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Transfer
6:00am–
11:59pm 
only

The subway operates 
24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  

Legend

All-day service
7 days-a-week

Limited or
weekday-only service

All trains stop 
(local and express service)

Local service onlyPart-time service

Free subway transfer

Free out-of-system 
subway transfer 
(excluding single-ride ticket)

Terminal

Bus or AirTrain
to airport

Accessible station

Long-term
elevator outage

Commuter rail service 

Bus to airport

  

Police

Station
Name

A•B

To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)
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use 

Delancey St/
Essex St–

Metropolitan Av

Dyre Av–
Bowling Green

Local
service

No service-
use 

Local
service

Local, via
Financial
District

Local in
Manhattan,

via Manhattan
Bridge

Whitehall St-
95 St

148 St–
Times Sq/42 St

Local, Woodlawn–
New Lots Av
Skips Hoyt St

Dyre Av–
E180 St
Shuttle

No service-
use 

Auburndale

 

 
 

No service-
use 

No service-
use 

Local
service

Local in
Brooklyn

Local, 207 St–
Far Rockaway.

Euclid Av-Lefferts
Blvd Shuttle

Myrtle Av–
Metropolitan Av

Shuttle

42 St
No service-

use 
Local

service

Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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agent for help in all other 
languages (6:00am to 10:00pm).  
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with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.
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late nights
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year-round service 
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6:00am–
11:59pm 
only

The subway operates 
24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  

Legend

All-day service
7 days-a-week

Limited or
weekday-only service

All trains stop 
(local and express service)

Local service onlyPart-time service

Free subway transfer

Free out-of-system 
subway transfer 
(excluding single-ride ticket)

Terminal

Bus or AirTrain
to airport

Accessible station

Long-term
elevator outage

Commuter rail service 

Bus to airport

  

Police
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Name

A•B

To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)
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use 

Delancey St/
Essex St–

Metropolitan Av

Dyre Av–
Bowling Green

Local
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No service-
use 

Local
service

Local, via
Financial
District

Local in
Manhattan,

via Manhattan
Bridge

Whitehall St-
95 St

148 St–
Times Sq/42 St

Local, Woodlawn–
New Lots Av
Skips Hoyt St

Dyre Av–
E180 St
Shuttle

No service-
use 

Auburndale

 

 
 

No service-
use 

No service-
use 

Local
service

Local in
Brooklyn

Local, 207 St–
Far Rockaway.

Euclid Av-Lefferts
Blvd Shuttle

Myrtle Av–
Metropolitan Av

Shuttle

42 St
No service-

use 
Local

service

Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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6:00am–
11:59pm 
only

The subway operates 
24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  

Legend

All-day service
7 days-a-week

Limited or
weekday-only service

All trains stop 
(local and express service)

Local service onlyPart-time service

Free subway transfer

Free out-of-system 
subway transfer 
(excluding single-ride ticket)

Terminal

Bus or AirTrain
to airport

Accessible station

Long-term
elevator outage

Commuter rail service 

Bus to airport

  

Police

Station
Name

A•B

To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)
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Delancey St/
Essex St–

Metropolitan Av

Dyre Av–
Bowling Green

Local
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No service-
use 

Local
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Local, via
Financial
District

Local in
Manhattan,

via Manhattan
Bridge

Whitehall St-
95 St

148 St–
Times Sq/42 St

Local, Woodlawn–
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Skips Hoyt St

Dyre Av–
E180 St
Shuttle
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Auburndale
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Local in
Brooklyn

Local, 207 St–
Far Rockaway.

Euclid Av-Lefferts
Blvd Shuttle

Myrtle Av–
Metropolitan Av

Shuttle

42 St
No service-

use 
Local

service

Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
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Battery Maritime 
Building, 
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Summer only.
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year-round service 
to Governors Island. 
Visit ferry.nyc
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6:00am–
11:59pm 
only

The subway operates 
24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  

Legend

All-day service
7 days-a-week

Limited or
weekday-only service

All trains stop 
(local and express service)

Local service onlyPart-time service

Free subway transfer

Free out-of-system 
subway transfer 
(excluding single-ride ticket)

Terminal

Bus or AirTrain
to airport

Accessible station

Long-term
elevator outage

Commuter rail service 

Bus to airport

  

Police

Station
Name

A•B

To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)
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Delancey St/
Essex St–

Metropolitan Av

Dyre Av–
Bowling Green

Local
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No service-
use 

Local
service

Local, via
Financial
District

Local in
Manhattan,

via Manhattan
Bridge

Whitehall St-
95 St

148 St–
Times Sq/42 St

Local, Woodlawn–
New Lots Av
Skips Hoyt St

Dyre Av–
E180 St
Shuttle

No service-
use 

Auburndale

 

 
 

No service-
use 

No service-
use 

Local
service

Local in
Brooklyn

Local, 207 St–
Far Rockaway.

Euclid Av-Lefferts
Blvd Shuttle

Myrtle Av–
Metropolitan Av

Shuttle

42 St
No service-

use 
Local

service

Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  
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To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)
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Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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Transfer
6:00am–
11:59pm 
only

The subway operates 
24 hours-a-day, but not all 
lines operate at all times. 

For more service information 
visit mta.info, call our 
Travel Information Center at 
511 for help in English or 
Spanish (24 hours), or ask an 
agent for help in all other 
languages (6:00am to 10:00pm).  

Legend

All-day service
7 days-a-week

Limited or
weekday-only service

All trains stop 
(local and express service)

Local service onlyPart-time service

Free subway transfer

Free out-of-system 
subway transfer 
(excluding single-ride ticket)

Terminal

Bus or AirTrain
to airport

Accessible station

Long-term
elevator outage

Commuter rail service 

Bus to airport

  

Police

Station
Name

A•B

To show service more clearly, 
geography on this map has been 
modified.

This map depicts typical weekday service.
On weekends and late nights, these routes change:

Weekends

Late nights (12:00 midnight to 6:00am, daily)

 

  

 
 

No service-
use 

Delancey St/
Essex St–

Metropolitan Av

Dyre Av–
Bowling Green

Local
service

No service-
use 

Local
service

Local, via
Financial
District

Local in
Manhattan,

via Manhattan
Bridge

Whitehall St-
95 St

148 St–
Times Sq/42 St

Local, Woodlawn–
New Lots Av
Skips Hoyt St

Dyre Av–
E180 St
Shuttle

No service-
use 

Auburndale

 

 
 

No service-
use 

No service-
use 

Local
service

Local in
Brooklyn

Local, 207 St–
Far Rockaway.

Euclid Av-Lefferts
Blvd Shuttle

Myrtle Av–
Metropolitan Av

Shuttle

42 St
No service-

use 
Local

service

Q950 free shuttle 
bus between 
21 St-Queensbridge , 
Queensboro Plaza & 
Queens Plaza.

Transfer for free out-of-system 
with MetroCard or OMNY
between 21 St-Queensbridge 
and Queens Plaza or 
Queensboro Plaza.  Have a 
Single-Ride MetroCard? 
See agent for a GO Ticket to 
complete your trip.

Shuttle 
does not run 
late nights
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Ferries operated 
by the Trust for 
Governors Island 
run daily from the 
Battery Maritime 
Building, 
10 South Street. 
Summer only.

NYC Ferry operates 
year-round service 
to Governors Island. 
Visit ferry.nyc
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MO ITOCHONDRIAL BIOGENESIS IS
under the control of both the
nuclear and the mitochondrial

genome (1). The replication and transcrip-
tion of mtDNA and the translation of
mtDNA-coded mRNAs require compo-
nents encoded in the nucleus, which must be
imported into the organelles. Most of the
enzymes of the respiratory chain are oligo-
meric complexes consisting of both nuclear
DNA-coded and mtDNA-coded subunits.
Study of these nuclear-mitochondrial inter-
actions would be facilitated if it were possi-
ble to manipulate the mtDNA complement
of a cell, move mitochondria from one cellu-
lar environment to another, or introduce
new genes into mitochondria.
We have isolated two derivatives of the

human cell line 143B.TK-, which had been
entirely depleted of mtDNA by long-term
exposure to low concentrations of ethidium
bromide (2). DNA transfer hybridization
analysis of total DNA from these cell lines,
designated 143B101 and 143B206 (or
p°101 and p0206), did not reveal the expect-
ed mtDNA restriction fragments, under
conditions in which much less than one
molecule per cell would have been detected
(2). These p0 cells rely exclusively on glycol-
ysis for their energy requirements, and, as
previously shown for p0 avian cells (3), have
become pyrimidine auxotrophs because of
the deficiency of the respiratory chain-de-
pendent dihydroorotate dehydrogenase (4).
Unexpectedly, these p0 cells have also be-
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come pyruvate-dependent (2). Complemen-
tation of either of these metabolic require-
ments was used as a selectable marker for the
repopulation of p0 cells with exogenous
functional mtDNA.
The p0 cell line 143B206 undergoes less

than one population doubling in the ab-
sence of uridine, whereas its growth rate

closely approaches that of the parental line
in the presence of uridine at 50 ,ug/ml (Fig.
IA). The growth rate of the 143B parental
line is not affected by the absence of uridine.
When S x 106 143B206 cells were grown
in the absence of uridine, no colony ap-
peared even after 10 weeks of selection in
culture. These p0 cells have a similar depen-
dence on pyruvate [a normal component of
the Dulbecco modified Eagle's medium
(DMEM)] for growth, undergoing less than
one population doubling in the absence of
pyruvate (Fig. iB). In the presence of pyru-
vate at 100 ,ug/ml, the growth rate of this
cell line is similar to that ofthe parental line,
whose growth is not affected by the absence
of pyruvate. An identical dependence on
uridine and pyruvate was observed with the
143B101 cell line (2).
We used the two p0 cell lines for mito-

chondrial transformation studies. Initially,
mitochondria were transferred by fusion of
cytoplasts with p0 cells. Cybrids were
formed by fusion of cytoplasts from
HT1080-6TG human cells (enHT1080) (5)
with p°101 or p0206 cells and replated in
medium containing bromodeoxyuridine
(BrdU) and lacking either pyruvate or uri-
dine. These media permitted only the
growth of p0 cells that had fused with
cytoplasts containing functional mitochon-
dria. Growth of presumptive transformants
was observed within 3 to 4 days after cell
fusion, and colonies were picked (with a

Fig. 1. Growth of (A and B) 143B.TK- (Par) 100 A
cells or 143B206 (p°206) cells and (C) transfor- B06UoB Pat PO

mants 206.417.U3 and (D) transformant 1 20,
206.415.P3 in the presence or absence of uridine
(U) or pyruvate (P). (A and B) Multiple series of 10-
10-cm plastic petri dishes were seeded each with a -
constant number of cells in (A) 10 ml of normal
DMEM supplemented with 5% dialyzed fetal " 206,20 206, PO
bovine serum (FBS), BrdU at 100 p.g/ml, and @ 1
uridine (U) at 0 or 50 ,ug/ml, or in (B) 10 ml of fi
pyruvate-deficient DMEM supplemented with C
5% dialyzed FBS, BrdU at 100 jLg/ml, uridine at 100 C D P,-U
50 p.g/ml, and pyruvate (P) at 0 or 100 ,ug/ml. At l -PUa-P
various time intervals, cells from individual plates 3 +U.+P-X/ 20

2 206, +U. 'P20,+,Pwere trypsinized and counted. (C and D) Growth A
curves of the recipient p0206 cells and of the 10 +U,-P
transmitochondrial cell lines were determined as ^
described above. The growth medium was normal
DMEM supplemented with 5% dialyzed FBS and i 206,-U,-P
BrdU at 100 ,ug/ml (+P,-U), or pyruvate-defi- 1

4cient DMEM supplemented with 5% dialyzed 206.417.U3 206.415.P3
FBS and BrdU at 100 ,ug/ml (-U,-P), or the 0 80 160 240 0 80 160 240
latter medium plus uridine at 50,g/ml (+U,-P), Time (hours)
or the same medium plus uridine at 50 ,ug/ml and
pyruvate at 110 ,ug/ml (+U,+P). The transformants had been maintained in their original selective
media for 5 weeks (206.415) and 7 weeks (206.417) after fusion. The transmitochondrial derivatives
were obtained by fusing 143B206 cells with cytoplasts from HT1080-6TG. For preparation of
cytoplasts, HT1080-6TG cells were plated on 35-mm dishes at -2 x 10' cells per dish. After -24
hours, cells were enucleated while attached to the plate (15). The cytoplasts were fused as a monolayer
with 3 x 105 to 8 x 105 143B206 cells (16), and incubated in DMEM supplemented with 5% FBS and
uridine at 50 ,ug/ml. The cells were replated 1 to 3 days after fusion and placed in selective medium.
Selective uridine-free medium consisted ofDMEM supplemented with 5% dialyzed FBS and BrdU at
100 ,ug/ml, and selective pyruvate-free medium consisted of DMEM lacking pyruvate supplemented
with 5% dialyzed FBS, uridine at 50 ,ug/ml, and BrdU at 100 ,ug/mi.
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Human Cells Lacking mtDNA: Repopulation with
Exogenous Mitochondria by Complementation

MICHAEL P. KING AND GIUSEPPE ATrARDI

Two human celi lines (termed p), which had been completely depleted of mitochon-
drial DNA (mtDNA) by long-term exposure to ethidium bromide, were found to be
dependent on uridine and pyruvate for growth because of the absence of a functional
respiratory chain. Loss of either of these two metabolic requirements was used as a
selectable marker for the repopulation of p0 cells with exogenous mitochondria by
complementation. Transformants obtained with various mitochondrial donors exhib-
ited a respiratory phenotype that was in most cases distinct from that of the p0 parent
or the donor, indicating that the genotypes ofthe mitochondrial and nuclear genomes
as well as their specific interactions play a role in the respiratory competence of a cell.

Division of Biology, California Institute of Technology,
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MO ITOCHONDRIAL BIOGENESIS IS
under the control of both the
nuclear and the mitochondrial

genome (1). The replication and transcrip-
tion of mtDNA and the translation of
mtDNA-coded mRNAs require compo-
nents encoded in the nucleus, which must be
imported into the organelles. Most of the
enzymes of the respiratory chain are oligo-
meric complexes consisting of both nuclear
DNA-coded and mtDNA-coded subunits.
Study of these nuclear-mitochondrial inter-
actions would be facilitated if it were possi-
ble to manipulate the mtDNA complement
of a cell, move mitochondria from one cellu-
lar environment to another, or introduce
new genes into mitochondria.
We have isolated two derivatives of the

human cell line 143B.TK-, which had been
entirely depleted of mtDNA by long-term
exposure to low concentrations of ethidium
bromide (2). DNA transfer hybridization
analysis of total DNA from these cell lines,
designated 143B101 and 143B206 (or
p°101 and p0206), did not reveal the expect-
ed mtDNA restriction fragments, under
conditions in which much less than one
molecule per cell would have been detected
(2). These p0 cells rely exclusively on glycol-
ysis for their energy requirements, and, as
previously shown for p0 avian cells (3), have
become pyrimidine auxotrophs because of
the deficiency of the respiratory chain-de-
pendent dihydroorotate dehydrogenase (4).
Unexpectedly, these p0 cells have also be-
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come pyruvate-dependent (2). Complemen-
tation of either of these metabolic require-
ments was used as a selectable marker for the
repopulation of p0 cells with exogenous
functional mtDNA.
The p0 cell line 143B206 undergoes less

than one population doubling in the ab-
sence of uridine, whereas its growth rate

closely approaches that of the parental line
in the presence of uridine at 50 ,ug/ml (Fig.
IA). The growth rate of the 143B parental
line is not affected by the absence of uridine.
When S x 106 143B206 cells were grown
in the absence of uridine, no colony ap-
peared even after 10 weeks of selection in
culture. These p0 cells have a similar depen-
dence on pyruvate [a normal component of
the Dulbecco modified Eagle's medium
(DMEM)] for growth, undergoing less than
one population doubling in the absence of
pyruvate (Fig. iB). In the presence of pyru-
vate at 100 ,ug/ml, the growth rate of this
cell line is similar to that ofthe parental line,
whose growth is not affected by the absence
of pyruvate. An identical dependence on
uridine and pyruvate was observed with the
143B101 cell line (2).
We used the two p0 cell lines for mito-

chondrial transformation studies. Initially,
mitochondria were transferred by fusion of
cytoplasts with p0 cells. Cybrids were
formed by fusion of cytoplasts from
HT1080-6TG human cells (enHT1080) (5)
with p°101 or p0206 cells and replated in
medium containing bromodeoxyuridine
(BrdU) and lacking either pyruvate or uri-
dine. These media permitted only the
growth of p0 cells that had fused with
cytoplasts containing functional mitochon-
dria. Growth of presumptive transformants
was observed within 3 to 4 days after cell
fusion, and colonies were picked (with a

Fig. 1. Growth of (A and B) 143B.TK- (Par) 100 A
cells or 143B206 (p°206) cells and (C) transfor- B06UoB Pat PO

mants 206.417.U3 and (D) transformant 1 20,
206.415.P3 in the presence or absence of uridine
(U) or pyruvate (P). (A and B) Multiple series of 10-
10-cm plastic petri dishes were seeded each with a -
constant number of cells in (A) 10 ml of normal
DMEM supplemented with 5% dialyzed fetal " 206,20 206, PO
bovine serum (FBS), BrdU at 100 p.g/ml, and @ 1
uridine (U) at 0 or 50 ,ug/ml, or in (B) 10 ml of fi
pyruvate-deficient DMEM supplemented with C
5% dialyzed FBS, BrdU at 100 jLg/ml, uridine at 100 C D P,-U
50 p.g/ml, and pyruvate (P) at 0 or 100 ,ug/ml. At l -PUa-P
various time intervals, cells from individual plates 3 +U.+P-X/ 20

2 206, +U. 'P20,+,Pwere trypsinized and counted. (C and D) Growth A
curves of the recipient p0206 cells and of the 10 +U,-P
transmitochondrial cell lines were determined as ^
described above. The growth medium was normal
DMEM supplemented with 5% dialyzed FBS and i 206,-U,-P
BrdU at 100 ,ug/ml (+P,-U), or pyruvate-defi- 1

4cient DMEM supplemented with 5% dialyzed 206.417.U3 206.415.P3
FBS and BrdU at 100 ,ug/ml (-U,-P), or the 0 80 160 240 0 80 160 240
latter medium plus uridine at 50,g/ml (+U,-P), Time (hours)
or the same medium plus uridine at 50 ,ug/ml and
pyruvate at 110 ,ug/ml (+U,+P). The transformants had been maintained in their original selective
media for 5 weeks (206.415) and 7 weeks (206.417) after fusion. The transmitochondrial derivatives
were obtained by fusing 143B206 cells with cytoplasts from HT1080-6TG. For preparation of
cytoplasts, HT1080-6TG cells were plated on 35-mm dishes at -2 x 10' cells per dish. After -24
hours, cells were enucleated while attached to the plate (15). The cytoplasts were fused as a monolayer
with 3 x 105 to 8 x 105 143B206 cells (16), and incubated in DMEM supplemented with 5% FBS and
uridine at 50 ,ug/ml. The cells were replated 1 to 3 days after fusion and placed in selective medium.
Selective uridine-free medium consisted ofDMEM supplemented with 5% dialyzed FBS and BrdU at
100 ,ug/ml, and selective pyruvate-free medium consisted of DMEM lacking pyruvate supplemented
with 5% dialyzed FBS, uridine at 50 ,ug/ml, and BrdU at 100 ,ug/mi.
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drial DNA (mtDNA) by long-term exposure to ethidium bromide, were found to be
dependent on uridine and pyruvate for growth because of the absence of a functional
respiratory chain. Loss of either of these two metabolic requirements was used as a
selectable marker for the repopulation of p0 cells with exogenous mitochondria by
complementation. Transformants obtained with various mitochondrial donors exhib-
ited a respiratory phenotype that was in most cases distinct from that of the p0 parent
or the donor, indicating that the genotypes ofthe mitochondrial and nuclear genomes
as well as their specific interactions play a role in the respiratory competence of a cell.
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Proliferating cells need LESS ATP than differentiated tissues
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Ephraim Racker Otto Warburg

 Efraim Racker Bioenergetics and the Problem
 of Tumor Growth

 An understanding of the mechanism of the generation and control of
 biological energy may shed light on the problem of tumor growth

 The generation of biological energy
 and the growth of tumors, two sub
 jects which at first sight do not ap
 pear to be related, nevertheless have
 a possible relationship. The key to
 the mechanism of bioenergy forma
 tion is oxidation. Adenosine triphos
 phate (ATP) formation in cells is
 completely dependent on oxidative
 events. This is true for energy genera
 tion in mitochondria by oxidative
 phosphorylation and for the much
 simpler system of glycolysis which is
 catalyzed by soluble glucose-degrad
 ing enzymes. The two pathways of
 energy generation have three fea
 tures in common: (a) the oxidation
 step takes place first, independent of
 phosphorylation; (b) the energy of
 oxidation is conserved in a high-en
 ergy intermediate (X^Y); and (c) a
 separate coupling device utilizes the
 energy of X^Y for the dehydration
 of adenosine diphosphate (ADP) and

 Efraim Racker, professor of biochemistry and
 molecular biology at Cornell University, received
 his M.D. degree at the University of Vienna in
 1938. An early interest in psychiatry led him to
 studies of the central nervous system and of altera
 tions in the energy metabolism of brains of mice in

 fected with poliomyelitis. Realizing that an under
 standing of the basic mechanisms is necessary for the
 intelligent analysis of problems of applied medicine,
 he began to investigate the fundamental reactions
 responsible for the generation and control of bio
 logical energy. He first studied simple soluble
 enzymes and is now investigating the complex
 membrane-bound multienzyme systems of mito
 chondria. For the past fifteen years he has also
 maintained an active interest in the control of energy
 metabolism in tumors and has published several
 papers on this subject. The present article is based
 on his Sigma Xi National Lecture, given in 1971.
 The original work was supported by a grant from
 the Cancer Institute of the National Institutes of

 Health (CA 08964). The author wishes to
 acknowledge the collaboration of many colleagues
 in the recent work discussed in this article, partic
 ularly Drs. J. Fessenden-Raden, Y. Kagawa, A.
 Loyter, R. L. Christiansen, W. Arion, C. Burstein,
 and D. Schneider. Address: Wing Hall, Cornell
 University, Ithaca, N.Y. 14850.

 inorganic phosphate to generate
 ATP. In the key step in glycolysis,
 the oxidation of glyceraldehyde-3
 phosphate, the mechanism of energy
 conservation, and the formation of
 ATP are known (7). As shown in
 Table 1, the oxidation of the aldehyde
 leads to the formation of an acyl
 enzyme. This nonphosphorylated,
 high-energy intermediate is cleaved
 by phosphate to yield an acyl-phos
 phate (1,3-diphosphoglycerate) which
 finally donates the phosphoryl group
 to ADP to yield ATP and phos
 phoglycerate. In the course of these
 reactions the oxygen is removed from
 inorganic phosphate and appears in
 the carboxyl group of the glycolytic
 intermediate 3-phosphoglycerate.

 In contrast, the mechanism of oxida
 tive phosphorylation is unknown.
 There are basically two major hy
 potheses: the chemical and the
 chemiosmotic (Fig. 1). Some review
 ers mention a third hypothesis, the
 conformational hypothesis which was
 first proposed by Boyer (2). In prin
 ciple this hypothesis is a useful and
 interesting variant of the chemical
 hypothesis, proposing that the energy
 of oxidation is conserved in a con
 formational alteration of a protein
 rather than in a new chemical bond.

 The difference between the chemical
 and chemiosmotic hypotheses is more
 fundamental. The chemical hypothesis
 (cf. /) is modeled according to the

 mode of action of glyceraldehyde-3
 phosphate dehydrogenase. Its current
 formulation involves three high-en
 ergy intermediates: a nonphosphory
 lated intermediate of the oxidation
 chain (A^X) which arises by oxida
 tion of the substrate (Adduced); a sec
 ond nonphosphorylated intermediate
 (X^Y) without a respiratory com
 ponent; and a third phosphorylated

 intermediate (X^P). In the chem
 iosmotic hypothesis of Mitchell (3)
 the key feature is a translocation of
 protons from one side of the mem
 brane to the other, which takes
 place during mitochondrial oxida
 tion of substrates. This translocation
 gives rise to a proton gradient and a
 membrane potential which generates
 the formation of a high-energy inter
 mediate X^Y as discussed in detail
 in several reviews (3-5). The pro
 cess of energy conversion from X^Y
 to ATP is also formulated somewhat
 differently in the chemiosmotic hy
 pothesis, the major differences being
 that it is linked to proton transloca
 tion in the direction opposite to that
 occurring during oxidation, and it
 does not involve formation of a phos
 phorylated high-energy intermediate.

 The most fundamental difference
 between the two hypotheses lies,
 however, in the steps leading to X^Y
 formation. Are the proton move
 ments which have been shown to take
 place during oxidation primary or
 secondary to the formation of X^Y?
 This question is difficult to answer
 because in both formulations the
 high-energy intermediate X^Y is in
 equilibrium with ion gradients. This
 means that X^Y can produce an ion
 gradient and an ion gradient can
 generate X^Y. Indeed there is experi
 mental evidence that either a proton
 gradient (6) or a potassium gradient
 (7) can give rise to ATP formation.

 The basic question which therefore
 remains to be answered is whether
 the proton gradient and formation of
 a membrane potential are essential
 for oxidative phosphorylation as pro
 posed by Mitchell (3), or whether the
 proton pump is linked "in parallel"
 to the phosphorylation process as
 formulated by the chemical hypoth
 esis. It should be pointed out, how
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 Efraim Racker Bioenergetics and the Problem
 of Tumor Growth

 An understanding of the mechanism of the generation and control of
 biological energy may shed light on the problem of tumor growth

 The generation of biological energy
 and the growth of tumors, two sub
 jects which at first sight do not ap
 pear to be related, nevertheless have
 a possible relationship. The key to
 the mechanism of bioenergy forma
 tion is oxidation. Adenosine triphos
 phate (ATP) formation in cells is
 completely dependent on oxidative
 events. This is true for energy genera
 tion in mitochondria by oxidative
 phosphorylation and for the much
 simpler system of glycolysis which is
 catalyzed by soluble glucose-degrad
 ing enzymes. The two pathways of
 energy generation have three fea
 tures in common: (a) the oxidation
 step takes place first, independent of
 phosphorylation; (b) the energy of
 oxidation is conserved in a high-en
 ergy intermediate (X^Y); and (c) a
 separate coupling device utilizes the
 energy of X^Y for the dehydration
 of adenosine diphosphate (ADP) and

 Efraim Racker, professor of biochemistry and
 molecular biology at Cornell University, received
 his M.D. degree at the University of Vienna in
 1938. An early interest in psychiatry led him to
 studies of the central nervous system and of altera
 tions in the energy metabolism of brains of mice in

 fected with poliomyelitis. Realizing that an under
 standing of the basic mechanisms is necessary for the
 intelligent analysis of problems of applied medicine,
 he began to investigate the fundamental reactions
 responsible for the generation and control of bio
 logical energy. He first studied simple soluble
 enzymes and is now investigating the complex
 membrane-bound multienzyme systems of mito
 chondria. For the past fifteen years he has also
 maintained an active interest in the control of energy
 metabolism in tumors and has published several
 papers on this subject. The present article is based
 on his Sigma Xi National Lecture, given in 1971.
 The original work was supported by a grant from
 the Cancer Institute of the National Institutes of

 Health (CA 08964). The author wishes to
 acknowledge the collaboration of many colleagues
 in the recent work discussed in this article, partic
 ularly Drs. J. Fessenden-Raden, Y. Kagawa, A.
 Loyter, R. L. Christiansen, W. Arion, C. Burstein,
 and D. Schneider. Address: Wing Hall, Cornell
 University, Ithaca, N.Y. 14850.

 inorganic phosphate to generate
 ATP. In the key step in glycolysis,
 the oxidation of glyceraldehyde-3
 phosphate, the mechanism of energy
 conservation, and the formation of
 ATP are known (7). As shown in
 Table 1, the oxidation of the aldehyde
 leads to the formation of an acyl
 enzyme. This nonphosphorylated,
 high-energy intermediate is cleaved
 by phosphate to yield an acyl-phos
 phate (1,3-diphosphoglycerate) which
 finally donates the phosphoryl group
 to ADP to yield ATP and phos
 phoglycerate. In the course of these
 reactions the oxygen is removed from
 inorganic phosphate and appears in
 the carboxyl group of the glycolytic
 intermediate 3-phosphoglycerate.

 In contrast, the mechanism of oxida
 tive phosphorylation is unknown.
 There are basically two major hy
 potheses: the chemical and the
 chemiosmotic (Fig. 1). Some review
 ers mention a third hypothesis, the
 conformational hypothesis which was
 first proposed by Boyer (2). In prin
 ciple this hypothesis is a useful and
 interesting variant of the chemical
 hypothesis, proposing that the energy
 of oxidation is conserved in a con
 formational alteration of a protein
 rather than in a new chemical bond.

 The difference between the chemical
 and chemiosmotic hypotheses is more
 fundamental. The chemical hypothesis
 (cf. /) is modeled according to the

 mode of action of glyceraldehyde-3
 phosphate dehydrogenase. Its current
 formulation involves three high-en
 ergy intermediates: a nonphosphory
 lated intermediate of the oxidation
 chain (A^X) which arises by oxida
 tion of the substrate (Adduced); a sec
 ond nonphosphorylated intermediate
 (X^Y) without a respiratory com
 ponent; and a third phosphorylated

 intermediate (X^P). In the chem
 iosmotic hypothesis of Mitchell (3)
 the key feature is a translocation of
 protons from one side of the mem
 brane to the other, which takes
 place during mitochondrial oxida
 tion of substrates. This translocation
 gives rise to a proton gradient and a
 membrane potential which generates
 the formation of a high-energy inter
 mediate X^Y as discussed in detail
 in several reviews (3-5). The pro
 cess of energy conversion from X^Y
 to ATP is also formulated somewhat
 differently in the chemiosmotic hy
 pothesis, the major differences being
 that it is linked to proton transloca
 tion in the direction opposite to that
 occurring during oxidation, and it
 does not involve formation of a phos
 phorylated high-energy intermediate.

 The most fundamental difference
 between the two hypotheses lies,
 however, in the steps leading to X^Y
 formation. Are the proton move
 ments which have been shown to take
 place during oxidation primary or
 secondary to the formation of X^Y?
 This question is difficult to answer
 because in both formulations the
 high-energy intermediate X^Y is in
 equilibrium with ion gradients. This
 means that X^Y can produce an ion
 gradient and an ion gradient can
 generate X^Y. Indeed there is experi
 mental evidence that either a proton
 gradient (6) or a potassium gradient
 (7) can give rise to ATP formation.

 The basic question which therefore
 remains to be answered is whether
 the proton gradient and formation of
 a membrane potential are essential
 for oxidative phosphorylation as pro
 posed by Mitchell (3), or whether the
 proton pump is linked "in parallel"
 to the phosphorylation process as
 formulated by the chemical hypoth
 esis. It should be pointed out, how
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 Efraim Racker Bioenergetics and the Problem
 of Tumor Growth

 An understanding of the mechanism of the generation and control of
 biological energy may shed light on the problem of tumor growth

 The generation of biological energy
 and the growth of tumors, two sub
 jects which at first sight do not ap
 pear to be related, nevertheless have
 a possible relationship. The key to
 the mechanism of bioenergy forma
 tion is oxidation. Adenosine triphos
 phate (ATP) formation in cells is
 completely dependent on oxidative
 events. This is true for energy genera
 tion in mitochondria by oxidative
 phosphorylation and for the much
 simpler system of glycolysis which is
 catalyzed by soluble glucose-degrad
 ing enzymes. The two pathways of
 energy generation have three fea
 tures in common: (a) the oxidation
 step takes place first, independent of
 phosphorylation; (b) the energy of
 oxidation is conserved in a high-en
 ergy intermediate (X^Y); and (c) a
 separate coupling device utilizes the
 energy of X^Y for the dehydration
 of adenosine diphosphate (ADP) and

 Efraim Racker, professor of biochemistry and
 molecular biology at Cornell University, received
 his M.D. degree at the University of Vienna in
 1938. An early interest in psychiatry led him to
 studies of the central nervous system and of altera
 tions in the energy metabolism of brains of mice in

 fected with poliomyelitis. Realizing that an under
 standing of the basic mechanisms is necessary for the
 intelligent analysis of problems of applied medicine,
 he began to investigate the fundamental reactions
 responsible for the generation and control of bio
 logical energy. He first studied simple soluble
 enzymes and is now investigating the complex
 membrane-bound multienzyme systems of mito
 chondria. For the past fifteen years he has also
 maintained an active interest in the control of energy
 metabolism in tumors and has published several
 papers on this subject. The present article is based
 on his Sigma Xi National Lecture, given in 1971.
 The original work was supported by a grant from
 the Cancer Institute of the National Institutes of

 Health (CA 08964). The author wishes to
 acknowledge the collaboration of many colleagues
 in the recent work discussed in this article, partic
 ularly Drs. J. Fessenden-Raden, Y. Kagawa, A.
 Loyter, R. L. Christiansen, W. Arion, C. Burstein,
 and D. Schneider. Address: Wing Hall, Cornell
 University, Ithaca, N.Y. 14850.

 inorganic phosphate to generate
 ATP. In the key step in glycolysis,
 the oxidation of glyceraldehyde-3
 phosphate, the mechanism of energy
 conservation, and the formation of
 ATP are known (7). As shown in
 Table 1, the oxidation of the aldehyde
 leads to the formation of an acyl
 enzyme. This nonphosphorylated,
 high-energy intermediate is cleaved
 by phosphate to yield an acyl-phos
 phate (1,3-diphosphoglycerate) which
 finally donates the phosphoryl group
 to ADP to yield ATP and phos
 phoglycerate. In the course of these
 reactions the oxygen is removed from
 inorganic phosphate and appears in
 the carboxyl group of the glycolytic
 intermediate 3-phosphoglycerate.

 In contrast, the mechanism of oxida
 tive phosphorylation is unknown.
 There are basically two major hy
 potheses: the chemical and the
 chemiosmotic (Fig. 1). Some review
 ers mention a third hypothesis, the
 conformational hypothesis which was
 first proposed by Boyer (2). In prin
 ciple this hypothesis is a useful and
 interesting variant of the chemical
 hypothesis, proposing that the energy
 of oxidation is conserved in a con
 formational alteration of a protein
 rather than in a new chemical bond.

 The difference between the chemical
 and chemiosmotic hypotheses is more
 fundamental. The chemical hypothesis
 (cf. /) is modeled according to the

 mode of action of glyceraldehyde-3
 phosphate dehydrogenase. Its current
 formulation involves three high-en
 ergy intermediates: a nonphosphory
 lated intermediate of the oxidation
 chain (A^X) which arises by oxida
 tion of the substrate (Adduced); a sec
 ond nonphosphorylated intermediate
 (X^Y) without a respiratory com
 ponent; and a third phosphorylated

 intermediate (X^P). In the chem
 iosmotic hypothesis of Mitchell (3)
 the key feature is a translocation of
 protons from one side of the mem
 brane to the other, which takes
 place during mitochondrial oxida
 tion of substrates. This translocation
 gives rise to a proton gradient and a
 membrane potential which generates
 the formation of a high-energy inter
 mediate X^Y as discussed in detail
 in several reviews (3-5). The pro
 cess of energy conversion from X^Y
 to ATP is also formulated somewhat
 differently in the chemiosmotic hy
 pothesis, the major differences being
 that it is linked to proton transloca
 tion in the direction opposite to that
 occurring during oxidation, and it
 does not involve formation of a phos
 phorylated high-energy intermediate.

 The most fundamental difference
 between the two hypotheses lies,
 however, in the steps leading to X^Y
 formation. Are the proton move
 ments which have been shown to take
 place during oxidation primary or
 secondary to the formation of X^Y?
 This question is difficult to answer
 because in both formulations the
 high-energy intermediate X^Y is in
 equilibrium with ion gradients. This
 means that X^Y can produce an ion
 gradient and an ion gradient can
 generate X^Y. Indeed there is experi
 mental evidence that either a proton
 gradient (6) or a potassium gradient
 (7) can give rise to ATP formation.

 The basic question which therefore
 remains to be answered is whether
 the proton gradient and formation of
 a membrane potential are essential
 for oxidative phosphorylation as pro
 posed by Mitchell (3), or whether the
 proton pump is linked "in parallel"
 to the phosphorylation process as
 formulated by the chemical hypoth
 esis. It should be pointed out, how
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FDG-PET → glucose uptake 
(Brown fat lights up!)
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Takehome points 1

1. Metabolic flux is malleable (many ways to make a product) 

2. Metabolism is not ALWAYS about energy 

3. Growth (anabolic metabolism) requires SUBSTRATES >>> ENERGY 

4. Cells (and organisms) rewire their metabolism to suit their needs



Metabolism affects all cellular processes… but 
how do we find out which metabolites influence 

specific processes and how?
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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Auxotrophs are a powerful tool to study metabolic pathways
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.
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Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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treated with erastin or RSL3, chemicals that
induce ferroptosis, cells lackingNADK2 showed
no increase in cell death (Fig. 2L and fig. S3U).
Similarly, Nadk2 knockout did not increase
sensitivity to ferroptosis in contact-inhibited,
nonproliferative mouse embryonic fibroblasts
(MEFs) (fig. S3, V and W). Thus, the loss of
NADK2—and the depletion of mitochondrial
NADP(H)—did not increase oxidative stress
under the experimental conditionsweexamined,
although it remains possible that mitochon-
drial NADP(H) generationmight play a role in
antioxidant defense in response to other physi-
ological perturbations.
We observed that proliferation of cells

lacking NADK2 was not perturbed compared
with that of control cells when cultured in a
nutrient-rich medium [Dulbecco's modified
Eagle’s medium and Ham's F-12 medium
(DMEM/F12)] (fig. S4, A to D). However, our
studies of IDH2 mutant cells indicated that
NADK2 could have a role in NADPH-
dependent biosynthesis (Fig. 1, F and G). To
test whether mitochondrial NADP(H) supports
biosynthetic reactions in general, we subjected

control and NADK2 knockout cells to culture
medium composed of minimal essential nu-
trients (DMEM) and found that the growth
of NADK2-deleted cells was compromised (fig.
S4, A toD). Apparently,mitochondrialNADP(H)
promotes the synthesis of one ormore nutrients
required to sustain cell proliferation.
Growth of cells lackingNADK2was restored

in DMEM by supplementing nonessential
amino acids (NEAAs), but not by other nutrients
present in DMEM/F12 (Fig. 3A and fig. S4, E
and F). Supplementing individual amino acids
revealed that proline was both necessary and
sufficient to restore proliferation of NADK2
knockout cells in DMEM (Fig. 3B and fig. S4,
G to J). In agreement, cells lacking NADK2
showed reduced intracellular proline abun-
dance (Fig. 3C). Similar results were obtained
under hypoxia (0.5% O2) (fig. S4, K to M). To
validate that the proline-dependent growth
phenotype was the result of NADK2 loss, we
introducedNADK2 cDNA resistant to CRISPR-
Cas9–mediated genome editing into theNADK2
knockout cells, which restored both intra-
cellular proline abundance and cell growth

(Fig. 3, D to F, and fig. S5, A to C). Similar
results were observed when the yeast mito-
chondrial NAD(H) kinase, POS5 (17), was re-
constituted in NADK2-deficient cells (Fig. 3,
G to I, and fig. S5, D to F).
We performed metabolite profiling of cells

lacking NADK2 cultured in DMEM and con-
firmed the depletion of intracellular proline,
whereas amounts of many other amino acids
were slightly increased (Fig. 4A and fig. S6, A
and B). Loss of NADK2 also reduced proline
abundance innonproliferating (contact-inhibited)
MEFs (fig. S6, C and D). By contrast, loss of
cytosolic NADK1 did not decrease proline
abundance (fig. S6, E and F). Likewise, the
oxygen-dependent NADPH oxidase, TPNOX
(18), reduced proline amounts when expressed
inmitochondria (mitoTPNOX) but not in cytosol
(cytoTPNOX) (fig. S6, G to J). To extend these
observations, we examined the consumption
of nutrients from the proline-containing
DMEM/F12 medium. Although we observed
net proline accumulation in medium condi-
tioned by control cells, proline was consumed
by cells lacking NADK2 (Fig. 4, B and C, and
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Fig. 3. Mitochondrial
NADP(H) depletion
results in proline aux-
otrophy. (A and B) Cell
proliferation measured as
cell number fold change
(day 4/day 0) of T47D
cells with sgCtrl,
sgNADK2-1, or sgNADK2-
2, cultured in the indi-
cated medium and sup-
plementation. LA, lipoic
acid; Pyr, pyruvate; Cu,
cupric sulfate; Zn, zinc
sulfate; B12, vitamin B12;
A, alanine; D, aspartate;
N, asparagine; E, gluta-
mate; P, proline. All sup-
plements are added at
the concentrations pres-
ent in DMEM/F12.
(C) Proline abundance
measured by GC-MS
in the indicated T47D
cells cultured in DMEM.
(D to F) Western blot
(D), proline abundance
measured by GC-MS
(E), and cell proliferation
(F) of DMEM-cultured
T47D cells with sgCtrl or
sgNADK2-2 and ectopi-
cally expressing vector or
NADK2 cDNA resistant (resis) to sgNADK2-2–mediated CRISPR-Cas9 genome editing. (G to I) Western blot (G), proline abundance measured by GC-MS (H), and
cell proliferation (I) of DMEM-cultured T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2 and ectopically expressing vector or the POS5 cDNA. All error bars in this
figure represent means + SDs (n = 3). In (A), (B), (C), (H), and (I), one-way ANOVA was performed. In (E) and (F), two-sided t test was performed with Welch’s
correction. **P < 0.01; ***P < 0.001; not significant (n.s.), P > 0.05.
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Fig. 1. NADK2 is required to maintain the mito-
chondrial NADP(H) pool. (A) DLD1 cells expressing
HA-tagged OMP25 protein (DLD1-OMP25HA) were
engineered to express control guide RNA (sgCtrl) or
two independent guide RNA sequences targeting
NADK2 (sgNADK2-1 and sgNADK2-2) and then were
subjected to Western blot of whole cells or anti-HA
immunopurified mitochondria (Mito-IP). ER, endoplas-
mic reticulum. (B and C) Colorimetric enzyme-based
measurement of total NADP(H) abundance in whole
cells (B) or immunopurified mitochondria (C) of DLD1-
OMP25HA cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in DMEM/F12 medium. a.u., arbitrary units.
(D) Western blot analysis of JJ012 (mutant IDH1) and
CS1 (mutant IDH2) cells with sgCtrl, sgNADK2-1, or
sgNADK2-2. (E and F) 2HG abundance measured by
gas chromatography–mass spectrometry (GC-MS) in
JJ012 (E) and CS1 (F) cells with sgCtrl, sgNADK2-1,
or sgNADK2-2. (G) 2HG abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with
sgCtrl or sgNADK2-2. Error bars in (B) represent
means + SDs (n = 6 biological replicates); error bars in
(C), (E), and (F) represent means + SDs (n = 3); and
error bars in (G) represent means ± SDs (n = 10). In (C), one-way analysis of variance (ANOVA) was performed with matched measures. In (F), one-way ANOVA was
performed. In (G), two-sided t test was performed with Welch’s correction. ***P < 0.001.

CS

NADK2

Lamin A
Lamin C

H3

Vinculin

CAT

GOLGA1

CALR

LAMP2

CTSC

M
ito

ch
on

dr
ia

N
uc

le
us

Ly
so

so
m

e

Cytosol

Peroxi-
some

Golgi

ER

sg
N

A
D

K
2-

2

sg
C

tr
l

sg
N

A
D

K
2-

1

Whole 
cell Mito-IP

sg
N

A
D

K
2-

2

sg
C

tr
l

sg
N

A
D

K
2-

1
COX IV sg

Ctrl

sg
NADK2-

1

sg
NADK2-

2

***

MitochondriaWhole cell

0

1

2

3

JJ012
(mutant IDH1)

2H
G

 a
bu

nd
an

ce
 (a

.u
.)

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2
0

1

2

3

CS1
(mutant IDH2)

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2

***

0

0.5

1.0

N
A

D
P

(H
) a

bu
nd

an
ce

 (a
.u

.)

0

0.5

1.0

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2 NADK2

Vinculin

sg
C

tr
l

sg
N

A
D

K
2-

1

sg
N

A
D

K
2-

2

JJ012
(mutant
IDH1)

sg
C

tr
l

sg
N

A
D

K
2-

1

sg
N

A
D

K
2-

2

CS1
(mutant
IDH2)

A B C D

E F

N
A

D
P

(H
) a

bu
nd

an
ce

 (a
.u

.)
2H

G
 a

bu
nd

an
ce

 (a
.u

.)

sg
Ctrl

0

0.5

1.0

1.5

2H
G

 a
bu

nd
an

ce
 (a

.u
.)

CS1 xenograft tumorsG
***

sg
NADK2-

2

NADK2

PRX1/2-SO3 (LE)
PRX3-SO3 (LE)

PRX1/2-SO3 (SE)
PRX3-SO3 (SE)

Cyto.
/Nuc.

Mito.

sg
N

A
D

K
2-

1
sg

N
A

D
K

2-
2

sg
C

tr
l

sg
N

A
D

K
2-

1
sg

N
A

D
K

2-
2

Mock H2O2

sg
C

tr
l

Total PRX3

Tubulin

Cellular ROS

CS

GSR

NADK2

sg
N

A
D

K
2-

2

sg
C

tr
l

sg
N

A
D

K
2-

1

Whole 
cell Mito-IP

sg
N

A
D

K
2-

2

sg
C

tr
l

sg
N

A
D

K
2-

1

Moc
k

Era
sti

n
RSL3

0

20

40

60

80

100

C
el

l d
ea

th
 (%

)

sgCtrl
sgNADK2-1
sgNADK2-2

Ferroptosis sensitivity

NADK2

MTHFD2

SHMT2

Vinculin

sg
C

tr
l

sg
N

A
D

K
2-

1
sg

N
A

D
K

2-
2

sg
M

T
H

F
D

2
sg

S
H

M
T

2

MITOCHONDRIA

NAD(P)H

NAD(P)+

CYTOSOL
Formate

SHMT2

[2,3,3-2H3]Serine

MTHFD2/2L5,10-meTHF

TTP (M+2)

TTP (M+1)

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2
0

25

50

75

100

M+1
M+0

M+2
M+3

M+5
M+4

% KG from
[U-13C] glutamine

0

25

50

75

100
M+6

M+1
M+0

M+2
M+3

M+5
M+4

% Citrate from
[U-13C] glutamine

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2
0

25

50

75

100

M+1
M+0

M+2
M+3
M+4

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2

% Fumarate from
[U-13C] glutamine

0

25

50

75

100

M+1
M+0

M+2
M+3
M+4

% Malate from
[U-13C] glutamine

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2

sgCtrl
sgNADK2-1
sgNADK2-2

Mock H202

0

250

500

R
el

at
iv

e 
 D

C
D

FA
 in

te
ns

ity

DMSO MitoPQ
0

20

40

60

P
ro

be
 o

xi
da

tio
n 

(%
)

Mito-Orp1-roGFP2

sgCtrl
sgNADK2-1
sgNADK2-2

J K

B

H

A C D E F

G I L

M+0
M+1
M+2

sg
Ctrl

sg
NADK2-

1

sg
NADK2-

2

sg
MTHFD2

sg
SHMT2

%
 T

TP
 fr

om
 

[2
,3

,3
-2 H

3]
 s

er
in

e

0

25

50

75

100

Fig. 2. Mitochondrial NADP(H) depletion does not have substantial
effects on folate pathway, TCA cycle activity, or measures of oxidative
stress. (A) Scheme of the tracing strategy, adapted from (9, 10). Catabolism
of [2,3,3-2H3]serine in the mitochondrial or cytosolic folate pathway produces
singly or doubly deuterated thymidine triphosphate (TTP M+1 or TTP M+2),
respectively. (B) Western blot of DLD1 cells with sgCtrl, sgNADK2-1,
sgNADK2-2, sgMTHFD2, or sgSHMT2. (C) Isotopologue distribution of TTP
measured by liquid chromatography–mass spectrometry (LC-MS) in DLD1
cells denoted in (B), cultured in [2,3,3-2H3]serine–containing medium for
8 hours. (D to G) Isotopologue distribution of the indicated metabolites
measured by GC-MS in DLD1 cells with sgCtrl, sgNADK2-1, or sgNADK2-2,
cultured in [U-13C]glutamine–containing medium for 6 hours. (H) Cellular ROS

measured by CM-H2DCFDA in the indicated DLD1 cells, mock treated or treated
with 150 mM H2O2 for 4 hours. (I) DLD1 cells expressing Mito-Orp1-roGFP2
and the indicated guide RNA were treated with vehicle (DMSO) or 100 mM
MitoPQ for 24 hours. Oxidation status was expressed as a percentage of maximal
oxidation, which was determined by treating cells with 5 mM H2O2 for 5 min
before harvest. (J) Western blot analysis of whole cells or immunopurified
mitochondria of DLD1-OMP25HA cells expressing the indicated guide RNA.
(K) Western blot of the indicated DLD1 cells mock treated or treated with
500 mM H2O2 for 6 hours. SE, short exposure; LE, long exposure. (L) Ferroptosis
sensitivity of the indicated DLD1 cells, measured as a percentage of cell death
upon mock, erastin (5 mM), or RSL3 (0.5 mM) treatment for 24 hours. All error
bars in this figure represent means + SDs (n = 3).
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fig. S7, A to D). Additionally, glutamate ac-
cumulation was found in medium conditioned
by cells lackingNADK2 (Fig. 4, B and D, and
fig. S7, A, B, E, and F), which might result
from compensatory accumulation of carbon
and nitrogen in the form of glutamate in-
stead of proline. We performed similar analy-
ses in xenograft tumors formed by CS1 cells
(Fig. 1). We found that across a panel of amino
acids, proline amount was reduced in tu-
mors formed by CS1 cells lacking NADK2
(Fig. 4E and fig. S7G), which correlated with

a slower growth rate of these tumors com-
pared with those formed by control cells (fig.
S7H). Mice grafted with control or NADK2
knockout cells displayed similar plasma levels
of proline as well as other amino acids at the
time of tumor resection (fig. S7I). Thus, the
loss of NADK2, and the consequent deple-
tion of mitochondrial NADP(H), results in
proline auxotrophy.
Proline biosynthesis takes place in themito-

chondria, where glutamine-derived glutamate
is converted to pyrroline-5-carboxylate (P5C)

by pyrroline-5-carboxylate synthase (P5CS).
P5C is further reduced to proline by mito-
chondrial pyrroline-5-carboxylate reductases
(PYCR1 and PYCR2) (Fig. 4F). [U-13C]glutamine
tracing revealed that most cellular glutamate
and proline were derived from glutamine and
that glutamine-derived proline was reduced
upon NADK2 loss (Fig. 4, G and H, and fig. S8,
A and B). By contrast, proline abundance was
not perturbed when the cytosolic pyrroline-5-
carboxylate reductase (PYCRL) was deleted
(fig. S8, C and D).
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Fig. 4. The mitochondrial NADP(H) pool is required to support proline
biosynthesis and collagen production. (A) Heatmap representing changes
of metabolite levels measured by GC-MS in T47D cells with sgCtrl, sgNADK2-
1, or sgNADK2-2 cultured in DMEM for 48 hours. The average of three
biological replicates is shown. For each metabolite, values of sgNADK2-1 and
sgNADK2-2 cells are shown as log2 (fold change) relative to the value of sgCtrl
cells. (B) Changes of metabolite levels measured by GC-MS in DMEM/F12
medium used to culture T47D cells with sgCtrl, sgNADK2-1, or sgNADK2-2
for 48 hours. (C and D) Proline (C) and glutamate (D) data from (B), replotted
as normalized values to sgCtrl cells. (E) Proline abundance measured by
GC-MS in xenograft tumors formed by CS1 cells with sgCtrl or sgNADK2-2.
(F) Scheme of proline biosynthesis pathway in the mitochondria. (G to J)
Relative total level and isotopologue distribution of the indicated metabolites
measured by LC-MS in MEFs with sgCtrl, sgNadk2-1, or sgNadk2-2, cultured in
DMEM containing [U-13C]glutamine for 8 hours. (K) Western blot of the

indicated MEFs, cultured in DMEM or DMEM supplemented with 300 mM
proline. (L) Scheme of extracellular matrix (ECM) extraction and collagen
staining in cells and under conditions described in (M). (M) Secreted collagen
levels quantified by picro sirius red staining in ECM derived from MEFs with
sgCtrl, sgNadk2-1, or sgNadk2-2, cultured for 48 hours in DMEM or DMEM
supplemented with 300 mM proline, in the presence of 50 mM ascorbate.
(N) Pearson correlation (r) of NADK2 mRNA level and forced vital capacity
(FVC) before bronchodilator (pre-BD) as percentage of what was predicted
for each patient. Data are from GSE32537. (O) Pearson correlation of NADK2 mRNA
level and diffusing capacity for carbon monoxide (DLCO) as percentage of
what was predicted for each patient. Data are from GSE32537. Error bars in (E)
represent means ± SDs (n = 10). All other error bars in this figure represent
means + SDs (n = 3). In (B) to (D), one-way ANOVA was performed. In (E) and
(M), two-sided t test was performed with Welch’s correction.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Inborn errors of metabolism (IEMs): 
a window in to what matters and where

Inborn errors of metabolism (IEMs): a 
genetic aberration that disrupts a 
single metabolic pathway

1. End-product depletion 
2. Substrate accumulation 
3. Activation of alternative pathways producing 

toxic by-products 
4. A combination of the above

SubstrateEnzyme 1 Enzyme 2

Toxicity Product 2Product 1

Product 3
Enzyme 3

Toxicity

SubstrateEnzyme 1 Enzyme 2

Toxicity Product 2Product 1

Product 3

Enzyme 3

Toxicity



Phenylketonuria

1. Deficiency of Phenylalanine Hydroxylase 
from mutations in PAH 

2. Inheritance: autosomal recessive 
3. ↑↑↑ levels of dietary phenylalanine in 

plasma 
4. Clinical features: 

- CNS: intellectual disability, seizures, 
behavioral problems 

- Urine: musty smell (breakdown products) 
- Skin: decreased melanin 

5. Treatment: dietary phenylalanine avoidance
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Measuring Metabolism

pmid: 29727671 

Bulk metabolomics (GC or LC/MS)
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What is metabolic flux? (And how to measure)
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Gene expression as a proxy for metabolic flux

28,501 Metabolism-related Gene-Sets in GSEA Molecular Signatures Database



Gene expression as a proxy for metabolic flux

28,501 Metabolism-related Gene-Sets in GSEA Molecular Signatures Database



Sun et al  Catabolic Defect of BCAA in Failing Heart  2041

reduction of all key BCAA catabolic gene products, includ-
ing BCAT2, BCKD subunits, and PP2Cm, whereas BCKDK 
expression was slightly increased (Figure 2A). Importantly, 
intramyocardial levels of BCKA were also significantly 
increased in human cardiomyopathy hearts (Figure 2B).  
A significantly higher level of KMV but not KIC or KIV 
was also observed in plasma from humans with heart failure 

(Figure III in the online-only Data Supplement). In con-
trast, intramyocardial BCAA levels were not significantly 
altered (Figure IV in the online-only Data Supplement). 
Therefore, impairment of BCAA catabolic activity and 
intramyocardial accumulation of BCKA metabolites are 
conserved metabolic alterations in mouse and human  
failing hearts.

B

C D

Figure 1 Continued. test was performed. *P<0.05 vs neonatal; #P<0.05 vs adult sham. C, Western blotting result of proteins involved 
in BCAA catabolism (GAPDH as loading control) using tissue lysates from 3 individual normal (sham) or failing mouse hearts (n=3). D, 
Individual branched-chain α-keto acid (BCKA) concentration in tissues from normal (sham, n=9) and failing (n=7) mouse hearts. Error bars 
represent SD (B) or SEM (D). *P<0.05, **P<0.01.

Figure 2. Impaired branched-chain amino acid (BCAA) catabolism in human failing heart. A, Real-time reverse transcription–polymerase 
chain reaction result of specific genes using mRNA from myocardium of control (Ctrl; n=4) and failing (failure; n=11–15) human hearts. The 
y axis shows the relative mRNA level. B, Individual branched-chain α-keto acid (BCKA) concentration in tissues from control (n=3) and 
failing (n=10) human hearts. Error bars represent SEM. BCKDK indicates BCKD kinase. *P<0.05.
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Metabolic flux CANNOT!!! 
be extrapolated from expression of enzymatic gene loci

Valine

2-methyl-
butyryl-CoA

KMV

Isoleucine

Isobutyryl-CoA

Succinyl-CoA
+

Acetyl-CoA

KIV

Leucine

Isovaleryl-CoA

KIC

Branched-chain amino acid
transaminase (BCAT)

Branched-chain keto-acid 
dehydrogenase complex

(BCKDH)

α-KG

Glut.

PMID: 27059949

PMID: 36223763



Takehome points 2
1. Forward genetics can be used to study metabolic pathways in 

auxotrophic systems/organisms  
2. Inborn errors of metabolism are the clinical manifestations of 

blocks in metabolic flux 
3. Metabolomics shows us the snapshot AMOUNT of each metabolite in 

a population 
4. Flux analysis reveals directionality and the contribution of one 

metabolite to different pathways  
5. Metabolic flux CANNOT be extrapolated from gene expression data



A dive into how metabolism affects chromatin
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The classic view of transcriptional regulation hinges on 
DNA-sequence specificity of activators and repressors



344 F . JACOB AND J. MONOD

precisely these properties, have been isolated (Jacob et al., 1960a). They all map very
closely to oC, as expected (see Fig. 3). It is interesting to note that in these mutants
the i+ gene is functional (Table 3, line 11), which shows clearly, not only that the i and
o mutants are not alleles, but that the 0 segment, while governing the expression of
the z and y genes, docs not affect the expression of the regulator gene.

MODEL I
Regulator gene

+4-
Repressor'V\.f\.,

l r/'r'
Repression or induction

L Metabolite J
MODEL II

Regulator gene

Operator Structural
gene genes

Operator Structural
gene genes

Genes

Messengers

Proteins

I R I 1
01 A I B

Operator
Repressor vvv

Repression or induction

Genes

Messengers

Proteins

FIG. 6. Models of the regulation of protein synthesis.

In conclusion, the integral or co-ordinate expression of the ozy genetic segment
signifies that the operator, which controls this expression, is and remains attached
(see Fig. 6):
(a) either to the genes themselves (Fig. 6, I),
(b) or to the cytoplasmic messenger of the linked z and y genes which must then be

assumed to form a single, integral, particle corresponding to the structure of the whole
ozy segment, and functioning as a whole (Fig. 6, II).
In the former case, the operator would in fact be identical with the 0 locus and it would

govern directly the activity of the genes, Le. the synthesis of the structural messengers.
Both ofthese models are compatible with the observations which we have discussed

so far. We shall return in the next section to the question whether the operator, i.e.
the site of specific interaction with the repressor, is genetic or cytoplasmic. In either
case, the ozy segment, although containing at least two independent structural genes,
governing two independent proteins, behaves as a unit in the transfer of information.
This genetic unit of co-ordinate expression we shall call the "operon" (Jacob et al.,
1960a).
The existence of such a unit of genetic expression is proved so far only in the case

of the Lac segment. As we have already seen, the v mutants of phage A,while illustrat-
ing the existence of an operator in this system, do not define an operon (because the

Jacques Monod André LwofFrançois Jacob

Bacterial gene-expression is DIRECTLY regulated by metabolites

https://doi.org/10.1016/S0022-2836(59)80045-0



PMID: 29760106

Schvartzman et al. 
Metabolic regulation of mammalian gene expression

Journal of Cell Biology
https://doi.org/10.1083/jcb.201803061

2248

harbor variable levels of chemical modification on their DNA 
and DNA-associated proteins (Yung and Elsässer, 2017). The 
deposition and removal of these marks require metabolites that 
are intermediates of distinct metabolic pathways. This has led 
to the hypothesis that these chromatin modifications respond to 
fluctuations in nutrient availability to modulate gene expression. 

In contrast to the basic model of transcription proposed by Jacob 
and Monod (1961) in Escherichia coli, it appears gene regulation 
in more complex organisms has evolved to also be regulated 
by chemical modifications of DNA and its attendant proteins 
(Fig. 1 B). In this review, we discuss examples of how metabolite 
availability shapes gene expression in mammalian cells through 

Figure 1. Paradigms of metabolic regulation of gene expression. (A) Summarized model of the E. coli lac operon as outlined by Jacob and Monod (1961). 
In low glucose/high lactose conditions, the lac repressor (LacI) binds allolactose and RNA polymerase is able to activate transcription of genes required for 
lactose metabolism. Conversely, in high glucose/low lactose conditions, LacI is not bound to allolactose and can bind to the operator sequence, repressing the 
ability of RNA polymerase to transcribe operon genes. CAP, catabolite activator protein. (B) Schematic representation of how sequence-speci"c DNA binding 
proteins recruit chromatin modifying enzymes that serve to deposit inhibitory (le#) or activating (right) marks. In this model, transcription factors recruit local 
chromatin modifying enzymes. YFG, your favorite gene; 5mC, 5-methyl-cytosine; K9, histone H3 lysine 9; K27, histone H3 lysine 27; K4, histone H3 lysine 4.
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Ok but that’s prokaryotes, no nucleus and no chromatin…
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Implications: 
- Changes in intracellular metabolism affect gene expression 
- Gene expression programs can be altered through inhibition of the 

metabolic pathways they are dependent on 
i.e. TFs can’t be drugged but enzymes can
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Chromatin modifications respond to the metabolic state of the cell
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Acetylation of histones is regulated in a cell
cycle–dependent manner and can contribute to
normal cell cycle progression (27–29). Serum
starvation followed by reintroduction can syn-
chronize cells within a population by inducing
them to collectively exit and re-enter the cell
cycle (30). This mitogenic stimulation is accom-
panied by a net increase in histone acetylation, as
cells enter and progress through S phase (24). We
assessed the ability of cells to induce histone acet-
ylation in response to mitogenic stimulation in im-
mortalized mouse embryo fibroblasts (MEFs). In
control cells, acetylation of histone H3 increased
after serum stimulation, and silencing of ACL in-
hibited this response (Fig. 3A). Levels of acetylated
tubulin were unaffected by ACL suppression. To
assess whether this ACL-dependent increase in
histone acetylation could be regulated by glucose
availability, serum stimulation was repeated in the
presence or absence of glucose. Indeed, serum-
induced changes in histone acetylation were depen-
dent on glucose and failed to occur in the absence
of ACL (Fig. 3, B and C). Under glucose dep-
rivation conditions, cells can use fatty acid oxida-
tion to support their bioenergetic needs. However,
fatty acid oxidation results in the production of
mitochondrial but not nucleocytoplasmic acetyl-
CoA. Consistent with this, supplementation of
glucose-starved cells with fatty acids failed to
rescue histone acetylation, supporting the model
that only nucleocytoplasmic acetyl-CoA is avail-
able to participate in histone acetylation (fig. S3B).
Reduced histone acetylation after silencing of ACL
was also observed during proliferation of MEFs in

culture (fig. S3C), which suggests that ACL is also
involved in maintaining histone acetylation during
proliferative expansion, even when sufficient acetyl-
CoA is present to support cell growth.

Histone acetylation increases have also been
observed during differentiation of murine 3T3-
L1 preadipocytes into adipocytes (25). Silencing
of ACL reduced histone acetylation in adipo-
cytes, whereas suppression of AceCS1 had little
effect (Fig. 4A). Tubulin acetylation was un-
changed upon silencing of either ACL or
AceCS1 (Fig. 4a). In addition, the increase in
histone acetylation observed during adipocyte
differentiation was almost entirely suppressed
upon ACL silencing and could be rescued by
acetate in a dose-dependent manner, which sug-
gests that AceCS1 can compensate in this model,
depending on acetate availability (Fig. 4B).

We next sought to determine whether ACL
silencing specifically affected differentiation-
induced histone acetylation or whether it more
broadly impaired the ability of the cell to imple-
ment the differentiation program. Using Oil Red
O staining to assess differentiation-induced lipid
accumulation, we observed that cells depleted of
ACL contained visibly less lipid than control
cells, whereas silencing of AceCS1 had minimal
effects on lipid accumulation (Fig. 4C). Lipid
accumulation in ACL-deficient cells, however,
could be partially rescued by incubation of cells
with acetate (fig. S4A), which suggests that the
reduced lipid accumulation was primarily due to
low availability of acetyl-CoA rather than im-
paired differentiation and that, in the absence of

supraphysiological acetate, acetyl-CoA is derived
mainly from citrate in adipocytes.

These observations raised the possibility that
ACL-dependent changes in histone acetylation
are required for adipocytes to take up and me-
tabolize the amounts of glucose needed to engage
in fat storage. Transcriptional profiling in yeast
has previously indicated that a reduction in global
histone acetylation as a result of GCN5 deficien-
cy results in altered expression of multiple carbo-
hydrate metabolism genes (31). Therefore, we
examined whether the expression of genes in-
volved in glucose uptake and metabolism was
affected in cells in which ACL is silenced. We
found that expression of the insulin-responsive
glucose transporter, Glut4, as well as three key
regulators of glycolysis, hexokinase 2 (HK2),
phosphofructokinase-1 (PFK-1), and lactate de-
hydrogenase A (LDH-A), were all significantly
suppressed upon ACL silencing and rescued by
acetate (Fig. 4D). These transcriptional effects
correlated well with cellular glycolytic activity;
ACL silencing resulted in a 32% decrease in
glucose consumption (P < 0.001), which was
reversed by acetate supplementation. In addition,
expression of genes involved in conversion of
glucose into nonessential amino acids and fatty
acids, including soluble glutamate oxaloacetate
transaminase (Got1) and carbohydrate respon-
sive element-building protein (ChREBP), were
similarly regulated (Fig. 4D). These effects on
glucose metabolism genes appeared to be selec-
tive, since the HAT GCN5, as well as markers of
adipocyte differentiation such as aP2, were not
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complete remission with partial hematologic re-
covery and 3.9 months among patients who did 
not have a response (Fig. 2B).

Translational Findings
The predictive role of baseline co-mutated genes 
was evaluated with regard to response to treat-
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IDH inhibitors are effective in IDH-mutated Leukemia 
and they work by differentiating leukemic cells

PMID: 29860938



IDH mutations occur in a small fraction of patients; 
are these concepts generalizable?
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in yeast that high oxygen tensions were 
capable of directly inhibiting glycolysis, 
and this ‘Pasteur effect’ was subsequently 
extended to mammalian cell culture systems. 
In his pioneering work, Leonard Hayflick 
discovered that diploid animal cells cultured 
at 160 mmHg O2 cannot be passaged 
indefinitely. Subsequent studies have shown 
that the ‘Hayflick limit’ is a function of the 
oxygen tension at which cells are grown. 
In fact, diploid cells can be passaged far 
more times when cultured under low 
oxygen tensions (20–75 mmHg)4. This link 
between the Hayflick limit and oxygen has 
been attributed to several factors, including 
the lower amounts of DNA damage and 
transcriptional rewiring that take place 
under these conditions5.

Second, numerous biochemical reactions 
use oxygen as a substrate, and in some 
instances, oxygen tensions can exert a 
large influence on chemical-reaction flux. 
Cytochrome c oxidase, the terminal reaction 
of the electron-transfer chain, and haem 
oxygenase, which catalyses the degradation 
of haem, have such low Michaelis constants 
(Km) for oxygen (0.4–4 mmHg) that the 
choice of oxygen tensions in cell culture is 
not likely to affect their activity6,7. Other 
key O2-consuming enzymes, however, such 
as stearoyl-CoA desaturase and certain 
NADPH oxidases, have activities that are 
expected to be sensitive to the choice of O2 
concentration in cell culture8,9.

Third, several regulatory systems within 
human cells directly sense oxygen tensions 
and consequently influence physiology. 
Perhaps the best studied are the hypoxia-
inducible factor (HIF) transcription 
factors10. In high oxygen conditions, levels 
of HIFα protein are kept low, because HIFα 
is hydroxylated by the PHD1–3 prolyl 
hydroxylase enzymes and is subsequently 
tagged for proteasomal degradation. The 
prolyl hydroxylase enzymes use molecular 
oxygen as a substrate, thus endowing the 
system with the ability to directly sense 
oxygen. HIFα protein levels increase 
exponentially as a function of decreasing 
oxygen tensions, starting at 45 mmHg 
O2 (ref. 10). Although the HIF system has 
received much attention, a similar paradigm 
is likely to extend to a very large number of 
enzymes mechanistically associated with the 
prolyl hydroxylases. For example, the activity 
of Jumonji-C (JmjC) domain–containing 
histone lysine demethylase is oxygen 
dependent (Km = 10–100 mmHg),  
directly linking lower oxygen tensions 
to epigenomic modifications and 
transcriptional activity11,12. In addition, 
the E3 ubiquitin ligase FBXL5 contains a 
haemerythrin domain that has been posited 
to sense both iron and molecular oxygen13 

and subsequently activate the iron-starvation 
response in low-oxygen conditions.

Fourth, importantly, although oxygen is 
kinetically extremely stable, it can readily 
react with metals and cofactors. In the 
presence of oxygen, iron is oxidized from 
Fe2+ to the non-bioavailable Fe3+, thus 
catalysing the formation of reactive oxygen 
species (ROS). Moreover, oxidation can 
directly damage essential cofactors such as 
iron–sulfur clusters14, which function in 
DNA polymerization, ribosome homeostasis 
and respiration. Thus, cellular oxidative 
damage via ROS is affected by the oxygen 
tensions at which cells are grown, although 
this correlation does not appear to be linear 
and instead is bimodal. Although cells 
grown at physiological oxygen tensions 
(40–60 mmHg) appear to experience less 
oxidative stress15, there is evidence of a 
paradoxical increase in ROS in low oxygen 
tensions (<7.5 mmHg) linked to the 
respiratory chain16.

Fifth, there is growing appreciation  
that developmental and differentiation 
programs are sensitive to oxygen. In  
the field of stem cell biology, human 
embryonic stem cells are often cultured at 
15–40 mmHg O2. These conditions support 
enhanced proliferation, inhibit spontaneous 
differentiation and lead to significantly  
less accumulation of DNA damage17.  
Other cell types have been reported to 
benefit from culturing at physiological O2 
tensions1: T cells cultured in lower oxygen 
tensions display enhanced viability and  
lytic capacity; preosteoblasts exhibit 
earlier and greater Ca2+ mineralization; 
and adipocytes differentiated under 
physiological oxygen tensions secrete higher 
levels of adiponectin and show elevated 
hormone-induced lipolysis.

Finally, some cellular models of human 
disease exhibit pathology only at certain 
oxygen tensions. We have recently shown 
that several cellular models of mitochondrial 
respiratory-chain disease and Friedreich’s 
ataxia exhibit proliferative defects in 
traditional culturing conditions that can be 
buffered by growing cells at very low oxygen 
tensions18,19. Other disease phenotypes could 
conceivably be masked or unmasked as a 
function of the oxygen tension used.

Confronted with the manifold effects 
of oxygen in cultured cells, what are 
researchers to do? Being mindful of the 
possible influence of oxygen on the given 
experimental system offers an opportunity 
to improve reproducibility. The seeding 
density, surface area-to-volume ratio of 
the cell culture vessels and time in culture 
influence the oxygen tension at the start 
of an experiment and the rate at which 
oxygen is depleted. Although we have 

focused on the potentially adverse effects of 
supraphysiological oxygen tensions, it is also 
important to bear in mind that culturing 
cells under anoxic conditions can trigger 
cell death20. Some of these considerations 
may be particularly important in cells that 
naturally respire at a higher rate, such as 
cardiomyocytes or hepatocytes1.

In the event of discrepancies between 
cell-culture findings and in vivo results, 
researchers should consider performing cell 
culture experiments under oxygen tensions 
that are more physiological. Several options 
are available that can be readily scaled to fit 
researchers’ requirements. On the smaller 
end are airtight chambers, which can be 
housed in standard CO2 incubators that have 
been flushed with a gas mixture of choice, 
and can accommodate several standard tissue 
culture flasks. On the larger end, tri-gas 
incubators, dedicated hypoxia workstations 
or bioreactors are available to dial the 
oxygen tension down to the range of interest. 
However, of note, incubator chambers  
and tri-gas incubators both have the 
drawback of requiring all cell manipulation  
(such as monitoring and subculturing) to 
be carried out in ambient room air. This 
acute re-exposure to supraphysiological 
oxygen tensions, especially during long-term 
culturing, may not fully recapitulate the 
effects of chronic hypoxic culturing.

Cell culture is one of the mainstays of 
modern biomedical research, and, without 
a doubt, routine cell culture in room air 
will continue to drive fundamental new 
discoveries. By considering how oxygen can 
influence cell culture findings, we have the 
potential to discover new facets of biology, 
make our experiments more robust and 
increase the likelihood that these findings 
have in vivo relevance. In this era of cellular 
therapy, being mindful of the importance 
of culturing cells under more physiological 
oxygen conditions may be necessary, with 
the goal of maintaining their health and 
functional integrity for clinical applications, 
so that we do not inadvertently repeat the 
experiment of Dr. Ox. ❐
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Oxygen and mammalian cell culture: are we 
repeating the experiment of Dr. Ox?
Mammalian cell culture represents a cornerstone of modern biomedical research. There is growing appreciation 
that the media conditions in which cells are cultured can profoundly influence the observed biology and 
reproducibility. Here, we consider a key but often ignored variable, oxygen, and review why being mindful of this 
environmental parameter is so important in the design and interpretation of cell culture studies.

Tslil Ast and Vamsi K. Mootha

In his 1872 short story ‘Doctor Ox’s 
Experiment’, Jules Verne describes a 
sleepy Flemish town that is turned 

on its head by a rogue scientist, Dr. Ox, 
who is obsessed with oxygen. Bent on 
testing the effects of high oxygen on living 
beings, Dr. Ox proceeds to flood the town’s 
atmosphere with pure oxygen under the 
pretence of modernizing the town’s lighting 
system. The results of Dr. Ox’s experiment 
are immediately apparent: oxygen ‘animates’ 
the previously tranquil townspeople, who 
become manic, excitable and ravenous; 
plants grow to monstrous proportions; and 
animals become aggressive. Although Dr. Ox 
would have let the experiment continue 
indefinitely, a fiery explosion at the oxygen 
factory brings everything to an end. The 
town returns to its serene existence, none 
the wiser. But what can we, as experimental 
biologists, learn from this fictional piece?

To a certain extent, Dr. Ox’s experiment 
continues unfettered in modern mammalian 
cell culture. One of the most striking 
discrepancies between routine mammalian 
cell culture and the in vivo environment is the 
oxygen tensions to which cells are exposed. 
Room air at sea level consists of 160 mmHg  
O2, and the air in a humidified CO2 cell 
culture incubator contains 140 mmHg 
O2 (20.9% and 18.5% O2, respectively; 
conversion table in Fig. 1, inset). In contrast, 
the oxygen tensions to which human organs 
are typically exposed are far lower, ranging 
from ~5–100 mmHg (ref. 1 and Fig. 1). 
Organs at the lower end of the spectrum 
include the large intestine (3–11 mmHg) 
and uterus (15–19 mmHg), whereas the 
liver is on the higher end (30–55 mmHg). 
Within a given organ, substantial gradients 
can emerge, for example, within the kidney, 
O2 tensions range from 15 mmHg in the 
medulla to 30–70 mmHg in the cortex1.  
O2 tensions within a given tissue can 
undergo temporal fluctuations after 
increased metabolic demand; one study has 
found that during intense exercise, skeletal 

muscle oxygenation decreases from  
30 mmHg O2 to 7.5 mmHg O2 (ref. 2). 
Oxygen tensions also decrease in cancer  
and may be as low as 2 mmHg within the 
cores of untreated tumors3, thus contributing 
to therapy resistance. Notably, standard 
tissue culture conditions (140 mm Hg) 
expose cells to a partial pressure of oxygen 
that is even higher than that experienced by 
the lung alveoli (~110 mm Hg), which are 
exposed to the highest partial pressure of 
oxygen of any site in the human body.

Although Dr. Ox had questionable 
motivations and poor ethical standards, 
our choice today to routinely culture 
mammalian cells at supra-physiological 

oxygen concentrations is one purely of 
convenience. Is it possible that we are 
inadvertently ‘animating’ cells when they 
ought not to be? Clearly, mammalian cell 
culture, even with supraphysiological 
O2 tensions, has led to transformative 
discoveries, but investigators must bear  
in mind how certain aspects of biology  
can be either obscured or even unmasked 
by high O2. To this end, we review six broad 
categories of cellular processes known to  
be affected by oxygen.

First, some of the most fundamental 
macroscopic properties of cells in culture 
show dependence on oxygen. Already by 
the late nineteenth century, Pasteur noted 
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Fig. 1 | Oxygen tensions vary widely across tissues but are significantly lower than those in standard 
culturing conditions. Oxygen tensions reported across selected human tissues and comparison to 
standard cell culture conditions1. Oxygen tension is often expressed as a percentage representing the 
volume fraction of oxygen in air or as a partial pressure (mmHg) with respect to atmospheric pressure 
(760 mm Hg at sea level). In liquid medium, dissolved oxygen (μM) is proportional to the partial 
pressure of oxygen in air through Henry’s law. Oxygen solubility in solution increases with atmospheric 
pressure and decreases with increasing temperature and ionic strength. Inset, conversion table for 
different units at which oxygen tensions are typically reported. These conversion factors are valid for 
measurements made at 37 °C at sea level, for liquids with an ionic strength of 175 mM.
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atmosphere with pure oxygen under the 
pretence of modernizing the town’s lighting 
system. The results of Dr. Ox’s experiment 
are immediately apparent: oxygen ‘animates’ 
the previously tranquil townspeople, who 
become manic, excitable and ravenous; 
plants grow to monstrous proportions; and 
animals become aggressive. Although Dr. Ox 
would have let the experiment continue 
indefinitely, a fiery explosion at the oxygen 
factory brings everything to an end. The 
town returns to its serene existence, none 
the wiser. But what can we, as experimental 
biologists, learn from this fictional piece?

To a certain extent, Dr. Ox’s experiment 
continues unfettered in modern mammalian 
cell culture. One of the most striking 
discrepancies between routine mammalian 
cell culture and the in vivo environment is the 
oxygen tensions to which cells are exposed. 
Room air at sea level consists of 160 mmHg  
O2, and the air in a humidified CO2 cell 
culture incubator contains 140 mmHg 
O2 (20.9% and 18.5% O2, respectively; 
conversion table in Fig. 1, inset). In contrast, 
the oxygen tensions to which human organs 
are typically exposed are far lower, ranging 
from ~5–100 mmHg (ref. 1 and Fig. 1). 
Organs at the lower end of the spectrum 
include the large intestine (3–11 mmHg) 
and uterus (15–19 mmHg), whereas the 
liver is on the higher end (30–55 mmHg). 
Within a given organ, substantial gradients 
can emerge, for example, within the kidney, 
O2 tensions range from 15 mmHg in the 
medulla to 30–70 mmHg in the cortex1.  
O2 tensions within a given tissue can 
undergo temporal fluctuations after 
increased metabolic demand; one study has 
found that during intense exercise, skeletal 

muscle oxygenation decreases from  
30 mmHg O2 to 7.5 mmHg O2 (ref. 2). 
Oxygen tensions also decrease in cancer  
and may be as low as 2 mmHg within the 
cores of untreated tumors3, thus contributing 
to therapy resistance. Notably, standard 
tissue culture conditions (140 mm Hg) 
expose cells to a partial pressure of oxygen 
that is even higher than that experienced by 
the lung alveoli (~110 mm Hg), which are 
exposed to the highest partial pressure of 
oxygen of any site in the human body.

Although Dr. Ox had questionable 
motivations and poor ethical standards, 
our choice today to routinely culture 
mammalian cells at supra-physiological 

oxygen concentrations is one purely of 
convenience. Is it possible that we are 
inadvertently ‘animating’ cells when they 
ought not to be? Clearly, mammalian cell 
culture, even with supraphysiological 
O2 tensions, has led to transformative 
discoveries, but investigators must bear  
in mind how certain aspects of biology  
can be either obscured or even unmasked 
by high O2. To this end, we review six broad 
categories of cellular processes known to  
be affected by oxygen.

First, some of the most fundamental 
macroscopic properties of cells in culture 
show dependence on oxygen. Already by 
the late nineteenth century, Pasteur noted 
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Fig. 1 | Oxygen tensions vary widely across tissues but are significantly lower than those in standard 
culturing conditions. Oxygen tensions reported across selected human tissues and comparison to 
standard cell culture conditions1. Oxygen tension is often expressed as a percentage representing the 
volume fraction of oxygen in air or as a partial pressure (mmHg) with respect to atmospheric pressure 
(760 mm Hg at sea level). In liquid medium, dissolved oxygen (μM) is proportional to the partial 
pressure of oxygen in air through Henry’s law. Oxygen solubility in solution increases with atmospheric 
pressure and decreases with increasing temperature and ionic strength. Inset, conversion table for 
different units at which oxygen tensions are typically reported. These conversion factors are valid for 
measurements made at 37 °C at sea level, for liquids with an ionic strength of 175 mM.
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Are dioxygenases oxygen sensors?

c4 cells, 5% oxygen did not significantly induce
either total 2-HG (fig. S4A) or enantiomer-specific
2-HG (fig. S4, B and C) and actually increased
2-OG levels (fig. S4D). 2-HG was modestly in-
duced in parental mHepa-1 c4 cells by more pro-
found levels of hypoxia (0.5 to 2% oxygen) (fig.
S4, C and E), albeit as D-2HG rather than L-2HG
(fig. S4C). The importance of the latter finding
is unclear. Even under these more extreme con-
ditions, the 2-HG levels achieved were ~100-fold
below both the intracellular levels in mutant iso-
citrate dehydrogenase 1 cells (fig. S4F), wherein
2-HG serves as an oncometabolite (14), and the
intracellular levels required to promote histone
methylation inmHepa-1 c4 cells treatedwith cell-
permeable versions of D-2HG or L-2HG (fig. S4,
G andH). The latter observation is consistent with
the biochemical D-2HG and L-2HGhalf-maximal
inhibitory concentration values for the KDMs (15).

Hypoxia can incite reactive oxygen species
(ROS), which can inhibit 2-OG-dependent dioxy-
genases (16). Treating mHepa-1 c4 cells with the
ROS-inducer tert-Butyl hydroperoxide showed
that intracellular ROS levels ~10-fold higher than
those observed after exposure to 2% oxygen were
required to induce histone methylation (fig. S5).
These findings suggested that theHIF-independent
effects of hypoxia on KDM activity were not
caused by increased L-2HG, decreased 2-OG, or
increasedROSbut insteadwere caused by a direct
effect of hypoxia on the enzymatic activities of
specific KDMs.
In support of this idea, we found that recom-

binantKDM4B, KDM5A, andKDM6A [also called
ubiquitously transcribed TPR protein on the X
chromosome (UTX)] have relatively low oxygen
affinities that are comparable to the EglN family,
whereas recombinant KDM4A, KDM5B, KDM5C,

KDM5D, andKDM6Bhave high oxygen affinities
(figs. S6 to S8). Finally, like full-length KDM6A,
the isolated KDM6A catalytic domain also had
low oxygen affinity compared to its KDM6B
counterpart (Fig. 1, D to F, and fig. S8).
We focused our attention on theKDM6H3K27

demethylases because hypoxia and histoneH3K27
methylation have been independently linked to
the control of cellular differentiation (17–19),
because this histone mark can be manipu-
lated with drugs, and because KDM6A has the
lowest oxygen affinity of the KDMs tested to
date. We first confirmed that hypoxia induced
H3K27 methylation in additional human cell
lines including 293T embryonic kidney cells,
MCF7 breast cells, and SK-N-BE(2) neuroblas-
toma cells (fig. S9). Moreover, histological analy-
sis showed elevated H3K27 methylation in
mouse tissues that are known to be hypoxic, such
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Fig. 1. Hypoxia causes HIF-independent histone hypermethylation.
(A to C) Vector schematic (A), histone modification profiling by
mass spectrometry (B), and histone immunoblot analysis (C) of
Arnt-deficient mouse hepatoma (mHepa-1 c4) cells that were lentivirally
transduced to produce the indicated V5-tagged proteins and cultured
at the indicated oxygen levels for 4 days. In (B), rows represent two
biological replicates of the indicated samples, and the color in each cell
represents log2 fold change relative to all samples in the column,

normalized for total histone by using an internal control peptide
(histone H3: residues 41 to 49). CMV, cytomegalovirus promoter.
(D to F) Coomassie blue staining (D) and kinetic analysis of baculovir-
ally expressed and purified JmjC catalytic domains of KDM6A
(KDM6A*) (E) and KDM6B (KDM6B*) (F). KM values are mean ± SD
(N = 3 independent biochemical measurements). (G) Immuno-
histochemical (IHC) analysis of the indicated tissues derived from
representative male and female age-matched mice.
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pharmacologically or genetically manipulated to
have intracellular L-2HG levels three- to fivefold
higher than levels observed under hypoxia still
differentiated in DM (fig. S15, D to G). Therefore,
hypoxia’s effects on C2C12 differentiation were
not caused by 2-HG.
Similar to hypoxia, treatment of C2C12 cells

with theKDM6 family inhibitor GSK-J4 promoted
H3K27 hypermethylation and blocked myogenic
differentiation (fig. S16). Similar results were ob-
tained with MEFs expressing MyoD (fig. S13). In
contrast, KDM-C70, a KDM5 family inhibitor, did
not block C2C12 differentiation (fig. S17).
The differential oxygen affinities of KDM6A

and KDM6B suggested that the ability of hy-

poxia to promote H3K27 methylation and block
differentiation is caused specifically by a loss of
KDM6A activity. Indeed, down-regulating KDM6A,
but not KDM6B, with different short hairpin
RNAs (shRNAs) phenocopied the effects of hy-
poxia on differentiation (Fig. 2, A and B, and
fig. S18, A to D) (30). Moreover, eliminating
KDM6A in C2C12 cells with CRISPR-Cas9 blocked
their ability to differentiate unless they were res-
cued with a single guide RNA (sgRNA)–resistant
KDM6A cDNA (Fig. 2, C to E). In contrast, elimi-
nating KDM6B had no effect (fig. S18, E and F),
and eliminating KDM5A promoted differenti-
ation (fig. S19). Bulk H3K27me3 was oxygen-
insensitive in the Kdm6a-deficient C2C12 cells,

consistent with KDM6A being the primary oxy-
gen sensor amongst the KDM6 paralogs (Fig. 2F).
Previous work showed that KDM6A is directly

recruited to myogenic targets during differenti-
ation (30). We therefore investigated whether
differentiation programs driven by KDM6A activ-
ity involve transcriptional changes that depend
on H3K27me3 elimination. Comparison of tran-
scriptional signatures of normoxic C2C12 cells
grown in GM versus DM revealed profound
differences in transcriptional output, particu-
larly of muscle-specific target genes (Fig. 2G,
fig. S20, and table S5). Hypoxia (and the con-
sequent differentiation block), however, blunted
the transcriptional differences between these
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Fig. 3. Restoring the balance of H3K27 methyltransferase activity
to H3K27 demethylase activity rescues myogenic differentiation
under hypoxic conditions. (A) Model for control of H3K27
methylation by the indicated opposing demethylases (“erasers”)
and methyltransferases (“writers”). (B) Immunoblot analysis of C2C12
cells lentivirally transduced to express the indicated sgRNAs and
cultured under the indicated conditions. Vinc, Vinculin. (C) Structural
models of the KDM6A (pink) and KDM6B (cyan) catalytic pockets.
The nonconserved M1190 (KDM6A) → T1434 (KDM6B) and the
E1335 (KDM6A) → D1579 (KDM6B) are highlighted. Peptidic H3K27me3

substrate (yellow), Fe+2 (orange), 2-OG (green), and Zn+2 (dark
purple) are shown. (D and E) Michaelis-Menten plots (inset
Lineweaver-Burk plot) and measured oxygen KM and Vmax values
(mean ± SD, N = 3) of recombinant KDM6A wild type and the
MT/ED mutant. (F and G) Real-time quantitative polymerase chain
reaction analysis (mean ± SD, N = 3) of the indicated genes (F) and
immunofluorescence analysis (G) of C2C12 cells transduced to
produce WT human KDM6A or the KDM6A MT/ED variant and then
cultured in DM at the indicated oxygen concentrations for 4 days.
*P < 0.05 ns, not significant; Rel., relative.
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Enzymes don’t read 
textbooks either



2HG can be produced in hypoxia and acidosis 
independently of IDH mutations

siRNA (Figure 3). Knockdown of IDH1 or IDH2 did not impair pro-
duction of L-2HG in hypoxic SF188 cells (Figure 3A). Likewise,
HEK293T cells subjected to siRNA-mediated ablation of IDH1,
IDH2, or both IDH1 and IDH2 together exhibited no dependence
on these enzymes for production of L-2HG in response to
hypoxia (Figure S2A). These observations are consistent with
the fact that the a-hydroxyl group in naturally occurring isocitrate
(analogous to the a-hydroxyl group of 2HG) always exists in the
D-(R)-enantiomeric conformation due to stereochemical con-
straints of enzymatic reactions catalyzed by isocitrate dehydro-
genases (Sprecher et al., 1964).

Metabolic enzymes can exhibit ‘‘promiscuous’’ catalytic activ-
ities (Linster et al., 2013), and previous cellular fractionation
studies implicated cytosolic malate dehydrogenase 1 (MDH1)
and mitochondrial malate dehydrogenase 2 (MDH2) as possible
enzymatic sources of L-2HG (Rzem et al., 2007). We tested the
requirement for metabolic enzymes whose primary catalytic ac-
tivities involve reduction of a-ketoacid substrates to L-hydroxyl
acids with structural similarities to a-KG and L-2HG, respectively
(Figure 3E). In SF188 cells, we identified a partial contribution
from MDH1 and MDH2 to hypoxia-induced L-2HG (Figure 3B).
Strikingly, however, LDHA was identified as the major enzyme

A B C

D E

Figure 3. Hypoxia-Induced L-2HG Arises via Promiscuous Substrate Usage by LDHA
(A–C) SF188 cells were transfected with siRNAs targeting (A) IDH1 (IDH1-a, IDH1-b) and/or IDH2 (IDH2-a, IDH2-b), (B) MDH1 (MDH1-a, MDH1-b), and/or MDH2

(MDH2-a, MDH2-b), or (C) LDHA (LDHA-a, LDHA-b, LDHA-c, LDHA-d). Forty-eight hours after transfection, cells were transferred to 21% or 0.5% O2 for an

additional 24–48 hr, followed bymeasurement of intracellular 2HG.Western blot confirms target knockdown efficiency and shows hypoxia-induced expression of

HIF1a. Expression of either S6 protein or a-tubulin is shown as loading control.

(D) SF-XL cells were transfected with siRNAs targeting LDHA (LDHA-b) or both LDHA and MDH2 (LDHA-b/MDH2-b). Forty-eight hours after transfection, cells

were transferred to 0.5% O2 and cultured for an additional 48 hr in the presence of vehicle (DMSO) or the indicated concentrations of dimethyl-a-KG (DMaKG),

followed by measurement of intracellular 2HG. Western blot confirms target knockdown efficiency with a-tubulin shown as loading control.

(E) Schematic summarizing enzymatic sources of hypoxia-induced L-2HG. For each panel, representative data from one of three independent experiments are

shown. See also Figures S2 and S3.

4 Cell Metabolism 22, 1–8, August 4, 2015 ª2015 Elsevier Inc.
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2HG can be produced in hypoxia and acidosis 
independently of IDH mutations
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2HG can be produced in hypoxia and acidosis 
independently of IDH mutations
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Products matter too!!!
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Succinate (and Fumarate) can also inhibit dioxygenase function
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Takehome points 3
1. Chromatin is a substrate for many metabolic enzymes 
2. Chromatin modifications have meaning/impart function 
3. Substrates Matter: altering the levels of metabolites can affect 

chromatin function 
4. Mutations can alter metabolism → alter chromatin / cell states 
5. Remember the KM!!! 
6. Enzymes also care about products 
7. Enzymes don’t read textbooks



UGH!!! I just don’t 
know here we go 
from here.
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embryo, whereas tetraploid host cells contribute to the
placenta (Wang et al. 1997; Eggan et al. 2001). We de-
tected R545-1 ES cell-derived embryos up to E 9.5 with a
beating heart, closed neural tube, and developing limb
and tail buds (Fig. 2i). However, embryos at later stages

were not recovered. This shows that the secondary
changes of the melanoma donor nucleus can support cru-
cial events of early organogenesis but fail to direct full
development of a clone, presumably because of irrevers-
ible genetic alterations in the melanoma donor genome.

Melanoma formation in chimeras

A total of 12 adult chimeras were generated and observed
for tumor development. One animal spontaneously
(without doxycycline induction) developed an eye and
neck tumor at 3 wk of age that were identified by histo-
logical analysis as a melanoma and a rhabdomyosar-
coma, respectively (Fig. 2h; Table 2). Cell lines estab-
lished from the eye and neck tumors produced tumors in
the absence of doxycycline when transplanted into SCID
mice. RT–PCR analysis on tumor samples using trans-
gene-specific primers confirmed that both tumors con-

Figure 3. Cancer phenotype in chimeric mice. (a) Comparison
of the average latency period of tumor development in the mela-
noma donor mice (top) with that in nuclear transfer (NT) chi-
meras (bottom). Note the similar latency of tumor development
in NT chimeras with that in donor mice after readministration
of doxycycline (recurrent tumors). (b–d) Representative pictures
and immunohistochemistry of tumors that formed in R545-1
NT chimeras. Arrows indicate sites of tumor growth. Melano-
mas (b), a rhabdomyosarcoma (c), and a malignant peripheral
nerve sheath tumor (MPNST; d) were identified by H&E stain-
ing and immunohistochemistry with melanocyte-specific
TRP-1 or muscle-specific desmin or MPNST-detecting GFAP
and S-100 antibodies, respectively.

Figure 2. Analysis of the developmental potential of R545-1 ES
cells. (a) A hatching blastocyst derived from a breast cancer cell
by nuclear transfer shows a blastocoel cavity, trophectoderm
layer, and an inner cell mass. (b,c) H&E staining of teratoma
sections produced from R545-1 ES cells shows differentiation
into mature neurons, mesenchymal cells, and squamous epithe-
lium (b), and columnar epithelium, chondrocytes, and adipo-
cytes (c). (d–f) Contribution of GFP-labeled R545-1 ES cells to
newborn chimeras. Shown on top are the GFP images of the
head (d), heart (e), and intestine (f) of one chimera. Below are the
same images under phase contrast. (g) FACS analysis of periph-
eral blood of a Rag2/R545-1 ES cell chimera shows the presence
of B cells using antibodies FITC-IgM/PE-B220 and T cells using
antibodies FITC-CD4/PE-CD8. (h) Contribution of R545-1 cells
to the skin indicates differentiation into melanocytes. Arrows
depict spontaneous development of tumors on the eye and neck
of chimera #1 (see Table 2). (i) Embryos produced entirely from
ES cells by tetraploid complementation develop to E9.5 with
obvious tail and limb buds, a closed neural tube, and a beating
heart.
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drugs can cause regression of some tumors such as all-
trans retinoic acid in acute promyelocytic leukemia
(Sanz et al. 1998). Moreover, many bona fide oncogenes
are tumorigenic only in specific cell lineages, suggesting
the requirement for a tissue-specific epigenetic environ-
ment that is permissive for an oncogene’s tumorigenic
potential (Felsher 2003). For example, in a MYC-induc-
ible osteosarcoma mouse model, it has been demon-
strated that expression of the MYC oncogene causes tu-
mors in immature osteoblasts, but induces apoptosis in
differentiated osteocytes (Jain et al. 2002), an observation
that further supports the idea that the differentiation
state and thus epigenetic conformation of a tumor cell
may determine whether a cell manifests a malignant
phenotype or not.

Nuclear transplantation (NT) can reprogram a termi-
nally differentiated cell into a pluripotent embryonic cell
that can direct development of an organism (Wilmut et
al. 1997; Wakayama et al. 1998). This is accomplished by
resetting the epigenetic modifications associated with
differentiation to a state equivalent to that of a zygote
(Hochedlinger and Jaenisch 2002b), while genetic
changes remain unaltered (Hochedlinger and Jaenisch
2002a). Thus, NT provides a tool to selectively repro-
gram the epigenetic state of a cellular genome without
altering its genetic constitution in order to globally ana-
lyze the impact of epigenetics on tumorigenesis. Historic
experiments in frogs have demonstrated that kidney car-
cinoma nuclei can be reprogrammed to support early de-
velopment to the tadpole stage (McKinnell et al. 1969). A
similar result was recently obtained in mice where nu-
clei from a medulloblastoma cell line were able to direct
early development, albeit with low efficiency, resulting

in arrested embryos (Li et al. 2003). However, these ex-
periments did not unequivocally demonstrate that the
clones were derived from cancer cells as opposed to con-
taminating nontransformed cells (Carlson et al. 1994).
Moreover, the experimental setup did not allow the dis-
tinction between abnormalities caused by the nuclear
transfer procedure versus abnormalities caused by the
donor nucleus.

Here, we have taken an alternate approach to investi-
gate whether the reprogramming activity of the oocyte
can reverse the cancer phenotype of a tumor genome and
establish developmental pluripotency (Fig. 1). Following
nuclear transfer of different tumor cells, clones were al-
lowed to develop to blastocysts and then explanted in
tissue culture to derive embryonic stem (ES) cells. The
resulting ES cells (hereafter denoted as NT ES cells) were
then analyzed to confirm the tumor cell origin and tested
in multiple assays for their developmental and tumori-
genic potential. This modified cloning procedure (1) cir-
cumvents abnormalities associated with nuclear transfer
(Hochedlinger and Jaenisch 2003) and (2) permits a de-
tailed analysis of the developmental (Hochedlinger and
Jaenisch 2002a; Rideout et al. 2002; Eggan et al. 2004)
and tumorigenic potential of the reprogrammed nucleus.

Results

Cancer nuclei can support
preimplantation development

We first examined whether cancer nuclei could direct
preimplantation development to the blastocyst stage.
Nuclei from different murine cancer cells were intro-
duced into enucleated oocytes and subsequently acti-
vated to induce cleavage of the embryo. We were unable
to generate cloned blastocysts from 63 eggs transplanted
with the nuclei from a p53−/− lymphoma (Donehower et
al. 1992) and have succeeded in establishing only one
cloned blastocyst from ∼500 eggs transplanted with the
nuclei from a Moloney murine leukemia virus
(MoMLV)-induced leukemia (Table 1; Jaenisch et al.
1981; Stewart et al. 1983). On the other hand, we were
able to generate cloned blastocysts at a rate of 1%–12%
from a PML-RAR transgene-induced leukemia (Zimonjic
et al. 2000), a hypomethylated Chip/c lymphoma (Gau-
det et al. 2003), a p53−/− breast cancer cell line (Kuper-
wasser et al. 2000), and a RAS-inducible melanoma cell
line (Table 1; Chin et al. 1999). These results indicate
that many cancer cell nuclei can respond to developmen-
tal cues in the oocyte environment and support orga-
nized cleavage divisions, compaction, and cavitation to
form blastocysts (Fig. 2a). From a total of 57 explanted
blastocysts, we were able to derive two ES cell lines that
were cloned from RAS-inducible melanoma nuclei
(Table 1). These NT ES cell lines, R545-1 and R545-2,
were then used to address more rigorously the impact of
epigenetic reprogramming on developmental and tu-
morigenic potency.

In the RAS-inducible melanoma model, the activated
RAS transgene is expressed specifically in melanocytes

Figure 1. Two-step cloning procedure to produce mice from
cancer cells. Different tumor cells were used as donors for
nuclear transfer into enucleated oocytes. Resultant blastocysts
were explanted in culture to produce ES cell lines. The tumori-
genic and differentiation potential of these ES cells was assayed
in vitro by inducing teratomas in SCID mice (1), and in vivo by
injecting cells into diploid (2) or tetraploid (3) blastocysts to
generate chimeras and entirely ES-cell-derived mice, respec-
tively.

Hochedlinger et al.
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Even a cancer cell line (melanoma) can be reprogrammed



Inhibition of DNA methylation can lead to differentiation through 
derepression of lineage-specifying transcription factors
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Figure 1. Expression of an Exogenous Chicken Cardiac aActin Gene 
in Transfected Aza-Myoblasts and lOTl12 Cells 
(A) Sl mapping of the levels of chicken cardiac a-actin gene and 
SV2neo transcripts present in transfected pools of proliferating aza- 
myoblasts (lane l), confluent (fused) aza-myotubes (lanes 2 and 3), 
proliferating lOTI/ cells (lane 4), and confluent lOT112 cells (lane 5). 
M denotes marker. 
(B) Northern analysis of the levels of endogenous mouse skeletal and 
cardiac a-actin transcripts is shown for the samples in (A). The RNA 
species running above the a-actin band is cross-reactive cytoplasmic 
p- and y-actin RNA. 

methylating the endogenous muscle structural genes (cis 
activation), then an exogenous unmethylated muscle- 
specific gene should be fully active in confluent lOT112 
cells. However, if 5azacytidine treatment activates the ex- 
pression of muscle gene regulators (trans activation), then 
the expression of an exogenous unmethylated muscle- 
specific gene should be restricted to myotubes and its ex- 
pression should parallel that of the endogenous genes. 
Myotube-specific expression of a transfected unmethyl- 
ated muscle gene would also occur if 5azacytidine treat- 
ment demethylates both muscle structural and regulatory 
genes (cis and tram activation). The chicken cardiac 
a-actin gene was introduced on the same plasmid with a 
SV2neo gene into two aza-myoblast lines (F3 and 61) and 
into the parental lOT1/2 cells. The cardiac a-actin gene is 
an early differentiation marker in skeletal myotubes (Bains 
et al., 1984). Pools of several hundred G418-resistant 
clones were obtained from each transfection. RNA was 
isolated from pools of proliferating or confluent cells and 
analyzed by an Sl protection assay for steady-state levels 
of both the exogenous chicken cardiac a-actin and the 
SV2neo transcripts. The endogenous mouse cardiac and 
skeletal a-actin transcripts were also assayed by Northern 
gel analysis. The exogenous chicken cardiac a-actin gene 
is expressed at a relatively low, but easily detectable, 
level in proliferating F3 aza-myoblasts (Figure lA, lane 1) 

PLATING CLONES CLONES CLONES 

STAIN WITH 

A B c D 
Figure 2. Protocols Used to Examine Whether Transfected Genomic 
DNA Can Convert lOT112 Cells into Myoblasts 
Black cells represent myoblasts; white cells represent lOT112 cells. 
Both macroscopic and microscopic myosin-positive colonies are indi- 
cated by blackening. 

and is induced IO-fold (relative to SV2neo) in the fused F3 
aza-myotubes (lanes 2 and 3). This transfected gene was 
similarly regulated in the Bl aza-myoblast line (data not 
shown). In contrast, this actin gene is expressed at only 
trace levels in both proliferating and confluent lOT1/2 cells 
(Figure lA, lanes 4 and 5) and is clearly not up-regulated 
in these cells during GO arrest. The endogenous mouse 
cardiac and skeletal a-actin transcripts accumulate solely 
in fused myotubes (Figure IB, lanes l-5). 

The “leaky” expression of an exogenous muscle-spe- 
cific gene in myoblasts has also been observed in other 
myoblast cell lines (Seiler-Tuyns et al., 1984; Minty et al., 
1986). This may reflect the accumulation of tissue-specific 
transcription factors in proliferating myoblasts prior to 
overt differentiation as well as a transcriptionally permis- 
sive conformation of transfected DNA versus the en- 
dogenous gene (see also Charnay et al., 1984). Similar ex- 
periments have shown that a transfected quail troponin 
I gene is not expressed in growing or confluent lQT1/2 
cells; it is, however, expressed in confluent aza-myotubes, 
though not in growing aza-myoblasts (Konieczny and 
Emerson, 1985). These results, together with the observa- 
tion that muscle-specific genes are activated in nonmyo- 
genie nuclei fused with F3 aza-myotubes (Blau et al., 
1985), support the hypothesis that 5-azacytidine effects 
myogenic conversion by activating the expression of a 
trarans-acting factor(s) necessary for the expression of both 
exogenous and endogenous muscle genes in lOTli2 
cells. 

Transfection of a Locus That Mediates the 
Myogenic Conversion of lOT1/2 Cells 
Because we were able to generate stable myoblast cell 
lines following 5azacytidine treatment, we reasoned that 
these cells may maintain a putative myogenic regulatory 

PMID: 6156004

PMID: 2430720

PMID: 3690668

Cell 
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Figure 3. Myosin Staining of Muscle Colonies 
lmmunostained myosin-positive colonies resulting after clonai plating of amtreated lOTlJ2 cells are shown at 10x (a) and 25x (b) magnification. 
lOT1/2 cells transfected with DNA from aza-myoblasts are shown at 10x (c), 50x (d), and 10x (e) magnification. lOTV2 cells transfected with DNA 
from C2C12 myoblasts are shown at 10x (f) magnification. 

transfection procedure. To clarify this issue, high molecu- 
lar weight DNA from lOT1/2 cells was cotransfected with 
pSV2neo into lOT1/2 cells (Figure 2, protocol C). No myo- 
genie macrocolonies were observed in 85,500 G418-resis- 
tant colonies stained for myosin heavy chain and assayed 
macroscopically and microscopically (Table 2). Clusters of 
a few antibody-reactive cells appeared sporadically in 
G418-resistant colonies at about the same frequency seen 
in untreated 1OT1/2 cells (Table 1). These myosin-positive 
cells were present in only a sector of the G418-resistant 

colony, were predominantly mononucleate, and were in- 
distinguishable in morphology and frequency from back- 
ground myogenic cells. It is unlikely that the absence of 
muscle macrocolonies resulted from myotubes detach- 
ing from the plate, because we have observed that the 
majority of myotubes in colonies of aza-myoblast lines re- 
main on the dish after 1 month in culture. The absence of 
muscle macrocolonies following transfection with iOTl/2 
DNA suggests that the transfection procedure per se is 
not causing the phenotypic conversion observed after 

Peter Jones Harold Weintraub

Inhibition of DNA methylation can lead to differentiation through 
derepression of lineage-specifying transcription factors



Revisiting antimetabolites

5-azacytidine

Decitabine
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Fludarabine

Cytarabine


Gemcitabine
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Mercaptopurine

Methotrexate

Pemetrexed


(Hydroxyurea NB RNRi)
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Nucleotide pool imbalance can alter cell fate
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Figure 6. BRQ Causes Differentiation, Shows Anti-leukemia Activity, and Leads to Depletion of Leukemia Initiating Cell Activity in an In Vivo
Syngeneic Model of HoxA9 AML
(A) Experimental outline of a syngeneic model of HoxA9 and Meis1-driven acute myeloid leukemia.

(B) Flow-cytometric analysis of bone marrow leukemic cells from mice treated with BRQ demonstrates an increase in the expression of differentiation markers

CD11b and Gr-1.

(C) Mice treated with 25 mg/kg BRQ given on days 1 and 4 of a 7-day schedule, for a total of six doses, show a decrease in leukemia burden and increase in

differentiation markers. Data are box and whisker plots where the mean, the minimum, and the maximum are indicated.

(D) Leukemia cells from mice that were treated with vehicle or BRQ were purified via FACS. Cytospin preparations stained with Wright-Giemsa showed signs of

granulocytic maturation, including nuclear condensation and cytoplasmic clearing, in leukemic cells isolated from BRQ-treated mice.

(legend continued on next page)
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Nucleotide pool imbalance can alter cell fate
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Altering nucleotides can 
differentiate cells????? 
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A wide range of chromatin modifying enzymes are mutated in cancers



Metabolic pathways as a therapeutic handle 
for chromatin biology in cancer
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5-azacytidine


Decitabine

Dioxygenase inhibitors


H3K9 MTs inhibitors

H3K27 MTs inhibitors (EZH)


Dot1L inhibitors

HDACs

Glutaminase inhibitors

Glutamine antimetabolites

Metformin / ETC inhibitors


PHGDH inhibitors

Dietary restrictions (e.g. Methionine)


Ketogenic diets

Inhibitors of 
DNA metabolism 
+ DNA damaging 

agents

Metabolic 
alterations + 

enzyme 
inhibition

Inhibitors of 
chromatin 
modifiers

Mutations in 
chromatin 
modifiers

5-azacytidine

Decitabine


5-fluorouracil

Methotrexate

Pemetrexed

Gemcitabine

Hydroxyurea

Azathioprine


Mercaptopurine



Final Takehome points
1. Cells don’t read textbooks 
2. Metabolism is wired to meet different anabolic/catabolic needs 
3. Many pathways are redundant → Auxotrophy + forward genetics 

to understand metabolic pathways 
4. If you want to look at metabolism, look at metabolism: 

- metabolomics and flux analysis; NOT RNA!! 
5. KM : Enzymes care about [substrates] / [products] 
6. All substrates/products matter 
7. Enzymes also don’t read textbooks



If you want to learn more:
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