
NE:6 AND 9IE:6 

cLUcXPVWaQceV.  
 
SWaQdaUd WUeaWPeQW Rf AML cRQVLVWV Rf a cRPbLQaWLRQ 
Rf cKePRWKeUaS\ aQd UadLRWKeUaS\. TUeaWPeQW VWaQd-
aUdV KaYe UePaLQed VWagQaQW RYeU WKe SaVW feZ decadeV 
aQd aUe RfWeQ fROORZed b\ daPage WR KeaOWK\ WLVVXe aQd 
a KLgK LQcLdeQce Rf UeOaSVe. DeVSLWe acKLeYLQg cRP-
SOeWe UePLVVLRQ LQ a PaMRULW\ Rf AML SaWLeQWV, RYeU 70 
SeUceQW Rf adXOWV aQd 30 SeUceQW Rf cKLOdUeQ ZLOO Ue-
OaSVe aQd VXccXPb WR WKe dLVeaVe ZLWKLQ fLYe \eaUV Rf 
WKeLU LQLWLaO dLagQRVLV.3 A XQLTXe VXbVeW Rf caQceURXV 
ceOOV caOOed caQceU VWeP ceOOV (CSC) KaYe beeQ LPSOL-
caWed LQ UeOaSVe. TKeVe ceOOV KaYe beeQ VKRZQ WR UeVLVW 
W\SLcaO aQWLcaQceU WKeUaSLeV XVed LQ AML WUeaWPeQW 
aQd caQ UePaLQ LQ a TXLeVceQW VWaWe aQd PaLQWaLQ a 
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AcXWe OeXNePLaV aUe a UaUe VeW Rf caQceUV ZLWK dLVSUR-
SRUWLRQaWeO\ ORZ UaWeV Rf VXUYLYaO. AOWKRXgK WKeVe LOO-
QeVVeV PaNe XS OeVV WKaQ WKUee SeUceQW Rf aOO caQceUV, 
WKe\ UeVXOW LQ PRUe deaWKV WKaQ aQ\ RWKeU caQceU LQ 
WKRVe XQdeU 39 \eaUV Rf age.1 AcXWe P\eORLd OeXNePLa 
(AML) LV WKe PRVW cRPPRQ OeXNePLa dLagQRVed LQ 
adXOWV aQd caUULeV ZLWK LW WKe KLgKeVW PRUWaOLW\ UaWe 
aPRQg aOO OeXNePLaV.2 AML RccXUV ZKeQ LPPaWXUe 
OeXNRc\WeV, caOOed bOaVW ceOOV, begLQ WR RccXS\ WKe bRQe 
PaUURZ aQd SUeYeQW QRUPaO bORRd fRUPaWLRQ. BOaVW 
ceOOV RULgLQaWe fURP P\eORLd SURgeQLWRU VWeP ceOOV, 
ZKLcK dLffeUeQWLaWe fURP KePaWRSRLeWLc VWeP ceOOV aQd 
fXUWKeU dLffeUeQWLaWe LQWR OeXNRc\WeV XQdeU QRUPaO  

CXUUeQW WKeUaSeXWLc RSWLRQV LQ WKe WUeaWPeQW Rf acXWe P\eORLd OeXNePLa RfWeQ VXccXPb WR KLgK LQVWaQceV Rf Ue-
OaSVe aQd VXbVeTXeQW PRUWaOLW\. CKePRWKeUaS\ aQd UadLRWKeUaS\ KaYe ORQg beeQ XVed aV WKe VWaQdaUd WUeaWPeQW 
fRU WKLV dLVeaVe, UePaLQLQg VWagQaQW RYeU WKe SaVW feZ decadeV. ReceQWO\, a VPaOO VeOf-UeQeZLQg SRSXOaWLRQ Rf OeX-
NePLc VWeP ceOOV KaYe beeQ LdeQWLfLed aV dULYeUV Rf caQceU UeOaSVe aQd SURgUeVVLRQ dXe WR WKeLU LQcUeaVed Ue-
VLVWaQce WR aQWLcaQceU WKeUaSeXWLcV. TKLV eQabOeV WKeVe ceOOV WR PaLQWaLQ a PLQLPaO UeVLdXaO dLVeaVe aQd UeVXOWV LQ 
dRZQVWUeaP dLffeUeQWLaWLRQ, OeadLQg WR UeOaSVe. TaUgeWLQg WKeVe ceOOV Pa\ Oead WR effecWLYe WKeUaSLeV WKaW UedXce 
UeOaSVe aQd PRUWaOLW\. ReceQWO\, WKe PeWabROLc SURSeUWLeV Rf OeXNePLc VWeP ceOOV KaYe begXQ WR be eOXcLdaWed. 
HeUe, Ze dLVcXVV UeceQW dLVcRYeULeV UegaUdLQg WKe PeWabROLVP Rf OeXNePLc VWeP ceOOV aQd aSSURacKeV WR WaUgeWLQg 
WKeLU XQLTXe PeWabROLc SURSeUWLeV.    

Ke\words: AcXWe P\eORLd OeXNePLa, OeXNePLc VWeP ceOOV, caQceU VWeP ceOOV, VWeP ceOO PeWabROLVP, caQceU Ue-
OaSVe 
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AcXWe P\eORLd OeXNePLa LV cXUUeQWO\ WUeaWed ZLWK cKePRWKeUaS\ aQd UadLRWKeUaS\, effecWLYeO\ eUadLcaWLQg PRVW 
caQceURXV ceOOV. HRZeYeU, VKRUWO\ afWeU WKe deSOeWLRQ Rf WKeVe ceOOV, WKe Ue-ePeUgeQce Rf caQceU RfWeQ RccXUV. TKLV 
KaV beeQ aWWULbXWed WR WKe SUeVeQce Rf OeXNePLc VWeP ceOOV, a VPaOO SRSXOaWLRQ Rf ceOOV caSabOe Rf UeVLVWLQg cKePR-
WKeUaS\ aQd UadLRWKeUaS\. FXUWKeU, WKe VWeP-OLNe SURSeUWLeV Rf VXcK ceOOV aOORZ WKeP WR UegeQeUaWe WKe caQceURXV 
ceOOV, ZKLcK WKe dLVeaVe SULPaULO\ cRQVLVWV Rf, OLPLWLQg RXU WUeaWPeQWV aQd gUeaWO\ LQcUeaVLQg deaWK aQd VXffeULQg. 
AWWePSWV KaYe beeQ Pade WR WaUgeW OeXNePLc VWeP ceOOV; KRZeYeU, QR VWaQdaUd WKeUaSLeV KaYe beeQ aSSURYed fRU 
WKLV SXUSRVe. OQe PeWKRd Rf WaUgeWLQg WKeVe ceOOV Pa\ be WKURXgK WKeLU PeWabROLc dLffeUeQceV fURP KeaOWK\ ceOOV. 
ReceQWO\, VeYeUaO XQLTXe PeWabROLc SURSeUWLeV Rf OeXNePLc VWeP ceOOV KaYe beeQ dLVcRYeUed aQd WaUgeWed, VXcceVV-
fXOO\ UedXcLQg WKe abLOLW\ Rf OeXNePLa WR UeWXUQ afWeU WUeaWPeQW.  
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PLQLPDO UHVLGXDO GLVHDVH.4 :KLOH FKHPRWKHUDS\ LV HI-
IHFWLYH DJDLQVW WKH EXON RI FDQFHU FHOOV, WKH SHUVLVWHQFH 
RI CSCV DIWHU FKHPRWKHUDS\ LV WKRXJKW WR EH UHVSRQVL-
EOH IRU WKH HPHUJHQFH RI UHODSVH, ZKHUH CSCV GLIIHUHQ-
WLDWH LQWR YDULRXV FDQFHU FHOOV DQG WKH GLVHDVH UHJHQHU-
DWHV. 7KLV UHJHQHUDWLQJ DELOLW\ PDNHV WKH HUDGLFDWLRQ RI 
CSCV QHFHVVDU\ WR HIIHFWLYHO\ FXUH AML.5 7KH VSHFLILF 
CSCV LQYROYHG LQ AML KDYH EHHQ LGHQWLILHG DV OHXNH-
PLF VWHP FHOOV (LSCV). SHYHUDO WUHDWPHQWV KDYH EHHQ 
GHYHORSHG ZKLFK WDUJHW OHXNHPLF VWHP FHOOV; KRZHYHU, 
QR GUXJ KDV EHHQ DEOH WR HUDGLFDWH LSCV.6,7 OQH PHWK-
RG RI GRLQJ VR LV WKURXJK PHWDEROLF GLIIHUHQFHV. LSC 
PHWDEROLVP KDV EHHQ VRPHZKDW XQGHUVWXGLHG XQWLO 
QRZ, ZLWK UHFHQW EUHDNWKURXJKV VKRZLQJ NH\ PHWDERO-
LF GLIIHUHQFHV FDSDEOH RI EHLQJ WDUJHWHG LQ DQ LSC-
VSHFLILF PDQQHU.  

 
SHYHUDO GUXJV KDYH EHHQ GHYHORSHG WR DGGUHVV WKH QHHG 
IRU D PRUH HIIHFWLYH, ZHOO-WROHUDWHG WKHUDS\ RI AML. 
OQH WKHUDSHXWLF RSWLRQ LV B-FHOO O\PSKRPD 2 (BCL-2) 
LQKLELWRUV. 7KH BCL-2 SURWHLQ LQKLELWV FDQFHU FHOO 
DSRSWRVLV DQG LV KLJKO\ H[SUHVVHG LQ LSCV. BCL-2 LQ-
KLELWRUV VXFK DV 9HQHWRFOD[ UHGXFH WKH H[SUHVVLRQ RI 
BCL-2 LQ AML SDWLHQWV, LQGXFLQJ DSRSWRVLV DQG UHGXF-
LQJ R[LGDWLYH SKRVSKRU\ODWLRQ.8,9 9HQHWRFOD[ KDV 
VKRZQ SURPLVH LQ FOLQLFDO WULDOV, EXW RQFH DJDLQ LV QRW 
VXIILFLHQW WR FXUH AML.10 H\SRPHWK\ODWLQJ DJHQWV, 
VXFK DV D]DFLWLGLQH, KDYH DOVR EHHQ GHYHORSHG DV DQ 
DOWHUQDWLYH WR FKHPRWKHUDS\ IRU HOGHUO\ AML SDWLHQWV. 
GHQH K\SHUPXWDWLRQ LV H[WHQVLYH LQ AML DQG FRQWULE-
XWHV WR LWV SURJUHVVLRQ; K\SRPHWK\ODWLQJ DJHQWV UH-
YHUVH WKLV VWDWH DQG VORZ WKH GLVHDVH.11 PUHFOLQLFDO PRG-
HOV KDYH VKRZQ BCL-2 LQKLELWRUV WR ZRUN V\QHUJLVWLFDO-
O\ ZLWK D]DFLWLGLQH, OHDGLQJ WR D FOLQLFDO VWXG\ RI WKH 
YHQHWRFOD[-D]DFLWLGLQH (YHQ/D]D) FRPELQDWLRQ WKHUD-
S\.12,13 7KH FRPELQDWLRQ ZDV DEOH WR HOLFLW KLJK UDWHV RI 
UHPLVVLRQ DQG GXUDEOH UHVSRQVHV LQ SDWLHQWV ZLWK 
AML, VXJJHVWLQJ WKDW WKHVH HIIHFWV ZHUH GXH WR WKH VH-
OHFWLYH WDUJHWLQJ RI LSCV.  
 
IQ D UHFHQW VWXG\ E\ PROO\HD HW DO. LQ 2018, WKH PHWDERO-
LF VWDWH RI LSCV ZDV FRPSDUHG WR EODVW FHOOV, ZKLFK 
PDNH XS WKH EXON RI FDQFHURXV FHOOV.14 7KH VWXG\ IRXQG 
GHFUHDVHG R[\JHQ FRQVXPSWLRQ DIWHU YHQ/D]D WUHDW-
PHQW LQ LSCV DQG PHWDEROLWH OHYHOV FRQVLVWHQW ZLWK 
GHFUHDVHG R[LGDWLYH SKRVSKRU\ODWLRQ. FROORZLQJ WKLV, 
GHFUHDVHG HQHUJ\ SURGXFWLRQ ZDV IRXQG LQ WKH YHQ/D]D
-WUHDWHG LSCV, DOLJQLQJ ZLWK SUHYLRXV ILQGLQJV WKDW 
LSCV UHO\ VHOHFWLYHO\ RQ R[LGDWLYH SKRVSKRU\ODWLRQ IRU 
HQHUJ\ SURGXFWLRQ, DQG DOOXGLQJ WR WKH PHFKDQLVP EH-
KLQG YHQ/D]D WUHDWPHQW.8 IPSRUWDQWO\, WKHVH HIIHFWV 
ZHUH VSHFLILF WR LSCV DQG ZHUH QRW VHHQ LQ EODVW FHOOV 
RU QRUPDO KHPDWRSRLHWLF VWHP FHOOV LVRODWHG IURP WKHVH 
VDPH SDWLHQWV, VKRZLQJ VHOHFWLYLW\ RI YHQ/D]D WRZDUGV 

ϮϮ 

LSCV.  
 
IQ D ODWHU VWXG\ E\ JRQHV HW DO. LQ 2018, DPLQR DFLG PH-
WDEROLVP ZDV IRXQG WR EH D ODUJH FRQWULEXWRU WR LSC 
HQHUJ\ SURGXFWLRQ.15 GOREDO PHWDEROLF SURILOLQJ UH-
YHDOHG LQFUHDVHG DPLQR DFLG FRQWHQW DQG XSWDNH LQ 
LSCV FRPSDUHG WR EODVW FHOOV, VXJJHVWLQJ WKDW DPLQR 
DFLG PHWDEROLVP SOD\V D NH\ UROH LQ LSC VXUYLYDO. 7KLV 
ZDV VXSSRUWHG E\ GHFUHDVHG LSC YLDELOLW\ DQG FRORQ\-
IRUPLQJ SRWHQWLDO ZKHQ FXOWXUHG LQ DPLQR DFLG-
GHSOHWHG PHGLD, ZKLOH EODVW FHOOV VDZ PLQLPDO FKDQJHV. 
LSCV JURZQ LQ DPLQR DFLG-GHSOHWHG PHGLD IXUWKHU 
VKRZHG GHFUHDVHG R[LGDWLYH SKRVSKRU\ODWLRQ, UHYHDO-
LQJ WKDW WKHVH DPLQR DFLGV DUH QHHGHG IRU R[LGDWLYH 
SKRVSKRU\ODWLRQ DQG VXJJHVWLQJ WKDW LSCV ODFN PHWD-
EROLF IOH[LELOLW\, EHLQJ XQDEOH WR FRPSHQVDWH XVLQJ RWK-
HU IXHO VRXUFHV. 7KLV GHSHQGHQF\ ZDV FRQILUPHG ZKHQ 
WKHVH DPLQR DFLG-GHSOHWHG LSCV DQG EODVW FHOOV ZHUH 
VXSSOHPHQWHG ZLWK IDWW\ DFLGV; ZKLOH EODVW FHOOV LQ-
FUHDVHG IDWW\ DFLG XSWDNH DQG PHWDEROLVP, LSCV GLG 
QRW.15  
 
9HQ/D]D WUHDWPHQW ZDV WKHQ LQYHVWLJDWHG DQG IRXQG WR 
ORZHU DPLQR DFLG OHYHOV LQ LSCV, LQGLFDWLQJ WKDW WKH 
GUXJ WDUJHWHG WKLV GHSHQGHQFH.15 SXSSRUWLQJ WKLV ILQG-
LQJ, JHQH H[SUHVVLRQ RI FRPPRQ DPLQR DFLG WUDQVSRUW-
HUV ZDV VLJQLILFDQWO\ UHGXFHG LQ LSCV DIWHU YHQ/D]D 
WUHDWPHQW, LQGLFDWLQJ WKH LQYROYHPHQW RI DPLQR DFLG 
XSWDNH LQKLELWLRQ LQ WKH YHQ/D]D-LQGXFHG UHGXFWLRQ RI 
R[LGDWLYH SKRVSKRU\ODWLRQ. A FDXVDO UHODWLRQVKLS ZDV 
HVWDEOLVKHG E\ IORRGLQJ WKHVH LSCV ZLWK KLJK FRQFHQ-
WUDWLRQV RI DPLQR DFLGV SULRU WR YHQ/D]D WUHDWPHQW. 
7KLV SUHWUHDWPHQW HOHYDWHG DPLQR DFLG OHYHOV UHPDLQHG 
SRVW-YHQ/D]D DQG UHVFXHG LSC YLDELOLW\. 7KH DPLQR 
DFLG UHGXFWLRQ ZDV IXUWKHU VKRZQ WR FDXVH D UHGXFWLRQ 
LQ LSC R[LGDWLYH SKRVSKRU\ODWLRQ, ZKLFK WKH DPLQR 
DFLG SUHWUHDWPHQW ZDV DOVR DEOH WR UHVFXH.15 7KLV FRQ-
ILUPHG WKDW WKH UHGXFWLRQ RI DPLQR DFLGV FDXVHG E\ 
YHQ/D]D WUHDWPHQW UHGXFHG R[LGDWLYH SKRVSKRU\ODWLRQ 
LQ LSCV.  
 

RHFHQWO\, UHGXFHG UHVSRQVHV WR YHQ/D]D WUHDWPHQW LQ 
UHODSVHG RU UHIUDFWRU\ (R/R) AML SDWLHQWV DIWHU SUHYL-
RXV FKHPRWKHUDS\ KDYH EHHQ IRXQG, VXJJHVWLQJ UH-
VLVWDQFH DPRQJ WKHVH LSCV.16 :LWK YHQ/D]D LQKLELWLQJ 
R[LGDWLYH SKRVSKRU\ODWLRQ RI DPLQR DFLGV, JRQHV HW DO. 
LQ 2018 VXJJHVWHG WKDW DOWHUHG PHWDEROLF SURSHUWLHV 
DQG GHSHQGHQFLHV PD\ H[LVW DPRQJ R/R LSCV.15 7R 
WHVW WKLV, WKH PHWDEROLF SURSHUWLHV RI SUH-
FKHPRWKHUDS\ (GH QRYR) DQG R/R LSCV IURP AML SD-
WLHQWV ZHUH FRPSDUHG.15 7KH VWXG\ IRXQG WKDW ZKLOH 
R[\JHQ FRQVXPSWLRQ ZDV GHFUHDVHG E\ YHQ/D]D LQ GH 
QRYR LSCV, R/R LSCV ZHUH QRW DIIHFWHG DQG ZHUH UH-
VLVWDQW WR WKH YHQ/D]D-LQGXFHG GHSOHWLRQ RI R[LGDWLYH 

dARGEdING LSC AMINO ACID  
DEPENDENCz 

MEdABOLIC FLEyIBILIdz OF RELAPSED 
LSCƐ 
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phosphor\lation. R/R LSCs cultured in amino acid-
depleted media further showed higher cell viabilit\ 
and o[\gen consumption rates than de novo LSCs, re-
vealing a loss of dependenc\ on amino acid metabo-
lism and suggesting a gained metabolic fle[ibilit\ and 
shift to other sources of energ\. Indeed, amino acid-
depleted R/R LSCs showed increased fatt\ acid levels 
followed b\ elevated citrate, indicating that R/R LSCs 
could switch to fatt\ acid metabolism and e[plaining 
their resistance to ven/a]a. B\ treating R/R LSCs with 
a fatt\ acid uptake inhibitor, the cells were re-
sensiti]ed to the treatment. These findings pose the 
combination of amino acid and fatt\ acid metabolism 
as a potential therapeutic target in reducing relapse in 
AML.15  

 
Another stud\ published b\ Jones et al. in late 2020 
observed global metabolite levels of de novo and R/R 
LSCs, identif\ing increased nicotinamide levels after 
relapse.17 Nicotinamide is a substrate for NAD+ pro-
duction, which was also elevated in R/R LSCs. Stem-
ming from the role of NAD+ as an essential coen]\me 
in various energ\ production pathwa\s, R/R LSCs gen-
erated higher levels of ATP compared to de novo LSCs. 
This NAD+-mediated increase in energ\ production 
was shown to occur through both increased amino ac-
id metabolism and fatt\ acid o[idation, e[plaining how 
R/R LSCs gain metabolic fle[ibilit\ and compensate 
for amino acid depletion to resist ven/a]a treatment. 
To confirm the causal relationship between increased 
nicotinamide and resistance to ven/a]a treatment, de 
novo LSCs were pre-treated with concentrated nicotin-
amide and subsequentl\ treated with ven/a]a. Com-
pared to those without the nicotinamide pre-
treatment, pre-treated LSCs showed rescued viabilit\ 
and supported the finding that increased nicotinamide 
levels mediate ven/a]a resistance.17  
 
The researchers then inhibited NAMPT, the en]\me 
responsible for s\nthesi]ing NAD+ from nicotinamide, 
which selectivel\ decreased R/R LSC viabilit\ and re-
vealed a reliance on nicotinamide.17 In paired de novo 
and R/R LSCs, standard chemotherap\ had little effect 
on either sample, while ven/a]a treatment caused a 
decrease in de novo LSC viabilit\ onl\. NAMPT inhibi-
tors, APO866 and KPT-9274, both selectivel\ de-
creased R/R LSC viabilit\, showing efficac\ and selec-
tivit\ of NAMPT inhibition for targeting R/R LSCs. A 
reduction in o[\gen consumption was found after 
NAMPT inhibition, suggesting it targets o[idative 
phosphor\lation.17 Supporting this, a decrease in 
NAD+-dependent TCA c\cle en]\me activit\ was seen 
in R/R LSCs, while not in NAD+-independent en-
]\mes, suggesting NAMPT inhibition targets R/R 

Ϯϯ 

LSCs through reducing nicotinamide levels and NAD+ 
production. NAMPT inhibition in R/R LSCs further 
showed decreased amino acid levels, confirming that 
the nicotinamide increase in R/R LSCs increases ami-
no acid metabolism. Fatt\ acid metabolism was also 
reduced, indicating that increased nicotinamide allows 
R/R LSCs to become more metabolicall\ fle[ible and 
use fatt\ acids for energ\ production.17  

 
The high rate of relapse accompan\ing chemotherap\ 
and radiotherap\ has led to the development of man\ 
drugs; however, no effective therapies have been able 
to replace the standard treatment or overcome relapse. 
Ven/a]a therap\ has effectivel\ targeted LSCs, but re-
mission is still not achieved in man\ de novo AML pa-
tients and relapsed LSCs resist the treatment through 
shifting their metabolic dependencies. NAMPT and 
other factors related to nicotinamide metabolism have 
shown potential as therapeutic targets for reducing 
AML relapse; however, more studies are needed to ful-
l\ characteri]e the metabolic properties of LSCs before 
and after relapse. Future efforts targeting metabolic 
processes of both de novo and relapsed LSCs would 
benefit from considering the possibilit\ of nicotina-
mide-mediated therap\ resistance and the involved 
metabolic pathwa\s. The processes behind relapse in 
AML have important implications in the design of 
therapeutics targeting LSCs. For future drug develop-
ment, therapeutics targeting de novo LSCs could bene-
fit from avoiding selective pressures which ma\ induce 
metabolic fle[ibilit\ and lead to resistance. Additional-
l\, drug development targeting relapsed LSCs should 
consider the process b\ which these cells have become 
resistant and their resulting differences, which could 
lead to more selective and effective targeting.  
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