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Abstract

Our previous studies have shown that high-mobility group box 1 (HMGB1) could physically associate with the
retinoblastoma (RB) protein via an LXCXE (leucine-X-cysteine-X-glutamic; X=any amino acid) motif. An
identical LXCXE motif is present in the HMGB1-3 protein sequences, whereas a near-consensus LXCXD
(leucine-X-cysteine-X-asparagine; X=any amino acid) motif is found in the HMGB4 protein. In this study, we
have demonstrated that like HMGB1, HMGB2-3 also associated with the RB in vitro and in vivo, as evidenced by
glutathione-s-transferase capture and immunoprecipitation-Western blot assays. A point mutation of the
LXCXE or LXCXD motif led to disruption of RB:HMGB1-4 interactions. Enforced expression of HMGB1-3 or
HMGB4 by adenoviral-vector-mediated gene transfer resulted in significant inhibition of breast cancer cell
proliferation through an LXCXE- or LXCXD-dependent mechanism and an increased radiosensitivity through an
LXCXE- or LXCXD-independent mechanism. These results suggest an important role of the LXCXE/D motif in
RB:HMGB1+4 association and modulation of cancer cell growth, but not radiosensitivity.
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Introduction combination, and DNA repair proteins.z’5 Moreover, there is

increasing evidence that HMGB1 and HMGB2 are novel

he human high-mobility group box (HMGB) family

comprises four highly conserved members: HMGBI,
HMGB2, HMGB3, and HMGB4. In general, these HMGBs are
structured into three domains: two highly conserved DNA-
binding domains (termed the HMG-boxes A and B), and a
highly acidic C-terminal tail." All HMGB1-3 proteins are ex-
pressed in early embryos, but HMGB2 and HMGB3 are
downregulated during subsequent embryonic development.
HMGB1-2 proteins play an important role in gene transcrip-
tion, DNA recombination and repair, cell replication, and
autophagy via interacting with a number of key cellular
proteins, including transcriptional factors, site-specific re-

prognostic markers and potential therapeutic targets for dif-
ferent types of cancers, including breast carcinoma, hepato-
cellular carcinoma, and squamous-cell carcinoma.®™'°
Consistently, enforced expression of HMGBI alters the sen-
sitivity of cancer cells to DNA-damaging agents.''™'*

Our previous studies have revealed a novel role for the
HMGBI protein in the interaction with the retinoblastoma
(RB) protein, an important regulator of the cell cycle and cell
proliferation. On one hand, a point mutation in the
19*LFCSE'® motif of the HMGB1 protein resulted in loss of
binding to RB, supporting an essential role for the LXCXE
(leucine-X-cysteine-X-glutamic; X=any amino acid) motif in
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FIG. 1. (A) Comparison of amino acid sequences of different HMGBs. (B) Schematic diagrams of HMGB1-4 expression

vectors utilized in this study. HMGB1, high-mobility group box 1.

an RB:HMGBI1 interaction.'®> On the other hand, over-
expression of HMGBI in breast cancer cells led to an inhi-
bition of cell proliferation in an RB-dependent manner, but
a parallel elevation of cellular radiosensitivity in an RB-
independent fashion." Sequence analysis (Fig. 1A) has re-
vealed that, like human HMGB1, the HMGB2 and HMGB3
proteins contain a virtually identical LXCXE site, that is,
194 FCSE'*® (HMGB2) and 'LECSE' (HMGB3). Similarly,
a near-consensus RB-binding motif, 1021 ECQD1'%, is present
in the HMGB4 protein. In the current study, we have deter-
mined whether all HMGB family members could similarly
bind to RB in an LXCXE- or LXCXD (leucine-X-cysteine-
X-asparagine; X=any amino acid)-dependent mechanism.

Materials and Methods
Cell culture and irradiation

Human breast cancer cell lines MCFE-7, T-47D, and MDA-
MB-468 were maintained in the Dulbecco’s modified Eagle’s
medium (D-MEM) supplemented with 5% fetal bovine
serum, 100 unit/mL penicillin, 100 ug/mL streptomycin, and
a mixture of nonessential amino acids (Sigma-Aldrich) at
37°C in a humidified atmosphere of 95% air and 5% CO,.
Irradiation was performed with y-radiation (J. L. Shepherd
Mark I Radiator) with a '*Cs source emitting at a fixed dose
rate of 3.5 Gy/min.

HMGB and RB vectors

The wild-type (wt) HMGB1-4 expression plasmids
(wtHMGB1-4) were generated by subcloning the full-length
HMGB1-4 cDNAs into a mammalian expression vector
pcDNAS3 (Invitrogen). HMGB1-3 mutLXCXE and HMGB4
mutLXCXE expression vectors were created by replacing the

cysteine (C) of the LXCXE and LXCXD motif with phenyl-
alanine (F) using site-directed mutagenesis kits (Stratagene).
PGEX5X-RB and pGEX5X-IxBo expression plasmids were
generated as described elsewhere.'

Transient transfection

Subconfluent proliferating cells in 100-mm Petri tissue
culture dishes were transfected overnight with 10 ug of re-
combinant plasmid DNA using LipofectAMINE 2000 (In-
vitrogen) according to the manufacturer’s instructions. After
extensive washing to remove the Lipofect AMINE 2000 and
the excess plasmid DNA, cell cultures were subjected to
various assays.

Generation of recombinant HMGB1—4 adenoviruses

A recombinant adenovirus (pAd/CMV/V5-DEST; In-
vitrogen) containing a DNA fragment, encoding the open-
reading frames of human HMGB1-4 (Ad5-HMGB1-4) or
HMGB1-4 mutLXCXE, between the CMV promoter (P cmv)
and the polyadenylation signal (TK pA) was prepared as
previously described.” To control for the biological effect of
the virus per se, the vector Ad5.CMV.Null, expressing no
transgene (Ad5), was constructed in a similar manner.

In vitro cell growth kinetics

Cells were inoculated into six-well dishes at 3x10* cells
per well in 5.0mL of a growth medium containing Ad5-
HMGB1-+4 viruses encoding wtHMGB1-4 proteins or
HMGB1-4 mutants in the LXCXE or LXCXD motif, or Ad5-
lacZ (as a negative control) at a 100 pfu/cell on day 0.
Duplicate wells were counted with a hemocytometer on
days 1-8.
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Immunoprecipitation and Western blot assays

An immunoprecipitation-Western blot (IP-WB) assay was
carried out as previously described.'*'® Briefly, ~500 ug
nuclear protein extracts were immunoprecipitated with 6 ug
of specific antibody or antibody combinations. The im-
munoprecipitated proteins were collected by protein G
chromatography, eluted in the boiling Laemmli sample
buffer, and subjected to the WB analysis. The RB IP antibody
was a monoclonal anti-RB antibody (C-2, sc-74562; Santa
Cruz Biotech.). The control IP antibody was a normal mouse
IgG (Santa Cruz Biotech.). The following were the primary
antibodies used for WB: HMGB1 (anti-HMGB1 antisera),'®
HMGB?2 (ab11973, rabbit polyclonal, 1:200 dilution; Abcam),
HMGB3 (EPR2838, rabbit monoclonal, 1:500 dilution; Gene
Tex), HMGB4 (NBP1-26398, goat polyclonal, 1:200 dilution;
Novus Biologicals), and a-actin (I-19, goat polyclonal IgG,
1:500 dilution; Santa Cruz Biotech.).

Glutathione-S-transferase capture assays

Glutathione-S-transferase (GST) capture assays were
performed essentially as described previously.'*!” Briefly,
*>S-methionine-labeled proteins were prepared by in vitro
transcription and translation using the T7 promoter of the
pcDNAS3 vector. The RB-GST fusion proteins were generated
by subcloning an RB ¢cDNA into the GST vector (pGEX),
expressed in Escherichia coli, and purified by affinity chro-
matography. In vitro translation-labeled proteins were incu-
bated with either GST alone or RB GST fusion proteins for 4
hours at 42°C, recovered using GSH agarose beads, eluted in
the boiling Laemmli sample buffer, and analyzed by SDS-
PAGE autoradiography.

Assays of transcriptional activity

Briefly, proliferating cells in 24-well dishes were incu-
bated overnight with 0.5ug of each vector in a serum-
free D-MEM containing LipofectAMINE 2000 (Invitrogen)
according to the supplier’s protocol. The total transfected
DNA was kept constant by addition of the pcDNA3 vector.
To control transfection efficiency, plasmid pRSV-f-gal was
cotransfected to allow normalization of luciferase values to
f-galactosidase activity in the same sample. The results
were shown as means+SEM of three independent experi-
ments in duplicates (1=6).

MTT assay of cell viability

Cell viability was assessed by MTT assays as previously
described,"*"” and expressed as the amount of dye reduction
relative to that of unirradiated control cells. Ten replicate
wells were tested per assay condition, and each experiment
was repeated at least three times. SEMs from 10 wells in
three independent experiments were less than 10%.

Statistical analysis

Data were represented as means and standard devia-
tions, and statistical comparisons of the experimental re-
sults between groups were made using the two-tailed
Student’s t-test. All statistical tests were performed by SPSS
version 17.0. A p-value of <0.05 between groups was con-
sidered significant.
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Results
RB interacts with HMGB1-4

As indicated in the amino acid sequences of all four human
HMGB proteins (Fig. 1A), an identical LXCXE motif was
present in the HMGB1-3 proteins, whereas a near-consensus
LXCXD motif was found in the HMGB4 protein. To investi-
gate whether the HMGB2—4 proteins, like HMGB1,? interact
with RB, we first performed the GST capture-binding assays.
In vitro translation *°S-labeled HMGB-4 was incubated with
beads coated with a bacterially produced GST-wtRB fusion
protein. Beads coated with GST were used as a control. The
HMGB1-4 cDNAs examined in this study are illustrated
in Figure 1B. Consistent with our previous reports,® the
355 labeled HMGB1 bound to the beads coated with GST-RB,
but not to those coated with GST alone (Fig. 2A). Like
HMGB1, HMGB2 and HMGB3 tightly bound to GST-RB,
whereas the HMGB4 protein bearing an LXCXD motif bound
to RB to a less extent. The binding specificity was also dem-
onstrated by experiments showing no binding of IVT-HMGBs
to the GST-IxBa protein (data not shown).

To further determine the specificity of this interaction, we
generated a C-to-F point mutation in the LXCXE motif of
HMGB1-3 proteins or the LXCXD site of HMGB4 using site-
directed mutagenesis kits. As shown in Figure 2A, HMGB1-3
proteins bearing the mutated LXFXE motif lost their capacity
in RB binding; HMGB4 with LXFXD mutation similarly failed
to interact with RB. Taken together, these data suggest that the
LXCXE/D motifs are required for the binding of HMGB1-3/
HMGB4 to RB; moreover, the cysteine within the LXCXE or
LXCXD is necessary and essential for RB binding.

Next, we examined the possible in vivo RB:HMGB inter-
action by IP-WB assays. As shown in Figure 2B, incubation
of nuclear extract of wtRB-expressing MCF-7 cells with an
antibody to RB led to co-IP of RB with the HMGB1-4 pro-
teins. Similarly, the HMGB1—4 proteins were also detected in
the RB IPs of another wtRB cell line, T-47D. In a sharp con-
trast, the HMGB1—4 proteins were not immunoprecipitated
by irrelevant control murine IgGs, indicating that endoge-
nous HMGB1-4 physically associate with RB in these tumor
cells.

Effects of HMGBs on RB-mediated
transcription repression

The tumor suppression function of RB is dependent, at
least in part, on interactions with the E2F family of DNA-
binding transcription factors (E2F)."”'® To understand the
importance of the RB/HMGB interaction, we examined
whether HMGBs exhibited potential effects on RB-meditated
E2F or cyclin A transcription repression using a luciferase
reporter assay. As shown in Figure 3A, transfection of RB
into RB-negative MDA-MB-468 cells led to >50% repression
of the E2F1 activities (lane 4, p<0.05), which was signifi-
cantly enhanced by the cotransfection of HMGBI1 (lane 6,
95% reduction, p<0.01), Student’s t-test), HMGB2 (lane 10),
HMGBS3 (lane 14), or HMGB4 (lane 18) (p<0.01). The RB-
mediated repression of E2F1 activity was not affected by
cotransfection of HMGB1-3 LXFXE (lanes 8, 12, and 16) or
HMGB4 LXFXD mutants (lane 20), or the empty control
pcDNAS3 vector (lane 22). The wtHMGB-mediated alteration
of E2F1 transcription activities was undetectable in the
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FIG. 2. HMGBs bind to RB. (A) In vitro HMGB:RB protein interaction. The GST capture assay was performed as described
previously.13’15 wtHMGB1-4 wt proteins, but not HMGB1-3 mutLXCXE or HMGB4 mutLXCXD mutants, were pulled-down
by *S-methionine-labeled GST-wtRB proteins. The input lanes showed 10% of IVT wtHMGB1-4 or 10% of IVT HMGB1-3
mutLXCXEs or HMGB4 mutLXCXD products used in the assay. (B) Intracellular association of HMGBs and RB. HMGB1-4
were detected in RB IPs from nuclear extracts of MCF-7 and T-47D cells by WB. Representative results were shown from three
independent experiments. Rb, retinoblastoma; WB, Western blot; IP, immunoprecipitation; GST, glutathione-S-transferase.
LXCXE, leucine-X-cysteine-X-glutamic (X=any amino acid); LXCXD, leucine-X-cysteine-X-asparagine (X=any amino acid);

wt, wild-type.

absence of RB expression (lanes 5, 9, 13, and 17). Similarly,
cotransfection of HMGB1-4 wt proteins, but not HMGB1-3
mutLXCXEs or HMGB4 mutLXCXD, significantly decreased
RB repression of cyclin A-mediated transcription activities
(Fig. 3B). The enhancement of RB-mediated E2F1 and cyclin
A transcription activities by HMGB1-4 was also observed in
another RB-negative cell line, SAOA-2 (data not shown).
Together, these data suggest HMGB1-4 as important cofac-
tors for RB-mediated repression of E2F1 and cyclin A tran-
scription activities.

Mutant LXCXE or LXCXD disrupts HMGB inhibition
of cell proliferation

Alteration of HMGBI1 expression levels affects growth,
invasion, and metastasis of cancer cells, implicating HMGB1
as a potential target for cancer therapy.”” To determine the
impacts of HMGBs on proliferation of breast cancer cells, we
infected MCEF-7 cells with recombinant adenovirus that ex-
pressed either wtHMGB1-4 (Ad5-HMGB1-4), or HMGB1-+4
with C to F mutation in the LXCXE or LXCXD (Ad5-
HMGB1-3 mutLXCXE or Ad5-HMGB4 mutLXCXD). As
expected, expression levels of HMGB1-4 or mutant proteins
were significantly elevated after infection of MCF-7 cells with
recombinant adenovirus encoding Ad5-HMGB1-4, Ad5-
HMGB1-3 mutLXCXE, or Ad5-HMGB4 mutLXCXD at an
MOI of 100 p.f.u./cell (Fig. 4A). Furthermore, enhanced
expression of HMGB1—4 proteins resulted in reduction of
MCE-7 cell proliferation, with a maximal effect in Ad5-
HMGB2-infected cells. In contrast, no cell growth alteration
was observed in the cells infected with Ad5-HMGB1-3
mutLXCXE or Ad5-HMGB4 mutLXCXD. Similar results
were observed in other RB-positive cell lines, such as T-47D
and BT-549 (data not shown). Collectively, these results
indicate that enforced expression of HMGB1—4 resulted in
inhibition of breast cancer cell proliferation potentially by
facilitating RB:HMGB interactions.

HMGB1-4-mediated radiosensitivity does not require
an intact LXCXE or LXCXD

Previously, we and others reported that HMGBI alters the
sensitivity of tumor cells to DNA damaging agents (e.g.,
ionizing radiation).'’* To determine the effects of HMGBs on
the radiosensitivity of breast cancer cells, RB-positive MCF-7
and T-47D cells were exposed to 2 or 4 Gy of y-rays at 24
hours postinfection with Ad5-HMGB1+4, Ad5-HMGB1-3
mutLXCXE, Ad5-HMGB4 mutLXCXD, or Ad5-lacZ (a nega-
tive control) adenovirus. Radiation caused a greater reduction
of cell viability in MCE-7 cells infected with Ad5-HMGB1-4
than those uninfected (MOCK) or infected with Ad5-lacZ
(Fig. 4B). For example, in MCF-7 cells, y-ray irradiation at 4 Gy
reduced cell viability by ~40% in uninfected or Ad5-lacZ-
infected control cells, but decreased cell viability by >80%—
90% in cells infected with Ad5-HMGB1-4 (p <0.05, Student’s
t-test). Surprisingly, a significant, greater reduction of cell vi-
ability was also found in cells infected with Ad5-HMGB1-3
mutLXCXE or Ad5-HMGB4 mutLXCXD. Again, essentially
similar results were obtained in another RB-positive cell line,
T-47D, although T-47D cells were less sensitive to y-ray irra-
diation than MCF-7 cells were. These findings indicate that an
increase in HMGB1—4 expression elevates the radiosensitivity
of human breast cancer cells possibly through an LXCXE/
D-independent mechanism.

Discussion

The RB gene encodes a 928-amino-acid phosphoprotein that
occupies an important role in the regulation of cell prolifera-
tion, cell cycle progression, apoptosis, and telomerase activity.
However, it is often lost or functionally inactivated in many
types of tumors, including breast cancer.'®!° One target of RBis
the E2F family of cell cycle transcription factors, the binding of
which by RB blocks E2F-mediated transcriptional activation.”
RB contains at least four distinct protein-binding domains,
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FIG. 3. HMGBs enhance RB-mediated transcription repression. (A) HMGBs enhance RB-mediated E2F transcription re-
pression. (B) HMGBs enhance RB-mediated cyclin A transcription repression. RB-negative MDA-MB-468 cells were co-
transfected with indicated vectors (0.5 ug/well of each vector in 24-well tissue culture dishes) in the serum-free Dulbecco’s
modified Eagle’s medium containing LipofectAMINE 2000 for 24 hours and then assayed for luciferase activities. Total
transfected DNA was kept constant by adding a pcDNA3 control vector. A pSV-fGal plasmid was cotransfected as an
internal standard for normalization of luciferase values. Luciferase values are means+SEMs from three independent ex-
periments. The statistical significances were analyzed by the two-tail Student’s t-test. *p <0.05; **p <0.01.

including the large A/B pocket (amino acid 395-876), corre-
sponding to the binding site for E2F, the A/B pocket, the C-
pocket, and the N-terminal domain.'®' The inhibitory activity
of the cell cycle and the cell growth of RB is regulated via the
A/B pocket interactions with the LXCXE (X=any amino acid)
motif of target proteins, such as cell cycle regulatory proteins
(G1/S cyclins and CDKs) and several DNA tumor virus on-
coproteins (E1A from adenovirus, E7 from HPV, and T antigen
from SV40).%° Mutation of the LXCXE sequence in proteins of
these DNA tumor viruses prevents their inhibitory effects on
RB, thereby impairing their abilities to transform cells.?

At present, four members of the human HMGB family,
HMGB1-4, have been identified. These HMGBs are structured
into three domains—two basic HMG boxes (HMG domains A

and B) and a highly acidic C-terminal tail.>* Via these HMG
boxes, HMGBs can interact with various proteins ranging from
nuclear cellular proteins to viral proteins. Our group proposed
a novel role for the HMGB1 protein in the cell growth
and radiosensitivity through RB-interaction-dependent and
-independent mechanisms.'® In the present study, we demon-
strated that like HMGBI1, other HMGB family members,
HMGB2-4, similarly form a complex with RB in vitro and
in vivo, as judged by GST pull-down and IP-WB assays. Fur-
thermore, we showed that the effective interaction requires the
presence of a consensus RB-binding LXCXE motif on HMGB1-
3, because even a point mutation in LXCXE completely dis-
rupted the HMGB1-3:RB interactions. These findings suggest
that the HMGB1-3:RB interaction may resemble a typical
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FIG. 4. (A) HMGSBs inhibit cell proliferation. MCFE-7 cells (3 x 10* cells/well in six-well tissue culture dishes) were cultured
in the medium containing Ad5-wtHMGB1-3, Ad5-HMGB1-3 mutLXCXE, Ad5-HMGB4 mutLXCXD, or Ad5-lacZ (a control)
at an MOI of 100 p.f.u./cell. At the indicated time points, the cells were counted with a hemocytometer. SEMs from 10 wells
in three independent experiments were less than 10%. (B) HMGBs increase radiosensitivity. Exponentially growing MCF-7
and T-47D cells were infected with Ad5-wtHMGB1-4, Ad5-HMGB1-3 mutLXCXE, Ad5-HMGB4 mutLXCXD, or Ad5-lacZ (a
control) at an MOI of 100 p.f.u./cell for 24 hours and then exposed to y-ray irradiation at indicated doses. MTT survival
assays were conducted for cell viability 24 hours after irradiation.

LXCXE:RB pocket domain interaction. LXCXE is essential and
necessary for a number of cellular target proteins and several
DNA tumor virus oncoproteins to bind to RB.?° In addition,
although HMGB4 contains a slightly variant LXCXE motif, that
is, LXCXD, we did find an association of HMGB4 with RB that
similarly required the presence of the intact LXCXD motif on
the RB-target protein. In fact, it has been reported that an
LXCXD motif is critical for the interaction of the human cyto-
megalovirus pp71 protein with RB.>

Here we provide evidence to support a possible role for
the RB:HMGSB interaction in the regulation of cell prolifera-
tion and transcription of RB-regulating target genes (e.g.,
E2F1 and Cyclin A). As regulatory intermediates for cell
growth and cell cycle progression, E2F1 and Cyclin A are
expressed abundantly in proliferating tumor cells. We found
that all four HMGB family members functionally enhanced
the capacity of RB in repressing E2F1 and cyclin A promoter
transcription activities. Overexpression of the HMGBI1—4
gene by transfecting a replication-deficient adenovirus ex-
pressing wt, but not the mutated HMGB1—4 proteins, led to

inhibition of proliferation of RB-expressing breast cancer cell
lines. Taken together with our prior results that HMGB1 did
not influence cell growth in RB-negative cells,"® current re-
sults indicate that elevated expression of HMGBs could re-
sult in inhibition of tumor cell proliferation possibly through
LXCXE/D-dependent RB:HMGBs interactions.

Our previous studies indicated that overexpression of
HMGB1 or HMGB1 LXCXE-mutant rendered breast cancer
cells more sensitive to radiation therapy.'® Here we show
that like Ad5-wtHMGBI, elevation of expression levels of
wtHMGB2-4 or HMGB2-4 mutants, and HMGBI1-3
mutLXCXEs similarly increased tumor cell radiosensitivity.
These results have suggested an essential role for the LXCXE/
D motifs in the RB:HMGBs interaction, but not necessary for
HMGB-mediated regulation of radiosensitivities. This conclu-
sion is supported by the observation that elevated HMGB1
expression increased radiosensitivity of an RB-negative cell
line, BT-549. A follow-up study is being carried out to deter-
mine whether HMGB1-4 affect tumor cell radiosensitivity via
interaction with other as-yet-undefined cellular regulators that
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are involved in DNA strand break and repair. This possibility
has been supported by the findings that (1) HMGB1 may affect
DNA interstrand crosslink repair by enhancing the interactions
between nucleotide excision repair (NER) factors®; (2) HMGB1
binds preferentially to damaged nucleosomes containing linker
DNA'?%; (3) HMGBI alters chromatin reorganization after DNA
damage®; (4) HMGB1 physically interacts with MutSalpha
and is required at a step before the excision of mispaired nu-
cleotide in mismatch repair®; and (5) HMGB1 specifically in-
hibits repair of the 1,2-intrastrand crosslink by the human
excision nuclease.*®

Several studies have implicated HMGBI in the regulation
of chemosensitivity, apoptosis, and autophagy.*''™'* Tt
will be interesting to investigate whether HMGB2—-4, like
HMGBI, are also involved in regulation of chemosensitivity,
apoptosis, and autophagy through LXCXE/D-binding-
dependent mechanisms. These studies will improve our
understanding of the biological functions of the HMGB
family, and shed light on the development of novel therapies
that specifically target RB-signaling pathways.

In conclusion, we have demonstrated that, like HMGBI,
the other three members of the human HMGB family could
similarly interact with RB via the LXCXE or LXCXD motif
and thereby modulate the cell growth. Thus, the LXCXE
motif of HMGB1-3 or the LXCXD motif of HMGB4 is func-
tionally important in mediating some activities of HMGB1-4,
including cell proliferation.
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