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ABSTRACT

Here, we employed a bioinformatics approach to identify novel molecular
determinants to predict tumor progression and overall survival in gastric cancer
patients. In particular, we directly assessed whether nuclear-derived mRNA species
encoding proteins involved in mitochondrial protein translation and OXPHQOS are able
to successfully predict clinical outcome in gastric cancer. As such, using in silico
validation, we have now established the prognostic value of these mitochondrial
ELRPDUNHUV LQ D GH{;QHG SRSXODWLRQ RI JDVWULF FDQFHU SDWLHQWV ,C
interrogated 5 year follow-up data collected from a group of N = 359 gastric cancer
patients. Importantly, in this group of cancer patients, Ki67 and PCNA (conventional
markers of cell proliferation) were associated with tumor progression, as might
EH H[SHFWHG 8VLQJ WKLV VLPSOL{;]HG LQIRUPDWLFY DSSURDFK ZH LGHQW
LQGLYLGXDO PLWRFKRQGULDO JHQH SUREHV WKDW HNHFWLYHO\ SUHGLFWHG
with hazard-ratios (HR) of up to 2.22 ( p < 2.1e-10). These mitochondrial MRNA
transcripts included heat shock proteins/chaperones, membrane proteins, anti-
R[LGDQWY HQ]J\PHVY LQYROYHG LQ JHQRPH PDLQWHQDQFH DV ZHOO DV Pl
ULERVRPDO SURWHLQV 053V DQG QXPHURXV PHPEHUV RI WKH 2;3+26 FRPSO
DGGLWLRQ ZH FRPELQHG PLWRFKRQGULDO SURWHLQ WUDQVFULSWV 1'8)6 ¢
IMMT, MRPL28, COX5B, MRPL52, PRKDC), to generate a compact gastric mitochondrial
gene signature, associated with a HR of 2.77 ( p =1.4e-14). As a result of this analysis
and validation, we strongly suggest that proteins involved in mitochondrial protein
translation and OXPHOS should be considered as targets for new drug discovery, for
WKH WUHDWPHQW RI JDVWULF FDQFHUV 7KH PLWRFKRQGULDO PDUNHUV ZH LGFH
also be used as companion diagnostics, to predict clinical outcomes, as well as the
patient response to therapy. This should allow a more successful and personalized
approach to gastric cancer diagnosis and therapy.

INTRODUCTION gastric cancer cells migrate and metastasize to the lymph
nodes, the abdomen, bones, lungs and the liver. The most

Gastric cancer, also known as stomach cancer, common etiology of gastric cancer is chronic infection

starts as an infectious disease that drives the development Wwith Helicobacter pylorj a bacterium, which represents

Rl FKURQLF LQADPPDWLRQ DQG XOf58-U0%withe cases {AL6R QlassicGyRPOME daBsist of

within the stomach wall lining. In most cases of gastric ~ “heartburn”, abdominal pain, nausea and vomiting, as well

FDQFHU WKHVH OHVLRQV DUH P R Bsa®trrR0d ecoud blaoddrHthedeses. e diagnosis

epithelial carcinomas [1-3]. During tumor progression,the R1 JDVWULF FDQFHU LV FRQ¢(UPHG E\ |
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revealing an invasive carcinoma. The disease is most with 5 years of follow-up data, to identify new potential

common in Asian countries, especially in South Korea and  biomarkers (Figure 1). As proliferative biomarkers are

Japan, among others [1-6]. RIWHQ XVHG DV FOLQLFDO HQGSRLQW
Unfortunately, the 5-year survival rates for gastric ~ assessed the prognostic value of Ki67 and PCNA, in this

cancer patients vary widely, from as low as 15% to as high  patient population. Tables 1, 2 and Figure 2 both show the

DV $V VXFK PRUH HuHFWLYH EL RiBdhastichalué dbtbade ¥XbrkdisQTiveChazard-ratios for

QHHGHG IRU WKH HDUO\ VWUDW L Kich aid FCQA ele U TOAM L&6FredpEry@l\ifor time

patients, into low-risk and high-risk groups at diagnosis. WR ¢(¢UVW SURJUHVVLRQ )3

Here, we directly tested the hypothesis that markers of We also assessed the prognostic value of a

mitochondrial biogenesis and respiratory function may PDFURSKDJH VSHFL¢F PDUNHU RI LQA

KDYH VLIJQL,FDQW SURJQRVWLF YDOXH LQ7TWEEBHDDQGLGHARWH ; MXWREZRWK D W

of high-risk gastric cancer patients, with increased tumor SUHGLFWHG WLPH WR ¢UVW SURJUHVYV

progression and poor overall survival. 1.46. Thus, conventional markers of proliferation and
ORUH VSHFL,FDOO\ ZH HPSOR\HIGQ ADPIPVOURQPPWHENVFW RYHUDOO VX

approach to determine the prognostic utility of nuclear-  patients.

encoded mitochondrial mRNA species in predicting

clinical outcome. Our results indicate that ~75 individual SURJQRVWLF YDOXH RI LQGLYLGX

PLWRFKRQGULDO JHQH SUREHV FD@® EHNHUWANFWLYHO\ XVHG WR

predict progression and survival in gastric cancer patients.

As a result, we propose the idea that mitochondria are

novel therapeutic targets for drug discovery, aimed at ~ To evaluate the hypothesis that elevated
RSWLPLILQJ WKH HuHFWLYHQHVV RPNl fasy Gieagnesiyy ¥d {yprtan somehow
al. contributes towards poor clinical outcome in gastric

cancer patients, we also determined the prognostic value
RESULTS of individual mitochondrial markers.

First, we examined the behavior of mitochondrial
membrane proteins and HSPs/chaperones. Table 3 and
. . . Figure 3 both show that VDAC3 and IMMT had the
PrOQOOS“C value  of proliferative  and best prognostic value, with a hazard-ratio of up to 2.22
LQADPPDWRU\ PDUNHUV LQ JDVWHLliRehs Qsptd aad WembéQ W Yhe TIMM and

TOMM gene families also had prognostic value; SOD2

Here, we used publically available transcriptional DOVR KDG VLJQL¢ ¢FDQW YDOXH 3RVL

SUR;OLQJ GDWD IURP WKH WXP R UV oRingpWHAONAPKHRPRERE), @ kingseuthatnepiptans

Gastric CA BioMarker Discovery

Bioinformatics Analysis of Gastric Cancer Patients
(Time to First Progression; 5-yr Follow Up; Exclude Biased Arrays)

\ g

Focus on Nuclear-Encoded Mitochondrial Genes
Related to Mito-Biogenesis and OXPHOS

¥

Determine if Mitochondrial-Associated Proteins have
Prognostic Value

¥

Intersection with Existing Gene Profiling and Outcome Data

$

New Targets & Predictors of Treatment Failure/Drug Resistance
(Progression and Overall Survival)

JLIXUH $ ELR LQIRUPDWLFV DSSURDFK W Relipse\Ws theuk ofr dashiE danderhAiehiy, With G LV |
5-years of follow-up data\( ,Q WKLV FRQWH[W ZH HYDOXDWHG WKH SURJQRVWLF YDOXH RI
progression and overall survival.
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Table 1: Prognostic value of Ki67 in gastric cancer

Table 2: Prognostic value of PCNA and CD163 in gastric cancer

7TDEOH URJQRVWLF YDOXH RI PLWRFKRQGULDO +63V DQG RWKHU P
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JLIXUH ODUNHUV Rl SUROLIHUDWLRQ DQG LQADPPDWLRQ SUHGMWeW SRRU
assessed the predictive value of Ki67 and PCNIX 359 gastric cancer patient$. Note that high transcript levels of Ki67 and PCNA

DUH DVVRFLDWHG ZLWK VLIQL,FDQWO\ UHGXFHG WLPH WR ¢UVW SURJU%NO¥LRQ 1RV
WKDW WKDW KLJK WUDQVFULSW OHYHOV RI &' DUH DVVRFLDWHG ZLWK VLIQL¢{FDQ

JLIXUH OLWRFKRQGULDO PHPEUDQH SURWHLQV DQG 35.'&4 DUH DVVRFLDW
SDWLSH QRWH WKDW WKDW KLJK WUDQVFULSW OHYHOV RI 9'$& DQG ,007 DUH DVVRFI
% 1RWH WKDW WKDW KLJK WUDQVFULSW OHYHOV RI 35.'& DUH DVVRFLDWHG ZLWK VL
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JLIXUH OLWRFKRQGULDO ULERVRPDO SURWHLQV 053V DUH DVVRFLDWH
SDWLS QWWH WKDW KLJK WUDQVFULSW OHYHOV RI 053/ DQG 053/ QASH@alyW VLIQL
KLJK WUDQVFULSW OHYHOV RI 0536 DQG 0536 SUHGLFW VLIJQL,;FDQWO\ UHGXFHG

JLIXUH OLWRFKRQGULDO FRPSOH[, DQG ,, SURWHLQVY DUH DVVRFLDWHG ZlI
$ 1IRWH WKDW KLJK OHYHOV RI 1'8)6 DQG 1'8)$% SUHGLFW %3indiarlyHigb VAl SDHES XFH G W
SUHGLFW VLIQL{FDQWO\ UHGXFHG WLPH WR ¢UVW SURJUHVVLRQ
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7TDEOH SURJQRVWLF YDOXH RI PLWRFKRQGULDO ULERVRPDO SURWHL

the integrity and copy number of the mitochondrial of complex | and Il are shown in Figure 5A, 5B, while
genome (mt-DNA). results with complex Il and IV are shown in Figure 6A,

Next, we determined the prognostic value of 6B. Results with complex V are highlighted in Figure 7.
mitochondrial ribosomal proteins (MRPs), which
are essential for mitochondrial biogenesis (Table 4). SURJQRVWLF YDOXH RI D VKRUW J
Twelve components of the large subunit (MRPLs)  signature
VKRZHG VLIJQL{FDQW SURJQRVWLF YDOXH ZLWK KD]DUG UDWLRYV
between 2.17 and 1.29. Notably, MRPL28 had the best
SURJQRVWLF YDOXH (LJKW GLUuHUHQW FRP5RDUDMMHRWIWR HSYRIEBVWLF V.
VXEXQLW 0536V VKRZHG VLJQL F DAHE ndtochondsid (Pakers. vwe gregneqinbined the most
with hazard-ratios between 1.89 and 1.36. As a result, Promising markers to create a new gastric mitochondrial
WZHQW\ GLUHUHQW 053V DOO SUHG YRS GXFHG WLPH WR ¢UVW
progression. Representative examples of Kaplan-Meier ORUH VSHFL¢FDOO\ *D OLWR 6LJQL
curves are shown in Figure 4, panels A & B. 8 genes (NDUFSS5, VDAC3, ATP50, IMMT, MRPL28,

In addition, we evaluated the prognostic value of ~COX5B, MRPLS2, PRKDC). Importantly, Ga-Mito-
members of the OXPHOS complexes I-V. These results 6LJQDWXUH \LHOGHG D VLJQL¢(FDQWO
DUH VXPPDUL]JHG LQ 7DEOH ,QWHUHB®W WLHBRKN WR W SWR VLRQ )3
probes for the OXPHOS complexes showed hazard-ratios &S Well as for overall survival (OS) (HR=2.01; p=6e-11).
between 2.27 and 1.30. NDUFS5 (complex 1) had the best The_s,e results are summarized in Table 6 and highlighted
prognostic value (HR=2.27; p=6e-10). COX5B (complex N Figure 8. o
L9 DQG $73 2 FRPSOH[ 9 DOVR VKR ZAGSWI e Gaie-@jgnature-1 represents a
prognostic value (HR=2.14; p=1.4e-08rsusHR=2.22; V LIQLLFDQW L_P SURYHPHQW RYHU LQC
p=2.1e-10). Kaplan-Meier analysis for components Piomarkers, as well as Ki67 and PCNA.
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7TDEOH BURJQRVWLF YDOXH RI PLWRFKRQGULDO 2;3+26 FRPSOH[HV
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7TDEOH &RPSDFW JDVWULF &% PLWR VLIQDWXUH IRU SUHGLFWLQJ FOLQL

DISCUSSION

selecting new “druggable” targets for innovative drug

development, to prevent treatment failure and improve

overall survival. As a consequence of our K-M analyses,

1HZ 3GUXJJDEOH" WDUJHWV WRhglieve topkthepniteghprgripl ribosome would be an

PLWRFKRQGULDO ELRJHQHVLYV D &GCEORERIEHY qeyqlaging weyey iphibitors of

PHWDEROLVP LQ FDQFHU FHOOV m!tochondrl_al protein franslation in cancer cells; similarly,
mitochondrial chaperones, the OXPHOS complexes and

the mitochondrial ATP-synthase may also be suitable

drug targets. Particular components of these multi-subunit

SURWHLQ FRPSOH[HV VKRZ VLJQL¢(FD

Here, we suggest that the new mitochondrial
markers that we developed here may also be useful for

J)LIXUH OLWRFKRQGULDO FRPSOH[ ,,, DQG ,9 SURWHLQVY DUH DVVRFLDWH

SDWLHQWWH WKDW KLJK OHYHOV RI %&6 / DQG 84&5 SUHGLF WoSihiilay,Lhigh vl O\ UHG:
RlI &2; % DQG &2; 1% SUHGLFW UHGXFHG WLPH WR ¢UVW SURJUHVVLRQ
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JLIXUH OLWRFKRQGULDO FRPSOH[ 9 SURWHLQVY DUH DVVRFLDWHNeteZLWK SF
WKDW KLJK OHYHOV RI $73 2 DQG $73 * SUHGLFW VLIJQL,FDQWO\ UHGXFHG WLPH WR

JLIXUH $ VKRUW PLWRFKRQGULDO VLIQDWXUH SUHGLFWV WXPRU SURJUH\
We combined 8 mitochondrial proteins (NDUFS5, VDAC3, ATP50, IMMT, MRPL28, COX5B, MRPL52, PRKDC), to generate a compact
gastric mitochondrial gene signature.

JLIXUH *DVWULF FDQFHU OLWRFKRQGULDO EDVHG
GLDIJQRVWLFV IRU SHUVRQdIbEeHG WKHUD S\

scheme, mitochondrial markers could be used to separate gastric

cancer patients into high-risk and low-risk groups. Then, patients

with high levels of mitochondrial markers in their primary tumor

(“bad prognosis”) would be treated with mitochondrial-based

therapies, to prevent progression and increase survival.
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suggesting that modulation of their intrinsic activity may with advanced metastatic disease (collected from pleural
SURYLGH WKHUDSHXWLF EHQH/;WV HIDXVIRW®WY QU IV AMKWHANH AXD G J B @

protein complexes would be predicted to suppress tumor Interestingly, these functional observations could
recurrence and prevent disease progression in these gastric mechanistically explain the high prognostic value of
cancer patients. mitochondrial markers in predicting progression and

Similarly, these mitochondrial markers could also be  survival in gastric cancer patients. Patients with high
employed as companion diagnostics for novel therapies levels of mitochondrial markers may have increased
targeting either mitochondrial protein translation or levels of CSCs (Figure 9). As a result, these mitochondrial
cellular respiration, to select the high-risk sub-population  biomarkers could also be used as companion diagnostics,
of gastric cancer patients, resulting in the proper treatment WR LGHQWLI\ ZKLFK JDVWULF FDQFHU
VWUDWLFDWLRQ )LJIJXUH ,Q GLUHowW koM SahtRddderRtheve by LwithD oy e RO
ZH VKRZHG KHUH WKDW a GLuHUH QathapslvwWhRoEh&r ihQiiiddd db raitoShdriRliiaHbibgenesis
could be used to successfully identify the sub-population  and/or drugs metabolically targeting respiratory function,
of high-risk gastric cancer patients. As such, these results such as Metformin).
indicate that mitochondrial markers could be used to
monitor and/or predict the response to therapy, identifying 0(7+2' 2) $1%$/<6,6
patients at high-risk for treatment failure at diagnosis,
several years in advance, even prior to the initiation of Kaplan-Meier (K-M) Analyses. To perform K-M
therapy. analysis on nuclear mitochondrial gene transcripts, we

used an open-access, online survival, data analysis tool to
&DQFHU VWHP FHOOV &6&V  iKiérdghte plifikhll dddablE ficroarray data from up
PLWRFKRQGULDO SRZHU GLDJQ Rty WWe5gastig GandéKpkitignis $LB| XrisLafowed us to
LPSOLFDWLRQV determine their overall prognostic value. For this purpose,

we primarily analyzed 5-year follow-up data from gastric

) cancer patients (N WS{SQ: Biased arr ﬁlt were excluded
SHFHQWOV ZH LGHQWL¢HG LQFW%thgn ly isE M Ilcﬁ%a?%ggtgliﬁ ~75 nuclear
function as a new feature of cancer stem cells (CSCs), PLWRFKRQGULDO JHQH SUREHV ZLWK
based on unbiased proteomics analysis [7-9,11]. This YDOXH +D]DUG UDWLRV IRU WLPH WR

increase is njitochondrial' function' in ,CSCS may be and overall survival (OS) were calculated, at the best
secondary to increased mitochondrial biogenesis and/or DXWR VHOHFWHG FXW Ru DQG S YDOX

elevated mitochondrial protein translation, resulting in the he loarank test and plotted in R. K-M curves were also

VWHDG\ VWDWH DPSOL¢FDWLRQ RI P e%gfe’;l ﬁ%(%LHII’T éﬁﬁ-&ote?ashigf@e olution

7TKHVH ¢QGLQJYV KDYH LPSRUWDQW L %Pc WLR IR, (&FHY 6@‘78 LDWH DQ

new approaches for identifying and eradicating CSCs. ’ KWWS NPSORW FRP DQDO\VLV LQG
Importantly, our previous studies directly show

WKDW OLWR7UDFNHU D AXRUHVFHQW?%Egﬁi%ﬁEﬁ%?EE%&lw O GiH
FDQ EH XVHG WRJHWKHU ZLWK AR g EbWdf thddd it dchoftaRtal %y frér candidates.
CSCs from heterogeneous populations of cancer cells
[12,13]. Importantly, the “Mito-high” cells showed the
greatest functional capacity for i) anchorage-independent
growth and ii) tumor-initiating activityn vivo [12-14].
Quantitatively similar results were also obtained with CSCs, cancer stem-like cells; HR, hazard ratio;
other mitochondrial probes (for detecting ROS and H202)  K-M, Kaplan-Meier; MRPL, mitochondrial ribosomal
DQG RU 1$' 3 + DXWR AXRUHVFHQFH pb@ias, \ake suBuhiD WRPS, britbkHandNal ribosomal
of increased mitochondrial respiratory activity [14]. proteins, small subunit; N, number of patients in a given
In support of these functional studies, we have also data set; OS, overall survival;, OXPHOS, oxidative
shown that FDA-approved antibiotics can be used to phosphorylation (mitochondrial respiration); FP, time to
HUHFWLYHO\ WDUJHW PLWRFKRQGULPpUMWESERIYHVVARPHFDXVH
mitochondria evolved from aerobic bacteria, over a period
>1.5 billion years, certain types of antibiotics functionally $XWKRU FRQWULEXWLRQV
inhibit mitochondrial biogenesis, as a manageable side-
HuHFW ,Q WKLV FRQWH[W WHWUDF\FQLQH DOWLELRWLFY VXEK DV
Doxycycline, appeared to be the most promising. For . . rofe;sor IT' anti and Dr. Sotgla} conceived ar)d
H[DPSOH 'R[F\FOLQH HuHFWLYHO\ HNaed thisgrpierl, REqfesspr Lisanti and Dr. Sotgia
GLUHUHQW FHOO OLQHV UHSUHVHQRRHM Ek”m%dlf*l?l—tf'ﬁ'” WRRIGE ANB'YSIS G ete e

as well as in primary tissue samples derived from patients uscript.

Abbreviations
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