via recruitment of a transcription-
al repressor (see below).

HMCL proliferate ex vivo and are not always faithfully represen-
tative of primary MM tumor cells. We therefore tested the effect 
of kinetin riboside on cyclin D expression in purified CD138+ 
cells from MM patient bone marrow aspirates. In 4 of 5 cases 
(Figure 3B), kinetin riboside induced suppression of the major 
cyclin D protein expressed in primary myeloma cells beyond any 
decline associated with in vitro culture. In a fifth case (tumor E), 
derived from a plasma cell leukemia patient, cyclin D1 was highly 
expressed after culture and was unaffected by kinetin riboside. The 
time course of kinetin riboside activity was next assessed in H929 
cells (Figure 3C). Kinetin riboside caused suppression of cyclin 
D1 and D2 proteins within 6 hours; however, cyclin D3 was not 
significantly affected until later, when a proportion of cells were 
likely to be undergoing apoptosis (see below).

To verify that the suppression of cyclin D1 and D2 induced 
by kinetin riboside is a direct effect and does not occur second-
ary to cellular arrest in S-phase when CCND1 and CCND2 are 
normally downregulated (22), we examined the effects of kinetin 
riboside on the cell cycle of HMCL cultured in standard media 

Figure 2
Identification of kinetin riboside by drug library screening for inhibitors of CCND2 promoter trans-activation in an NIH3T3 cell reporter system. 
(A) Compounds were screened for inhibition of CCND2 promoter trans-activation at 16 hours in a 3T3 reporter model in which the MAF–trans-
activating factor was coexpressed with the CCND2 promoter–driving LUC expression. The results of screening the Spectrum library is shown 
as a dot plot comparing each compound’s assay position (x axis) with its effect on MAF-driven CCND2 promoter trans-activation (measured by 
LUC) relative to effects on 3T3 viability (measured by MTS; y axis). Compounds below the dotted line were defined as putative hits. LOPAC and 
Prestwick drug libraries were also screened but are not shown. (B) Repeat testing of kinetin riboside (kinetin R), dexamethasone, and vehicle 
against reporter cells expressing LUC driven by a control RSV promoter or the CCND2 promoter, with and without MAF coexpression, showing 
that LUC suppression by these drugs is mediated specifically by the CCND2 promoter. Repression of CCND2 promoter activity by kinetin ribo-
side is not restricted to trans-activation induced by MAF. (C) Suppression of CCND2-driven LUC protein levels in 3T3 following kinetin riboside  
(10 μM) treatment. Results of separate experiments are plotted (triangles and circles); each point is the mean of duplicates ± SEM. The overall 
curve of best fit is depicted as a solid line. Despite an estimated LUC half-life of 3 hours, kinetin riboside induces approximately 80% suppression 
by 9 hours, suggesting that suppression of the CCND2 promoter begins within 1–4 hours. (D) Chemical structure of kinetin riboside.
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(Figure 4 and Table 2). Within 20 hours, kinetin riboside caused 
the fraction of cells entering S-phase to fall by 50%–70% in all 
HMCL tested and caused a corresponding increase in G0/G1 
cells. This suggests that rather than causing indirect suppres-
sion of cyclin D as a result of first arresting cells in S-phase (as 
can be demonstrated with conventional S-phase cytotoxic agents;  
R. Tiedemann, unpublished observations), kinetin riboside acts 
to directly suppress cyclin D1 ± D2. Secondary cell-cycle arrest at 
G0/G1 is consistent with cyclin D suppression.

Kinetin riboside inhibits tumor cell growth and induces selective apoptosis 
of primary MM cells in mixed-lineage bone marrow culture. Kinetin ribo-
side is inhibitory to myeloma cell lines with IC50 < 1.7 mg/l (5 μM) 
in 5/12 HMCL and < 5 mg/l (15 μM) in 11/12 HMCL at 72 hours 
and remains active when HMCL are treated with a cocktail of MM 
growth cytokines including IL-6, IGF-1, and TNF ligand superfam-
ily member 13b (BAFF) (Figure 5, A–C, and Table 3). Kinetin ribo-
side is also inhibitory to the mantle cell lymphoma line GRANTA 
and the cyclin D–expressing Burkitt lymphoma line RAMOS with 
IC50 < 1.6 mg/l (<4.7 μM). Similarly, kinetin riboside is inhibitory 
to a spectrum of breast, pancreatic, melanoma, and glioma tumor 
lines, frequently at IC50 concentrations below or equal to those 
observed for myeloma. Dysregulation of cyclin D genes, most com-
monly CCND1, has previously been described in these tumors.

In MM, kinetin riboside–induced cellular inhibition is largely 
mediated by apoptosis as HMCL and primary MM cells treated 
with kinetin riboside showed caspase-9 cleavage by 16 hours (see 
Figure 3) and acquisition of annexin V binding by 72 hours (Figure 
5, B and D). 3-[4,5-dimetylthiazol-2-yl]-2,5-diphenyl tetrazolium 

bromide (MTT) assay responses in U266 largely reflect cell-cycle 
arrest, however, as little or no apoptosis was observed in kinetin 
riboside–treated U266 cells by flow cytometry (for annexin V 
binding), even by 96 hours (Figure 5B). Notably MM tumor cells 
became CD138 negative in response to kinetin riboside treat-
ment; loss of surface CD138 during plasma cell apoptosis is well 
established (23) and is associated with annexin V positivity fol-
lowing kinetin riboside treatment (see Supplemental Figure 2).

As mouse embryos that lack D cyclins eventually die from 
hematopoietic failure (4), the bone marrow might be predicted 
to be sensitive to drugs targeting cyclin D, particularly if all 
3 D cyclins are inhibited. We therefore treated bone marrow 
samples from MM patients with kinetin riboside to assess the 
relative cytotoxicity of this drug on myeloma cells and nonma-
lignant marrow progenitors. Bone marrow samples were pro-

cessed to remove nonnucleated red cells and then treated for 72 
hours. Importantly, kinetin riboside preferentially killed primary 
CD138+ myeloma cells but was substantially less cytotoxic to non-
malignant marrow cells (Figure 5, D and E, and Supplemental 
Figures 2 and 3). By comparison, the conventional antimyeloma 
cytotoxic, melphalan, killed more healthy CD138– marrow cells 
than malignant myeloma cells in the same assay (R. Tiedemann, 
unpublished observations).

Synergistic cytotoxicity of kinetin riboside and glucocorticosteroids. Glu-
cocorticosteroids such as dexamethasone represent one of the 
most effective treatments available in myeloma. Moreover, corti-
costeroids repeatedly induced CCND2 promoter suppression in 
our screening assay; therefore we tested the combination of kine-
tin riboside and dexamethasone for additive cytotoxicity against 
HMCL. Significantly, combining kinetin riboside and dexametha-
sone (at IC50 or lower concentrations) induced greater than addi-
tive cytotoxicity (Figure 5C). Thus, treatment of JJN3 or MM.1S 
with kinetin riboside and dexamethasone together resulted in 
enhanced cytotoxicity that overcame the relative insensitivities of 
these HMCL to low-dose dexamethasone or to kinetin riboside, 
respectively. Similarly, the cell line MY5 was only partially respon-
sive to low doses of either agent alone; however, the combination 
resulted in marked cytotoxicity. In all 3 cases, the cytotoxicity 
resulting from the combination of agents was greater than the 
sum of the cytotoxicities of each agent when used alone.

Kinetin riboside suppresses cyclin D1 and D2 expression from full-length 
endogenous CCND1 and CCND2 promoters in myeloma cells. As we have 
shown, kinetin riboside induces rapid suppression of a truncated 

Figure 3
Kinetin riboside causes suppression of cyclins D1 and D2 and cas-
pase activation in human MM. (A) Immunoblot showing suppression 
of cyclins D1 and D2, but not D3, and induction of caspase-9 cleav-
age by kinetin riboside (10 μM) at 16 hours in HMCL. Kinetin riboside 
effects are compared with those of an unrelated control cytotoxic  
β-lapachone (1 μM, approximately 4 × IC50) or with DMSO vehicle. 
For visualization, the JJN3 cyclin D2 blot was exposed approximately  
2-fold longer than cyclin D2 blots for H929, KMS11, and U266. (B) 
Kinetin riboside (10 μM) induces similar cyclin D1 and D2 suppres-
sion and caspase cleavage in CD138-purified primary myeloma cells 
at 16 hours, shown by immunoblotting. A plasma cell leukemia sam-
ple (patient E) was unaffected. The cytogenetics status of the tumor 
cells or IGH gene translocation is shown, if known. (C) Cyclin D and 
MAF protein levels in H929 cells after exposure to kinetin riboside 
(10 μM), showing suppression of cyclin D1 and D2 within 6 hours.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 118   Number 5   May 2008 1755

human CCND2 promoter in 3T3 cells and also induces rapid sup-
pression of cyclin D1 and D2 proteins in human myeloma cells. 
However, plausibly, cyclin D protein suppression in myeloma cells 
could be attributed to off-target toxicity associated with posttran-
scriptional cyclin D effects rather than being due to direct effects on 
the cyclin D1 and D2 promoters. Therefore, to determine whether  
kinetin riboside induces on-target suppression of full-length 
endogenous cyclin D1 and D2 promoters in MM cells or whether  
instead kinetin riboside causes posttranscriptional cyclin D  
degradation, we next engineered H929 and KMS11 myeloma cells 
to express cyclin D1 or D2 from a heterologous CMV promoter 
and then reexamined the influence of kinetin riboside on cyclin D 
expression (Figure 6A). Notably, whereas cyclin D2 expressed from 
the endogenous CCND2 promoter in KMS11 cells was suppressed 
by kinetin riboside, cyclin D2 expressed from a heterologous CMV 
promoter in KMS11 was not. Similarly, while no endogenous 
cyclin D1 was detectable in KMS11 cells, ectopic expression of 
cyclin D1 in KMS11 from the CMV promoter was again not sub-
ject to kinetin riboside suppression. Furthermore, while cyclin D1 
expressed from the endogenous CCND1 promoter in H929 cells 
was detectable and was suppressed by kinetin riboside, cyclin D1 
expressed from the heterologous CMV promoter in H929 cells was 
not suppressed by kinetin riboside. Therefore, in MM cells, modu-

lation of cyclin D1 and D2 protein levels by kinetin riboside, like 
modulation of CCND2-LUC activity in 3T3 cells, is mediated solely 
by on-target effects on the CCND1 or CCND2 promoters, and sup-
pression of these proteins is not a consequence of unrelated non-
specific cytotoxicity or off-target posttranslational mechanisms.

Expression of cyclin D2 and D1 from a heterologous promoter rescues 
KMS11 myeloma cells from kinetin riboside. Although kinetin riboside 
induces rapid suppression of CCND1 and CCND2 via their endoge-
nous promoters, it is plausible that the subsequent effects of kine-
tin riboside on tumor cell division and viability may be unrelated 
to cyclin D1 or D2 effects, which might instead represent bystand-
er phenomena. To address this possibility, we next evaluated  
the cell-cycle and apoptosis profiles of kinetin riboside–treated 
KMS11 MM cells expressing cyclin D1 or D2 from heterologous 
CMV promoters (Figure 6, B–E). As shown earlier, kinetin riboside 
induces G0G1-phase cell-cycle arrest in myeloma cells, putatively 
from cyclin D suppression. In a repeat experiment, G0G1 arrest was 
again observed in control KMS11 cells treated with kinetin ribo-
side for 20 hours, while no G0G1 arrest developed in kinetin ribo-
side–treated KMS11 cells that expressed cyclin D1 or D2 (or both) 
from a heterologous CMV promoter (Figure 6, B and C). These 
data strongly indicate that the primary mechanism of kinetin ribo-
side–induced proliferative arrest in myeloma cells is modulation of 
cyclin D gene expression and that this effect may be overcome by 
reexpression of cyclin D.

We next examined the role of cyclin D suppression and cell-
cycle arrest by kinetin riboside on KMS11 myeloma cell viability 
(Figure 6, D and E). KMS11 cells infected with control adenovirus 
for 5 days and treated with DMSO vehicle for 3 days showed mild 
(<20%) virus-related cytotoxicity, proportional to GFP expression 
(Figure 6D; cells strongly positive for GFP are increasingly annex-
in V positive). However, the majority of adenovirus-infected cells 
expressed remained viable. Notably, kinetin riboside treatment 
caused the number of viable (annexin V negative) KMS11 cells 
infected with control adenovirus to decrease by more than 50% 
(Figure 6E) and caused a corresponding increase in the proportion 
of annexin V–positive GFP-positive cells, consistent with an induc-
tion of apoptosis matching observed in this cell line in the absence 
of virus infection (Figure 5B). Significantly, however, kinetin ribo-
side had no cytotoxic effect at 3 days on KMS11 cells expressing 
cyclin D2 from a heterologous CMV promoter and had less effect 
on KMS11 expressing cyclin D1 from a CMV promoter, indicat-
ing that the cytotoxicity of this compound in KMS11 relates to its 
modulation of cyclin D2 and, to a lesser extent, its modulation of 
cyclin D1. KMS11 cells normally express considerably more endog-
enous cyclin D2 than cyclin D1 — as a result of t(4;14) and t(14;16) 
translocations that upregulate FGFR3/MMSET and MAF, which 

Table 2
Percentage of cells by cell-cycle phase and normalized change  
in S-phase compartment

	 Plus	vehicle	 Plus	kinetin	riboside	 Normalized
HMCL	 G0/G1	 S	 G2/M	 G0/G1	 S	 G2/M	 ΔS
H929 55 33 12 73 10 16 –69.7%
JJN3 37 38 25 62 15 23 –60.5%
KMS11 53 36 11 68 17 14 –52.8%
U266 42 50 8 68 21 10 –58.0%

  

Figure 4
Kinetin riboside inhibits cell-cycle transit from G0/G1 to S-phase. 
Cell-cycle profile of HMCL treated with DMSO vehicle or kinetin 
riboside (10 μM) at 20 hours. Left and right peaks represent G0/G1 
and G2/M phases, respectively. Similar results were obtained with 
duplicate experiments.
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ultimately activate CCND2 — and from our results, we cannot 
exclude that cyclin D2 is more relevant to the survival of KMS11 
tumor cells than cyclin D1.

Kinetin riboside requires adenosine kinase for full activity. Kinetin ribo-
side is an adenosine derivative and may therefore enter nucleoside 
metabolic pathways. We next tested to determine whether kinetin 
riboside requires phosphorylation by adenosine kinase for activity 
(Figure 7). A-134974 is a specific inhibitor of adenosine kinase. At 
low concentrations, A-134974 has no effect on 3T3 cell viability 
and caused modest (1.4-fold) enhancement of expression of the 
reporter construct expressing firefly LUC from the human cyclin 
D2 promoter (CCND2-LUC) (Figure 7A). In contrast, A-134974 
completely inhibited kinetin riboside–induced suppression of 
CCND2 promoter activity in 3T3 reporter cells. Thus, kinetin ribo-
side requires adenosine kinase and possibly phosphorylation for 
maximal activity. In H929 cells, A-134974 partially rescues cyclin 
D1 and D2 levels following kinetin riboside treatment and pre-
vents kinetin-induced caspase cleavage (Figure 7B), confirming 
that adenosine kinase is required for full kinetin riboside activity.

Kinetin riboside blocks cAMP- and PP2A-induced CCND2 trans-activa-
tion. As kinetin riboside inhibits CCND2 promoter trans-activation 
by MAF and as cAMP signaling potently trans-activates CCND2 
(24), we tested to determine whether kinetin riboside can inhibit 
cAMP-induced CCND2 promoter trans-activation. As expected, 
stimulation of the cAMP pathway with forskolin caused marked 

activation of the CCND2 promoter in our 3T3 reporter 
cells, demonstrated by an increase in LUC (Figure 8A). 
However, forskolin-induced upregulation of CCND2-
LUC was blocked by coincubation with kinetin riboside, 
indicating that kinetin riboside functions downstream 
of cAMP to inhibit CCND2 trans-activation. Similarly, 
treatment of 3T3 with a cAMP phosphodiesterase inhib-
itor, RO-20-1724, also caused upregulation of CCND2-
LUC and was blocked by kinetin riboside, confirming 
that kinetin riboside inhibits cAMP pathway–induced 
CCND2 promoter trans-activation.

Protein phosphatase 2A (PP2A) is a negative regula-
tor of the MAPK cascade (25) and other protein kinases.  
During screening, we determined that inhibition of 
PP2A using cantharidin caused marked upregulation 
of the CCND2 promoter in our LUC reporter model, 
suggesting that PP2A-related phosphoproteins play a 
regulatory role in CCND2 expression. However, as with 
cAMP-driven CCND2 promoter trans-activation, stimu-
lation of the CCND2 promoter by cantharidin (Figure 
8A) can be abolished by kinetin riboside, indicating that 
kinetin riboside blocks CCND2 promoter trans-activa-
tion at a level that is distal to both cAMP and the phos-
phoprotein targets of PP2A.

Kinetin riboside induces transcriptional repressors CREM1α/
ICER, which can repress CCND1 and CCND2. Kinetin 
riboside suppresses cis activation of CCND1 (driven 
by relocation of the IGH enhancer) in U266 cells and 
also suppresses trans-activation of CCND2 in KMS11 
and H929 cells (driven by overexpression of MAF and 
FGFR3); it furthermore suppresses both basal and MAF-
driven trans-activation of the CCND2 promoter in 3T3 
cells and CCND2 trans-activation induced by cAMP– or 
PP2A-related phosphoprotein pathways (see Figures 2, 
3, and 8). Together, these findings suggest that cyclin D 

gene suppression by kinetin riboside may involve recruitment of 
a transcriptional repressor to CCND1 and CCND2 or inactivation 
of an essential transcription factor. As there is a 4- to 6-hour delay 
between kinetin riboside exposure and cyclin D1 or D2 suppression 
(see Figures 2 and 3), we surmised that changes in expression of an 
upstream gene may be required to effect cyclin D gene silencing.

We therefore performed gene-expression profiling on U266 and 
H929 cells 4 hours after treatment with kinetin riboside to iden-
tify effector molecules that mediate the kinetin riboside–induced 
blocks in CCND1 or CCND2 activation observed in both cell lines. 
At 4 hours, kinetin riboside induced a greater than 3-fold change 
in the expression of only 36 genes in both H929 and U266 cells 
(Supplemental Table 2). Conspicuously, given its ability to block 
cAMP-mediated CCND2 trans-activation, kinetin riboside rapidly 
induced 3- to 5-fold upregulated expression of the cAMP-response 
element modulator gene (CREM). CREM encodes bZIP transcrip-
tion factors that bind cAMP-response elements (CRE) in respon-
sive gene promoters. Although CREM isoforms, of which there are 
more than 20, function either as activators or potent repressors 
of CRE-mediated transcription, kinetin riboside caused induction 
only of repressor isoforms (including the CREM type 1α repres-
sor and inducible cAMP early repressor 1 [ICER1]) but failed to 
induce CRE activator isoforms (Supplemental Figure 4), suggest-
ing a mechanism for its repression of select CRE-responsive genes, 
including CCND1 and CCND2. Upregulation of CREM repressor 

Table 3
Kinetin riboside IC50 for myeloma (assayed ± IL-6, IGF-1, and BAFF) and 
other tumor lines

	 Medium		 Medium		 +IL-6	+IGF-1		 +IL-6	+IGF-1		
	 alone	(μM)	 alone	(mg/l)	 +BAFF	(μM)	 +BAFF	(mg/l)
Myeloma
H929 3 1.0 4 1.4
JJN3 8 2.8 9 3.1
KMS11 11 3.8 12.5 4.3
MM.1S 12.9 4.5 – –
MM.1R 11 3.8 – –
OCI-MY5 5.7 2.0 – –
OPM1 6.1 2.1 – –
OPM2 4.5 1.6 5.1 1.8
RPMI-8226 5 1.7 5 1.7
SKMM2 3 1.0 4 1.4
U266 20 6.9 20 6.9
UTMC2 3.3 1.1 6.1 2.1
Burkitt	lymphoma
RAMOS 2.4 0.8 – –
Mantle	cell	lymphoma
GRANTA 4.7 1.6 – –
Breast	carcinoma
MCF7 3.4 1.2 – –
Pancreatic	carcinoma
MIAPACA 3.9 1.4 – –
PANC >20 >7 – –
Glioma
SF767 1.4 0.5 – –
Melanoma
SKMEL3 1.3 0.5 – –
A375 4.9 1.7 – –
MEL-28 >20 >7 – –
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isoforms by kinetin riboside was next verified by quantitative 
PCR (Figure 8B) using primers that target the isoforms (ICER1 
and CREM1α) that gene-expression analysis had revealed were 
expressed at increased levels; 3- to 6-fold induction of these CREM 
transcripts by PCR in H929 and U266 MM cells was detected, con-
sistent with the results of gene-expression profiling.

Expression of cyclin D1 in MM has previously been shown to be 
critically dependent upon a CRE site in the CCND1 promoter (26); 

CCND2 is similarly responsive to cAMP via a CRE site in its own 
promoter and responds to CREM repressor control (24). In KMS11 
myeloma cells, plasmid-mediated expression of the induced CREM 
repressor cDNA caused suppression of CCND2 promoter activity, 
measured by LUC reporter (Figure 8C), supporting a role for kine-
tin riboside–induced CREM repressor expression in the modula-
tion of CCND2 promoter activity by kinetin riboside. Notably, an 
evolutionarily conserved CRE/activating transcription factor/acti-

Figure 5
Kinetin riboside induces growth arrest and 
apoptosis in HMCL and primary myeloma 
cells and shows synergistic cytotoxicity with 
corticosteroids. (A) HMCL viability following 
kinetin riboside (1–20 μM) in the presence or 
absence of MM growth cytokines IL-6 (10 ng/
ml), IGF-1 (100 ng/ml), and BAFF (25 ng/ml) 
by MTT assay at 72 hours. The Burkitt lym-
phoma line RAMOS is also shown. *MTT on 
day 0 without drug. (B) Induction of apoptosis 
in HMCL by vehicle or kinetin riboside at 96 
hours, assessed by annexin V and propidium 
iodide uptake. (C) Synergistic cytotoxicity 
induced by kinetin riboside (5 μM) and dexa-
methasone (10 nM) in JJN3, MM1S, and MY5 
HMCL, assessed by MTT assay at 48 hours; 
graph shows the mean of triplicates ± SEM. 
(D) Two examples of flow cytometric analyses 
of MM patient bone marrow samples treat-
ed with vehicle or kinetin riboside (10 μM), 
showing preferential loss of viable primary 
CD138+ tumor cells (left upper quadrants) 
versus CD138– hematopoietic cells (left lower 
quadrants) with kinetin riboside at 72 hours. 
Following kinetin riboside treatment, CD138+ 
plasma cells became annexin V positive and 
CD138 negative, consistent with apoptosis. 
(E) Effects of kinetin riboside on CD138+ and 
CD138– compartments in 10 MM patient bone 
marrow samples at 72 hours. CD138+ and 
CD138– viability responses are compared by 
Mann-Whitney test. CD138+ (primary tumor) 
cells are preferentially killed.
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Figure 6
Cyclin D1 or D2 expressed from a heterologous CMV promoter is not suppressed by kinetin riboside and rescues KMS11 cells. (A) Adeno-
viruses inducing expression of eGFP (control), cyclin D1 (CMV-D1), or cyclin D2 (CMV-D2) from heterologous CMV promoters were used to 
infect KMS11 or H929 cells; 48 hours later, cells were aliquotted and treated with DMSO vehicle (–) or kinetin riboside (15 μM) (+). Lysates were 
prepared at 12 hours; immunoblots show cyclin D protein levels following kinetin riboside treatment. Endogenously expressed cyclin D2 (lanes 1 
and 3) and D1 (lane 9) is suppressed by kinetin riboside (lanes 2, 4, and 10), while CMV promoter–expressed cyclin D2 or D1 is not suppressed. 
(B) Cell-cycle studies on aliquots of cells from A were performed 20 hours after kinetin riboside treatment. The results are from 1 of 2 similar 
experiments. Expression of cyclin D1 or D2 from the heterologous CMV promoters rescues KMS11 cells from kinetin riboside–induced G0G1 
cell-cycle arrest. (C) The proportion of KMS11 cells undergoing cell division following kinetin riboside treatment is summarized for cells express-
ing cyclin D1 or D2 from endogenous or CMV promoters, with an estimated 10% error. (D) Flow cytometry on adenovirus-infected KMS11 cells 
depicted in A 72 hours after treatment with vehicle or kinetin riboside (15 μM) showing infection status (eGFP expression) and viability (annexin V  
binding), comparing cells expressing cyclin D1 or D2 from endogenous or heterologous promoters. (E) Summary of kinetin riboside–induced 
apoptotic responses in KMS11 cells expressing cyclin D1 or D2 from endogenous or heterologous (CMV) promoters. Graph shows the measured 
percentage of viable (annexin V–) virus-infected (GFP+) cells ± 10% error (estimated).
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vator protein 1 (CRE/ATF/AP-1) multitranscription factor–bind-
ing site is present in both CCND2 and CCND1 promoters imme-
diately upstream (<50 bp) of their transcription origin (5′UTR) 
but is absent in CCND3, providing a rationale for the specificity in 
cyclin D response to kinetin riboside.

In addition to inducing CREM repressors, kinetin riboside also 
rapidly induced the transcription repressor BTB and CNC homol-
ogy 1 basic leucine zipper transcription factor 2 (BACH2) in both 
H929 and U266 tumor lines. Induction of BACH2, which was first 
detected by gene-expression analysis (Supplemental Table 2), was 
also verified by quantitative PCR (Figure 8B). BACH2 is a known 
repressor of MAF and AP-1 transcription factor sites (27, 28) and of 
the 3′ IGH enhancer and therefore may also contribute to kinetin 
riboside–induced cyclin D gene suppression (discussed below).

Kinetin riboside inhibits growth of human myeloma xenograft tumors in 
nude mice. The antitumor activity of kinetin riboside in vivo was 
evaluated against MY5 and 8226 human myeloma tumors grown 
as xenografts in nude mice. These myeloma tumor lines both dys-
regulated MAF via t(14;16) translocations to trans-activate CCND2 
(2). Drug or vehicle were initially administered once daily with dos-
ing up to 100 mg/kg/d; however, no effect on 8226 (not shown) or 
MY5 (Figure 9A) tumor growth was observed. Nevertheless, as the 
limiting toxicity for single-dose escalation was transient mild seda-
tion with short duration (half-life of approximately 15 minutes), 
an intensified multidosing regimen was subsequently instituted 
to counter rapid drug redistribution or clearance. Consistent with 
a short drug half-life, rapidly repeated doses of kinetin riboside 
(up to 5 per day at 85 mg/kg/dose) were well tolerated. Moreover, 
with progressive dose-density intensification in MY5-xenografted 
mice, tumor stasis was observed at 4× daily dosing and regression 
of tumors was observed at 5× daily dosing, despite substantial pre-

ceding tumor growth (Figure 9A). Xenograft studies were repeated 
with 8226 tumors using kinetin riboside (85 mg/kg 4× daily up 
front), started when tumors had reached a mean volume of 135 
mm3 (Figure 9B). Statistically significant tumor growth inhibi-
tion was demonstrated compared with that in vehicle-treated mice  
(P < 0.01). No effects on neutrophil counts (at 14 days treatment) 
or on body weight were observed.

Discussion
Cytokinins are plant hormones that activate cytokinesis in qui-
escent plant cells by induction of cyclin D3 gene trans-activation, 
causing expression of cyclin D3 (21). We find here that the syn-
thetic cytokinin, kinetin riboside, has the reciprocal activity in 
mammalian cells and induces suppression of cyclin D1 and D2 
but does not significantly affect cyclin D3.

Kinetin riboside acts in mammalian tumor cells to inhibit tran-
scription from the CCND2 promoter and notably blocks trans-
activation induced by cAMP or by regulatory phosphoproteins. 
In 3T3 cells, kinetin riboside suppresses CCND2-LUC signal in 
a manner that is dependent upon the presence of the CCND2 
promoter but that does not require the cyclin D2 mRNA cod-
ing sequence, indicating regulation of CCND2 promoter activ-
ity, rather than posttranscriptional function. Similarly, kinetin 
riboside causes suppression of cyclin D1 and D2 when these are 
expressed from their endogenous promoters in myeloma cells but 
does not suppress cyclin D1 or D2 when these are expressed from 
a heterologous CMV promoter, indicating that kinetin riboside 
modulates cyclin D levels via the CCND1 or CCND2 promoters 
alone and does not cause cyclin D suppression from nonspecific 
cytotoxicity or from posttranslational degradation. Furthermore, 
kinetin riboside effectively suppresses CCND2 when this gene is 
trans-activated by overexpression of MAF (which directly binds the 
CCND2 promoter), suggesting that CCND2 suppression by kine-
tin riboside involves recruitment of a transcriptional repressor 
to the CCND2 promoter or suppression of an essential cofactor 
required for CCND2 transcription.

From gene-expression profiling studies, we show that kinetin 
riboside induces repressor isoforms of the CRE modulator gene. 
We (above) and others (24, 29) have found that cAMP signaling 
has a potent effect on CCND2 transcription, which is mediated 
by a conserved CRE site located immediately 5′ to the transcrip-
tional origin (29). CREM repressors regulate CCND2 by binding 
this CRE (24). Repressor isoforms of CREM share the DNA bind-
ing and dimerization domains of CREM activators but lack kinase 
and trans-activation domains and therefore act as potent domi-
nant negative transcription inhibitors (30–32). CREM repressor 
activity is regulated by gene expression rather than by posttrans-
lational modification (32, 33). A functional CRE is also present in 

Figure 7
Kinetin riboside requires adenosine kinase for activity. (A) Kinetin ribo-
side–induced suppression of CCND2 promoter activation in 3T3 cells 
is abolished by the adenosine kinase inhibitor A-134974 (2 μM). 3T3 
cells containing the CCND2 promoter–LUC reporter construct were 
preincubated with A-134974 (2 μM) for 1 hour and were then treated 
with kinetin riboside (10 μM) for 16 hours; CCND2 trans-activation 
and viability were determined by LUC and MTT assays, respectively. 
†Specific adenosine kinase inhibitor. (B) Immunoblot of H929 MM cells 
showing that kinetin riboside–induced (10 μM) cyclin D suppression 
and caspase-9 cleavage are diminished by A-134974 (2 μM).
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CCND1 (34–36) at a location identical to that in CCND2; however, 
an analogous CRE is not present in CCND3. Together, these obser-
vations demonstrate a mechanism by which kinetin riboside can 
specifically suppress cyclin D2 and D1, but not D3, blocking gene 
transcription induced by diverse direct or indirect cis- or trans-acti-
vating signals (Supplemental Figure 5).

A common misconception is that cyclin D gene expression is 
suppressed by default in cells subjected to cytotoxic stimuli. In 
fact, we find that in cells treated with conventional cytotoxics, 
CCND2 gene transcription continues at levels consistent with the 
cell-cycle stage at which cells arrest (R. Tiedemann, unpublished 
observations). Thus, cells pharmacologically induced to arrest 
in S-phase show low CCND2 transcriptional activity (consistent 
with normal S-phase), while cells treated with cytotoxics active in 

G2/M phase show persistently upregulated CCND2 transcription 
(consistent with the G2/M phase of actively dividing cells). This 
suggests that, at least for many conventional cytotoxics, cyclin D 
gene transcriptional activity is irrelevant to the mechanics of cell 
death. Importantly, kinetin riboside differs from conventional 
cytotoxics such as camptothecin that can be indirectly linked 
with low cyclin D expression as a result of first inducing S-phase 
arrest. Instead, kinetin riboside induces rapid suppression of 
cyclin D1 and D2 (<6 hours) and cells subsequently arrest in  
G0/G1 when cyclin D is required for cell-cycle progression. Reex-
pression of cyclin D1 or D2 from a kinetin riboside–unrespon-
sive heterologous promoter rescues cells from kinetin riboside–
induced proliferative arrest and, at least for KMS11 cells, from 
apoptosis. The same is unlikely to be true for many unrelated 

Figure 8
Kinetin riboside induces transcriptional repressors CREM and BACH2 and blocks cAMP- and PP2A-induced CCND2 promoter activation. (A) 
3T3 CCND2-LUC reporter cells were incubated with kinetin riboside or vehicle plus or minus forskolin, RO-20-1724, cantharidin, or A-134974, 
as specified (5 μM) for 16 hours; CCND2 trans-activation and viability were then assessed. Forskolin activates adenylate cyclase; RO-20-1724 
inhibits cAMP phosphodiesterase; both cause increased cAMP signaling, which is seen to activate the CCND2 promoter. Cantharidin inhibits 
PP2A and also stimulates CCND2 promoter transcription. As shown, kinetin riboside blocks CCND2 promoter trans-activation by cAMP or PP2A-
related phosphoproteins, initiated by forskolin, RO-20-1724, or cantharidin. Results represent 1 of 2 experiments and are shown as the mean 
of duplicate samples ± SEM. (B) H929 and U266 myeloma cells were treated with kinetin riboside (10 μM) for 4 hours and then processed for 
quantitative RT-PCR. Relative expression of genes determined by RT-PCR was normalized to H929 cells treated with vehicle alone and is plot-
ted as the mean of replicates; error bars show the range. Consistent with gene-expression profiling analysis, quantitative RTPCR confirms that 
kinetin riboside rapidly induces CREM and BACH2 transcriptional repressors in both H929 and U266; parallel early suppression of CCND1 is 
also shown. (C) A pCMV-SPORT6 vector expressing the induced CREM repressor cDNA or a control pCMV-SPORT6 vector was cotransfected 
with the CCND2-LUC reporter into KMS11 myeloma cells, and CCND2 promoter activity was determined by LUC assay at 30 hours. Expression 
of the CREM repressor caused suppression of CCND2 promoter activity.
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conventional cytotoxic agents that influence cyclin D protein 
levels only after first inducing cytotoxicity.

Treatment of myeloma cells with kinetin riboside not only 
induced suppression of cyclin D1 and D2 and G0/G1 phase arrest 
but in many HMCL and primary myeloma samples was associ-
ated with induction of apoptosis. The mechanism of apoptosis 
induction remains unclear but may in part be due to a need for 
continued cell division to maintain malignant cell viability. RNA 
interference experiments suggest that cyclin D1 ± D2 silencing and 
G0G1 arrest can eventually be lethal to myeloma cells. Importantly, 
cyclin D3 levels do not appear to be significantly affected by kine-
tin riboside treatment. Despite this, kinetin riboside induces G1 
arrest and blocks entry of myeloma cells into the cell cycle. While 
cyclin D3 is important in early B cell development, it is expressed 
at only low levels in plasma cells and B cells beyond the pre-B stage 
(37) and is dysregulated in only a minority of MM patients (3%) 
with 6p21 translocations (2). Basal expression of cyclin D3 in MM 
cells may simply be insufficient to sustain cell division after drug- 
or shRNA-induced suppression of oncogenetically dysregulated 
cyclin D1 or D2.

Kinetin riboside may exert cellular effects that promote apop-
tosis in addition to regulating cell-cycle entry. In plants, cytoki-
nins control many aspects of plant development (19, 20) and also 
induce apoptosis of plant tumor cells (38) as well as regulating 
cell division. Others have recently investigated the differentiating 
activities of plant cytokinins against human cancers (38–40) and 
have noted growth inhibition that may in part be accounted for by 
suppression of cyclin Ds. In addition, several cytokinins, includ-
ing kinetin riboside, have been shown to cause alterations in mito-
chondrial membrane potential as a prelude to apoptosis (40).

In addition to inducing transcriptional repressors of CRE, kine-
tin riboside caused prompt upregulation of the repressor BACH2 
in both H929 and U266 cells. BACH2 is a B cell–specific partner for 
small MAF family proteins and functions as a generic repressor of 
MAF response element (MARE) sites (27). Induction of BACH2 by 
kinetin riboside may partly explain the blockade of MAF-induced 

CCND2 trans-activation seen with this compound. In diffuse large 
cell lymphoma, where CCND2 overexpression by gene-expression 
profiling predicts poor prognosis, expression of BACH2 predicts 
good prognosis (41). Significantly, BACH2 negatively regulates the 
immunoglobulin 3′ enhancer (27, 28, 42, 43) and may therefore 
also inhibit expression of oncogenes dysregulated by translocations 
to this enhancer, including (in MM) CCND1, FGFR3, or MAF.

Notably, kinetin riboside can be isolated from coconut milk and 
is therefore present in the human food chain, albeit at low concen-
trations (0.2 nM) (44). The free base, kinetin, has been isolated in 
human urine at near similar concentrations (45). Moreover, kine-
tin is widely used in topical cosmetics (46–48) due to reports that it 
prevents morphological and nuclear changes associated with “cel-
lular aging.” Despite these encouraging coincidences, it remains to 
be determined whether this exciting cytotoxic agent or potential 
derivatives have a therapeutic window that will permit targeted 
treatment of patients with malignancies exhibiting dysregulation 
of cyclin D1 or D2 in the clinic.

Methods
Cell culture and cytokines. HMCL were grown in RPMI. Primary MM and bone 
marrow cells were maintained in Iscove’s modified Dulbecco’s medium.  
NIH3T3 and 293T were cultured in DMEM. Cultures were supplemented 
with 10% fetal bovine serum and 1 mM glutamate; primary cells were also 
supplemented with 10 ng/ml IL-6. Where indicated, HMCL were supple-
mented with IL-6, IGF-1, and BAFF (R&D Systems).

Primary CD138+ myeloma cell purification. Bone marrow from MM 
patients was obtained with Mayo Clinic institutional review board 
approval and in accordance with the Declaration of Helsinki. Bone mar-
row samples were treated by ACK lysis to remove red cells, and where 
required, primary MM cells were further purified by CD138+ immuno-
magnetic sorting as described (2).

Lentiviral vectors and shRNA-induced silencing of cyclin D1 and cyclin D2. TRC 
consortium lentiviral vectors directing the expression of CCND1-, CCND2- 
or NT-shRNA were obtained as sequence-verified bacterial stocks (Sigma-
Aldrich) and prepared by transfection of plasmid DNA in 293T cells as 

Figure 9
Kinetin riboside induces tumor growth arrest in MY5 and 8226 myeloma tumor xenografts. (A) Matched pairs of nude mice bearing MY5 tumors 
were treated i.p. with vehicle control (open squares) or with kinetin riboside (filled squares) at a dose density escalating from 100 mg/kg once 
daily to 85 mg/kg 5×/daily, administered 5 days per week, commencing after mean tumor volume reached 135 mm3. Mean tumor volumes ± SEM 
are shown from the time of xenograft initiation (n = 4/group). (B) Nude mice bearing 8226 tumors were treated with vehicle (open squares) or 
with kinetin riboside (filled squares) (n = 4/group) commencing at 85 mg/kg 4 times daily (i.p. and s.c.) when the mean tumor volume exceeded 
135 mm3. P value was calculated by paired t test.
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described (49, 50). Virus was harvested at 36 hours. Eight lentiviruses 
targeting CCND1 or CCND2 were screened to identify shRNA that opti-
mally suppressed cyclin D1 or D2; immunoblotting of H929 lysates 48 
hours after infection was used to gauge suppression of cyclin D relative to  
α-tubulin. Lentivirus clones that optimally suppressed cyclin D1 or D2 are 
listed in Supplemental Table 1 and were used for subsequent experiments. 
In functional studies, H929 cells were infected with equal quantities of 
lentivirus in the combinations specified. Cyclin D silencing was verified by 
immunoblot at 60 hours; the same cultures were examined for cell-cycle 
transit and for apoptosis as specified.

Genetic constructs for stimulating and assaying CCND2 trans-activation. MAF 
cDNA was subcloned into an internal ribosome entry site–enhanced GFP 
murine stem cell virus–based retroviral vector and introduced into NIH3T3 
cells by infection. Stable clones expressing GFP and MAF were selected by 
flow cytometry and immunoblotting. The human CCND2 promoter (–894 
to –4) (51) containing a MARE was cloned from HeLa DNA and inserted 
into pGL2basic LUC vector (Promega) immediately upstream of the LUC 
gene. This construct was cotransfected with pcDNA3-encoding neomy-
cin resistance into both 3T3 wild-type cells and 3T3 cells overexpressing 
MAF–internal ribosome entry site–GFP. Cells stably expressing MAF, GFP, 
and LUC were selected.

High throughput screen for inhibitors of CCND2 trans-activation. 3T3 CCND2-
LUC reporter cells were dispensed into 96-well plates (13,000/well) with 
a Biomek FX liquid handler (Beckman) and, following adherence, were 
treated with compounds from LOPAC (Sigma-Aldrich), Prestwick (Prest-
wick Chemical), or Spectrum (Microsource) libraries at final concentra-
tions of approximately 5 μM with <0.1% DMSO at 37°C for 16 hours. After 
incubation, CCND2 activation was assessed by LUC assay and viability was 
assessed by MTS assay.

Luc assay. Luc activity was assessed according to the substrate manufac-
turer’s instructions (Promega). In brief, culture media was removed with 
an EMBLA plate washer and Glo Lysis Buffer was added by robot. After 10 
minutes, an equal volume of Bright-Glo Luciferase substrate was added, 
and luminescence was detected with a Luminoskan plate reader (Thermo 
Labsystem) using 5-second integration.

MTS and MTT viability assays. For screening, cell viability was assessed by 
MTS assay (Promega). MTS reagent (20 μl/well) was added at 37°C and 
incubated for 4 hours, and absorbance at 490 nm was determined. For fol-
low-up studies, viability of HMCL was determined by MTT assay (Sigma-
Aldrich) following the manufacturer’s instructions.

Functional studies of kinetin riboside effects on the CCND2 promoter. CCND2 
suppression by kinetin riboside was examined by cotreatment of 3T3 
reporter cells with drugs (all purchased from Sigma-Aldrich) that influence 
CCND2 trans-activation or inhibit nucleoside phosphorylation. Reporter 
cells were incubated with kinetin riboside or vehicle, with or without for-
skolin, 4-(3-butoxy-4-methoxybenzyl)imidazolidin-2-1 (RO-20-1724), can-
tharidin, or A-134974, as specified, at 5 μM for 16 hours at 37°C; CCND2 
activity and viability were assessed as described above. Forskolin is a diter-
penoid that activates adenylate cyclase and increases cAMP. RO-20-1724 is 
an inhibitor of cAMP phosphodiesterase that also causes accumulation of 
cAMP. Cantharidin is an inhibitor of PP2A. A-134974 is a selective inhibi-
tor of adenosine kinase.

Immunoblotting. Cell lysate preparation, gel electrophoresis, and immu-
noblotting were performed using standard techniques (52). PVDF mem-
branes were probed with antibodies against cyclin D1 (DCS-6; Biosource), 
cyclin D2 (2924; Cell Signaling Technology), cyclin D3 (DCS-22; Bio-
Source), MAF (M-153; Santa Cruz Biotechnology Inc.), cleaved caspase-9 
(Asp315, 9505; Cell Signaling Technology), β-actin (4967; Cell Signaling 
Technology), and α-tubulin (B-7; Santa Cruz Biotechnology Inc.). Proteins 
were visualized by chemiluminescence (Pierce).

Annexin V flow cytometry. Cells were washed in cold PBS. For 2-color 
analyses, cells were resuspended in buffer containing annexin V–Alexa 
Fluor 488 (A13201; Invitrogen) and propidium iodide (BD Biosciences) or 
anti–CD138-PE (552026; BD Biosciences), as specified. For 3-color analy-
ses, cells were resuspended in buffer containing annexin V–Alexa Fluor 488 
(A13201; Invitrogen), anti-CD45-PECy7 (H130; BD Biosciences), and anti–
CD38-PE (555460; BD Biosciences). After 15 minutes, cells were diluted 
and analyzed immediately by FACScan (BD Biosciences).

Cell-cycle studies. Cells were resuspended in ice-cold PBS, and ethanol 
was added dropwise to 75%. Samples were incubated at –20°C for 1 
hour, washed with PBS, and resuspended in 100 μg/ml RNAse A. Prop-
idium iodide (20 μg) was added immediately prior to flow cytometry. 
Cellular aggregates were excluded using CellQuest Doublet Discrimi-
nator Module, and cell-cycle profile was assessed with ModFit LT for  
Mac 3.1 (Verity Software).

Generation of helper-dependent adenoviral vectors directing expression of CCND1 
and CCND2 from a heterologous CMV promoter. Helper-dependent adenoviral 
vectors expressing cyclin D1 or cyclin D2 from a heterologous CMV pro-
moter and enhanced GFP from a separate promoter were constructed from 
the previously described adenoviral precursor plasmid, pSC27B (53), which 
encodes GFP. We created a pSC11HCPA shuttle plasmid by introducing a 
human CMV multicloning site–BGH poly-A cassette between I-Sce I and 
I-Ceu I restriction sites of pSC11 (54), allowing a gene-of-interest expres-
sion cassette from pSC11HCPA to be transferred to the right inverted ter-
minal repeat region of pSC27B. Cyclin D1 and D2 were amplified by PCR 
(CCND1F: 5′-TCAGATCTATGGAACACCAGCTCCTGTG-3′; CCND1R: 
5′-ATAGATCTTCAGATGTCCACGTCCCGCA-3′; CCND2F: 5′-AGATC-
TATGGAGCTGCTGTGCCACGA-3′; CCND2R: 5′-AGATCTTCACAG-
GTCGATATCCCGCAC-3′), sequence verified, and cloned separately into 
pSC11HCPA under the control of a human CMV promoter. The expression 
cassettes were excised with I-Ceu I and I-Sce I and transferred to pSC27B to 
create pSC27B-CCND1 and pSC27B-CCND2, respectively. Helper-depen-
dent adenoviral particles were prepared by repeated cycles of amplification 
in 293Cre4 cells (kindly provided by Frank Graham, McMaster University, 
Hamilton, Ontario, Canada) with the adeno helper virus AdRP2050 (Robin 
Parks, Ottawa Health Research Institute, Ottawa, Ontario, Canada), which 
contains a modified capsid with sequence RGD in the H1 loop of the fiber. 
Virus particles were purified using a 1-hour step gradient and overnight 
continuous CsCl gradient and then quantified (54). Myeloma cells were 
infected with 200 particles per cell in 60-mm Petri plates with 2.5 × 106 cells 
in 5 ml of medium. The percentage of infected cells was assessed by FACS 
analysis of the coexpressed GFP marker.

Gene-expression profiling. H929 and U266 HMCL were treated with kinetin 
riboside (10 μM), an unrelated cytotoxic pristimerin (0.5 μM; 2 × IC50), 
or DMSO for 4 hours. RNA was isolated using Trizol, column purified 
(QIAGEN), and hybridized to Humn Genome U133 Plus 2.0 microarrays 
(Affymetrix) as previously described (2). Gene-expression intensity values 
were log transformed, normalized by chip and by cell line to DMSO-con-
trol–treated samples, and analyzed using GeneSpring 7 (Agilent Technolo-
gies). Genes were filtered by MAS5 detection calls to exclude nonexpressed 
probe sets with raw hybridization intensities of less than 20 and absent 
calls across all samples tested (treated and untreated).

CREM isoform transcript expression. Affymetrix probe sets targeting CREM gene 
expression were correlated with activator and repressor variant transcripts 
using Ensembl (55), Human ContigView v39 (www.ensembl.org/Homo_sapi-
ens), and NCBI plus Sanger Vega (56) mRNA transcript databases.

Quantitative real-time PCR. Gene-expression analyses were verified by 
real-time PCR using TaqMan gene-expression assays (Applied Biosys-
tems) on an ABI Prism 7700 (Applied Biosystems). Assays details are as 
follows: BACH2 (Hs00222364_m1); CREM — including NM_182717.1 and 
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NM_183013.1 repressor isoforms found to be increased by gene-expres-
sion analyses (Hs01582006_m1); CCND1 (Hs00277039_m1); and β-actin 
(human β-actin VIC-MGB assay kit). Expression levels were compared by 
ΔΔCT, where ΔΔCT = ΔCT – (calibrator ΔCT). In this equation, ΔCT = aver-
age CT – average CTβ-actin. Relative quantities were calculated as 2–ΔΔCT.

CCND2-LUC reporter activity in KMS11 cells. The cyclin D2 promoter reporter  
vector pGL2–CCND2-LUC (2 μg/well) and either a pCMV-SPORT6 con-
trol vector (8 μg/well) or an expression vector expressing inducible CREM 
repressor cDNA (8 μg/well, pCMV-SPORT6; Open Biosystems) were com-
bined with Lipofectamine 2000 in 500 μl serum-free media, incubated for 
20 minutes, and cotransfected into adherent KMS11 cells cultured in anti-
biotic-free medium in a 6-well plate. The CREM repressor vector was used 
in excess of reporter plasmid to ensure coexpression of the repressor in 
cells transfected with reporter plasmid. CCND2-LUC activity was assayed 
at 30 hours as described above.

In vivo xenograft studies. Female nude X-linked, immune-deficient mice 
purchased from NCI-Frederick were used for in vivo studies. Animals were 
approved for use in these experiments by the Mayo Clinic Institutional 
Animal Care and Use Committee. Eight-week-old mice were inoculated 
with MY5 or 8226 (2 × 107) MM cells s.c. in the right flank. Kinetin riboside 
(predissolved in DMSO at 500 mg/ml and stored at –20°C) was formulated  
daily by dropwise dissolution to 3.7 mg/ml in prewarmed (37°C) 0.9% 
saline, 1% β2-hydroxypropylcyclodextrin (Sigma-Aldrich) solution and was 

administered between 1 and 5 times daily at 85 mg/kg/dose. The first daily 
dose was given i.p., and remaining doses were given s.c. with increasing 
dosing intervals (30, 60, 120, and 180 minutes). Tumor volumes were mea-
sured using vernier calipers and calculated with the formula L×W×H×2/3. 
P values were calculated by paired t test (JMP 6.0; SAS).
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