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Abstract

Purpose—We hypothesized that in multiple myeloma cells (MMC), high membrane biosynthesis 

will induce acetate uptake in vitro and in vivo. Here, we studied acetate metabolism and targeting 

in MMC in vitro and tested the efficacy of 11C-acetate-PET (positron emission tomography) to 

detect and quantitatively image myeloma treatment response in vivo.

Experimental design—Acetate fate tracking using 13C-edited-1H NMR (nuclear magnetic 

resonance) was performed to study in vitro acetate uptake and metabolism in MMC. Effects of 

pharmacological modulation of acetate transport or acetate incorporation into lipids on MMC cell 

survival and viability were assessed. Preclinical mouse MM models of subcutaneous and bone 

tumors were evaluated using 11C-acetate-PET/CT imaging and tissue biodistribution.

Results—In vitro, NMR showed significant uptake of acetate by MMC, and acetate 

incorporation into intracellular metabolites and membrane lipids. Inhibition of lipid synthesis and 

acetate transport was toxic to MMC, while sparing resident bone cells or normal B cells. In 
vivo, 11C-acetate uptake by PET imaging was significantly enhanced in subcutaneous and bone 

MMC tumors compared to unaffected bone or muscle tissue. Likewise, 11C-acetate uptake was 

significantly reduced in MM tumors after treatment.

Conclusions—Uptake of acetate from the extracellular environment was enhanced in MMC and 

was critical to cellular viability. 11C-acetate-PET detected the presence of myeloma cells in vivo, 

including uptake in intramedullary bone disease. 11C-acetate-PET also detected response to 
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therapy in vivo. Our data suggested that acetate metabolism and incorporation into lipids was 

crucial to MM cell biology and that 11C-acetate-PET is a promising imaging modality for MM.

Introduction

Multiple myeloma (MM) is an age-related malignancy of bone marrow (BM) plasma cells 

(PC), characterized by the secretion of monoclonal immunoglobulins (Ig) and end-organ 

damage. MM progression causes profound alterations in bone homeostasis (1), both hyper-

activating osteoclast and inhibiting osteoblast activity, and leads to the development of 

severe multifocal bone disease, associated with high risk of skeletal-related events (SREs) 

(2–5). Prevention and treatment of complications, effective use of available therapeutics, and 

the development of new treatments require imaging techniques to efficiently report on tumor 

localization, extent, and activity of MM lesions after treatment. However, MM bone lesions 

are not detected by 99mTc-MDP bone scans due to inhibition of osteoblast activity and 

apposition of new matrix (5). Skeletal surveys using plain film radiographs of the whole 

skeleton and CT scans of selected regions and bones are the standard of care. The best 

currently available positron emission tomography (PET) tracer to image MM tumor 

metabolic activity and growth is 18F-FDG (fluorodeoxyglucose). In extramedullary 

lesions 18F-FDG is highly sensitive (96%); however, in intramedullary lesions the sensitivity 

has been reported to be lower (45.3–76.9, average 61%) (6), possibly because of low glucose 

uptake in some patients and high uptake by bone resident hematopoietic (7) and osteogenic 

cells (8).

Preclinical whole body metabolic imaging is a powerful technique to obtain spatiotemporal 

information on disease evolution, and is a reproducible and translational platform to conduct 

comparable studies across different models (2, 9). A desirable metabolic tracer for MM 

should be effective across multiple models, being able to target MM cells (MMC), and 

differentiate them from the surrounding microenvironment. Bone resident cells mainly rely 

on glucose as a key metabolic substrate (7, 8). MMC have also been shown to depend on 

glucose transporters (10); however, we speculated they may also have increased uptake of 

other substrates to sustain their intense Ig production and replication. In particular, MMC are 

characterized by a prominent endoplasmic reticulum (ER), the maintenance and replication 

of which requires the synthesis of significant amounts of membrane lipids, and 

overexpression of Fatty Acid Synthase (FASN), an ER-resident multi-enzymatic complex 

that synthesizes long-chain fatty acids from Acetyl-CoA (11, 12). Cells can derive Acetyl-

CoA from multiple sources, including the glycolytic end-product pyruvate, and the 

catabolism of amino-acids and lipids. Some cell types, including astrocytes and hepatocytes 

(13, 14), can also obtain Acetyl-CoA from the uptake of extracellular monocarboxylic acids 

such as acetate, a process that cancer cells can exploit to sustain their enhanced metabolic 

requirements (15). Walters et. al. recently showed that MMC collected from patients and 

established cell lines overexpress monocarboxylate transporters (16), including MCT1, 

which has been shown to mediate acetate uptake (13, 14).

In this study, we set out to investigate acetate metabolism in MMC, and provide proof-of-

principle for its use in metabolic imaging. Our central hypothesis is that MMC would use 

acetate as a versatile carbon source to sustain their intensive biosynthetic activity, 
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particularly directing it to de novo synthesis of membrane lipids. We, therefore, postulate 

that acetate uptake would be enhanced in the presence of MMC, and could be exploited to 

detect and target tumor burden. In the present work, we evaluated acetate uptake in vitro in 

MMC, and in vivo in palpable MM cell tumors as well as orthotopic isografts. We tested the 

sensitivity of 11C-acetate-PET in small animals for detecting engrafted or spontaneous MM, 

and the efficiency of re-imaging to detect treatment response. We also investigated how 

myeloma cells utilize acetate uptake to fuel the biosynthesis of cellular components, and can 

be sensitive to pharmacological manipulation of its metabolism. Taken together, our data 

show that MMC rely on acetate metabolism, which can be utilized to effectively detect their 

presence and monitor the response to treatment in vivo.

Materials and methods

Cell culture

5TGM1-GFP murine myeloma cell line (5TGM1) was obtained from Dr. G. Mundy 

(Vanderbilt University, Nashville, TN, USA), and cultured as described previously (17). 

U266 and OPM2 human myeloma, and ST2 and MC3T mouse stromal cell lines were 

obtained from ATCC and cultured as recommended by manufacturer.

Animal models

C57Bl/KaLwRij mice (17, 18) were a kind gift from Dr. G Mundy, and bred in-house under 

specific pathogen-free conditions. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG) were 

purchased from Jackson Laboratories. The Washington University School of Medicine 

Animal Ethics Committee approved all experiments. For multifocal tumor engraftment, 2–4 

month-old male C57Bl/KaLwRij mice were injected with 1 × 106 syngeneic 5TGM1-GFP 

cells intravenously, which yielded to splenomegaly and significant bone destruction within a 

month (19). In tumor bearing mice, monoclonal gamma-globulin peak was quantified in the 

serum protein electrophoresis (SPEP) with a semi-automated analysis software (clinically 

certified Helena QuickScan 2000 workstation) as previously described (20). Serum from 

5TGM1-injected NSG mice (that have no endogenous B-cells) was used as a control for the 

molecular weight of the band corresponding to the clonal tumor-produced Ig, which will be 

herein referred to as M-protein. Subcutaneous murine plasma cell tumors (PCT) were 

established by injecting 1×106 5TGM1 in standard matrigel (BD) in the flanks of syngeneic 

KaLwRij or NSG mice. Xenografts were established by injecting 3.5×107 OPM2 or U266 

cells in matrigel (BD) supplemented with human IL6 (50 ng/ml, Miltenyi Biotec) in the 

flank of NSG mice. Bortezomib (1mg/kg) was administered by intravenous injections 5 and 

1 days before imaging or biodistribution (d1/d4 protocol, as previously described (21)); 

melphalan was given weekly at 8mg/kg by intraperitoneal injections.

Optical Imaging

Imaging of GFP-expressing 5TGM1 tumors in mice was performed with the Multispectral 

FX Pro with planar X-ray (Bruker Biosystems, New Haven, CT). Mice were anesthetized 

with isoflurane (2% in 100% O2, v/v) and placed supine on the imaging tray. Brightfield, 

fluorescence and X-ray images were acquired sequentially without repositioning subjects 

with 120 mm field of view. GFP fluorescence was detected using 480 nm excitation and 535 
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nm emission filters with 5 s acquisition time, F-stop 2.4, and 2×2 binning. Fluorescence 

images were overlaid on brightfield images and ROI analysis performed using NIH ImageJ 

image processing software.

Small-animal PET imaging

Mice were injected with 11C-acetate (~11 MBq) by tail vein prior to performing 0–60 min 

dynamic PET scans. Small animal PET images were acquired with microPET Focus 220 

scanner (Concorde Microsystems Inc., Knoxville, TN), or with Inveon microPET/CT 

scanner (Siemens Medical Solutions, Washington D.C.), while the CT images were acquired 

with the Inveon. Both scanners are cross-calibrated per established standard operating 

procedure. Inveon Research Workstation (IRW) software (Siemens) was used for image 

analysis. Regions of interest (ROI) were selected from maximum intensity projection (MIP) 

PET images using CT anatomical guidelines and the activity associated with ROIs were 

derived from the IRW. For comparative 11C-acetate/18F-FDG PET studies, mice were 

anesthetized under 1% isoflurane and placed prone on the imaging platform of the Focus 

220 or Inveon. 11C-acetate was administered as a bolus dose of ~11 MBq/mouse via a tail 

vein catheter and dynamic whole body images were captured over 30 minutes post injection 

of the contrast. 18F-FDG imaging was performed ~4 h after 11C-acetate imaging. Mice were 

anesthetized again under isoflurane and placed prone in the Inveon microPET/CT. 18F-FDG 

was administered as a bolus dose of 9 MBq/mouse by tail vein catheter and dynamic 

PET/CT whole body images were collected over 60 minutes. Maximum standard uptake 

values (SUVs) were calculated using the equation: SUV=([nCi/mL]x[animal weight (g)]/

[injected dose (nCi)]). Corresponding time activity curves (TACs) were plotted and analyzed 

with IRW.

Animal bio-distribution

For bio-distribution studies, animals were sacrificed 1 h after 11C-acetate (~11 MBq) 

injection. Organs of interest were harvested, weighted and counted in the gamma counter. 

The percentage injected dose per gram of tissue (%ID/g) was determined by decay 

correction of the radiopharmaceutical for each sample normalized to a standard of known 

weight, which was representative of the injected dose. In order to compare different 

experiments, each sample’s %ID/g was divided by the %ID/g of blood from the same 

animal.

Flow Cytometry

Viable cells were obtained from mechanically dissociated spleens, collagenase-digested 

tumors or bone marrow flush, washed in FACS buffer, stained, and immediately analyzed 

with FACS Calibur (BD) or Canto (BD). Flow cytometry data were analyzed with FlowJo. 

For GFP+ tumor graft viability, 7-aminoactinomycin D (7AAD) or Propidium Iodide (PI) 

negative/GFP-positive population was considered as viable tumor cells and used for 

statistical analysis. In order to characterize the development of spontaneous MM, spleens 

and BM were stained with anti-CD138-APC antibodies (BD).
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Sample Preparation for NMR Measurement

For studies on extracellular media, 5TGM1, OPM2 and U266 cells were incubated in the 

presence of 0.005–0.01 M 13C-acetate in standard growth media at a concentration of 106 

cells/mL (−/+0.35). At the indicated time-points supernatants and cell pellets were snap-

frozen, and analyzed by NMR as described in supplementary methods. Briefly, cell growth 

media was lyophilized, re-suspended into D2O with 1 mM t-butanol as an internal standard, 

adjusted to a pH of 7.0 and then loaded into 5 mm tubes for NMR analysis. Intracellular 

metabolites were obtained with organic solvent extraction (methanol/water and chloroform) 

as previously described (22, 23). Metabolites from the aqueous layer were re-suspended into 

D2O with 1 mM t-butanol and charged into a susceptibility-matched Shigemi tube. 

Metabolites from the chloroform fraction (membrane extraction) were re-suspended in 0.6 

mL deuterated chloroform. NMR measurements with Car-Purcell-Meiboom-Gill (CPMG) 

and gradient Heteronuclear Single Quantum Coherence (gHSQC) methods were carried out 

at RT using a DD-II 11.75 tesla spectrometer (Agilent/Varian). Free Induction Decay (FID) 

values were multiplied by a gaussian adapodization function with a 0.1 s time constant. For 

the 1H-13C gHSQC 2D experiment measurement on lipid layer from cell extractions, 

spectral width was 8012 Hz for 1H and 31250 Hz for 13C, and the FID was manipulated via 
an apodization function consisting of a negative exponential and 0.05 Hz Gaussian function. 

Spectra were processed with VnmrJ 4.2A software with Agilent CRAFT (Complete 

Reduction to Amplitude-Frequency Table) to calculate the relative amplitude of substrates or 

metabolites (see supplementary methods).

In vitro assays

For in vitro cytotoxicity assays, orlistat (Cayman) and α-cyano-4-hydroxycinnamic acid 

(CHC, Sigma) or vehicles (ethanol and dimethyl sulfoxide, DMSO, respectively) were 

added to cell cultures, and cell death was measured by flow cytometry after PI staining, or 

with AnnexinV-PE and 7-AAD apoptosis detection kit (BD). Spleen cells were obtained 

from mechanical dissociation of adult C57BL/6 mice spleens, cultured in RPMI1640 10% 

FBS, β-mercaptoethanol 50 mM, sodium pyruvate (1mM), glutamine (2mM) (Sigma), in the 

presence or absence of CHC (1–5mM) and/or Orlistat (50–200μM). CD45 positive selection 

was performed with magnetic beads (Milteni). Cell viability was analyzed by trypan blue, B 

cell viability was assessed by FACS upon staining with 7AAD, CD19-PE (BD) and CD45-

APC (BD). Bone marrow monocytes (BMM) and stromal cells (BMSC) were obtained by 

flushing long bones of adult C57BL/6 mice, and cultured as previously described (24, 25). 

To generate osteoclasts, BMM cultures were stimulated with 50 ng/mL M-CSF, and 30 

ng/mL RANKL for 6 days, then stained for TRAP using the leukocyte acid phosphatase kit 

(Sigma) (24, 25). BMSC or the BMSC cell line ST2 were induced to differentiate into 

adipocytes and stained with Oil-Red-O as previously described (25). Formation of 

mineralized matrix upon osteogenic differentiation was assessed by Alizarin Red staining 

(25). In all differentiation assays, orlistat at the indicated concentrations was administered 

starting on the first day of differentiation and re-supplemented with every media change 

(every 2–3 days for 2–3 weeks).
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Statistical Analysis

Statistical analyses were performed using Prism5 (GraphPad). Group comparison 

experiments were analyzed using student t test or analysis of variance (ANOVA). Bar graphs 

represent means and errors bars represent standard deviations (SD). Correlation analyses 

were performed using Pearson’s correlation (r) for normally distributed datasets, and 

Spearman’s rank correlation (rs) when a Gaussian approximation of the distribution could 

not be expected (biodistribution or treatment experiments). Results were considered to reach 

significance at p ≤ 0.05.

Results

Metabolite fate tracking by NMR shows metabolism of extracellular acetate by myeloma 
cells

In order to evaluate uptake of acetate and its metabolism by MMC we performed 1H-NMR 

and 13C-edited 1H NMR experiments. Three MM cell lines (5TGM1, OPM2 and U266) 

were incubated with 13C-labeled acetate, and 1H-NMR CPMG experiments were performed 

on the spent media and cellular extracts. 1H-NMR analysis at different time-points (Fig. 1A–

C) showed a time-dependent decrease of acetate in the extracellular media, evident after a 

few hours of incubation (Fig. 1A). As expected, glucose was decreased as well (Fig. 1B), 

while extracellular lactate increased over time, consistently with active production by MMC 

(Fig. 1C). Analysis of spent media by 1H-NMR after incubation with acetate of different 

concentrations of cells for 5h also showed that extracellular acetate and glucose decreased 

with increasing cell concentration, while extracellular lactate increased (Supplementary Fig. 

1 A–C). These experiments demonstrated direct uptake of extracellular acetate by MM cells.

In order to analyze the cellular metabolism by MMC and the fate of extracellular acetate, we 

incubated over time 5TGM1, OPM2 and U266 cells with 13C-acetate, obtained aqueous 

extracts from lyophilized cell pellets, and analyzed by HSQC NMR using t-butanol as an 

internal standard (peak #1 in Fig. 1D). 13C-labeled acetate peaks were identified by both 

CPMG and HSQC at 1.91 ppm (peak #2 Fig. 1D) in MMC extracts consistent with cellular 

acetate uptake (26). Importantly, we found evidence of intracellular acetate metabolism 

through 13C-labeling of a number of other compounds, mostly in peaks consistent with -

CH2- in groups at chemical shifts of 2.07 ppm (peak #3, 3-glutamate) (26), 2.35–2.37 ppm 

(peak #4, 4-glutamate)(26), and 2.53 ppm (glutathione, GSH) (27) (assignments listed in 

Fig. 1D). A peak at 3.21–3.23 ppm, suggestive of a trimethyl group, was identified as 

phosphocholine by spiking authentic standard into cell extracts and performing 2D-NMR 

(not shown). This peak was evident in all MM cellular extracts in 13C-gHSQC spectra (peak 

#7 Fig. 1D), though it might be due to the high abundance of phosphocholine, as reflected in 

its high representation from 1H-CPMG measurements (see Fig. 1D). Specific enrichment for 

labeled 13C from acetate was directly demonstrable by comparing calibrated glutamate 

integrals in gHSQC and CPMG, and verifying a significant increase over time in U266 and 

OPM2 cells (p<0.01, Supplementary Fig. 1E). Together these data demonstrated that MMC 

readily uptake and metabolize extracellular acetate.
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In order to assess the contribution of acetate toward the biosynthesis of lipid rich cellular 

membranes, MM cell lines were incubated with 13C-acetate for 70h, allowing for long-term 

anabolic processes to occur. 2D NMR analysis of water-insoluble intracellular membrane 

extracts showed that all cell lines had substantial incorporation of 13C-labeled carbons. 

Consistent with what we observed in the water-soluble cytosolic extracts, OPM2 and U266 

had high levels of labeled 13C in the water insoluble fraction of intracellular metabolites at 

frequencies corresponding to hydoxybutyrate (Peak #3, Fig. 1E), to a trymethylaminic group 

compatible with phosphocholine (Peak #4 at 3.21ppm, 1H Fig. 1E), and -CH- groups 

compatible with the C in position 2 of the glycerol backbone of phospholipids. Notably, all 

three MMC lines showed a robust signal for 13C incorporation into -CH2- groups and -CH3 

(25–40 ppm 13C, 1.32–1.35 ppm 1H), suggesting that a relevant fraction of internalized 

acetate contributed to the synthesis of fatty acid chains (-C-(CH2)n-CH3) (Fig. 1E and 

Supplementary Fig. 1F)(28). These data show that myeloma cell lines utilize extracellular 

acetate in the synthesis of fatty acid chains and phospholipids, which are key steps in de 
novo biosynthesis of membrane lipids (see working model Fig. 2A).

Pharmacological inhibition of acetate metabolism decreases viability of MM cells

We found that MMC take up acetate from extracellular environment and utilize acetate in 

anabolic pathways including the synthesis of membrane lipids. We next evaluated whether 

inhibition of acetate transport and metabolism impacted MMC viability (Fig. 2A). It has 

been demonstrated that MMC express the monocarboxylate transporter MCT1 (16) (Fig. 

2A). To inhibit extracellular import of acetate, we used the MCT1 inhibitor α-cyano-4-

hydroxycinnamic acid (CHC), at doses (0.5–5mM) that have been reported to inhibit MCT1 

transport activity in vitro (14). By vital staining, we found that CHC induced dose-

dependent cell death in MMC (Fig. 2B). We also found that the same low-millimolar dosage 

blunted 13C-acetate uptake from the extracellular media as well as its incorporation in 

intracellular metabolites using 13C-edited 1H-NMR (8h, 2.5 mM) (Supplementary Fig. 2A).

Having found that MMC were sensitive to inhibition of acetate transport using a MCT1 

inhibitor (CHC), we next evaluated effects of blocking acetate incorporation into membrane 

long-chain fatty acids (-13CH2- and 13CH3) (precursors to membrane biogenesis (11, 27)), 

by using the FASN inhibitor orlistat (Fig. 2A and 2C). MMC underwent dose- (Fig. 2C, 

Supplementary Fig. 2B) and time-dependent cell death (Supplementary Fig. 2C) after 

orlistat administration. However, orlistat had little effect on viability of non-malignant 

splenocytes (Fig. 2D). To further assess specificity for MMC, we isolated primary bone 

marrow cells and performed osteoblast, osteoclast and adipocyte differentiation assays. As 

expected, orlistat (20–100 μM) prevented adipogenic differentiation of primary murine bone 

marrow stromal cells (BMSC) (Supplementary Fig. 2D) and adipogenenic differentiation of 

bone marrow stromal cell line ST2 (Fig. 2E). However, Oil-Red-O negative-viable cells 

were still present after long-term treatment (Fig. 2E), suggesting that loss of in vitro 
adipogenesis was due to a block of differentiation rather than death of precursors. Orlistat 

failed to induce apoptosis in bone marrow stromal cell lines (ST2 and MCT3) or in primary 

murine BMSC (Supplementary Fig. 2E). Likewise, orlistat had little effect on osteoclast 

differentiation of bone marrow monocytes, stimulated with M-CSF and RANKL (Fig. 2F). 

Finally, orlistat did not inhibit osteoblast differentiation even after long-term exposure (20 

Fontana et al. Page 7

Clin Cancer Res. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



days, 20–50 μM orlistat) (Fig 2G). Thus, blockade of FASN with orlistat significantly 

decreased MM cell viability and inhibited adipogenesis, but had little effect on the viability 

and differentiation of BMSC, osteoblasts, and osteoclasts.

We next tested whether combined inhibition of acetate uptake (CHC) and acetate 

metabolism (orlistat) would enhance anti-MM activity. We treated 5TGM1 or non-tumor 

CD45+ splenocytes with orlistat, alone or in combination with CHC (2mM), and assessed 

viability (Fig. 2D). In 5TGM1 MMC there was a significant decrease in viability upon 

treatment with orlistat (p<0.01) that was enhanced by CHC (interaction p<0.05 by two-way 

ANOVA). Non-tumor splenocytes, by contrast, showed no significant decrease of viability 

with any of the treatments (Fig. 2D). Specific effects on normal B cells were further tested 

by treating splenocyte cultures for 48h, then staining for B cell markers. Flow cytometry 

showed no significant difference in the percentage of CD45+/CD19+/7AAD− cells in 

cultures treated with CHC and/or orlistat relative to vehicle (Fig. 2H). Human MMC lines 

U266 and OPM2, as well as murine 5TGM1 cells, underwent increased cell death upon 

combined treatment with orlistat (24–48h 20 or 50 μM) and CHC (500 μM to 5 mM) (Fig. 2I 

and Supplementary Fig. 2F–H). Importantly, the same doses of CHC and orlistat failed to 

induce relevant cell death in mouse primary BMSC (Fig. 2I). Together, these data suggest 

that anabolic metabolism of acetate plays a significant role in MMC biology, and support the 

hypothesis that acetate uptake may be robustly enhanced in the presence of MMC.

MM plasma cell tumors (PCT) have avidity for 11C-acetate in vivo

In order to assess acetate uptake in vivo, we established 5TGM1 subcutaneous plasma cell 

tumors (PCT) in syngeneic immunocompetent KaLwRij mice, injected 11C-acetate 

intravenously (i.v.) in tumor-bearing or control mice, and performed a tissue bio-distribution 

assay one hour after injection. Briefly, we used %ID (injected dose)/g from un-metabolized 

radiolabeled acetate, as well as byproducts such as CO2, in the circulating blood as 

normalization factor, and compared tumor uptake to muscle (a skeletal tissue non affected by 

tumor infiltration), in tumor-bearing as well as control mice. We found that muscle samples 

had equal acetate uptake in tumor- and non-tumor bearing mice (average fold increase 

relative to circulating blood of 1.8 vs. 1.6, SD 0.5 vs. 0.3), while 5TGM1 PCT had 

enhanced 11C-acetate uptake (3.3, SD 0.5, p<0.01) (Fig. 3A). As expected, normalized total 

tissue uptake correlated with tumor weight (p<0.01, r=0.84). As tumors consist of mixed cell 

populations and can have large necrotic and/or hemorrhagic areas, we measured the 

percentage of viable MMC in each tumor and compared them with the radiotracer uptake. 

Post biodistribution, tumors were collagenase-digested, stained for dead cells with 7AAD, 

and analyzed by flow cytometry. Importantly, we found that the percentage of GFP+ 7AAD

− viable tumor cells directly correlated with weight-normalized 11C-acetate uptake in the 

tumor tissue (p<0.01, r=0.8, Fig. 3B). This suggested that enhanced uptake was directly 

related to the presence of viable tumor cells in the tissue.

We then imaged 5TGM1 tumors using GFP imaging and 11C-acetate-PET imaging. We 

found that MM tumors were readily detected by both GFP and 11C-acetate-PET imaging 

(Fig. 3C, Supplementary Fig. 3A). As expected, there was uptake of 11C-acetate in non-

tumor abdominal organs, consistent with the role of acetate metabolism in the liver (29), the 
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gut microbiota (30), and spleen (29). However, time-activity curves showed avid uptake 

of 11C-acetate in the PCT, which was significantly higher compared to the surrounding 

uninvolved muscle tissue (Fig. 3C–D). 5TGM1 MMC have been reported to have high 18F-

FDG-PET uptake in vivo (31). Accordingly, our in vitro metabolite fate tracking 

demonstrated that 5TGM1 cells take up both glucose and acetate (Fig. 1 and Supplementary 

Fig. 1). We therefore evaluated 11C-acetate-PET and 18F-FDG-PET imaging in the same 

tumor bearing mice. We performed 18F-FDG-PET imaging three hours after imaging 

with 11C-acetate-PET of 5TGM1 bearing mice (Fig. 3E=, supplementary Fig. 3B). We then 

measured the areas of increased uptake with each modality, and found a very strong 

correlation in the tumor areas measured with 11C-acetate and 18F-FDG (r=0.98 p<0.01) (Fig. 

3F), suggesting that both modalities imaged MMC in vivo.

We next evaluated in vivo 11C-acetate uptake by a second MMC line, human U266, using 

PET-CT and tissue biodistribution. 11C-acetate small animal PET-CT (Fig. 3G) and 11C-

acetate biodistribution (Fig. 3H) showed enhanced 11C-acetate uptake in human myeloma 

U266 tumors relative to the surrounding tissues. Inoculation of another human myeloma cell 

line, OPM2, also showed higher 11C-acetate uptake compared to muscle by bio-distribution 

assay (Supplementary Fig. 3C). Thus, human and mouse MMC exhibit enhanced 11C-

acetate uptake relative to surrounding tissues.

11C-acetate uptake in vivo is increased in tumor bearing bones

5TGM1 cells induce anemia, detectable serum IgG2bk M-protein (measured by ELISA (19, 

21, 32) or SPEP(32–34)), renal failure (as seen in human MM), and bone lesions, when 

inoculated i.v. in KaLwRij mice (9, 18, 19, 24, 35). After injecting 5TGM1 i.v., GFP+ cells 

were found to localize to the bones by ex-vivo optical imaging (Supplementary Fig. 3D), 

and tumor burden was quantified by ex vivo bone marrow flow cytometry. While very few 

GFP positive cells were found in the bone marrow of subcutaneously inoculated mice, high 

numbers were detectable in i.v. injected KaLwRij (p<0.01) (Supplementary Fig. 3E–F). 11C-

acetate-PET showed enhanced uptake in the tumor bearing bones of 5TGM1 mice. Semi-

quantitative standard uptake values (SUV) and time-activity curves revealed rapid and 

significantly increased uptake in 5TGM1 tumor-bearing bones compared to non-tumor 

bearing KaLwRij mice (p=0.05, Fig. 4 A–B). Tissue biodistribution demonstrated 

significantly higher 11C-acetate uptake in tumor bearing bones, as compared to muscle, or to 

the bones of mice bearing extra-skeletal 5TGM1 tumors (p<0.01, Supplementary Fig. 3F).

KaLwRij mice upon aging can develop MGUS (monoclonal gammopathy of undetermined 

significance), with a time-dependent risk of progression that strongly resembles human 

myeloma (1% per year). 11C-acetate-PET imaging was performed on an aged KaLwRij 

mouse (1 year old) that had developed detectable monoclonal component by SPEP, and on 

an age-matched KaLwRij mouse that had no detectable monoclonal gammopathy. PET 

images showed areas of increased 11C-acetate uptake throughout the skeleton of the M-

protein positive mouse (Fig. 4 C–D). Importantly, staining for plasma cell marker CD138 

and flow cytometric analysis of bone marrow revealed 20% of CD138pos plasma cells (vs. 

2% and 3% respectively in an age-matched KaLwRij and C57Bl/6 – black 6) consistent with 

the pathological criteria for MM diagnosis in humans. Staining of spleen cells also showed 
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68% CD138pos cells (vs. 4% and 15% of controls), further suggesting active plasma cell 

dyscrasia (Fig. 4E). These data show that 11C-acetate-PET imaging can detect skeletal tumor 

burden in a mouse with spontaneous MM.

11C-acetate uptake decreases consistently with MM cell death shortly after treatment

A significant therapeutic goal for metabolic imaging in cancer is to rapidly detect response 

to treatment. We therefore treated 5TGM1-inoculated KaLwRij mice with clinically 

available anti-myeloma agents, and evaluated acetate uptake in vivo before we would expect 

changes with standard assessments of tumor burden. We established subcutaneous 5TGM1 

tumors and treated mice with the proteasome inhibitor bortezomib (i.v. on day 1 and 4), and, 

after only 5 days of therapy, evaluated the response to treatment by 11C-acetate uptake. 

Tissue biodistribution post 11C-acetate injection was performed one day after the second 

injection of bortezomib (day 5), followed by analysis of tumor weight and MM cell viability 

from excised tumors by flow cytometry. As expected, after only 5 days of therapy, there was 

no change in the size of tumors as quantitated by bi-directional caliper measurements and 

tumor weights between vehicle and bortezomib treated mice (data not shown). However, we 

did detect decreases in 11C-acetate uptake from the bortezomib-treated tumors compared to 

the vehicle-treated tumors (p<0.05, Fig. 5A). Ex vivo, flow cytometry of the tumor tissue 

showed a higher percentage of dead cells (Supplementary Fig. 4A), and a lower percentage 

of viable GFP+ tumor cells (Fig. 5B p<0.01) in the bortezomib treated animals, consistent 

with a response to treatment. We found a direct correlation between 11C-acetate uptake and 

the percentage of viable cancer cells in the subcutaneous PCT (rs=0.7, p=0.02, 

Supplementary Fig. 4B).

We next evaluated if 11C-acetate-PET would show differences in tumor uptake in mice 

treated with a different class of anti-myeloma therapy and at later time points. We imaged 

mice with 5TGM1 subcutaneous PCT after treatment with an alkylating agent, melphalan. 

After 2 weeks of melphalan therapy, 11C-acetate-PET showed significantly decreased 

SUVmax (p<0.05) and tumor ROI area (p<0.01) in melphalan versus vehicle-treated controls 

(Fig. 5C). Accordingly, tumor weight was lower in melphalan- relative to vehicle-treated 

mice (average 0.5 vs. 1.2g, p<0.01), and flow cytometry of mechanically and enzymatically 

dissociated tumors showed higher cell death and lower tumor cell viability (p<0.05 Fig. 5D).

Finally, we evaluated serial 11C-acetate-PET to detect early treatment response to 5 days of 

bortezomib in bone-residing MM tumors. At three weeks, a clear monoclonal component 

was evident as a distinct band in the γ-globulin region by SPEP; baseline 11C-acetate-PET 

was performed, and demonstrated high uptake in the tibiae (Fig. 5 E–F). Mice where then 

dosed with bortezomib i.v. on day 1/day 4, and re-imaged with 11C-acetate-PET 1 day after 

the second dose (day 5, Fig. 5 E–F). 11C-acetate-PET showed a significant reduction in the 

tibia SUV relative to baseline scans (p<0.01, Fig. 5F). Quantitation of SPEP measurements 

showed significantly lower Ig than in vehicle-treated controls (supplementary Fig. 4F 

p=0.03). The circulating IgG2b half-life in a mouse is 4–6 days(36); accordingly, after only 

5 days of therapy, the M-protein band was still detectable on the SPEP blot in treated 

animals (Fig. 5G). However, bortezomib vs. vehicle-treated animals had fewer viable GFP+ 

tumor cells in the bone marrow (98% reduction, Supplementary Fig. 4E p<0.01). Together, 
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these data showed that a decrease in 11C-acetate uptake by PET correlated with decreased 

tumor cell viability, suggesting that 11C-acetate PET can detect treatment responses in 

models of soft tissue and bone MM.

Discussion

MM is a plasma cell malignancy associated with anemia, renal failure, and extensive bone 

destruction. Diagnosis and evaluation of treatment response in MM rely on a number of 

specific and reliable serum biomarkers, including M-component by serum or urine 

electrophoresis (SPEP or UPEP), free light chain (sFLC), β2-microglobulin (3), and more 

novel analytes, such as serum B-cell maturation antigen (37). As 70–90% of MM patients 

develop osteolytic lesions (38) and are at high risk of SREs (4, 5), imaging techniques are 

also required to provide spatial information on bone disease, which complement systemic 

biomarkers in diagnostics and aid in the management of SREs. In particular, metabolic 

imaging facilitates the identification and monitoring of skeletal sites of tumor activity. 

Metabolic imaging can differentiate metabolically active tumor lesions from large osteolytic 

areas where tumor cells may have been cleared by therapy but bone regeneration has not yet 

occurred as seen by standard radiographic imaging. Functional PET imaging of MM tumor-

metabolism using 18F-FDG has been widely used in the clinic for staging, treatment 

planning, and monitoring of response (39, 40). Despite the impressive results of 18F-FDG on 

prognosis and treatment response, studies have suggested that other metabolic tracers are 

needed to complement 18F-FDG (38). While MMC show a variable degree of GLUT-1 

expression (10), the dependence on glucose metabolism by other cell types in the bone 

microenvironment (7, 8) may confound imaging by 18FDG-PET (6, 41).

11C-acetate PET was recently shown to have a high sensitivity of detection of bone lesions 

in patients with MM and prostate cancer (42–44). As metabolic imaging relies on 

characteristic features in the metabolism of cancer cells relative to the surrounding non-

tumor tissues(45), in the present study we investigated the role of acetate metabolism in 

MM. Using metabolite fate tracking with 13C-edited 1H-NMR, we found in 3 different 

MMC lines that acetate in the extracellular media decreases proportionally to the increase in 

cell concentration and time of incubation, suggesting active uptake by MMC. In line with 

findings from studies on the NS0 cell line (46), we also found evidence of rapid 

incorporation of 13C-acetate into glutamate, which could derive from the TCA-intermediate 

α-ketoglutarate. Allowing more time for anabolic processes to occur, we noticed 13C 

incorporation from extracellular acetate into membrane lipids, a process consistent with 

FASN activity (11, 42).

In MMC, as in normal PC, an ample part of the cytoplasm is occupied by a prominent, lipid- 

rich, endoplasmic reticulum (ER), the double-membrane organelle responsible for the 

synthesis of membranes and secretory proteins (such as Ig). Within 48h of activation, a B 

cell differentiating into plasma cell increase the synthesis of phosphocholine alone by 500–

700% (47, 48). The transcription factor XBP-1, a master regulator of both PC differentiation 

and MMC survival, mediates this process (48) by upregulating a number of enzymes 

involved in lipid metabolism, such as FASN, which is also overexpressed by MMC (49). 

Recent studies in prostate cancer have shown that FASN activity could drive the uptake of 

Fontana et al. Page 11

Clin Cancer Res. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acetate from the extracellular environment, which resulted in tumor uptake that was imaged 

by PET (50). We found that extracellular acetate was readily incorporated into membrane 

lipids in MM cells and that blockade of FASN with orlistat decreased MMC viability. A 

recent study on patient MMC and cell lines demonstrated upregulation of MCT1, a primary 

acetate transporter (13, 46). Accordingly, we found that MMC were sensitive to inhibitors of 

extracellular acetate transporters (CHC) or of FASN (orlistat), alone or in combination, at 

doses that did not affect viability of normal B cells or of normal bone cells (BMSC, 

osteoblasts, osteoclasts). Taken together, our observations suggest that acetate is involved in 

key metabolic functions in MMC, and could represent a candidate for new therapies, and a 

robust target for imaging.

Molecular imaging can be used to complement morphological imaging by informing on 

viability or activity of tumor cells, ideally differentiating lesions with actively proliferating 

tumor cells, which would be more likely to require additional treatment over the short term, 

from sites with necrotic tumor cells or unhealed large bone defects. In this study, we 

addressed 11C-acetate as a potential PET imaging radiotracer in MM, and found 11C-acetate 

uptake ex-vivo (biodistribution) and in vivo in a number of myeloma mouse models. Our 

results show a consistent increase in the uptake of radiolabeled 11C-acetate in the presence 

of MMC in vivo, with a clear increase relative to surrounding tissues, and a quantifiable 

difference between tumor bearing and control mice. In the genetically-labeled (GFP+), 

glucose-avid model of subcutaneous 5TGM1 tumors (31), 11C-acetate- PET imaging 

identified the same tumor area as the bench-mark imaging techniques for this model: 18F-

FDG-PET and optical (GFP) imaging. Importantly, enhanced 11C-acetate uptake was also 

demonstrated in MM tumors from non-fluorescently-labeled human cell lines (U266 and 

OPM2), and in bone-localizing MM, both in the orthotopic multifocal 5TGM1 model (i.v. in 

KaLwRij) and in a spontaneous MM evolved from MGUS. Despite the challenges of 

imaging small animals, where bone lesions have diameters of few millimeters or 

smaller, 11C-acetate-PET was able to show increased uptake in tumor bearing mice, and a 

decrease in uptake following treatment that was proportional to MM cell death. Unlike 

human disease, where MM localizes primary to bones, the KaLwRij model also presents 

prominent tumor engraftment to the spleen: in small animal imaging we found that high 

splanchnic uptake interfered with detection of tumor burden in this extra-skeletal site. In 

clinical settings, however, imaging studies with 11C-acetate-PET have shown the capability 

of this method to detect prostate cancer metastases to abdominal lymph nodes (51), as well 

as lumbar vertebrae (44), suggesting that the splanchnic background may be less relevant in 

humans. Specifically in MM, a first set of studies (42, 43) have shown good sensitivity and 

specificity of 11C-acetate-PET in patients, without major interference of abdominal uptake. 

(42).

In all, our data show proof-of-concept evidence that directly links a survival mechanism of 

MMC to their consistent uptake of acetate in vitro and in vivo, which allows assessment of 

tumor burden by 11C-acetate-PET imaging. Although further studies will be needed to 

demonstrate whether 11C-acetate-PET is superior or complementary to other molecular 

imaging methods, our study provides mechanistic and preclinical evidence in support of 

future studies to explore the role of acetate metabolism as potential therapeutic target in 

MM, and proof-of-concept evidence for the development of this imaging technique in MM.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Metabolic imaging is a key tool in the diagnosis, management and evaluation of 

treatment response in a variety of cancer types. Herein we provide proof-of-concept 

evidence for the use of 11C-acetate-PET metabolic imaging of multiple myeloma (MM) 

in preclinical models to assess tumor burden and early response to therapy. The 

molecular basis of tracer uptake was elucidated via in vitro acetate metabolism by 

metabolite fate tracking and pharmacological modulation of its pathways. We 

demonstrated that myeloma cells are dependent on monocarboxylic acid anabolic 

metabolism, to which acetate contributes, and hence could serve as a therapeutic target. 

This translates into a direct correlation between viable MM cells and acetate uptake at 

tumor sites, and a rapid decrease in acetate in vivo uptake upon administration of anti-

myeloma treatments. In summary, our results support the rationale for prospective 

clinical studies using 11C-acetate for staging and early assessment of treatment response 

in MM patients.
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Figure 1. 13C-edited 1H-NMR shows metabolism of acetate by MMC and uptake of acetate from 
the extracellular environment
A) 1H NMR (CPMG) analysis of acetate (1.91 ppm) in the conditioned media from MMC 

lines 5TGM1, U266, and OPM2, incubated for different times with 10mM acetate. B) 

Analysis of glucose (5.24 ppm), C) Analysis of Lactate (1.31–1.32 ppm). Acetate, glucose 

and lactate values are normalized by alanine (3-position at 1.5 ppm) and time 0. Average 

(dots) and standard deviation (error bars) of 2–3 biological replicates are shown per time-

point per cell line, ** p<0.01 by two-way ANOVA.

D) Intracellular acetate metabolism assessment by metabolite fate tracking by NMR 

showing the 13C-1H gHSQC (gradient Heteronuclear Single Quantum Coherence, top) 
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and 1H CPMG spectra from the same cellular extract of U266 human MMC incubated for 

16h with 10mM 13C-acetate. Peak assignments (by number) and 1H chemical shift in the 

table on the right.

E) 2D 1H-13C HSQC of U266 chloroform extraction (membranes) after 70h incubation with 

10mM 13C-acetate (chemical shifts and metabolite assignment in the table on the right).
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Figure 2. Pharmacological modulation of acetate metabolism leads to toxicity in MMC while 
sparing the surrounding BM resident cells
A) Working model. Labeled acetate is imported from the extracellular environment through 

monocarboxylate transporters such as MCT1, is found inside cells (13C-NMR), where it may 

be activated to Acetyl-CoA. This can rapidly enter the TCA cycle and be transformed into 

glutamate (peaks 3 and 4) and participate in multiple reactions, including being incorporated 

into glutathione (GSH peak 5). Acetyl-CoA can also be a substrate for de-novo biosynthesis 

of fatty acids through the activity of fatty acid synthase (FASN), providing building blocks 

for cell membranes. CHC is a known inhibitor of MCT1, orlistat of FASN. Other 
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monocarboxylic acids that can be involved in the same reactions include lactate, which is 

produced and released in the media by MMC and also pyruvate, as end-product of 

glycolysis. B) Treatment with α-cyano-4-hydroxycinnamic acid (CHC) induces MM cell 

death. Propidium Iodide staining and flow cytometry upon 48h incubation with 0–5mM 

CHC of OPM2, U266, or 5TGM1 cells (mean and standard deviation of 2–3 biological 

replicates per cell line, two-way ANOVA p<0.01 dose, cell line ns). C) Treatment with 

FASN inhibitor orlistat induces cell death in MMC lines. Propidium Iodide positive cells 

percentage by flow cytometry (mean and standard deviation of 2 to 8 biological replicates) 

upon treatment with 20–500μM orlistat in U266, OPM2, and 5TGM1 MMC for 48h (two-

way ANOVA p<0.01). D) Cell viability by trypan blue staining, relative to untreated control, 

upon 48h treatment with orlistat (20–100 μM) plus vehicle (DMSO, open bars) or CHC 

2mM (dashed bars) in primary mouse CD45+ spleen cells (blue bars) or 5TGM1 (red bars), 

showing sensitivity to single-agent and combined treatment in 5TGM1 (orlistat <0.01, 

interaction with CHC <0.05 by two-way ANOVA). E) Oil-red-O staining and hematoxylin 

counter-staining of ST2 cells induced to differentiate with adipogenic media (insulin, 

indomethacin, dexamethasone) for 14 days in the absence (left, i.) or presence (right, ii.) of 

100 μM orlistat shows that long-term FASN inhibition prevents adipogenic differentiation 

but does not induce death of mesenchymal cells. F) Tartrate-resistant acid phosphatase 

(TRAP) staining of mouse bone marrow monocytes induced to differentiate to osteoclasts 

with M-CSF and RANKL shows formation of TRAP-positive multinucleated cells in the 

absence (left, i.) or presence (right, ii.) of 50 μM orlistat for 6 days. G) Alizarin-Red staining 

of mouse bone marrow stromal cells (BMSC) after standard culture (−) or osteogenic 

differentiation (+) with β-glycerophosphate (BPG) and ascorbic acid (AA) for 21 days 

shows mineralized matrix formation in the absence (−) or presence of orlistat (20 or 50 μM). 

H) Flow cytometry of mouse splenocytes treated for 48h with CHC (2mM) and/or Orlistat 

(100 μM) showing 7AAD+ dead cells (purple bars) vs. CD45+ CD19+ 7AA− B cells (ns). I) 

Cell death as % PI positive cells upon treatment with CHC and orlistat in primary BMSC 

(blue) vs. OPM2, U266 or 5TGM1 MMC (red) upon treatment with CHC, alone or in 

combination with Orlistat for 48h. Average of biological replicates, standard deviations as 

error bars, * p<0.05, ** p<0.001 (one-way ANOVA) relative to control.
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Figure 3. 11C-acetate uptake in MM subcutaneous plasma cell tumors (PCT)
A) Bio-distribution of 11C-acetate at 1 hour post injection in KaLwRij mice showing uptake 

in the muscle of non tumor-bearing (n=2 green) or tumor-bearing (n=3 blue) vs. 

subcutaneous 5TGM1-tumors (n=6 red). ** p<0.01 by ANOVA with Tuckey’s multiple-

comparison post-hoc test. B) Correlation between 11C-acetate bio-distribution and number 

of viable tumor cells (GFP+ PI−) in 5TGM1 subcutaneous PCT in KaLwRij mice Pearson’s 

r=0.8, p<0.01). C) 11C-acetate PET imaging (i) of a female NSG mouse at day 30 after 

bilateral inoculation with 5TGM1-GFP cells (1×106 in matrigel) and time-activity curves 
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(TAC, ii) from tumors and muscle regions of interest (ROI). Mice were injected with 20 

MBq 11C-acetate and scanned by dynamic PET for 0–30 minutes. D) Maximum 

standardized uptake value (SUVmax) in muscle ROI vs. subcutaneous 5TGM1 PCT in 

KaLwRij mice imaged with 11C-acetate PET (n=5).

E) (i) KaLwRij muose bearing a subcutaneous 5TGM1 PCT imaged by optical imaging 

(480/535 nm for GFP, overlay of intensity pseudocolor on bright field), (ii), FDG-PET/CT, 

and 11C-acetate PET.

F) Correlation between ROI measured in small animal PET using FDG (x axis) or 11C-

acetate (y axis) in KaLwRij mice with subcutaneous 5TGM1 PCT; r=0.98, p<0.01 G) Small 

animal 11C-acetate PET/CT image (i) with TAC (dynamic 0–20 minutes) (ii) for muscle 

(blue) and tumors (T1/T2) in U266 human MMC bilateral xenograft (3.5×107 cells in 

matrigel, 1200 mm3 T1 and 150 mm3 T2) in a NSG female mouse. H) Tissue bio-

distribution of 11C-acetate 1 hour after injection in NSG mice (n=3) with bilateral U266 

subcutaneous tumors (n=6), showing ratio of tissue to blood %ID/g. * p<0.05 by T-test. 

T=Tumor, K=kidneys, L= liver; ns=not-significant, * p<0.05, ** p<0.01
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Figure 4. 11C-acetate uptake in bone-localized MM
A) (i.) 11C-acetate PET/CT image of a KaLwRij mouse bearing i.v. 5TGM1 MM cells (21 

days post tumor inoculation); (ii.) 11C-acetate PET/CT image of a control KaLwRij mouse 

(iii) TAC of MM (red) and control (blue) bones. ROIs were defined around the tibial 

diaphysis. ** p<0.01 by ANOVA.

B) SUVs from the tibial ROI of 5TGM1 iv injected KaLwRij mice vs. controls (n=4). 

C) 11C-acetate PET/CT image of1 year old KaLwRij mice, without (i., control) or with 

sustained M-component at the SPEP (ii. Right, MM). D) TAC for the tibial diaphysis ROI 
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shows significantly higher uptake in the mouse with gammopathy (MM). E) Flow cytometry 

analysis of bone marrow and spleen homogenate upon staining with anti-CD138 reveals 

pathologic elevation of plasma cell counts (CD138+ cells) in the spleen and bone marrow in 

the aged mouse with gammopathy (red), relative to the SPEP-negative KaLwRij (blue) or 

C57/BL6 (green) age-matched controls, consistent with MM. *p<0.05, ** p<0.01
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Figure 5. 11C-acetate uptake reports on response to bortezomib
A–B) Tissue bio-distribution (A) 1h post 11C-acetate injection and ex-vivo tumor cell 

viability (GFP+ PI− cells, B) in KaLwRij mice with subcutaneous 5TGM1 tumors, on day 5 

of treatment with saline (gray) or bortezomib (day1–day 4, 1mg/kg) C–D) 11C-acetate PET 

tumor and muscle SUV (C) and ex-vivo tumor viability (GFP+ PI− cells, D) in KaLwRij 

mice with subcutaneous 5TGM1 tumors treated for two weeks with vehicle (open bars) vs. 

melphalan (blue bars) (n=2/group) C-acetateANOVA and Tuckey’s post-hoc test p<0.01 for 

treated vs. untreated tumors (**), p<0.01 for muscle vs. untreated (#) and p<0.05 vs. 

remaining treated tumor (§).C-acetateE) 11C-acetate PET/CT of a representative orthotopic 
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5TGM1 MM-bearing KaLwRij mouse before (top) and a day after (bottom, day 5) treatment 

with bortezomib, showing decreased bone uptake (see heat map scale) in the post-treatment 

scan on day 5 since the beginning of treatment with bortezomib. F) SUVs from the tibial 

ROI before and 5 days after treatment with bortezomib of 5TGM1 MM-bearing KaLwRij 

mice (n=3 mice, 6 total ROIs). G) Serum Protein Electrophoresis (SPEP) of three 5TGM1 

MM-bearing mice prior to (left) and after (right) 5 days of treatment with bortezomib, 

showing the lack of increase, but presence of an identifiable monoclonal band in the γ-

globulin region (red arrow). *p<0.05, ** p<0.01
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