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In-vivo effects and mechanisms of celecoxib-reduced
growth of cyclooxygenase-2 (COX-2)-expressing versus
COX-2-deleted human HCC xenografts in nude mice
Wei Cuia, Shirley X. Hub, Zhen-Ya Tangc and Ke-Qin Hua

We previously reported that celecoxib, a cyclooxygenase-2

(COX-2) inhibitor, suppresses growth of human

hepatocellular carcinoma (HCC) cells through both COX-2

dependence and independence. Recently, we established

COX-2-deleted human HCC cells, C2D-HuH7, and

C2D-HuH7-bearing nude mice. Using this novel model, we

examined the pharmacological effects and mechanisms of

celecoxib on in-vivo growth of HCC xenografts in relation to

COX-2 expression. After treatment with celecoxib, the mice

bearing HuH7 or C2D-HuH7 xenografts were assessed for

the pharmacological effects and mechanisms of celecoxib

on HCC xenograft growth in relation to COX-2 expression.

Celecoxib resulted in an effective and comparable growth

reduction of both COX-2-expressing and COX-2-deleted

HuH7 xenografts in association with decreased Ki-67

expression. These results demonstrated celecoxib’s

COX-2-independent in-vivo anti-HCC effects. Celecoxib

increased peroxisome proliferator-activated receptor c
predominantly in HuH7 xenografts, indicating its COX-2

dependency. Celecoxib reduced p-Rb and DP1/E2F1

complex predominantly via upregulated p21/CDK4

complex in HuH7 xenograft, but p27/CDK4 complex in

C2D-HuH7 xenografts. The effects of celecoxib on

phosphatase and tensin homolog deleted on chromosome

ten/PI3K/Akt signaling were COX-2 independent, but its

effects on extracellular-regulated kinase signaling seemed

COX-2 dependent. In addition, the effects of celecoxib on

AC-H3, AC-H4, and histone deacetylase 2 could be both

COX-2 dependent and independent. In conclusion,

celecoxib suppresses growth of HuH7 xenografts

regardless of COX-2 expression, which may be

mediated through different signaling. Anti-Cancer Drugs
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Introduction
Hepatocellular carcinoma (HCC) is one of the most

common human cancers worldwide [1–4]. Developing an

effective chemoprevention strategy is critically important

in the effort of reducing this disease. Overexpression of

cyclooxygenase-2 (COX-2) has been associated with

carcinogenesis, including HCC [5–7]. Other authors

as well as us have demonstrated that several COX-2

inhibitors can effectively inhibit HCC cell growth both

in vitro and in vivo [8–14]. Although we reported that

regardless of COX-2 expression, celecoxib treatment

results in potent growth inhibition of human HCC cells

[14], the study was carried out in different HCC cell

lines. Thus, further studies are needed using a single cell

origin. We recently established COX-2-deleted human

HCC cells, C2D-HuH7, and developed nude mice

bearing C2D-HuH7 xenograft [15]. This allows us to

reliably assess the pharmacological effects and mechan-

isms of celecoxib on in-vivo HCC cell growth in the

absence of COX-2 expression.

Even though recent studies suggested that the long-term

application of a high dose of celecoxib may be associated

with increased cardiovascular adverse events [16], it

remains to be determined whether a low dose of this drug

is safe and valuable for cancer chemoprevention. Our

previous study demonstrated that celecoxib at a low dose

(i.e. equivalent to 200 mg/day in humans) results in a

potent in-vivo anti-HCC effect in nude mice bearing

HCC xenografts [14]. This provides a rationale to further

test a low dose of celecoxib alone or combined with other

agents for cancer chemoprevention.

Our previous in-vitro studies have indicated that

celecoxib possesses extensive pharmacological effects

[14]. These include celecoxib’s effects on cell prolifera-

tion and its related cell cycle modulators, apoptosis, and

other cellular signaling pathways. a-Fetoprotein (AFP)

has been widely used for diagnosing HCC, assessing HCC

differentiation, and treatment effects of HCC on humans

[17–19]. Phosphatase and tensin homolog deleted on
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chromosome 10 (PTEN), phosphatidylinositol 30-kinase

(PI3K), and Akt (PTEN/PI3K/Akt) pathways have been

associated with carcinogenesis [20]. Activated PI3K-Akt

signaling promotes carcinogenesis [21,22]. PTEN is a

negative regulator of PI3K-Akt signaling [20] and one of

the most frequently inactivated genes in malignancies

[23,24]. We reported that C2D reduces Akt phosphoryla-

tion in HuH7 cells [15], but it remains unknown whether

PTEN/PI3K/Akt pathway is also involved in celecoxib’s

in-vivo effects on HCC growth.

The mitogen-activated protein kinase pathway is a

mitogenic signaling cascade [25–27]. The final inter-

mediate in the mitogen-activated protein kinase signaling

cascade is extracellular-regulated kinase (ERK), which

has two isoforms, ERK1 and ERK2 (ERK1, 2). The active

status is phosphorylated ERK (p-ERK) which promotes

cell proliferation, cell cycle progression, and oncogenesis

[25–27]. It has been reported that p-ERK is increased in

HCC [28], but it remains to be defined whether

celecoxib-reduced HCC growth is also mediated through

ERK pathway.

Histone acetylation is particularly important in control-

ling tumor growth. Histone acetylation modifies nucleo-

some structure, leads to DNA relaxation, reduces the

affinity of histone complexes for DNA, enhancing the

access of transcriptional factor to DNA, and promotes

gene transcription. Histone deacetylases (HDACs) make

histone deacetylation result in a more condensed

chromatin and prevent access of transcriptional factor to

DNA [29–31]. Accumulating evidence has indicated that

aberrant regulation of HDACs is one of the major causes

for development of human malignancies [32]. Study

results indicated that HDAC2, a subtype of HDACs, is

overexpressed in human gastric cancer [32], but it also

remains unknown whether the change in HDAC2 and

related acetylation of histone are involved in celecoxib-

reduced HCC growth.

In this study, we used both COX-2-expressing HuH7 and

C2D-HuH7 xenograft mice models to assess the in-vivo

effects and mechanisms of celecoxib on growth of HuH7

xenografts in relation to COX-2 expression.

Materials and methods
Reagents

The reagents for cell culture were same, as previously

reported [14]. Celecoxib was kindly provided by

Pharmacia & Upjohn Co., (Kalamazoo, Michigan, USA).

Antibody against human COX-2 was from Cayman

Chemical Company (Ann Arbor, Michigan, USA). Anti-

body against activated caspase-3 was from Sigma Chemi-

cal Co. (St Louis, Missouri, USA). Antibodies against

human cyclin D1 (CD1), DP1, phosphorylated-retino-

blastoma (p-Rb), E2F1, cyclin-dependent kinase-4

(CDK-4), p21waf1/cip1 and p27kip1, peroxisome prolifera-

tor-activated receptor g (PPARg), activated caspase-9,

p-Akt, p-ERK (i.e. ERK1, 2), PTEN, Ki-67, AC-H3,

AC-H4, HDAC-2, and b-actin were from Santa Cruz

Biotechnology (Santa Cruz, California, USA). AFP enzy-

matic immunoassay kit was from Monobind, Inc (Costa

Mesa, California, USA). The PTEN activity assay kit was

from Biomol Research Laboratories, Inc (Plymouth

Meeting, Pennsylvania, USA).

Human hepatocellular carcinoma cells and culture

HuH7 cells, a human HCC cell line expressing a high

level of COX-2 [14], were used as control. A pool of C2D-

HuH7 cells was derived from HuH7 cells with complete

deletion of COX-2 mRNA and protein, as previously

reported [15]. The cells were cultured in Dulbecco’s

modified Eagle’s medium with 10% fetal bovine serum, as

previously reported [8,14] and used to establish HCC

xenografts in nude mice [15].

Animal experiment

The animal experiment was approved by the Institutional

Animal Care and Use Committee. Four-week-old male

NCRNU-M nude mice were obtained from Taconic

Farms, Inc. (Usdon, New York, USA). After subcutaneous

inoculation of 5� 106/0.25 ml of HuH7 cells (n = 10) or

C2D-HuH7 cells (n = 10), the two test groups received

gavage of celecoxib at 50 mg/kg/day, started after 24 h of

the inoculation [14,15]. Celecoxib dose was adjusted

weekly based on changes in body weight. Tumor volumes

were recorded weekly and the experiment lasted for 5

weeks [14,15]. At the end of the experiment, xenograft

tumors were isolated and weighted after euthanasia. The

blood specimens were collected from the tail vein and

plasma was used to quantify AFP. Three mice bearing

HCC xenografts that were closest to the mean weight of

the group were selected. A 300 mg of tumor tissue from

each xenograft was homogenized with lysis buffer and was

centrifuged, and the clarified supernatants were stored in

– 801C and used for experiments described below.

Quantification of plasma a-fetoprotein levels

The plasma levels of AFP were quantified using

enzymatic immunoassay kits, as previously reported

[14,15]. A standard curve was used to calculate plasma

levels of AFP [14,15].

Immunoprecipitation and western blot analysis

The supernatants of xenograft lysates and western blots

[14,15] were used to detect Ki-67, PPARg, p21waf1/cip1,

p27kip1, E2F1, cyclin D-1, CDK4, p-Rb, activated

caspase-3 and caspase-9, HDAC2, AC-H3, AC-H4,

p-Akt, and p-ERK. To further understand whether

celecoxib can affect combining of p21waf1/cip1, p27kip1

with cyclin D1 with CDK4, and combining of DP1with

E2F1, immonoprecipitation technique was used, as

previously reported [14,15].
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Phosphatase and tensin homolog deleted on

chromosome 10 activity assay

PTEN protein was immunoprecipitated according to the

instructions provided by the manufacturer. The phos-

phatase reaction was performed in 50 ml of assay buffer

containing 100 mmol/l Tris–HCl pH 8.0, 10 mmol/l DTT,

200 mmol/l water-soluble diC8-PIP3, and the immuno-

precipitated PTEN protein [33]. The release of phos-

phate from the substrate was measured in a colorimetric

assay by using the PTEN activity assay kit in accordance

with the instructions of the manufacturer.

Statistical analysis

The descriptive statistics was provided with mean ± SD.

t-test was used to assess the effect (i.e. mean differences)

of celecoxib treatment on AFP production, as well as the

scanning data of western blot; a P < 0.05 was considered

statistically significant.

Results
Celecoxib reduces growth of human hepatocellular

carcinoma xenografts regardless of cyclooxygenase-2

expression

As shown in Fig. 1a, comparing with the corresponding

untreated groups, celecoxib at the dose of 50 mg/kg/day

significantly reduced the mean xenograft weight in both

COX-2-expressing HuH7 group (36% decrease, P < 0.05)

and C2D-HuH7 group (47% decrease, P < 0.05). Cele-

coxib-reduced xenograft growth was consistent with

decreased Ki-67 expression by 40% in HuH7 group

(P < 0.05) and 54% in C2D-HuH7 group (Fig. 2a,

P < 0.01). These indicated that celecoxib suppresses

growth of both HuH7 and C2D-HuH7 xenografts regard-

less of COX-2 expression. As shown in Fig. 2b, celecoxib

increased PPARg expression in both HuH7 xenografts (by

2.6-fold, P < 0.05) and C2D-HuH7 xenografts (by 57%,

P < 0.01) in association with reduced mean xenograft

weight. Compared with the control groups, celecoxib

treatment did not alter the body weight in the nude mice

bearing either HuH7 or C2D-HuH7 xenografts (Fig. 1b).

Celecoxib-reduced hepatocellular carcinoma xenografts

is associated with decreased plasma levels of

a-fetoprotein

As shown in Fig. 3a, celecoxib treatment resulted in signi-

ficant decrease in plasma AFP levels in HuH7 group by 43%

(P < 0.05) and in C2D-HuH7 group by 28% (P < 0.05).

Celecoxib-reduced mean HCC xenograft weight was

significantly correlated with the degree of decreased plasma

AFP in both HuH7 (r = 0.86, P = 0.02) and C2D-HuH7

(r = 0.82, P = 0.01) groups (data not shown).

Celecoxib mediates alteration in cell cycle-related

modulators

To further determine the molecular mechanisms of

celecoxib-reduced growth of human HCC xenografts,

we investigated the effects of celecoxib on the expression

of a series of cell cycle-related modulators in COX-2-

expressing HuH7 and C2D-HuH7 xenograft tissue

specimens. As shown in Fig. 2c and d, celecoxib

treatment suppressed p-Rb by 87% in both HuH7

(P < 0.05) and C2D-HuH7 (P < 0.01) groups, which

was associated with 68% (P < 0.05) and 88% (P < 0.01)

reduction of DP1/E2F1 complex in HuH7 and C2D-

HuH7 groups, respectively. These indicated that cel-

Fig. 1
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Effects of celecoxib on HuH7 xenograft and body weight of the nude
mice. (a) Celecoxib-reduced mean weight of the HuH7 and C2D-HuH7
xenografts in the nude mice regardless of COX-2 expression. (b)
Celecoxib did not significantly affect the body weight of the nude mice
bearing HuH7 or C2D-HuH7 xenografts. #P < 0.05 as compared with
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hepatocellular carcinoma; Tx, treatment.
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ecoxib-reduced p-Rb and DP1/E2F1 complex seems

COX-2 independent.

We then examined whether celecoxib alters the formation

of p21/CDK4, p27/CDK4, and CD1/CDK4 complexes. As

shown in Fig. 2e, celecoxib treatment resulted in a 31%

increase of p21/CDK4 complex in HuH7 xenograft

(P < 0.05), but it did not significantly alter the formation

of p21/CDK4 complex in C2D-HuH7 xenografts

(P = 0.08). In contrast, celecoxib treatment did not alter

formation of p27/CDK4 complex in HuH7 xenograft

(P = 0.09,), but it resulted in a 2.8-fold increase of p27/

CDK4 complex in C2D-HuH7 xenografts (Fig. 2f,

P < 0.01). As shown in Fig. 2g, celecoxib treatment did

not significantly alter the formation of CD1/CDK4

complex in both HuH7 and C2D-HuH7 xenografts.

These indicated that the effects of celecoxib on

formation of p21/CDK4, p27/CDK4 complexes depend

on COX-2 expression in these HCC xenografts.

Celecoxib mediates alteration in PTEN/PI3K/Akt,

ERK signaling

We reported that COX-2 deletion resulted in decreased

phosphorylation of Akt, but not ERK in cultured HuH7

cells [15]. To further determine the role of PTEN/PI3K/

Akt and ERK signaling in celecoxib-reduced growth of

HCC xenografts, we examined the changes of PTEN

activity, p-Akt, and p-ERK in the xenograft tissue

specimens after celecoxib treatment. As shown in

Fig. 4a, celecoxib inhibited p-Akt formation by 60% in

HuH7 xenografts (P < 0.01) and 37% in C2D-HuH7

xenografts (P < 0.05). Consistent with these, celecoxib

increased PTEN activity by 45% in HuH7 xenografts

(P < 0.05) and 35% in C2D-HuH7 xenografts (Fig. 3b,

Fig. 2
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Effects of celecoxib treatment on expression of Ki-67, PPARg, and cell
cycle modulators. (a) Celecoxib significantly reduced Ki-67 expression
in both HuH7 and C2D-HuH7 xenografts. (b) Celecoxib increased
PPARg in both HuH7 and C2D-HuH7 xenografts, but it is significantly
more in HuH7 xenografts. (c) Celecoxib significantly reduced p-Rb
expression. (d) Celecoxib significantly reduced DP1 binding with E2F1,
(e) p21 binding with CDK4, (f) p27 binding with CDK4, and (g) CD1
binding with CDK4. The signal bands were quantified, and expressed
as mean ± SD from three tissue specimens in each group. #P < 0.05
and *P < 0.01 as compared with the respective control group. PPARg,
peroxisome proliferator-activated receptor g; Tx, treatment.
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P < 0.05), respectively. As shown in Fig. 4b, celecoxib

inhibited expression of p-ERK by 46% in HuH7

xenografts (P < 0.01), but only 25% in C2D-HuH7

xenografts (P = 0.06). These suggested that celecoxib-

increased PTEN activity and reduced production of

p-Akt seems COX-2 independent, but celecoxib-reduced

production of p-ERK might be more COX-2 dependent.

Celecoxib mediates alteration in acetylation of histone

Several studies indicated that acetylation of histone is

involved in inhibition of tumor growth [29–31]. To

determine whether acetylation of histone mediates

celecoxib-reduced growth of HuH7 xenografts, we

examined the expression of AC-3 and AC-H4 in HuH7

xenografts after celecoxib treatment. As shown in Fig. 4c,

celecoxib treatment resulted in a significant and compar-

able increase of AC-H3 production in both HuH7 and

C2D-HuH7 xenograft tissues (P < 0.01). However, as

shown in Fig. 4d, celecoxib resulted in a more significant

increase of AC-H4 production in HuH7 xenografts (73%,

P < 0.05) than in C2D-HuH7 xenografts (16%, P = 0.07).

HDAC2 has been reported to inhibit acetylation of

histone and promote tumor growth [29]. Our result

showed that celecoxib significantly reduced HDAC2 only

in HuH7 (48%, P < 0.05), but not in C2D-HuH7

xenograft tissues (13%, P = 0.07, Fig. 4e).

Discussion
It is known that aberrant COX-2 expression plays an

important role in carcinogenesis, including HCC [5–7].

Recently, we demonstrated that celecoxib significantly

reduces growth of human HCC cells in vitro and the mean

weight of HCC xenograft in vivo [14]. Although our in-

vitro data indicated that celecoxib-reduced HCC growth

appears both COX-2 dependent and independent, the

results were derived from comparison of two different

human HCC cell lines [14]. HuH7 cells are human HCC

cells that highly express COX-2 [14]. We recently

established a pool of C2D-HuH7 cells with complete

deletion of COX-2 expression and were able to develop

C2D HuH7 xenografts in the nude mice [15]. This

model provides a unique way to assess anti-HCC effects

and mechanisms of celecoxib in relation to COX-2

expression.

First, we assessed how celecoxib affects the growth of

HuH7 and C2D-HuH7 xenografts in nude mice.

Celecoxib at 50 mg/kg of body weight in mice provides

a total absorption equivalent to human exposure of

200 mg twice daily [34]. According to the above calcula-

tion, celecoxib was used at the dose of 50 mg/kg/day to

provide the equivalent of 200 mg human twice-daily

exposure. Our results revealed that celecoxib treatment

for 5 weeks caused effective growth inhibition of both

HCC xenografts regardless of COX-2 expression. Inter-

estingly, such inhibition was slightly more effective in

C2D-HuH7 xenografts (47%) than in HuH7 xenografts

(36%), which was consistent with degree of suppressed

expression of Ki-67 expression in these xenografts. We

reported that COX-2-independent mechanisms might be

involved in celecoxib-reduced in-vitro HCC cell prolif-

eration [14]. Our data extended these findings and

demonstrated that celecoxib can effectively inhibit in-

vivo growth of HCC xenografts in the absence of COX-2

expression. These indicated that a COX-2-independent

pharmacological mechanism is involved in celecoxib-

reduced growth of HCC xenografts. Indeed, a low dose

of celecoxib (equivalent to human dose of 200 mg/day)

seems enough to achieve the comparable anti-HCC

effects regardless of COX-2 expression. As not all HCCs

overexpress COX-2 [6], our findings provide a rationale

that celecoxib might serve as a HCC chemopreventive

agent regardless of COX-2 expression. These findings are

of particular clinical value to support further clinical trial

on testing a low dose of celecoxib for HCC chemopre-

vention.

AFP has been widely used for diagnosing HCC and

assessing treatment effects or recurrence of HCC in

humans. Our result showed that celecoxib decreased

plasma AFP levels in both groups, although it was more

significant in COX-2-expressing HuH7 xenografts. These

further confirm the potent anti-HCC effects of celecoxib

Fig. 4
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Effects of celecoxib treatment on expression of p-Akt, p-Erk, AC-H3,
AC-H4, and HDAC2. The western blots were used. (a) p-Akt, (b) p-Erk,
(c) AC-H3, (d) AC-H4, and (e) HDAC2 expression altered by celecoxib
treatment. #P < 0.05 and *P < 0.01 as compared with the respective
control group. HDAC2, histone deacetylase 2; p-ERK, phosphorylated
extracellular-regulated kinase; Tx, treatment.
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in both groups. Our findings also suggested a potential

value of using plasma AFP as a noninvasive biomarker to

predict the effect of celecoxib or other candidate agents

on HCC chemoprevention.

PPARg is a member of the nuclear hormone receptors.

Recent data showed that after activation by its ligands,

PPARg inhibits cell growth and induces apoptosis in

human liver cancer cells [35,36]. Studies have reported

that PPARg is a target of the COX-2-independent

pathway mediated by nonsteroidal anti-inflammatory

drugs [37,38]. Our previous work suggested that celecox-

ib alters expression of PPARg in HuH7 cells in vitro [14].

In this study, we found that celecoxib upregulated PPARg
expression in both HuH7 and C2D-HuH7 xenografts. As

PPARg expression was more significantly upregulated in

HuH7 xenografts, this indicated a possibly more im-

portant signaling pathway in celecoxib-mediated COX-2-

dependent mechanisms.

We and other research groups reported that celecoxib-

reduced cancer cell growth is associated with suppressed

cell cycle progression and promoted apoptosis [12–14].

Effective inhibition of G1-S transition suppresses tumor

growth. The G1-S checkpoint is mainly controlled by the

complexes of cyclin D1 with CDKs (i.e. CDK2, CDK4,

and CDK6), Rb phosphorylation, and CDK inhibitors,

including p21waf1/cip1 and p27kip1. We first demonstrated

that celecoxib significantly inhibited production of p-Rb

and binding of DP1with E2F1 in both C2D-HuH7 and

HuH7 xenografts. These results reconfirmed our in-vitro

reports that celecoxib suppresses HCC cell growth by

inhibiting G1-S transition [14]. In addition, our results

also suggest that celecoxib-reduced G1-S transition is

COX-2 independent. It is known that p21 and p27 regu-

late cell cycle progression through binding with CDK4

and inhibiting its activity. We found that celecoxib

tended to increase the p21/CDK4 complex in HuH7

xenografts, but the p27/CDK4 complex in C2D-HuH7

xenografts. This discrepancy in cell cycle signaling

indicated that different mechanisms of celecoxib reduced

growth of HCC xenografts in G1-S checkpoint in relation

to COX-2 expression. A significantly greater upregulation

of p27/CDK4 complex in C2D-HuH7 xenografts sug-

gested its important role in celecoxib-mediated COX-2-

independent anti-HCC mechanisms. Taken together, our

data suggested that celecoxib-reduced cell cycle progres-

sion might involve different levels of signaling that could

be either COX-2 dependent or independent.

Studies have indicated important roles of PTEN/PI3K/

Akt signaling in carcinogenesis and cancer progression by

stimulating cell proliferation and inhibiting apoptosis

[21,39–42]. Akt is composed of an N-terminal pleckstrin

homology domain and a C-terminal kinase catalytic

domain. Phosphorylation at Thr308 and Ser437 results in

Akt activation, which further phosphorylates several key

proteins resulting in promoting cell cycle progression and

inhibiting apoptosis [13]. We reported that COX-2

deletion reduces p-Akt in HuH7 xenografts [15]. In this

study, we found that celecoxib significantly reduced

p-Akt in association with increased PTEN activity in both

C2D-HuH7 and HuH7 xenografts, although these effects

were more profound in COX-2-expressing HuH7 xeno-

grafts. These further support the potential role of altered

PTEN/PI3K/Akt signaling in celecoxib-reduced HCC

growth of HuH7 xenografts regardless of the status of

COX-2 expression.

Increased p-ERK activates transcription of the mitogenic

and cell regulatory genes that promote oncogenesis by

altering cell cycle progression and apoptosis [25–27,

40,43]. It has been reported that p-ERK is increased in

HCC [28], suggesting its signaling is involved in HCC

development. Our previous results indicate that COX-2

deletion does not significantly alter p-ERK in HuH7

xenografts [15]. In this study, we found that celecoxib

reduced p-ERK more significantly in HuH7 xenografts

than in C2D-HuH7 xenografts. These indicated that

altered ERK signaling in celecoxib-reduced HCC growth

of HuH7 xenografts is possibly COX-2 dependent.

Acetylation of histone-3 and -4 is involved in gene

transcription [29–31] and cell growth. We reported that

COX-2 deletion results in increased AC-H3 and AC-H4,

but decreased HDAC2 expression in HuH7 xenografts

[15]. In this study, we found that celecoxib significantly

increased AC-H3 in both HuH7 and C2D-HuH7

xenografts. However, celecoxib-increased AC-H4 and

reduced HDAC2 were seen only in COX-2-expressing

HuH7 xenografts, but not C2D-HuH7 xenografts. These

indicated that celecoxib-altered AC-H3 and AC-H4 could

be COX-2 dependent and independent. Further studies

will be needed to elucidate the detailed mechanisms.
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