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Introduction

All over the world, cervical cancer has re-
ported to be the third most popular cancer, as 
well as the fourth leading cause of malignancy 
related mortality in females1. Resulting from the 
progression of cervical screening programs, the 
morbidity and mortality of cervical cancer has 
reduced significantly, but it still remains to be a 
major problem for women health, especially in 
advanced patients2,3. Nowadays, as cell migra-
tion and invasion are important for the progres-
sion of cervical cancer, a majority of studies fo-
cus on exploring tumor-specific markers which 
can predict the biological behavior of cancer cel-
ls, because cell migration and invasion abilities 
are important in the progression of cancer4. To 
seek for better diagnosis and therapy methods, 
more researches are needed for the understan-
ding of the molecular mechanisms involved in 
the development and progression of this disease.

Of late years, little non-coding RNAs, such 
as microRNAs, the small interfering RNAs 
(siRNA) and PIWI-interacting RNAs (piR-
NAs), have drawn a lot of attention of resear-
chers. Among these, microRNAs have played 
a very important role via degrading mRNA or 
regulating gene expression5. Along with deep 
investigations into miRNAs and development 
of human genomics, various long non-coding 
RNAs have been explored and revealed. Long 
non-coding RNAs (lncRNAs) is a kind of cellu-
lar inner RNA, which cannot encode proteins, 
but play important roles in regulating various 
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cellular activities, such as chromosome silence, 
genome imprinting, chromatin modification, 
transcriptional activation, post-transcriptional 
regulation and protein regulation6-8. According 
to published papers, lncRNAs have played vital 
roles in progression and development of various 
human cancers9-11. 

The homeotic (HOX) genes are the key develop-
mental regulators in numerous processes, including 
apoptosis, receptor signaling, and differentiation12,13. 
Dysregulation of HOX genes is frequently related to 
malignancy and plays important roles in oncogene-
sis and tumor suppression13. LncRNA HOXD cluster 
antisense RNA 1 (HOXD-AS1) is transcribed from 
the HOXD cluster on the chromosome 1q31.2, which 
is one member of HOX gene clusters14. As reported 
in various cancers like neuroblastoma, adenocar-
cinoma, as well as breast cancer, the expression of 
HOXD-AS1 is higher than normal tissues and it is 
closely related to cancer progression and prognosis of 
patients14. Nevertheless, little is reported about how 
HOXD-AS1 works in cervical cancer and its under-
lying mechanism.

In the current paper, results demonstrated that 
lncRNA HOXD-AS1 expression was markedly 
increased in cervical cancer cell lines. Moreover, 
we discovered that silencing HOXD-AS1 inhibi-
ted both cervical cancer cell proliferation and co-
lony formation. In addition, this study showed that 
HOXD-AS1 knockdown dramatically inhibited the 
Ras/ERK signaling pathway in. The studies fur-
ther revealed that HOXD-AS1 knockdown inhibi-
ted tumorigenesis of cervical cancer cells in vivo. 
Our results provided a supplement on the possible 
function of lncRNA HOXD-AS1 in cervical cancer 
cells, as well as its involvement in regulating the 
Ras/ERK pathway, indicating the potential appli-
cation of HOXD-AS1 to conquer cervical cancer.

Patients and Methods

Patients and Tissues 
Altogether 122 biopsy samples of cervical can-

cer were collected from Navy General Hospital of 
People’s Liberation Army. All tissues were veri-
fied by two independent clinical pathologists. The 
characteristics of patients with cervical cancer are 
presented in Table I. The tissues were obtained 
under the condition of signed informed consents 
from all patients. At the same time, this proce-
dure was performed with approval of the Ethics 
Committee of Navy General Hospital of People’s 
Liberation Army.

Cell Culture
Six human cervical cancer cell lines (including 

HeLa, CaSki, ME-100, C33A and SiHa), as well 
as normal human ovarian cell line HOSE were 
obtained from American Type Culture Collection 
(ATCC, Manassas, VA, USA). All of the cells 
used in the study were grown and maintained in 
Roswell Park Memorial Institute 1640 (RPMI-
1640) Gibco (Grand Island, NY, USA) with 10% 
fetal bovine serum (FBS) Gibco (Grand Island, 
NY, USA) under the condition of atmosphere con-
taining 5% CO2 at 37°C.

Cell Transfection
siRNAs specially targeting HOXD-AS1 

(HOXD-AS1 siRNA1 and HOXD-AS1 siRNA2) 
and negative control siRNA (control siRNA) were 
obtained from GenePharma Co. Ltd. (Shanghai, 
China). After cell adherence on the 6-well plates, 
HeLa and CaSki cells were transiently transfected 
with HOXD-AS1 siRNAs or matched controls by 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). The subsequent experiments were carried 
out 48 h after transfection.

RT-qPCR
TRIzol reagent (TaKaRa, Dalian, Liaoning, 

China) was used to obtain total RNA of tissues 
and cells. After testing the quantity if RNA 
using an ultraviolet spectrophotometer, RT-
PCR kit (TaKaRa, Dalian, Liaoning, China) was 
used for the reverse transcription reactions. The 
messenger RNA (mRNA) expression analysis 
of HOXD-AS1 and U6 were performed via RT-
qPCR using a standard SYBR Green PCR kit 
(TaKaRa, Dalian, Liaoning, China) according to 
the manufactures’ protocol. Primes of HOXD-
AS1 and U6 were obtained from TaKaRa (Da-
lian, Liaoning, China), and U6 was used as an 
internal control.

Colony Formation Assay
Transfected or non-transfected HeLa and 

CaSki cells (500 cells/well) were evenly put in 
six-well plates to allow culturing for 14 days. 
Afterwards, cells were fixed using 4% parafor-
maldehyde (Sigma-Aldrich, Springfield, MO, 
USA) for 15 min. Later on, cells were stained 
using Giemsa (Sigma-Aldrich, Springfield, MO, 
USA) for another 30 minutes, and pictures were 
taken via an inverted fluorescence microscope 
(Olympus, Tokyo, Japan).
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Western Blot Analysis
RIPA lysis buffer (Beyotime, Shanghai, Chi-

na) was applied to extract the total proteins 
from cells. Protein concentration was tested via 
a bicinchoninic acid assay (BCA) Protein As-
say Reagent Kit (Beyotime, Shanghai, China). 
Afterwards, 40 ug proteins were separated on 
10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gel and then tran-
sferred to the polyvinylidene fluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA). 
Following blocking with 5% non-fat milk for 1 
h at room temperature, the PVDF membranes 
were incubated with the primary antibodies 
against Ras, p-ERK1/2, t-ERK1/2 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) 
at 4°C. After incubation overnight, the PVDF 
membranes were washed with PBST and the 
incubated in secondary antibodies for 1 hour at 
room temperature. Later on, phosphate-buffer 
solution-tween-20 (PBST) was used to wash the 
PVDF membranes again, and then electrochemi-
luminescence was used to visualize the protein 
bands. GAPDH was used as an internal control. 
The primary antibodies against Ras, p-ERK1/2, 
t-ERK1/2 and GAPDH were obtained from CST 
Technology (Danvers, MA, USA).

Tumor Xenografts of Nude Mice
6-week old female BALB/c nude mice obtai-

ned from SLRC Company (Shanghai, China) 
were randomly divided into two groups. A 
volume of 3 × 106 HeLa cells (in 100 mL PBS) 
transfected with HOXD-AS1 siRNA1 or con-
trol siRNA were prepared and subcutaneously 
inoculated into the nude mice. Seven days la-
ter, size of tumor xenografts was estimated for 
every 7 days using a caliper. After 21 days, the 
tumor-bearing mice were sacrificed and wei-
ghted. Subsequently, the expressions of HOXD-
AS1, Ras, p-ERK1/2 and ERK1/2 in excised 
tumor samples were detected by RT-qPCR and 
Western blot analysis.

Statistical Analysis
SPSS 18.0 (SPSS Inc., Chicago, IL, USA) 

software was used for statistical analyses. All data 
are listed as mean ± standard deviation (SD) from 
individual experiments. t-test for two groups and 
ANOVA (followed by Least Significant Differen-
ce as its Post Hoc Test) for more than two groups 
were used for calculation. Meanwhile, x2-test was 
used to examine the association of HOXD-AS1 
expression and clinical parameters. A p<0.05 was 
thought as statistical significance.

Table I. Association between HOXD-AS1 expression and clinical parameters of patients with cervical cancer.

	 HOXD-AS1	
			 
Clinical parameters	 Low expression	 High expression
	 (n = 55)	 (n = 67)	 p-value

Age (years)			   0.363
≤60	 25	 36	
>60	 30	 31	
Stage			   0.001
I	 25	 12	
II	 16	 15	
III	 8	 17	
IV	 6	 23	
Histology			   0.511
Squamous cell	 15	 13	
Adenomatous	 16	 17	
Mixed	 14	 18	
Small cell	 10	 19	
Lymphovascular invasion		  0.004
YES	 20	 42	
NO	 35	 25	
Lymph node metastasis			   0.013
YES	 5	 18	
NO	 50	 49	
Recurrence			 
YES	 3	 16	 0.005
NO	 52	 51	
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Results

Association Between HOXD-AS1 
Expression and Clinical Parameters 
of Cervical Cancer Patients 

For the purpose of finding the role of HOXD-
AS1 in cervical cancer progression, the expression 
of HOXD-AS1 in 122 cervical cancer tissues were 
examined first via RT-qPCR. Afterwards, x2-test 
was applied to evaluate the association between 
HOXD-AS1 expression and clinical parameters of 
the patients (Table I). Statistical analysis showed 
that HOXD-AS1 expression in cervical cancer 
patients was greatly correlated with tumor-no-
de-metastasis (TNM) stages, lymphovascular in-
vasion, lymph node metastasis, as well as tumor 
recurrence (p<0.05). However, no significant dif-
ference was seen in the rest parameters: age and 
histologic differentiation (p>0.05).

HOXD-AS1 Knockdown Suppresses 
Cervical Cancer Cell Growth in vitro

In order to get more detailed understanding of 
the biological significance of HOXD-AS1 in the 
tumorigenesis of cervical cancer, we also perfor-
med RT-qPCR assays on HOXA11-AS expres-
sion levels in six different cell lines, one of which 
was derived from human normal ovarian cells 
(HOSE), and five of which were derived from 
human cervical cancers. We found that the level 
of HOXA11-AS was higher in epithelioid cervi-
cal carcinoma (HeLa), epidermoid cervical carci-
noma established from a metastasis in the small 
bowel mesentery (CaSki), and squamous cervical 
carcinoma (SiHa) cells than in epidermoid cervi-
cal carcinoma (ME-180) and HPV negative cer-
vical carcinoma (C33A) cells (Figure 1A). Con-
sequently, HeLa and CaSki cells were selected 
for the follow-up experiments. As a result of high 
expression of HOXD-AS in cervical cancer cel-
ls, siRNA mediated knockdown of HOXD-AS1 
in HeLa and CaSki cells was performed to exa-
mine the impact ofHOXD-AS1 on cell viability 
and colony formation ability. As shown in Figure 
1B and 1C, HOXD-AS1 siRNA1 and HOXD-AS1 
siRNA2 significantly downregulatedHOXD-AS1 
expression in HeLa and CaSki cells compared 
with control siRNA group, confirming the knock-
down efficiency of siRNAs. Besides, a significant 
decrease in cell viability at 48 and 72 h was ob-
served inHOXD-AS1 siRNA-treated HeLa (Figu-
re 1D) and CaSki (Figure 1E) cells compared with 
the control siRNA-transfected cells. Furthermo-
re, HOXD-AS1knockdown remarkably reduced 

colony numbers of HeLa (Figure 1F) and CaSki 
(Figure 1G) cells compared with control siRNA 
group. These data suggested that the HOXD-
AS1 knockdown suppresses cervical cancer cell 
growth in vitro.

HOXD-AS1 Knockdown Repressed 
Cervical Cancer Cell Growth by 
Inactivating the Ras/ERK Pathway in vivo

HeLa cells transfected with HOXD-AS1 siR-
NA1 or control siRNA were subcutaneously 
injected into nude mice for xenografts to further 
examine the tumor-suppressing effect of HOXD-
AS1 siRNA in cervical cancer in vivo. The results 
of in vivo xenograft assays showed that HOXD-
AS1 knockdown significantly inhibited xenograft 
tumor volume at the indicated time (Figure 2A) 
and xenograft tumor weight (Figure 2B) in com-
parison with that of control siRNA group. Besi-
des, the expressions of HOXD-AS1 (Figure 2C), 
Ras and phosphorylation of ERK1/2 (Figure 2D) 
in excised tumor samples were significantly redu-
ced by HOXD-AS1 knockdown. These data indi-
cated that HOXD-AS1 knockdown repressed cer-
vical cancer cell growth by inactivating the Ras/
ERK signaling pathway in vivo.

Discussion

Long noncoding RNAs have attracted more and 
more attention in recent years. They have been re-
ported to play a vital role in cancer, as numerous 
papers have conformed their role in tumor pro-
gression, metastasis and drug resistance15-17. Long 
noncoding RNAs are a kind of noncoding RNAs 
that have no capacity in coding proteins, and they 
are transcripts of at least 200 nucleotides. Till 
now, there are limited reports about the regula-
tory functions of lncRNAs in human diseases, not 
like miRNAs. Many lncRNAs are capped, spli-
ced, and polyadenylated, like their protein coding 
counterparts18. The expression of long noncoding 
RNAs are different in different tissues. In recent 
years, more and more researches have focused on 
the biological function of lncRNAs, and results 
suggest that it plays a critical role in numerous 
physiological processes19. As a result, lncRNAs 
may serve as biomarkers and targets for various 
cancers, and regulating the expression of lncR-
NAs may influence development and progression 
of cancer20.

HOXD-AS1 is a kind of lncRNA, which has 
been reported to be related to the development 
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and progression of numerous cancers. For exam-
ple, Li et al14 reported that HOXD-AS1 ove-
rexpression was related to the bladder cancer via 
inhibiting the phenotypes, as well as regulating 
endogenous cancer-related signaling pathway. 
Via comprehensive analysis of non-coding tran-
scriptome, Yarmishyn et al12 found HOXD-AS1 
may work as a molecular marker of the progres-
sion of neuroblastoma. Till now, there were few 
reports about the biological functions of HOXD-
AS1 in cervical cancer and the underlying me-
chanisms, and that’s which we want to explore 
in the current study.

In this paper, we explored the clinical role of 
HOXD-AS1 in human cervical cancer tissues. 
Results suggested that high expression of HOXD-
AS1 was clinically related to tumor-node-meta-
stasis (TNM) stages, lymphovascular invasion, 
lymph node metastasis, as well as recurrence in 
cervical cancer patients. Moreover, we detected 
the influence of HOXD-AS1 on cervical cancer 
both in cervical cancer cells, as well as xenograft 
mice models. Results proved that HOXD-AS1 

expression was involved in cancer metastasis 
and recurrence. In HeLa and CaSki cells, when 
down-regulating the expression of HOXD-AS1 
using siRNA, cell viability and colony formation 
ability were significantly repressed. Furthermo-
re, results demonstrated that the promoting role 
of HOXD-AS1 in cancer cells may be involved 
in the Ras/ERK signaling pathway. Later on, we 
confirmed the hypothesis in the xenograft mo-
dels. From all the above results, we concluded that 
HOXD-AS1 may work as a promising biomarker 
and target for cervical cancer.

Ras signaling pathway plays an important 
part in cell growth, as well as cell differentia-
tion. Active Ras-GTP can subsequently regulate 
the serine/threonine kinase Raf, and then acti-
vates the protein kinases MEK1/2. Afterwards, 
p44/p42 (ERK1/2) can be phosphorylated/acti-
vated21. From this study, we may draw a conclu-
sion that the Ras/ERK signaling pathway may 
be a targeted molecular pathway of HOXD-AS1 
in regulating carcinogenesis and development of 
cervical cancer.

Figure 1. The relative expression of HOXD-AS1 in cervical cancer cell lines and its role in cervical cancer cell growth in 
vitro. (A) The relative expression of HOXD-AS1 in cervical cancer cell lines (HeLa, CaSki, Me-180, C33A, and SiHa) and 
normal human ovary cell line HOSE was evaluated by RT-qPCR analysis. The expression of HOXD-AS1 in (B) HeLa and (C) 
CaSki cells transfected with HOXD-AS1 siRNA1, HOXD-AS1 siRNA2, or control siRNA was determined by RT-qPCR, and 
U6 was used as the endogenous control. Cell viability in HOXD-AS1 siRNA-treated (D) HeLa and (E) CaSki cells was exami-
ned by MTT assay at 24, 48, and 72 h post transfection. Colony formation ability in HOXD-AS1 siRNA-treated (F) HeLa and 
(G) CaSki cells was assessed by colony formation assay. Data are presented as the mean ± SD (n = 3; *p<0.05 and **p<0.01).
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Conclusions

We first explored the biological functions of 
HOXD-AS1 in carcinogenesis and development 
of cervical cancer and its underlying molecular 
mechanisms. Results in this study implied that 
HOXD-AS1 may work as an effective biology 
marker for cervical cancer via regulating the Ras/
ERK pathway in vitro and in vivo. Therefore, 
HOXD-AS1 may serve as a new factor for predi-
cting prognosis, as well as a promising therapeu-
tic target to conquer cervical cancer.

Acknowledgments
This work was supported by Medical and Health Re-
search Program of General Logistics Department 
(06G006). 

Conflict of interest
The authors declare no conflicts of interest.

References

  1)	 Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer 
J Clin 2015; 65: 87-108.

  2)	 Yu QT, Meng ZB. Treatment of advanced breast 
cancer with a combination of highly agglutinative 
staphylococcin and vinorelbine-based chemothe-
rapy. Eur Rev Med Pharmacol Sci 2016; 20: 3465-
3468.

  3)	 Zhu J, Zheng Y, Zhang H, Sun H. Targeting can-
cer cell metabolism: the combination of metfor-
min and 2-Deoxyglucose regulates apoptosis in 
ovarian cancer cells via p38 MAPK/JNK signaling 
pathway. Am J Transl Res 2016; 8: 4812-4821.

  4)	 Noordhuis MG, Fehrmann RS, Wisman GB, Nijhuis 
ER, van Zanden JJ, Moerland PD, Ver LVTE, Volders 
HH, Kok M, Ten HK, Hollema H, de Vries EG, de Bock 
GH, van der Zee AG, Schuuring E. Involvement of 
the TGF-beta and beta-catenin pathways in pel-
vic lymph node metastasis in early-stage cervical 
cancer. Clin Cancer Res 2011; 17: 1317-1330.

  5)	 Toffanin S, Hoshida Y, Lachenmayer A, Villanueva A, 
Cabellos L, Minguez B, Savic R, Ward SC, Thung S, 
Chiang DY, Alsinet C, Tovar V, Roayaie S, Schwartz M, 
Bruix J, Waxman S, Friedman SL, Golub T, Mazzaferro 

Figure 2. Effect of HOXD-AS1 knockdown on cervical cancer cell growth in vivo and its potential mechanism. HeLa 
cells transfected with HOXD-AS1 siRNA1 or control siRNA were subcutaneously injected into nude mice for xenograft. (A) 
Tumor volume of in vivo xenograft experiments was calculated for every 7 days from day 7 of injection. (B) Tumor weight of 
in vivo xenograft experiments was detected at 21 days after injection. (C) The expression of HOXD-AS1 in excised tumor sam-
ples was determined by RT-qPCR. (D) The levels of Ras, p-ERK1/2, and t-ERK1/2 in excised tumor samples were evaluated 
by Western blot analysis. Data are presented as the mean ± SD (n = 6; *p<0.05, **p<0.01 and ***p<0.001).



Long noncoding RNA HOXD-AS1 inhibits cervical cancer

5055

V, Llovet JM. MicroRNA-based classification of he-
patocellular carcinoma and oncogenic role of miR-
517a. Gastroenterology 2011; 140: 1618-1628.

  6)	 Gutschner T, Diederichs S. The hallmarks of cancer: 
a long non-coding RNA point of view. RNA Biol 
2012; 9: 703-719.

  7)	 Zhang Y, Wang T, Huang HQ, Li W, Cheng XL, Yang 
J. Human MALAT-1 long non-coding RNA is ove-
rexpressed in cervical cancer metastasisand pro-
motes cell proliferation, invasion and migration. J 
BUON 2015; 20: 1497-1503.

  8)	 Li M, Li J, Ding X, He M, Cheng SY. MicroRNA and 
cancer. AAPS J 2010; 12: 309-317.

  9)	 Zhang B, Arun G, Mao YS, Lazar Z, Hung G, Bhatta-
charjee G, Xiao X, Booth CJ, Wu J, Zhang C, Spector 
DL. The lncRNA Malat1 is dispensable for mouse 
development but its transcription plays a cis-regu-
latory role in the adult. Cell Rep 2012; 2: 111-123.

10)	 Grote P, Wittler L, Hendrix D, Koch F, Wahrisch S, 
Beisaw A, Macura K, Blass G, Kellis M, Werber M, Her-
rmann BG. The tissue-specific lncRNA Fendrr is an 
essential regulator of heart and body wall develop-
ment in the mouse. Dev Cell 2013; 24: 206-214.

11)	 Augoff K, McCue B, Plow EF, Sossey-Alaoui K. MiR-
31 and its host gene lncRNA LOC554202 are regu-
lated by promoter hypermethylation in triple-nega-
tive breast cancer. Mol Cancer 2012; 11: 5.

12)	 Yarmishyn AA, Batagov AO, Tan JZ, Sundaram GM, 
Sampath P, Kuznetsov VA, Kurochkin IV. HOXD-AS1 
is a novel lncRNA encoded in HOXD cluster and a 
marker of neuroblastomaprogression revealed via 
integrative analysis of noncoding transcriptome. 
BMC Genomics 2014; 15 Suppl 9: S7.

13)	 Liu WJ, Jiang NJ, Guo QL, Xu Q. ATRA and As(2)
O(3) regulate differentiation of human hematopo-
ietic stem cells into granulocyte progenitor via al-
teration of HoxB8 expression. Eur Rev Med Phar-
macol Sci 2015; 19: 1055-1062.

14)	 Li J, Zhuang C, Liu Y, Chen M, Chen Y, Chen Z, He A, 
Lin J, Zhan Y, Liu L, Xu W, Zhao G, Guo Y, Wu H, Cai 
Z, Huang W. Synthetic tetracycline-controllable 
shRNA targeting long non-coding RNA HOXD-A-
S1inhibits the progression of bladder cancer. J 
Exp Clin Cancer Res 2016; 35: 99.

15)	 Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, 
Wong DJ, Tsai MC, Hung T, Argani P, Rinn JL, Wang 
Y, Brzoska P, Kong B, Li R, West RB, van de Vijver 
MJ, Sukumar S, Chang HY. Long non-coding RNA 
HOTAIR reprograms chromatin state to promote 
cancer metastasis. Nature 2010; 464: 1071-1076.

16)	 Wang Y, He L, Du Y, Zhu P, Huang G, Luo J, Yan X, 
Ye B, Li C, Xia P, Zhang G, Tian Y, Chen R, Fan Z. The 
long noncoding RNA lncTCF7 promotes self-re-
newal of human liver cancer stem cells through 
activation of Wnt signaling. Cell Stem Cell 2015; 
16: 413-425.

17)	 Kim HJ, Lee DW, Yim GW, Nam EJ, Kim S, Kim SW, Kim 
YT. Long non-coding RNA HOTAIR is associated 
with human cervical cancer progression. Int J On-
col 2015; 46: 521-530.

18)	 Bu D, Luo H, Jiao F, Fang S, Tan C, Liu Z, Zhao 
Y. Evolutionary annotation of conserved long 
non-coding RNAs in major mammalian species. 
Sci China Life Sci 2015; 58: 787-798.

19)	 Dinger ME, Amaral PP, Mercer TR, Pang KC, Bruce 
SJ, Gardiner BB, Askarian-Amiri ME, Ru K, Solda 
G, Simons C, Sunkin SM, Crowe ML, Grimmond SM, 
Perkins AC, Mattick JS. Long noncoding RNAs in 
mouse embryonic stem cell pluripotency and dif-
ferentiation. Genome Res 2008; 18: 1433-1445.

20)	 Hall PA, Russell SH. New perspectives on neopla-
sia and the RNA world. Hematol Oncol 2005; 23: 
49-53.

21)	 Kolch W. Meaningful relationships: the regulation 
of the Ras/Raf/MEK/ERK pathway by protein inte-
ractions. Biochem J 2000; 351: 289-305.


