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Abstract
Multiple myeloma (MM) is an incurable neoplasm caused by proliferation of malignant plasma
cells in the bone marrow (BM). MM is characterized frequently by a complete or partial deletion
of chromosome 13q14, seen in more than 50% of patients at diagnosis. Within this deleted region
the tripartite motif containing 13 (TRIM13, also termed RFP2) gene product has been proposed to
be a tumour suppressor gene (TSG). Here, we show that low expression levels of TRIM13 in MM
are associated with chromosome 13q deletion and poor clinical outcome. We present a functional
analysis of TRIM13 using a loss-of-function approach, and demonstrate that TRIM13
downregulation decreases tumour cell survival as well as cell cycle progression and proliferation
of MM cells. In addition, we provide evidence for the involvement of TRIM13 downregulation in
inhibiting the NF kappa B pathway and the activity of the 20S proteasome. Although this data
does not support a role of TRIM13 as a TSG, it substantiates important roles of TRIM13 in MM
tumour survival and proliferation, underscoring its potential role as a novel target for therapeutic
intervention.
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Introduction
Multiple myeloma (MM) is a common haematological malignancy of mature B cells. It is
typically preceded by Monoclonal Gammopathy of Undetermined Significance (MGUS),
which is present in 1–10% of adults over the age of 25 years and may progress to MM at a
rate of 0.5–3% annually (Kyle and Rajkumar 2004, Mitsiades, et al 2004). MM remains
incurable, despite recent advances in treatment, highlighting the need to understand the
molecular and genetic events of MM pathogenesis in order to develop novel targeted
therapies.

MM is characterized by multiple chromosomal aberrations (Carrasco, et al 2006, Fonseca, et
al 2004). One of the most common genetic changes is deletion of chromosome 13,
especially band 13q14, present in more than 50% of patients at diagnosis, and also in some
of MGUS patients. Interestingly, this region overlaps with a minimal common region
(MCR) of deletion identified in chronic lymphocytic leukaemia (CLL), mantle cell
lymphoma, Waldenstrom Macroglobulinaemia and other B-cell lymphoid malignancies
(Carrasco, et al 2006, Fonseca, et al 2004, Kapanadze, et al 2000, Kohlhammer, et al 2004,
Schop, et al 2002). Lost in MGUS and early MM, this locus is speculated to harbour tumour
suppressor genes (TSGs). Using high-resolution analysis of recurrent DNA losses and gene
expression profiling (GEP) (Carrasco, et al 2006, Elnenaei, et al 2003), we and others have
identified a consistently deleted 10 MB MCR located at chromosome band 13q14 that, when
lost in MM patients, confers high prognostic risk. It has been argued that this risk is more
pronounced when seen by conventional cytogenetics and not by fluorescence in situ
hybridization (FISH), and is commonly accompanied by the t(4:14) translocation, which, by
itself, confers the worse outcome of these patients (Herve, et al 2011). In addition, the 13q14
deletion is associated with downregulation of resident genes such as RB1, TRIM13 (also
termed RFP2, DLEU5), DLEU2 and MIR15A and MIR16-1. Although RB1 has been
implicated in retinoblastoma, it is not a likely candidate in MM because mutations, biallelic
deletions or inactivations of RB1 are very rare (Tonon 2007). In contrast, TRIM13has been
proposed to be a TSG (Lerner, et al 2007, Mertens, et al 2002, Tonon 2007, van Everdink, et
al 2003) for several reasons: i) by GEP studies, it is the only gene residing on chromosome
13q that is consistently downregulated and is associated with poor clinical outcome
(Shaughnessy, et al 2007); ii) it is centred at the most commonly lost region within the MCR
on chromosome 13q14, adjoining the MIR15A/16-1 cluster and DLEU2 (Carrasco, et al
2006); and iii) it shares homology to critical TSGs belonging to the large RING–B-box–
coiled-coil (RBCC) protein family involved in the ubiquitination of various protein targets
implicated in the regulation of cell cycle, transcription, apoptosis and DNA repair (Lerner, et
al 2007, van Everdink, et al 2003). Although TRIM13 and associated proteins are found in
the endoplasmic reticulum (ER) of cells, its downstream target/s remains to be identified.

The lack of information about the status and function of the genes downregulated as a
consequence of 13q14 deletion in MM, coupled with the adverse associated clinical
outcome, have provided the framework for our study of the functional role of TRIM13 in
MM. Here, we demonstrate that TRIM13 downregulation, in contrast to its presumed
function as a TSG, decreases MM cell survival and proliferation. We provide evidence that
TRIM13 downregulation enhances nuclear levels of I-Kappa B alpha (IκBα), thereby
inhibiting nuclear factor kappa B (NFκB) pathway activation, as well as inhibiting the
activity of the 20S proteasome. These data indicate that TRIM13 has a central role in
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promoting MM tumour survival and proliferation, suggesting its potential as a novel
therapeutic target in MM.

Materials and Methods
Patient samples and cell lines

MM patient and normal samples were obtained under the auspices of a Dana-Farber Cancer
Institute Institutional Review Board-approved protocol. Survival data on MM patients were
determined according to the Institutional Review Board of the University of Arkansas as
previously described (Shaughnessy, et al 2007). Cultured MM cell lines were collected from
different sources (Dutta-Simmons, et al 2009, Mani, et al 2009, Sukhdeo, et al 2007) and
maintained as previously described in RPMI media supplemented with 10% heat inactivated
fetal bovine serum.

Immunofluorescence (IF) and Immunoblot (IB) analysis
Cytospin samples of cultured MM lines were prepared as previously described (Dutta-
Simmons, et al 2009, Mani, et al 2009, Sukhdeo, et al 2007) Images were obtained with a
BioRad Radiance 2000 laser scanning phase contrast microscope. IB analysis was done as
previously described (Hideshima, et al 2005, Sukhdeo, et al 2007). Primary antibodies are
listed in the supplementary materials.

Gene expression profiling (GEP), fluorescence in situ hybridization (FISH),
immunohistochemistry (IHC), and bone marrow tissue micro arrays (BM-TMA) analysis

The array-comparative genomic hybridization (array-CGH) data for chromosome 13 of MM
primary tumours as well as cell lines is available at (http://genomic.dfci.harvard.edu/
array_cgh_db.htm) and (http://www.sanger.ac.uk/Teams/Team70/supplemental-data/)
respectively. The data on TRIM13 expression profiling using Affymetrix GeneChip, of MM
primary tumours, cell lines, and normal plasma cells was obtained from the National Center
for Biotechnology Information Gene Expression Omnibus (GEO; http/www.ncbi.nlm.gov/
geo). Gene expression levels were assessed as previously described (Shaughnessy, et al
2007). FISH analyses were performed as in prior studies (Protopopov, et al 1996). The
RP11-240f24 BAC probe was used to detect TRIM13. TMAs were constructed manually
using paraffin-embedded blocks from MM patient BM biopsies.

Lentiviral infections of MM cells
Lentiviral particles were generated as described in the supplementary methods and
transduced, as previously described (Dutta-Simmons, et al 2009, Mani, et al 2009, Willis, et
al 1998). Green fluorescent protein (GFP) positive cells were sorted by Flow cytometry 4–
12 days after the last infection and used for the in vitro growth assays.

Cell proliferation, cell cycle, apoptosis, viability and reporter assays
DNA synthesis was measured by incorporation of [H]3-thymidine (Amersham, GE
Healthcare, Little Chalfont, Buckinghamshire, UK), Soft agar colony assays and cell cycle
analyses were performed as described previously (Dutta-Simmons, et al 2009, Mani, et al
2009, Sukhdeo, et al 2007). Cell counting by Trypan blue exclusion was done using equal
numbers of control or shRNA cells plated for up to 15 days and counted in triplicate.
Apoptosis was measured by annexin V staining and 7-aminoactinomycin D exclusion (BD
Pharmingen, San Jose, CA, USA) using flow cytometric analysis. Data represents the
average of at least three different experiments. Viability assays were performed by plating
10,000 cells/well in 96-well plates, and assessed with Cell-Titer-Glo (Promega, Madison,
WI, USA), as previously described (Nelson, et al 2008). NFκB activity was measured with

Gatt et al. Page 3

Br J Haematol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://genomic.dfci.harvard.edu/array_cgh_db.htm
http://genomic.dfci.harvard.edu/array_cgh_db.htm
http://www.sanger.ac.uk/Teams/Team70/supplemental-data/


the NFkB reporter (Stratagene, Santa Clara, CA, USA) and PGL3 control assays using Dual
Luciferase Reporter System (Promega), as previously described (Dutta-Simmons, et al 2009,
Mani, et al 2009, Sukhdeo, et al 2007). Results were normalized to the control reporter and
renilla measurements. Experiments were done in triplicate and repeated at least three times.

Proteasome inhibition assays
Proteasome activity was assessed in protein cell extracts using fluorogenic peptides
according to the manufacturer's instructions (Chemicon, Billerica, MA, USA). Reactions
were started by adding an aliquot of cellular extract, and the fluorescence of released 7-
amino-4-methylcoumarin (AMC; excitation, 380 nm; emission, 460 nm) was monitored
with a spectrofluorometer after 1 h at 37°C. Assays were standardized to free AMC curves,
and the reactions were calibrated to the substrate curves.

Results
Expression of TRIM13 in MM

To gain insights into the clinical significance of the TRIM13 gene in MM pathogenesis, we
first utilized reported data (Shaughnessy, et al 2007) and analyzed its expression levels in
normal plasma cells and in 351 patients with MGUS or MM (adapted to the expression data
regarding TRIM13), as well as its association with prognosis (Figures 1A and B). Lower
levels of TRIM13 mRNA in MM cells were associated with a significantly worse prognosis.
In addition, TRIM13 mRNA levels correlated with chromosome 13q14 deletion status
(Figure 1C) in an independent cohort (Carrasco, et al 2006) of untreated MM patients for
whom aCGH data was available (n=64). Evaluation of TRIM13 protein expression levels by
IB (Figure 1D) and IHC (Figure 1E) revealed a correlation between TRIM13 protein levels
and status of chromosome 13. In addition, IHC analysis revealed TRIM13 protein in a
perinuclear pattern, suggesting that TRIM13 is localized to the ER in MM cells, and was
further substantiated in MMS1 cells using IF (Figure 1F) and IB (Figure 1G) analysis.
Overall, these results indicate that lower expression of TRIM13 in MM is associated with
chromosome 13q14 deletion and decreased patient survival.

Development of an in vitro system to functionally characterize TRIM13 in MM
As patient MM cells are not amenable to functional studies, we next sought to identify
which MM cell lines best mimic patient samples, with regard to the status of chromosome
13q14. FISH analyses for the TRIM13 gene was performed in a subset of MM cell lines
(Figure 2A and data not shown). With the exception of MMS1, which had a bi-allelic
homogenous population of cells, most cell lines had mono-allelic 13q14 deletion either in all
cells or in a mixed population. In agreement with this observation, the highest levels of
TRIM13 protein expression were documented in MMS1 cells (Figure 2B). Subsequently, we
chose this cell line for in vitro assays to investigate the biological role of TRIM13.

We first carried out gain and loss-of-function approaches by stably overexpressing FLAG
tagged-TRIM13 (TRIM13 cDNA) or knocking down TRIM13 expression (TRIM13
shRNA), respectively. From a panel of seven TRIM13 shRNAs, two showed significant
TRIM13 knockdown, designated shRNA#2 and #5 (Supplemental Figure 1A); the first was
more effective and was therefore used for further studies. At day 6 post-transduction, almost
100% of cells were GFP-positive, as assessed by flow cytometry (Supplemental Figure 1B).
Efficient overexpression and knockdown of TRIM13 in MM cell lines was verified by IB
analysis (Supplemental Figure 1C).
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TRIM13 downregulation causes profound apoptosis in MM cells
To determine the functional role of TRIM13, MMS1 cells were transduced using the above
described lentiviral system. Cells with TRIM13 knockdown showed significantly increased
apoptosis (60%) compared to control shRNA cells, as measured by flow cytometric annexin
V staining (Figure 2C). The pro-apoptotic effect resulting from TRIM13 knockdown was
confirmed in several MM cell lines (Supplemental Figure 2A). Given the proposed function
of TRIM13 as a TSG, this finding was surprising and we therefore further validated
knockdown-related apoptosis using another shRNA hairpin lentivirus (shRNA #5). This
alternative construct yielded a similar pro-apoptotic phenotype (Supplemental Figure 2B).

In addition, IB analysis for caspase 8, 9 and 3 as well as PARP1 cleavage showed activation
of both the intrinsic and the extrinsic apoptotic pathways upon TRIM13 down regulation
(Figure 2D, top). Antiapoptotic proteins, such as BCL2 and MCL1, were down regulated,
further supporting activation of apoptotic signalling. We demonstrated that the process is
associated with activation of the pro-apoptotic protein PMAIP1 (Noxa), with little effect on
other pro-apoptotic proteins (Figure 2D, middle). Given that TRIM13 is an ER-related
protein in MM, we also investigated the impact on ER stress proteins and markers. As
expected, TRIM13 downregulation in MMS1 cells significantly increased the levels of
HSPA5 (Bip) and phosphorylated eIF2α (p-eIF2α), and a modest effect on XBP1 splicing
(Figure 2D, bottom). Nevertheless, DDIT3 (CHOP) was still down regulated. Although
TRIM13 has previously been linked to valosin-containing protein (VCP)(Lerner, et al 2007),
another ER-related protein involved in apoptosis, we observed no change in VCP levels
after transduction (Figure 2D, bottom). TRIM13 downregulation also significantly enhanced
apoptosis induced by the ER stressor tunicamycin in HEK293 cells (Supplemental Figure
2C).

To further confirm that cell death is activated through apoptotic pathways, MMS1 cells were
transduced with the shTRIM13 virus, and then grown in the presence or absence of ZVAD-
FMK; this pan-caspase inhibitor abrogated the pro-apoptotic effects of TRIM13
downregulation (Figure 2E). Taken together, these results show that TRIM13
downregulation in various MM cell lines and model systems causes profound apoptosis,
highlighting its role in promoting MM cell survival.

TRIM13 downregulation is associated with growth arrest in MM cells
Sorted stably transduced cells were cultured over time (Figure 3A). As expected from its
pro-apoptotic effect, TRIM13 downregulation was associated with a significant reduction in
the number of MM cells. As a control for possible off-target RNAi effects, we showed that
reconstitution of TRIM13 expression in knockdown cells partially rescued its growth
inhibition.

The reduced cell numbers following TRIM13 downregulation could be a result of decreased
cell cycle progression, in addition to the observed increased apoptosis. We therefore next
investigated the impact of TRIM13 levels on colony-forming activity (Figure 3B).
Thymidine incorporation assays further showed that TRIM13 downregulation decreases
proliferation (Figure 3C). The growth inhibition was mediated through a G2/M cell cycle
arrest (Figure 3D), as assessed by flow cytometry and was associated with induction of
CDKN1A (P21) and cyclin B1 protein expression (Figure 3E). These results were replicated
using another shRNA to knockdown expression of TRIM13 (shRNA-TRIM13 #5), and in
other two MM cell lines, RPMI-8226 and Sachi (not shown). To directly assess whether
growth retardation occurs through accumulation of cells in the G2/M phase, cells were
grown in the presence of caffeine as a G2/M promoting agent. As shown in Figure 3F,
TRIM13 downregulation-mediated G2 arrest was abrogated in the presence of caffeine, as
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were its antiproliferative effects (Figure 3G). Finally, to confirm the relevance of our
findings to MM, we performed proliferation assays using primary MM cells (Figure 4),
showing similar effect. Overall, these results show that TRIM13 downregulation not only
alters cell survival but also cell growth and proliferation, and highlight the potential of
TRIM13 as a novel therapeutic target in MM.

TRIM13 downregulation inhibits 20S proteasome activity in MM cells
The above-described presence of ER stress, combined with the previous reports that
TRIM13 has E3 ubiquitin ligase activity (Lerner, et al 2007, van Everdink, et al 2003),
prompted us to assess total protein ubiquitination. Concordant with its effects on ER stress,
TRIM13 downregulation was associated with significantly higher levels of poly-
ubiquitinated proteins (Figure 5A, Supplemental Figure 3C). This feature, also observed
with proteasome inhibitors, (Bianchi, et al 2009) lead us to hypothesize that manipulating
TRIM13 levels might influence the activity of the 20S proteasome in general. Indeed, we
were able to document a significant (p<0.01) reduction (60% inhibition) in 20S proteasome
activity in TRIM13 down regulated cells (Figure 5B). IB analysis demonstrated that this
inhibitory effect was not due to changes in protein levels of the 20S alpha subunit (Figure
5C). In addition, increased phosphorylated-NFKBIA (IκBα) levels were found in the
cytoplasmic portion of the TRIM13 down regulated cells (Figure 5D) as well as an
accumulation of total and phosphorylated-XTNNB (β-catenin), another protein dependent
on the proteasome for degradation. Proteasome inhibition by TRIM13 down regulation was
confirmed in other MM cell lines and was partially abrogated by restoring TRIM13 levels
by overexpression (Supplemental Figure 3A and B). Importantly, TRIM13 down regulated
cells were more sensitive to Bortezomib (Figure 5E); indeed proteasome inhibition was
synergistic with TRIM13 downregulation in MM cells (Supplemental Figure 3D)

TRIM13 downregulation inhibits the NFκB pathway by causing nuclear retention of IκBα in
MM cells

Inhibition of the NFκB pathway is a hallmark of proteasome-related growth retardation and
apoptosis (Hideshima, et al 2005, Mitsiades, et al 2004). Furthermore, previously reported in
a high throughput luciferase screening, TRIM13 was found to be an upstream activator of
NFκB (Matsuda, et al 2003). We therefore performed NFκB luciferase reporter assays to
confirm these results in MM cells. A significant (p<0.01) reduction was associated with
TRIM13 downregulation (Figure 6A). To define the mechanism of this process, we
examined the level of NFκB related proteins in nuclear and cytoplasmic fractions (Figure
6B). Interestingly, the most prominent effect observed in TRIM13 down regulated cells was
increased levels of IκBα in the nucleus. This finding was corroborated with IF studies using
a different primary antibody against IκBα (Figure 6C). In addition, upon re-introduction of
TRIM13 by overexpression, nuclear IκBα localization was diminished (Supplemental
Figure 4A), suggesting that this effect is specifically due to altered TRIM13 expression. This
effect was also observed in other two MM cell lines, RPMI-8226 and MM1S.

Altogether, these results support our theory that the effects of TRIM13 downregulation are
mediated through an inhibition of the NFκB pathway that is associated with increased
nuclear IκBα as well as a decrease in 20S proteasome activity.

Discussion
Deletion of chromosome 13q14 is one of the most frequent copy number alterations, seen in
MM and other lymphoproliferative diseases (Carrasco, et al 2006, Elnenaei, et al 2003,
Fonseca, et al 2004, Kapanadze, et al 2000, Kohlhammer, et al 2004, Kyle and Rajkumar
2004, Mitsiades, et al 2004, Schop, et al 2002). Within this chromosomal band, a MCR of
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deletion has been identified which harbours the TSG candidate TRIM13 (Carrasco, et al
2006, Elnenaei, et al 2003). While TRIM13 has been described as an ER E3 ligase (Lerner,
et al 2007), its function is not clear. Here, using a loss-of function approach, we have
investigated the functional role of TRIM13 in MM.

Expression of TRIM13 in MM
Our studies indicate that the TRIM13 gene is a target of chromosome 13 deletion in MM.
Using GEP analysis, we were able to show that lowest levels of TRIM13 mRNA expression
are correlated with chromosome 13q14 deletion and worse MM patient survival. It is
difficult to draw a firm conclusion when correlating protein levels and FISH data in MM
patient samples. Although we saw a trend for lower TRIM13 protein expression in patient
samples with chromosome 13 deletion, there were cases that did not follow this pattern. This
can be explained by the existence of post-transcriptional mechanisms controlling TRIM13
protein levels including ubiquitination.

TRIM13 function in MM cells
Using a lentiviral-based system to stably knock down TRIM13 expression, we were able to
show a prominent pro-apoptotic effect associated with caspase activation and an ER stress
response, consistent with a previous report that TRIM13 is localized to the ER (Lerner, et al
2007). MM cells produce and secrete large amounts of immunoglobulins and are therefore
under constant ER stress, (Davenport, et al 2007, Nakamura, et al 2006). Upon TRIM13
downregulation, we speculate that misfolded protein accumulation further increases the
already high ER load in MM cells. This effect has previously been described in ER stressed
cells (Shen, et al 2007), and is consistent with our observation of elevated levels of poly-
ubiquitinated proteins and inhibition of 20S chymotryptic proteasome subunit activity in
TRIM13 down regulated cells.

We were able to show a significant reduction in NFκB activity upon TRIM13 knockdown,
as has been previously speculated in HEK 293t cells (Matsuda, et al 2003). This effect was
associated with accumulation of IκBα in the nucleus, and is consistent with reports in other
cellular systems (Aguilera, et al 2006, Castro-Alcaraz, et al 2002, Huang and Miyamoto
2001, Sorriento, et al 2008, Vu, et al 2008), a phenomenon associated with increased
apoptosis and inhibition of NFκB activity. Taken together, these data suggest that NFκB
inactivation involves nuclear retention of RELA (p50) and NFKB1 (p65) NFκB subunits by
IκBα, thereby inhibiting their export to the cytoplasm, which is required for reactivation of
the pathway (Huang and Miyamoto 2001), via 14-3-3 family of proteins and G-protein-
coupled receptor Kinase 5 (GRK5). Although we examined 14-3-3 and GRP5 levels, as well
as performing immunoprecipitated and probing for a direct interaction between TRIM13 and
these proteins or IκBα (not shown), we found no such interaction. Based on our results, one
speculative possibility is that the proteasome inhibitory effect of TRIM13 downregulation is
mediated through qualitative changes in the 20S subunit. Last, we also demonstrated
upregulation of Noxa, a pro-apoptotic protein induced by proteasome inhibitors (Rizzatti, et
al 2008) and during ER stress-related apoptosis (Wang, et al 2009), further linking these
findings together. Recently, over-expression of TRIM13 combined with ionizing radiation
was shown to enhance apoptosis via the degradation of AKT and MDM2 (Joo, et al 2011).
Although we did not combine TRIM13 over-expression with other modalities causing
apoptosis, nor observed these findings, it should be noted that our system utilizes stable and
long term expression, and our main focus for investigation was by loss of function analysis.
We did not observe growth promoting effects by over-expressing TRIM13, suggesting that
the basal levels of TRIM13 protein are sufficient for cellular maintenance. Importantly, our
results showing decreased survival and proliferation of MM cells secondary to TRIM13
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downregulation confirm that MM cells depend on their basal TRIM13 levels and are
destined to apoptosis when these levels are further down regulated.

Linkage of the in vitro results with clinical data
Our loss-of-function studies showing inhibition of MM cell growth with TRIM13
downregulation are not consistent with the observation that low expression levels of
TRIM13 are an adverse prognostic marker in MM, or with the hypothesis that TRIM13 is a
TSG (Lerner, et al 2007, Mertens, et al 2002, Tonon 2007, van Everdink, et al 2003) and the
higher tumour cell proliferation rates correlating with chromosome 13q deletion (Rajkumar,
et al 1999, Shaughnessy, et al 2003). This might be attributed to another TSG residing on
chromosome 13q14 in close proximity to the TRIM13 gene, such as MIR15A and MIR16-1
(Bonci, et al 2008). The latter are not represented by GEP probes, and the adjacent TRIM13
gene could therefore be regarded as a reporter for the concurrent loss of these miRs when
chromosome 13q14 is deleted. On the other hand, it has been shown by several groups
(Jagannath, et al 2007, Sagaster, et al 2007) that bortezomib, a proteasome inhibitor,
overcomes the bad prognosis associated with chromosome 13q deletion in MM. This effect
could be due, at least in part, to decreased proteasome activity in TRIM13-downregulated
MM cells, rendering them more sensitive to bortezomib. Moreover, in CLL mice, when the
genomic region deleted was enlarged to include a much wider common region, the
phenotype was varied revealing a more aggressive phenotype (Lia, et al 2012) This finding
implies the importance of the interplay among the different genes present at 13q14 as a
cluster and not in a solitary manner (Mertens and Stilgenbauer 2012). In contrast to MM,
chromosome 13q deletion in CLL confers a better prognosis compared with other
chromosomal aberrations or normal karyotype. Therefore, it is possible that TRIM13
deletions causing slower growth rates may have a more significant impact in CLL, which is
less aggressive than MM and employs different apoptotic pathways (Jahrsdorfer, et al 2005,
Zent, et al 2003). It should also be noted that 13q deletion is commonly accompanied by
other adverse prognostic translocation, such as t (4:14), which are the basis for the poor
prognosis, rather than the 13q deletion by itself (Herve, et al 2011). Thus, the fact that
TRIM13 acts in opposition to other genes (i.e. MIR15A and MIR16-1 as the presumed
tumour suppressors) residing within the same region or another, is intriguing and not a
contradiction. It could be additionally argued that, similar to that has been described for
IRF4 (Shaffer, et al 2008), though not genetically altered in most myelomas, they are
nonetheless addicted to an aberrant IRF4 regulatory network that fuses the gene expression
programmes of normal plasma cells and activated B cells.

We have functionally linked TRIM13 activity with biological process essential to MM
pathogenesis such as the ER stress response (Davenport, et al 2007, Nakamura, et al 2006),
NFkB transcriptional activity (Chng, et al 2007), proteasome function and proteasome
inhibitors (Bianchi, et al 2009) which have become an important part of the therapeutic
arsenal in MM. Thus our data adds to the complexity of the expanding knowledge of
accumulating high throughput genomic data, and underscores the need to validate it
functionally. We challenge the dogma that a genomic area of deletion harbours primarily
TSGs, and show that there are dual aspects to this concept. Our data not only highlights the
above-mentioned complexity, but also provides both the framework for further investigation
of the specific mechanisms involved in this process, and the rationale for development of
novel therapeutic strategies to target TRIM13 in MM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reduced levels of TRIM13 gene expression in MM are correlated with chromosome
13q deletion and poor clinical outcome
(A) TRIM13 mRNA expression levels in normal bone marrow (BM) plasma cells (NPC;
n=22), monoclonal gammopathy of undetermined significance (MGUS; n=14), and multiple
myeloma (MM) primary tumours as divided by quartiles (n=351). (B) Lowest levels (Q1) of
TRIM13 expression impacts patient event-free survival (EFS). (C) Low TRIM13 mRNA
expression levels correlate with the presence of chromosome 13q.14 deletion in MM patient
samples (p<0.001). (D) Immunoblot analysis showing generally lower levels of TRIM13
protein expression in MM patient samples with chromosome 13q deletion (*) than without
deletion (**). For samples with no asterisk the karyotype is unknown. Normal BM CD138
purified plasma cells (NPC). (E) Immunohistochemical analysis of decreased TRIM13
protein expression in a MM patient with chromosome 13q.14 deletion on BM- tissue
microarrays. Two representative cases are shown. Note the cytoplasmic perinuclear
localization of TRIM13 (insert, brown colour). (F) Immunofluorescence analysis, with anti
FLAG antibodies in dsRED, showing the localization of FLAG-tagged TRIM13 to the ER in
MMS1 cells. HSPA5 (Bip) protein stained with fluorescein isothiocyanate conjugated
secondary antibodies is used as ER marker and 4',6-diamidino-2-phenylindole (Dapi) for
nuclear staining. (G) Immunoblot analysis showing that endogenous and overexpressed
TRIM13 is localized to the ER in MMS1 cells. Controls used are Actin (ACTB) for Whole
cell extract (WC); Cytoplasmic (Cyt); BCL2 for Membranous (Mem); and Lamin B
(LMNB) for Nuclear (Nuc).
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Figure 2. TRIM13 downregulation induces apoptosis of MM cells through intrinsic and extrinsic
pathways
(A) FISH analysis showing chromosome 13q.14 status in various MM cell lines using a
BAC probe for TRIM13-FITC (green), CEP3-Spectrum Orange (red). Some cell lines have
a homogeneous population of cells having both (MMS1) or only one allele preserved (NCI-
H929), whereas others have a mixed population of cells (OPM1, RPMI-8226, Sachi). (B)
Immunoblot analysis of TRIM13 protein expression in MM cell lines. HEK 293T lentiviral
transduced cells overexpressing TRIM13 protein showed as a positive control. (C) TRIM13
shRNA knockdown induces marked increase in apoptosis of MMS1 cells at day 6 post-
transduction. A representative case of four independent assays for Annexin V and 7AAD
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staining is shown. (D) Immunoblot analysis showing that TRIM13 downregulation induces:
i) caspase cleavage in both intrinsic and extrinsic apoptotic pathways (Different exposures
of the full length and cleaved caspases IB are shown); ii) prominent upregulation of the pro-
apoptotic protein PMAIP1 (Noxa) and downregulation of anti-apoptotic proteins (MCL1,
BCl2, BIRC2 [cIAP1]) and no change in other proteins involved in apoptosis (BCL2L11
(Bim), BID, BBC3 (Puma); and iii) ER stress-induced apoptosis, as evidenced by
upregulation of ER markers HSPA5 (Bip) and phosphorylated eIF2α (p-eIF2α), and other
ER markers as DDIT3 (CHOP), and ERN1 (IRE1). (E) TRIM13 downregulation-induced
apoptosis is abrogated when 20 µM pan-caspase inhibitor ZVAD-FMK is added daily on
days 3–5 post-transduction. Apoptosis was measured in two separate experiments on day 6.
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Figure 3. TRIM13 downregulation inhibits MM cell growth and proliferation through a G2/M
cell cycle arrest
(A) Decreased growth of MMS1 cells with TRIM13 downregulation (TRIM13-shRNA) as
compared with control cells (Con-shRNA) and transduction of TRIM13 to the down
regulated cells (TRIM13-shRNA+TRIM13-cDNA) partially abrogates this effect (B) Soft
agar colony assay showing decreased colony size and numbers in MMS1 cells with TRIM13
downregulation. (C) TRIM13 downregulation directly inhibits proliferation of MMS1 cells,
as measured by thymidine H3 incorporation. (D) A representative flow cytometric analysis
by propidium iodide staining showing G2/M cell cycle arrest in the MMS1 TRIM13
downregulated cells. (E) Immunoblot analysis showing prominent upregulation of the
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proteins CDKN1A (P21) and CCNB1 (cyclin B1) in TRIM13 down regulated cells. (F)
Caffeine was able to abrogate G2/M cell cycle arrest in TRIM13 down regulated cells. (G)
Caffeine was able to overcome the functional growth arrest in TRIM13 down regulated
cells, as measured by Thymidine incorporation.
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Figure 4. TRIM13 downregulation inhibits primary MM cell growth
Decreased growth of CD138+ selected primary MM cells with TRIM13 downregulation
(TRIM13-shRNA) compared with control cells (Con. shRNA), as measured by thymidine
H3 incorporation. Each experiment was performed in quadruplicate.

Gatt et al. Page 18

Br J Haematol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. TRIM13 downregulation causes inhibition of proteasome 20S activity
(A) Immunoblot showing TRIM13 downregulation is associated with accumulation of poly-
ubiquinated proteins. (B) 20S proteasome activity was measured using 5 µg of MMS1
cellular protein extracts. Data are mean of three representative independent experiments,
each performed in duplicate. For 20S proteasome activity, control substrate (10 µg) was
incubated with or without lactacystin inhibition (25 µM) for 15 min. As another control,
shRNA or control-shRNA MMS1 cells were incubated for 24 h with the pan-proteasome
inhibitor MG132 (10 µM). Immunoblot with anti-actin (ACTB) antibody served as loading
control. (C) Immunoblot of treated cells for levels of proteasome 20S alpha subunit shows
no significant changes in protein levels. (D) Immunoblot in MMS1 TRIM13 downregulated
cells shows accumulation of phosphorylated (p-)NFKBIA (IKBα) and p-CTNNB (β-
catenin), as well as upregulation of CTNNB. (E) A viability assay showing that TRIM13
downregulated cells are more susceptible to treatment with the proteasome inhibitor
Bortezomib. The 4 bars show 4 increasing concentrations (0, 5, 25 and 50 ng/ml).
Experiments were done in triplicate and repeated three times.
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Figure 6. TRIM13 downregulation is associated with inhibition of NFκB pathway activity
(A) NFkB activity measured by Luciferase expression was decreased in cells with TRIM13
downregulation. (B) Immunoblot analysis showing that TRIM13 downregulation is
associated with accumulation of nuclear NFKBIA (IκBα) in MMS1 cells. A modest
accumulation of RELA (P50) and NFKB1 (P65) subunits of NFκB was also noted. (C)
Immunofluorescence analysis shows nuclear localization of NFKBIA in TRIM13 down
regulated cells.
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