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Neutralizing antibodies (NAbs) against adeno-asso-
ciated viruses (AAVs) are known to interfere with AAV
vector-mediated gene transfer by intravascular delivery.
Evading the inhibitory effects of antibodies against AAV
vectors is necessary for efficient transfer of therapeutic
genes clinically. For this purpose, we tested the efficacy
of saline flushing in order to avoid contact of vectors
with NAbs present in blood. Direct injection of the AAV8
vector carrying the factor IX (FIX) gene into the portal
vein of macaques using saline flushing achieved trans-
gene-derived FIX expression (4.7 £ 2.10-10.1 £ 5.45%
of normal human FIX concentration) in the presence of
NAbs. Expression was as efficient as that (5.43 + 2.59-
12.68 £ 4.83%) in macaques lacking NAbs. We next
tested the efficacy of saline flushing using less invasive
balloon catheter-guided injection. This approach also
resulted in efficient expression of transgene-derived FIX
(2.5 £1.06-9.0 £ 2.37%) in the presence of NAbs (14—
56x dilutions). NAbs at this range of titers reduced the
efficiency of transduction in the macaque liver by 100-
fold when the same vector was injected into mesenteric
veins without balloon catheters. Our results suggest that
portal vein-directed vector delivery strategies with flush-
ing to remove blood are efficacious for minimizing the
inhibitory effect of anti-AAV antibodies.

Received 21 August 2012; accepted 14 November 2012; advance online
publication 18 December 2012. doi:10.1038/mt.2012.258

INTRODUCTION

Gene and cell therapies are expected to be the next generation of
therapies for a variety of inherited diseases. Hemophilia is thought
to be an ideal target disease for these approaches as it is caused
by a genetic abnormality in the factor VIII gene for hemophilia
A, or the factor IX (FIX) gene for hemophilia B.!” The current
strategy of hemophilia gene therapy involves inducing expres-
sion of the normal coagulation factor gene or transplanting cells

expressing the respective coagulation factor. The liver is normally
the primary target of gene transfer for coagulation factors since
the majority of these coagulation factors are synthesized in the
liver with appropriate post-translation modifications before secre-
tion into the circulatory system.

Substantial effort has been applied to express coagulation fac-
tor genes using various vector types. Among the viral vectors,
recombinant adeno-associated virus (AAV) vectors are preferred
for therapeutic gene transfer in vivo because they reside in the
episome and rarely integrate into genomes. However, retrovirus
vectors including lentivirus vectors require integration into the
host cell genome.®” In addition, AAV vectors can transfer genes
to nondividing cells and allow long-term expression of transgenes
in these cells.

Clinical trials for hemophilia gene therapy have recently
been conducted using various types of vectors.*!" These trials
were designed based upon data obtained from mouse models of
hemophilia and hemophiliac dogs and proved to be more efficient
in these models than for humans. Species differences between
humans and these other animal models might partially account
for the results observed. Therefore, gene transfer studies in non-\
human primates may well predict the efficacy of gene transfer in
humans. Indeed, FIX gene transfer studies using a new type of
vector have been conducted in rhesus macaques.'*!® The results
from these studies provided the basis for recent hemophilia B gene
therapy clinical trials employing an AAV8 vector.*"!® Gene trans-
fer in mice using AAV vectors results in excellent transduction
efficiency. This is especially so for AAV8 vector-mediated gene
transfer in the mouse liver;*'*!” however, the efficacy of AAVS
vectors is modest in macaques."

There are also difficulties associated with FIX gene expres-
sion when using AAV8 vectors in nonhuman primates. Growing
evidence suggests that the presence of neutralizing antibodies
(NAbs) against AAVS, due to previous natural infection by wild-
type AAV, significantly inhibits transduction in the macaque liver.
It is likely that antibodies against one serotype of AAV cross-
react with other AAV serotypes.'® A hemophilia B gene therapy
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Table 1 Expression of macaque T262A in nonhuman primates with AAV8-HCRHAAT-macFIXT262A

Vector genome

Route of FIX copies in liver

Vector dose vector T262A tissue (vg/diploid Anti-AAV8
Macaque number Age (vg/kg) injection concentration (%) genome) NADb titer
#14 5.7 1x10% Mesenteric vein 0.02 +0.019 0.1 56x
#17 5.8 1x 10" Mesenteric vein 0.13 +£0.081 0.4 56x%
#24 6.6 1x10% Mesenteric vein 0.09 £0.048 0.5 14x
#28 7.8 5x 10" Saphenous vein 12.68 + 4.83 38.2 Negative
#30 29 5% 10% Saphenous vein 543 +£2.59 482 Negative
#31 29 5% 10* Saphenous vein 7.64 £2.32 49.6 Negative

Abbreviations: AAV, adeno-associated virus; FIX, factor [X; HAAT, a1-antitrypsin; HCR, hepatic control region.
The concentration of macaque FIX T262A is expressed as a percentage of normal human plasma FIX concentration; anti-AAV8 neutralizing antibody (NAb) titer is
expressed as the final dilution of the test serum in the assay; vector genome (vg) copies in liver cells were determined by quantitative PCR and expressed as copy

numbers per cell.

clinical study using an AAV8 vector was successfully conducted in
hemophilia B patients negative for pre-existing antibodies against
AAVS." Because of the high prevalence of AAV infection in
humans,'® evading NAbs against this virus is an important hurdle
to overcome before AAVS8 vectors can be routinely and effectively
employed for therapies.

The aim of our study was to develop an administration method
of AAVS vectors that assisted in minimizing the inhibitory effect
of NAbs against AAV in macaques that were already seropositive
for AAVS antibodies.

RESULTS

The AAVS vector carrying the macaque FIX T262A gene located
downstream of the liver-specific chimeric promoter consisted of
an enhancer element of hepatic control region (HCR) of the ApoE/
C-I gene and the 5’ flanking region of the al-antitrypsin (HAAT)
gene (AAV8-HCRHAAT-macFIXT262A). This vector was used to
express mutant macaque FIX containing a single amino acid sub-
stitution of Thr to Ala at the position 262 (macaque FIX T262A)
in the following experiments. Macaque FIX T262A but not wild-
type macaque FIX could be bound to human FIX-specific mono-
clonal antibody 3A6, thereby macaque FIX T262A expressed in
macaques with AAV8-HCRHAAT-macFIXT262A could be pre-
cisely quantified by an enzyme immunoassay with 3A6.7 The
amino acid sequence of macaque FIX is highly homologous to the
human FIX amino acid sequence. Twelve amino acid residues of
human FIX are different at corresponding positions of macaque
FIX, while only one amino acid of macaque FIX T262A is differ-
ent from wild-type macaque FIX. Expression of macFIX T262A
in a macaque would mimic a situation where normal human FIX
is expressed in a hemophilia B patient with a missense mutation
in the FIX gene.

Results corresponding to the expression of macaque FIX
T262A following injection of AAV8HCRHAATmacFIXT262A
can be seen in Table 1. When AAV8HCRHAATmacFIXT262A
(5 x 10" vector genome copies (vg)/kg) was injected into the
saphenous veins of three AAV8 NAb-negative macaques (#28,
#30, #31), expression of macFIX T262A in the therapeutic range
(>5% of normal FIX concentration) was achieved. However, injec-
tion of the same vector (1 x 10'2-1 x 10" vg/kg) into the mesen-
teric vein branches of AAV8 NAb-positive macaques (#14, #17,
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Figure 1 Expression of FIX T262A in macagues after direct vector
injection into portal veins. Macaques (n = 3) were subjected to direct
injection of AAVS8 vector into the portal vein. Concentrations of FIX
T262A in macaque plasma samples (macaque #26, open triangles;
#27, open circles; #29, closed squares) were measured by ELISA. AAY,
adeno-associated virus; ELISA, enzyme-linked immunosorbent assay;
FIX, factor IX.

#24; inhibitory titers: 14-56x) resulted in subtherapeutic levels
(<0.2%) of macFIX T262A expression. The amount of vector DNA
in the liver of AAV8 NAb-positive macaques was ~1% of that seen
in AAV8 NAb-negative macaques (Table 1). These data suggest
that low titers of NADbs against AAVS significantly inhibit trans-
duction even when the vector is injected into the mesenteric vein
branches. In addition, only short period of time may be required
for NAbs in the blood to neutralize the AAV8 vector since the
blood of the mesenteric vein rapidly goes to the liver through the
portal vein after gathering with the blood from other viscera.
Evading AAV8 NAbs could be achieved by ensuring the AAV8
vector and NAbs do not come into physical contact with each other
in the blood. Blood enters the liver from the hepatic artery and
portal vein. The hepatic artery accounts for ~20-30% of blood
flow, while the portal vein supplies the remaining blood flow to
hepatocytes.'? Blood from the portal vein and hepatic artery
are eventually mixed in the sinusoids of the liver; however, the
blood from the portal vein mainly supplies hepatocytes. Therefore,
direct injection of AAV8 vectors into the portal vein branch was
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Table 2 Expression of macaque T262A in nonhuman primates with direct,
injection into the portal vein

© The American Soclety of Gene & Celf Therapy

and balloon catheter-guided vector (AAV8-HCRHAAT-macFIXT262A)

Vector genome copies

Injection method in liver tissue

Vector dose to portal vein FIX T262A (vg/diploid Anti-AAV8
Macaque ID Age (vg/kg) branch concentration (%) genome) NAb titer
#26 10.1 5x 10" Direct 47+210 77.9 28x%
#27 74 5x 10" Direct 10.1 £5.45 28.5 14x
#29 11.0 5x 10" Direct 53+ 140 64.3 14x
#37 7.5 5% 10" Catheter-guided 9.0 +2.37 61.1 14x
#38 10.7 5% 10" Catheter-guided 32+121 13 56%
#42 77 5x 10" Catheter-guided 2.5+ 1.06 15.3 14x

Abbreviations: AAV, adeno-associated virus; FIX, factor IX; HAAT, a1-antitrypsin; HCR, hepatic control region; Nab, neutralizing antibody.
FIX T262A concentration is expressed as a percentage of normal human plasma FIX concentration; anti-AAV8 NADb titer is expressed as the final dilution of the test
serum in the assay; vector genome (vg) copies in liver cells were determined by quantitative PCR and expressed as copy numbers per cell.

investigated to determine whether saline flushing to remove blood
from the portal vein just before injection of the vector would dimin-
ish the inhibitory effects of anti-AAV8 NAbs. Three macaques (#26,
#27, #29; inhibitory titers: 14-28x) were directly injected with vec-
tor (5 x 10'? vg/kg) into the left portal vein after flushing saline to
remove blood (Supplementary Table S1). Expression of transgene-
derived FIX (macaque FIX T262A) increased to therapeutic levels
with the AAVS vector carrying the macaque FIX T262A gene and
persisted for greater than 1 year in the three macaques (Figure 1).
Average FIX and vector genome levels in macaque liver tissues are
presented in Table 2. Compared with the results of vector injection
to the mesenteric vein of NAb-positive macaques #14, #17, and
#24 (Table 1), the levels of macaque FIX T262A in the circulation
of the macaques #26, #27, and #29 that received vector injection
directly to the left portal vein with flushing to remove blood, were
increased to therapeutic levels with significant amounts of vector
genome detected (Table 2).

Blood chemistry analysis and liver biopsies were conducted fol-
lowingadministration of the vector to determine whether there were
any adverse effects induced by the injection. Moderate increases
in liver enzymes, such as transaminases, were observed just after
injection of the vector (Supplementary Figure S1). However, no
significant pathological changes were seen in liver biopsy samples
taken on days 14, 28 or 48 (data not shown). We did not observe
an increase in the number of TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling)-positive hepato-
cytes in the liver biopsy specimens (data not shown).

The direct injection of the AAVS vector into the left portal
vein branch with saline flushing to remove blood from the portal
vein just before injection of the vector was effective to minimize
the inhibitory effects of anti-AAV8 NAbs. Therefore, we explored
the possibility of utilizing a balloon catheter to perform the vector
injection into the portal vein branch with saline flushing to remove
blood, taking the concern about the safety of the procedures into
consideration. Using a microballoon catheter, we injected the vec-
tor into the left portal vein of three anti-AAV8 antibody-positive
macaques (#37, # 38, #42; inhibitory titers: 14-56x) (Table 2,
Supplementary Table S2). Fluorography in macaque #37 repre-
senting angiography of the portal vein branch is shown in Figure 2
and Supplementary Video S1. Increase of FIX T262A to thera-
peutic levels was achieved in the three macaques (#37, # 38, #42),
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Figure 2 Fluoregraphy in macaque #37. A balloon catheter was
inserted into the portal vein of macaque #37 and contrast medium
injected before vector administration. The left portal vein branches can
be visualized. The arrow (white) indicates the tip of the catheter. See
Supplementary Video $1 which also recorded inflation of the balloon
before the vector administration and deflation of the balloon after the
administration.

and macaque FIX T262A expression in the circulation persisted
(Figure 3, Table 2). The two portal vein vector delivery methods
were successful in expressing macaque FIX T262A with the AAV8
vector in NAb-positive macaques (Table 2). The data suggest that
the gene transfer efficiency using the catheter-guided vector injec-
tion method is similar to that of the direct vector injection into the
portal vein branch with flushing.

Blood chemistry analysis and liver biopsies were conducted
following injection of the vector. Increases in the levels of liver
enzymes just after injection of the vector were not observed, sug-
gesting that the ischemic effect of the temporary occlusion of
the left portal vein branch was minimum compared with that
of the direct vector injection procedure. Moderate increases in
transaminases were observed following the vector injection, but
did not persist (Supplementary Figure S1). Although the cause
of the changes in the liver enzymes was not elucidated, no animals
showed pathological changes, including histology of liver biopsy
samples (data not shown).

www.moleculartherapy.org vol. 21 no. 2 feb. 2013
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Figure 3 Expression of FIX T262A in macagques following balloon
catheter-guided vector injection into portal veins. Three macaques (n=
3) were subjected to balloon catheter-guided vector injection into the por-
tal vein. Concentrations of FIX T262A in macaque plasma samples (#37,
closed circles; #38, open squares; #42, closed triangles) were measured by
ELISA. ELISA, enzyme-linked immunosorbent assay; FIX, factor IX.

Table 3 Vector injection rate

Route of injection Elapsed time Rate of injection
(macaque number) (seconds) (vg/kg/second)
Mesenteric vein (#14, #17, #24) 5 2 x 10"-2 x 10"
Saphenous vein (#28, #30, #31) 5 1 %102
Portal vein (direct) (#26, #27, #29) 8-10 5x 10"
Portal vein (catheter) (#37, #38, #42) 15-22 2.3 x 10'-3.3 x 10"

Abbreviation: vg, vector genome.

Vector injection rates of the four different vector injection pro-
cedures are listed in Table 3 for comparison. The vector injection
rates of the portal vein-directed strategies were similar to those of
bolus vector injection into the saphenous vein and the mesenteric
vein. Thus, the effect of vector injection speed on the transduction
efficiency of the vector was thought to be minimal.

DISCUSSION

There are many features that make recombinant AAV vectors
attractive for transferring therapeutic genes into target organs,
and many vectors have been tried for the treatment of various
diseases.®”!11%21-2 However, lines of evidence suggest that NAbs
against AAV interfere with AAV vector-mediated gene transfer
by intravascular vector delivery.”*-* A clinical gene therapy trial
for hemophilia B using a self-complementary AAV8 vector car-
rying the FIX gene has been conducted and reported to be suc-
cessful.’® However, even the self-complementary AAV8 vector
failed to express FIX in a subject with a relatively high anti-AAV8
antibody titer compared with other subjects with no or lower anti-
body titers.'

According to the previous reports on the prevalence of NAbs
against various AAV serotypes in normal subjects, the seroposi-
tivity against AAV8 is 15-30%, which is lower than that against
AAV2 (50-60%), although the technical details of the NAb assay
is different.”* These reports have also demonstrated that the anti-
body titer against AAVS is generally lower than for AAV2. Our
data suggest that a low titer of NAbs against AAVS can interfere

Molecular Therapy vol. 21 no. 2 feb. 2013
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with transduction even if the vector is injected into the mesenteric
vein. Therefore, the use of another serotype vector such as AAV5
vector could be the next approach for this type of gene therapy
because of the divergence in capsid sequence of AAV5 from other
AAV serotypes.!>'® Although the prevalence of NAbs against
AAVS5 is much lower than those against AAV1 and AAV2, and the
prevalence of NAbs against AAV5 is comparable to or even lower
than that against AAVS in humans,®? it is possible that subjects
of gene therapy may contain cross-reactive NAbs against various
AAV serotypes.

Another approach for evading NAbs against AAV could be
the use of chemically or genetically modified AAV variants. Such
variants could include AAV vector mutants with amino acid sub-
stitutions, or chimeric AAV vectors made by serotype shuffling.?
Approaches that enable evasion of NAb inhibitory effects are nec-
essary if researchers and clinicians wish to effectively apply AAV
vectors for gene therapy because of NAb cross-reactivity.

An alternative approach for overcoming the inhibitory effect
of NAb against AAVs is to develop a vector injection method. In
the current study, two portal vein vector delivery strategies were
employed that ensured that the AAVS vector and NAbs do not
come into physical contact with each other in the blood. These
strategies were investigated using macaques whether the strategies
could efficiently transduce hepatocytes with the AAV8 vector in
the presence of NAbs. The first approach was the direct injection
of AAVS vectors into the portal vein branch after flushing with
saline to remove blood. This strategy proved to be successful for
the vector expressing FIX T262A in anti-AAV8 antibody-positive
macaques. Since there are safety concerns about the direct vector
injection method, injection of the vector into the portal vein using
a balloon catheter was investigated. The catheter-guided vector
injection may be less invasive than the direct vector injection
into the portal vein branch because exfoliation of hepatic hilum
is not required. In addition, fine surgical skills, such as manipula-
tion of the hepatic hilum and suturing the venotomy site of por-
tal vein after the direct vector injection without causing stenosis,
are required for the direct vector injection method into the left
portal vein. Obviously, catheterization from the mesenteric vein
branch is required for the balloon catheter-guided vector injec-
tion method but insertion of a catheter into the portal vein from
a branch of the mesenteric vein is not difficult for a cardiologist
and a radiologist familiar with angiography. In addition, suturing
the venotomy site of the mesenteric vein branch is easier and safer
than suturing the venotomy site of portal vein, and the ischemic
effect of this procedure was expected to be less than that of the
direct vector injection into the portal vein branch. Taken together,
these studies suggested that both the direct vector injection into
the left portal vein and the balloon catheter-guided vector injec-
tion into the left portal vein were similarly effective for hepatocyte
transduction with the AAV8 vector in the presence of low titer
NAbs but the balloon catheter-guided vector injection method
into the left portal vein was thought to be safer than the direct
vector injection into the left portal vein.

Considering that the antibody titer against AAV8 was gen-
erally lower than that against AAV2 and that NAbs at low titers
could interfere with the AAV8 vector-mediated gene transfer to
the liver significantly, we selected macaques with low NAb titers
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for the portal vein vector delivery strategies. However, the impact
of the presence of high titer NAbs on the efficacy of these methods
was not studied. Thus, the extent of AAV8 NAD titer, for that this
approach is effective, needs to be investigated in the future.

In conclusion, we have provided the basis for an alternative
approach for gene transfer to the liver that minimizes the dele-
terious effects of anti-AAV NAbs. Our result might expand the
potential of the AAV vector-mediated gene delivery for medical
application.

MATERIALS AND METHODS

AAV vector production. Construction of pAAV2-HCRHAAT-macFIX
T262A and production of AAVS carrying the macaque FIX T262A gene
(AAVS8HCRHA ATmacFIXT262A) has been previously described.'” Briefly,
DNA fragments harboring the macFIXT262A gene located downstream
of the chimeric promoter consisted of an enhancer element of HCR of the
human ApoE/C-I gene and the 5" flanking region of the human HAAT gene
(HCRHAAT promoter), and the SV40 polyadenylation signal sequence
flanked by AAV2 inverted terminal repeats in pAAV2-HCRHAAT-macFIX
T262A. The genes were packaged by triple plasmid transfection of human
embryonic kidney 293 cells (Avigen, San Diego, CA) to generate AAVS-
HCRHAAT-macFIXT262A, with the chimeric packaging plasmid (AAV2
rep/AAVS cap), and the adenovirus helper plasmid pHelper (Stratagene,
La Jolla, CA), as previously described.” The chimeric packaging plasmid
for AAV8 capsid pseudotyping® was constructed by inserting the syn-
thetic AAV8 Cap gene (Takara Bio, Otsu, Shiga, Japan) downstream of
the AAV2 Rep gene of pHelp19. For virus vector purification, the DNase
(Benzonase; Merck Japan, Tokyo, Japan)-treated viral particles containing
samples were subjected to two rounds of cesium chloride-density gradient
ultracentrifugation in HEPES-buffered saline (pH 7.4) supplemented with
25mmol/l EDTA at 21°C, as previously described."” Titration of recombi-
nant AAV vectors was carried out by quantitative PCR using a real-time
PCR system (StepOnePlus; Applied Biosystems Japan, Tokyo, Japan)."”
AAVSHCRHAATmacFIXT262A was previously shown to express macaque
FIXT262A in mice efficiently.” Human FIX could be expressed in macaques
and detected, however, macaques developed antibody against human FIX
under certain experimental conditions. Only one amino acid residue at
position 262 was humanized in macaque FIX T262A for detection with the
human FIX-specific monoclonal antibody.

Animals. Cynomolgus macaques were bred and maintained at the Tsukuba
Primate Research Center (Ibaraki, Japan). The animal experiments using
macaques were performed at the Tsukuba Primate Research Center
according to the guidelines of the Institutional Animal Care and Concern
Committees at Jichi Medical University and the Tsukuba Primate Research
Center. The use of macaques in animal experiments was approved by the
Animal Care and Concern Committees. All surgical procedures were car-
ried out under anesthesia, with vital signs and electrocardiogram monitor-
ing conducted in accordance with the stipulated guidelines. Male macaques
with low NAD titers (<56x) were used in this study.

Vector injection from peripheral and mesenteric vein. Injection of AAV8
vector to a saphenous vein (peripheral vein) was performed under intra-
muscular anesthesia. Injection of the AAV8 vector into a terminal branch
of the superior mesenteric vein was carried out with laparotomy under
anesthesia with isoflurane and electrocardiogram monitoring.

Direct portal vein vector injection with saline flushing. Direct injection of
the vector solution into the left portal vein was carried out after induction
of general anesthesia with isoflurane and sterilization. A right subcostal
incision (5cm) was made through the skin and the subcutaneous tissue.
The abdominal cavity was explored and the soft tissue of hepatic hilum
was exfoliated surgically, then the main portal vein and its right and left
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branches were exposed. The main portal vein was cannulated with a plas-
tic cannula type 20G needle (Surflo; Terumo, Tokyo, Japan), which was
advanced into the left portal vein branch. The left and right portal vein
branches were then clamped with vascular forceps. After flushing the left
portal vein with saline, the vector solution was injected, and then a second
saline solution, for flushing, was injected. Volumes of solutions used in the
experiments were determined by taking a standard liver volume, a hepatic
vascular bed volume, and effects of solutions on the systemic circulation
into consideration.'* A standard liver volume of a macaque was estimated
with the formula (standard liver volume = 706.2 x body surface area +
2.4)*" and the vascular bed volume of the liver was estimated to 25-30% of
the standard liver volume." A hepatic vascular bed volume can increase to
60% of the liver volume upon infusion of solutions and this may function
as a reservoir and reduce the effects of the solutions on the systemic circu-
lation.*?2** The forceps were then removed immediately and the venotomy
site was closed with an 8-0 prolene suture.

Catheter-guided vector injection to the portal vein with saline flushing.
Balloon catheter-guided injection of the vector into the left portal vein of
AAVS antibody-positive macaques was carried out after the induction of
general anesthesia. A 5-cm right paramedian incision was made through the
skin and subcutaneous tissue. The abdominal cavity was carefully entered,
with a part of the ileum identified and brought out through the incision.
A peripheral branch of the superior mesenteric vein was cannulated with
a plastic cannula type 20G needle (Surflo; Terumo). A temporary occlu-
sion microcatheter (Tiguman 3.3F; Fuji System, Tokyo, Japan) was advanced
into the left portal vein using a guide-wire (run through 0.014 (0.36 mm);
Terumo) under a fluoroscope. The positions of the catheter and the bal-
loon were confirmed by imaging with contrast medium. Blood flow in the
left portal vein was occluded with a silicone balloon catheter and 40ml of
saline, followed by the AAV8 vector solution, and another 20ml of saline
was injected sequentially through the microcatheter. Volumes of solutions
used in the experiments were determined as above with taking the result
of the experiment of direct vector injection to the left portal vein branch
into consideration. Following deflation of the balloon, the microcatheter was
withdrawn and the peripheral venotomy ligated. The abdominal wall was
then closed in layers.

Analysis of macaque FIX T262A expression in macaques. Macaque FIX
T262A was bound to 3A6, a human FIX-specific monoclonal antibody
for analyses. An enzyme-linked immunosorbent assay (ELISA) for the
detection of macaque FIX T262A was carried out using 3A6, as previously
described.!”*

NADb assay. An assay for the detection of anti-AAV8 NAbs was performed
as previously reported, with some modifications.®? Briefly, 5 x 10* 2V6.11
cells/well were seeded in the wells of 96-well culture plates. Ponasterone
A was added to the culture media the day before transduction to induce
expression of the E4 gene. On the day of transduction, 10 il of serum (undi-
luted, or subject to serial twofold dilutions) was incubated with the vector
(AAV8-CMV-LacZ, 5 x 107 vg/10pl) at 37°C for 1 hour, and this mixture
was added to a culture well. Sucrose was added to the culture medium
such that the final concentration was 125 mmol/l. The culture medium was
removed after a 48-hour incubation, and B-galactosidase activity quantified
with a B-Gal assay kit (Invitrogen, Carlsbad, CA). Briefly, o-nitrophenyl-p-
D-galactopyranoside was added to cell lysates, incubated for 30 minutes,
and color change quantified with a microplate reader (Benchmark Plus;
Bio-Rad, Hercules, CA). If B-galactosidase activity was inhibited with a
test sample that contained more than 50% of control fetal bovine serum,
it was judged as positive for neutralizing capacity. The inhibitory titer of
the serum sample was expressed as the highest final dilution in the culture
medium that showed inhibitory activity.

Quantitation of AAV8 vector DNA in macaque tissue. Quantitation of
AAVS vector DNA in macaque tissues was performed using quantitative
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PCR assays using a StepOnePlus instrument (Applied Biosystems Japan).
DNA was isolated from macaque tissues using a DNeasy Blood & Tissue
Kit (QIAGEN, Valencia, CA) and subjected to PCR using primers 5"-GAT
AACTGG GGT GACCTT GG-3"and 5-GCC TGG TGA TTC TGC CAT
GA-3’, and Cybergreen reagent (Applied Biosystems Japan).

SUPPLEMENTARY MATERIAL

Figure $1. Changes in aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels in macaques.

Table $1. Direct vector injection into the portal vein of macaques.
Table $2. Balloon catheter-guided vector injection into macaques.
Video S1.
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Enhances p21 Expression and Inhibits Phosphorylation
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Abstract

Cytosolic isocitrate dehydrogenase 1 (IDH1) with an R132H mutation in brain tumors loses its enzymatic
activity for catalyzing isocitrate to a-ketoglutarate (¢-KG) and acquires new activity whereby it converts
a-KG to 2-hydroxyglutarate. The IDH1 mutation induces down-regulation of tricarboxylic acid cycle in-
termediates and up-regulation of lipid metabolism. Sterol regulatory element-binding proteins {SREBPs)
regulate not only the synthesis of cholesterol and fatty acids but also acyclin-dependent kinase inhibitor
p21 that halts the cell cycle at G1. Here we show that SREBPs were up-regulated in U87 human glioblas-
toma cells transfected with an IDH1¥**".expression plasmid, Small interfering ribonucleic acid (siRNA)
for SREBP1 specifically decreased p21 messenger RNA (mRNA) levels independent of the p53 pathway.
In IDH1®#.expressing Us7 cells, phosphorylation of Retinoblastoma (Rb) protein also decreased. We
propose that metabolic changes induced by the IDH1 mutation enhance p21 expression via SREBP1 and
inhibit phosphorylation of Rb, which slows progressionof the cell cycle and may be associated with non-

aggressive features of gliomas with an IDH1 mutation.

Key words:

isocitrate dehydrogenase 1 {IDH1) mutation, sterol regulatory element-binding proteins

(SREBP), p21, lipid metabolism, tricarboxylic acid (TCA) cycle

Introduction

Malignant gliomas are the most frequent and lethal
cancers originating in the central nervous system. The
most biologically aggressive subtype is glioblastoma
(World Health Organization Grade IV). The current
standard therapy for glioblastoma is surgical resection
followed by adjuvant radiation therapy and admin-
istration of an alkylating agent temozolomide, and
produces a median survival of only 14.6 months.*"

Genomic analysis of gliomas has identified
mutations in the isocitrate dehydrogenase 1 and 2
(IDH1 and IDH2) genes.*>*) IDH1 and IDH2 convert
isocitrate to o-ketoglutarate (0-KG) producing
nicotinamide adenine dinucleotide phosphate. A
mutation affecting codon 132 of the IDH1 gene,
located on chromosome 2g22, has been found in
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12% of glioblastomas,*® resulting in an Arg to His
substitution. Notably, IDH mutations are detected
in 95% of secondary gliomas (diffuse astrocytoma,
oligodendroglioma, oligoastrocytoma, anaplastic
astrocytoma, anaplastic oligodendroglioma, and
anaplastic oligoastrocytoma.” The presence of the
IDH1 mutation has been shown to be associated
with a significantly better prognosis (IDH1 mutation
versus wild IDH1; 31 months versus 15 months).
IDH1#%% shows decreased enzymatic activity
for isocitrate, leading to lower o-KG production.
However, it has an altered enzymatic activity and
uses o-KG as a substrate to synthesize 2-hydroxy-
glutarate (2-HG).**'%2%27) Tt has been purposed
that 2-HG can competitively inhibit o-keto acid
transaminase.'® In addition, levels of tricarboxylic
acid (TCA) cycle intermediates were down-regulated
and lipid metabolism was up-regulated in mutant
IDH1-expressing cells, The IDH mutation has also
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been related to the methylation status of CpG sites,
in particular hypermethylation of the methyl guanine
methyl transferase (MGMT) promoter.*!? Although
the mechanism for a favorable prognosis in IDH®¥2H
gliomas has not been fully elucidated, these altered
metabolism and methylation statuses are thought to
be associated with nonaggressive features.

The sterol regulatory element-binding protein
(SREBP) family of transcription factors controls
lipid metabolism. SREBP1 consists of SREBP1a and
SREBP1c.” SREBP1a and SREBPlc are alternate
transcripts from a single gene that differ in the first
exon.?? SREBP1c controls the expression of enzymes
involved in the synthesis of fatty acids and triglyc-
erides in lipogenic organs. Meanwhile, SREBP1a is
highly expressed in cells, which enhances a wide
range of enzymes for the synthesis of fatty acids,
cholesterol, and phospholipids. SREBP2 regulates
cholesterol synthesis. Interestingly, cyclin-dependent
kinase inhibitor p21, which halts the cell cycle at
the G1 stage, is regulated by SREBP. SREBP1a acti-
vates the p21 promoter as strongly as p53, a tumor
suppressor positively regulating p21. Increased
expression of SREBP1a activates p21 expression,
resulting in cell growth arrest.'®

In the present study, we explore the association
between the IDH1 mutation and p21 activation via

SREBP and propose a mechanism for a nonaggres-
sive profile in gliomas bearing the IDH1 mutation.

Materials and Methods

I. Plasmids

¢DNA of human IDH1 (NM_005896) was purchased
from OriGene Technologies (Rockville, Maryland,
USA). Site-directed mutagenesis was performed using
the KOD-Plus-Mutagenesis Kit (Toyobo, Tokyo) to
change G395 to A in IDH1, resulting in an R132H
mutation. Wild-type and IDH1R#2H ¢DNAs were
excised by EcoRI and EcoRV. The resulting cDNA
fragments were cloned into the EcoRI-Smal sites of
pIRES2-EGFP (Addgene, Cambridge, Massachusetts,
USA) (Fig. 1A).

I1. Cell culture, transfection

U87 cells, a cell line established from glioblastoma,
harbor the normal IDH1 gene and the wild-type
p53 gene.” U87 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, Cali-
fornia, USA) with 10% fetal bovine serum. Plasmid
transfection was performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s
instructions. Transfection efficiency is reproducibly
about 40%, as estimated by counting EGFP-positive

IDH*™ IDHMH empty  NT

45kDa == | o IDHRI2H
45kDa == | a IDH1
45kD2a mm myc.
43kDa »= o Bactin

Fig. 1 A: Construction of plasmids and transfection. An R132H mutation in IDH1 was made by converting
guanine at position 395 to adenine with the KOD-Plus-Mutagenesis Kit (Toyobo). IDH1*! or IDH1%%? ¢DNA was
inserted downstream of a CMV promoter in pIRES2-EGFP (Addgene)., U87 human glioblastoma cells were trans-
fected with Lipofectamine 2000 (Invitrogen). Transfection efficiency is about 40%. B: Western analysis. U87 cells
were transfected with IDH1*, IDH1*%, or an empty-vector plasimid. Expressions of IDH1*?H and IDH1*' were
confirmed by western blotting of cell lysates obtained 24 h after transfection. IDH1*32 was specifically recognized
with an anti-IDH1®3# antibody. The upper arrow indicates the expression of IDH1 from the transfected plasmid
and the lower one indicates endogenous IDH1 protein. IDH1: isocitrate dehydrogenase 1, NT: no transfection,
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cells, and did not differ among plasmids transfected
(Fig. 1A).

For siRNA experiments, U87 cells were trans-
fected in the same way. siRNA oligonucleotides were
synthesized by Sigma-Aldrich (Tokyo). The sequences
of siRNA targeting SREBP1 were as follows:

5"-1CrGrGrArGrArArGrCUrGrCrCUrAUT Ar AT T-37
(sense) and
5-UUrGrAUrArGrGrCrArGrCUUrCUUrCUUr-
CUrCrCrGTT-3’ {antisense).

The sequences of siRNA targeting SREBP2 were
as follows:

5-GUrGUrGrG3rAUUrGUrGUrCrCUrGrArGrCr-
GUTT-3" (sense) and
5-ArCrGrCUrCrArGrGrArCrArAUrCrArCrArCTT-3/
(antisense).

III. RNA micro array, quantitative reverse
transcription-polymerase chain reaction
(qRT-PCR)

Total RNA from transfected U87 cells was purified
using the RNeasy Mini kit (Qiagen, Tokyo) according
to the manufacturer’s instructions. RNA microarray
analysis was done by Filgen, Inc (Nagoya, Aichi). Total
RNA was converted to cDNA with the SuperScript
VILO cDNA synthesis kit (Invitrogen). Ten nanograms
of cDNA was used as a template for quantitative
PCR with gene-specific primers (Table 1) and SYBR
green (Qiagen) by 40 cycles of denaturing at 95°C for
15 sec and annealing and extension at 60-62°C for
30 sec. These PCRs were repeated six times. The
data were analyzed by the Student’s {-test.

IV. Western blotting

Cells were lysed 24 h after transfection with a lysis
buffer (1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], 1% TritonX-100, 0.01 M Tris-HCI [pH
8.0], and 0.14 M NaGl) and protease inhibitors were
incubated for 10 min on ice. Equal amounts of protein
extracts were separated by SDS-polyacrylamide gel
electrophoresis and then transferred to a polyvinylidene
difluoride membrane. Membranes were blocked for
1h in Tris-buffered saline containing 0.1% Tween
20 and 5% nonfat milk and were then probed with
anti-IDH1 (N-20) (sc-49996; Santa Cruz Biotechnology,
Dallas, Texas, USA), anti-IDH1®32E (DIA H09; Dianova,
Warburgstr, Hamburg, Germany), anti-myc (R950-25;
Invitrogen), anti-Retinoblastoma (Rb) (4H1) (#9309;
Cell Signaling Technologies, Danvers, Massachusetts,
USA), anti-phospho-Rb (Ser795) (#9301; Cell Sign-
aling Technologies), or anti-B actin (C4) (sc-47778;
Santa Cruz Biotechnology) antibodies. Membranes

Neurol Med Chir (Tokyo) 53, October, 2013

Table 1 Primer sequences and specific annealing tem-
peratures used for quantitative PCR

Annealing
Gene Primer sequernce temperature
(°C)

SREBP1 5'-AGGACAGCCTGGCTACCACA-3’ 60
5-AGAAGCAGGTCACACAGGAACA-3’

SREBP2 5-CAAGGCCCTGGAAGTGACA-3’ 60
5-AGGAACTCTGCTGCCCATCTG-3"

SREBP 5-CTGCTGACCGACATCGAAGAC-3 62

la 5"-GATGCTCAGTGGCACTGACTCTTC-3'

SREBP 5-CGGAGCCATGGATTGCACTTTC-3° 62

1c 5-GATGCTCAGTGGCACTGACTCTCC-3’

P53 5-AGAGCTGAATGAGGCCTTGGAA-3’ 60
5-GAGTCAGGCCCTTCTGTCTTGAAC-3

p21 5-AAGACCATGTGGACCTGTCACTGT-3' 60
5-GAAGATCAGCCGGCGTTTG-3’

MDM2 5-TGGGCAGCTTGAAGCAGTTG-3' 60
5-CAGGCTGCCATGTGACCTAAGA-3'

ACLY  5-ATGCAGCAGCCAAGATGTTCA-3’ 60
5-CACTCGCATGTCTGGGTTGTTTA-3’

ACO2 5 -TTTGACAAGTGGGATGGCAAG-3’ 60
5-CAATGAGCAGGTTGTTGGAGATG-3

IDH2  5-GAGTGGAGCCATGACCAAGGA-3 60
5-TGCTCTTGATGGTGTCGAGGA-3’

IDH3A  5-TTTACGCGAATGTCCGACCA-3’ 60
5-TGATACTCTGCACGACTCCCATCAAC-3’

MDH2 5-TCTGAGCCACATCGAGAGACCAA-3’ 60
5-GACTCCAGCCGGAATAACTACCAC-3

OGDH  5-TGTCAATTCGATTCAAAGCTGGAG-3’ 60

5-AAGGGTTGGCCACCAAGGA-3’

SREBP1a and SREBP1c primers were synthesized by Sigma-
Aldrich. The other primers were obtained from Takara Bio.
ACLY: ATP citrate lyase, ACO2: mitochondrial aconitase 2,
IDH: isocitrate dehydrogenase, MDH2: malate dehydrogenase
2, MDM2: murine double minute 2, OGDH: oxoglutarate
dehydrogenase, PCR: polymerase chain reaction, SREBP:
sterol regulatory element-binding protein.

were then incubated with anti-mouse or anti-rabbit
immunoglobulin G labeled with horseradish peroxi-
dase. Chemiluminescent signals were detected on an
imaging analyzer.

V. ELISA

ELISA kits were used for the measurement of
p21 (#7167; Cell Signaling Technologies) and p53
protein (CY-7049; CycLex, Ina, Nagano).
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Fig. 2 Expression of IDH1*%H alters metabolism in the TCA cycle in U87 human glioblastoma cells. The mRNA
levels of enzymes invelved in the TCA cycle were examined by quantitative reverse transcription-PCR. Notably,
MDH2 mRNA levels were reduced in IDH1R**transfected cells while ACLY mRNA levels increased relative to
IDH1"-transfected cells. ACLY: ATP citrate lyase, ACO2: mitochondrial aconitase 2, IDH1: isocitrate dehydroge-
nase 1, MDH2: malate dehydrogenase 2, OGDH: oxoglutarate dehydrogenase, PCR: polymerase chain reaction,

TCA: tricarboxylic acid. *p < 0.05.

Results

I, U87 glioblastoma cells with IDH1®%! altered
the TCA cycle and lipid metabolism

A recent report showed that 2-HG increased specifi-
cally in IDH1-mutated gliomas and affected TCA
cycle metabolism.'® To examine the effect of the
IDH1M#8 mutation on glioma cells, we constructed
a plasmid expressing normal IDH1 or IDH1M% with
a myc-tag (Fig. 1) and transfected them into U87
human glioblastoma cells. The result of qRT-PCR
and RNA microarrays of IDH®**-transfected U87
cells relative to IDH"™-transfected cells is summa-
rized in Iig. 2 and Table 2. The expression levels of
enzymes involved in the TCA cycle downstream of

o-KG appeared lower in IDH1¥%H-transfected cells.
In particular, an approximately 40% reduction in
malate dehydrogenase 2 (MDH2) expression was
detected relative to IDH""-transfected cells. However,
the other TCA cycle enzymes upstream of o-KG were
not affected by IDH1 mutation, probably due to rela-
tive depletion of 0-KG in IDH1*%H-transfected cells
by competitive inhibition by 2-HG.*» Interestingly,
the level of ATP citrate lyase {(ACLY) that converts
citrate to acetyl-CoA in the cytoplasm significantly
increased in IDH1¥®H transfected cells, as revealed
by RNA microarrays and gqRT-PCR. Acetyl-CoA
is then utilized for lipid synthesis as well. The
other enzymes involved in lipid metabolism were
up-regulated (Table 2). It is suggested that acetyl-CoA
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Table 2 RNA microarray analysis of genes involved in TCA cycle and lipid metabolism
TCA cycle
ey
ACO2 Aconitase 2, mitochondrial NM_001098 1.01
IDH2 Isocitrate dehydrogenase 2 (NADP+) NM_002168 1.14
IDH3 Isocitrate dehydrogenase 3 (NAD+) NM_004135 0.98
OGDH Oxoglutarate (alpha-ketoglutarate) NM_001003941 0.87
dehydrogenase
DLD Dihydrolipoamide dehydrogenase NM._000108 0.93
SUCLG Succinate-CoA ligase NM_001177599 0.92
SDH Succinate dehydrogenase NM_003000 0.94
MDH2 Malate dehydrogenase 2 NM. 005918 0.84
ACLY ATP citrate lyase NM_001096 1.46

Sterol regulatory element-binding

SREBF1 NM_001005291
transcription factor 1

SREBF2 Sterol regulatory element-binding NM_004599 1.35
transcription factor 2

SCAP SREBF chaperone NM_012235 1.57

FASN Fatty acid synthase NM_004104 2.06

ACACA Acetyl-CoA carboxylase alpha NM_198834 1.43

ACACB Acetyl-CoA carboxylase beta NM_001093 2.51

HMGCR 3-Hydroxy-3-methylglutaryl-CoA reductase NM_000859 2.03

*The ratio of the amount of mRNA in IDH1-mutation-expressing cells to IDH1-normal cells. IDH1:
isocitrate dehydrogenase 1, mRNA: messenger ribonucleic acid, TCA: tricarboxylic acid.

is preferentially metabolized for lipid synthesis
rather than in the TCA cycle in IDHM®E U7 cells.

I1. Up-regulation of p21 depends on SREBP1a

Increases in the expression levels of SREBP1 and -2
prompted us to examine p21, a cyclin-dependent
kinase inhibitor. p21, which halts the cell cycle
at G1, is regulated by SREBP.? gRT-PCR analysis
showed that IDH1%%#-transfected cells up-regulated
SREBP1a, 1c, and 2 (Fig. 3A, B). In particular, SREBP1a
has been shown to activate p21 expression and
leads to cell growth arrest.'® In order to investigate
the relationship between p21 and SREBP1 in U87
cells, we performed siRNA experiments. siRNA for
SREBP1 specifically knocked down SREBP1la and
1c and siRNA for SREBP2 suppressed its target
mRNA (Fig. 3C). Knock-down of SREBP1, but not
SREBP2, specifically induced a decrease in p21
expression in IDH®*"-transfected cells (Fig. 3D).
These results indicated that the R132H mutation
in IDH1 induced the expression of SREBPs and
that SREBP1 enhanced the expression of p21 in
IDH1##2H transfected cells.
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IIL. IDH*?*H yp-regulates p21 independent of p53
P53, a tumor suppressor, regulates p21 expres-
sion and is negatively regulated by murine double
minute 2 (MDM2).% To examine the effect of IDI1%132H
on the p53-p21 signaling pathway, we measured
p21, p53, and MDM2 mRNA levels in IDH1""- and
IDH1®*8 transfected cells by qRT-PCR and assayed
p21 and p53 by ELISA (Fig. 4, Table 3). p21 was
up-regulated in IDH1¥**-transfected cells. However,
p53 and MDM2 mRNA levels did not differ among
the three groups (Fig. 4). These results suggested
that the up-regulation of p21 protein was mediated
by direct activation by SREBP, but not by p53.
p21 protein inhibits the phosphorylation of Rb
protein, one of the tumor suppressors. Nonphospho-
rylated Rb protein binds E2F transcription factor
and prevents E2F from activating gene expression.
Phosphorylated Rb fails to bind E2F and permits
cells entering from the G1 phase to the S phase in
the cell cycle.” Western blot analysis of Rb protein
indicated that the level of the phosphorylated form,
relative to total Rb protein, decreased in IDH1®*#2H.
transfected cells (Fig. 5A), suggesting slowing in
progression of the cell cycle in IDH1-mutated U87
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Fig. 3 The SREBP family of transcription factors were up-regulated in IDH1%*?!transfected U87 cells. Quantitative
reverse transcription-PCR analysis of SREBP1 and 2 (A), and SREBP1a and SREBP1c (B) mRNA levels increased
in IDH1R®2.U87 cells. C: siRNA for SREBP1 and 2 used in the present study specifically suppressed its target
mRNA. D: p21 mRNA levels that increased in IDH1?%2H.U87 cells were suppressed by knock-down of SREBP1, not
SREBP2. IDH1: isocitrate dehydrogenase 1, M: IDH1®**" transfection, N: IDH1" transfection, n.s: not significant,
PCR: polymerase chain reaction, SREBP: sterol regulatory element-binding protein, V: empty vector. *p < 0.05.

cells (Fig. 5B).
Discussion

Since gliomas invasively grow into normal brain tissue
and is thus difficult to surgically resect completely,
the therapeutic outcome of gliomas was extremely
poor. Although improved surgical techniques in
combination with an alkylating agent temozolomide
have made the median survival time of glioblastomas
longer (21.4 months), the outcomes of glioblastomas
are still poor relative to other carcinomas. However,
gliomas bearing the IDH1 mutation are associated
with better outcomes.'®*

The mutated IDH1 produces 2-HG from «-KG in
the cytoplasm.® 2-HG competitively inhibits o-keto
acid transaminase, thereby suppressing the TCA
cycle.” The present analyses confirmed that the
TCA cycle was down-regulated in IDH1*?#.cells
(Fig. 2), which has been proposed as the Warburg
effect.'t1#222425) BFyurthermore, it has been said that
this down-regulation is associated with a selective
advantage for cancer cells because nutrients are
converted to building blocks such as lipids to be
used for proliferation rather than being oxidized
in the TCA cycle.'” The present study showed that
down-regulation of the TCA cycle and up-regulation
of ACLY, which converts citrate in the cytoplasm
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Fig. 4 p21 was specifically up-regulated in IDH18"?2!.
expressing U87 cells. A: Quantitative reverse transcription-
PCR analysis of p21, p53, and MDM2 mRNA levels
in IDH1*'- and IDH1*"*-transfectedU87 cells. p21
mRNA was significantly increased in IDH1R" cells.
However, p53 and its negative regulator MDM2 mRNA
levels did not show significant changes, relative to
IDH"-transfected cells. B: ELISA of p21 and p53. p21
significantly increased in IDH1***.expressing U87 cells.
IDH: isocitrate dehydrogenase, M: IDH1R%*" transfection,
MDM2: murine double minute 2, N: IDH1* transfection,
n.s: not significant, PCR: polymerase chain reaction, V:

M2 HOHT normal
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Table 3 Representative genes associated with cell
cycle progression in IDH1-mutation-expressing cells

Genes Accession number Mutation/normal *
MDM2 NM_002392 1.03
pi5 NM_004936 1.47
p16 NM_000077 1.37
p1s8 NM_001262 1.03
p19 NM_001800 1.35
p21 NM_000389 1.50
p27 NM_004064 1.22
p4s NM_005983 2.03
CDK2 NM_001798 0.95
CDK4 NM_000075 0.85
CDK#6 NM_00114530 1.07
CDC6 NM_001254 1.16
Cyclin A1 NM_001111045 0.98
Cyclin A2 NM_001237 1.13
Cyclin B1 NM_031966 0.80
Cyclin B2 NM_004701 0.75
Cyclin B3 NM_033031 1.19
Cyclin D3 NM_001136017 0.85
Cyclin E1 NM_001238 0.98
Cyclin E2 NM_057749 0.78
E2F1 NM_005225 1.12
E2F3 NM_001949 1.17
E2F4 NM_001950 1.00
E2F5 NM_001083588 0.92
E2F6 NM_198256 0.82
E2F8 NM_024680 1.28

*The ratio of the amount of mRNA in IDH1-mutation-express-
ing cells relative to IDH1-normal cells. CDC6: cell division
cycle 6, CDK: cyclin-dependent kinase, IDH1: isocitrate de-

hydrogenase 1, MDM2: murine double minute 2, mRNA:
messenger ribonucleic acid.

empty vector. *p < 0.05.
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Fig. 5 A: Rb protein in IDH1?*.U87 cells,
Cells were lysed 24 h after transfection with
IDH1*, IDH1*%2, and a vector plasmid.
Western analysis of pRb and total Rb shows
that pRb decreased in IDHR"**'-transfected
cells. For comparison, the intensity of each
band was measured and the ratio of pRb
to Rb (pRb/Rb) was calculated as shown at
the bottom. B: A proposed signaling cascade
leading to nonaggressive cancer associated
with the IDH1 mutation. IDH1: isocitrate
dehydrogenase 1, pRb: phosphorylated Rb,
Rb: retinoblastoma.
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Fig. 6 The comparison of growth of U87 cells after
transfection. 1 x 10* cells of U87 were transfected with
IDH1R32H (M), IDH1*! (N}, or a vector plasmid (V). Three
days after transfection, we counted the number of cells.
The experiment was performed in triplicate. The U87
cells transfected with IDH1 mutation plasmid were
less proliferative compared to those transfected with
IDH1 normal or a vector plasmid although the differ-
ence was not statistically significant. IDH1: isocitrate
dehydrogenase 1, n.s: not significant.

cell numbers 109

into acetyl-CoA, resulted in enhanced lipid metabo-
lism (Fig. 2, Table 2). The R132H mutation in IDH1
induced shunting of carbons from glycolysis into
de novo synthesis of lipid rather than into the TCA
cycle. The enhanced lipid metabolism by the mutated
IDH1can be relevant to increased SREBP expression.

The transcription factor to regulate lipid synthesis
from acetyl-CoA in the cytoplasm is SREBP. Our data
clearly showed that IDH1%*" induced increases in
the mRNA levels of all SREBP family transcripts,
la, 1c, and 2 (Fig. 4). SREBP1a and 2 have been
shown to enhance p21 promoter activity,'® which
was also confirmed in U87glioblastoma cells by
qRT-PCR and siRNA knock-down experiments
(Fig. 3C, D). Another pathway that regulates p21 is
the p53-MDM2 cascade. As shown in Fig. 4, p53
and its mRNA levels in IDH1***H-transfected cells
did not differ from IDH"-transfected cells, which
supported that p21 was up-regulated via the SREBP
pathway independent of the p53 pathway (Fig. 4).
In addition, it has been reported that glycolysis is
enhanced in glioma with the IDH1 mutation,'® and
that glycolysis suppresses p53.* This line of evidence
supports p53 not playing a role in p21 activation
in IDH1*#2H 87 cells. Recently, IDH1*%?" has been
reported to be associated with SREBP1a activation
and cellular proliferation.?® However, the precise

mechanism how IDH1*% induces SREBP1a activation
was not revealed. Although IDH1R#H is associated
with slow tumor progression, it is controversial
whether IDH1¥%" mutation induces or suppresses
cell growth in cultured glioma cells. Another study
reported that stably IDH1*%*H expressing U87 cells
decreased cellular proliferation.?

In an attempt to demonstrate the direct associa-
tion between the IDH1*%%H and the retardation of
cell growth, we analyzed the cell cycle profile of
the transfected U87 cells. Unfortunately, we failed
to get reproducible data, probably due to a subtle
difference between IDH1*- and IDH18%?"-cells (data
not shown). We next measured the proliferation rate
of IDH1**- and IDH1**" transfected cells. Although
the difference was not statistically significant, the
U87 cells transfected with IDH1*?" plasmid tended
to slower growth (Fig. 6). Accumulation of subtle
growth retardation after a number of cell division in
IDH1**H glioma may lead to smaller tumor burden.
The results obtained in the present study is based
on the experiments with the U87 glioblastoma cell
line, one of the widely employed in cultured brain
tumor cells. However, it is desirable to examine other
brain tumor cell lines and patients’ glioblastomas
in order to confirm the present results.

Several reports implicate doxidative stress™®®17:2%)
or methylation of the MGMT promoter portion in
gliomas with the IDH1 mutation®'® important for a
nonaggressive profile. We propose that suppression
of the TCA cycle and subsequent enhancements in
lipid metabolism induce up-regulation of the SREBP
family, which results in the increased activity of
p21 and decrease in phosphorylation of Rb protein
(Fig. 5B). The R132H mutation in IDH1 appears
to give rise to diverse metabolic changes, such as
increased oxidative stress, inhibition of the TCA
cycle, and enhanced lipid metabolism. The sum of
all these alterations may make tumor cells nonag-
gressive. More detailed analysis of the metabolic
changes induced by the IDH1 mutation will help
us understand the mechanism of the low-grade
malignant profile of an IDH1*%* glioma.
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