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B OE: RVIBRE—AR B @A MR T L —A B 47, RN RS minnt, 3L
MARRE T ZR2ANRMERERNGEESER. —F @, 5 HAEALFBRIL A8 A (lactate dehydrogenase
A, LDHA)#AE R T A& R ILER; 5 — 7 @, SLBR 7T 18 it SLER L 2.8 B (LDHB) 2 FLER L &84 C (LDHC)
FACA AEIBR EH SN RBRMAIN, RAFRFE4E T FUBR AR X 42 K B R 42 xF AR 6 ' 4m fie
(human embryonic kidney 293 cells, HEK-293)4m it & . it F= A% #% 2 (human adenovirus, HAdV)
A F6#em, A 4R 5 T HEK-293 aafie ey HAAV £ = 68 71, 5t 4 v S ah 4 20 i o9 SLBR ARt T A2 7R
FERAET b ek 38 1 gt FLBRRGA R AR 45 AR B (B Idha 2K B vA Bt £ X |dhb A= Idhe 25 F),
A& T HEK-293 tafi eyt i fefe 2 RM2E, LERST HAAV 494 5. HxtRamitsait,
INMAERE YRR mRE R, BRILBRFZNRE, WREERBCOD Rt R2E, B
% % 7 HEK-293 tm/i.eg HAAV 4 /= #& 7 . Idhe AL B i & A3t HEK-293 @ fie o9 & K . R4t HADV
AFREREE, RRX@MILEERGT Y 38.7%, LB H HBF 585 5 ABLEFES AT
%7 33.8%A 63.3%, HAAV AER ST £V 1645, suol, M TarRBmiok, madmiotke) i
¥ = B B2 (adenosine triphosphate, ATP)ZA &1k F . ATP/O, tb & . ATP 5 %3 —#% 82 (adenosine
diphosphate, ADP)#] bt A& vA B 3% J& A 45 B21 (nicotinamide adenine dinucleotide, NADH)4 & 34 R~ [
RENRZ, RERAXENILEL.
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Effects of manipulating lactate dehydrogenase gene on
metabolism of HEK-293 and production of human adenovirus

MIAO Junqing, YI Xiaoping*, LI Xiangchao, ZHUANG Yingping

State Key Laboratory of Bioreactor Engineering, School of Bioengineering, East China University of Science and
Technology, Shanghai 200237, China

Abstract: Reducing lactate accumulation has always been a goal of the mammalian cell
biotechnology industry. When animal cells are cultured in vitro, the accumulation of lactate is
mainly the combined result of two metabolic pathways. On one hand, glucose generates lactate
under the function of lactate dehydrogenase A (LDHA); on the other hand, lactate can be
oxidized to pyruvate by LDHB or LDHC and re-enter the TCA cycle. This study
comprehensively evaluated the effects of LDH manipulation on the growth, metabolism and
human adenovirus (HAdV) production of human embryonic kidney 293 (HEK-293) cells,
providing a theoretical basis for engineering the lactate metabolism in mammalian cells. By
knocking out Idha gene and overexpression of |dhb and Idhc genes, the metabolic efficiency of
HEK-293 cells was effectively improved, and HAdV production was significantly increased.
Compared with the control cell, LDH manipulation promoted cell growth, reduced the
accumulation of lactate and ammonia, significantly enhanced the efficiency of substrate and
energy metabolism of cells, and significantly increased the HAdV production capacity of
HEK-293 cells. Among these LDH manipulation measures, ldhc gene overexpression performed
the best, with the maximum cell density increased by about 38.7%. The yield of lactate to
glucose and ammonia to glutamine decreased by 33.8% and 63.3%, respectively; and HAdV
titer increased by at least 16 times. In addition, the ATP production rate, ATP/O, ratio,
ATP/ADP ratio and NADH content of the modified cell lines were increased to varying degrees,
and the energy metabolic efficiency was significantly improved.

Keywords: lactate dehydrogenase (LDH); human embryonic kidney 293 cells (HEK-293);
substrate metabolism; energy metabolism; human adenovirus (HAdV)

UTAFER Bl VR 7 e T AR Y %
A, AR JR B 1 7 i R B 1Y) R Bl 2 3

B 0 AL R L R Z A AL A = R
(tricarboxylic acid cycle, TCA)E¥ i & 4% F Ak

Tt A B R AR AR TR T EL SR N X B
R, HEETERN LAY EL R A 40 & b
20, HEK-293 4 Jifd J2 HCAR A2 How F B e &
At

TERANRE IR s P Al Mok A 3 8 b 4
it A - BORD RE B A A TR AR R . R A B AR
147 240 6 I 2 P A A A P T
TS EAER 2 2 22 — AR AE N ER IR A

http://journals.im.ac.cn/cjben

AR ATP, SR A A &R AR dr i sh iR ke i s 5
— A2 ) SR TE FLER It S (lactate dehydrogenase,
LDH) M AL T 2B L me Y, whoe R, 1k4h
5% 00 31 ) A0 e 3 T R K B ) A A, H
I 90% M A AR R AR T 2R, HA IR
— R EA G UEA TCA TEERE ) s 245 19
Az PR T i A0 G W R RE R AR
MM, RSN F7 3 A B % 4 Joa A g v AN



BEE %/ BB SIEEDEN HEK-293 FIAEFIRRES £ 3865

187, BELAS T R 82 4 7= e 0 itk — A 2
AR NATT G A TR T, BRI AR T
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FE(E 1) — 710, I S0 FILAEE 1a] o e [l SC
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interspaced short palindromic repeats/
CRISPR-associated proteins, CRISPR/Cas)a{ ¥
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Figure 1 Two strategies for regulation lactate
metabolism. TCA: Tricarboxylic acid cycle; PEP:
Phosphoenolpyruvic acid; EMP: Glycolysis.
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NAD") A B4k . 7L 2h% LDH [ T 32 %2
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“OrFIF”, LDHAME (PR R ) FL AR 55 250,
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B UARERAL . 3 0 AN 20 PN 2K 1 K . LR
LR IR 8 TRa it ARG, PLDHB
AL AWEIRRRY, Z)5, PEERIE A TCASEIA
1 T LDHB I 5 NAD " AH S 1 A g (CH il 7 -3-
TR M S 1l ) Z (] A AE s A o], DA S LR %o
W T o T L AR SR T 5 R SR - 1 1) A A
PO, e ag AR 2 400 T

LDHC J& 55 P A= Fl 240 i vh e PR 26— 1> 52
JURE SRR TG, EAS T8 i R vk e X
FLERAC I B e Em D MR, WG
Tl P A 4 A 5% o8 PR 2L 0 AT T R 7T A 2
PR R e P 5 LDHA 1 LDHB A 1,
LDHC HAm#dett, HHAE NIRRT
Fil, {H45 3¢ LDHC ML TEHRR F

J T R G FLER I S S i s L PR s Xof
HEK-293 #fiff14)) i Fnge s/ Ut DL A HAd VA 77 1Y
oM, BRI R TR T By i T LR At
KRR R IR s (| dha i[RI RREBS: , | dnb Al dhe i [
PR A AR, A K P
FRERA I L L HAd VA 755 5 TR 45 A1 A
DU MGEHEK-293 AR A BRI RE SRk
R, PERHAAVIE =R DT, s AN FLER
PR TR R SR A R

1 HE5xZ

1.1 FRIEHRHE
ldhbJE X (I DNA F Bt e Xho TH1Xba T XX

)5 , 5 8% Xho TR Xba IXL ] i pCl-neo# 14

=1 HEEPCR3|#) KRBT S
Table 1

(4 A Promega)iZ %, DI HpCI-LDHBZIA .
IdhcFildhel FDNA F B FlpCl-neo#k A % Xho 1
fisal Tff (PN VIR A New England Biolabs)
XUV i 2 % , LAKY #pCI-LDHC HpCI-LDHC 1
MR IR R AT Y B VR R 2 AR P
LB FRHEH, 37 cCil 4558, BN # R
B KA & [ A RAR AR (AL 5O A R
) AR CBH PR 2 Ry . ) 45 H SRR Y 5 1
HB I3 3 AE 261 3T T 2. (NCBI) MOligo 7 %1t
58], HAHXSI Pk 1 %k 2. a5l
W BRI e A A AR TR () By
A PR A 58 1
1.2 HEK-293 #HAAVIE SR, B EFMELHLE
B B 0 12k

HEK-293 #iffi(J § ATCC, CRL-3216)%&
T 5% A Ak (1 1E i 55 7746 (Thermo Fisher)
SR, REFRIRIE N 37 °C, FrAREIRIL N &
10% FBSHYDMEM/F-12 (¥l [ Gibco). %%
BB HEK-293 41l 4% 4x10° cells/mLx2 mL3%
AEl 6 fLAH 5% 18 ho F%Lipofectamine 3000
YRR (8 A Invitrogen) B I 5054 1 pgiy
pCI-LDHB . pCI-LDHCF#ipCI-LDHC1 J& #4535
B AREFE T 18 hAWHEK-293 4iffirh ., 4% 24 h
¥ 6 fLAR B R B S 5% FBSHI
800 ug/mL G418 (Sigma’\ F)IDMEM/F-12 £
FRHk . BERR 2 dff—REEIRIE, TR LA
G418 SR AE KRR e, A IR R
T 7 1 B v A A R SRR O A TR L ) B

Primers and restriction sites for single gene overexpression

Primer name Primer sequence (5'—3")

Restriction site

huLDHB-Fw-single
huLDHB-Rev-single
huLDHC-Fw-single
huLDHC-Rev-single

CCGCTCGAGTCCTTGTGCAAAATGGCAACT
CTAGTCTAGAAGCCTAGAGCTCACTAGTCACA
AATGCCTCGAGATGTCAACTGTCAAGGAGCAGC
AATGCGTCGACTCCAAACAGTGGAACATTAGAAGGC

CTCGAG
TCTAGA
CTCGAG
GTCGAC

http://journals.im.ac.cn/cjben
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%2 RT-qPCRFFHSIH

Table 2 Primers used for RT-qPCR

Primer name Primer sequence (5'—3")
huLDHB-Fw-single =GATGGTGGTTGAAAGTGCCT
huLDHB-Rev-single CCCGGGCATTGAGGATACAT
huLDHC-Fw-single =~ CCTGCCATAGTCCATTATAGTCCT
huLDHC-Rev-single CAACCATGGCAGCTTGTGG
huB-actin-Fw-single = CATGAGATTGGCATGGCTTT
huB-actin-Rev-single GTCACCTTCACCGTTCCAGT

W20 i bk 43 B F5ic MHEK-LDHB, HEK-LDHC
MIHEK-LDHCI1 , Jf ¥4 % Y4 =5 2 {4 pCl-neo [
HEK-293 4l ffi#xic 4 Control, HEK-LDHAH.5¢
Wee 401 Ak P 2 30 = i A A, 2 A B X I dhadik
A F P B/ R RNA (small guide
RNA, sgRNA), I 5 2 CRISPR/Cas9 A& (14
H Addgene, px458) I, 4% YLHEK-293 #iffi)5,
22 7 20 41 9 Y (BD-FACSJa22) 43 1k 4k 15 | dha &
DR e ok 1) . 5 P 40 B AR HEK-LDHA . X} e 4t i
FEE L AN MR IR 2 R AT )R S 521

13 RERRAEATERGBEREARN
(reverse transcription quantitative real-time
polymerase chain reaction, RT-qPCR)

5.0 10° AEHM, 3R ERNA, #2301 5%
SR £ (g @ Thermo Fisher) i B 45 4 B 500 5
Fe4 W ecDNA . FFLAcDNA N B (1:10 H
Ft), FFESIES |9 MISYBR Premix Ex Taq IIfif
(W B TaKaRa) #1750 € fiPCR. HUda A 2
% T Livak 55 P42 /9« 8206 26 19 {H (cycle
threshold, Ct)AH X & w7,

1.4 Western blotting 5347

43 A BOW B8 20 il f1 HEK-LDHA 41, B¢
PRI S A O &S, R W] 2 Bk
FE I ACH R A B A - b 5 R 4 (sodium
dodecyl sulfate, SDS) [ FEZZ vtk . 2 1R H
10% SDS- 5 [N s ot e 53¢ Jist FL 7K (polyacrylamide
gel electrophoresis, PAGE), HiLUkJ5 5% 21| 2 fw
3 £ J%i (poly vinylidene fluoride, PVDF) [, i

&: 010-64807509

TE 0.1% Tween 20 Fl 5%/F A5 4 W5 1) — £ B
Jie 2% wh L 7K %5 W (tris buffered saline, TBS)H &f
P41 1h, H] TBS $hiARIGERE 3 Ik, BEAE 25 °CAIFT
F LDHA 55 HyhE-3- w2 i 2 i (glyceraldehyde-
3-phosphate dehydrogenase, GAPDH)%} 54 HT
(% B CST, 1:1 000 # #)## & 2 h. ] TBS #h
VSRVERE 3 Wk, SRJE FH B 2k S Ah 1y T A B 1Y)
PR 1gG P F (W B ProteinTech, 1:2 000
WikE) 2 ho ] TBS Shis WV 3 ¥, AR
WO A HigR A REVHEARGRAR), K5
18 1 Ak 27 &G BU% R 5t (Tanon5200s) 3 17 B0 14
DLAG I P 2 5L GAPDH F1 Idha 263k 7K .
1.5 fHBEtHREETE. AR, AREE
AR E R

53 ) X B A A 1) B 2 B I A4 Y
X BE A1 i 42 BE 4% 10° cells/mL $2 Fh % i 2 fp 2=
6 fLAk T, FA IR AR 5 4> 6 fLAR, 6 fLik
rAFLINA 2 mL 10%M& 4 Ifil 74 (fetal bovine
serum, FBS)AY DMEM/F-12 }5 323, LA 37 °C
fEIR R F 4055, 1 24 h WUE B3, IR E
M AL AR R E B R U, B )E
MER ORI 40 e B . B53E B3 1 000 t/min
B0 5 min JFHUUE, HAEASIHE Ri2K
77 i A RS m] R b A AR . FLIR
A e e PN R % o
1.6 ZRRi{AEEEN

HEK-293 #7A4: BU4H M2 el T Ak s T34 1
PBS Hkk, ANEETRMHEE A 1.0x10° cells/mL,
B2 mL 4020 F 10 mL B.0% , Ff#Es
T TR A4S (P ot 5t RS 28 T o A B 2 ) ) il 1 24
FL, RS A S ST R 0 B Tk AR A
B ORAT o W RE 5 ROAE S e 8 31 T 14 EP 48
e, IR 1 mL AR, T 4 °CHEIMFT
600xg B .0> 10 min. WA FiFHLR A2
7 & (Biovision) it B 5 AL BRAN R Lo RL {4
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1.7 ATP/ADP Lt {540

XPECAE A A AR LN ATP/ADP f91{E
Ffl ATP/ADP L6 K75 £ (Bioassay system)
K, Xt B 40 it 0 R 2H 40 4% B 1.0 10° N4
fiil, 100 pL 258 F/K B RS , 40 BIEL 10 uL
) 1 2 YRR UM A B R BB 96 FLAk Y
ZAL, 1 min JE IR A & RFIFLNA 60 pL
ATP £ I 32 551 3 FH 1 #77 {2 (Molecular Deviecs
SpectraMax B EHAFL&Z G5 EE . 10 min J5
PR LIS LR G B, I 1) L 4 A
5 uL ADP &5, 1 min J5 FIEEFR GRS L&
G5B, FEUl B 0y 5 AL I Y
ATP/ADP {4,
1.8 NADH #7

NADH /& f& ffl NADH Il 22 i 7] £ (Bioassay
system)Aa il . 45 HU 1.0x 108 /> % BE 41 it 71 8 21
AN, A4 A 40 uL NADH 482 B 5 &
FEdh . 60 °CIHIE/KH 5 min Ji5 1 4% EP 4 4
BN 8 uL W A 40 uL NAD $2 U .4 °C.,
14 000 r/min B5.0> 5 min, B 40 uL B3, JIA
P U IR A5 T B i e 1 AR R I A UG
DR S 5
1.9 4HREFESIEZER

S IR S R F RSN A Oxygraph-2k
Respirometer (OROBOROS)FEATHKE M . X B& 24
it 0 5 B 2H 40 A 2 R I O b S T R R SR A
SR 1.0x10° cells/mL A9 40 i B o 78 PR TR K
WAL AL B & ¥MA 2.1 mL % 10% FBS
[T i MEM R 1EARUFI 480K B AR5 0K AB
B T PRI B % S R A X B A L A % o 2 4
ML A . FrAE R R E SR FRGE S
FoUE I — ) 0] B N FE R B il e, Ak o0 b
15 3145 20 i O FE SR
1.10 S RmEEERN

Xif B A0 45 SR AL A0 LA 3x10° cells/mL
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P FE R % BE 422 AT25 Jrifirh, A 5 mL DMEM
BigRdk, B59% 48 ho SRIEBUR ST B, JF
FERAT25 HH A 10 mL%& 2% FBSH)
DMEM 15 3% 2 3F 3 A 5% HAAV Fh 2 (7 B
TCIDsp=10"*/0.1 mL), #4kZ:i59% 48 h, $59%
M T80 °C¥ 4, ARG BUH T 25 °Chilfk,
W RS R 3 . D3 I S T 3R JEDMEM
BRI G e CHEPE P kT 1:10 RAH
Bt o RHEEAMRRERESS , B 107, 107, 107, 10°°,
107, 10°%, 107, 105X 8 MR, 4rHilEfh
96 fLH, BEAFRBEEEE 7 AL, A 100 pL/AL,
BEFLAR RN 100 L i1k FHEK-293 4ilfitg
(B BE R 3%10° cells/mL), [RIAF3E—41 KB EE 1Y
HEK-293 4iAE/EXT IR, WLE4pE s, 10 dS
10T AS T O
.11 Zeitsth

AL EE B0 3 Kk, FEHERIKE
3 4F47. K H Graphpad Prism9 1 Excel #£17
BlE AL BT . RS RN B A 2 5
P<0.05; **: P<0.01), —fLL P<0.05 AAH G 1T
¥ES, P<0.01 A RBESIFESR.

2 ZERE54

2.1 HEK-293 #ifaZ#%i{f LDHA, LDHB
#1 LDHC Ri&KFE 5 H

H1 T 2L R e Ak Ry T T IR 2 & A A R 1A
i, N Tf# LDHA. LDHB #l LDHC *f T4k
BARFLER S v fE 2, #h 42 HEK-293 4
MOk 4A , X} HEK-293 4i fifi £k k14 + LDHA |
LDHB #I LDHC )51k /K-F-i#17 RT-qPCR £
W, 2R LI, ZkifkN LDHB Al LDHC (¥
mRNA /K-FB & & LDHA, 435072 LDHA
) 2.3 A5 2.5 15 (K 2), SRITESRLIK TP A L
F LDHA, LDHB #l LDHC HA H &£k
KA
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Figure 2 Expression of LDHA, LDHB and LDHC
in mitochondria of HEK-293 cells (**: P<0.01).
2.2 Idhcl EEML I

#E A7 Idhe Bt A Be 47 15 s i B 1 P A
KB, —Fh7E 1 000-2 000 bpZ [8], T 75 —
Fl U 7E 750—1 000 bpZ 8] (] 3A). ¥ Wi F
B sl B A KT 2 T 0 A o I 45 SR
R, KIEH A B S5NCBI (GenBank %55 .
NM_00230 1)k —E(Fric Fldhe), FEHEH R B
BT 758-1 000 bpZ [l AR SE 751 (1 3B), #5
i Aldhel, SRR EG 43 B & SELDHCHE b LR
g 70 Sy DN T T 1 5 7 S ZE SR L T 371 1-758 bp
Z[8], e 3 R A B ldhel ] i HAT AR N 1Y
e, JReektE—2ute.
23 ETIRKEIEIEN S SUEHakER
FIRLIE

Wl RT-qPCR Al 4% M 20 it ik AH 5C 1A
P RL A mRNA K& BL(E 4A), % Idhb FiI
Idhe JEPR 73 AR T Rk e, 4% 0 20 i b Al
KHEEA B mRNA KA AR RS . Idha
FE RS, BaE M LDHA Y 3RIA/KF-
EREAR(E 4B). FiRSrHrRY], 7E HEK-293 4
Jt rh 2 B FLBR A QI AE SC Y 3 A S B 9
PRIEAT 1 2 A el o
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NIRRT .
L Y Y ¥ ¥ v
BT E W

A bP M bp
2000
e 1 030
788
750
250
100
B
ldhc Color key for alignment scores
m <40 W 40-50 ™ 50-80 m80-200 m>200
#’—F_T_ m'm"l‘ ] I -
1 250 500 750 1 000 1250
Idhcl Color key for alignment scores
H <40 W 40-50 ™ 50-80 m80-200 W >200
| . O 5 . |
I 1 1 = ol 1 L
1 250 500 750 1 000 1250
3 IdhcFldhcl /X BIPCR S #7 B K %Itk 3
SE A: BfERIHEK-293 4iiffH1dhcflldhel

B PCRAMHTIE]. M: DL2000; 1-2: Idhc; 3-6:
Idhcl. B: IdhcHildhcl f)5 51 b X434 &

Figure 3 PCR analysis and sequence alignment
analysis of Idhc and ldhcl fragments. A: PCR
analysis in wild HEK293. M: DL2000; 1-2: Idhc;
3-6: ldhcl. B: Sequence alignment analysis on
NCBI.

24 E T A BRAKE AR EESE X
HEK-293 284 < H9 520

6 T 4% DAL 32 200 Aok 1 % B 4 A A 40 A
KA B ARG, g5 R 5 sk 3 fis.,
FH X REAN M, 25 2ot 40 6k 6 40 35 37 i 1A
A K AR W, BIESEFRE I, 4 ko 4
PRAEHE T S I (] (9 20 B L i R AN i 2%
YA B3 TH(EE 3), LDHCHILDHC X 24 Jfd i)
ARKEEREE, R RKMREERS TY
38.7%, HEAMLIRIHEHIER
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Figure 4 Expression verification of various

modified cell lines based on the regulation of lactate
metabolism (*: P<0.05, **: P<(0.01). A: mRNA
levels of Idhb, Idhc and Idhcl in HEK-LDHB,
HEK-LDHC and HEK-LDHCI1 cells. B: LDHA
protein expression level in HEK-LDHA cells.
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Figure 5 Growth of each modified cell lines based
on the regulation of lactate metabolism.
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#* 3 ETIARKEARNSXESMEKNEK
i

Table 3 Growth characteristics of various
modified cell lines based on the regulation of lactate
metabolism

Cell-type  pmax (A7) Maximum cell density (x10° cells/mL)
Control 0.770 1 2.855
LDHA  0.6797 3.575
LDHB  0.7213 3.375
LDHC  0.796 5 3.960
LDHCI  0.707 7 4.090
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Table 4  Metabolic characteristics of various
modified cell lines based on the regulation of lactate
metabolism

Cell-type ALAC/AGLC ANH;/AGLN
Control 0.954 4 0.687 1

LDHA 0.651 4 0.474 9

LDHB 0.689 7 0.278 6

LDHC 0.6319 0.252 3

LDHCI1 0.639 8 0.369 0
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Table 5 ATP production rate and ATP/O, ratio of
each modified cell lines based on the regulation of
lactate metabolism

Cell-type  ATP generation rate (pmol/s 10° cell) ATP/O,
ratio (%)
Control 26.44+1.40 66.94%1.01
LDHA 32.07+0.09 71.70£0.14
LDHB 36.79+0.19 73.55+0.20
LDHC 29.2240.70 79.53+0.72
LDHCI 27.4440.58 70.27+0.99
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Figure 7 ATP/ADP ratio of each modified cell
lines based on the regulation of lactate metabolism
(*: P<0.05; **: P<0.01).
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lines based on the regulation of lactate metabolism
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