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Excessive production of extracellular matrix, predominantly type | collagen, results in liver fibrosis. Earlier we
synthesized mannose 6-phosphéatevine serum albumin (M6PBSA) and conjugated to the type | collagen
specific triplex-forming oligonucleotide (TFO) for its enhanced delivery to hepatic stellate cells (HSCs), which
is the principal liver fibrogenic cell. In this report, we demonstrate a time-dependent cellular uptake ef M6P
BSA—33P-TFO by HSC-T6 cells. Both cellular uptake and nuclear deposition of MBEPA—3P-TFO were
significantly higher than those &tP-TFO, leading to enhanced inhibition of type | collagen transcription. Following
systemic administration into rats, hepatic accumulation of MBBA—33P-TFO increased from 55% to 68%
with the number of M6P per BSA from 14 to 27. UnlikéP-TFO, there was no significant decrease in the
hepatic uptake of (M6B)—BSA—33P-TFO in fibrotic rats. Prior administration of excess M&PSA decreased

the hepatic uptake of (M6R)-BSA—33P-TFO from 66% to 40% in normal rats, and from 60% to 15% in fibrotic
rats, suggesting M6P/insulin-like growth factor Il (M6P/IGF II) receptor-mediated endocytosis of BIBR—
33P-TFO by HSCs. Almost 82% of the total liver uptake in fibrotic rats was contributed by HSCs. In conclusion,
by conjugation with M6P-BSA, the TFO could be potentially used for the treatment of liver fibrosis.

INTRODUCTION

Cirrhosis, the advanced stage of liver fibrosis, is the 12t
leading cause of medial mortality in 2002)( To date, there i . ) e h :
are no FDA approved antifibrotic drug)( Fibrosis is molecule. is a potenpal cap@datg for tr'eatmg Ilvgr fibrosis.
characterized by excessive production of extracellular matrix ~Following systemic administration, oligonucleotides (ODNs)
(ECM) components, especially type | and Ill fibrillar collagens Widely distribute throughout the body with higher uptake in the
within the perivascular and interstitial space of tissu@s4y. liver and kidney {0—12). There are several reports on targeted
Although multiple liver cell types, including periportal and delivery of ODNs to hepatocytes, Kupffer cells, and liver
pericentral fibroblasts, produce collagen and lead to liver endothelial cellsX3—15). We have tested the in vivo distribu-
fibrosis, hepatic stellate cells (HSCs, also known as lipocytes, tion of the TFO molecules in normal and fibrotic rats6).
Ito cells, and perisinusoidal cells) have attracted the most Almost 45% of the injected dose was deposited in the liver in
attention b). HSCs are distributed throughout the hepatic lobule hormal rats, but only 35% of injected dose in fibrotic rats. The
and serve as the principal storage sites for vitamin A. Upon intrahepatic distribution was nonspecific, with Kupffer and

triplex-forming oligonucleotide (TFO), which can form a stable
h triplex with the target gene sequence and inhibit the transcription
of rat typeal(l) collagen gene in vitro. Therefore, this TFO

liver injury, infiltrating leukocytes (neutrophils, lymphocytes,
and monocytes) along with resident marcrophages (Kupffer
cells) release various inflammatory cytokines and growth factors,
leading to activation of quiescent HSCs into actively proliferat-
ing a-smooth muscle actinatSMA) positive myofibroblast-
like cells @, 6).

Directly inhibiting the type | collagen synthesis by HSCs is
a potential way to prevent liver fibrosig)( Expression of type
al(l) collagen gene is regulated at the transcriptional and
posttranscriptional level, producing an increase in the mRNA
steady-state levels by 600-fold in activated HSCs compared
with quiescent HSCs8). Mammalian al(l) collagen gene
promoter contains two contiguous 30 bp polypurine tracts C1
and C2, located at141 to—170 and—171 to—200 upstream
from the transcription start sited). Earlier we developed a
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endothelial cells contributing 40% of total liver uptake, HSCs
contributing 40%, and heptocytes 20%.

HSCs comprise only 515% of all the liver cells 17).
Mannose 6-phosphate/insulin like growth factor Il (M6P/IGF
I1) receptor is expressed on HSCs, and its expression is up-
regulated upon activation of these cells due to acute or chronic
liver injury (18, 19). To maximize TFO delivery to the liver in
general and to HSCs in particular, we recently synthesized
mannose 6-phosphatbovine serum albumin (M6PBSA) and
conjugated to typer1(l) collagen gene promoter specific TFO
via a disulfide bond 7). Following tail vein injection into
normal rats, (M6P)—BSA—3P-TFO rapidly cleared from the
circulation and accumulated mainly in the liver. TFO concentra-
tion residing in the HSCs was shown to be much higher with
(M6P);—BSA—33P-TFO than that witR3P-TFO (1093 vs 215
ng/mg cell protein).

In the present study, we determined the cellular and nuclear
uptake of (M6P);—BSA—33P-TFO by HSC-T6 cells, which is
an immortalized rat hepatic cell line. The effect of MBBSA—

TFO on typeal(l) collagen gene transcription has also been
determined by real time RT-PCR. We then determined the effect
of number of M6P in M6P-BSA—TFO on biodistribution and
hepatic uptake of M6PBSA—33P-TFO as well as the intra-
hepatic distribution after intravenous administration into both

© 2006 American Chemical Society

Published on Web 04/29/2006



824  Bioconjugate Chem., Vol. 17, No. 3, 2006

normal and fibrotic rats. Subcellular distribution of M6BSA—
33P-TFO in nuclei and cytoplasm of the liver cells was also
determined at 30 min @ h post intravenous injection in rats.

MATERIALS AND METHODS

Materials. Bovine serum albumin (BSA) (fraction V, purity
> 98%) was purchased from USB Corporation (Cleveland, OH).
p-Nitrophenyla-b-mannopyranoside (pnpM), phosphorous ox-
ide chloride, palladium (10 wt % on activated carbon), thio-
phosgene, 0.04% trypan blue, dimethylnitrosamine (DMN),

deoxyribonuclease 1 (DNase 1) and Pronase were purchase

from Sigma-Aldrich (St. Louis, MO). RNA STAT 60 reagent
was purchased from Ambion RNA Diagnositics (Austin, TX).
MultiScribe reverse transcriptase reagent was from Applied
Biosystems Inc. (Branchburg, NJ). SYBR Green-1 dye universal
master mix was from Applied Biosystems Inc. (Foster, CA).
[y-2*P]dATP was purchased from MP Biomedicals (Irvine, CA),
and T4 polynucleotide kinase was from New England Biolabs
(Beverly, MA). Soluene-350 (tissue solubilizer) and Hionic
Fluor (scintillation fluid) were purchased from Perkin-Elmer
(Boston, MA). Hydrogen peroxide @@,) was purchased from
Fisher Chemical (Fair Lawn, NJ). Heparin was purchased from
American Pharmaceutical Partners, Inc. (Los Angeles, CA).
Dulbecco’s modified Eagle’s medium (DMEM), penicillin G
(5000 unit/mL), streptomycin sulfate (500@/mL), Trypsin-
EDTA, and type IV collagenase were from Invitrogen Life
Technologies (Carlsbad, CA). Heat-inactivated fetal bovine
serum (FBS) was purchased from Altanta Biologicals (Lawrence-
ville, GA). Ca"/Mg?*-free Hanks balanced salt solution and
phenol red free Hanks balanced salt solution (Cellgro) were
purchased from MediaTech (Washington, DC). Isoflurane was

purchased form Baxter Pharmaceutical Products, Inc. (Deerfield,

IL). Nycodenz AG was purchased from Greiner Bio-One, Inc.
(Longwood, FL). All solvents and other chemicals used in this
study were used as available without further treatment.

TFO, which was a 25 mer antiparallel fully phosphothioate
ODN (3-GAG GGG GGA GGA GGG AAA GGA AGG G-§
targetinga1(l) collagen gene promoter of rats, was synthesized
by The Midland Certified Reagent Company, Inc. (Midland,
Texas), and the same TFO modified with a sulfhydryl group at
the 3 end (MW: 8684 Da) was synthesized by Invitrogen Life
Technologies (Carlsbad, CA).

Synthesis and Characterization of M6P-BSA—TFO. We
synthesized M6PBSA and conjugated it to TFO via a disulfide
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bonds for conjugation with TFOs, 20 mg of BSA or
M6P—BSA was dissolved in 1 mL of 0.1 M sodium borate
buffer, pH 8.6 andN-succinimidyl 3-(2-pyridyldithio)-propionate
(SPDP) (4 mg; 12.&mol) in 0.65 mL of ethanol and the
mixture was stirred for 20 h at room temperature. The products
were purified on a PD-10 column. The sugar content and number
of PDP groups coupled to M6FBSA or BSA were determined
as described previously. TFO modified with sulfhydryl group
at the 3 end was first treated with DTT to generate 'atdol
functional group and then reacted with 2.5 mg of
M6P),—BSA—PDP in glycine buffer. The product was eluted
ith PBS on a G75 column (X 25 cm). The formation of
(BSA)—M6P—TFO conjugate was verified by electrophoresis
on a 20% native polyacryamide gel at room temperature. We
obtained M6P-BSA—TFO with different numbers of M6P
residues (14, 20, or 27) by altering the molar ratio of itctM6P
and BSA. There was one TFO molecule conjugated to
M6P—BSA based on the chromatography on a G75 column.
TFO was labeled by adding-33P to the 5-end using {-3%P]-
ATP and T4 polynucleotide kinase as describ#6).(

Uptake of M6P—BSA—33P-TFO by HSC-T6 Cells. Im-
mortalized rat liver stellate cells (HSC-T6) (kindly provided by
Dr. Friedman, SL, Mount Sinai School of Medicine, New York,
NY) were seeded in 6-well plates at a density of X51(°
cells/well in 2 mL of DMEM supplemented with 10% FBS,
penicillin G (100 units/ml) and streptomycin sulfate (106/
mL). After 24 h of incubation, the medium was removed and
incubated with 1 mL of DMEM containing®P-TFO or
(M6P);,—BSA—3P-TFO, (M6P)—BSA—3P-TFO, and
(M6P),7—BSA—33P-TFO (3x 10* cpm, 0.4M) at 37°C. The
cells were harvested at different time points (5, 20, 70, 120,
180, 240, 300, and 330 min) by removing the medium, washing
with ice-cold PBS three times, and trypsinization. Cell pellets
were digested with Soluene-350rfd h at 55°C and then
overnight at room temperature. After neutralization witfOp]
Hionic Fluor was added and the radioactivity was counted using
a liquid scintillation counter. Total cellular protein was measured
by BCA assay. The TFO concentration was expressed in terms
of ng of TFOLQ of cell protein.

Polyacrylamide Gel Electrophoresis.To determine the
amount of intact TFO taken up by HSC-T6 cells, 3510°
cells/well were incubated witffP-TFO or (M6P)y—BSA—33P-
TFO (2 x 10° cpm, 0.4uM) at 37 °C for up to 24 h. Cells
were harvested at 0.5, 1, 2, 4, 8, 12, and 24 h. The cell pellet

bond formation as described in our recently published paper Was lysed with 50Q.L of 1% SDS lysis buffer (10 mM Tris-

(37). Briefly, p-nitrophenyle.-D-mannopyranoside (pnpM) (0.3
g, 1 mmol) was phosphorylated at the 6 position by reacting
with phosphorous oxide chloride (0.4 mL, 4.4 mmol) in pyridine
(0.4 mL, 5 mmol), acetonitrile (1 mL, 19 mmol), and water
(0.04 mL, 2.2 mmol) fo 1 h on an ice-water bath to give
p-nitrophenyl-6-phospho-b-mannopyranoside  (pnpM6P).
PnpM6P (0.25 g, 0.66 mmol) was reduced with 100 mg of 10%
palladium on activated carbon undes @ atm) in 20 mL of a
4:1 (viv) methanoetwater mixture fo 2 h togive p-aminophenyl-
6-phosphoa-p-mannopyranoside (papM6P). Thiophosgene (55
uL, 0.73 mmol) in 10 mL of chloroform was added to papM6P
(50 mg, 0.14 mmol) in 10 mL of 0.1 M sodium carbonate buffer,
pH 8.6, and the mixture was vigorously stirred foh to give
p-isothiocyanatophenyl-6-phosplbee-mannopyranoside (itctM6P).
[tctM6P (26-75 mg) in 2.0 mL of 0.1 M sodium carbonate
buffer, pH 9, and 0.15 M NaCl was added to 30 mg (Q#%ol)

of BSA in 2.0 mL of the same buffer. The reaction mixture
was kept at room temperature for 18 h with stirring and then
applied to a PD-10 column. All the intermediate products were
verified with '"H NMR and ESI-MS. The conjugates were
verified on 8% sodium dodecy! sulfatpolyacryamide gel
electrophoresis (SDSPAGE). To have activated disulfide

HCI, pH 7.4, 150 mM NacCl, and 1% sodium dodecyl sulfate)
at 37°C for 1 h. The lysate was centrifuged at 12QG6r 10
min, the supernatant was collected and extracted with an equal
volume of phenol/chloroform (v/v, 1/1), the extract was
centrifuged for 5 min at 120@) and the supernatant was
collected in microcentrifuge tubes. TFO was precipitated by
adding sodium acetate to 0.3 M and a 3-fold volume of 100%
ethanol and keeping at20 °C overnight. The solution was
centrifuged at 120a9for 30 min, the supernatant was removed,
and the precipitate was air-dried. The TFO pellet was redissolved
in 20 uL of distilled water and analyzed by gel electrophoresis
using a 20% polyacrylamide gel at 80 V for 2 h. The gel was
autoradiographed for 2 days at’€.

Isolation of Nuclei from HSC-T6 Cells. HSC-T6 cells (5
x 1CP cells/well) were cultured in 6-well plates until 80%
confluence. Then, (M6Ry—-BSA—33P-TFO or33P-TFO (1.0
x 1P cpm, 0.4uM) was added in 1 mL of DMEM media in
the absence of FBS.tAl h incubation at 37C, the cells were
harvested and the nuclei were isolated from cytoplasm using
Nuclei EZ PREP nuclei isolation kit (Sigma, St. Louis, MO)
following the supplier's protocol. The purity and number of
isolated nuclei was determined under microscopy by trypan blue
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assay. Isolated nuclei and cytoplasm fraction were digested withsample, and the radioactivity of each sample was measured using

Soluene-350 overnight. Hionic Fluor was added and the a scintillation counter.

radioactivity was determined using a liquid scintillation counter. ~ Competition in Hepatic Uptake of M6P—BSA—33P-TFO.

The percentage of nuclear uptake of the TFO was calculated asOne minute before the injection of MBBBSA—33P-TFO at a

% of total cellular uptake. dose of 0.2 mg/kg (specific activity: % 10f cpm/mL), rats
Inhibition of Transcription in HSC-T6 Cells. HSC-T6 cells ~ received 10 mg/kg of M6PBSA. At 30 min postinjection,

(5% 1P cells/well) were cultured in 6-well plates until 70% blood and urine were collected; other major organs were

confluence in DMEM containing 10% of FBS. The media were harvested as described above for radioactivity measurement.

replaced with 1 mL of FBS-free DMEM containing TFO at a Hepatic Cellular and Subcellular Distribution. To deter-

concentration of 0.5uM or (M6P),—BSA—TFO at TFO mine the effect of M6P on the hepatic uptake of TFOs by

concentrations of 0.2, 0.5, anduM and incubated for 24 h at ~ parenchymal cells (hepatocytes) and nonparenchymal cells

37 °C. Cells treated with 1 mL of FBS-free DMEM were used (Kupffer, endothelial, and Stellate cells), the liver was perfused

as control. Then an additional 1 mL of DMEM containing 20% in situ after intravenous administration 8P-TFO or (M6P)o—

of FBS was added, and cells were incubated for another 24 h.BSA—33P-TFO (2x 10° cpm) at a dose of 0.2 mg of TFO/kg

Cells were harvested and total RNA was isolated using RNA ©f body weight as described beforg7]. Briefly, at 30 min
STAT 60 reagent. Total RNA (&g) was treated with DNase | postadministration, rats were anesthetized, 100 units of heparin
and then converted to cDNA using MultiScribe reverse tran- Was injected, the abdomen was opened, and the portal vein was
scriptase reagent and random hexamers. One hundred nanogrant@nnulated with a PE-60 polyethylene tube. The liver was then
of the cDNA was amplified by real time PCR using SYBR Perfused with 200 mL of Ca/Mg?*-free Hanks balanced salt
Green-1 dye universal master mix on ABI Prism 7700 Sequence Solution and then with Hanks balanced salt solution containing
Detection System. The forward primer specific for typ() 0.05% type IV collagenase and 0.1% Pronase for an additional
collagen mRNA was 5STGGTCCCAAAGGTTCTCCTGGT- 250 mL. All the perfusion solutions were incubated at°87
3, and the reverse primet-5TAGGTCCAGGGAATCCCAT- Aftgr perfgsion, different liver cell type_s were separated and
CACA-3. The forward and reverse primers specific for type radioactivity was measured as described befdt).(The
ol(l) collagen primary mRNA were 'BSCAGCCGCAAA- contributions of various cell types to the total liver uptake were
GAGTCTACATGTC-3 and B-TCACCTTCTCATCCCTC-  calculated as % of total hepatic uptake. _

CTAA-3', respectively. The PCR product is 234 bp. Primers 10 isolate nuclei from the whole liver cells, the livers were
(forward, B-GTCTGTGATGCCCTTAGATG-3 and reverse,  collected at 30 mino4 h postinjection of*P-TFO or (M6P)o—
5-AGCTTATGACCCGCACTTAC-3) specific for 18S ribo- ~ BSA—%%-TFO (4x 10° cpm) at a dose of 0.2 mg of TFO/kg
somal RNA were used as internal control for real ime PCR. Of body weight, washed, and blotted dry. One gram of fresh
To confirm PCR specificity, the PCR products were subjected liver tissue was used for isolation of nuclei using Nuclei PURE
to a melting-curve analysis and agarose gel electrophoresis.Prep nuclei isolation kit according to the supplier's protocol
Relative transcript levels were normalized to 18SrRNA genes. (Sigma-Aldrich, St Louis, MO). The purity and number of
For comparison, transcript levels of control cells were set as 1 iSolated nuclei were determined under microscopy by dilution
and experimental data are shown as fold decrease of controlin trypan blue solution. The yield of nuclei was calculated to

Induction of Liver Fibrosis. Dimethylnitrosamine (DMN) P& 40-50% by comparing the number of isolated nuclei to the

. : ' - tarting cell number. Isolated nuclei were digested with Soluene-
induced liver fibrosis in rats has been shown to have a pa’thologyS - S . L
closely resembling that of human cirrhos2). Male Sprague 35;; 8;?;2"{1922 dH'g.?]'C glluor.c‘j’vsgn?.ﬁgfgﬁ ggdnttg? fr?déoa;t(':\gx_
Dawley rats weighing 126140 g (Harlan Co., San Diego, CA) \g e of nucltlear uutallk% ofl&ue: TFé iln tk:e Iivefwas' calcu[I)ated as
were housed individually under controlled light (12/12 h) and 29 p

" % of total hepatic uptake.
temperature conditions and had free access to food and water. o !
b Statistical Analysis. Data were expressed as the mean

To induce liver fibrosis, DMN was injected intraperitoneally e . -
into rats at a dose of 10 mg/kg of body weight. Injections were Standard deviation (SDF < 0.05 was considered statistically
significant. Statistics were calculated based on unpaired Stu-

given on the first three consecutive days of each week over a , . -

4-week period. After the DMN injection for 4 weeks, 3 rats dent'st test using SPSS 13.0 for windows software.
were killed for examination for liver fibrosis development and RESULTS
measurement of hydroxyproline contegty,

Biodistribution of M6P —BSA—33P-TFO. The protocol of To enhance the cellular uptake and nuclear translocation of
animal use and care was approved by the Comparative Departthe TFO, we conjugated MGFBSA to the 3 end of the TFO
ment of the University of Tennessee Health Science Center.via a disulfide bond. M6PBSA—TFO was then characterized
Male Sprague Dawley rats weighing 156170 g were anes-  interms of in vitro cellular and nuclear uptake and transcription
thetized by inhalation of isoflurane, and then 240 of 33P- inhibition of type al(l) collagen gene in HSC-T6 cells. This
TFO or (M6PY»—BSA—33P-TFO in saline £2.2 x 1(° cpm) was followed by biodistribution at whole body, organ (liver),
was injected intravenously into rats at a dose of 0.2 mg of TFO/ and hepatic cellular and subcellular levels after intravenous
kg of body weight. After 30 min postinjection, blood (6:2.3 injection into normal and fibrotic rats.

mL) was collected by cardiac puncture in heparinized tubes, In Vitro Cellular and Nuclear Uptake of M6P —BSA—

and urine was also collected directly from the urinary bladder TFO. We have previously shown that M6BSA—TFO could
using a 26-gauge needle syringe. Major organs, such as liver,enhance the TFO accumulation in the liver and thus concentrated
spleen, kidney, lung, heart, and muscle, were isolated, washedTFO molecules inside HSCs compared to free TFO molecules
with saline, blotted dry, weighed, and stored-86 °C. Blood (37). However, we still need to determine whether this enhanced
was centrifuged, and plasma was separated. One hundred fiftyTFO deposition is contributed to by an increase in MESA—
microliters of plasma or 156200 g of each tissue was incubated TFO uptake by the HSCs via the M6P/IGF Il receptor-mediated
with 2 mL of solubilizer Soluene-350 &3 h at 55°C first and endocytosis. We first incubated HSC-T6 cells witR-TFO or
then overnight at room temperature. Two hundred microliters M6P—BSA—33P-TFO for different time periods. As shown in

of 30% HO, was added to each sample, and each sample wasFigure 1a, a larger amount of TFO was taken up by these cells
incubated for another 30 min. Ten milliliters of Hionic Fluor when treated with M6PBSA—33P-TFO compared to that of
scintillation fluid was added to each tissue, plasma, and urine 3P-TFO treated cells. The TFO amount was around Aggf
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Figure 1. Cellular uptake of M6P-BSA—TFO by HSC-T6 cells. (a)
Time profile of the cellular uptake of M6PBSA—3P-TFO and®*P-

TFO by HSC-T6 cells. HSC-T6 cells were incubated wiR-TFO or
M6P—BSA—33P-TFO (3x 10* cpm, 0.4uM) at 37°C, and then cells

were harvested at the indicated time for measurement of associated

radioactivity. TFO concentration was expressed in terms of ng of TFO/
ug of cell protein. Values are meanSD of 3 independent experiments.
(b) Polyacrylamide gel electrophoresis (PAGE) of the TFO extracted
from HSC-T6 cells. HSC-T6 cells were incubated wi-TFO or
(M6P)0—BSA—33P-TFO at 37°C for up to 24 h. Cells were harvested
at the indicated time and lysed with 1% SDS lysis buffer. TFO was

extracted and analyzed by gel electrophoresis using a 20% polyacryl-

amide gel. Each time point was presented with 3 independent
experiments.
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Figure 2. Subcellular distribution of (M6Rj—BSA—33P-TFO and*P-
TFO in HSC-T6 cells a4 h postincubation at 37C. Cells were
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Figure 3. Relative typeo1(l) collagen gene transcription in HSC-T6
cells treated with TFO or (M6R)y~BSA—TFO by real time RT-PCR
assay. HSC-T6 cells were treated with unconjugated TFO(@Lpor
(M6P),,—BSA—TFO at the indicated concentrations in 1 mL of FBS-
free DMEM for 24 h, and then 1 mL of DMEM containing 20% of
FBS was added and incubated for another 24 h. Relative transcript
levels were normalized using 18S rRNA as a housekeeping gene.
Control means no treatment. Values are mga8D of 3 independent
experiments. Asterisk: statistically significant compared to control
group. n.s.: not significant.

p=0.01 .
F2B [ p=08 10
8 O =p-FO
2 B (V6P),-BSAP-TFO
60 g 67 B (M6P),BSA-SP-TFO
2 2 4 B (M6P),-BSAP-TFO
2 2
£ w0
(]
x
201 Kidey Heat Spken DLmg Ura Phsm
0 - = —C T I rﬁ’_\

Liver Kidney Heart Splen Iung Urea Plasma
Figure 4. Effect of number of M6P per BSA on biodistribution of
M6P—33P—BSA—TFO in normal rats. At 30 min postinjection of
M6P—BSA—33P-TFO (2.2 x 10° cpm) at a dose of 0.2 mg/kg, blood
was collected by cardiac puncture and urine from the urinary bladder.
Rats were sacrificed; major organs were isolated, washed with saline,
blotted dry, and subjected to scintillation counting. Values are mean
+ SD of 4 rats in each group. Asterisk: statistically significant
comparing to naked TFO group.

Inhibition of Type al(l) Collagen Gene Transcription.
Higher cellular uptake of M6PBSA—TFO was expected to
have higher efficiency in inhibiting the transcription of type
ol(l) collagen gene. We used real time RT-PCR to quantify

harvested and the nuclei were isolated from the cytoplasm using Nuclei the primary mRNA levels. It was found that at the concentration
EZ PREP nuclei isolation kit (Sigma, St Louis, MO). The subcellular of 0.5 uM, free TFO molecules had no clear effect on the

distribution was expressed as % of total cellular uptake, and values

are meant SD of 3 independent experiments. Asterisk: statistically
significant.

cell protein for unconjugated TFO. Conjugates with different
numbers X) of M6P residuesX = 14, 20, and 27) showed
different cellular uptake, with 2, 5, and 3 ng of TR@/of cell
protein, respectively. The optimal number of M6P for M6P

transcription inhibition. In contrast, for (M6R)-BSA—TFO,
we observed dose-dependent transcription inhibition. Transcrip-
tion product was decreased to 87% of control group au®?2
40% at 0.5uM, and 35% at uM (Figure 3).

Effect of Number of M6P on Biodistribution of M6P —
BSA—33P-TFO. Since M6P is a ligand for the M6P/IGF I
receptor expressed on the surface of the HSCs, the degree of

BSA—-TFO is 20. The enhanced cellular uptake of the conjugates M6P substitution per BSA molecule is likely to have a

was also confirmed by polyacrylamide gel electrophoresis
(Figure 1b). Bands clearly appeardadeh postincubation with
(M6P);—BSA—33P-TFO; however, the control TFO appeared
only after 24 h of treatment. Moreover, the cellular uptake of
M6P—BSA—33P-TFO was time dependent (Figure 1a,b).

significant effect on the hepatic uptake and biodistribution of
M6P—BSA—33P-TFO. Therefore, we determined the effect of
the number of M6P per BSA on the biodistribution of M6P

BSA—33P-TFO. As shown in Figure 4, there was a significant
increase in the amount of radioactivity in the liver compared to

Since the TFO molecules have to function inside the nucleus free TFO and as the number of M6P per BSA increased from

of the hepatic stellate cells by forming a triplex with the target
genomic DNA sequence®), we also determined the nuclear
translocation of M6P-BSA—33P-TFO. As shown in Figure 2,
relatively more TFO translocated into the nucleus32% of
total cellular uptake) in the case of (M6RYBSA—33P-TFO
compared to nonconjugated TFO moleculef28% of total
cellular uptake), possibly due to the efficient cellular uptake of
M6P—BSA—33P-TFO by HSC-T6 cells.

14 to 27, the hepatic uptake was 56.3%, 66.6%, and 67.4%
for (M6P),,—BSA—33P-TFO, (M6P)—BSA—33P-TFO, and
(M6P),;—BSA—33P-TFO, respectively. However, no statistical
difference was found between the (M&F¥P-TFO and (M6P)-
33p-TFO injected groups for the hepatic uptake (66.6% vs 67.4%
of the injected dose). The amount of radioactivity in the spleen
also increased (2.0%, 2.7%, and 2.6%, respectively) with
increase in the number of M6P per BSA. In contrast, there was



Hepatic Uptake of M6P-BSA-TFO Bioconjugate Chem., Vol. 17, No. 3, 2006 827

g0, P02 *p=0.002
(a) 80 D N S
Normal Rats o pre-injection of (M6P),,-BSA
L] Normal Rats j W With pre-injection of (M6P),,-BSA|
60 1 M Fibrotic Rats » 501
3 40 -
:
N = 20
20
j 0 r=dll - . .
0 B . i i —il Liver ~ Kidney = Heart  Spleen Lung Urea  Plasma
Liver Kidney Heart Spleen Lung Urea Plasma by 80 < *p=0.001
. ) . . (b) 80 7 p=0 T
Figure 5. Effect of fibrosis on hepatic uptake of (M6R)BSA—3P-
TFO after systemic administration into DMN-induced fibrotic rats. At 60 | j
30 min postinjection of (M6RB)—BSA—33P-TFO (2.2 x 1(° cpm) at 2
a dose of 0.2 mg/kg, blood was collected by cardiac puncture and urine2 4 |
from the urinary bladder. Rats were sacrificed; major organs were 2
isolated, washed with saline, blotted dry, and subjected to scintillation =, |
counting. Values are meat SD of 4 rats in each group. ’{_h
a significant decrease in the plasma concentration compared to Liver  Kidney Heat Spken Lug  Urea  Phsma

free TFO, and with increase in the number of M6P per BSA,
the dose in the plasma was 4.1%, 3.1%, and 1.6%, respectively. ; e
! . J ’ S BSA—3P-TFO in normal rats (a) and in fibrotic rats (b). (M&f)

The accum_ul_atlon_of different MGPBSA_T_FO n h_eart and . BSA (10 mg/kg) was injected intravenously into rats 5 min before the
lung was trivial. Since there was no significant difference in injection of (M6P}—BSA—3P-TFO in normal and fibrotic rats at a
the hepatic uptake of (M6R)-BSA—33P-TFO and (M6P)— dose of 0.2 mg/kg. At 30 min postinjection, rats were sacrificed; major
BSA—33P-TFO (Figure 4), we selected (M6RYBSA—33P- organs were isolated, washed with saline, blotted dry, and subjected to
TFO for further studies. scintillation counting. Values are meanSD of 4 rats in each group.

Effect of Fibrosis on Biodistribution of M6P —BSA—33P- Asterisk: statistically significant.
TFO. In the liver fibrosis process, activation of HSCs leads to

Figure 6. Inhibition of M6P—BSA on biodistribution of (M6P)—

'p=0.002

accumulation of scar (fibril-forming) matrix, which in turn % 100

contributes to the loss of hepatocyte microvilli and sinusoidal S 80

fenestrae ). These microstructural changes in the liver may 5 50 o

prevent efficient drug delivery to HSCs. 2 . _pm02 =
We recently demonstrated th&P-TFO accumulation in the z 2 —\

liver decreased from 43% in normal rats to 33% in fibrotic rats N 0 |—I—ﬂ

at 30 min postinjection 16). Therefore, we determined the s '  Gellate Cells

Kupffer &
Endothelial Cells

biodistribution of (M6P);—BSA—3P-TFO in DMN-induced Hepaoeytes

liver fibrotic rats. As shown in Figure 5, there was no significant Figure 7. Intrahepatic distribution of (M6B)-BSA—%P-TFO in

decrease in the hepatic uptake of (MQPBSA_SSP'TFQ ~ normal and fibrotic rats. The liver was perfused in situ by collagenase/
which showed higher accumulation in both normal and fibrotic pronase digestion after intravenous administration3tTFO or

rats.
Competition in Hepatic Uptake of M6P—BSA—TFO. The
role of M6P/IGF Il receptor on biodistribution of MGFBSA—

33P-TFO in normal and fibrotic rats was assessed by determining

the effect of excess M6PBSA on the accumulation of M6P

(M6P)—BSA—3P-TFO at the dose of 0.2 mg of TFO/kg of body
weight. Hepatocytes, Kupffer and endothelial cells, and stellate cells
were separated, and the associated radioactivity was measured. The
contribution of each cell type was expressed as % of total liver uptake.
Values are meatd:- SD of 5 rats in each group. Asterisk: statistically

. > o . significant.
BSA—TFO in the liver. By administration of excess M6P

BSA, the M6P/IGF Il receptor can be saturated. Prior admin-

istration of M6P-BSA caused a significant decrease in the HSCs were isolated, and the amount of radioactivity in these
hepatic uptake of MGPBSA—33P-TFO at 30 min postinjection,  cells was determined. Figure 7 shows the percentages of
suggesting the involvement of M6P/IGF Il receptor in their contribution by different cell types in terms of total liver uptake
hepatic uptake. The hepatic uptake of (MGPBSA—3P-TFO of (MBP)—BSA—33P-TFO after systemic administration in
decreased from 66.6% to 41.0% in the case of normal rats normal and fibrotic rats. In normal rats, 42.3% of total liver
(Figure 6a), but from 59.7% to 14.3% in the case of fibrotic uptake was contributed by HSCs, 34.4% by Kupffer and
rats (Figure 6b). When we used BSAFO as a control, TFO  endothelial cells, and 23.3% by hepatocytes. In contrast, in
accumulation in the liver was also significantly increased. fibrotic rats, 82.0% of the total hepatic uptake was by HSCs,
However, there was only minimal decrease in its liver ac- only 7.4% by Kupffer and endothelial cells, and 10.6% by
cumulation due to the prior injection of excess MEBSA (10 hepatocytes. However, in the case of free TFO, there was not
mg/kg), suggesting that its hepatic uptake is not mediated by much difference for HSC contribution between normal and
M6P/IGF Il receptor-mediated endocytosis (data not shown). fibrotic rats (40% versus 44%)6).

Hepatic Cellular and Subcellular Localization of M6P— To study the subcellular distribution of the conjugate in vivo,
BSA—TFO. Upregulation of M6P/IGF Il receptors during we isolated the nuclei from rat liver at 30 mim 4 h after
fibrosis should increase MGFBSA—TFO uptake by the HSCs  intravenous injection of (M6Rj—BSA—3P-TFO. Fractionation
and cancel out any adverse effect created by decreased sinusoiddly sucrose gradient gave pure and intact nuclei (Figure 8), with
gap. Therefore, the intrahepatic cellular localization of M6P  a recovery of 46-50%. The majority of the TFO stayed in the
BSA—TFO was compared between normal and fibrotic rats, cytoplasm of liver cells, and the TFO in the nuclei was only
since HSCs are quiescent in normal rats, but get activated in4% of the total hepatic uptake at 30 min but increased up to
fibrotic rats. The liver was perfused at 30 min post tail vein 6% at 4 h. However, it is important to note that only half of the
injection of (M6P},—BSA—33P-TFO and®P-TFO as described  cell nuclei could be isolated. Therefore, the actual nuclear
before (L6). Hepatocytes, Kupffer and endothelial cells, and distribution of the TFO should be higher than this number.
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Figure 8. Subcellular distribution of (M6B)—BSA—3P-TFO in the
liver. At 30 min ard 4 h after intravenous administration of (M6§)
BSA—3P-TFO into normal rats at a dose of 0.2 mg/kg, rats were

Ye et al.

was observed. Since the hepatic uptake and bioactivity of
(M6P),—BSA—TFO are likely to be dependent on the dose and
number of M6P per BSA, in this study, we synthesized (M6P)
BSA—TFO, wherex = 14, 20, and 27 for both in vitro and in
vivo studies.

HSC-T6 cell is a good cell culture system for studying the
characteristics of activated HSCs in vitr81]. As shown in
Figure 1, after conjugation with M6FPBSA, there was a
significant increase in the TFO uptake by HSC-T6 cells. This
is in a good agreement with the work of Bonfils et é@2),
who showed increased uptake of MBBSA—ODN by fibroblast-
like BHK cells, which also expressed M6P/IGF Il receptors.
However, these authors had not tested their glycoconjugates in
vivo. Also, (M6P»—BSA—TFO gave the highest cellular
uptake, so there was an optimal number of M6P attached to
BSA (Figure 1a).

For triplex formation with genomic DNA, TFO must dis-
sociate from M6P-BSA and translocate to the nucleus. TFO

sacrificed and the livers were removed. The nuclei, cytoplasm, and molecules were shown to be efficiently getting into the nucleus

cell debris were isolated from liver tissues using a sucrose gradient.

Distribution in the nuclei, cytoplasm, and cell debris were given as %
of the total liver uptake, and values are mefarsD of 4 rats in each

group.

DISCUSSION

Fibrosis is characterized by excessive production of ECM
composed primarily of type | collagen. Antisense ODNs have
been shown to inhibit typel1(l) collagen gene expression in
NIH 3T3 cell in culture £3). Compared to quiescent HSCs,
activated HSCs contain 670-fold more collagem1(l) mRNA
(8, 24). Therefore, transfection of activated HSCs with molecular
decoy and small interfering double stranded RNAs (siRNA)
could significantly decreasel(l) collagen mRNA 24, 25).

varying from 18.5% to 60.6% of total cellular uptake depending
on different cell lines 33). We determined the nuclear uptake
of (M6P);—BSA—33P-TFO d 4 h postincubation to be around
32% and higher than that 8#P-TFO in HSC-T6 cells (Figure

2). The increased nuclear translocation of the TFO was not
expected, since there is no apparent reason for MBRPA—

TFO to enhance the nuclear entry of the TFO molecules. The
TFO was covalently conjugated with M6BSA via a disulfide
bond, thus upon getting inside the cells, the disulfide bonds are
expected to be cleaved and TFO molecules would enter the
nucleus in an unconjugated for®7j. So, this increased nuclear
translocation of TFO molecules may be due to the relatively
higher and faster cellular uptake of M6BSA—TFO by these
cells than TFO alone, as shown in Figure 1. However, we

However, these authors did not attempt to deliver ODNs and ©bserved a much less nuclear localization of M&SA—33P-

siRNA to liver fibrogenic cells in vivo. Systemic administration

TFO in vivo. It was only 4% at 30 min, but increased to 6% at

of sSiRNA against Fas or Caspase 8 has shown some promise |rﬂ- h (Figure 8) However, these values were underestimated since

controlling liver fibrosis 26, 27). However, these authors used
high volume hydrodynamic administration, which is not feasible
in a clinical setting. Moreover, siRNA is known to have an “off-
target” effect.

To avoid the use of polycations, Rajur et &8) conjugated
ODNs to asialoglycoprotein via a disulfide bond. Direct
conjugation of molecules to the TFO often tends to disturb the
triplex-forming ability of the TFOs, which is essential for
transcription inhibition. In contrast, conjugation of M6BSA
to TFO via a disulfide bond is stable in the circulation, but will

we could isolate only 40650% of the nuclei from the liver
tissue. The overall nuclear translocation of the TFO in the liver
is likely to be as high as 15% at 4 h.

Previously, we have reported that the TFO can form triplex
with the typeo1(l) collagen gene promoter sequence and inhibit
the gene expression using a reporter plasmid containing the type
ol(l) collagen gene promoter sequen&: However, we did
not show direct inhibition of type1(l) collagen gene expression
by the TFO. Since the half-life of typel(l) collagen mRNA
is 20-fold longer in activated HSCs than that of quiescent HSCs

be cleaved inside the cells by glutathione and/or redox enzymes.(34), it is impossible to detect the effect of TFO at the mRNA

In the current study, we used a TFO molecule, which can
specifically inhibit the transcription of typel(l) collagen gene
by forming triplex at the promoter regiod,(29). One of the

level in cell culture. Therefore, we designed primers specific
for type al1(l) collagen primary mRNA to avoid this problem
and demonstrated the gene inhibition effect of TFO. Higher

main advantages of the TFO over antisense ODNs and siRNAcellular uptake was expected to have a more potent inhibitory
is that it targets two alleles of the target gene per cell rather effect on typend(l) collagen gene transcription. TFO molecules

than the mRNA, which is usually present in hundreds or
thousands of copies per celld). After intravenous administra-
tion of the TFO, 35% of the injected dose accumulated in the
liver of fibrotic rats and the intrahepatic distribution was
nonspecific for HSCs1().

M6P is a ligand for M6P/IGF Il receptor, which is upregulated
in fibroblast-like cells such as activated HSCs during liver
fibrosis (18, 19). Coupling of M6P to albumin increased
selective uptake of this modified albumin by HSCs during liver
fibrosis 30). Conjugation of M6P to recombinant interleukin-
10 (rIL-10) significantly increased the hepatic uptake of IL-10
by the liver. We synthesized M6MBSA, conjugated to TFO
via a disulfide bond, and determined the biodistribution of
(M6P),—BSA—3P-TFO after intravenous injection in normal
rats 37). Significant increase in the hepatic uptake of the TFO

did not show any inhibitory effect at 0&M. In contrast, for
M6P—BSA—TFO, we saw 60% inhibition at 0,6M and 65%

at 1uM. Thus, M6P-BSA—TFO could efficiently increase the
cellular uptake of TFO and also strengthen the TFO bioactivity.

The hepatic accumulation of M6P modified human serum
albumin (M6P-HSA) was shown to be dependent on the
number of M6P per HSA molecule and the highest hepatic
accumulation and uptake by HSCs when HSA was substituted
with 28 of M6P moieties 30). Therefore, we substituted 14,
20, and 27 M6P moieties per BSA for TFO delivery. As shown
in Figure 4, the percentage of the injected dose accumulated in
the liver significantly increased with increase in M6P density.
Almost 56.3% of the injected dose was accumulated in the liver
for (M6P)4,—BSA—TFO, and an increase in the molar ratio of
M6P:BSA to 27 resulted in an increased liver accumulation to
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