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candidate residues to alanine. By immunoprecipitation
assay, we found that the binding of Plkl was abolished
when Thr 1415 is mutated ({Fig. 2A). Consistent with this
result, a Far-Western analysis revealed that the PBD
protein did not bind to the Thr 1415 mutant when the
others do (Fig. 2B). These results suggest that the binding
of Plk1 to CAP-D3 depends on the phosphorylation of Thr
1415. Interestingly, the Thr 1415 residue appears to be
conserved in higher eukaryotes, whereas the other two
candidate sites are not (Fig. 2C).

Because phosphorylation of CAP-D3 depends on both
Cdkl and Plk1 (Fig. 1D), we thought one of these kinases
might mediate CAP-D3 Thr 1415 phosphorylation, as
these kinases are known to mediate phosphorylation of
the PBD-binding motif (Elia et al. 2003; Petronczki et al.
2008; Archambault and Glover 2009). Moreover, we
found that the amino acid sequence adjacent to Thr
1415 fits the consensus for Plkl, which led us to predict
the Ser 1419 site as a target of this kinase {Fig. 2C). To
address these possibilities, we generated recombinant
polypeptides that encompass these prospective phos-
pho-sites and used them as substrates for in vitro kinase
reactions. The phosphorylation of the peptide was readily
catalyzed by Cdkl/Cyclin B and Plkl. In these assays,
phosphorylation by Cdk1/Cyclin B was significantly sup-
pressed in a peptide bearing the T1415A substitution, and
phosphorylation by Plkl was suppressed in a S1419A

peptide, suggesting that Cdkl and Plkl can mediate
phosphorylation of CAP-D3 on the Thr 1415 and Ser
1419 residues, respectively (Fig. 2D). Notably, in addition
to Thr 1415, Ser 1419 or its equivalent site also seems to
be conserved {Fig. 2C).

Enrichment of Pkl on chromosome axes

The biochemical analyses suggest that Plkl associates
with condensin II by binding directly to CAP-D3. To
address at which subcellular region this interaction might
occur, we revisited the localization of Plkl by immuno-
fluoresence microscopy using monoclonal antibodies to
Plkl, the specificity of which was verified by staining the
Plkl-depleted cells with the same antibodies (Supple-
mental Fig. 4A~-C). In addition to the characteristic lo-
calization of Plk1 at kinetochores and the central spindle,
enrichment of Plkl was evident on chromosomal axes
during the early stages of mitosis (Fig. 3A), as suggested
previously {Santamaria et al. 2007). This localization of
PIkl1 on chromosome arms accordingly colocalized with
condensin II (Fig. 3C). Importantly, the localization of
Plkl on chromosomal axes was perturbed in the absence
of CAP-D3, while its enrichment at kinetochores and the
central spindle was not affected (Fig. 3B). With a closer
inspection of chromosome spread preparations, the en-
richment of P1k1 to chromosome axes was unambiguously
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Figure 3. Enrichment of Plkl on chromosomal
axes. (A) Localization of P1k1 by immunofluores-
cence microscopy. Exponentially growing Hela
cells were fixed with methanol, incubated with
antibodies to Plkl, and labeled with an Alexa
fluorescent dye (red). DNA was stained with
DAPI (green). Representative cells in interphase,
prophase, prometaphase, metaphase, anaphase,
and telophase are shown. Note the chromosome
axial staining with Plkl antibodies in prometa-
phase and metaphase (arrowheads). Bar, 10 pm.
{B) Enrichment of Plkl on chromosome axes is
lost in the absence of CAP-D3. Cells depleted of
CAP-D3 were processed for immunofluorescence
microscopy as in A. Note that Plkl signals on
chromosome axes are displaced (arrowheads),
while the other localizations are preserved. (C)
Colocalization of Plkl with CAP-D3. Wild-type
GFP-CAP-D3-expressing cells were fixed and
stained with Plk1 antibodies. Both CAP-D3 (right
bottom panel; green in top merged panels) and
Plkl (left bottom panel; red in top merged panels)
signals are visible on chromosome axes. (D) En-
richment of Plk1 at chromosome axes depends on
condensin II but not condensin I. Chromosome
spread samples prepared from mitotic cells that
had been depleted of CAP-D2, CAP-D3, or mock
(control) were fixed and stained for Plkl with
either condensin I (CAP-H) or condensin II
{CAP-D3), as indicated. Quantification of fluores-
cence intensities for Plkl signals is shown in

telophase

Plk1 Condensin

Plik1 DAPI

seen and abolished in CAP-D3-depleted cells but not in
cells depleted of a condensin I subunit, CAP-D2 (Fig. 3D).

To address whether this CAP-D3-dependent chromo-
somal axis localization of Plk1 requires phosphorylation at
Thr 1415, as the above biochemical assays suggested (Fig.
2), we generated a series of cell lines that stably express
GFP-tagged nonphosphorylatable alanine mutants, and
depleted endogenous CAP-D3 proteins from those cells.
The immunoblot analysis of cell extracts showed that the
endogenous protein was largely replaced with GFP-tagged
CAP-D3 for each cell line (Fig. 4A). Under these condi-
tions, we found that the chromosomal axis-enriched Plk1
became undetectable in T1415A-replaced cells, whereas
wild-type-replaced or S1419A-replaced cells retained the
axial Pkl staining (Fig. 4B, arrowheads). These findings
were further confirmed by immunofluoresence micros-
copy of spread chromosomes (Fig. 4C).

CAP-D2

Supplemental Figure 5A.

£

Regulation of CAP-D3 phosphorylation in vivo

Thus, the recruitment of Plkl to chromosomal axes
depends on the binding to CAP-D3, and crucial to this
is the phosphorylation of this subunit on the Thr 1415
residue. To elucidate the regulation of CAP-D3 phosphor-
ylation in vivo, we generated antibodies named pT1415
and pS1419, which can primarily recognize CAP-D3
when Thr 1415 or Ser 1419 residues are phosphorylated,
respectively. Using these antibodies for immunoblot anal-
yses, we found two phosphorylated species of CAP-D3 in
mitotic cell extract; phosphorylation at Thr 1415 isseenin
both bands, whereas phosphorylation at Ser 1419 contrib-
utes only in the upper band; i.e., the hyperphosphorylated
form (Fig. 4D). As generation of the hyperphosphorylated
form of CAP-D3 depends on the Plkl activity (Fig. 1D),
this finding implies that Ser 1419 is a phospho-site of PIk1.
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Figure 4. Mitotic phosphorylation of CAP-
D3 on Thr 1415 and Ser 1419. {A) Replace-
ment of endogenous CAP-D3 protein with
GFP-tagged CAP-D3 proteins. HeLa cells
that stably express GFP-tagged GFP-D3,
either wild-type (WT) or the nonphosphor-
ylatable mutant for Thr 1415 (T1415A) or
Ser 1419 {S1419A), were generated. Expres-
sion of endogenous CAP-D3 was suppressed
by RNAi designed to target the untranslated
region of the gene. Interphase cell extracts
were analyzed by immunoblotting for the
amount of endogenous CAP-D3 (bottom
bands) and GFP-CAP-D3 (top bands). (B)
Delocalization of Plkl from chromosome
axes in T1415A-replaced cells. Wild-type-
replaced, T1415A-replaced, or S1419A-
replaced cells were fixed and stained with
Plk1 antibodies (red). DNA was stained with
DAPI (green). Representative prometaphase
cells are shown. Note that T1415A and
S1419A were both found enriched at chro-
mosomal axes at levels comparable with the
wild-type version, which discounts the pos-
sibility that these phosphorylations have
a major role in the chromosomal association
of condensin 1. (C) Enrichment of Plkl at
chromosome axes is perturbed in T1415A-
replaced cells. Fixed chromosome spread
samples prepared from mitotic cells that
had been replaced with the indicated ver-
sion of CAP-D3 were stained with Plkl
antibodies. Quantification of fluorescence
intensities for Plkl signals is shown in
Supplemental Figure 5B. (D) Generation of
phospho-specific CAP-D3 antibodies. Total
extracts of nocodazole-arrested cells treated
with either mock {control) or CAP-D3 RNAi

replaced
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were subjected to immunoblotting by pT1415 or pS1419 antibodies. Note that two major pT1415 reactive bands and one major pS1419
reactive band (as denoted on the left side) are diminished in CAP-D3-depleted cells. Bands that do not disappear after CAP-D3 depletion
are nonspecific reactive proteins {a band marked by an asterisk, for example). Specific reactivity to phospho-sites and mitotic forms are
later shown in Supplemental Figure 6, A and B, respectively. {E) Timing of CAP-D3 Thr 1415 phosphorylation during mitotic
progression. Fixed HeLa cells were stained with pT1415 antibodies and labeled with an Alexa dye (red). DNA was stained with DAPI
(green). Representative pictures of interphase, prophase, prometaphase, metaphase, and early and late anaphases are shown. Bar, 10 pm.

For p1419 staining, see Supplemental Figure 6B.

Immunofluoresence microscopy using pT1415 and
pS1419 demonstrated that these modifications take place
specifically in mitosis, from prophase to early anaphase
(Fig. 4E; Supplemental Fig. 6B). The finding that phos-
phorylation of Thr 1415 induces Plkl to bind CAP-D3
raises the possibility that phosphorylation of Ser 1419 is
facilitated by CAP-D3-bound Plk1. In line with this idea,
we noticed that the chromosome staining with pS1419
antibodies is diminished in T1415A-replaced cells (Fig.
5A). Immunoblotting analysis also suggested that the
levels of Ser 1419 phosphorylation were reduced with-
out Thr 1415 phosphorylation (Fig. 5B, lane 14; Supple-
mental Fig. 6B, lane 8). These data support the notion that
phosphorylation of Ser 1419 is efficiently catalyzed by
CAP-D3-bound PIk1. In this experiment, we also noticed
that the hyperphosphorylation of CAP-D3 is suppressed
in T1415A-replaced cells (Fig. 5B, lane 4; Supplemental
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Fig. 6B, lane 2), suggesting that phosphorylation of Thr
1415 is required for hyperphosphorylation of CAP-D3.
Moreovet, the finding that S1419A has little effect on
hyperphosphorylation of CAP-D3 implies the existence
of other Plkl-mediated phospho-sites (Fig. 5B, lane 5).

Phosphorylation of CAP-D3 Thr 1415 triggers full
phosphorylation of condensin IT

As the other condensin IT subunits, CAP-G2 and CAP-H2,
undergo Plkl-dependent phosphorylation (Fig. 1D}, we
asked whether phosphorylation of these subunits also
relies on Thr 1415 phosphorylation (Fig. 6A). In mitotic
extracts, CAP-G2 can be detected as two major bands, the
upper being the hyperphosphorylated form (Figs. 1D, 6A
[ef. lanes 1 and 2]). We found that the upper band was
decreased in T1415A-replaced cells {Fig. 6A, lane 8), as in
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cells depleted of CAP-D3 or Plkl (Fig. 6A, lanes 3,4).
Likewise, the mitotic mobility retardation of CAP-H2
was mostly abolished in these three conditions (Fig. 6A,
lanes 3,4,8). These results suggest that Plkl bound to
CAP-D3 facilitates hyperphosphorylation of all of the
non-Smec subunits of condensin II. Of note, threonine
residues in the C-terminal region of condensin I subunit
CAP-D2 have been identified as a mitotic phosphoryla-
tion target of Cdkl in frog extracts (Kimura et al. 1998).
However, CAP-D2 does not seem to participate in
recruiting PIk1, as depletion of CAP-D2 did not displace
Plkl from chromosomal axes (Fig. 3D).

Having been able to detect phosphorylations on CAP-
D3 in vivo, we wished to identify the kinases involved. A
20-min pretreatment of mitotic cells with a Cdkl in-
hibitor abolished phosphorylation of Thr 1415, and pre-
treatment with a Plkl inhibitor reversed Ser 1419 phos-
phorylation (Fig. 6B). Together with in vitro experiments
{Fig. 2), these results suggest that phosphorylation of Thr
1415 and Ser 1419 depends primarily on Cdkl and Plk1,
respectively. The Ser 1419 phosphorylation was also
reversed by inhibiting Cdkl (Fig. 6B}, consistent with
the idea that phosphorylation of Thr 1415 is a crucial step
to induce further Plkl-mediated phosphorylation of con-
densin 0. Based on these observations, we propose that
the Cdkl-mediated phosphorylation of CAP-D3 Thr 1415
creates a binding module for the PBD, and CAP-D3-bound
Plkl further promotes hyperphosphorylation of the
whole condensin I complex, including CAP-D3 itself
(Fig. 6C).

pS1419

responding phosphorylated forms of GFP-
CAP-D3 are positioned on the right side.
Asterisks mark nonspecific bands, which do
not appear in immunopurified GFP-CAP-D3
samples (Supplemental Fig. 6A).

Phosphorylation stimulates the activity of condensin II

Finally, to investigate the consequences of condensin II
phosphorylation, we carried out live-cell imaging analy-
sis and monitored the behavior of chromosomes during
mitotic progression (Fig. 7A,B). Similar to previous stud-
ies {Hirota et al. 2004; Ono et al. 2004), the initial phase
of chromosome condensation typically became discern-
ible ~15 min before NEBD and progressed during pro-
phase. In CAP-D3-depleted cells, the condensation was
delayed and appeared only a few minutes before NEBD.
This defective chromosome condensation in prophase
after CAP-D3 depletion was recovered by expressing
wild-type CAP-D3. In contrast, the T1415A mutant failed
to rescue the defect; cells largely lacked chromosome
condensation during prophase, when it arose shortly
before NEBD, as seen in CAP-D3-depleted cells.

To supplement these observations in live cells, we ad-
ditionally assessed the extent of chromosome condensa-
tion in fixed-cell preparations. As shown previously {Hirota
et al. 2004), inactivation of condensin II by CAP-D3 de-
pletion caused a strong reduction in chromosome conden-
sation in prophase. This reduction was sufficiently recov-
ered by expressing either wild-type CAP-D3 or the S1419A
mutant, but not the T1415A mutant (Supplemental Fig. 7).
These experiments indicate that CAP-D3 phosphorylation
at Thr 1415 is a key modification for condensin I to initiate
chromosome condensation in prophase.

One chromosome morphology related to condensin I
depletion is known as “curly” chromosomes (Ono et al.
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2003). This characteristic structural change, emerging
after treating cells with a hypotonic condition, is thought
to reflect an improper chromosome assembly in the ab-
sence of condensin II. We found that 50% of the T1415A-
replaced cells had chromosomes with the typical curly
change, whereas in control wild-type-replaced cells, only
15% were affected. Importantly, 27% of the S1419A-
replaced cells were found to have curly chromosomes,
which implies that the Plkl-mediated phosphorylation of
CAP-D3 is directly involved in mitotic chromosome
assembly (Fig. 7D,E). Concomitantly, we found that
T1415A-replaced cells were more susceptible to chromo-
some segregation failure than controls, as revealed by
increased incidence of bridging or lagging chromosomes
(Fig. 7C; Ono et al. 2004; Gerlich et al. 2006). The increased
frequency of these errors was also seen in S1419A-replaced
cells (Fig. 7C).

These results are consistent with the notion that
phosphorylation of Thr 1415 and subsequent Plkl-medi-
ated phosphorylation of CAP-D3 are essential for con-
densin I's function to properly assemble chromosomes
and prevent segregation errors. Unlike T1415A-replaced

870 GENES & DEVELOPMENT

tions depicting how condensin II complex is
phosphorylated in mitosis, and how phos-
phorylations are affected in the T1415A and
S1419A mutants. The model predicts the
crucial role of Cdkl in phosphorylating
CAP-D3 at Thr 1415, which triggers the full
phosphorylation of the condensin II com-
plex, and explains why the phosphorylation
levels are markedly decreased in T1415A-

phosphorylation replaced but not S1419A-replaced cells.

cells, however, S1419A-replaced cells did not reveal overt
defects in chromosome condensation in prophase (Fig.
7A,B; Supplemental Fig. 7). We suspect that this is be-
cause defects in chromosome condensation in prophase
cells lacking a single Plkl phosphorylation site were
beyond the detection level of the light microscope. As
Ser 1419 phosphorylation seems to already appear in
prophase (Supplemental Fig. 6B}, it is possible that chro-
mosome assembly in prophase involves Plkl-mediated
phosphorylation of condensin II.

Discussion

CAP-D3 phosphorylation at Thr 1415 is crucial
for condensin II function

Mitotic chromosome assembly in prophase was largely
suppressed in Thr 1415 nonphosphorylatable mutant
cells, which indicates a key role of CAP-D3 phosphory-
lation on this particular site for the function of condensin
II. In eukaryotic cells whose nuclear envelopes disas-
semble in mitosis, chromosome condensation seems to
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Figure 7. Nonphosphorylatable CAP-D3
mutants defective in mitotic functions of
condensin II. (A) Analysis of the initial
phases of chromosome condensation in live
cells. Prophase image sequences were aligned
on the time axis according to time before
NEBD, which is defined by loss of a defined
nuclear boundary. Bar, 5 pm. {B) Quantifica-
tion of chromosome condensation in pro-
phase. Time [minutes before NEBD) when
chromosome condensation first became rec-
ognizable was scored and plotted for the
indicated live-cell recordings. (C) Analysis
of defective chromosome segregation in ana-
phase in nonphosphorylatable CAP-D3 mu-
tants. During live-cell imaging analysis,
anaphase cells were assessed for the presence
of lagging andfor bridging chromosomes,
as exemplified in the panels on the right.
Mean * SD from three experiment replicates
(n = 20~30 cells per experiment) are shown
in the histogram. Similar results were
obtained in a fixed-cell analysis (Supplemen-
tal Fig. 8). (D) Examples of chromosome
spreads demonstrating normal (left panels)
or curly {right panels) appearance. Chromo-
some spreads were prepared from cells that
had been treated with a hypotonic buffer and
stained with CAP-H {a condensin I subunit)
antibodies [red). DNA was counterstained
with DAPI (green). (E} Abnormal curly
change of chromosomal axes in nonphos-
phorylatable CAP-D3 mutants. More than
100 cells per indicated condition were exam-
ined and scored based on their chromosomal
axis appearance (mean *+ SD).
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initiate universally in prophase; i.e., before the NEBD.
Our amino acid sequence conservation analysis identified
a PBD-binding motif in conjunction with an adjacent
prospective phospho-site in the C-terminal region of
CAP-D3 protein in mammals as well as in worms and
flies (Fig. 2C), but not in the budding/fission yeast CAP-
D3 counterparts Yes4/Cndl. An attractive hypothesis
would be, therefore, that CAP-D3 phosphorylation at
Thr 1415 or the equivalent site plays an essential role
in activating condensin II, and thereby triggers chromo-
some condensation in prophase in all eukaryotes un-
dergoing open mitosis.

In addition to the defective chromosome condensation
in prophase, we found that chromosomes in the Thr 1415
mutant cells often reveal a curly appearance of chromo-

replaced

somal axes and an increasing rate of chromosome segre-
gation failure (Fig. 7). Taking into account a FRAP exper-
iment that indicated that condensin I complexes bind
stably to chromosomes throughout mitosis (Gerlich et al.
2006}, condensin II complexes bearing the T1415A mu-
tant possibly stay on chromosomes throughout mitosis
once they are loaded during prophase. If so, we consider it
plausible that the chromosomal phenotypes after NEBD
are causally related to condensin II's inability to induce
chromosome condensation in prophase.

How does phosphorylation regulate condensin II?

How might phosphorylation at Thr 1415 mechanisti-
cally stimulate the activity of condensin II? The mass
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spectrometric analysis pointed out multiple phospho-
sites on CAP-D3, and thus Thr 1415 would not be the
only residue that is phosphorylated by Cdkl; still, our
findings identify it as a key site that promotes further
phosphorylation of the condensin I complex by Plk1. The
Polo kinase-mediated phosphorylation of condensin has
been shown to stimulate its supercoiling activity in
budding yeast (St-Pierre et al. 2009). Thus, there is a pre-
cedent for the regulation of condensin via Plkl-mediated
phosphorylation, and this mechanism may be conserved
through evolution for the regulation of condensin IL
Supporting this possibility, the S1419A mutation per-
turbed the ability of condensin II to induce mitotic
chromosome assembly properly (Fig. 7C-E; Supplemental
Fig. 8).

It is important to point out, however, that identifica-
tion of Plk1 as a kinase for condensin I does not discount
the possibility that phosphorylation by Cdkl per se
contributes to the activation of condensin II, as was
originally proposed for condensin I (Kimura et al. 1998).
The fact that chromosome condensation takes place
before the NEBD in cells depleted of Plk1 activity (Lenart
et al. 2007) allows us to hypothesize that phosphorylation
of Cdkl itself can stimulate the activity of condensin II,
at least to some extent. Consistent with this view, in
yeast, phosphorylation by Cdkl alone can partially stim-

ulate the ability of condensin to induce supercoils

[St-Pierre et al. 2009).

Analogous to condensin I, phosphorylation of conden-
sin I might mediate the chromosomal localization of
condensin I. However, we noticed that the nonphosphor-
ylatable CAP-D3 mutants T1415A and S1419A were both
found enriched at chromosome axes at levels comparable
with the wild-type version (Fig. 4B), precluding the pos-
sibility that these phosphorylations by Cdkl and Plkl
have a major role in the chromosomal association of
condensin II. This interpretation is also consistent with
the recent finding that chromosomal targeting of con-
densin II is mediated through the action of PP2A
(Takemoto et al. 2009). Thus, instead of controlling the
localization, we propose that the phosphorylation stim-
ulates the activity of condensin II to promote mitotic
chromosome assembly.

Enrichment of PIk1 at chromosome axes

A prominent feature of Plk1 is that this kinase changes its ‘

localization to various cellular structures during mitotic
progression (including centrosomes, kinetochores, and
the central spindle), which appears to be important to
conduct specific functions at the right place (for review,
see Petronczki et al. 2008; Archambault and Glover
2009). Our data are consistent with the model that Plkl
is recruited to chromosome axes along chromosome arms
by binding to CAP-D3, and that CAP-D3-bound Plkl
further mediates phosphorylation of condensin T sub-
units. An obvious follow-up question is to ask whether
the range of Plk] activities is confined to the condensin IT
complex, or whether it can also promote phosphorylation
of other chromosomal proteins. Surprisingly, when elec-
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trophoretic mobility retardation is used as a readout for
protein phosphorylation, Plkl does not seem to act on the
closely related complex condensin I (Fig. 1D}, which also
localizes at chromosome axes, but this might simply be
because condensin I is not a substrate for Plk1.

It would be interesting to find out next whether topo-
isomerase Ila is controlled by the chromosomal axis-
enriched Plkl, as this enzyme becomes enriched at
chromosome axes in prophase to promote chromosome
assembly (Gimenez-Abian et al. 1995) and is found
to undergo Plkl-dependent mitotic phosphorylation
{Santamaria et al. 2011). However, we speculate that the
function of topoisomerase Ia to shorten chromatid
lengths is not directly regulated by Plkl on axes because
we have never seen that condensin II depletion, a condi-
tion that displaces Plk1 from chromosome axis, resulted
in abnormally long chromosomes (Hirota et al. 2004).
These observations support the view that Plk1 has a very
special mode of action in that it requires physical binding
to its substrates to ensure efficient phosphorylation, and
therefore the activity of the kinase can, in principle, reach
to its bound protein or the protein complex to which Plkl
is bound. Such confined action of Pkl contrasts with the
properties of other mitotic kinases.

Plk1 has been implicated in the phosphorylation of the
cohesin complex during the so-called “prophase path-
way,” the mechanism that removes cohesin complexes
from chromosome arms in prophase {Losada et al. 2002;
Sumara et al. 2002). An interesting question to ask is
whether cohesin complexes enriched in between sister
chromatids are targeted by CAP-D3-bound Plkl. How-
ever, the prophase pathway seems to be intact in cases in
which Plk1 had been depleted or displaced from chromo-
some axes, because both dissociations of sister chromatid
cohesion between chromosome arms seem to proceed
normally under those conditions (Supplemental Fig. 9).
How might Plkl then act on cohesin on chromosome
arms? Having found the confined action of Plkl to
condensin II, we consider it possible that Cdk1 phosphoz-
ylates one of the cohesin subunits and recruits Plkl,
which enables an efficient phosphorylation of the cohesin
complex. This hypothesis would provide an intriguing
view of how Cdk1 activity promotes dissociation of sister
chromatid cohesion on the chromosome arms, which
proceeds in parallel to chromosome condensation in cells
entering mitosis.

Materials and methods

Antibodies

Polyclonal rabbit antibodies to condensin complexes were raised
by immunizing two peptides in combination for each subunit, as
follows: CAP-D3 {CTKRAISTPEKSISD |[corresponding amino
acid sequence number 1409-1422] and CSRRSLRKTPLKTAN
[1484-1498]), CAP-D2 (EFHLPLSPEELLKSC [7-20] and CTTPIL
RASARRHR [1388-1400], CAP-H2 [CRTNVDLENDQTPSE
[78-91) and CKREQTYAAPSMAQP [543-556]), CAP-G2 (CGED
NMETEHGSKMR [77-90] and CYESSSRTLGELLNS [1130-
1143)}, Smc4 (AGEKILGPFHKRESC [10-24] and VAVNPKEIAS
KGLC [1189-1202]). The resulting antisera were affinity-purified
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against the peptides used for immunization. Antibodies to Smc2
and CAP-H were generously provided by Jan-Michael Peters (Re-
search Institute of Molecular Pathology, Vienna), and CAP-G is
published in Nakajima et al. (2007) . The phospho-specific anti-
bodies pT1415 and pS1419 were raised against synthetic phospho-
peptides CTKRAIS{pT)PEKSISDVTF and CTPEK(pS)ISDVT, re-
spectively, in rabbits. The resulting antisera were subjected to
sequential affinity purification on phospho-peptide and non-
phospho-peptide columns. The following monoclonal mouse
antibodies were used: Plkl (F8, Santa Cruz Biotechnology),
Cyclin Bl (clone 18, BD Biosciences), a-tubulin (B512, Sigma),
GFP (G1544, Sigma), Cdc27 (clone 35, BD Biosciences).

Immunoblot and Far-Western analyses

Cells were extracted in a buffer consisting of 20 mM Tris-HCI
{pH 7.4), 100 mM NaCl, 20 mM B-glycerophosphate, 5 mM
MgCl,, 0.1% Triton X-100, 10% glycerol, and 1 mM DTT,
supplemented with a cocktail of protease inhibitors (Complete
Mini EDTA-free, Roche Diagnostics). When looking for electro-
phoretic mobility shifts, extraction was performed in the pres-
ence of 100 nM okadaic acid, 2 mM NazVOy, and 10 mM NaF. To
control the protein amount loaded per lane, total protein
concentration of cell lysates was measured by the Bradford
method (Protein Assay System, Bio-Rad Laboratories). Immuno-
blotting was performed as described previously (Nakajima et al.
2007). The recombinant PBD protein was purified from bacteria
expressing a GST-fuséd C-terminal fragment of Plkl (spanning
amino acid residues 305-903) that contains the PBD, Far-Western
assays were performed with the recombinant GST-PBD protein
(20 pg/mL) in Tris-buffered saline (TBS) containing 1% skim milk
and 0.01% Triton X-100 for 3 h at 4°C, followed by detection of
bound proteins with monoclonal Plk1 antibodies that recognize
its C-terminal fragment.

Immunoprecipitation

Mitotic cells were lysed in immunoprecipitation buffer {20mM
Tris-HCl at pH 7.5, 150 mM NaCl, 20 mM B-glycerophosphate,
5 mM MgCl,, 0.1% NP-40, protease inhibitors [Complete Mini
EDTA-free, Roche], 1 mM DTT), supplemented with 100 nM
okadaic acid, 2 mM NazVO, 10 mM NaF and 025 U/L
benzonase nuclease (Novagen), for 20 min on ice. Cell extracts,
after removing the insoluble fraction by centrifugation at 15,000
rpm for 30 min at 4°C, were used for immunoprecipitation.
Typically, 10 pL of protein A {Bio-Rad) or protein G-Sepharose
|GE Healthcare) beads coupled to antibodies were incubated with
cell extracts for 2 h at 4°C, then washed three times with im-
munoprecipitation buffer and three times with 0.05% TBS-
Tween20. Mass spectrometry was performed as described (Nozawa
et al. 2010). Dephosphorylation of immunoprecipitated condensin
was performed on beads using A\-phosphatase (New England
Biolabs) in a buffer containing 50 mM Tris-HC! (pH 7.5}, 0.1 mM
Na,EDTA, 5 mM DTT, and 2 mM MnCl, for 30 min at 30°C.

Cell synchronization, inhibitor treatment, and cell lines

HeLa cells were cultured and synchronized with a double-
thymidine block protocol as described previously (Nakajima
et al. 2007). Mitotic cells were shaken off and collected from
cell culture dishes that had been treated for 3 h with 50 ng/mL
nocodazole, which was added at a 6 h-time point after the release
from the second thymidine block. These mitotic cells were then
treated with 10 pM RO3306 {Roche) or with an equivalent
concentration of the solvent DMSO (mock) for 20 min before
being harvested for immunoblot analyses. To inhibit Plkl

How Cdk1 triggers chromosome assembly

activity, 100 nM BI2536 (Tocris) was added at the 6-h time point
with nocodazole. To generate cell lines that stably express
fluorescent-tagged proteins, plasmids encoding a series of
AcGFP-CAP-D3 were transfected using FuGENE 6 reagent
(Roche). Stably expressing cell clones were selected in a complete
medium containing 0.2 pg/ml puromycin and verified by
fluorescence microscopy and immunoblotting for the expression
of the tagged transgene.

RNAi

The sequences of the siRNAs were as follows: CAP-D3, 5'-AGG
AAUUCAAGUUAACAGAGGCUUG-3'; Plk1, 5'-CGCCCAAC
CAUUAACGAGCUGCUUA-3'. The cells were transfected by
incubating 50 nM duplex siRNA with RNAi-MAX transfection
reagent (Invitrogen) in antibiotic-free growth medium. RNAi
treatment was performed concomitantly with the synchroniza-
tion with thymidine; the length of substantial transfections with
siRNA targeting CAP-D3 and Plkl was 48 h and 24 h, respec-
tively. For control transfections, the same annealing reaction
was set up using H,O instead of siRNA oligonucleotides.

In vitro phosphorylation

Recombinant GST-fused CAP-D3 fragments (amino acid se-
quence 1399-1429), including wild-type and mutants, were
expressed in bacteria BL21 and purified using glutathione beads,
and used as kinase substrates. Reactions were carried out for 30
min at 37°C in a kinase reaction buffer (5 mM MOPS at pH 7.2,
2.5 mM B-glycerolphosphate, 5 mM MgCl,, 1 mM EGTA,
0.4 mM EDTA, 100 ng/pL BSA, 10 mM DTT, 1 mM ATP,
1 wCi/uL [y-3*PJATP). The protein kinases used were recombi-
nant Cdk1/Cyclin B (Carna Bioscience) or Plkl (Cell Signaling
Technology). Phosphorylation of GST-fused CAP-D3 fragments
was detected by autoradiography.

Immunofluorescence microscopy

Cells grown on coverslips were fixed with ice-chilled 100%
methanol for 20 min at ~20°C, or with 2% paraformaldehyde in
0.137 M sodium phosphate buffer (pH 7.4). In some cases, a pre-
extraction protocol was carried out for 2 min in 0.1% Triton
X-100-PBS, followed by a 3-min incubation in PBS before
fixation. Fixed cells were permeabilized with 0.2% Triton
X-100-PBS and incubated with 3% BSA/PBS for at least 1 h. In
some experiments, mitotic cells were shaken off, immersed in
a hypotonic buffer {PBS:distilled water = 2:3 solution) for 5 min,
and spun onto glass slides at 1000 rpm for 5 min using a cytospin
centrifuge (Shandon). Cells were incubated with the primary
antibodies overnight at room temperature, followed by incuba-
tion with secondary antibodies for 1 h. The secondary antibodies
used in this study were goat anti-rabbit IgG Alexa fluor 488 and
568, goat anti-mouse Alexa fluor 488 and 568, and goat anti-
human IgG Alexa fluor 568 (Molecular Probes). After a 5-min
incubation with 0.1 pg/mL 4’,6-diamidino-2-phenylindole
(DAPI), cells were mounted in Prolong Gold anti-fade mounting
reagent (Invitrogen). Images were acquired on a Zeiss Imager Z.1
microscope equipped with epifluorescence and a Photometrics
Cool Snap HQ CCD camera.

Live-cell imaging analysis

Cells were placed into COy-independent medium without phe-
nol red {Gibco) on Lab-Tek chambered coverslips (Nunc), and the
chamber lids were sealed with silicone grease. Images were
captured every 2 min, with 100-msec exposure times, through
a 100%/1.40 NA Plan Apochromat oil objective lens mounted on
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an inverted microscope (IX-71; Olympus) equipped with a Cool
Snap HQ CCD camera (Photometrics). A series of projected
images of five Z-sections with 4.0-pm intervals were analyzed.
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Aim: Elevation of alanine aminotransferase (ALT) levels
during pegylated-interferon (peg-IFN) plus ribavirin therapy in
patients with chronic hepatitis C [CHC] is a problem that
cannot be disregarded. The aim of this study is to assess
the frequency and to characterize clinical parameters of this
phenomenon.

Methods: Two hundred and thirty-five (235) CHC patients
with genotype 1b receiving peg-IFN o-2b plus ribavirin
therapy were analyzed. Clinical parameters that may be asso-
ciated with abnormal ALT values during treatment and
therapy outcomes were evaluated statistically. One hundred
and sixteen (116) patients treated with peg-IFN a-2a plus rib-
avirin were also included for partial analysis.

Results: Abnormal ALT values during treatment were
observed in 23.0% of patients. It was observed in 14.5% of
those with sustained virological response (SVR) and 17.8% of
those with relapse, in whom viral clearance was observed

during therapy. Multivariate logistic regression analysis
revealed that pretreatment ALT values, therapy outcome, and
body mass index (BMI) were significant factors related to
abnormal ALT values during treatment. Abnormal ALT values
during treatment became normal in SVR patients at 6 months
after the completion of treatment, but not in NR (non-
response) patients. Mean ALT values were significantly higher
at some time points during treatment in patients treated with
o-2a when compared to those treated with o-2b.

Conclusion: Abnormal ALT values during peg-IFN plus rib-
avirin treatment are observed relatively frequently, even in
patients without detectable HCV RNA. Direct or indirect
involvement of drugs is considered as one possible cause.

Key words: abnormal ALT values, BMI, drug involvement,
pegylated interferon o-2b, ribavirin.

INTRODUCTION

HERAPEUTIC EFFORTS TO eradicate hepatitis C

virus (HCV) have made outstanding progress via
pegylated-interferon (peg-IFN) o. plus ribavirin therapy.
Sustained viral response (SVR) is achieved in about 50%
of chronic viral hepatitis [CHC] patients, even with
genotype 1 and high viral titers.’*
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One of the most frequent adverse effects of peg-IFN o
plus ribavirin therapy is the elevation of alanine ami-
notransferase (ALT) values during treatment, which
occasionally forces therapy to be discontinued,® as the
triggering of an autoimmune mechanism by IFN has
been reported to cause hepatic damage.®” In addition to
these rare and severe elevations of ALT, mild abnormali-
ties during treatment are frequently observed and are
recognized clinical concerns.®'® Because prompt viral
decreases after the start of therapy primarily accompany
decreases in ALT levels, the clear correlation between
viral and biochemical responses is a standard pattern of
therapeutic response. Thus, abnormal ALT levels during
treatment are associated with the presence of HCV RNA
due to a low response to therapy. However, a fairly large
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number of patients experience elevation of ALT after the
start of therapy without detectable HCV RNA in the
serum. The mechanism of this phenomenon is largely
unknown, and few studies have attempted to clarify the
clinical parameters that affect this abnormality.**°

Another concern related to the elevation of ALT values
in patients during the treatment is its influence upon
therapeutic outcome. Basso etal.’® analyzed patients
who showed viral clearance after peg-IFN plus ribavirin
treatment and reported that ALT elevation in the later
phases of therapy is more common in relapsing
patients. Thus, whether abnormal ALT values during
treatment in patients with negative HCV RNA is related
to a lower probability of SVR is an important issue that
needs to be clarified.

The aim of this study is to assess the incidence and
severity of abnormal ALT values during peg-IFN o plus
ribavirin therapy, in order to clarify the clinical param-
eters that may affect this phenomenon and to character-
ize the clinical outcome of such patients.

MATERIALS AND METHODS

Patient population

TOTAL OF 243 CHC patients with genotype 1b

who received peg-IFNo-2b plus ribavirin therapy

(48 weeks in 203 patients and 72 in 32) at our affiliated
institutions were enrolled, and details were gathered
prospectively on a database, which was reviewed retro-
spectively. Eight patients were excluded from the
analysis because they received treatment for less than
12 weeks due to adverse effects. Characteristics of the
remaining 235 patients are shown in Table 1. The data
on EVR (early viral response) and therapy outcome were
available in 164 (69.8%) and 218 (92.8%) of patients,
respectively. Seventeen patients (7.2%) were lost during
the follow-up period and data have not been obtained.
Fifty-four (23.0%) patients had abnormal ALT values
during treatment. The definition of abnormal ALT
values during treatment was as follows: no normaliza-
tion (=36 IU/L) during treatment (data collection points
were 4, 8, 12, 24, and 48 weeks after the start of treat-
ment [total, 5 points]) (Criteria A), or re-elevation of
ALT (236 IU/L) during treatment after normalization
(Criteria B). Individual data were considered valid when
at least three of five data points were available. Clinical
parameters that determine abnormal ALT values during
treatment were analyzed. These include sex, age, body
mass index (BMI weight in kilograms divided by the
square of height in meters), pretreatment ALT levels,
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Table 1 Characteristics of 235 patients with chronic hepatitis
C subjected to analysis

Sex (n=235)
Male 129 (54.9%)
Female 106 (45.1%)
Age (y) (mean [£s.d]) (n=235) 56.8+11.0 (21-76)
Body mass index (mean [+s.d]) 23.5 (£3.5)
(n=221)
Histology (F stage) (n=119)
F (0-2) 96 (80.7%)
F (3-4) 23 (19.3%)

Laboratory tests (n =235)

ALT (IU/L) (mean [£s.d]) 82.3 (£56.3)
WBC (/uL) (mean [+s.d]) 4755 (+1458)
Hgb (g/dL) (mean [+s.d]) 14.0 (£1.4)
Plt (x10*1U/pL) (mean [+s.d]) 15.6 (£5.5)

Viral load (n=232)*
Low 12 (5.2%)

High 220 (94.8%)
EVR (n=164)
+ 115 (70.1%)

- 49 (29.9%)
Outcome (n = 218: Intention-to-treat)

SVR 117 (53.7%)

Relapse 45 (20.6%)

Null 56 (25.7%)
ALT abnormality (n = 235)

+ 54 (23.0%)

- 181 (77.0%)
Discontinuation of treatment 31 (13.2%)

*ITigh viral load is defined as more than 100 kIU/mL by
Amplicore (Version 2) or 5.0 Log IU/mL by TagMan PCR.

hemoglobin (Hgb), white blood cell (WBC) count,
platelet (PIt) count, fibrosis stage, presence of EVR,
and treatment outcome. Thirty-one (13.2%) patients
who discontinued beyond 12 weeks of treatment were
included in the analysis by using ALT values before the
stop of treatment.

Because this was a multi-center study in which data
were collected by fax or mailing, only a limited number
of histological slides were available. A total of 25 slides
were examined by a professional pathologist (M. N.),
and steatosis levels were graded.’ Four patients were
scored as grade 1 and 21 were grade 0.

In order to further characterize the mechanisms
involved, we also evaluated changes in ALT values in
116 patients with genotype 1b who were treated with
peg-IENo-2a plus ribavirin. Because this was a different
cohort, we evaluated the data as a reference study (peg-
IFNo-2b plus ribavirin), focusing on the comparison of
changes of ALT values during treatment.

© 2011 The Japan Society of Hepatology
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The studies were approved by the ethics committee of
Niigata University, and were carried out in accordance
with the Declaration of Helsinki. Informed consent was
obtained from all patients before enrollment.

Treatment

This study was based on patients treated in routine daily
practice, and thus drug dosing was left to each physi-
cian’s discretion and was based on drug information,
that is: Patients received peg-IFNo-2b (Pegintron;
Schering-Plough, Kenilworth, NJ, USA) subcutaneously
at a dosage of 1.5 ug/kg every week for 48 to 72 weeks
(if viral clearance was delayed). Dose was reduced when
blood neutrophil and Plt levels decreased below 750/
mm?® and 7.5 % 10%ulL, respectively. Daily ribavirin
(Rebetol, Schering-Plough) was given orally and the
dosage was adjusted based on weight (600 mg for
<60 kg, 800 mg for 60 to 80 kg, 1000 mg for >80 kg).
Dose was also reduced when hemoglobin (Hgb) levels
decreased below 10g/dL. HCV RNA titers were
measured by quantitative RT-PCR (Amplicor monitor
version 2, Roche Diagnostic Systems, CA, USA). HCV
RNA negativity was mainly evaluated by qualitative
RT-PCR (Amplicor, Roche). HCV RNA was also quanti-
fied by Cobas TagMan PCR assay (Roche) in some
patients (28/232[12.1%]). EVR was defined as undetect-
able HCV RNA before or at 12 weeks of therapy. SVR
was defined as undetectable HCV RNA at 24 weeks after
completion of treatment. Null and relapse (both were
defined as non-response; NR) were defined as positive
HCV RNA during treatment, and negative HCV RNA
during treatment, but showing positive HCV RNA after
the completion of treatment, respectively.

Patients treated with peg-IFNo-2a received 180 pg of
drug (Pegasys; Hoffman-LaRoche, Basel, Switzerland)
plus ribavirin (Copegus) for 48 to 72 weeks. Dose was
reduced according to drug information in a same
manner as for peg-IFNa-2b. Virological evaluations
were also performed in the same manner.

Statistical analysis

Chi-squared test was used to evaluate the relationship
between nominal variables (sex, EVR, fibrosis level
[Low: F0-2, High: F3-4], SVR), and each end-point
(abnormal ALT levels during treatment or therapy
outcome). Student’s t-test was used for inter-groups
comparisons of mean values. Paired Student's t test was
used to evaluate changes in ALT values after the comple-
tion of treatment. Multivariate logistic regression analy-
ses were used to exclude the effects of confounding
variables in order to determine specific factors that may
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be associated with abnormal ALT values during treat-
ment. For this analysis, ALT abnormalities were assigned
as the outcome variable, and sex, age, BMI, ALT, WBC,
Hgb, Plt, presence of EVR, and therapy outcome (SVR or
not) were used as predictor variables (fibrosis stage was
excluded because of the small number; n=119). Age,
WBC, Hgb, Plt values were divided into categories using
the mean values, and were analyzed. Analyses were also
performed in the same manner for the prediction of
SVR. All analyses were performed using a statistical soft-
ware package (SPSS 15.0] for Windows, Chicago, IL). All
tests were two-sided, with significance set at P < 0.05.

RESULTS

Patient characteristics

LINICAL BACKGROUND, LABORATORY data on

CH (C) patients receiving peg-IFNa-2b plus ribavi-
rin therapy, are shown in Table 1. One-hundred and
twenty-nine of 235 patients (54.9%) were male, and
106 patients (45.1%) were female. Mean age was
56.8 years. Liver biopsy was performed in 119 (50.6%)
patients. Twelve (5.1%) cases had low viral titers
(£100 k by Amplicore or 5.0 Log IU/mL TagMan PCR).
SVR was obtained in 117/218 (53.7%) patients on
intention-to-treat analysis.

Fifty-four (23.0%) patients met our criteria for abnor-
mal ALT, and of these, 45 (83.3%) met criteria A, and 9
(16.7%) met criteria B. Maximum ALT value among
these patients was 226 IU/L and the mean value was
82.5 IU/L. The mean abnormal ALT level was 77.9 IU/L
in the SVR or relapsed patients and 95.7 in the null
patients (NS). Therapy was discontinued in one patient
due to ALT elevation (maximum value was 162 IU/L).
Abnormal ALT values were observed in 17 of 117
(14.5%) in patients with SVR, and 8 of 45 (17.8%) in
relapse (Table 2A, lower).

Factors affecting end-points

In this study, we particularly focused on identifying
clinical parameters that may be associated with abnor-
mal ALT values during peg-IFNo-2b plus ribavirin
treatment. The analyzed factors that influence this phe-
nomenon are shown in Table 2A. Among the factors
analyzed using chi-squared test or Student’s t test, higher
pretreatment ALT levels, higher BMI, higher levels of
fibrosis (F3 or 4), and absence of SVR were identified as
statistically significant. Among comparisons between
three therapeutic outcomes (SVR, Relapse, and Null),
the frequency of abnormal ALT values was significantly
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Table 2 Characteristics of patients considered in comparison analysis

A) Categorized by presence of abnormal ALT values
Normal (n=181)

Abnormal (n = 54)

Male (n [%]) 93 (51.4) 36 (66.7) NS
Age (y) (mean [*s.d.]) 56.7 (x11.1) 55.9 (+11.0) NS
BMI (mean [+s.d.]) 23.3 (£3.3) 24.5 (£3.2) 0.020
ALT (mean [4s.d.]) 66.3 (49.3) 109.1 (£73.2) 0.001
WBC (mean [+s.d.]) 4700 (£1490) 4880 (£1263) NS
Hgb (mean [+s.d.]) 13.9 (x1.4) 14.3 (£1.4) NS
Plt (mean [*s.d.]) 15.9 (£5.6) 15.4 (+4.8) NS
Fibrosis stage (F 2 3) ([%], n=119) 14/96 (14.6) 9/23 (39.1) 0.017
EVR (n[%], n=164) 93/129 (72.1) 22/35 (62.9) NS
SVR (n]%), n=218) 100/169 (59.2) 17/49 (34.7) 0.001
Frequency of patients with abnormal ALT in each group
in SVR: in relapse 17/117 (14.5%) : 8/45 (17.8%) NS
in null: in relapse 24/56 (42.9%) : 8/45 (17.8%) 0.010
B) Categorized by achievement of SVR

SVR (n=117) NR (n=101)
Male (n [%]) 70 (59.8) 50 (49.5) NS
Age (y) (mean [+s.d.]) 55.2 (£12.1) 57.9 (£10.1) NS
BMI(y) (mean [ts.d.]) 23.5 (£3.6) 23.3 (£3.2) NS
ALT (mean [+s.d.]) 86.5 (£62.6) 76.8 (+48.3) NS
WBC (mean [+s.d.]) 5125 (£1596) 4415 (£1158) 0.003
Hgb (mean [#s.d.]) 14.1 (£1.3) 13.9 (£1.5) NS
Plt (mean [ts.d.]) 16.6 (£5.5) 15.1 (£5.4) NS
Fibrosis stage (F 2 3) ([%]) 9/67 (13.4) 13/46 (28.3) NS
EVR (n[%]) 86/94 (91.5) 23/61 (37.7) <0.001
higher in null patients. With regard to factors that influ-
ence SVR, significant associations were seen for EVR and 200
low WBC counts (Table 2B). Multivariate logistic regres-
sion analysis showed that high pretreatment ALT values
[P=0.002, odds ratio (OR)=1.014, 95% confidence 150 NS
interval  (CI) =0.875-1.175], non-SVR outcome | |
[P=0.009, 5.430, 95% CI=4.688~6.290], and higher
BMI [P=0.027, OR=1.181, 95% CI=1.020-1.368] Gb;) 100
were significant factors associated with abnormal ALT NR
values during treatment. The same analysis showed that
EVR and normal ALT values during treatment were sig- 50 SVR
nificant factors associated with the achievement of SVR. | P<0.05 ]
Changes in ALT values after the completion of treatment

in patients with abnormal ALT values were analyzed
(Fig. 1). ALT values gradually decreased to normal after
the completion of treatment in patients with SVR, but
this was not the case for NR.

Comparison with cohort treated with
peg-IFNa-2a plus ribavirin

Clinical and virological factors among those who
received peg-IFNo-2a plus ribavirin (age, sex, levels of

0 . . . . . )
48W  +4W  +8W +12W +16W +20W +24W

(or 72W)
SVR n=11 13 15 15 11 12 16
NR n=15 21 21 16 17 15 20

Available number of data

Figure 1 Changes in ALT values in NR and SVR patients
during and after the completion of treatment. Mean and stan-
dard deviation values are shown. ALT values only decreased
significantly in SVR patients.

© 2011 The Japan Society of Hepatology

-382-



122 Y.-H. Aoki et al.
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oW  4W  8W 12W 24W 48W

*P<0.05

o2b n=235 218 199 202 189 129
o2a n=116 111 106 103 91 55

Available number of data

Figure 2 Comparison of ALT levels during peg-IFNo-2b plus
ribavirin and peg-TFNo-2a plus ribavirin. Mean ALT values
were significantly high in o-2b patients at the start of the
treatment, but were significantly higher in o-2a patients at 8,
12, and 24 weeks at treatment. Number of patients for whom
data was obtained is shown.

fibrosis, Hgb, WBC, Plt levels and viral load) were not
different significantly from those treated with peg-
IFNa-2b plus ribavirin (data not shown), except that
mean ALT levels before treatment were lower (66.7 IU/L
for 0-2a vs. 82.1 for o-2b, P < 0.05). SVR was obtained
in 34/55 (61.8%) of patients from whom data were
available (Intention-treat analysis). A comparison of
changes in ALT values before and during treatment
between the two groups is shown in Figure 2. Mean ALT
values were significantly higher in patients treated with
0-2a when compared with those treated with o-2b at 8,
12, and 24 weeks after the start of treatment. We also
performed statistical analysis after combining two indi-
vidual cohorts (o-2b and a-2a). As a result, significant
factors associated with abnormal ALT were male sex, use
of peg-IFNa-2a, higher ALT values before treatment.
Higher ALT values and peg-IFN-2a were also identified
using multivariate logistic regression analysis (BMI was
not included as an index because of the low number of
data).

Histological analysis

Twenty-five (25) slides prepared from pretreatment
biopsy specimens were analyzed for steatosis levels.
There was no relationship between the level of steatosis
and mean ALT levels (103 IU/L for steatosis-grade 0 and
85.6 for grade 1). Moreover, hepatic steatosis did not
have any correlation with the appearance of ALT ab-
normalities, that is, grade 1 hepatic steatosis was
observed in 1/4 of ALT abnormalities and 5/21 without
abnormalities (NS).
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Two patients (60-year-old male, patient 1; and
62-year-old female, patient 2) treated with peg-IFNo
plus ribavirin for 72 weeks showed continuously abnor-
mal ALT levels (mean 141 IU/L and maximum 214 in
patient 1, and 103 IU/L and 153 in patient 2) despite
negative HCV RNA. In order to clarify the pathogenesis
of these phenomena, liver biopsy was performed and
histological comparisons with pretreatment specimens
were made (Fig. 3A-D). An increase of hepatic steatosis
was observed in patient 1, while marked levels of
interface hepatitis with hepatocyte degeneration were
observed in patient 2. Both patients were negative
for anti-nuclear and anti-mitochondrial antibody, and
abstinence from alcohol was confirmed. HCV RNA
reappeared in both patients after the completion of
treatment.

Can abnormal ALT values without
detectable viraemia help to predict relapse?

We examined whether the presence of abnormal ALT
values in patients who became HCV RNA-negative
during treatment is a predictable marker of relapse after
treatment. EVR patients treated for 48 weeks were sub-
divided based on the presence of abnormal ALT values
during treatment in order to investigate relapse rates.
The relapse rate was 28/110 (25.5%) in the normal ALT
group and 4/19 (21.1%) in the abnormal group (NS).

DISCUSSION

NE OF THE most frequent adverse effects of IFN

therapy is elevation of serum ALT levels.®!° This
phenomenon is closely associated with detectable
HCV RNA attributable to unresponsiveness to therapy.
However, viral response is not always associated with
biochemical response, so this is often observed in
patients without detectable HCV RNA.**13 Although this
non-specific elevation of ALT had been seen since the
era of regular interferon treatment for CHC,® it appears
to be more frequently observed since the start of peg-
IFN treatment. To date, few reports have attempted to
assess the frequency and define factors associated with
elevated serum ALT,>!® and currently there have been
no reports in Japanese populations. In addition, we
recently experienced a female patient who was treated
with peg-IFNo-2a plus ribavirin, and who showed con-
tinuously abnormal ALT values during treatment with
no detectable HCV RNA. She eventually developed liver
cirrhosis (Case report [In Press, Nippon Shokakibyo
Gakkai Zasshi], and she is patient 2 in Figure 3C and D).
These clinical experiences led to concerns over whether
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Figure 3 Two patients (60-year-old male, patient 1; and 62-year-old female, patient 2) treated with peg-IFNa. plus ribavirin for
72 weeks, showed continuously abnormal ALT levels (mean 141 IU/L and maximum 214 IU/L in patient 1; 103 IU/L and
153 TU/L) despite undetectable HCV RNA (HCV RNA became negative at 20 and 16 weeks after the start of treatment, respectively.
Pretreatment liver biopsy showed steatosis and mild inflammation in portal area in patient 1 (A), and a moderate level of
inflammation in portal area in patient 2 (C). Liver biopsies were performed at 48 weeks during treatment in patient 1 and after
4 months of treatment completion in patient 2. Reduced inflammation and increased steatosis were observed were observed in
patient 1 (B). Severe necroinflammation with interface hepatitis and hepatocyte degeneration were observed in patient 2 (D).

Original magnification is shown.

non-specific elevation of ALT during treatment can have
detrimental clinical impact on patients treated with peg-
IEN plus ribavirin. Thus, we attempted to clarify its inci-
dence, severity, and clinical background.

We first included patients with all treatment response
patterns in the analysis. The frequency of ALT elevation
during treatment was 23.0% in our study. Thurairajah
et al. reported that it occurred in 35% of patients treated
with peg-IEN plus ribavirin.” This difference may have
been due to the definition of abnormal ALT levels; they
defined abnormal levels as any rise above baseline,
while in our study, patients who had abnormal ALT
during the first treatment period but that gradually nor-
malized later were not counted. There was just one
patient in our cohort who discontinued therapy due to
ALT elevation (162 IU/L). Otherwise, this phenomenon
was not the main reason for discontinuing treatment.

On multivariate logistic regression analysis, higher
pretreatment ALT levels, BMI, and non-SVR rate were
significantly and independently associated with abnor-
mal ALT during treatment. Of two previous reports that

analyzed the relationship between elevation of ALT
during treatment and clinical parameters, one showed
no associated parameters,’® and the other found asso-
ciations with body weight and steatosis.” These differ-
ences may be due to differences in cohort and patient
ethnicity. Interestingly, higher levels of pretreatment
ALT and BMI did not have significant associations with
therapy outcome in our study, but were associated with
abnormal ALT values (Table 2B). Our results were
not apparently consistent with a previous observation
showing that high BMI is an independent risk factor
of non-response with IFN*, This discrepancy may be
because our cohort included only a small number of
patients with BMI of >30 for whom non-responsiveness
to therapy was seen.'

Positive associations between overweight and hepatic
dysfunction by anti-cancer drugs have been reported.?”
Obesity affects anti-cancer agents by reducing clearance,
prolonging the elimination half-life, and increasing the
area under the plasma concentration-time curve.!®!
Altered pharmacokinetics due to body fat volume may
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cause hepatic dysfunction.'® Based on these previous
findings, we speculate that altered pharmacokinetics
due to the volume of fat mass, to some extent, are
involved in the positive association between high BMI
and elevated ALT values during therapy in patients being
treated with peg-IFN plus ribavirin.

High pretreatment ALT value, which is another signifi-
cant factor associated with abnormal ALT values during
treatment, might be due to carry-over of pre-existing
pathogenic conditions, such as hepatic steatosis, that are
frequently observed in CHC."*?* Unexpectedly, pretreat-
ment ALT values had no clear correlation with BMI
(r=0.017) in our cohort. In addition, although the
number of samples was limited (n = 25), there was no
relationship between the levels of steatosis and mean
ALT levels, and hepatic steatosis did not show any cor-
relation with the appearance of ALT abnormalities.
Thus, the relationship between hepatic steatosis and
ALT abnormalities remains unknown.

What is the pathogenetic mechanism responsible for
elevation of ALT during treatment, particularly in
patients who became negative for HCV RNA during
treatment? The results of paired biopsy from two
patients with abnormal ALT values during treatment
despite having undetectable HCV RNA are shown
Figure 3. Patient 1 showed an increase in steatosis,
while patient 2 showed severe necroinflammation and
hepatocyte degeneration. Pathological findings of drug
induced liver injury are various, and these findings
may be compatible with one of those.” Because the
pathological findings were different between two
patients treated with same drugs, we speculate that the
pathogenesis of these ALT abnormalities is composed
of multiple factors such as genetic or immunological.
Recently, Nagashima et al. showed a significant corre-
lation between elevated ALT and serum ferritin levels
during peg-IFN treatment.”> We note that serum fer-
ritin levels increased in both patients after the start of
treatment.

We performed a longitudinal comparison of ALT
values after the completion of treatment between SVR
and null-relapse patients in order to address the patho-
genesis of elevated ALT (Fig. 1). While ALT values
decreased significantly to normal levels in the SVR
patients, they did not change in the viraemic (null or
relapse) patients. This shows that the abnormal ALT
levels during treatment without detectable viraemia
diminished after the completion of therapy in SVR
patients, thus suggesting that a pre-existing condition
associated with HCV, such as hepatic fibrosis, might
have been resolved with successful therapy. It is more
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likely, however, that abnormal ALT levels during treat-
ment without detectable viraemia is partly attributable
to the direct or indirect effects of drugs.

We showed that ALT levels during treatment were
significantly higher in patients treated with peg-IFNo-2a
plus ribavirin than in those treated with peg-IFNo-2b
plus ribavirin at some time points, despite similar thera-
peutic outcomes (Fig. 2). In addition to the differences
in IFN molecular species, particularly the difference in
their molecular weights, result in distinct half-lives (peg-
IFN o-2a: longer half-life, peg-IFN o-2b: shorter half
life*®) which may explain this phenomenon. We specu-
late that abnormal ALT levels in patients during
treatment are partially caused by the treatment itself
(presumably IFN), possibly being affected by the
delayed clearance from the body due to pegylation, and
this would be more evident in patients with high BMI.

Clinically, it is important to determine whether the
presence of abnormal ALT values in patients who
became HCV RNA-negative during treatment is a pre-
dictable marker of relapse after treatment. However, we
were unable to confirm whether abnormal ALT during
treatment is significantly associated with a greater risk of
relapse. On the other hand, Basso et al.'° reported that
ALT elevation in the later phases of therapy is more
common in relapsing patients. Thus, patients with
abnormal ALT who became negative for HCVRNA
during treatment were classified into two groups
depending on the time of peak ALT (i.e. < 12; early
elevation; or > 12 weeks, late elevation). Among the
data available, 9/12 (75%) patients with early elevation
and 6/12 (50%) with late elevation achieved SVR.
Although not significant, the trend seems to be analo-
gous to Basso’s report. However, a large data set is nec-
essary to confirm the result.

In conclusion, the direct or indirect effects of peg-
IFN plus ribavirin may partly explain the non-specific
elevation of ALT levels during treatment. Although
most increases are mild, careful observation and con-
sideration of the potential threat to clinical course are
necessary.
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Abstract

AIM: To reveal the manner of hepatocellular carcinoma
(HCC) development in patients with nonalcoholic stea-
tohepatitis (NASH) focusing on multicentric occurrence
(MO) of HCC.

s
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METHODS: We compared clinicopathological charac-
teristics between patients with and without MO of HCC
arising from NASH background. The clinical features
were implicated with reference to the literature avail-
able.

RESULTS: MO of HCC was identified with histological
proof in 4 out of 12 patients with NASH-related HCC (2
males and 2 females). One patient had synchronous
MO; an advanced HCC, two well-differentiated HCCs
and a dysplastic nodule, followed by the development of
metachronous MO of HCC. The other three patients had
multiple advanced HCCs accompanied by a well-differen-
tiated HCC or a dysplastic nodule. Of these three patients,
one had synchronous MO, one had metachronous MO
and the other had both synchronous and metachronous
MO. There were no obvious differences between the pa-
tients with or without MO in terms of liver function tests,
tumor markers and anatomical extent of HCC. On the
other hand, all four patients with MO of HCC were older
than 70 years old and had the comorbidities of obesity,
type 2 diabetes mellitus (T2DM), hypertension and cirr-
hosis. Although these conditions were not limited to
MO of HCC, all the conditions were met in only one of
eight patients without MO of HCC. Thus, concurrence
of these conditions may be a predisposing situation to
synchronous MO of HCC. In particular, old age, T2DM
and cirrhosis were suggested to be prerequisite for MO
because these factors were depicted in common among
two other cases with MO of HCC under NASH in the
literature.

CONCLUSION: The putative predisposing factors and
necessary preconditions for synchronous MO of HCC in
NASH were suggested in this study. Further investiga-
tions are required to clarify the accurate prevalence and
predictors of MO to establish better strategies for treat-
ment and prevention leading to the prognostic improve-
ment in NASH.
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INTRODUCTION

With the increasing prevalence of obesity and type 2 dia-
betes mellitus (T2DM), nonalcoholic fatty liver disease
(NAFLD) has become pandemic, particularly in deve-
loped countries, causing public health problems. Within
the broad spectrum of the pathophysiology of NAFLD,
nonalcoholic steatohepatitis (NASH) is the most setious
form because of its propensity to progress toward a fa-
tal event. Although NASH was previously thought to
be often indolent™, the following analyses revealed that
NASH leads to fibrosis of the livet, citthosis and even-
tually hepatocellular carcinoma (HCC) in a substantial
number of patients®”. HCC is cutrently regarded as a
late complication of NASH according to a number of
recent reports” . In addition, it was recently shown that
the development of HCC is associated with mortality
in citthotic NASH in a prospective study in Japanese co-
hort®, Thus, it is very important to elucidate the natural
course of NASH in terms of the development of HCC
for better management.

Multicenttic occurrence (MO) and intrahepatic metas-
tasis (IM) are characteristic in the development of HCC
with chronic liver diseases that ate caused by hepatitis B
virus (HBV) or hepatitis C virus (HCV)*™, Tt is very im-
portant to distinguish MO from IM so that appropriate
treatment options may be selected in a varlety of clinical
settings. Unfortunately, there have been few studies that
focus on the charactetization of MO in NASH-related
HCC despite the increasing number of case reports on
HCC based on NASH.

In this report, charactetistic featutes of NASH cases
that developed HCC with MO ate discussed.

MATERIALS AND METHODS

Patients
From July 2002 to Match 2010, we diagnosed and treated
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40 adult patients with NASH at the Division of Gastro-
enterology and Hepatology, Niigata University Medical
and Dental Hospital. Of these, HCC was obsetved in 12
cases including 4 with MO of HCC. The proportion of
HCC patients is high in our series with NASH because
out hospital is a tertiary referral center and most of the
NASH patients who are referred to us are complicated
cases.

Definitions

NASH was defined to satisfy all of the following tequite-
ments: (1) an absence of clinically significant alcohol
intake (less than 20 g/d of ethanol consumption); (2) his-
tological features showing steatosis with various combina-
tions of ballooning liver cells, inflammatory infiltrate of
neutrophils, peticellular fibrosis and Malloty bodies; and
(3) no other liver diseases. All non-tumorous specimens
wete histologically scoted according to the classification
by Brunt e o/,

MO of HCC was pathologically determined according
to the classification of the Liver Cancer Study Group of
Japan™ as follows: 2 or more sepatate lesions including an
eatly HCC with a dysplastic nodule or no substantial de-
struction of the preexisting hepatic framework, or moder-
ately and/or pootly differentiated HHCCs with a matgin of
well-differentiated HCC. When histological specimens of
HCC could not be obtained, MO was identified by par-
rictllar findings that cortespond to MO on imaging stud-
fes!'7,

Advanced HCCs wete defined when they had a vascu-
lar pattern that was consistent with contrast enhancement
in the arterial phase followed by rapid washout in the
pottal and/ot equilibrium phases on dynamic computed
tomography (CT) and/or dynamic magnetic resonance
(MR) imaging, A nodule was also diagnosed with an ad-
vanced HCC when the lesion was depicted as a defect on
CT during arterial portography (CTAP) and as a hyperat-
tenuated lesion in the first phase of double-phase CT
duting hepatic arteriography (CTHA) followed by corona-
like enhancement in the second phase™'”. A nodule-in-
nodule appearance on dynamic CT, dynamic MR imaging
ot CTHA was regarded as a specific finding that indicated
the emergence of a dedifferentiated component (moder-
ately or pootly differentiated HCC) within a well-differen-
tiated HCC, even without histological proof. Otherwise,
well-differentiated HCCs or dysplastic nodules wete diag-
nosed based on histological examinations.

The clinical stage of HCC was stratified according to
the TNM classification of the Liver Cancer Study Group
of Japan®.,

Obesity was defined as body mass index (BMI) = 25
kg/m” according to the criteria proposed by the Japan
Society for the Study of Obesity"™. The definition was
based on the fact that obesity-related diseases increase
with BMI = 25 kg/m’ in the Japanese population. T2DM
was diagnosed according to the ctiteria advocated by the
Japan Diabetes Society as follows: fasting plasma glucose
= 126 mg/dL, random plasma glucose = 200 mg/dL
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HCC with MO HCC without MO

Case 1 2 3 4 5 6 7 8 9 10 11 12
Age at Dx of NASH 73 81 78 71 68 75 71 80 75 78 81 66
Gender F M M E M F M F F M M M
History of BTF - - - - - - - + - - - -
BMI (kg/m’) 31.0 263 255 320 268 23.0 270 321 340 231 245 252
T2DM + + + + + + - + - - -
Hypertension + + + + - - - + + - + +
Dyslipidemia - - - + - + + + + + -
Varices - - . B + N + - + - - =
Ascites - - - - - - - - - - - -
AST (IU/L) 91 67 43 33 34 43 36 34 43 25 83 78
ALT (IU/L) 46 48 49 21 17 32 22 33 40 20 37 75
y-GTP (IU/L) 122 129 418 72 30 222 46 67 73 104 360 279
Total bilirubin (mg/dL) 1.0 0.7 0.8 11 14 11 1.5 0.6 12 0.6 0.6 0.8
Albumin (g/dL) 38 37 34 29 33 4.0 29 4.1 37 38 34 42
Prothrombin time (%) 53 72 97 62 69 NA® 59 69 86 75 84  NA*
Platelet (x 10*/pL) 211 123 104 11.2 45 145 6.4 316 117 121 264 114
Child-Pugh score A A A B B - B A A A A -
HBsAg - - - - - - - - - - - -
Anti-HBe + - - + - - - - + + - +
Anti-HCV - - - - - - - - - - - -
Histological features (Classification by Brunt)

Grade 2 2 2 2 1 2 2 1 1 1 2 2
Stage 4 4 4 4 4 4 4 4 4 1 2 4
Type of cirrhosis Mixed Mixed Macro Mixed Micro Mixed Mixed Mixed Mixed - - Macro
AFP (ng/mlL) 1 26 15 25 7 9 3 8757 12 293 900100 8
DCP (mAU/mL) 18 24 20 116 24 NA® 14 35 907 131 10700 NA®
Maximum size of HCC (mm) 35 50 40 28 22 17 50 26 40 40 110 70
Number of HCC Mul Mul  Mu Mul Mul Sol Mul Sol Mul  Mul Mul Sol
TNM stage m m m jug VA 1 jul i m VB jus s
Initial treatment Ope TACE Ope TACE TAI RFA TACE TACE Ope Chemo Ope TAI

+RFA +RFA +0Ope +RFA + Ope

Outcome Alive Dead Dead Alive Alive Alive Alive Alive Dead Dead  Alive  Alive
Cause of death - LR NLR - - - - - LR LR - -
Follow-up period after Dx of HCC (days) 2599 1706 288 1140 280 1011 687 2198 1525 489 162 330

HCC: hepatocellular carcinoma; MO: multicentric occurrence; Dx: diagnosis; BTF: blood transfusion; BMI: body mass index; M: Male; F: Female; T2DM:
type 2 diabetes mellitus; AST: aspartate aminotransferase; ALT: alanine aminotransferase; y-GTP: y-glutamyltranspeptidase; NA: not available; AFP;
alpha-fetoprotein; DCP: des-y~carboxy-prothrombin; Mixed: mixed nodular cirrhosis; Macro: macronodular cirrhosis; Micro: micronodular cirrhosis; Mul:
multiple; Sol: solitary; TACE: transcatheter arterial chemoembolization; TAIL transcatheter arterial infusion chemotherapy; RFA: radiofrequency ablation;
Ope: operation; LR: liver-related death; NLR: non-liver-related death; *An oral administration of warfarin prevented the evaluation.

or hemoglobin Aic = 6.5% on two sepatate occasions.
The diagnosis of hypertension was made if the patient
was on antihypertensive medication or had blood pres-
sute = 140/90 mmHg on at least two separate occasions.
Dyslipidemia was defined as total cholesterol level = 220
mg/dL and/or fasting triglyceride level = 150 mg/dL on
at least two separate occasions or continuously receiving
lipid-lowering agents.

Laboratory examinations

The following laboratory tests wete recorded at diagnosis
of HCC in all patients: aspartate aminotransferase (AST),
alanine aminotransferase (ALT), y-glutamyltranspeptidase
(y-GTP), total bilirubin, albumin, prothrombin time, plate-
let count, Child-Pugh score, hepatitis B surface antigen
(HBsAg), hepatitis B core antibody (anti-HBc), HCV
antibody (anti-HCV), alpha-fetoprotein (AFP) and des-y-
carboxy-prothrombin (DCP).
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RESULTS

The clinical and laboratory data from 12 patients with
NASH-related HCC ate shown in Table 1. Of these, MO
of HCC was observed in cases 1 to 4. Regarding common
characteristics, all 4 patients with MO were over 70 years
old, obese and had T2DM, hypertension and cirrhosis.
Although these conditions were not limited to MO of
HCC, all the conditions wetre met in only one (case 9)
of eight patients without MO of HCC. There were no
obvious differences between the patients with or without
MO in terms of liver function tests, tumor markers and
stages of tumor development. Although a few patients
had positive anti-HBc, the titer of the antibody was low
and no attribution of HBV infection to background liver
disease was histologically ascertained.

The clinical coutses of the 4 patients with MO of
HCC are detailed below.
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