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Abstract.  – OBJECTIVE: Colorectal cancer is 
presently the third most commonly diagnosed 
cancer in the United States. In this study, we 
identified molecular differences between hepat-
ic and non-hepatic metastases in colorectal can-
cer and evaluated their prognostic significance. 

MATERIALS AND METHODS: We download-
ed primary data from the NCBI Gene Expres-
sion Omnibus (GSE6988, GSE62321, GSE50760, 
and GSE28722). To identify the molecular differ-
ences, we used the Significance Analysis of Mi-
croarray method. We selected nine prognostic 
genes (SYTL2, PTPLAD1, CDS1, RNF138, PIGR, 
WDR78, MYO7B, TSPAN3, and ATP5F1) with he-
patic metastasis prediction score in colorectal 
cancer (hereafter referred to as LASSO Score). 
We confirmed the prognostic significance of the 
LASSO Score by using Kaplan-Meier survival 
analysis, multivariate analysis, the time-depen-
dent area under the curve (AUC) of Uno’s C-in-
dex, and the AUC of the receiver operating char-
acteristic curve at 1-5 years. 

RESULTS: Survival analysis revealed that a 
high LASSO Score is associated with a poor 
prognosis in colorectal cancer patients with 
hepatic metastases (p = 0). Analysis of C-indi-
ces and AUC values from the receiver operating 
characteristic curve further supported this pre-
diction by the LASSO Score. Multivariate analy-

sis confirmed the prognostic significance of the 
LASSO Score (p = 1.13e-06). 

CONCLUSIONS: This study reveals the bio-
logical mechanisms underlying hepatic metas-
tases in colorectal cancer and will help in devel-
oping targeted therapies for colorectal cancer. 

Key Words: 
Colorectal cancer, Hepatic metastases, LASSO, Prog-

nosis.

Introduction

Colorectal cancer is the second most and third 
most common cancer among women and men, re-
spectively1. It accounts for approximately 10% of 
cancer-related deaths2. In the year 2013, 771,000 
people died due to colorectal cancer worldwide, 
making it the fourth most common global cause of 
cancer-related deaths after lung, liver, and stom-
ach cancer3. Distant metastasis occurs mainly in 
the liver and is the major cause of death in col-
orectal cancer patients. Depending on the stage of 
primary tumors, the occurrence of liver metastasis 
ranges from 20% (Stage II) to 70% (Stage IV)4.
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Aggressive liver resection in colorectal can-
cer patients with liver metastasis can presumably 
improve the five-year survival rate, but in more 
than 70% of the patients are not recommended a 
curative resection5. However, even when resec-
tion is combined with modern adjuvant system-
ic regimes, it is curative in only 20% of patients6,7, 
with 70% developing recurrence, primarily in the 
liver8. Multidisciplinary treatments, evolving che-
motherapy agents, and patient care have improved 
the overall five-year survival rates from <8% to 
25%-40%9,10. Among patients without liver resec-
tion, the median survival rate is approximately 14-
21 months11,12. The present chemotherapeutic reg-
imens report a median survival rate of 20 months. 
Patients with unresectable metastases have a me-
dian survival rate of 4-12 months11-17.

Although recent advances have led to an in-
crease in the patients’ overall survival with un-
resectable liver metastasis18,19, a thorough under-
standing of the molecular biology of metastases is 
essential for detecting liver metastasis in its ear-
ly stages and for optimizing the risk stratification 
to monitor liver metastasis. The present diagnos-
tic imaging tools, such as contrast-enhanced com-
puted tomography, positron emission tomogra-
phy-CT, and magnetic resonance imaging can de-
tect colorectal cancer liver metastasis20; however, 
these modalities are of limited value due to their 
inability to efficiently identify early metastatic le-
sions and the costs associated with advanced im-
aging. Considering these clinical challenges, the 
development of metastasis-specific molecular 
biomarkers that can help in predicting outcomes 
and developing more effective treatment therapies 
is warranted.

In the current era of genomic medicine and tar-
geted therapies, biomarkers have emerged as im-
portant prognostic and predictive factors to guide 
systemic therapy and patient selection for sur-
gery. We analyzed four publicly accessible data 
sets from the Gene Expression Omnibus (GEO) 

to develop a system that predicts hepatic metas-
tasis and prognosis of colorectal cancer (LASSO 
Score) in colorectal cancer patients.

Materials and Methods

Patient Data and Study Design
Genomic and clinical data were accessed from 

the Gene Expression Omnibus (https://www.nc-
bi.nlm.nih.gov/geo/). We used three independent 
cohorts (GSE6988, GSE62321, and GSE50760) 
to find common differentially expressed genes 
(DEGs), and further used GSE28722 to obtain 
metastasis prediction scores. We only included 
patients with colon adenocarcinoma in this study. 
The number of patients is described in Table I. 

Statistical Analysis
We performed the Significance Analysis of Mi-

croarray (SAM) to find DEGs using the R pack-
age siggenes, which has been used in previously 
published studies for similar analyses21. We decid-
ed a Delta value with False Discovery Rate val-
ue as 0.05. Overrepresentation analysis was per-
formed to identify enriched pathways of com-
mon DEGs using ConsensusPathDB (http://cpdb.
molgen.mpg.de/). To develop a metastasis pre-
diction score, we performed variable selection 
via the least absolute shrinkage and selection op-
erator (LASSO) regression with leave-one-out 
cross-validation using the R package coxnet22. 
We performed survival analyses to predict metas-
tasis-free survival for patients with colon cancer. 
Moreover, we evaluated the discriminatory pow-
er of the score via several methods [Kaplan-Meier 
curve, Uno’s C index, area under the curve (AUC) 
value at a specific time, and Cox proportional haz-
ard regression] using the R package survival and 
survAUC, as previously mentioned23. All statisti-
cal analyses were performed using the R studio 
software (ver. 1.1.453, Boston, MA, USA).

Table I. The number of colorectal cancer patients in each cohort.

Variables	 GSE6988	 GSE62321	 GSE50760	 GSE28722
				  
Patients (n)	 68	 15	 18	 125
Normal colorectal mucosa	 22	 15	 18	 0
Colorectal primary tumor
(adenocarcinoma)	 44	 15	 18	 125
Colorectal liver metastasis tumor (adenocarcinoma)	 24	 0	 0	 N/A
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Results

Differentially Expressed Genes 
Associated With Hepatic Metastases 
in Colon Cancer

To evaluate the candidate genes involved in 
the progression of hepatic metastases in colon 
cancer patients, we analyzed differentially ex-
pressed genes (DEGs) in the normal individ-

uals and three cohorts of colon cancer patients 
(GSE6988, GSE62321, and GSE50760) us-
ing the SAM method (Figure 1). We identified 
common DEGs within each cohort. A total of 85 
common-upregulated and 260 common-down-
regulated genes were also identified from the 
three cohorts (Figure 1A). In these three cohorts, 
1124 upregulated and 3855 downregulated genes 
were identified from GSE6988, 470 upregulat-
ed and 1910 downregulated genes were identi-
fied from GSE62321, and 5013 upregulated and 
3319 downregulated genes were identified from 
GSE50760. The GSE6988 cohort was divided 
into two groups: hepatic and non-hepatic me-
tastases. Of the 345 common DEGs, we identi-
fied 48 DEGs that promoted hepatic metastases 
in colon cancer patients (Figure 1B). The DEGs 
are listed in Table II. Moreover, pathway analy-
sis of the 46 downregulated DEGs from colorec-
tal cancer patients with hepatic metastases was 
performed (Table III). The 11 pathways with the 
most significant p-value are listed in Table III. 
Of these 48 genes, the GSE28722 cohort was 
subjected to LASSO analysis to determine the 
metastasis prediction score from the metastasis 
groups (Figure 1C). A total of nine prognostic 
genes (SYTL2, PTPLAD1, CDS1, RNF138, PI-
GR, WDR78, MYO7B, TSPAN3, and ATP5F1) 
for metastasis prediction score were selected 
(hereafter referred to as the LASSO Score) (Ta-
ble IV). The regression coefficients for the risk 
score are described in Table IV.

Table II. Common upregulated or downregulated genes in 
colorectal cancer with liver metastasis..

Gene symbol

Upregulated genes
GPT2	 PTPLAD1	

Downregulated genes
ABI3BP	 AFG3L2	 AIFM3
ATP2A3	 ATP5F1	 ATP8B1
ATPIF1	 B3GALT5	 C10orf99
CAPN5	 CDS1	 DHRS9
GAB1	 LIMA1	 MARVELD
MGLL	 MLXIP	 MYO5B
MYO7B	 NDUFC1	 PDE5A
PIGR	 RIPK1	 RNF138
S100A10	 SCAMP2	 SH3KBP1
SH3RF1	 SIAE	 SLC26A2
SLC44A2	 SMAD2	 SPINT1
SSPN	 ST6GALNAC6	 SYTL2
TAGAP	 TCF7L2	 TFCP2L1
TLR3	 TMC4	 TMEM54
TSPAN3	 VSIG2	 VTI1B
WDR78		

Figure 1. The running procedure of the LASSO Score.
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Table III. Enriched pathways of downregulated genes in colorectal cancer with liver metastasis.

					     No. of	
		  No. of			   overlapped 	 Overlapped
Pathways	 Source	 genes in set	 p-value	 q-value	 genes 	 genes

TLR3-mediated TICAM1-dependent programmed cell death	 Reactome	 6	 8.76e-05	 0.00517	 2	 TLR3, RIPK1
Signaling by MET	 Reactome	 61	 0.000443	 0.0131	 3	 GAB1, SH3KBP1, SPINT1
TICAM1, RIP1-mediated IKK complex recruitment	 Reactome	 21	 0.0012	 0.0212	 2	 TLR3, RIPK1
RIP-mediated NFkB activation via ZBP1	 Reactome	 23	 0.00144	 0.0212	 2	 TLR3, RIPK1
ZBP1(DAI) mediated induction of type I IFNs	 Reactome	 27	 0.00198	 0.0234	 2	 TLR3, RIPK1
Glycerophospholipid biosynthesis	 Reactome	 133	 0.00419	 0.0412	 3	 CDS1, MGLL, SLC442
Signaling by EGFR	 Reactome	 43	 0.00498	 0.042	 2	 GAB1, SH3KBP1
Gastric cancer–Homo sapiens (human)	 KEGG	 149	 0.00575	 0.0424	 3	 GAB1, TCF7L2, SMAD2
Cytosolic sensors of pathogen-associated DNA	 Reactome	 51	 0.00695	 0.0431	 2	 TLR3, RIPK1
Hepatocellular carcinoma-Homo sapiens (human)	 KEGG	 168	 0.008	 0.0431	 3	 GAB1, TCF7L2, SMAD2
Ion transport by P-type ATPases	 Reactome	 55	 0.00804	 0.0431	 2	 ATP2A3, ATP8B1
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Prognostic Value of the LASSO Score for 
Metastasis Prediction

To evaluate the prognostic value of the LASSO 
Score for hepatic metastases in colorectal cancer, 
we analyzed the Kaplan-Meier curves of the LAS-
SO Score with a cutoff value (Figure 2A and Ta-
ble V). The group with a high LASSO Score had a 
significantly shorter survival duration than that of 
the group with a low LASSO Score (Figure 2A). 
The prognostic value of the LASSO Score for he-

patic metastases in colorectal cancer was further 
confirmed using multivariate analysis (Table V).

To assess the efficiency of the LASSO Score as 
a biomarker for hepatic metastases in colorectal 
cancer, we examined Uno’s C-index for time-de-
pendent AUC analysis (Figure 2B) and AUC val-
ues from one to five years for the ROCs (Figure 
2C). The LASSO Score yielded high C-index val-
ues compared with the age and Dukes stage (LAS-
SO Score: 0.796, AGE: 0.522, DUKE_STAGE: 
0.724; Figure 2B). The ROC graphs revealed high 
AUC values for 1-5 years from the LASSO Score 
(1 year: 0.745, 2 years: 0.82, 3 years: 0.812, 4 
years: 0.807, and 5 years: 0.846; Figure 2C). The 
five-year ROC graphs revealed high AUC values, 
compared with those of the ROC graphs for 1-4 
years.

Discussion

Although multiple genetic factors contributing 
to hepatic metastases in colorectal cancer and its 
pathobiology have been studied extensively, the 
mechanisms underlying the progression of hepat-
ic metastases in colorectal cancer remain unclear. 

Table IV. Selection of genes and regression coefficients for 
risk score.

		  Regression 
Gene symbol	 Hazard ratio	 coefficients

SYTL2	 2.508545	 0.919703
PTPLAD1	 0.399470	 −0.91762
CDS1	 0.438212	 −0.82505
RNF138	 0.567074	 −0.56727
PIGR	 0.625969	 −0.46845
WDR78	 0.969584	 −0.03089
MYO7B	 0.782271	 −0.24555
TSPAN3	 0.627621	 −0.46582
ATP5F1	 0.891459	 −0.11490

Table V. Univariate and multivariate analysis of metastasis-free survival.

	 Univariate analysis	 Multivariate analysis 

Parameters	 p	 HR	 95 Cl	 p	 HR	 95 Cl

Age	 0.582	 1.00805	 0.9797	 1.037	 0.6841	 1.006	 0.9775	 1.035
DUKE stage
(A & B vs. C & D)	 6.6e-07	 6.175	 3.013	 12.66	 0.00151	 3.460	 1.6074	 7.447
LASSO-score	 4.92e-11	 5.1542	 3.161	 8.404	 1.13e-06	 3.739	 2.1985	 6.360

Figure 2. Analysis of the LASSO Score. A, Expression levels of genes are classified as low or high (blue or red lines, re-
spectively) based on the comparison of their median cut-off values from the LASSO Score. B, Time-dependent area under the 
curve (AUC) of the groups for LASSO Score, age, and Dukes stage. C, Receiver operating characteristics (ROC) curves for 
selected years in terms of the LASSO Score.
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The development of modern chemotherapeutic 
agents has led to an increase in long-term survival 
in nonresectable metastatic colorectal cancer pa-
tients. The median survival in patients can be ex-
tended by 4-6 months using systemic chemother-
apy. Moreover, adjuvant chemotherapy may also 
improve the quality of life24,25. Systemic treatment 
with 5-fluorouracil-leucovorin, irinotecan, and 
oxaliplatin has been introduced26. Furthermore, 
the addition of monoclonal antibodies against 
vascular endothelial growth factor and bevaci-
zumab to the combination chemotherapy signifi-
cantly improved the survival rate19.

Here, we systematically selected nine metasta-
sis-predicting genes based on the LASSO Score.

Synaptotagmin-like 2 (SYTL2) interacts with 
Rab27a GTPase in cytotoxic T cells and partici-
pates in cytotoxic granule secretion27. Moreover, 
it regulates the morphology of melanocytes and 
controls melanosome distribution in the cell pe-
riphery28. In ovarian cancer, SYTL2 is associated 
with the metastasis of ovarian cancer29.

Protein tyrosine phosphatase-like A domain 
containing PTPLAD1 localized in endosomes is 
associated with the insulin receptor and affects in-
sulin signaling30. CDP-diacylglycerol synthase 1 
(CDS1) catalyzes the formation of CDP-diacyl-
glycerol from phosphatidic acid31. Ring Finger 
Protein 138 (RNF138) is an E3 ubiquitin protein 
ligase that promotes DNA repair32-34. Polymeric 
immunoglobulin receptor (PIGR) is a transport-
er of polymeric IgA and IgM and is a prognos-
tic biomarker for hepatocellular carcinoma. PI-
GR levels increase in response to viral or bacteri-
al infections35. WD Repeat Domain 78 (WDR78) 
is essential for ciliary beating and for axonemal 
dyneins36. Myosin-7B (MYO7B) is an actin-based 
motor protein that promotes the accumulation of 
intermicrovillar adhesion complex components at 
the microvillar tips37. Tetraspanin-3 (TSPAN3) is 
an integral membrane protein and acts as a tar-
get of the RNA-binding protein Musashi-2, which 
plays a key role in AML38. ATP5F1 is a mitochon-
drial ATP synthase that utilizes an electrochemi-
cal gradient of protons across the inner membrane 
during oxidative phosphorylation39.

Conclusions

The development of biomarkers that can ef-
fectively predict patients’ prognosis with hepat-
ic metastases in colorectal cancer is warranted. 
Through SAM analysis, we tried to limit the pos-

sible candidates with accurate hepatic metasta-
sis prediction scores for colorectal cancer. LAS-
SO regression was used to optimize the candidate 
genes. We identified the prognostic value of the 
novel LASSO score for hepatic metastases in col-
orectal cancer. These findings provide a refined 
understanding of prognostic markers along with 
several unexpected observations. The results of 
the present study may help us understand the bi-
ological mechanisms underlying hepatic metasta-
ses in colorectal cancer and in developing target-
ed therapy for colorectal cancer. Although expres-
sion-based studies of LASSO Score have their 
own limitations, we suggest LASSO Score as a 
potential prognostic biomarker for hepatic metas-
tases in colorectal cancer.

Acknowledgements
This work was supported by a two-year research grant from 
the Pusan National University.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Author Contributions
DSK, DL, and YHK initiated the study and guided the 
work. HJH, GHK, BYH, JK, IAW, and HSC collected and 
normalized the data. JY, HK, KS, and YN analyzed and in-
terpreted the experimental data. All authors wrote the man-
uscript with input from all co-authors.

References

  1)	 Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers 
C, Rebelo M, Parkin DM, Forman D, Bray F. Can-
cer incidence and mortality worldwide: sources, 
methods and major patterns in GLOBOCAN 2012. 
Int J Cancer 2015; 136: E359-386.

  2)	 Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, 
Sung JJ, Boelens PG, van de Velde CJ, Watanabe T. 
Colorectal cancer. Nat Rev Dis Primers 2015; 1: 
15065.

  3)	 Mortality GBD, Causes of Death C. Global, region-
al, and national age-sex specific all-cause and 
cause-specific mortality for 240 causes of death, 
1990-2013: a systematic analysis for the Global 
Burden of Disease Study 2013. Lancet 2015; 385: 
117-171.

  4)	 Biasco G, Derenzini E, Grazi G, Ercolani G, Rava-
ioli M, Pantaleo MA, Brandi G. Treatment of he-
patic metastases from colorectal cancer: many 
doubts, some certainties. Cancer Treat Rev 2006; 
32: 214-228.



Prognostic gene set for hepatic metastases

12707

  5)	 Malafosse R, Penna C, Sa Cunha A, Nordlinger B. 
Surgical management of hepatic metastases from 
colorectal malignancies. Ann Oncol 2001; 12: 
887-894.

  6)	 Tomlinson JS, Jarnagin WR, DeMatteo RP, Fong 
Y, Kornprat P, Gonen M, Kemeny N, Brennan MF, 
Blumgart LH, D’Angelica M. Actual 10-year survival 
after resection of colorectal liver metastases de-
fines cure. J Clin Oncol 2007; 25: 4575-4580.

  7)	 House MG, Kemeny NE, Gonen M, Fong Y, Allen PJ, 
Paty PB, DeMatteo RP, Blumgart LH, Jarnagin WR, 
D’Angelica MI. Comparison of adjuvant systemic 
chemotherapy with or without hepatic arterial in-
fusional chemotherapy after hepatic resection for 
metastatic colorectal cancer. Ann Surg 2011; 254: 
851-856.

  8)	 Rees M, Tekkis PP, Welsh FK, O’Rourke T, John TG. 
Evaluation of long-term survival after hepatic re-
section for metastatic colorectal cancer: a multi-
factorial model of 929 patients. Ann Surg 2008; 
247: 125-135.

  9)	 Jemal A, Bray F, Center MM, Ferlay J, Ward E, For-
man D. Global cancer statistics. CA Cancer J Clin 
2011; 61: 69-90.

10)	 Adam R. Chemotherapy and surgery: new per-
spectives on the treatment of unresectable liver 
metastases. Ann Oncol 2003; 14 Suppl 2: ii13-16.

11)	 Scheele J, Stangl R, Altendorf-Hofmann A. Hepatic 
metastases from colorectal carcinoma: impact of 
surgical resection on the natural history. Br J Surg 
1990; 77: 1241-1246.

12)	 Wagner JS, Adson MA, Van Heerden JA, Adson MH, 
Ilstrup DM. The natural history of hepatic metasta-
ses from colorectal cancer. A comparison with re-
sective treatment. Ann Surg 1984; 199: 502-508.

13)	 Cady B, Monson DO, Swinton NW. Survival of pa-
tients after colonic resection for carcinoma with 
simultaneous liver metastases. Surg Gynecol Ob-
stet 1970; 131: 697-700.

14)	 Rougier P, Milan C, Lazorthes F, Fourtanier G, 
Partensky C, Baumel H, Faivre J. Prospective study 
of prognostic factors in patients with unresected 
hepatic metastases from colorectal cancer. Fon-
dation Francaise de Cancerologie Digestive. Br J 
Surg 1995; 82: 1397-1400.

15)	 Lahr CJ, Soong SJ, Cloud G, Smith JW, Urist MM, 
Balch CM. A multifactorial analysis of prognostic 
factors in patients with liver metastases from col-
orectal carcinoma. J Clin Oncol 1983; 1: 720-726.

16)	 Wood CB, Gillis CR, Blumgart LH. A retrospective 
study of the natural history of patients with liver 
metastases from colorectal cancer. Clin Oncol 
1976; 2: 285-288.

17	 Pestana C, Reitemeier RJ, Moertel CG, Judd ES, Dock-
erty MB. The natural history of carcinoma of the 
colon and rectum. Am J Surg 1964; 108: 826-829.

18)	 Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg 
H, Santoro A, Bets D, Mueser M, Harstrick A, Ver-
slype C, Chau I, Van Cutsem E. Cetuximab mono-
therapy and cetuximab plus irinotecan in irinotec-
an-refractory metastatic colorectal cancer. N Engl 
J Med 2004; 351: 337-345.

19)	 Hurwitz H, Fehrenbacher L, Novotny W, Cartwright 
T, Hainsworth J, Heim W, Berlin J, Baron A, Griff-

ing S, Holmgren E, Ferrara N, Fyfe G, Rogers B, Ross 
R, Kabbinavar F. Bevacizumab plus irinotecan, flu-
orouracil, and leucovorin for metastatic colorectal 
cancer. N Engl J Med 2004; 350: 2335-2342.

20)	 Bipat S, van Leeuwen MS, Ijzermans JN, Comans EF, 
Planting AS, Bossuyt PM, Greve JW, Stoker J. Ev-
idence-base guideline on management of col-
orectal liver metastases in the Netherlands. Neth 
J Med 2007; 65: 5-14.

21)	 Pak K, Suh S, Goh TS, Kim SJ, Oh SO, Seok JW, Kim 
IJ, Kim YH. BRAF-positive multifocal and unifocal 
papillary thyroid cancer show different messen-
ger RNA expressions. Clin Endocrinol (Oxf) 2019; 
90: 601-607.

22)	 Pak K, Oh SO, Goh TS, Heo HJ, Han ME, Jeong 
DC, Lee CS, Sun H, Kang J, Choi S, Lee S, Kwon EJ, 
Kang JW, Kim YH. A user-friendly, web-based in-
tegrative tool (ESurv) for survival analysis: devel-
opment and validation study. J Med Internet Res 
2020; 22: e16084.

23)	 Ha M, Son YR, Kim J, Park SM, Hong CM, Choi D, 
Kang W, Kim JH, Lee KJ, Park D, Han ME, Oh SO, 
Lee D, Kim YH. TEK is a novel prognostic marker 
for clear cell renal cell carcinoma. Eur Rev Med 
Pharmacol Sci 2019; 23: 1451-1458.

24)	 Nordic Gastrointestinal Tumor Adjuvant Therapy 
Group. Expectancy or primary chemotherapy in 
patients with advanced asymptomatic colorectal 
cancer: a randomized trial. J Clin Oncol 1992; 10: 
904-911.

25)	 Scheithauer W, Rosen H, Kornek GV, Sebesta C, De-
pisch D. Randomised comparison of combination 
chemotherapy plus supportive care with support-
ive care alone in patients with metastatic colorec-
tal cancer. BMJ 1993; 306: 752-755.

26)	 Saltz L, Shimada Y, Khayat D. CPT-11 (irinotecan) 
and 5-fluorouracil: a promising combination for 
therapy of colorectal cancer. Eur J Cancer 1996; 
32A Suppl 3: S24-31.

27)	 Menasche G, Menager MM, Lefebvre JM, Deutsch E, 
Athman R, Lambert N, Mahlaoui N, Court M, Garin 
J, Fischer A, de Saint Basile G. A newly identified iso-
form of Slp2a associates with Rab27a in cytotox-
ic T cells and participates to cytotoxic granule se-
cretion. Blood 2008; 112: 5052-5062.

28)	 Kuroda TS, Fukuda M. Rab27A-binding protein 
Slp2-a is required for peripheral melanosome 
distribution and elongated cell shape in melano-
cytes. Nat Cell Biol 2004; 6: 1195-1203.

29)	 Sung HY, Han J, Ju W, Ahn JH. Synaptotagmin-like 
protein 2 gene promotes the metastatic potential 
in ovarian cancer. Oncol Rep 2016; 36: 535-541.

30)	 Boutchueng-Djidjou M, Belleau P, Bilodeau N, Forti-
er S, Bourassa S, Droit A, Elowe S, Faure RL. A type 
2 diabetes disease module with a high collective 
influence for Cdk2 and PTPLAD1 is localized in 
endosomes. PLoS One 2018; 13: e0205180.

31)	 Qi Y, Kapterian TS, Du X, Ma Q, Fei W, Zhang Y, 
Huang X, Dawes IW, Yang H. CDP-diacylglycer-
ol synthases regulate the growth of lipid droplets 
and adipocyte development. J Lipid Res 2016; 57: 
767-780.

32)	 Schmidt CK, Galanty Y, Sczaniecka-Clift M, Coates 
J, Jhujh S, Demir M, Cornwell M, Beli P, Jackson 
SP. Systematic E2 screening reveals a UBE2D-



J. Yang, H. Kim, K. Shin, Y. Nam, H.J. Heo, G.H. Kim, B.-Y. Hwang, J. Kim, S. Woo et al 

12708

RNF138-CtIP axis promoting DNA repair. Nat Cell 
Biol 2015; 17: 1458-1470.

33)	 Ismail IH, Gagne JP, Genois MM, Strickfaden H, Mc-
Donald D, Xu Z, Poirier GG, Masson JY, Hendzel MJ. 
The RNF138 E3 ligase displaces Ku to promote 
DNA end resection and regulate DNA repair path-
way choice. Nat Cell Biol 2015; 17: 1446-1457.

34)	 Han D, Liang J, Lu Y, Xu L, Miao S, Lu LY, Song 
W, Wang L. Ubiquitylation of Rad51d mediated by 
E3 ligase Rnf138 promotes the homologous re-
combination repair pathway. PLoS One 2016; 11: 
e0155476.

35)	 Ai J, Tang Q, Wu Y, Xu Y, Feng T, Zhou R, Chen Y, 
Gao X, Zhu Q, Yue X, Pan Q, Xu S, Li J, Huang M, 
Daugherty-Holtrop J, He Y, Xu HE, Fan J, Ding J, 
Geng M. The role of polymeric immunoglobulin re-
ceptor in inflammation-induced tumor metastasis 
of human hepatocellular carcinoma. J Natl Can-
cer Inst 2011; 103: 1696-1712.

36)	 Zhang Y, Chen Y, Zheng J, Wang J, Duan S, Zhang 
W, Yan X, Zhu X. Vertebrate Dynein-f depends on 
Wdr78 for axonemal localization and is essential 
for ciliary beat. J Mol Cell Biol 2019; 11: 383-394.

37)	 Weck ML, Crawley SW, Stone CR, Tyska MJ. Myo-
sin-7b promotes distal tip localization of the inter-
microvillar adhesion complex. Curr Biol 2016; 26: 
2717-2728.

38)	 Kwon HY, Bajaj J, Ito T, Blevins A, Konuma T, Weeks 
J, Lytle NK, Koechlein CS, Rizzieri D, Chuah C, Oe-
hler VG, Sasik R, Hardiman G, Reya T. Tetraspanin 3 
is required for the development and propagation 
of acute myelogenous leukemia. Cell Stem Cell 
2015; 17: 152-164.

39)	 Carbajo RJ, Kellas FA, Runswick MJ, Montgom-
ery MG, Walker JE, Neuhaus D. Structure of 
the F1-binding domain of the stator of bovine 
F1Fo-ATPase and how it binds an alpha-subunit. 
J Mol Biol 2005; 351: 824-838.


