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A B S T R A C T

Although epidemiologic studies have suggested a possible association between occupational exposures to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and the risk of development of multiple myeloma, definitive evi-
dence in support of this association is lacking. In the present study, we employed the Vk*Myc mouse model of
multiple myeloma to assess the impact of TCDD exposure on multiple myeloma pathogenesis. TCDD induced
splenomegaly and multiple peripheral blood abnormalities, including anemia and high serum IgG levels. In
addition, TCDD triggered bone lytic lesions, as well as renal tubular casts, a phenomenon associated with human
myeloma kidney disease. Even in wild-type C57BL/6 mice, TCDD increased serum IgG levels, induced anemia,
and increased plasma cell presence in the spleen and bone marrow, hallmarks of benign monoclonal gammo-
pathy. Lastly, TCDD induced AKT activation and the DNA damage response, key pathogenic events in myeloma
pathogenesis, in animal spleen and/or bone marrow. These data indicate that TCDD accelerates monoclonal
gammopathy development and promotes progression to multiple myeloma in genetically-predisposed mice. This
work offers the first direct experimental evidence establishing TCDD as an environmental risk factor for
monoclonal gammopathy of undetermined significance and multiple myeloma.

1. Introduction

Multiple myeloma is a plasma cell neoplasm and the second most
common hematological malignancy in the United States. An estimated
30,770 new cases of multiple myeloma and 12,770 deaths caused by
multiple myeloma has been predicted in the United States in 2018 [1].
Virtually all multiple myeloma cases are preceded by a precursor con-
dition, monoclonal gammopathy of undetermined significance (MGUS),
and the prevalence of MGUS increases with age, ranging from 1.7%
among individuals 50–59 years of age to 5% in those older than 70

years [2]. The risk of progression from MGUS to multiple myeloma is
estimated to be 1% per year [3,4]. Despite significant medical advances
in multiple myeloma drug development in the last 20 year, multiple
myeloma is still considered incurable. Multiple myeloma is regarded as
a disease with environmental causes, yet its etiology and what prompts
progression remain largely unclear.

Dioxins are a group of chemically related compounds that are per-
sistent organic pollutants. Among all dioxin compounds, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) is a highly toxic environmental con-
taminant of particular concern for veterans of the Vietnam War who
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may have been exposed to TCDD during theater use of Agent Orange as
an herbicide. While TCDD is not produced commercially, except as a
pure compound for scientific and biomedical research, it is formed as a
byproduct of herbicide synthesis or in burning processes from waste
incineration, metals production, and fossil-fuel and wood combustion.
Due to the omnipresence of TCDD, virtually everyone world-wide has
some background exposure to this agent. The significance of these en-
vironmental exposures remains hotly debated.

TCDD is identified a known human carcinogen by the International

Agency for Research on Cancer (IARC) of the World Health
Organization [5]. In IARC's most recent review monograph, overall, the
strongest evidence for TCDD carcinogenicity is for all cancers com-
bined, rather than for any specific site [5]. In addition, the association
of TCDD exposure with lung cancer, sarcoma, and non-Hodgkin lym-
phoma is stronger than that for other cancers, including multiple
myeloma. As noted, TCDD has also been extensively studied for health
effects linked to its presence as a contaminant in the herbicide Agent
Orange, which was sprayed widely during the Vietnam War [6]. A

Fig. 1. TCDD treatment promotes splenomegaly in Vk*Myc mice. (a) Schematic diagram of the experimental exposure regimen used in all 4 groups. (b) Mouse
spleen weight at 48 weeks. (c) Representative images of spleens from 4 groups of mice (2 from each group). (d) The total number of splenocytes per spleen from mice
at sacrifice. (e) Representative H&E-stained spleen sections from TCDD-treated Vk*Myc mice showing altered architecture with a reduction of lymphoid white pulp
(WP) and an expansion of hematogenous red pulp (RP). Scale bar = 200 μm (top) or 25 μm (bottom). Data in (b and d) were analyzed by one-way ANOVA. The
horizontal lines were presented as the mean value. n = 5 mice per group. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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committee of the Health and Medicine Division of the National Aca-
demies of Sciences, Engineering, and Medicine released the most recent
report on exposure of veterans to Agent Orange, which concluded that
evidence is sufficient for as association between Agent Orange exposure
in Vietnam veterans and sarcoma, Hodgkin lymphoma, and non-
Hodgkin lymphoma, but evidence is limited/suggestive for multiple
myeloma, prostate cancer, and lung cancer [7]. Studies of exposure
during the 2001 World Trade Center disaster have reported an in-
creased risk of multiple myeloma in early responders and recovery
workers [8,9], who were most likely exposed to substantial doses of
carcinogens, including TCDD [9]. A recent publication reports a 2.4-
fold increased risk for MGUS in Vietnam veterans than a cohort of
control veterans and high serum TCDD levels associated with high M-
protein levels in all veterans [10]. However, these studies are associa-
tive in nature and only provide indirect evidence. To the best of our
knowledge, no direct experimental evidence exists to support TCDD as
an environmental carcinogen for multiple myeloma, as rodents exposed
to TCDD develop lung tumors, renal tumors, and non-Hodgkin lym-
phomas rather than multiple myeloma [11,12]. Further, immunoglobin
levels in these exposed animals have never been followed to assess for
benign monoclonal gammopathy (the mouse equivalent of human
MGUS) [11,12].

TheMYC oncogene is activated in 67% of cases of multiple myeloma
but not in MGUS, suggesting that MYC activation may be key in the
transition to MM [13,14]. Bergsagel and colleagues generated a con-
ditional transgenic mouse model (Vk*Myc) with sporadic, activation-
induced deaminase-dependent Myc activation in germinal center B
cells. These mice develop benign monoclonal gammopathy, which
progresses to multiple myeloma after 70 weeks [14]. This model is
regarded as the best available mouse model of multiple myeloma be-
cause it recapitulates many of the biological and clinical features of
human disease, including progression from MGUS to MM, target organ
damage, anemia, and the “M-spike” (elevated serum IgG) 27. It should
be noted that the Vk*Myc mouse line is generated in a C57bl/6 genetic
background and that 2-year-old wild-type (WT) C57bl/6 mice have a
high incidence of benign monoclonal gammopathy, which rarely pro-
gress to multiple myeloma [15]. Thus, aging WT C57bl/6 and Vk*Myc
mice are genetically predisposed to monoclonal gammopathy and
multiple myeloma and represent suitable models for studying MGUS
and multiple myeloma. Given that no rodent models of multiple mye-
loma have been used in the past to study the impact of TCDD in mye-
loma pathogenesis, we hypothesized that exposure to TCDD in the
Vk*Myc model would reveal whether TCDD is a bona fide promoter of
multiple myeloma progression. Our data provide compelling evidence
that TCDD accelerates benign monoclonal gammopathy in WT mice and
promotes multiple myeloma progression in Vk*Myc mice, providing the
first direct experimental animal evidence to support TCDD as an en-
vironmental causative factor for multiple myeloma.

2. Materials and methods

2.1. Mice

Vk*Myc mice in the C57Bl/6J genetic background were generated
and obtained by Dr. Bergsagel and genotyping was performed using
PCR as previously reported [14]. Vk*Myc and wild-type (WT) C57BL/
6J mice were crossed to obtain littermates of WT and Vk*Myc mice.
Sex-matched WT and Vk*Myc mice (8 weeks old) were assigned to a
treatment or control group based on body weight. The dosing regimen
employed is presented in Fig. 1a. The treatment group was injected
intraperitoneally with 2.5 μg TCDD/kg body weight (Sigma-Aldrich, St.
Louis, MO) diluted 1:10 in corn oil once a week per mouse for 24 weeks,
for a total calculated accumulated TCDD dose of 60 μg/kg body weight.
Equal volumes of corn oil per body weigh were injected into WT and
Vk*Myc mice as vehicle control groups. Treated mice were then housed
without any further treatment for an additional 24 weeks (Fig. 1a).

Every 6 weeks, blood from 5 arbitrarily selected mice from each group
was drawn and the IgG levels measured. At the end of the 48 weeks,
mice were euthanized by isoflurane overdose followed by cervical
dislocation. All animal experimentation was carried out in accordance
with NIH guidelines and under protocols approved by the Cleveland
Clinic Institutional Animal Care and Use Committee.

2.2. Blood assays

A complete blood count (CBC) was determined using the Advia 120
Hematology System (Siemens Healthineers, Erlangen, Germany). To
measure total serum IgG, blood was collected into Eppendorf tubes,
allowed to coagulate at room temperature for 5min, and centrifuged
for 10min at 850 g. Total IgG in serum was then determined by ELISA
using the Easy-TiterMouse IgG Assay Kit and Mouse IgG Isotype Control
(Thermo Fisher Scientific, Rockford, IL) according to the manufacturer's
protocol. For serum protein electrophoresis, sera were diluted 1:2 in
normal saline buffer and then analyzed on a QuickGel Chamber appa-
ratus using Precasted QuickGels (Helena Laboratories, Beaumont, TX)
according to the manufacturer's instructions.

2.3. Flow cytometric analysis

Spleens and bone marrow were harvested from mice and mashed
first through a 70-μm and then a 40-μm nylon strainer (Sigma-Aldrich,
St. Louis, MO) into RPMI medium to generate single-cell suspensions,
which were then treated with ACK (Ammonium-Chloride-Potassium)
lysis buffer (Lonza, Anaheim, CA) to remove red blood cells (RBCs).
Cells (10×106) were suspended in 0.2mL PBS and incubated with PE
anti-mouse CD138 (syndecan-1) (BioLegend, San Diego, CA) and APC
Rat Anti-Mouse CD45R/B220 (clone RA3-6B2) (BD Biosciences, San
Diego, CA) on ice in the dark room for 15min. Cells were then washed
twice with PBS and resuspended in 0.5 mL PBS; flow cytometric ana-
lysis was performed on a MACSQuant Analyzer 10 (BD Biosciences). A
total of 1× 105 events were collected. FlowJo software (BD
Biosciences) was used for data analysis.

2.4. Histology and confocal microscopy

For histological examinations, tissues were fixed in 10% neutral
buffered formalin, embedded in paraffin, decalcified in 14% EDTA so-
lution (for bone tissues only) and serially sectioned (5 μm thick).
Sections were stained with hematoxylin and eosin (H&E). For im-
munofluorescence analysis, tissue sections (8 μm thick) were fixed in
4% paraformaldehyde, blocked, reacted with the primary antibodies
overnight against CD138 (#142503, BioLegend, San Diego, CA) or Ki67
(#ab16667, Abcam, Cambridge, MA), washed, incubated with sec-
ondary fluorescent-conjugated antibodies (goat anti-rabbit IgG H&L -
Alexa Fluor 488, #ab150077, Abcam) followed by cover slipping with
mounting media containing DAPI nuclear stain. Confocal images were
acquired using a Leica TCS-SP5 confocal microscope (Leica
Microsystems; Buffalo Grove, IL). All histology analyses were per-
formed using 3 sections from 5 animals in each group.

2.5. Western blot analyses

Splenocytes and bone marrow cells (10×106) were lysed with
RIPA buffer (Thermo Fisher Scientific, Rockford, IL) containing pro-
tease and phosphatase inhibitor cocktails (Thermo Fisher Scientific,
Rockford, IL); and protein concentration was measured with a BCA
protein assay kit (Thermo Fisher Scientific, Rockford, IL). After mixing
with Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA)
containing 10% β-mercaptoethanol, the cell lysates were denatured at
95 °C for 5min. Equal amounts of proteins were loaded on 10%–15%
SDS-polyacrylamide gels (Mini-PROTEAN TGX Precast gels, Bio-Rad,
Hercules, California); separated proteins were transferred onto PVDF
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membranes. The membrane was blocked using 5% nonfat dry milk in
TBS-Tween-20 (0.1%, v/v) for 1 h and incubated with primary antibody
at 4 °C overnight. The antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA): caspase-3 (#9662), PARP (#9542),
p53 (#2524), p-p53 (#9286), PUMA (#7467), Akt (#2920), p-Akt
(Ser473) (#4060) and β-actin (#3700). p21 (#6246) antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG was
used as the secondary antibody. Immunoreactive protein was visualized
with the Pierce Dura Western blotting substrate (Thermo Fisher
Scientific, Rockford, IL). X-ray film images were quantified by scanning
densitometry using area integration.

2.6. Statistics

Statistical analysis was carried out using GraphPad InStat 3 software
(GraphPad Software, Inc., San Diego, CA, USA). The statistical sig-
nificance between the groups was determined by one-way or two-way
analysis of variance (ANOVA) with the appropriate post hoc testing
using Tukey's Test. Significance was set at P≤ 0.05.

3. Results

3.1. TCDD induces splenomegaly in Vk*Myc mice

Vk*Myc mice and their WT littermates were given intraperitoneal
injections of 2.5 μg/kg TCDD or corn oil for 24 weeks. Animals were
monitored at six-week intervals and maintained for an additional 24-
week period before sacrifice (Fig. 1a). Gross pathologic analysis of
animals at the 48-week necropsy revealed no major internal organ
defects, except for a pronounced increase in spleen weights in Vk*Myc
mice treated with TCDD compared to corn oil-treated counterparts or
TCDD-treated WT mice (Fig. 1b and c). TCDD significantly increased
splenocyte numbers per organ in both WT and Vk*Myc mice, with the
highest numbers found in Vk*Myc mice treated with TCDD (Fig. 1d).
Histopathologic analysis revealed that the spleens of vehicle-treated WT
and Vk*Myc mouse had normal splenic organization, with clearly
identifiable regions of red and white pulp (Fig. 1e). These histological
characteristics were preserved in spleens from WT mice receiving
TCDD, but not in spleens of Vk*Myc mice receiving TCDD. Spleens from
Vk*Myc mice challenged with TCDD exhibited marked histological
disorganization, along with a reduction of lymphoid white pulp and
expansion of hematogenous red pulp (Fig. 1e). These findings indicate
that TCDD treatment is associated with splenomegaly and this response
appears to involve disruption of growth regulatory control in spleno-
cytes. These actions of TCDD were magnified in mice genetically pre-
disposed by activating mutation in the Myc gene.

3.2. TCDD-treated Vk*Myc mice develop multiple peripheral blood
abnormalities

Serum IgG levels in Vk*Myc mice treated with TCDD did not in-
crease during the 24-week treatment period. However, sharp increases
were detected between weeks 24 and 48 after dosing in both WT and
Vk*Myc mice treated with TCDD (Fig. 2a). Compared to corn oil treated
WT mice where stable IgG levels were measured at all times, TCDD-
treated WT mice showed steady increases in IgG levels. In the case of
Vk*Myc mice treated with TCDD, IgG levels reached 17.8 g/L compared
to 3.8 g/L in vehicle-treated Vk*Myc mice at week 36. By 48 weeks,
serum levels of total IgG in Vk*Myc mice treated TCDD increased to
about 19.4 g/L, a net increase that represents a> 5-fold of that (3.2 g/
L) of vehicle-treated Vk*Myc mice (p < 0.01; Fig. 2b). WT mice
treated with TCDD also exhibited increased IgG levels compared to corn
oil controls, albeit at considerably reduced levels compared to geneti-
cally-susceptible Vk*Myc mice. Serum protein electrophoresis (SPEP)
analysis was performed for all mice: significant IgG monoclonal peaks,

i.e., M-spike, were evident in Vk*Myc mice treated with TCDD, and to a
lesser extent in TCDD-treated WT mice (Fig. 2c). None of the vehicle-
treated Vk*Myc mice or WT mice had an M-spike. This is the first direct
evidence of blood abnormalities consistent with multiple myeloma in
mice treated with TCDD, a response that is magnified in mice geneti-
cally predisposed to multiple myeloma.

The complete blood count showed multiple blood abnormalities in
mice following TCDD treatment. TCDD decreased hemoglobin con-
centration in both WT and Vk*Myc mice compared to respective con-
trols, but the decrease was markedly pronounced in Vk*Myc mice
(Fig. 2d). The red blood cell (RBC) and white blood cell (WBC) counts
were also reduced by TCDD (Fig. 2e and f), with significant increases in
RBC mean cell volume (MCV) seen in Vk*Myc, but not WT mice
(Fig. 2g). The platelet counts and hematocrit (HCT) were also sig-
nificantly reduced in TCDD-treated Vk*Myc mice (Fig. 2h and i).
Overall, TCDD induced blood dyscracias such as anemia in both WT and
Vk*Myc mice, with a stronger impact on Vk*Myc mice.

3.3. Progressive plasma cell neoplasms found in Vk*Myc mice treated with
TCDD

High CD138 expression in the absence of B220 expression (CD138hi

B220–) is recognized as a prominent marker profile of plasma cells [16].
To determine if there was expansion of plasma cells, flow cytometry
analyses of splenocytes and bone marrow cells were performed. An
increase in the numbers of CD138hi B220– cells was detected in both
WT and Vk*Myc mice treated with TCDD (Fig. 3a). TCDD-treated WT
and Vk*Myc mice harbored an average 2.1% and 4.7% CD138hi B220–

plasma cells in spleens, respectively, a significant increase compared
with vehicle-treated counterparts (Fig. 3b). Similarly, the bone marrow
of TCDD-treated WT and Vk*Myc mice contained approximately 1.5%
and 5.8% CD138hi B220– plasma cells, whereas the bone marrow from
the vehicle-treated control groups had less than 1% plasma cells
(Fig. 3c).

To determine plasma cell localization and compartmentalization in
the spleen and bone marrow, we stained sections of spleen and bone
marrow using antibodies against CD138+ (plasma cells) and Ki67+ (a
marker for proliferation). CD138+ cells were predominantly located in
the spleen and bone marrow of TCDD-treated Vk*Myc mice compared
to WT TCDD-treated mice. A moderate increase in Ki67+ neoplastic
plasma cell nuclei was also detected in the spleen (Fig. 3d), but not in
the bone marrow (Fig. 3e). These data support that TCDD treatment
increases the presences of proliferative plasma cells in the spleen but
not in the bone marrow in Vk*Myc mice.

3.4. Target organ damage in mice treated with TCDD

To investigate the degree of target organ damage, bone, spleen,
kidney, liver, and lung were sectioned and stained with hematoxylin
and eosin (H&E). The bone structure was damaged in TCDD-treated
Vk*Myc mice as evidenced by bone lytic lesions in the femoral shaft
(Fig. 4a). These lesions extended to the outside surface of the bone. We
also observed minor bone lesions in TCDD-treated WT mice and ve-
hicle-treated Vk*Myc mice, but not in vehicle-treated WT mice
(Fig. 4a). H&E staining also confirmed the presence of plasma cells in
the bone marrow and spleen in TCDD-treated WT and Vk*Myc mice
(Fig. 4b). These plasma cells exhibited characteristic features — royal
blue cytoplasm, paranuclear clear zone, eccentric round nucleus, and
clumped chromatin. Compared with the 3 other groups, more plasma
cell nests were found in the bone marrow and spleen of Vk*Myc mice
with TCDD treatment (Fig. 4b and c).

Next, we analyzed the histopathologic changes in the kidney, liver,
and lung in all groups of mice. Tubular casts, in the form of cell ne-
crosis, were found in the kidneys of both TCDD-treated groups, but not
in the vehicle control groups; TCDD-treated WT kidneys had smaller
and fewer casts than Vk*Myc mice (Fig. 4d, upper panel). TCDD-
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treated Vk*Myc mice displayed hepatic fibrosis and collagen deposi-
tion, whereas TCDD-treated WT mice showed a less severe phenotypes;
the 2 vehicle-treated groups showed normal lobular hepatic archi-
tectures (Fig. 4d, middle panel). The lungs in TCDD-treated Vk*Myc
mice were severely damaged, with destruction of lung alveoli, in-
flammatory cell infiltration, and thickening of the lung interstitium as
compared to the WT counterpart; in contrast, the vehicle-treated WT
and Vk*Myc mice showed no significant lung damage (Fig. 4d, lower
panel). Taken together, these data indicate that TCDD treatment da-
mages multiple organs in both WT and Vk*Myc mice with increased
severity of damage in Vk*Myc mice.

3.5. AKT and DNA damage response are activated by TCDD

Because AKT plays a crucial role in intracellular signal transduction
pathways that regulate cell growth, survival, transformation, and tu-
morigenesis [17,18], we determined the status of AKT in mice with
TCDD treatment. The activation of AKT in splenocytes was significantly

increased in both TCDD-treated WT and Vk*Myc mice; and the response
was most pronounced in Vk*Myc mice (Fig. 5a). Likewise, AKT phos-
phorylation was strong in bone marrow cells from TCDD-treated WT
and Vk*Myc mice (Fig. 5b). These findings demonstrate that TCDD
treatment induces activation of AKT in the bone marrow and spleen,
particularly in Vk*Myc mice.

We determined splenocyte expression of caspase-3 and poly (ADP-
ribose) polymerase (PARP). As a marker of apoptosis, cleaved caspase-3
was detected at low levels in mice without TCDD treatment. With TCDD
treatment, cleaved caspase-3 was significantly increased in the spleen of
both WT and Vk*Myc mice, with Vk*Myc mice having more cleaved
caspase-3 than WT mice. Caspase-mediated PARP cleavage was en-
hanced by TCDD treatment in the spleen of both WT and Vk*Myc mice.
We also assessed activation of the p53 signaling pathway (Fig. 5b). The
phosphorylation of p53 was induced in both the spleen and bone
marrow of Vk*Myc mice by TCDD treatment. In the spleen of TCDD-
treated mice, we also detected significant upregulation of two p53
targets, PUMA (p53-upregulated modulator of apoptosis) and p21 (a

Fig. 2. TCDD-treated Vk*Myc mice develop multiple peripheral blood abnormalities. (a) Total serum IgG levels in mice during 24 weeks of TCDD treatment and
the ensuing 24 weeks without treatment. Mice blood samples were collected and assayed for IgG concentration every 6 weeks. (b) Total serum IgG levels in mice at
Week 48. (c) Immunoglobins from mice as determined by SPEP at Week 48. Arrows indicate IgG monoclonal peaks (M-spike; γ-globulin peak). SPEP was performed
for all mice in each group and representative results of 2 mice per group were shown. (d–i) Complete blood cell counts in mice. Measured blood parameters included
(d) hemoglobin (HGB) concentration, (e) red blood cell count (RBC), (f) white blood cell count (WBC), (g) mean red cell volume (MCV), (h) platelets, and (i)
hematocrit (HCT). The horizontal lines show the mean values. Data were analyzed by two-way ANOVA (a) or one-way ANOVA (b, d-i). n = 5 mice per group. *,
P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cell cycle regulator). We were unable to detect the expression of caspase
3, PARP, Puma, and p21 in the bone marrow in any group. These results
demonstrate that TCDD activates Akt and the DNA damage response,
particularly in Vk*Myc mice.

4. Discussion

Multiple myeloma is an incurable hematological neoplasm that
causes over 10,000 deaths annually in the United States [1]. Multiple
myeloma is regarded as an environmental disease, yet its etiology re-
mains largely unclear. The association of multiple myeloma with
smoking has been investigated, with some studies suggesting a strong
association [19,20], while others refuting this relationship [21–23]. An
expert panel reviewing ∼40 epidemiologic studies on TCDD, a con-
taminant hydrocarbon present in Agent Orange, and the risks of mul-
tiple myeloma found that there is an elevated risk of multiple myeloma
in three fourths of all studies examined [24], but concluded that due to
lack of experimental animal data, evidence is limited to support the
association of multiple myeloma risk and TCDD exposure. The IARC
classified TCDD as a Group 1 human carcinogen in 1997, but its car-
cinogenic implications in multiple myeloma were poorly understood,
and multiple myeloma was only sporadically reported among workers
exposed to TCDD [25]. Here, compelling evidence is presented estab-
lishing the Vk*Myc mouse line as a valid model to study the impact of
TCDD exposure in multiple myeloma pathogenesis.

Multiple myeloma is a clonal B-cell disease of plasma cells that
slowly proliferate and secrete IgG proteins. These neoplastic plasma
cells grow in the bone marrow, causing bone lesions [26]. Approxi-
mately 90% of patients with multiple myeloma develop bone disease,
and 80% suffer from bone fractures [27–29]. Even patients with MGUS
are at risk for increased bone porosity and reduced bone strength
[30,31]. Anemia is also a cardinal feature of multiple myeloma, present
in most patients at diagnosis and during follow-up. In our work, fol-
lowing TCDD treatment, Vk*Myc mice have bone lytic lesions and high
IgG levels similar to those encountered in patients with multiple mye-
loma. In addition, TCDD-treated mice demonstrate marked anemia with
a decreased hemoglobin concentration and RBC numbers. Splenome-
galy is characterized by a marked increase in organ cellularity, which
usually rises from compromised extramedullary hematopoiesis, in-
cluding anemia. Spleen size and weight were strikingly increased in
TCDD-treated Vk*Myc mice, suggesting an immune proliferative dis-
order. CD138 is a transmembrane heparin sulfate proteoglycan nor-
mally expressed on plasma cells but not on B-cells. B220 (also known as
CD45), a transmembrane protein tyrosine phosphatase, is commonly
used as a B cell marker in mice and predominantly expressed on B
lymphocytes, including pro-, mature, and activated B cells. Upon TCDD
treatment, Vk*MYC mice accumulated terminally differentiated
CD138+B220─ plasma cells in both the bone marrow and the spleen.
Ki-67, as a proliferation-associated nuclear protein, is used to evaluate
the proliferative activity of cancer [32,33]. In the bone marrow, pro-
liferating plasma cells is a feature of plasmacytoma, whereas quiescent
plasma cells predominate in multiple myeloma [14]. Following TCDD
treatment, plenty of cells in the spleen, and a minority of cells in the
bone marrow of Vk*Myc mice, co-stained with CD138 and Ki67. TCDD-
treated WT mice also exhibited elevated serum IgG levels, reduced
hemoglobin and RBC numbers, and increased plasma cells in the bone

marrow and spleen, but these changes were mild compared to those in
TCDD-treated Vk*Myc mice. Our results indicate that TCDD accelerates
MGUS and promotes progression to multiple myeloma in genetically
predisposed mice. Given that TCDD is not a mutagen, the degree to
which this agent acts to drive oncogenic events and interacts with other
environmental triggers of genetic damage to induce MGUS and multiple
myeloma in mice or humans remains to be defined.

Renal impairment is an important clinical hallmark of multiple
myeloma, being present in up to 50% of patients newly diagnosed with
multiple myeloma [34–37]. WT mice treated with TCDD exhibit tubular
casts in the kidney, and these casts are larger in TCDD-treated Vk*Myc
mice. Previous reports demonstrate that mice with TCDD treatment
develop hepatic fibrosis [38–41] and inflammatory pulmonary lesions
[42,43], which we also observed in both WT and Vk*Myc mice exposed
to TCDD. Several studies have reported lung involvement in human
multiple myeloma, including fibrosis, mass lesions, multiple nodular
lesions and interstitial infiltrates [44–47]. TCDD is regarded as one of
the most potent hepatic carcinogens in rodent models [48]. The ob-
served liver and lung pathology in TCDD-treated mice is likely a direct
response to TCDD, rather than a secondary complication of high serum
IgG levels. However, renal cast has not been reported in TCDD-treated
rodents previously [11]. Thus, tubular casts in the kidney of TCDD-
treated Vk*Myc mice is likely a result of the high serum IgG levels, i.e.,
a complication caused by multiple myeloma progression.

Genes in the RAS signaling pathway, like KRAS and NRAS, are
frequently mutated in multiple myeloma [49], and AKT is a major ef-
fector pathway of RAS activation. Constitutive activation of AKT is
reported to be an oncogenic signal in multiple myeloma and is asso-
ciated with poor patient prognosis [50]. In this study, we showed that
AKT is activated in splenocytes and bone marrow cells in both WT and
Vk*Myc mice exposed to TCDD. Cleavage of PARP is a marker for DNA
damage and apoptosis [51,52]. We observed that cleaved caspase-3 and
cleaved PARP were upregulated in mice with TCDD exposure. As a
transcriptional regulator, p53 is activated (phosphorylated) in response
to DNA damage, oncogene activation and other stresses, resulting
transactivation of p21 and Puma [53,54]. Constitutive ongoing DNA
damage is found in human multiple myeloma [55]. In our work, the
levels of p53 phosphorylation and p21 and Puma expression in sple-
nocytes and p53 in bone marrow cells were significantly higher in the
TCDD-treated mice than in the vehicle-treated control groups, pro-
viding evidence suggesting that TCDD exposure induces the DNA da-
mage response. We observed AKT activation and an enhanced DNA
damage response at 24 weeks after the completion of TCDD treatment,
suggesting the effect of TCDD is indirect or of epigenetic nature.

To summarize, our data provide in vivo evidence to support that
TCDD accelerates MGUS and promotes disease progression to multiple
myeloma and uncover the relevant molecular mechanisms of progres-
sion. Previously, definitive evidence is limited to support the associa-
tion of Agent Orange (i.e., TCDD) exposure in Vietnam veterans and
multiple myeloma [7]. Our data, in combination with the epidemio-
logic study connecting high serum TCDD levels to increased MGUS
incidence [10], provides experimental evidence to support that TCDD is
an underlying cause for increased prevalence of multiple myeloma and
MGUS. Identifying TCDD as a contributing etiologic factor in multiple
myeloma and its precursor MGUS opens new doors for cancer preven-
tion for the more than 1 million MGUS patients at risk for the incurable

Fig. 3. Progressive plasma cell neoplasms in Vk*Myc mice treated with TCDD. (a) Representative flow cytometry plots detecting cell surface markers CD138 (Y-
axis) and B220 (X-axis) in splenocytes (upper panel) and bone marrow cells (lower panel). The numbers on the axes denote the log10 values of fluorescence (those of 3
on the right are the same as the ones on the left). The number in the inserts shows the percentage of CD138highB220− cells in the entire cell population. (b, c) Bar
graphs of the percentages of CD138+B220- and B220+ cells from spleen (b) and bone marrow (c). Data were analyzed by one-way ANOVA. *, P≤ 0.05; **, P≤ 0.01;
***, P ≤ 0.001. (d) Confocal microscopy images identifying Ki67+ (green) and CD138+ (red) expression with nuclear DAPI staining of cells in the spleen of WT
(upper panel) and Vk*Myc mice (lower panel) treated with TCDD. Scale bar = 10 μm. (e) Confocal microscopy images identifying Ki67+ (green) and CD138+ (red)
expression with nuclear DAPI staining of cells in the bone marrow of WT (upper panel) and Vk*Myc mice (lower panel) treated with TCDD. Scale bar = 10 μm n= 5
mice per group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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multiple myeloma. Because of government regulations, voluntary
changes in industrial practices, and improvements in manufacturing,
industrial processes are no longer major sources of TCDD in the United
States. Yet TCDD has a long enduring half-life in the environment and it
is still emitted in uncontrolled waste incinerators and other sources due
to incomplete burning. The present study further underscores the re-
lationship between multiple myeloma and TCDD exposure, particularly
for those who have MGUS.
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