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factors for MGUS, MM, and WM.

Introduction

We recently identified paraprotein target 7 (paratarg-7) as the tar-
get of up to 37% of paraproteins from monoclonal gammopathies
of undetermined significance (MGUS)/multiple myeloma (MM)
patients (1-3). All patients with paratarg-7-specific paraproteins
were carriers of a hyperphosphorylated modification of paratarg-7
(pP-7) (4), and the pP-7 carrier state is inherited in an autosomal-
dominant fashion (4). Besides paratarg-7, 10 additional paratargs
were identified (5), for most of which hyperphosphorylation was
shown to be a consistent finding and the most likely reason for
chronic autoantigenic stimulation (6). In order not to miss post-
translationally modified autoantigenic targets of paraproteins that
do not crossreact with the unmodified version, we posttransla-
tionally modified membrane-bound array proteins in vitro. Here,
we show that in vitro sumoylation of membrane-bound human
protein macroarrays enabled the identification of an aberrantly
sumoylated protein as a frequent and autosomal-dominantly
inherited autoantigenic target of paraproteins.

Results

Identification of sumoylated paratargs. Paraprotein-containing sera
(6IgA, 311gG, 31gM) diluted 1:10” were screened for reactivity with
in vitro-sumoylated proteins represented on a fetal brain-derived
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Posttranslationally modified proteins serve as autoimmunogenic targets in a wide spectrum of autoimmune diseases. Here,
we identified a posttranslationally modified paraprotein target (paratargs) in monoclonal gammopathies of undetermined
significance (MGUS), multiple myelomas (MM), and Waldenstrom’s macroglobulinemias (WM) using protein macroarrays
that were sumoylated and screened for reactivity with paraproteins from MGUS, MM, and WM patients. We found that
paraproteins from a proportion of European, African-American, and Japanese patients specifically reacted with the
sumoylated heat-shock protein 90 B isoform-a (HSP90-SUMO1, where SUMO indicates small ubiquitin-like modifier),

while no reactivity with HSP90-SUMO1 was detected in over 800 controls. HSP90-SUMO1 was present in blood cells from

all patients with HSP30-SUMO1-binding paraproteins. We determined that the HSP90-SUMO1 carrier state is autosomal-
dominantly inherited and caused by the inability of SUMO peptidase sentrin/SUMO-specific protease 2 (SENP2) to
desumoylate HSP90-SUMO1. HSP90-SUMO1 was detected in a small percentage of healthy individuals from all backgrounds;
however, only MGUS, MM, and WM patients who were HSP90-SUMOT1 carriers produced HSP90-SUMO1-specific paraproteins,
suggesting that sumoylated HSP90 promotes pathogenesis of these diseases through chronic antigenic stimulation. This
study demonstrates that harboring HSP90-SUMOT1 identifies healthy individuals at risk for plasma cell dyscrasias and that
dominant inheritance of posttranslationally modified autoantigenic paratargs is one of the strongest molecular defined risk

macroarray. Two signals were obtained. These 2 immunoreactive
clones were expressed in E. coli, and the corresponding His -tagged
proteins were sumoylated either in solution or after spotting onto
polyvinylidene difluoride (PVDF) membranes. Screening of these
2 clones with 40 paraproteins from European patients resulted in
the identification of 6/40 paraprotein-containing sera reacting
with the sumoylated heat-shock protein 90 f isoform-o (HSP90O-
SUMO1, where SUMO indicates small ubiquitin-like modifier)
(WT NP _031381), while the immunoreactivity of the other clone
could not be confirmed. Patients’ sera showed no immunoreactiv-
ity against WT HSP90 or WT SUMOL1 protein alone (represented
by VCP-SUMOY1), indicating an immune reaction specific for
sumoylated HSP90 (Supplemental Figure 1; supplemental materi-
al available online with this article; doi:10.1172/JCI76802DS1). No
reaction was observed against HSP90-SUMO2 or HSP90-SUMO3,
demonstrating that the signals were specific for the HSP90-
SUMOL1 isoform. In addition, absorption studies using HSP90-
SUMOL1 affinity columns proved that the entire monoclonal com-
ponent targeted HSP90-SUMO1 (Supplemental Figure 2).
Frequency of HSP90-SUMOI-specific paraproteins and preva-
lence of HSP90-SUMOI carriership in different ethnic groups. Sera
derived from European, Japanese, and African-American MM/
MGUS patients were analyzed for immunoreactivity against
HSP90-SUMOL1 (Table 1 and Supplemental Table 1). At a dilu-
tion of 1:107, 27/226 (11.9%) sera from European, 9/80 (11.2%)
from African-American, and 9/176 (5.1%) from Japanese patients
reacted. No reactivity was detected in the 1:10? diluted sera
from 550 European, 100 African-American, and 278 Japanese
healthy controls (less diluted sera could not be tested due to
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Table 1. HSP90-SUMO1 immunoreactivity and carrier state in different ethnic groups

Healthy controls

n  Immunoreactivity (at 1:10?)  Carrier state n
African-Americans 100 0 2 (2%) 80
Europeans 550 0 5(0.9%) 226
Japanese 278 0 2(0.8%) 176

Patients OR (95% CI) P

Immunoreactivity (at 1:107)  Carrier state

9 (11.2%) 9 (11.2%) 6.2 (1.3021; 29.6280) 0.0220
27 (11.9%) 27 (11.9%) 14.8 (5.6177,38.9331)  <0.0001
9 (5.1%) 9 (5.1%) 74 (1.5877;34.8373) 0.0109

background reactivity). Western blot and ELISA experiments
revealed that whole blood from all MGUS/MM/Waldenstrom’s
macroglobulinemias (WM) patients with an anti-HSP90-
SUMOL1 paraprotein expressed both sumoylated HSP90 and WT
HSP90, while HSP90-SUMO1 was not seen in patients whose
paraprotein did not bind to HSP90-SUMO1 (Figure 1 and data
not shown). In contrast, 5/550 (0.9%) European, 2/100 (2%)
African-American, and 2/278 (0.8%) Japanese controls carried
HSP90-SUMOYI, resulting in an odds ratio (OR) (as determined
by univariate regression analysis in SPSS) of 14.8 for European,
6.2 for African-American, and 7.4 for Japanese healthy carriers
for MGUS/MM/WM.

Antibody-binding epitope of HSP90-SUMOLI. By in silico anal-
ysis, 17 possible sumoylation sites were predicted for HSP90O
(SUMOplot Analysis Program; http://www.abgent.com/tools/), 5
of which have a high probability; 4 of these were located in the par-
tial clone of HSP90-SUMO1 by which the HSP90-SUMO1-react-
ing paraproteins had been discovered. To identify the lysine and
the epitope that, when sumoylated, bound the respective para-
proteins, site-directed mutagenesis was performed. Only when
HSP90 K559 was replaced by arginine (K559R) was no HSP90-
SUMOL1 serum reactivity detected, while replacement by K186R,
K438R, and K685R (alone or in combination) had no effect on
binding of the reactive paraproteins (Figure 2) or the B cell recep-
tor-derived (BCR-derived) antigen-binding fragment (Fab,
Supplemental Figure 3), indicating that the paraprotein immu-
noreactivity was specific for the HSP90-SUMO1 branch at K559
(HSP90-SUMO1, ). All HSP90O-SUMOIl-reactive paraproteins
bound to the same HSP90-SUMO1, _, epitope.

Demonstration of the monoclonal BCR-derived origin of
HSP90-SUMOI paraproteins. The paraprotein-mediated reaction
against HSP90-SUMO1 was demonstrated by cloning the BCR
from a bone marrow smear (plasma cell infiltration approximate-
ly 80%) of a patient with an
anti-HSP90-SUMO1-specific
paraprotein. The Ig genes
(VH, Vk, VA) were charac-
terized by PCR and cloned
into a phagemid vector to
produce Fabs. Both the BCR-
derived Fab and the para-
protein recognized HSP9O0-
SUMOL1 as target (Figure 3),
and the patient’s paraprotein
displaced the BCR-derived
recombinant Fab in a dose-

HSP90-SUMO =—»

1 2

but detection with anti-SUM02/3.

HSP9°-’-~“” . '

dependent manner (Figure 3C) in a competition assay, demon-
strating that both the recombinant Fab and the paraprotein bind
to the same epitope of HSP90-SUMOL1.

Expression of HSP90-SUMOI in peripheral blood cells. While
no HSP90-SUMO1 was detected in any magnetic cell separation-
isolated subpopulation of PBMCs from carriers of WT HSP90,
white blood cells from HSP90-SUMOL carriers expressed both
forms of HSP9O0. B cells from HSP90-SUMOL carriers expressed
more HSP90-SUMO1 than WT HSP90, while WT HSP90 was
the predominant form in all other blood cell subpopulations. In
addition, in mouth swabs from HSP90-SUMOI1 carriers, only
WT HSP90 was detected, whereas HSP90-SUMO1 was absent.
EBV-transformed lymphoblastoid cell lines (LCLs) from HSP90-
SUMOIL carriers expressed both HSP90 variants throughout their
life spans in culture (tested from passages 1 up to 50; Supplemental
Figure 4), while only WT HSP90 was expressed in LCLs derived
from WT HSP9O carriers.

HSP90-SUMOLI in other malignancies and autoimmune diseases.
In all European patients with other cancer types and autoimmune
diseases, we found a prevalence of HSP90-SUMO1 similar to that
in healthy controls (Supplemental Tables 2 and 3), indicating that
the HSP90-SUMOL1 carrier state and immunoreactivity against
this posttranslational modification are increased only in patients
with MM/MGUS/WM.

Inheritance of HSP90-SUMOI. The members of 3 families with
patients who were carriers of and had paraproteins specific for
HSP90-SUMO1 in their serum gave written consent to be studied for
the HSP90-SUMOL1 carrier state. In all these families, the analysis
revealed that the sumoylated carrier state of HSP9O is inherited in an
autosomal-dominant fashion (Figure 4 and Supplemental Figure 5).

Regulation of HSP90-SUMOI in patients. The observation
that HSP90-SUMO1 was only detected in patients, but not in
healthy persons, raised the question of the enzymes responsible

10 11 12

Figure 1. HSP90-SUMO1 in patients and in healthy donors. Western blot (lanes 1-6) or immunoprecipitation (lanes
7-10) of blood cell lysates derived from patients and healthy donors. HSP90-SUMO1 was detected only in immu-
nopositive patients. Lanes 1-3: 3 healthy donors; lane 4: patient with a paraprotein of other specificity; lanes 5 and
6: 2 patients with immunoreactivity against HSP90-SUMO?. Blood cell lysate from lane 7 represents a patient with
a paraprotein of other specificity; lane 8 represents a patient with immunoreactivity versus HSP90-SUMO1. Both
samples were immunoprecipitated with anti-HSP90-mAb, separated by SDS-PAGE, and detected with anti-HSP30.
Lanes 9 and 10: same as in lanes 7 and 8, but detection with anti-SUMOT; lanes 11 and 12: same as in lanes 7 and 8,
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A Figure 2. Identification of the immunogenic HSP30
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+K438R HSP30 or HSP90-SUMO1 (K559R), while all other muta-
+K685R tions did not affect the immunoreactions. (C) ELISA: all
B GHS aHS SUMO sera derived from all 27 HSP90-SUMO1-immunopositive
£ 1 HSPS0 ®HSP90-SUM patients showed no immunoreactivity when K559 was
€ o8 replaced by arginine (K559R), which lacks the respective
S sumoylation site. All other mutations had no effect on
% 06 immunoreactivity. Each column represents an individual
o HSP3S0-SUMO1-positive patient.
S o4
2
Q 02
Fo!
< 0 i |
WT K186R K438R K559R K685R K186R
+K438R
’ +K685R
Mutation
c 14
1.2
E 1.0
o
=)
X o8
o)
o
S o6
£
2
2 04
<
0.2
0.0

WT K186R K438R

Mutation

K559R

for sumoylation and desumoylation of HSP90. Complementation
experiments using native enzyme extracts derived from the blood
of patients and healthy persons showed that desumoylation, but not
sumoylation, of HSP90-SUMO1 was (partially) inactive in patients
(Figure 5A). For knockdown experiments, LCLs were used because
LCLs maintain the carrier state of the donor from which they are
established. Knockdown experiments using sentrin/SUMO-specif-
ic protease-specific (SENP-specific) shRNAs in LCLs derived from
healthy people identified SENP2 asresponsible for desumoylation of
HSP90-SUMOL in healthy people, while inhibition of other SENPs
had no influence on HSP90-SUMOL1. This result was confirmed by
incubation of recombinant HSP90-SUMO1 together with recom-
binant SENPs: only SENP2, but none of the other SENPs, cleaved
HSP90-SUMOY1, confirming that the (specific) inability of SENP2 to
desumoylate HSP90-SUMO1 was responsible for HSP90-SUMO1
carriership (Figure 5, B and C). Neither DNA modifications nor dif-
ferences in SENP2 expression at the mRNA and protein levels were
detected (Supplemental Figure 6); similarly, no up- or downregu-
lation of other sumoylating or desumoylating enzymes was found
(Supplemental Figure 7). To test patient-derived cells for SENP2
activity, SENP2 enzymes from patients’ PBMCs and from healthy
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K685R

controls were enriched by immunoaffinity chromatography and
tested for their capability to cleave the indicator substrate RanGAP.
RanGAP was cleaved by SENP2 derived from patients and healthy
donors (Figure 6), indicating that patients had no general defect of
SENP2 enzyme activity.

Discussion

Posttranslationally modified proteins have been identified as auto-
immunogenic targets in a wide spectrum of autoimmune diseases,
e.g., nuclear antigens in systemic lupus erythematosus (SLE),
citrullinated vimentin in rheumatoid arthritis (7), and myelin-
associated glycoprotein in chronic inflammatory demyelinating
polyneuropathy (8, 9); posttranslationally modified autoantigenic
targets of the BCR in B cell malignancies have been described for
chronic lymphatic leukemia (CLL) (oxidized LDL; ref. 10) and
MGUS/MM/WM (hyperphosphorylated paratargs) (2, 4, 6).

The hyperphosphorylated paratargs were detected using
unmodified protein macroarrays because the respective parapro-
teins reacted with both the native protein on the macroarrays and
the hyperphosphorylated variant. In order not to miss posttrans-
lationally modified targets of paraproteins that do not crossreact



The Journal of Clinical Investigation

A
3
W P549 serum

25 0 P549 BCR
'g O P69 serum
o 2 m P69 BCR
&
3
315
c
IS
£
g 1
Ke)
<C

0.5

0
HSP90 HSP90-SUMO

(o]

2.0
B
€15
S
3
P ® P69
S 1.0
I 4 P549
2
I}
3
205

0.0

0 2 1 50

nFab concentration (ug/ml)

RESEARCH ARTICLE

B
1.5
€
c EFab
o 1.0
gfi OP549 serum
)
o
C
©
2
2 05
Q
<
0.0+— | —

HSP90-SUMO  VCP-SUMO

HSP90
D 3.0
: <O-P69 BCR vs. HSP90-SUMO

o5 “X-P69 BCR vs. WT HSP90
€ -®-P549 BCR vs. HSP90-SUMO
S 20 - P549 serum vs. HSP90-SUMO
&3 -~P549 BCR vs. WT HSP90
§ 1.5 --P549 serum vs. WT HSP90
(]
£
o 1.0
(7]
Ke)
<

0.5

10 5 25 125 06 03 0.15 0.075

BCR concentration (ug/ml)

Figure 3. Specificity of plasma cell antigen receptor-derived (BCR-derived) Fab and HSP90-SUMO1-specific paraproteins by ELISA. P549 represents a
HSP90-SUMO1 reactive paraprotein, while P69 is a paraprotein with specificity for paratarg-7. (A) Reactivity. (B) Specificity. Sumoylated valosin-containing
protein (VCP) (CDC48) as a control for WT SUMO. (C) Competition ELISA. (D) Titer determination of paraprotein and recombinant BCR.

with the native or WT protein, we subjected the commercially
available protein macroarrays to sumoylation in vitro, thus suc-
ceeding in identifying HSP90-SUMO1 as a frequent target of
paraproteins from MGUS/MM/MW patients. The fact that the
reaction of the respective paraproteins was specific for sumoylat-
ed HSP90, while WT HSP90 or SUMO1 showed no reaction, sug-
gested that the branch region of the HSP9O protein that combines
HSP90 and SUMOI1 might be the epitope binding the respective
paraproteins. Performing site-directed mutagenesis, we identified
lysine at position 559 of HSP90 (K559) as the site of sumoylation
and part of the paraprotein-binding epitope.

Having shown that HSP90 sumoylation at lysine 559 is inher-
ited in an autosomal-dominant fashion, it was of interest to check
for the prevalence of MGUS/MM patients with HSP90-SUMO1-
specific paraproteins and the prevalence of healthy HSP90-
SUMOL carriers in different ethnic groups. Since the HSP90-
SUMOL1 carrier state is rare in healthy controls from all 3 ethnic
groups studied here, carriers of the variant are at a significantly
increased risk for MGUS/MM/WM, with ORs ranging from 6.2 in
African-Americans and 7.4 in Japanese to 14.8 in European carriers
of the sumoylated variant, making HSP90-SUMOL1 carriership the
second strongest risk factor after hyperphosphorylated paratarg-7
for MGUS/MM/WM in all 3 ethnic groups. Since the control group

(median age 40 years) was 26 years younger than the patients with
paraproteins (66 years), we cannot exclude that the healthy car-
riers will develop an anti-HSP90-SUMO1-specific paraprotein
with longer follow-up. However, if this were the case, it would
only further increase the OR of healthy carriers. Testing for an
HSP90-SUMOL carrier state can identify and exclude members of
the respective families who have an increased risk of developing
MGUS or MM, which might be helpful in the clinical situation.
SUMO proteins are a family of small proteins that covalently
bind to amino acid residues of target proteins to modify their func-
tion (11-13). Sumoylated proteins are involved in various cellular
processes, including protein stability, response or stress, DNA dam-
age response, nuclear-cytoplasmic transport, transcriptional regu-
lation, cell growth, survival, and apoptosis (11, 14, 15). Sumoylated
autoantigens have been described as a novel and independent class
of autoantigens in primary biliary cirrhosis (16). Whether the per-
manent sumoylation of HSP90 has functional consequences in the
respective carriers remains to be determined. However, since WT
HSP9O is still present at a relevant level in the respective cells in
HSP90-SUMOL1 carriers, we would assume that the presence of
HSP90-SUMOL1 should not result in major functional changes of
cells coexpressing WT HSP90 and HSP90-SUMO1. However, one
should keep in mind that the WT HSP90 molecule is a dimer and
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HSP90-SUMOL1 expression in the respective
carriers is not due to enhanced sumoylation,

t t but rather to the specific inability of SENP2

to desumoylate HSP90-SUMOL (Figure 5A).
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Figure 4. Pedigree of a family with a patient with MM and HSP90-SUMO1 as the paratarg. Shown is
the pedigree of the family and a Western blot for the HSP30 state. Sumoylated HSP90 was detected
in the female patient having MM and in her healthy sister. Each of the 2 sisters had 2 children, one
of whom was a carrier of HSP90-SUMO1, while the other was not. All children were healthy.

each protomer can be divided into structurally and functionally
distinct domains. Growing evidence suggests that HSP9O interacts
asymmetrically with clients and some cochaperones and that each
HSP90 protomer can hydrolyze ATP independently (17). HSP9O is
subject to numerous posttranslational modifications (18), includ-
ing sumoylation (19), yet the impact of sumoylation on HSP90
function remains to be determined. Mollapour et al. (20) recently
reported that asymmetric sumoylation of HSP90 at K191 facilitates
both recruitment of ATPase-activating cochaperone Ahal and
the binding of HSP90 inhibitors. From these findings, we cannot
exclude that sumoylation of HSP90 at K559 modifies its function in
away similar to that described for sumoylation at K191 (20).
Sumoylation is a reversible dynamic process balanced by
activating (E1), conjugating (E2), and ligating (E3) enzymes and
is readily reversed by SENP in humans (21, 22). We demonstrat-
ed a defect of desumoylating HSP90-SUMOL1 in patients and
healthy controls carrying HSP90-SUMO1 and identified SENP2
as the enzyme responsible for desumoylating HSP90-SUMOL1.
The analysis of SENP2 revealed no differences in DNA sequence,
RNA, and protein expression between carriers of HSP90-SUMO1
and WT HSP90, and there was no indication for up- or down-
regulation of sumoylation enzymes; therefore, other reasons for
the (specific) failure of SENP2 to desumoylate HSP90-SUMOL1 in
the respective carriers must be investigated. As shown in Supple-
mental Figure 7, there was no indication for up- or downregula-
tion of sumoylation enzymes, including UBC9, SAE1, SAE2, and
others (Supplemental Figure 7) in WT HSP90 compared with
HSP90-SUMOIL carriers. This together with the observation that
HSP90-SUMOIL is desumoylated when coincubated with cellular
extracts from healthy carriers of WT HSP9O strongly suggests that

jci.org  Volume 125 Number1 January 2015

(including erythrocytes) of the respective car-
riers, while HSP90-SUMOL1 is expressed in
addition to its WT variant, with a restriction
to hematopoietic cells and peripheral B cells
being the only cells with a stronger expression
of the sumoylated compared with the WT
variant in HSP90-SUMOL carriers.

The fact that HSP90-SUMOL carriership is only associated
with MGUS/MM/WM, but not other malignant or autoimmune
diseases, supports a specific role of HSP90-SUMOL in the patho-
genesis of these BCR-expressing malignancies rather than being
just an autoimmunogenic epiphenomenon in MGUS/MM/WM.
The fact that HSP90-SUMO1-responding B cells at different stag-
es of their development can undergo premalignant or malignant
transformation (into IgA/IgG MGUS eventually resulting in MM
or IgM MGUS resulting in WM) underlines the strength of this
autoantigenic stimulus. With hyperphosphorylated paratarg-7 and
HSP90-SUMOY, strong molecularly defined autosomal risk fac-
tors are now known in nearly one-third of European and nearly
one-half of African-American MGUS/MM/WM patients. This
high prevalence of autosomal-dominant inheritance is not in con-
flict with the observation that first-degree relatives with (manifest)
MGUS/MM were found in only 6% of the cases, with a relative risk
of a relative of a patient with MGUS/MM ranging between 2.36
and 3.7 (23). Despite the fact that carriership of HSP90-SUMO1
represents a very strong risk factor for developing MGUS/MM,
the risk of an HSP90-SUMOL1 carrier compared with a noncarrier
is 14.8 higher for European, 6.2 for African-American, and 7.4 for
Japanese healthy carriers for MGUS/MM/WM. This means that
only few carriers develop manifest MGUS/MM/WM, and there
might be several generations in a pedigree where one does not
find overt MGUS/MM/WM, despite the fact that there is at least
one HSP90-SUMOIL carrier in each generation. Therefore, this
dominantly inherited risk factor might only be recognized if more
than first-degree relatives of MGUS/MM patients with HSP90-
SUMO1-specific paraproteins and more than one or two genera-
tions are included in such studies.
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Our findings not only support the notion that inherited risk
factors play an important role in the pathogenesis of MGUS/MM/
WM by entertaining chronic antigenic stimulation; they should
also facilitate more detailed studies of the role of chronic antigenic
stimulation in these diseases and enable genome-wide association
studies to identify the genetic variant responsible for the HSP90-
SUMO1-specific desumoylation defect in HSP90-SUMOI1 carriers.

Methods

Patients and controls. Materials from patients and healthy persons
were obtained during routine diagnostic or therapeutic procedures
and stored at -80°C. For healthy donors, the repetition of serum
electrophoresis with immunofixation as well as the light-chain ratio
excluded the presence of monoclonal Igs in the serum of these indi-
viduals (data not shown).

Sumoylation of proteins on macroarray membranes. High-density
protein arrays Unipex 1 and Unipex 2 were obtained from Source Bio-
science Life Sciences. In brief, each membrane (Unipex 1 or Unipex
2) consists of 15,300 spotted UniPEx expression clones derived from
human fetal brain, T cells, lung, and colon, which, after induction of
expression, represent 7,390 distinct recombinant human proteins (for
details, see http://www.lifesciences.sourcebioscience.com/products/
antibodies/proteomics/protein-arrays/). Expression clones pETE12
and pRHSUMO, functional for the sumoylation machinery in E. coli,
were provided by M. Mencia and V. de Lorenzo (24). In detail, the 2 E.
coli cultures of the sumoylation machinery were induced for 4 hours
with 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) before the
cells were harvested by centrifugation. Cells were lysed by sonication
in 1 ml of 2x PBS plus 1% Triton X-100, 1 mM B-mercaptoethanol,
and 1 mM PMSF. Each lysate was centrifuged, and the pellet was dis-
carded. The 2 extracts were mixed 1:2 to get a functional sumoylation-
competent mixture (SUMOextract), which was used for sumoylation of
membrane-bound proteins. Unipex membranes and controls (RanGAP
model clones provided by T. Sixma and K. Schwamborn; ref. 25) spot-
ted on PVDF were incubated for 30 minutes at 37°C with the SUMOex-
tract diluted 1:5 in reaction buffer (50 mM NaCl, 5 mM MgCl,, 0.2 M
DTT, 1% BSA, 3% Tween 20, and 5 mM ATP). Nonspecifically bound
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Figure 5. Regulation of HSP90-SUMO1 in patients. (A) Complementation
assay. Native cell extracts derived from fresh blood of a HSP90-SUMO1-
carrying patient (P296) and of a healthy donor (GS57) were prepared, used
for complementation, and analyzed by Western blot and immunodetection
using anti-HSPS0 mAb. The upper band represents HSP90-SUMOT, the
lower HSP90. HSP90-SUMO1 was cleaved by native enzyme extract derived
from the healthy donor, while the native enzymes derived from the patient
did not cleave. Lanes 1-3: PBMC cell extract of healthy donor blood; lanes
4-6: PBMC cell extract of patient blood. Lanes 1and 4: extract plus PBS as
control; lanes 2 and 5: extract plus healthy native enzyme extract; lanes 3
and 6: extract plus patients’ native enzyme extract. (B) Desumoylation of
HSP90-SUMO1. LCLs derived from a healthy donor (left) or a patient (right)
and transformed with shRNAs specific for individual SENPs were checked
for HSP90 by Western blot and immunodetection using anti-HSPS0 mAb.
HSP390-SUMO1 was detectable only when SENP2 was inhibited. Lane 1:
incubation with scrambled shRNA; lanes 2-5: incubation with shRNA
versus SENP1 (lane 2), SENP2 (lane 3), SENP3 (lane 4), and SENP5 (lane 5).
(€) Incubation of purified recombinant WT HSP30 (left) or HSP30-SUMO1
(right) with purified recombinant SENPs. Analysis was done by Western
blot and immunodetection using anti-HSP30 or anti-SUMO1. Only SENP2
cleaved HSP30-SUMOT1, while the other SENPs did not. Lane 1: no SENP;
lane 2: SENP1; lane 3: SENP2; lane 4: SENP3.

proteins were then washed off using TBST followed by a second wash
with 1% SDS, 0.1% B-mercaptoethanol, and 100 mM Na,PO,. Nonspe-
cific binding was blocked by incubation with 10% (w/v) nonfat dry milk
powder in TBST (TBS, 0.1% [v/v] Tween 20) at 4°C overnight.
Screening of sumoylated high-density protein membranes for immuno-
reactivity. Sumoylated membranes were blocked in 10% (w/v) nonfat
dry milk powder in TBST at 4°C overnight, washed twice in TBST, and
incubated for 1 hour with the paraprotein-containing sera diluted to
1x10°. After subsequent incubation with biotinylated goat anti-human
IgA or anti-human IgG, anti-human Fc, anti-human k-light chain, anti-
human A-light chain (1:2500; Dako), and Strep-POX (1:15,000) in 2%
(w/v) milk/TBST, the filters were washed in TBST, followed by detec-
tion using Pharmacia’s ECL System (GE Health Care). Clones with
positive signals were obtained from Source Bioscience Life Sciences.
Isoelectric focusing, Western blotting, and coimmunoprecipitation.
The analyses were performed as described (26). The following anti-
bodies were used: anti-HSP90 (1:2000, antibodies-online), anti-
SUMO (1:1000, Biozol), and anti-SENP2 (1:1000, antibodies-online).
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Figure 6. Activity of SENP2 in patient-derived PBMCs. SENP2 enzymes
derived from PBMCs of a patient and a healthy donor were purified by
affinity chromatography and incubated with GST-RanGAP-SUMO1. Analy-
sis was done by Western blotting and immunodetection using GST mAb.
Desumoylation was detected for both preparations, indicating an active
SENP2 enzyme in patients and healthy controls. (A) SENP2 isolation from
PBMCs. Detection was done by Western blot using anti-SENP2. Lanes 1-3:
healthy donor; lanes 4-6: patient. Lanes 1and 4: lysate; lanes 2 and 5:
flow through; lanes 3 and 6: eluate. (B) Test for SENP2 activity. Detection
was done by Western blot using anti-GST. Lane 1: GST-RanGAP as control;
lane 2: GST-RanGAP plus patient-derived SENP2; lane 3: GST-RanGAP plus

SENP2 from healthy donors. The upper band represents GST-RanGAP-
SUMOT1, the lower GST-RanGAP.
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ELISA. ELISA was performed as described (26), with the modi-
fication that anti-HSP90 (antibodies-online) was coated (4°C over-
night) onto Nunc MaxiSorp plates (Nalge Nunc International) before
the plates were blocked with 1.5% gelatin/PBS.

BCR cloning and expression. Bone marrow smears from MM
patients were used for the isolation of genomic DNA using a QIAGEN
Blood DNA purification kit (QIAGEN). Variable regions of Ig heavy
and light chains were amplified as described previously (27). PCR
products were sequenced and adapted to pCES vector for expression
of His -tagged proteins in E. coli TG1, as previously described (2). After
lysis with PBS, the Fab products were purified by immobilized metal
ion affinity (IMAC) chromatography (QIAGEN), concentrated, and
stored at-20°C until use.

Competition ELISA. Nunc MaxiSorp plates were coated with
recombinant HSP90-SUMO]I, followed by incubation with recom-
binant His-tagged anti-HSP90-SUMO1 Fab. Increasing amounts of
paraprotein purified by protein A/G chromatography from patients’
sera were added to replace the bound Fab.

Site-directed mutagenesis. Using the QuikChange II Site-Direct-
ed Mutagenesis Kit (Agilent Technologies) and a HSP90-SUMO1
(NM_007355.2) DNA fragment coding for C-terminal FLAG-tagged
amino acids 155 to 724, mutants were constructed in which the lysines
were changed to arginines. These mutants were stably transfected
into HEK293 cells. Fragments of HSP90 were amplified by PCR and
HSP90 as template followed by cloning into pSfi-FLAG as expression
vector. All primers are listed in Supplemental Methods.

ShRNA knockdown of SENP proteins. For the screen and subse-
quent knockdown experiments, LCLs were transfected with 1 pg of
1 out of 4 individual SENP shRNA constructs in pPSUPER specific for
the knockdown of the specific SENP. The primers used are listed in
Supplemental Methods.

Expression of SENP in LCLs. ORFs were amplified by PCR using
primers that introduced an EcoRV restriction site before the start
codon and replaced the stop codon with another EcoRV site. Blunt-
end cloning into the EcoRV site of a subcloning construct (pSfiExpress)
then provided a C-terminal FLAG-tag and 2 flanking SfiI sites for fur-
ther cloning into pRTS constructs. The Sfil fragment was then cloned
into the Sfil sites of pRTS (10, 11).

Cell culture and transient transfections. LCLs were established by
infection of PBMCs with EBV and cultured as described previously
(28). Transfections and analyses were performed as described (26).
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Complementation assay. PBMCs were transfected with a construct
expressing HSP9O-FLAG. After 3 days of culture, cells were lysed and
inactivated (80°C, 15 minutes). A second healthy blood sample was
used for the preparation of native enzyme extracts (lysed in 10 mM
Tris pH 8 and centrifuged). Both extracts were mixed and incubated
(37°C overnight), followed by analysis by SDS-PAGE and immunode-
tection using anti-FLAG mAb.

SENP2 expression and activity test. SENP2 derived from PBMCs
was purified using immobilized anti-SENP2 and used for incuba-
tion with GST-RanGAP-SUMO prepared as described above. GST-
RanGAP-SUMO1 (100 pM) was incubated with SENP2 (50 puM) in
50 mM Tris-HCl pH 7.8/100 pg/ml BSA at 37°C for 3 hours. Reaction
was stopped by addition of gel-loading buffer and analyzed by PAGE
followed by immunodetection.

Statistics. Each ELISA experiment was repeated a minimum of
twice. Data shown in Figure 3 represent mean value * SD of 3 inde-
pendent measurements. In Table 1, the OR, its SEM, and the 95% CI
are calculated according to Altman (ref. 29; MedCalc, http://www.
medcalc.org/calc/odds_ratio.php). The significance level was P < 0.05.

Study approval. This study was approved by the local ethical
review board (Ethikkommission der Arztekammer des Saarlandes)
and conducted according to the Declaration of Helsinki. Recombinant
DNA work was performed with the permission and according to the
regulations of local authorities (Government of Saarland). Blood and
tissue samples from patients and healthy persons were obtained after
written, informed consent.
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