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Abstract

The production and secretion of matrix proteins upon stimulation
of fibroblasts by transforming growth factor-beta (TGFp) play a
critical role in wound healing. How TGFf supports the bioenergetic
cost of matrix protein synthesis is not fully understood. Here, we
show that TGFp promotes protein translation at least in part by
increasing the mitochondrial oxidation of glucose and glutamine
carbons to support the bioenergetic demand of translation.
Surprisingly, we found that in addition to stimulating the entry of
glucose and glutamine carbon into the TCA cycle, TGFp induced the
biosynthesis of proline from glutamine in a Smad4-dependent
fashion. Metabolic manipulations that increased mitochondrial
redox generation promoted proline biosynthesis, while reducing
mitochondrial redox potential and/or ATP synthesis impaired
proline biosynthesis. Thus, proline biosynthesis acts as a redox
vent, preventing the TGFp-induced increase in mitochondrial
glucose and glutamine catabolism from generating damaging reac-
tive oxygen species (ROS) when TCA cycle activity exceeds the abil-
ity of oxidative phosphorylation to convert mitochondrial redox
potential into ATP. In turn, the enhanced synthesis of proline
supports TGFB-induced production of matrix proteins.

Keywords collagen; fibrosis; metabolism; proline; TGF3

Subject Categories Cell Adhesion, Polarity & Cytoskeleton; Metabolism;
Signal Transduction

DOI 10.15252/embj.2019103334 | Received 28 August 2019 | Revised 1 February
2020 | Accepted 4 February 2020 | Published online 5 March 2020

The EMBO Journal (2020) 39: e103334

Introduction

Mammalian cells depend on extracellular signals for growth, prolif-
eration, and survival. In the absence of adequate extrinsic signals,
cells cannot maintain viability due to an inability to take up nutrients
(Rathmell et al, 2000). Growth factor-directed nutrient uptake is crit-
ical to sustain cellular bioenergetics as well as the biosynthesis of
macromolecules required for a cell to grow and proliferate. Glucose

and glutamine are the major carbon sources for ATP production and
biosynthesis, and glutamine provides the nitrogen required for
biosynthesis (Altman et al, 2016; Hosios et al, 2016). Binding of
receptor tyrosine kinases (RTKs) by extracellular growth factors
promotes both the uptake and utilization of glucose and glutamine.
For example, stimulation of RTKs can activate PI3K/AKT/mTOR
signaling to increase surface localization of transporters for glucose
and amino acids, and to promote utilization of these nutrients for
glycolysis, anabolic cell growth, and survival (Lien et al, 2016).
Growth factor-induced uptake of nutrients often exceeds a cell’s
need for maintenance of bioenergetics and biosynthesis (Bauer et al,
2004). Oxidation of carbon substrates in the tricarboxylic acid
(TCA) cycle creates electrons that are transferred to nicotinamide
adenine dinucleotide (NAD™) and flavin adenine dinucleotide
(FAD), yielding NADH and FADH,. NADH and FADH, then donate
electrons to the electron transport chain (ETC) at complexes I and
II, creating an electron flow to complexes III and IV, and finally, to
molecular oxygen, generating water. However, increased carbon
oxidation in the TCA cycle in response to growth factor stimulation
can yield NADH levels that exceed the capacity of the ETC to trans-
fer electrons to molecular oxygen or the ability of complex V to
dissipate the ETC-produced proton gradient through ATP production
(Murphy, 2009; Wellen & Thompson, 2010). This increases the
chance of mitochondrial hyperpolarization, resulting in production
of reactive oxygen species (ROS) which can damage the cell (Mur-
phy, 2009; Schieber & Chandel, 2014). Certain cell types including
liver, muscle, or adipose cells can store excess glucose carbon in the
form of glycogen and fat. However, most cells in the human body
are unable to store extra glucose. Therefore, to protect themselves
from excessive mitochondrial ROS generation, these cells limit
oxidation of glucose-derived carbon (Thompson, 2011). Proliferat-
ing cells adapt by secreting excess glycolytic carbon in the form of
lactate, often mediated by ROS-induced HIF-1a signaling (Lum et al,
2007; Vander Heiden et al, 2009). There are also efflux pathways
for glycolytic pyruvate that enters the TCA cycle. Citrate secreted
from the mitochondria supports lipid biosynthesis required for
proliferation (Bauer et al, 2005); aspartate, generated from the TCA
cycle intermediate oxaloacetate, is exported from the mitochondria
to support nucleotide biosynthesis and protein translation (Birsoy
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et al, 2015; Sullivan et al, 2015). Thus, cell growth is directly
coupled to the utilization of these metabolic “vents”, conferring
proliferating cells with a mechanism to prevent ROS accumulation
under growth factor stimulation. Another major nutrient reported to
be under growth factor control is glutamine. Glutamine uptake in
most transformed cells has been reported to be driven by myec-
dependent increase in glutamine uptake and mitochondrial deami-
nation to produce glutamate and alpha-ketoglutarate which support
transamination reactions and TCA cycle anaplerosis, respectively
(Wise et al, 2008; Gao et al, 2009). However, it is less clear how
cells adapt to the accumulation of glutamine-derived metabolites
and prevent them from further increasing mitochondrial ROS as
they enter the TCA cycle.

Unlike most extracellular growth factors, transforming growth
factor-beta-1 (TGFp-1, hereafter TGFp) does not bind to an RTK but
activates a heterodimeric receptor with serine/threonine kinase
activity, resulting in phosphorylation of Smad2 or Smad3 proteins
which then bind to Smad4. Smad2/3-Smad4 complexes bind to
DNA and are responsible for the vast majority of TGFB-induced
transcriptional output (Siegel & Massagué, 2003). The cellular
responses to TGFp are often context-dependent; for example, TGFf
is known for its growth-constraining and immunosuppressive
effects, but it is also a potent inducer of epithelial-mesenchymal
transition and fibrosis (Massagué, 2012). Recent evidence indicates
that activation of TGFP signaling supports these processes at least in
part by reprogramming cellular metabolism. For instance, TGFp-
mediated activation and differentiation of fibroblasts into extracellu-
lar matrix (ECM)-producing myofibroblasts are accompanied by an
increase in glucose uptake, glycolytic metabolism, and activation of
the serine/glycine biosynthetic pathway (Andrianifahanana et al,
2016; Nigdelioglu et al, 2016; Selvarajah et al, 2019). In addition,
glutaminolysis is required for TGFp-induced collagen production
(Bernard et al, 2018; Hamanaka et al, 2019).

Here, we report that, unlike growth factors such as PDGF or IGF
that primarily stimulate glucose metabolism, TGFp stimulates both
glucose and glutamine metabolism. Metabolic tracing experiments
demonstrate that in TGFB-stimulated cells, glutamine that enters the
mitochondria is preferentially used to support proline biosynthesis
rather than TCA cycle anaplerosis. However, we observed that a rise
in cellular proline levels in response to TGFB was preceded by
increased mitochondrial oxidative activity. We show that the TGFf-
induced increase in proline occurs when TCA cycle oxidation
exceeds the electron assimilation capacity of the electron transport
chain. We propose that Smad4-dependent induction of proline
biosynthesis protects cells from the damaging effects of TGFpB-
induced increase in TCA cycle activity by diverting excess mitochon-
drial redox potential into the production of proline and supporting
enhanced translation of collagens.

Results

TGFp selectively promotes translation in serum-
stimulated fibroblasts

To study the primary response of fibroblasts to TGFf stimulation in
the presence of other growth factors, a condition that occurs during
wound healing (Barrientos et al, 2008), we treated NIH-3T3
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fibroblasts for up to 72 h with TGFp in the presence of 10% serum.
During this period, TGFP did not stimulate cell proliferation
(Fig 1A). Nevertheless, TGFp potently elevated the translation rate
as measured by the incorporation of O-propargyl-puromycin, a
tRNA-mimetic compound, into nascent polypeptides (Figs 1B and
EV1A). TGFp treatment increased the expression of matrix proteins
as reported by others (Fig 1C; Ignotz & Massagué, 1986), and we
measured a higher deposition of collagens and fibronectin in cell-
derived ECM (Fig 1D-F). Similar observations were made in human
lung fibroblasts (Fig EV1B and C). To sustain an increased transla-
tion rate, cells require high levels of ATP, both for charging of
tRNAs with their cognate amino acid and for the regeneration of
GTP which is consumed during elongation of the polypeptide chain.
Consistent with a higher demand for ATP to meet the bioenergetic
demand of increased translation, TGFP treatment resulted in
elevated consumption of glucose (Fig 1G) and increased the rate of
ATP synthesis (Fig 1H). Both ATP production from glycolysis and
oxidative phosphorylation were increased (Fig 1H).

As reported by others (Nigdelioglu et al, 2016; Selvarajah et al,
2019), TGFp-stimulated cells displayed a higher glycolytic activity
(Fig EVID-F). We found that the increase in glucose uptake is an
early event in response to TGFf stimulation and plateaus after 24 h
(Fig EV1G). Lactate secretion following TGF treatment showed
similar kinetics (Fig EV1H) and is in proportion to the glucose taken
up by TGFp-stimulated cells (Fig EV1I). Thus, lactate production
per molecule glucose remained similar before and after TGFp stimu-
lation (Fig EV1J) and the amount of glucose utilized and not
secreted as lactate also increases. Thus, TGFf-stimulated cells retain
increased levels of glucose carbon to support biosynthesis and mito-
chondrial ATP production.

Using a kinetic analysis, we find that TGFp-induced translation
and mitochondrial ATP production significantly correlated with each
other (Figs 1I and EV1K and L), suggesting that an increase in oxida-
tive phosphorylation is coupled to protein synthesis. In addition to
glucose, TGFP stimulated consumption of glutamine (Figs 1J and
EV1M), which can act as anaplerotic substrate to support the TCA
cycle (Deberardinis et al, 2007). To confirm that TGFf stimulated
oxidative phosphorylation, we measured the oxygen consumption
rate on a Seahorse Bioanalyzer. This analysis demonstrated that
TGFP potently stimulated mitochondrial respiration and increased
substrate availability to the electron transport chain (maximal respi-
ration) (Fig 1K). An increased rate of protein synthesis and mito-
chondrial oxygen consumption in response to TGFf treatment was
also observed under serum-deprived conditions (Fig EVIN and O).

Despite the increase in oxidative metabolism, cellular ROS
production was not elevated in cells grown in TGF-containing
medium, as measured by the ratio of reduced/oxidized glutathione
and the general ROS indicator DCFDA (Fig 1L and M). Taken
together, these results indicate that TGFP promotes nutrient uptake
and mitochondrial oxidation primarily to support cellular bioener-
getics and translation of ECM proteins, without increasing either cell
proliferation or oxidative stress.

TGFp promotes proline synthesis from glutamine for
collagen production

In addition to ATP, translation requires a continuous supply of
amino acids for tRNA charging. Since TGFp stimulated the synthesis
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of matrix proteins, but not growth, we hypothesized that TGFf
treatment induces the accumulation of intracellular amino acids that
are particularly enriched in matrix proteins relative to other
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proteins. The amino acid composition of collagens, the most abun-
dant proteins in the human body and in the ECM, is significantly dif-
ferent from that of other proteins (Fig 2A); compared to other
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Figure 1. TGFp selectively promotes translation in serum-stimulated fibroblasts.

A Growth curve of NIH-3T3 cells treated with TGFB (2 ng/ml for all experiments) or vehicle alone (mock) for the indicated time. The cell number at the indicated days
relative to the number at the start of the treatment (dO) is shown. The dotted line represents the cell number at dO.

B NIH-3T3 cells were treated with TGF or mock for 48 h and incubated with O-propargyl-puromycin (OPP) for the last 60 min. The translation rate was determined
by flow cytometry for OPP incorporation into proteins. A representative plot is shown on the left, and the quantification is shown on the right. Values are relative to

mock-treated cells.
C  Western blot of NIH-3T3 cells treated with TGFB or mock for 48 h.
D Schematic of extracellular matrix (ECM) production in vitro.

E  Western blot of ECM from NIH-3T3 cells grown in the presence or absence of TGF and of cell lysates from NIH-3T3 cells grown on a parallel plate. Note the absence

of tubulin and the electromobility shift of collagens in ECM extracts.

F  ECM was produced from NIH-3T3 cells according to (D), and collagen abundance was measured by picrosirius red staining, normalized to the packed cell volume

before ECM extraction, and expressed relative to mock-treated cells.

G NIH-3T3 cells were treated with TGFB or mock for 48 h. The medium was replaced in the last 12 h of the treatment (with the same treatments as before), and
glucose consumption from the fresh media was measured using the YSI bioanalyzer.
H ATP production rate from glycolysis (Jarpgly) and mitochondrial oxidative phosphorylation (Jarp0x) from NIH-3T3 cells treated with TGFB or mock for 48 h, calculated

using Seahorse data shown in (K) and Fig EV1F.

| Pearson’s correlation of mitochondrial ATP production rate (Jarp0X) and OPP incorporation of NIH-3T3 cells treated with TGF3 or mock for 2, 4, 8, 24 and 48 h,
relative to mock-treated cells. Also see Fig EV1K and L. Note that the data points of the 2- and 4-h measurements overlap.

] Glutamine consumption measured as in (G).

K NIH-3T3 cells were treated with TGFB or mock for 48 h, and the oxygen consumption rate (OCR) before and after treatment with mitochondrial inhibitors was
measured using the Seahorse bioanalyzer. Oligo, oligomycin; Rot/Anti-A, rotenone/antimycin; PCV, packed cell volume.
L NIH-3T3 cells were treated with TGFB or mock for 48 h, and reduced (GSH) and oxidized (GSSG) glutathione were measured by LC-MS/MS. Shown is the GSH/GSSG

ratio.

M NIH-3T3 cells were treated with TGFf for 48 h or mock and incubated with CM-H,DCFDA for the last 30 min. ROS were measured by flow cytometry for CM-

H,DCFDA. Values are relative to mock-treated cells.

Data information: P-values were calculated by two-sided unpaired t-test with Welch’s correction (B, F-H, J, L, M) or by Pearson’s correlation analysis (I). Bars in (B, F-H, J,
L, M) represent the mean + SD; data in (A, |, K) represent the mean =+ SD; and line in (I) represents linear regression with the SD shown as dotted lines. n = 3 (A, B, F, G,

J, L, M); n =8 (H, K); n =5 (I). A representative experiment is shown (B, C, E).

proteins, collagens are particularly enriched in glycine (Fig 2A). To
verify this in living cells, we performed acid hydrolysis of proteins
isolated from NIH-3T3 cells and their secreted ECM and confirmed a
significant increase in the representation of glycine in cell-derived
ECM compared to total cellular protein (Fig 2B).

It has been reported that in addition to stimulating ATP produc-
tion, glucose catabolism promotes glycine synthesis in the glycolytic
pathway via serine from the glycolytic intermediate 3-phosphoglyce-
rate (Fig EV2A). To test whether TGFp diverts glycolytic carbons
into glycine biosynthesis, we traced the fate of glucose uniformly
labeled with ['3C] at all six carbons ([U-'3C] Glc). This analysis
demonstrated that TGFp stimulated the synthesis of both serine and
glycine from glucose (Fig EV2B and C). In addition, TGFp also
increased labeling of citrate and downstream TCA cycle metabolites
from glucose (Fig EV2D-G). These data are in line with a higher
availability of glucose for both biosynthesis and mitochondrial
oxidation upon TGFf stimulation. We also assessed the contribution
of glutamine to glycine biosynthesis. While glutamine carbon did
not contribute to serine and glycine (Fig EV2H), both serine and
glycine were substantially labeled by the glutamine alpha-nitrogen
(Fig EV2I). TGFp treatment further increased alpha-nitrogen label-
ing of serine and glycine (Fig EV2I), consistent with TGFB-induced
expression of PSAT1 (Hamanaka et al, 2019) which catalyzes the
transamination reaction in the serine biosynthetic pathway.

The second major amino acid enriched in collagens and the ECM
is proline and its modified derivative hydroxyproline (Fig 2A and
B). Since proline is a non-essential amino acid produced from gluta-
mine (Fig EV3A), we tested whether TGFB promotes diversion of
glutamine carbons into proline biosynthesis by tracing the fate of
glutamine uniformly labeled with ['3C] at all five carbons ([U-'3C]
Gln). Indeed, we found that TGF treatment resulted in a substantial
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increase in the fraction and abundance of proline labeled from gluta-
mine (m+5) (Figs 2C and EV3B). In addition, TGFp-treated cells
displayed an increase in the contribution of glutamine to glutamate
(m+5) (Figs 2D and EV3B) and to all TCA cycle metabolites we
measured via oxidative metabolism (m+4) (Figs 2E-H and EV3C).
Based on the low percentage of labeling of later TCA cycle interme-
diates such as malate from glucose (Fig EV2F), these data suggest
that TGFp-treated cells increase glutamine anaplerosis. In contrast,
reductive synthesis of citrate (m+5), malate and aspartate (m+3)
from glutamine was unchanged upon TGFp stimulation (Figs 2F-H
and EV3D). Consistent with higher utilization of glutamine for
proline biosynthesis and TCA cycle anaplerosis, glutaminase (GLS1)
was upregulated in TGFB-treated cells (Fig EV3E).

Quantification of metabolic fluxes revealed that the flux of gluta-
mine carbons into alpha-ketoglutarate was increased more than
twofold in TGFpB-treated cells and matched the elevated flux through
glutaminase (Fig 2I). However, the flux of glutamine carbons into
proline increased by sevenfold (Fig 2I). This was also reflected by a
fourfold increase in free proline in cells upon treatment with TGFf,
while the maximal increase in the abundance of glutamate and TCA
cycle intermediates was 2.5-fold or less (Fig 2J). Proline levels were
also increased when human lung fibroblasts were treated with TGFf
(Fig EV3F). Since a significant amount of glutamate carbons were
labeled from glucose (Fig EV2E), we also assessed whether glucose
carbons contributed to proline. However, < 10% of proline carbon
was labeled after 24 h of [U-'3C] Glc tracing (Fig EV3G), indicating
that glycolytic carbon does not substantially contribute to proline
biosynthesis.

Glucose-derived glycine has been shown to be incorporated into
collagen I (Nigdelioglu et al, 2016), but whether fibroblasts use
glutamine-derived proline for the biosynthesis of collagen I is not

© 2020 The Authors



Simon Schworer et al The EMBO Journal

Human proteome B

N
(¢,
1

m All proteins
204 O Collagens

-
o
1

Representation in proteins (%)
Representation in proteins (%)
Representation in proteins (%)

101 5
m Cells
O ECM
0- o-Lml oML
LSAEGPVRKTQDI FNYHCMW Glycine roline
C . Proline Proline D _ Glutamate Glutamate E £ 4 aKG aKG
S 2.59 = S 10 <1004 S 47 £ 100-
‘_5_ & 100 g 5 100 X 9‘ 100
< 2.07 & 80- < 81 £ 80+ S 3- £ 807
o) ] ) 1 :')
2 1.5- = 60- = m+5 é 6 2 604 = m+5 % E‘ 604 = m+5
B 5 = m+4 g E = m+4 S 21 S = m+4
§ 1.0 < 404 O m+3 3 41 = 40- O m+3 3 £ 404 B m+3
© @ Com+2 © ko) O m+2 g 14 9 Om+2
9 0.5 S 204 0O m+1 Q 2- 2 20+ O m+1 2 S 204 O m+1
® —‘g S m+0 kS o O m+0 % 0 g 0 S m+0
g 0=% T 0 =3earp ¢ 0 =5 & 0THeR AR - + TGFp
F R Malate Malate G _ Aspartate Aspartate H —~ Citrate Citrate
o 1.5 £ 100- 2 297 £ 100- 2 157 £ 100-
5 o =) o =) o
< O 80 < 2.0 9 80- < S 801 6
@ 1.0- = [0} y 2 1.04 ] B m+
é 2 604 % 1.54 2 604 % % 604 = m+5
° g = m+4 e g = m+4 2 S = m+4
3 =40+ o m+3 2 1.04 < 40- O m+3 3ncd < 40+ B m+3
& 051 5 O m+2 5 k5 Om+2 PN 0-5 k5 D m+2
g 2 204 O m+1 > 0.54 2 20- O m+1 2 2 204 O m+1
© ke O m+0 % © Om+0 5 S Om+0
[ i o i i o i . °\° -
¢ 070 0T NGrg o 0= ¥ 0= NG x 0= 0= Terp
| B J _ P=0.0114 K
" Pen0o0t 7 = Mook > % CO1A1_MOUSE
O g P<q.0001 § 44® TGFB l4d < ['*C] GIn £ - )
£ ] _ [U-*C] GInl§ selected peptide
£ 6- 2 3- o g 8 +ECM ¥ ’
x 2 o . 3 § 2 ¢ GFPGADGVAGPK
2 . © & 8 3 8 4 & lDecelIularize
° 4.P<M'80<1)-_°001 024t g 4 I Expected m/z
2 £ r (P™+2HY>" = 544.7724
< 2 = Mock @1 P™54+2H)* = 547.2807
: =TGFR Proteomic (2P™*+2H)* = 549.7889
0% O o 0% o CEEC) 0 O analysis
T X £ £ B T ® © £
B ARy 38
5 & S5 S5 8 M  [U-°C] Gln-labeled Proline
o (U] n in Collagen | (ECM)
& 4-
L 8. [“ciein - 8. - [U-“C] GIn 2, [
m 8 m 8 q)
T T o
c c 546.7791 c
-g 6 545.2734 _g 6 550.2904 % 2-
< 5 < 50 545;5‘7760 560.7919 g
4 o “
:12_)' 3 E 3 544.7728 561.2037 % 1 i O m+0
N 8 v e 2 v VO A O e O k| 8 m+10
543 544 545 546 547 548 549 550 551 552 553 554 555 543 544 545 546 547 548 549 550 551 552 553 554 555 (‘D -
m/z m/z i TGFB

Figure 2.

© 2020 The Authors The EMBO Journal 39: 1033342020 5 of 20



The EMBO Journal

Simon Schworer et al

Figure 2. TGFp promotes proline synthesis from glutamine for collagen production.

A Comparison of the amino acid representation in all human proteins and all collagens. The x-axis denotes individual amino acids shown by single-letter code.
B Glycine and proline representation in protein acid hydrolysates of untreated NIH-3T3 cells and their secreted ECM, produced as in Fig 1D. Amino acids were

measured by GC-MS.

C-H Tracing of [U-*3C] -glutamine ([U-**C] GIn) into indicated metabolites. NIH-3T3 cells were treated with TGFB (2 ng/ml for all experiments) or mock for 48 h, and
the medium was replaced (including all treatments) with DMEM lacking L-glutamine and supplemented with [U-*3C] GIn for the last 8 h. Metabolic steady state
was reached at this time point (see kinetic labeling curves in Fig EV3B). Metabolites were measured by LC-MS. The left graph shows the total pool size normalized
to the packed cell volume; the right side shows the percent labeling. aKG, alpha-ketoglutarate; AU, arbitrary units.

| Glutamine flux into glutamate, aKG, and proline in NIH-3T3 cells treated with TGF3 or mock for 48 h, relative to mock-treated cells.

J Abundance of indicated metabolites in NIH-3T3 cells treated with TGFB or mock for 48 h, relative to mock-treated cells. Metabolites were measured by GC-MS.

K Schematic of [U-*3C] GIn tracing into proline in collagen I-o1 (CO1A1) in NIH-3T3 cell-derived ECM. Expected m/z of unlabeled (m+0) and fully labeled proline (m+5

for one proline, m+10 for two prolines) for the analytical peptide are shown.

L Representative MS2 spectra of the CO1A1 peptide in ECM generated with unlabeled ([**C] Gln, left) and fully labeled glutamine ([U-*3C] GIn, right). Peaks
representing fully labeled (m+5, m+10) proline are highlighted in red. Peptides were measured by LC-MS.

M Relative abundance of the analytical peptide containing unlabeled (m+0) or one/two fully labeled prolines (m+5/m+10) from the CO1A1 peptide in ECM derived
from NIH-3T3 cells treated with TGFB or mock in the presence of fully labeled L-glutamine ([U-*3C] GIn). Peptides were measured by LC-MS. The amount of ECM
analyzed was normalized to the packed cell volume of cells grown on a parallel plate under identical conditions.

Data information: P-values were calculated by two-sided unpaired t-test with Welch’s correction (B, J, M) or two-way ANOVA with Holm-Sidak multiple comparison test

(). Bars represent the mean + SD. n = 20,381 (all proteins), n = 44 (collagens) (A); n

known. To test this, we cultured NIH-3T3 fibroblasts in the presence
of unlabeled (['*C]) or fully labeled ([U-'*C]) glutamine and
extracted cell-derived ECM for proteomic analysis (Fig 2K). Gluta-
mine carbons were readily incorporated as proline into collagen I
secreted into the extracellular space (Figs 2L and EV3H), and the
abundance of the collagen I peptide containing glutamine-derived
proline increased with TGFp treatment (Fig 2M). Taken together,
these data demonstrate that TGFp promotes the utilization of
glucose and glutamine for both mitochondrial oxidation and biosyn-
thesis of glycine and proline which are utilized for translation of
collagens.

P5CS is required for proline biosynthesis and is upregulated in
lung fibrosis patients

While the TGFf-mediated stimulation of glycine biosynthesis has been
reported (Nigdelioglu et al, 2016; Selvarajah et al, 2019), it is less well
understood how TGFp promotes proline biosynthesis. In particular,
how TGF directs the preferential flux of glutamine carbon into proline
biosynthesis over TCA cycle anaplerosis is unknown. Proline is made
in mitochondria from glutamine-derived glutamate via two steps
(Fig 3A): first, delta-1-pyrroline-5-carboxylate synthase (P5CS) cata-
lyzes the ATP- and NADPH-dependent phosphorylation and reduction
conversion of glutamate to gamma-glutamic semi-aldehyde (GSA),
which is in equilibrium with delta-1-pyrroline-5-carboxylate (P5C).
Pyrroline-5-carboxylate reductase family members 1 and 2 (PYCR1/2)
further reduce P5C to proline in a reaction that preferentially uses
NADH (de Ingeniis et al, 2012). We observed that, in addition
to upregulating GLS1, TGFP treatment elevated the expression
of all enzymes in the mitochondrial proline biosynthetic path-
way (Fig 3B). Similar observations were made in human lung
fibroblasts (Fig EV4A). To test whether the induction of these
enzymes is required for proline biosynthesis, we genetically
disrupted all enzymes in the pathway by CRISPR/Cas9-mediated
gene deletion. While deleting PycrI or Pycr2 individually did not
affect cellular proline levels (Fig EV4B), proline was profoundly
depleted in cells with deletion of PSCS encoded by aldehyde
dehydrogenase 18 family member Al (Aldhl8al, hereafter
PSCS) (Fig 3C). Consistent with the high representation of
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4 (cells), n = 3 (ECM) (B); n = 3 (C-J, M). A representative experiment is shown (L).

proline in collagens (Fig 2A), P5CS deletion diminished the
expression of collagen 1 protein both in untreated and TGFp-
treated cells, which was restored by addition of proline to the
culture medium (Fig 3D). Similar results were obtained when
measuring collagen abundance in cell-derived ECM (Fig 3E).

We genetically engineered cells to overexpress P5CS to test
whether the upregulation of PSCS by TGFp contributes to increased
proline and collagen biosynthesis. Indeed, ectopic expression of
P5CS increased the abundance of proline in cells (Fig 3F) and
elevated levels of collagen I in cells and the ECM (Fig 3G and H),
although not to the same extent as did TGFp stimulation. These data
demonstrate that expression of PSCS is required and can be suffi-
cient for proline and collagen biosynthesis in serum-stimulated cells
growing in complete medium, and that collagen levels depend on
mitochondrial proline biosynthesis.

Based on these findings, we hypothesized that PSCS expression
could also be relevant for fibrotic diseases which are characterized
by excessive deposition of collagen by chronically activated
myofibroblasts. Focusing on idiopathic pulmonary fibrosis (IPF),
the most severe and lethal fibrotic disease (Coultas et al, 1994),
we analyzed PSCS expression in publicly available gene expres-
sion datasets from lungs of mice treated with bleomycin to induce
pulmonary fibrosis or from lungs of IPF patients (Yang et al, 2013;
Cecchini et al, 2018). We found that PSCS was significantly upreg-
ulated in the bleomycin mouse model of pulmonary fibrosis
(Fig 3I) and in IPF patients compared to normal controls in two
independent datasets (Fig 3J). Moreover, the forced vital capacity
(FVC) as well as the diffusing capacity for carbon monoxide
(DLCO), two independent parameters of lung function, inversely
correlated with expression levels of PSCS in IPF patients (Figs 3K
and EV4C). Taken together, these data show that P5CS expression
is critical for proline and collagen biosynthesis and correlates with
disease-relevant parameters.

Next, we investigated the regulation of proline biosynthesis
by TGFB using cells in which Smad4 was deleted via CRISPR/
Cas9 to abrogate Smad4-dependent transcription. While the
increase in protein levels of proline biosynthetic enzymes in
response to TGFB was only partly regulated by Smad4, Smad4
deletion abolished the induction of glutaminase upon TGFf
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treatment (Fig EV4D). The increase in labeling of proline and
TCA cycle intermediates from glutamine in response to TGFf
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treatment was completely dependent on Smad4 (Fig 3L), dependent glutaminase induction.
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suggesting that both the TGFf-mediated increase in TCA cycle
anaplerosis and proline biosynthesis were regulated by Smad4-
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Figure 3. P5CS is required for proline synthesis and upregulated in lung fibrosis patients.

A Schematic of the mitochondrial proline biosynthetic pathway.

B Western blot of NIH-3T3 cells treated with TGFp (2 ng/ml for all experiments) or mock for 48 h in the presence of 0.5% FBS.

C  Left: NIH-3T3 cells expressing sgCtrl, sgP5CS-1, or sgP5CS-2 were treated with TGFf or mock for 48 h, and proline abundance was measured by GC-MS. Values are
relative to mock-treated sgCtrl-expressing cells. Right: Western blot of NIH-3T3 cells expressing sgCtrl, sgP5CS-1, or sgP5CS-2.

D Western blot of NIH-3T3 cells expressing sgCtrl or sgP5CS-2 and treated with TGF3 or mock for 48 h in the presence or absence of 0.15 mM proline.

E  Collagen abundance in ECM produced by NIH-3T3 cells expressing sgCtrl or sgP5CS-2 grown in the presence or absence of TGFf3 and 0.15 mM proline, measured by
picrosirius red staining, and normalized to the packed cell volume of cells grown on a parallel plate under identical conditions. Values are relative to mock-treated
sgCtrl-expressing cells.

F  Proline abundance in NIH-3T3 cells expressing empty vector or HA-P5CS cDNA, measured by GC-MS. Values are relative to mock-treated empty vector-expressing
cells.

G Western blot of NIH-3T3 cells expressing empty vector or HA-P5CS cDNA.

H Collagen abundance in ECM produced by NIH-3T3 cells expressing empty vector or HA-P5CS cDNA, measured by picrosirius red staining, and normalized to the
packed cell volume of cells grown on a parallel plate under identical conditions. Values are relative to mock-treated empty vector-expressing cells. P < 0.0001
(sgP5CS =+ proline in mock and TGFpB-treated cells).

I,] Analysis of the indicated gene expression datasets for mRNA levels of P5CS: (1) lung tissue from mice with pulmonary fibrosis induced by bleomycin (Bleo) treatment
compared to saline treatment (GSE112827); (J) two datasets (GSE110147, GSE32537) from lungs of patients with idiopathic pulmonary fibrosis (IPF) compared to
normal controls (Ctrl). AU, arbitrary units. The number of patients per group is indicated.

K Pearson’s correlation of PSCS mRNA level and forced vital capacity (FVC) before bronchodilator (pre-BD) as percentage of what was predicted for each patient, from
clinical data of GSE32537.

L Tracing of [U-*3C] L-glutamine ([U-*3C] GIn) into indicated metabolites. NIH-3T3 cells expressing sgCtrl, sgSmad4-1, or sgSmad4-2 were treated with TGFB or mock for
48 h, and the medium was replaced (including all treatments) with DMEM without t-glutamine and supplemented with [U-**C] GIn for the last 8 h. Metabolites
were measured by GC-MS.

Data information: P-values were calculated by two-sided unpaired t-test with Welch’s correction (F, H), by two-way ANOVA with Holm-Sidak multiple comparison test
(C, E, L), by moderated t-statistics and adjustment for multiple comparisons with the Benjamini and Hochberg false discovery rate method (I, J), or by Pearson’s
correlation (K). Bars in (C, E, F, H, L) represent the mean + SD; lines in (I) represent the mean + SD; data in (J) represent median with 50% confidence interval box and
95% confidence interval whiskers; and line in (K) represents linear regression with the SD shown as dotted lines. n = 3 (C, E, F, H, L); n = 3 (saline), n = 5 (bleomycin) (1);

n = 11 (Ctrl, left), n = 22 (IPF, left), n = 50 (Ctrl, right), n = 119 (IPF, right) (J); n = 117 (K). A representative experiment is shown (B, C, D, G).

TGFp-induced stimulation of mitochondrial bioenergetics is
required for increased proline biosynthesis

We next investigated the kinetics with which TGFf stimulates mito-
chondrial TCA cycle activity and oxidative phosphorylation. TGFf
treatment increased mitochondrial respiration as soon as 6 h after
TGFp addition (Fig 4A). While respiration reached a relative plateau
after 24 h of treatment, the maximal respiratory capacity continued
to increase beyond this time point (Fig 4B). Similarly, levels of
glutamate and TCA cycle intermediates steadily increased from 6 to
48 h after TGFP treatment (Fig EV4E), indicating a progressive
increase in mitochondrial TCA cycle flux after TGFB stimulation.
These data indicate that TGF(B continuously increases substrate
availability to the ETC starting as soon as 6 h after the treatment,
resulting in higher mitochondrial respiration and accumulation of
mitochondrial redox potential.

Given that mitochondrial redox equivalents in the form of NADH
and NADPH act as coenzymes for proline biosynthesis (Fig 3A), we
hypothesized that an accumulation of mitochondrial redox potential
drives proline biosynthesis in cells stimulated with TGFB. To test
this idea, we genetically engineered NIH-3T3 cells to express a mito-
chondria-targeted version of the water-forming NADH oxidase from
Lactobacillus brevis (LDNOX) or to express a mitochondria-targeted
version of its NADPH-specific mutant triphosphopyridine nucleotide
oxidase (TPNOX) (Titov et al, 2016; Cracan et al, 2017). As reported
previously (Titov et al, 2016; Cracan et al, 2017), these cells
displayed succinate accumulation and a reduced lactate/pyruvate
ratio (Fig EV4F), a surrogate for the cytosolic NADH/NAD ™ ratio
(Williamson et al, 1967). We observed that expression of either
mitochondrial LBNOX or mitochondrial TPNOX reduced proline
levels at baseline (Fig 4C). Notably, mitochondrial LbNOX or
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mitochondrial TPNOX abrogated proline accumulation in response
to TGFp stimulation (Fig 4C). These data suggest that an excess of
mitochondrial redox potential beyond the electron assimilation
capacity of the ETC can preferentially divert glutamine-derived
glutamate into proline biosynthesis rather than into the TCA in
response to TGFp (Fig 2I).

If mitochondrial redox potential is the sole regulator of proline
biosynthesis, then inhibition of mitochondrial electron transport at
complexes I and III might increase proline levels, as it results in an
accumulation of NAD(P)H (Sullivan et al, 2015). As reported
before (Mullen et al, 2014; Sullivan et al, 2015), treatment with
rotenone, antimycin, or myxothiazol reduced aspartate levels and
induced succinate and lactate accumulation (Fig EV4G), but
decreased cellular proline levels (Fig 4D). Treatment with cobalt
chloride (CoCl,), which can contribute to mitochondrial damage by
disrupting iron-sulfur clusters (Ranquet et al, 2007; Dai et al, 2008;
Macomber & Imlay, 2009) that are present within aconitase and
multiple ETC components, also reduced levels of proline, aconitate,
and aspartate (Figs 4E and EV4H). Together, these results suggest
that intact mitochondrial electron transport is critical to maintain
proline levels.

Electron transport within the ETC generates a proton motive
force across the mitochondrial inner membrane that drives ATP
synthesis. To uncouple electron transport from the proton gradient,
we applied carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) to cells treated with TGFf for 48 h. Addition of FCCP in the
last 6 h of the treatment was sufficient to suppress proline accumu-
lation (Fig 4F). As FCCP uncouples mitochondrial electron transport
from ATP synthesis, these data suggest that TGFf-induced proline
biosynthesis also depends on coupled electron transport to maintain
mitochondrial ATP production. To test this directly, we applied the
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ATP synthase inhibitor oligomycin to cells that had been stimulated
with TGFp for 48 h, resulting in reduced levels of alpha-ketogluta-
rate but increased levels of glutamate and lactate (Fig EV4I).
Notably, oligomycin treatment led to a progressive decrease in cellu-
lar proline levels both in untreated and TGFp-stimulated cells
(Fig 4G). Thus, mitochondrial ATP synthesis is required for proline
biosynthesis, likely for the reaction catalyzed by P5CS which
consumes ATP (Fig 3A).

Proline biosynthesis is a vent for TGFf-induced mitochondrial
redox stress

The above data indicate that TGF promotes mitochondrial oxida-
tive activity, resulting in an increased rate of ATP synthesis and the
accumulation of NAD(P)H, and that both ATP and NAD(P)H accu-
mulation are required to convert mitochondrial glutamine into
proline. Consistent with this, we found that unlike other TGFf-
induced mitochondrial metabolites (Fig EV4E), proline did not
increase until after mitochondrial respiration reached a plateau at
24 h after TGFp treatment (Figs 4A and 5A). In fact, at earlier time
points we found that TGF-induced stimulation of mitochondrial
metabolism was associated with increased ROS generation (Fig 5A).
An excess of mitochondrial redox potential in response to increased
mitochondrial oxidative metabolism can result in the generation of
ROS (Murphy, 2009; Schieber & Chandel, 2014). We observed that
ROS levels were increased 6 h after TGFp stimulation but declined
over time and went back to baseline after 48 h despite continued
treatment with TGFp (Fig 5A, see also Fig 1M). ROS were also tran-
siently elevated in human lung fibroblasts 6 h after addition of
TGFP to the culture medium (Fig EVSA). The timing of ROS
increase correlated with the early increase in TCA cycle intermedi-
ates and mitochondrial respiration in response to TGFf stimulation
(Figs 4A and EVA4E), suggesting that TGFf-induced mitochondrial
oxidative activity underlies the elevated ROS.

HIF-1a is stabilized by mitochondrial ROS which are generated
by excess substrate availability to the ETC (Chandel et al, 2000;
Brunelle et al, 2005; Guzy et al, 2005; Bell et al, 2007; Lum et al,
2007). In agreement with higher mitochondrial substrate availabil-
ity, TGFp also induced stabilization of HIF-1o with similar kinetics
as it induced ROS (Fig 5B). In line with Smad4 regulating
glutaminolysis (Figs 3L and EV4D), ROS accumulation and HIF-1a
stabilization after 6 h TGFf treatment were dependent on Smad4
(Fig 5C and D), suggesting that the Smad4-dependent transcrip-
tional program activated by TGFP induces glutaminolysis, ROS
accumulation, and HIF-1a stabilization. TGFp-induced HIF-1a stabi-
lization depended on mitochondrial ROS, as it was prevented by
mitoquinol  (MitoQ), a mitochondria-targeted antioxidant
(Fig EV5B). To confirm whether TGFB-induced ROS were mitochon-
drial, we used either a mitochondria-targeted or a cytosol-targeted
roGFP2 construct coupled to glutaredoxin (Grx1), allowing us to
sensitively measure mitochondrial and cytosolic glutathione oxida-
tion (Gutscher et al, 2008). Indeed, TGF induced glutathione oxida-
tion only in mitochondria, not in the cytosol after 6 h of treatment
(Fig 5E). Taken together, these data suggest that TGFp activates
glutaminolysis via Smad4, supporting TCA cycle anaplerosis, which
increases substrate availability to the mitochondrial ETC, resulting
in increased mitochondrial respiration and the generation of
mitochondrial ROS that stabilize HIF-la. To test whether the
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TGFpB-induced transient stabilization of HIF-1a plays a role in
proline biosynthesis, we expressed sgRNAs targeting HIF-1a, which
prevented HIF-1o stabilization after 6 h of TGFB stimulation
(Fig EV5C). While cells expressing sgHIF-1a displayed an increase in
citrate and a decrease in lactate, proline levels were unchanged
(Fig EV5D), indicating that HIF-1a is not directly involved in proline
upregulation in response to TGFf stimulation.

We next investigated how the decline of ROS levels observed
after TGFB stimulation is regulated, despite ongoing mitochondrial
oxidation and substrate accumulation (Fig 4A and B). We first
tested whether TGF( promoted diversion of the first glycolytic inter-
mediate glucose 6-phosphate (G6P) into the pentose phosphate
pathway (PPP), which is a major producer of NADPH and is thus
critical for antioxidant defense (Mullarky & Cantley, 2015). To
analyze flux through the PPP, we traced the fate of glucose labeled
at carbons one and two ([1,2-'3C] Glc) and calculated the ratio of
m+1 lactate (derived from PPP) to m+2 lactate (derived from glycol-
ysis) (Lee et al, 1998). In line with elevated glucose uptake
(Fig 1G), TGFp-treated cells displayed increased m+2 labeling of
G6P which was diluted out in lactate (Fig EVSE and F). However,
PPP activity was low and was not enhanced in response to TGFf
treatment (Fig EV5G). These data suggest that TGFf does not stimu-
late flux through the PPP relative to glycolysis.

Under hypoxia, HIF-lo-mediated metabolic reprogramming
allows cells to divert glycolytic carbons away from mitochondrial
oxidation to minimize ROS generation in the absence of a terminal
electron acceptor (Lum et al, 2007). Similarly, proline biosynthesis
could divert glutamine carbons away from mitochondrial oxidation
and, in addition, uses up mitochondrial electrons that would other-
wise be donated to the ETC (Fig 3A). This raised the intriguing
possibility that TGFB-stimulated cells were using proline as a “vent”
to prevent ROS generation due to the buildup of NADH in excess of
the ability of oxidative phosphorylation to assimilate the extra elec-
trons. To test whether activation of proline biosynthesis is important
to resolve mitochondrial redox stress induced by TGFf, ROS levels
were assessed in cells unable to engage in proline biosynthesis due
to deletion of P5CS (Fig 3C), and grown in medium supplemented
with proline to avoid effects of proline loss on protein translation
and growth (Loayza-Puch et al, 2016; Sahu et al, 2016). While cells
expressing sgCtrl did not display ROS after 48 h of TGFf stimula-
tion, as described above (Figs 1M and 5A), cells expressing sgP5CS
were unable to resolve TGFB-induced ROS (Fig 5F), indicating that
the decline in ROS after 48 h of TGFp treatment depends on utiliza-
tion of the proline biosynthetic pathway, not on proline itself. Taken
together, these data indicate that proline biosynthesis functions in
TGFp-induced mitochondrial oxidative metabolism to reduce ROS
stress.

Mitochondrial citrate export limits proline biosynthesis and
collagen production

If proline acts as a vent for redox stress imposed by increased TCA
cycle activity, then we predicted that cells unable to engage in
proline biosynthesis would utilize other vents to prevent excessive
mitochondrial carbon oxidation and ROS accumulation in response
to TGFp treatment. Consistent with this idea, we observed that
P5CS-deleted cells displayed elevated levels of aspartate, citrate, and
lactate when cultured in TGFp-containing medium (Fig EV5H), the
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Figure 4. TGFp-induced stimulation of mitochondrial bioenergetics is required for increased proline biosynthesis.

A, B Mitochondrial basal respiration (A) and FCCP-induced maximal respiration (B) of NIH-3T3 cells treated with TGFf (2 ng/ml for all experiments) or mock for 2, 4, 8,
24 or 48 h, based on Seahorse OCR measurements. The relative values were calculated by normalizing the respective values of TGFp-treated cells to those of mock-
treated cells for each time point.

C Left: Western blot of NIH-3T3 cells expressing empty vector, mitoTPNOX, or mitoLbNOX. MitoTPNOX or mitoLbNOX expression is detected by probing for their FLAG-
tag. Right: NIH-3T3 cells expressing empty vector, mitoTPNOX, or mitoLbNOX were treated with TGFB or mock for 48 h, and proline abundance was measured by
GC-MS. Values are normalized to mock-treated empty vector-expressing cells.

D NIH-3T3 cells were treated with rotenone, antimycin, myxothiazol, or vehicle control for 1 h, and proline abundance was measured by GC-MS. Values are
normalized to control-treated cells.

E NIH-3T3 cells were treated with cobalt chloride (CoCl,) or vehicle control for 6 h, and proline abundance was measured by GC-MS. Values are normalized to
control-treated cells.

F NIH-3T3 cells were treated with TGF3 or mock for 48 h, and FCCP or vehicle control was added for the last 6 h of the treatment. Proline abundance was measured
by GC-MS. Values are normalized to mock- and control-treated cells.

G NIH-3T3 cells were treated with TGFB or mock for 48 h, and oligomycin or vehicle control was added for the last 1 or 6 h of the treatment. Proline abundance was
measured by GC-MS. Values are normalized to mock- and control-treated cells.

Data information: P-values were calculated by two-way ANOVA with Holm-Sidak multiple comparison test (C, G), by one-way ANOVA with Holm-Sidak multiple
comparison test (D, F), or by two-sided unpaired t-test with Welch’s correction (E). Bars in (C-GC) represent the mean + SD; data in (A, B) represent the mean + SD.
n =56 (A B); n =3 (C-Q).
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Figure 5. Proline biosynthesis is a vent for TGFp-induced mitochondrial redox stress.

A NIH-3T3 cells were treated with TGFB or mock for 1, 6, 24 or 48 h. ROS levels were measured by flow cytometry for CM-H,DCFDA after incubation with CM-H,DCFDA
for the last 30 min of the treatment (Red line). Proline abundance was measured by GC-MS (Blue line). The relative levels were calculated by normalizing the
respective values of TGFB-treated cells to those of mock-treated cells for each time point.

B Western blot of NIH-3T3 cells treated with TGFB or mock for 1, 6, 24 or 48 h.

C NIH-3T3 cells expressing sgCtrl, sgSmad4-1, or sgSmad4-2 were treated with TGFB or mock for 6 h, and ROS levels were measured by flow cytometry for CM-
H,DCFDA after incubation with CM-H,DCFDA for the last 30 min of the treatment. Values are normalized to mock-treated sgCtrl-expressing cells.

D Western blot of NIH-3T3 cells expressing sgCtrl, sgSmad4-1, or sgSmad4-2 and treated with TGF or mock for 6 h in the presence of 0.5% FBS.

E NIH-3T3 cells expressing mito-Grx1-roGFP2 or cyto-Grx1-roGFP2 were treated with TGFf or mock for 6 h or with 200 pM H,0, as a control. Emission was measured
with a 520/10-nm filter after excitation with 405 nm and 488 nm lasers using flow cytometry. Oxidized roGFP2 gains excitability at 405 nm and loses excitability at
488 nm. Oxidation status is expressed as percentage of maximal oxidation which was determined by treating cells with 5 mM H,0, for 5 min before harvest.

F NIH-3T3 cells expressing sgCtrl or sgP5CS-2 were treated with TGF or mock for 48 h in the presence of 0.15 mM proline. ROS levels were measured by flow
cytometry for CM-H,DCFDA after incubation with CM-H,DCFDA for the last 30 min of the treatment.

Data information: P-values were calculated by two-way ANOVA with Holm-Sidak multiple comparison test (C, F) or by one-way ANOVA with Holm-Sidak multiple
comparison test (E). Bars represent the mean + SD (C, E, F); data in (A) represent the mean =+ SD. A representative experiment is shown (B, D).
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alternative vents used by proliferating cells. In turn, we predicted
that inhibition of mitochondrial citrate export in wild-type cells
should result in elevated ROS levels and increased utilization of the
proline biosynthetic pathway. Using 4-chloro-3-[[(3-nitrophenyl)
amino]sulfonyl]-benzoic acid (CTPi), a competitive inhibitor of the
mitochondrial citrate transport protein (CTP) (Aluvila et al, 2010),
we found that cellular ROS levels increased in a dose-dependent
fashion after 6 h of treatment to a similar extent as upon TGFf stim-
ulation (Fig 6A). Similarly, inhibition of lactate dehydrogenase A
(LDHAI) or activation of pyruvate kinase M2 (PKM2a) increased
cellular ROS levels, although not to the same extent as did CTP inhi-
bition (Fig EV5I).

To confirm the above results with a genetic approach, we
deleted Sic25al encoding CTP in NIH-3T3 cells (Fig 6B). Like the
CTP inhibitor, Slc25al-deleted cells displayed increased ROS levels
which were further augmented upon 6-h TGFp treatment (Fig 6B).
We hypothesized that blocking citrate export from mitochondria
would increase mitochondria carbon load and, thus, TCA cycle
activity, forcing cells to utilize other pathways to limit excessive
mitochondrial oxidation. Slc25al deletion resulted in a reduction
in the cellular citrate pool (Fig EV5J) and a higher level of mito-
chondrial respiration and substrate availability, in particular in
response to TGFp treatment (Fig EVSK). This indicated that citrate
was oxidized in the TCA cycle, and consistent with that, levels of
its downstream metabolites alpha-ketoglutarate and glutamate

Simon Schworer et al

were increased when Sic25al was deleted, both in mock- and
TGFp-treated cells (Fig EVSL). However, this increase was not
observed in later TCA cycle intermediates such as malate and
oxaloacetate-derived aspartate (Fig EVSL), possibly because CTP
acts as a citrate-malate shuttle (Robinson et al, 1971), and thus,
Slc25al deletion might prevent import of malate into mitochon-
dria. Notably, Sic25al deletion caused an increase in the abun-
dance of proline and synergized with TGFp treatment to elevate
cellular proline levels more than ninefold (Fig 6C). These data
suggest that when citrate export from mitochondria is blocked,
cells adapt to reduce carbon oxidation in the TCA cycle by further
increasing the preference of glutamine-derived carbons to enter
the proline biosynthetic pathway.

Since proline biosynthesis is critical for collagen production
(Fig 3D), we next asked whether fibroblasts handle proline accumu-
lation induced by Sic25al deletion by diverting it into collagen,
which can then be secreted into the ECM. Consistent with the high
abundance of proline when Sic25al is deleted, these cells displayed
elevated levels of collagen I but not fibronectin, an ECM protein
which is not enriched in proline (Fig 6D). P5CS expression levels
were similar in Sic25al-deleted cells (Fig 6D), indicating that the
increase in proline and collagen I cannot simply be explained by dif-
ferential expression of the rate-limiting enzyme for proline biosyn-
thesis. A higher abundance of collagen was also found in the ECM
secreted by Slc2Sal-deleted cells (Fig 6E). Conversely, ectopic

Figure 6. Mitochondrial citrate export limits proline biosynthesis and collagen production.

A NIH-3T3 cells were treated with vehicle control or CTPi at increasing concentrations (0.1, 0.2, 0.5 mM) or TGFB (2 ng/ml for all experiments) for 6 h, and ROS levels
were measured by flow cytometry for CM-H,DCFDA after incubation with CM-H,DCFDA for the last 30 min of the treatment. Values are relative to control-treated

cells. P-values represent comparison of individual samples to the control.

B Left: NIH-3T3 cells expressing sgCtrl, sgSlc25a1-1, or sgSlc25a1-2 were treated with TGFB or mock for 6 h, and ROS levels were measured by flow cytometry for CM-
H,DCFDA after incubation with CM-H,DCFDA for the last 30 min of the treatment. Values are relative to mock-treated sgCtrl-expressing cells. Right: Western blot of

NIH-3T3 cells expressing sgCtrl, sgSlc25a1-1, or sgSlc25a1-2.

C  NIH-3T3 cells expressing sgCtrl, sgSlc25a1-1, or sgSlc25a1-2 were treated with TGF( or mock for 48 h, and proline abundance was measured by GC-MS. Values are

relative to mock-treated sgCtrl-expressing cells.

D  Western blot of NIH-3T3 cells expressing sgCtrl, sgSlc25a1-1, or sgSlc25a1-2 and treated with TGF or mock for 48 h.
E  Collagen abundance in ECM produced by NIH-3T3 cells expressing sgCtrl, sgSlc25a1-1, or sgSlc25a1-2 grown in the presence or absence of TGFf, measured by
picrosirius red staining, and normalized to the packed cell volume of cells grown on a parallel plate under identical conditions. Values are relative to mock-treated

sgCtrl-expressing cells.

F  NIH-3T3 cells expressing empty vector or Slc25a1 cDNA were treated with TGFf or mock for 6 h, and ROS levels were measured by flow cytometry for CM-H,DCFDA
after incubation with CM-H,DCFDA for the last 30 min of the treatment. Values are relative to mock-treated empty vector-expressing cells.
G NIH-3T3 cells expressing empty vector or Slc25a1 cDNA were treated with TGF or mock for 48 h, and proline abundance was measured by GC-MS. Values are

relative to mock-treated empty vector-expressing cells.

H  Western blot of NIH-3T3 cells expressing empty vector or Slc25a1 cDNA and treated with TGFB or mock for 48 h.
| Collagen abundance in ECM produced by NIH-3T3 cells expressing empty vector or Slc25a1 cDNA grown in the presence or absence of TGFB, measured by picrosirius
red staining, and normalized to the packed cell volume of cells grown on a parallel plate under identical conditions. Values are relative to mock-treated empty

vector-expressing cells.

J, K Analysis of the indicated gene expression datasets for mRNA levels of Slc25a1, as described in Fig 3: (J) lung tissue from mice with pulmonary fibrosis induced by
bleomycin (Bleo) treatment compared to saline treatment (GSE112827); (K) two datasets (GSE110147, GSE32537) from lungs of patients with idiopathic pulmonary
fibrosis (IPF) compared to normal controls (Ctrl). AU, arbitrary units. The number of patients per group is indicated.

=

Pearson’s correlation of SLC25A1 and P5CS mRNA levels in IPF patients from GSE32537.

M IPF patients from GSE32537 were assigned into P5CS™°“/SLC25A1"9" and P5CS"9"/SLC25A1"°% groups based on the expression level of P5CS and SLC25A1. “High”
represents patients with P5CS or SLC25A1 expression values being above the 75% percentile of the respective gene expression; “low” represents patients with
expression values being below the 25% percentile of gene expression. The forced vital capacity (FVC) before bronchodilator (pre-BD) as percentage of what was

predicted for each patient was compared between the groups.

Data information: P-values were calculated by two-way ANOVA with Holm-Sidak multiple comparison test (B, C, E-G, I), by one-way ANOVA with Holm-Sidak multiple
comparison test (A), by moderated t-statistics and adjustment for multiple comparisons with the Benjamini and Hochberg false discovery rate method (J, K), by Pearson’s
correlation (L), or by two-sided unpaired t-test with Welch’s correction (m). Bars in (A-C, E-G, I) represent the mean + SD; lines in () represent the mean + SD; data in
(K, M) represent the median with 50% confidence interval box and 95% confidence interval whiskers; and line in (L) represents linear regression with the SD shown as
dotted lines. n = 3 (A-C, EG, I); n = 3 (saline), n = 5 (Bleo) (); n = 11 (Ctrl, left), n = 22 (IPF, left), n = 50 (Ctrl, right), n = 119 (IPF, right) (K); n = 169 (L); n = 9 (P5CS"%/
SLC25A1"9"), n = 8 (P5CS™"/SLC25A1"%) (M). A representative experiment is shown (B, D, H).
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expression of Slc25al reduced cellular ROS levels, diminished
proline accumulation, and led to a decline in collagen I levels in
TGFp-treated cells and their secreted ECM (Fig 6F-I). These results
indicate that mitochondrial citrate export can limit proline biosyn-

thesis and collagen production.
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Based on these findings, we asked whether expression of Slc25al

was dysregulated in fibrotic disease. Consistent with Slc25al dele-
tion being sufficient to augment collagen levels, Slc25al expression
was downregulated in the bleomycin mouse model of pulmonary
fibrosis (Fig 6J) as well as in IPF patients compared to normal
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controls in two independent datasets (Fig 6K). In all datasets
analyzed, Slc25al expression inversely correlated with expression of
PSCS (Figs 6L and EV5M and N). Since ectopic expression of PSCS
and deletion of Slc25al both increased collagen levels in the ECM
(Figs 3H and 6E), we predicted that IPF patients concomitantly
displaying elevated P5CS expression and downregulation of
SLC25A1 (PSCS™&"/SLC25A1%") would present impaired lung func-
tion due to excessive collagen deposition. Consistent with this idea,
lung function was significantly compromised in such patients
compared to patients with a PSCS"¥/SLC25A1"8" expression profile
(Fig 6M). Taken together, these data demonstrate that fibroblasts
engage in proline biosynthesis and collagen production when mito-
chondrial oxidative metabolism is elevated, and that this process
correlates with the impairment in lung function exhibited by
patients with idiopathic pulmonary fibrosis.

Discussion

In this study, we provide evidence that in fibroblasts, TGFp is a
potent stimulator of protein translation and nutrient uptake, repro-
gramming intermediate metabolism to promote both the production
of the amino acids and the bioenergetic support for enhanced
synthesis of matrix proteins. A major matrix component is colla-
gens, triple-helical proteins whose individual building blocks are
enriched in proline residues. This suggests that intracellular proline
availability could limit the translation of proline-rich proteins such
as collagen. To understand how TGF selectively stimulated matrix
production, we examined whether TGFB might exert its effects in
part through stimulation of proline biosynthesis. First, we observed
that TGFB induced proline biosynthesis in a Smad4-dependent
manner. Second, we demonstrated that glutamine is preferentially
used to support proline biosynthesis via PSCS, which requires an
excess of mitochondrial NAD(P)H beyond which can be utilized for
ATP synthesis. The subsequent incorporation of glutamine-derived
proline into collagen then provided an adaptive sink for excess mito-
chondrial carbon when NAD(P)H and ATP are high. Therefore,
increasing collagen production and secretion provides fibroblasts
with an effective means to deal with the high mitochondrial redox
potential generated by TGFB-mediated stimulation of glucose and
glutamine metabolism.

We provide evidence that proline biosynthesis allows fibroblasts
to prevent excessive ROS accumulation in response to a TGFf-
induced mitochondrial redox potential. Proline accumulation in
response to redox stress is a well-documented phenomenon in
plants (Hayat et al, 2012). Stress-induced increase in proline levels
in plants is a result of enhanced biosynthesis from glutamate (Hare
& Cress, 1997), and knockout mutants of plant P5CS display a reduc-
tion of stress-induced proline biosynthesis, resulting in the accumu-
lation of ROS (Székely et al, 2008). There is evidence that proline
contributes to oxidative stress defense also in mammalian cells. The
present data suggest that in the context of TGFp-stimulated fibrob-
lasts, it is the consumption of mitochondrial NAD(P)H and ATP
through proline biosynthesis from glutamine which contribute to
ROS defense. In addition, other studies have demonstrated that
proline itself may protect from oxidative damage by directly acting
as ROS quencher (Kaul et al, 2008; Krishnan et al, 2008; Natarajan
et al, 2012). Redox shuttling between proline and P5C via proline
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dehydrogenase (PRODH) and PYCR has also been proposed to facili-
tate the transfer of NAD(P)H between mitochondria and the cytosol
(Phang, 1985; Liu et al, 2015).

What regulates the preferential diversion of glutamate into
proline biosynthesis, rather than into the TCA cycle? Our data
suggest that the accumulation of both mitochondrial ATP and reduc-
ing equivalents contributes to the regulation of this process. This is
consistent with earlier reports of reduced proline levels in cell lines
with impaired mitochondrial function due to mutations in fumarase
or mitochondrial DNA-encoded ETC components (Mullen et al,
2014; Chen et al, 2018). The oxidation of NADH in the ETC drives
an electrochemical gradient that is used to synthesize ATP, and we
found that uncoupling this gradient from ATP synthesis or direct
inhibition of mitochondrial ATP synthase significantly reduces
proline levels. ATP is, in addition to NADPH, required for the phos-
phorylation and reduction conversion of glutamate to P5C catalyzed
by P5CS.

Consistent with the proposed role of TGFB in idiopathic
pulmonary fibrosis, we find that expression of P5CS is upregulated
in lungs of IPF patients, while SLC25A1 is downregulated. We report
that both PSCS and Slc25al are regulators of proline biosynthesis
and collagen production, and IPF patients with a PSCS"8%/
SLC25A1™" expression profile display significantly impaired lung
function. The present results also suggest that inhibition of mito-
chondrial electron transport might limit proline biosynthesis and
collagen production in such patients. Notably, metformin, which
targets complex I (Cameron et al, 2018), was shown to attenuate
hepatic and pulmonary fibrosis in rodents (Gamad et al, 2018;
Rangarajan et al, 2018), raising the possibility that the therapeutic
effects could—at least in part—be due to inhibition of proline
biosynthesis.

In conclusion, TGFB-induced proline biosynthesis is another
example of how cells can handle an excess of intracellular metabo-
lites when these are not used to support cell proliferation. Fibrob-
lasts deal with the accumulating proline induced by TGFp by
incorporating it into collagen, which is secreted into the ECM. This
TGFp-induced conversion of available glucose and amino acids into
enhanced extracellular matrix production would promote the regen-
eration of a damaged tissue during wound healing but, if stimulated
in non-physiological ways, could lead to an excessive fibrotic
reaction.

Materials and Methods

Cell culture

NIH-3T3 cells and IMR90 cells were obtained from ATCC and were
cultured at 37°C in 5% CO, and 20% O,. Cells were maintained in
DMEM (25 mM b-glucose, 2 mM r-glutamine) supplemented with
10% FBS (Gemini), 100 units/ml penicillin, and 100 pg/ml strepto-
mycin. The following supplements were added to the culture
medium for maintenance of cells expressing the indicated guide
RNAs: 0.15 mM r-proline (sgP5CS-expressing cells) and 1 mM
sodium acetate (sgSlc25al-expressing cells). All experiments with
sgP5CS-expressing cells and all metabolite profiling experiments
were done in DMEM supplemented with 10% dialyzed FBS (Gem-
ini). For serum starvation experiments, the medium was changed to
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DMEM supplemented with 0.5% FBS 5-6 h after plating of cells, and
treatment was started 16-20 h later. All media were prepared by the
media preparation facility at MSKCC. Cells were verified as myco-
plasma-free by the MycoAlert Mycoplasma Detection Kit (Lonza).

Growth experiments

0.5 x 10° cells/well were plated in 12-well culture plates, and treat-
ment was started 5-6 h later. Cell numbers at the start of treatment
(d0) and 1-3 days later were counted in triplicates using the Multi-
sizer 3 Coulter Counter (Beckman) and normalized to the cell
number at dO.

Chemicals

Antimycin (used at 1 uM), CoCl, (100 uM), CTPi (0.1-0.5 mM),
DASA (PKM2a, 20 uM), H,0, (100 uM), and myxothiazol (1 puM)
were purchased from Sigma; FCCP (2 pM), mitoquinol (MitoQ,
1 uM), oligomycin (1 pM), and rotenone (0.5 uM) were purchased
from Cayman Chemical; GSK 2837808A (LDHAi, 10 uM) was
purchased from Tocris Bioscience; and TGFB-1 (2 ng/ml) was
purchased from PeproTech.

Ectopic gene expression and CRISPR/Cas9-mediated
gene deletion

PSCS ¢cDNA, mitoLbNOX, and mitoTPNOX plasmids were obtained
from Addgene and subcloned into a modified version of pTRE-Tight
(Clontech) with addition of a C- or N-terminal HA-tag (P5CS) or
FLAG-tag (mitoLbNOX, mitoTPNOX). Sic25al cDNA plasmid was
obtained from DNASU. Cyto- and mito-Grx1-roGFP2 plasmids were
obtained from Addgene. Guide RNAs targeting murine HIF-1o, P5CS,
Pycrl, Pycr2, Smad4, and Slc25al (Table 1) were designed using
GuideScan (http://www.guidescan.com/) and cloned into pLenti-
CRISPRv2 (Addgene). Rosa26-targeting guides were used as a
control. Polyclonal cell populations were used for the experiments.
Lentiviral particles were produced in 293T cells by using psPAX2
and pCMV-VSV-G packaging plasmids (Addgene). Retroviral parti-
cles were produced in 293T cells by using pCG-gag-pol and pCMV-
VSV-G packaging plasmids (Addgene). Viral supernatant was passed
through a 0.45-um nylon filter and used to transduce NIH-3T3 cells
in the presence of 8 pg/ml polybrene (Sigma) overnight. Cells were
subjected to puromycin (2 pg/ml, Sigma), hygromycin (250 pg/ml,

Table 1. Sequences of sgRNAs used in this study.

Gene Guide 1 sequence Guide 2 sequence

Ctrl GAAGATGGGCGGGAGTCTTC -

(Rosa26)

HIF-1o TCGTTAGGCCCAGTGAGAAA CAACATGTGAGCTCACATTG

P5CS CTTGCCGTGGGCACGACTGA GCCGCACGCTCTGAGACAGA
(Aldh18a1)

Pycrl ACCCCGGTCGTGGTACGGGA ACGGTCTCGGCCCTCCGGGT
Pycr2 GCTGACCACGCGCTCACCCG CGTGGGCAGGTCCATATCCG
Smad4 ACACAGGCATCGTTACTTGT AACTCTGTACAAAGACCGCG

Slc25a1 CTTCACGTATTCGGTCGGGA AGTGGTAGTCGTGTGCCCTA
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Millipore), or blasticidin (10 pg/ml, InvivoGen) antibiotic selection
the following day. Inducible expression of HA-PS5CS cDNA,
mitoLbNOX, and mitoTPNOX vectors was achieved with 100 ng/ml
doxycycline (Sigma) and started when cells were plated for the
experiment.

Western blot

Cells were lysed in 1x RIPA buffer (Millipore) supplemented with
protease and phosphatase inhibitors (Thermo Fisher) on ice. Lysates
were cleared by centrifugation for 10 min at 18,000 g and 4°C, and
protein concentration was determined by BCA Protein Assay
(Thermo Scientific). Equal amounts of protein were mixed with
sample buffer and reducing agent (Thermo Scientific) and were
separated on NuPAGE 4-12% Bis-Tris gels (Thermo Scientific).
Proteins were transferred to nitrocellulose membranes, blocked for
1 h with 5% milk in TBS-T, and incubated in primary antibodies at
4°C overnight. Membranes were washed in TBS-T and incubated in
HRP-coupled secondary antibodies at room temperature. Proteins
were detected by chemiluminescence using ECL (Thermo Scientific)
in a Bio-Rad ChemiDoc Imager. The following primary antibodies
were used: vinculin (Sigma, V9131), B-actin (Sigma, AS5441),
a-tubulin (Sigma, T9026), collagen I (Abcam, ab21286), collagen IV
(Proteintech, 55131-1-AP), fibronectin (Abcam, ab2413), puromycin
(EMD Millipore, MABE343), GLS1 (Abcam, ab156876), P5CS
(Sigma, HPAO008333), PYCR1 (Proteintech, 20962-1-AP), PYCR2
(Proteintech, 17146-1-AP), HA-tag (Sigma, SAB4300603), FLAG-tag
(Sigma, F1804), Smad4 (Santa Cruz, sc-7966), HIF-loo (Cayman
Chemical, 10006421), Smad2 phospho-S465/467 (Cell Signaling,
3108S), and Slc25al (Proteintech, 15235-1-AP). The following
secondary antibodies were used: anti-rabbit HRP (GE, NA934V) and
anti-mouse HRP (Sigma, NA931).

Translation assays

For the assay involving Western blotting, cells were treated as indi-
cated, and 90 uM puromycin was added in the last 10 min of the
experiment with or without 10 pg/ml cycloheximide (CHX, Milli-
pore) as control. Cells were lysed, and proteins were subjected to
immunoblotting using an anti-puromycin antibody as described
above. For the assay involving flow cytometry, cells were treated as
indicated and incubated with 20 uM O-propargyl-puromycin (OPP,
Thermo Scientific) for the last 1 h of the experiment. Cells were
harvested by trypsinization and fixed with methanol at —20°C,
followed by permeabilization with 0.5% Triton X-100 in PBS. Cells
were stained using the Click-iT Plus Alexa Fluor 647 Picolyl Azide
Toolkit (Thermo Scientific) according to the manufacturer’s instruc-
tions and analyzed by flow cytometry.

ECM extraction and collagen staining

Confluent NIH-3T3 or IMR90 cells were grown for 6 days on plates
coated with 0.1% gelatin (Sigma) in the presence of 50 uM ascor-
bate (Sigma) and treated as indicated, and the medium was replaced
every other day. Plates were decellularized with 20 mM ammonium
hydroxide/0.5% Triton X-100 for 5 min on a rotating platform.
Three times the volume of PBS was added and ECM was equili-
brated overnight at 4°C, followed by four additional PBS washes.
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Sample buffer supplemented with 1 mM DTT was added, ECM was
scraped off, and proteins were separated by SDS-PAGE followed by
immunoblotting. To measure collagen abundance, extracted ECM
was stained with the Picro Sirius Red Stain Kit (Abcam) according
to the manufacturer’s instructions. The stain was extracted with
0.1 M NaOH, and optical density was measured at 550 nm using a
microplate reader. Values were normalized to the packed cell
volume (number x volume) of cells grown on a separate plate
under the same experimental conditions.

Measurement of glucose and glutamine consumption and
lactate secretion

Cells were plated in 6-well cell culture plates at a concentration
aimed to reach 0.5-1 x 10° cells at the time of harvest and treated
with TGFB (2 ng/ml) for 48 h. Media were exchanged for an assay
period of 12 h (+/— TGFp) in the last 12 h of the treatment period,
then collected, centrifuged, and analyzed using a 2950 Biochemistry
Analyzer (YSI Life Sciences) to determine glucose, glutamine, and
lactate concentration. Absolute rates of consumption/secretion of
these metabolites were calculated by subtracting the concentration
in medium incubated for the same amount of time without cells and
then normalizing to the cell number at the time of harvest, media
volume, and hours of incubation. For time course experiments, treat-
ments were started in a staggered fashion. For the 48- and 24-h treat-
ments, TGFB was added before the 12-h assay period; for the 12-h
treatment, TGFB was added when starting the assay period; for the
6- and 3-h treatments, TGFf was added during the assay period, such
that the media for all conditions were harvested at the same time.

Measurement of oxygen consumption rate, extracellular
acidification rate, ATP production rate, and glycolytic rate

Oxygen consumption rate (OCR), extracellular acidification rate
(ECAR), ATP production rate (Jarp), and glycolytic rate (glycoPER)
were measured using a XFe96 Extracellular Flux Analyzer (Agi-
lent). Cells were plated into Seahorse microplates (Agilent) at a
density of 1.5 x 10° cells/well (10% FBS) or 5 x 10° cells/well
(0.5% FBS), allowed to adhere overnight, and treated with TGF
(2 ng/ml) for 48 h. In the time course experiment, TGFp was
added 2, 4, 8, 24 or 48 h before the assay. Treatment media were
then removed and replaced with Seahorse media (DMEM contain-
ing 10 mM glucose, 2 mM glutamine, and 1 mM sodium pyru-
vate). OCR analysis was performed at basal level and after
subsequent injections of oligomycin (1 uM), FCCP (2 uM), and
rotenone/antimycin mix (0.5 pM) according to the manufacturer’s
instructions. ECAR was analyzed at basal level without any injec-
tion. Mitochondrial respiration was defined as the last measure-
ment before oligomycin injection subtracted by the minimum rate
after rotenone/antimycin injection (non-mitochondrial respiration
rate). Maximal respiration was calculated by subtracting the non-
mitochondrial respiration rate from the maximum rate measure-
ment after FCCP injection. Glycolytic (Jarpgly) and oxidative
(JaTpox) ATP production rates were calculated from Seahorse data
according to Mookerjee et al (2017) using the bioenergetic spread-
sheet downloaded from https://russelljoneslab.vai.org/tools/. For
glycolytic rate analysis, treatment media were removed, cells were
washed, and media were replaced with Seahorse media buffered
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with 5 mM HEPES. The media were replaced with fresh assay
media immediately before the assay. Glycolytic rate analysis was
performed at basal level and after subsequent injections of rote-
none/antimycin mix (0.5 pM) and 2-DG (5 mM) according to the
manufacturer’s instructions, and glycoPER was calculated from the
resulting OCR and ECAR data using WAVE software (Agilent)
under default settings.

ROS measurement

Intracellular ROS levels were measured by the CM-H,DCFDA
general oxidative stress indicator (Thermo Scientific). Cells were
incubated with 1 uM CM-H,DCFDA at 37°C for 30 min, harvested,
and analyzed by flow cytometry. The mean fluorescence intensity of
DAPI-negative cells was measured in the FITC channel.

Measurement of cytosolic and mitochondrial
glutathione oxidation

Cells expressing cyto- or mito-Grx1-roGFP2 were treated with TGFf
(2 ng/ml) for 6 h. Cells were washed and incubated with 20 mM N-
ethylmaleimide (NEM, Sigma) for 5 min to prevent further probe
oxidation. Cells were harvested, fixed with 4% formaldehyde, and
analyzed by flow cytometry using a 520/10-nm filter. The ratio of
emission after excitation at 405 and 488 nm was calculated as a
measure of glutathione oxidation. The maximal oxidized and
reduced form of the probe was determined for each experiment by
incubating cells in extra wells with 5 mM H,0, (Sigma) or 10 mM
DTT (Thermo Scientific) for 5 min before adding NEM.

Stable isotope labeling and metabolite extraction

Cells were plated in 6-well cell culture plates at a concentration
aimed to reach 0.5-1x10° cells at the time of harvest. For quan-
tification of relative metabolite abundance, cells were treated with
TGFB (2 ng/ml) for 48 h in DMEM supplemented with 10%
dialyzed FBS (Gemini). For [U-'*C] glutamine tracing experiments,
cells were treated with TGFp for 48 h in DMEM supplemented with
10% FBS. In the last 2, 8 or 24 h, medium was replaced with DMEM
without L-glutamine supplemented with 2 mM [U-'*C] L-glutamine
(Cambridge Isotope Laboratories) and 10% dialyzed FBS. For
[U-3C] glucose and [1,2-'3C] glucose tracing experiments, cells
were treated with TGFB for 48 h in DMEM without vr-serine and
glycine supplemented with 0.5% dialyzed FBS. In the last 1, 8 or
24 h, medium was replaced with DMEM without p-glucose, L-serine,
and glycine supplemented with 25 mM [U-'3C] p-glucose (Cam-
bridge Isotope Laboratories) or 25 mM [1,2-'>C] p-glucose (Sigma)
and 0.5% dialyzed FBS. For tracing of glutamine into serine and
glycine, cells were treated with TGFf for 48 h in DMEM without
L-serine and glycine supplemented with 0.5% dialyzed FBS. In the
last 8 h, medium was replaced with DMEM without r-glutamine,
L-serine, and glycine supplemented with 2 mM [U-3C] or [0-'°N]
L-glutamine (Cambridge Isotope Laboratories) and 0.5% dialyzed
FBS. For relative quantification of metabolites by GC-MS, cells were
washed briefly with PBS, which was then fully aspirated, and meta-
bolism was quenched by immediately adding 1 ml of 80:20
methanol:water stored at —80°C containing 20 pM deuterated
2-hydroxyglutarate (d5-2HG) as an internal standard. For relative
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quantification of GSH and GSSG by LC-MS/MS, metabolism was
quenched without the PBS washing step by adding 1 ml of 80:20
methanol:water stored at —80°C containing 1 pg/ml deuterated
SAM (d3-SAM, (RS)-S-adenosyl-L-methionine-d; (S-methyl-d;) Tetra
(p-toluenesulfonate); CDN Isotopes) and 2 pg/ml deuterated SAH
(d4-SAH, S-adenosylhomocysteine-d4; Cayman Chemical). For
stable isotope tracing experiments, metabolism was quenched with-
out the PBS washing step by adding 1 ml of 80:20 methanol:water
stored at —80°C. After overnight incubation at —80°C, the resulting
mixtures were scraped on dry ice, transferred into a 1.5-ml centri-
fuge tube, and centrifuged at 20,000 g for 20 min at 4°C. The super-
natants were collected in clean tubes and dried in a vacuum
evaporator (Genevac EZ-2 Elite) for 2 h.

GC-MS measurement for TCA cycle metabolites and amino acids

Dried metabolite extracts were dissolved in 40 mg/ml methoxya-
mine hydrochloride (Sigma) in pyridine (Thermo Scientific) for
90 min at 30°C and derivatized with MSTFA with 1% TMCS
(Thermo Scientific) for 30 min at 37°C. Samples were analyzed
using an Agilent 7890A GC connected to an Agilent 5975C Mass
Selective Detector with electron impact ionization. The GC was oper-
ated in splitless mode with constant helium gas flow at 1 ml/min.
1 pl of trimethylsilyl-derivatized metabolites was injected onto an
HP-5MS column, and the GC oven temperature ramped from 60 to
290°C over 25 min. Peak ion chromatograms for metabolites of
interest were recorded and extracted at their specific m/z with
MassHunter Quantitative Analysis software v10.0 (Agilent Tech-
nologies). Ions used for quantification of metabolite levels are as
follows: d5-2HG m/z 354; glycine m/z 174; serine m/z 204; aconi-
tate m/z 375; citrate m/z 465; isocitrate m/z 245; alpha-ketogluta-
rate m/z 304; succinate m/z 247; fumarate m/z 245; malate m/z
335; aspartate m/z 232; proline m/z 216; glutamate m/z 246; gluta-
mine m/z 245; lactate m/z 219; and pyruvate m/z 174. All peaks
were manually inspected and verified relative to known spectra for
each metabolite. For relative quantification, integrated peak areas
were normalized to the internal standard d5-2HG and to the packed
cell volume of each sample. Natural isotope abundance correction
was performed with IsoCor software (Millard et al, 2012).

LC-MS measurement for TCA cycle metabolites and amino acids

Metabolite extracts were resuspended in 100 pl of 60:40 acetonitrile:
water, vortexed well, and incubated on ice for 20 min. Samples
were further clarified by centrifugation at 20,000 g for 20 min at
4°C, and the supernatant was used for LC-MS analysis. LC-MS
measurement for TCA cycle metabolites and amino acids isotopic
labeling was performed with a 6545 Q-TOF mass spectrometer with
dual JetStream source (Agilent) operating in either positive or nega-
tive ion mode and coupled to hydrophilic interaction chromatogra-
phy via electrospray ionization. For positive ionization mode, liquid
chromatography separation was achieved on a ACQUITY UPLC BEH
Amide column (150 mm x 2.1 mm, 1.7 um particle size, Waters)
using a gradient of solvent A (10 mM ammonium acetate in 10:90
acetonitrile:water with 0.2% acetic acid, pH 4) and solvent B
(10 mM ammonium acetate in 90:10 acetonitrile:water with 0.2%
acetic acid, pH 4). The gradient was 0 min, 95% B; 9 min, 70% B;
13 min, 30% B; 14 min, 30% B; 14.5 min, 95% B; 15 min, 95% B;
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and 20 min, 95% B. Other LC parameters were as follows: flow rate
400 pl/min, column temperature 40°C, and injection volume 5 pl.
Other MS parameters were as follows: gas temp: 300°C; gas flow:
10 1/min; nebulizer pressure: 35 psig; sheath gas temp: 350°C;
sheath gas flow: 12 I/min; VCap: 4,000 V; and fragmentor: 125 V.
For negative ionization mode, liquid chromatography separation
was achieved on a iHILIC-(P) Classic column (100 mm x 2.1 mm,
S um particle size, HILICON) using a gradient of solvent A (10 mM
ammonium bicarbonate in 10:90 acetonitrile:water with 5 pM
medronic acid, pH 9.4) and solvent B (10 mM ammonium bicarbon-
ate in 90:10 acetonitrile:water with 5 uM medronic acid, pH 9.4).
The gradient was 0 min, 95% B; 15 min, 50% B; 18 min, 50% B; 19
min, 95% B; 19.10min, 95% B; and 23 min, 95% B. Other LC
parameters were as follows: flow rate 200 pl/min, column tempera-
ture 40°C, and injection volume 2 pl. Other MS parameters were as
follows: gas temp: 300°C; gas flow: 10 I/min; nebulizer pressure: 40
psig; sheath gas temp: 350°C; sheath gas flow: 12 1/min; VCap:
3,000 V; and fragmentor: 125 V. Data were acquired from m/z 50 to
1,700 with active reference mass correction (m/z: 121.050873 and
922.009798 for acquisition in positive mode, and m/z: 119.0363 and
980.0163 for acquisition in negative mode) infused through a
second nebulizer according to the manufacturer’s instructions. Peak
identification and integration were done based on exact mass and
retention time match to commercial standards. Data analysis and
natural isotope abundance correction were performed with
MassHunter Profinder software v10.0 (Agilent Technologies). Flux
from glutamine was calculated as the product of the first-order rate
constant of the kinetic labeling curve and relative metabolite pool
size (Yuan et al, 2008).

GSH and GSSG measurements with LC-MS/MS

The LC-MS/MS method for relative quantification of GSH and GSSG
involved hydrophilic interaction chromatography (HILIC) coupled to
the triple-quadrupole API 4000 mass spectrometer (Sciex). The LC
separation was performed on a XBridge Amide column
(50 mm x 2.1 mm, 3.5 pm particle size, Waters, Milford, MA).
Solvent A was 10:90 acetonitrile:-water with 10 mM ammonium
acetate and 0.2% acetic acid, and solvent B was 90:10 acetonitrile:
water with 10 mM ammonium acetate and 0.2% acetic acid. The
gradient was as follows: 0 min, 92% B; 6 min, 55% B; 9.5 min, 30%
B; and 11 min, 92% B. Other LC parameters were as follows: flow
rate 400 pl/min, column temperature 40°C, and injection volume
S pl. The mass spectrometer was operated in positive MRM mode.
Other MS parameters were as follows: curtain gas: 20 psi; nebulizer
gas: 65 psi; heater gas: 60 psi; probe voltage: 4,000 V; probe temper-
ature: 500°C; and collision gas: 12 psi. Individual reactions that were
monitored and collision energies (CE) were as follows: d3-SAM m/z
402.2 — 301.1 (CE: 20 V)*, 250.2 (CE: 20 V); d4-SAH m/z 389.1 —
253.9 (CE: 20 V)*, 140.4 (CE: 20 V); GSH m/z 308.1 — 179.0 (CE:
20 V)*, 233.0 (CE: 20V); GSSG m/z 613.4 — 484.0 (CE: 20 V)*,
355.0 (CE: 20 V), with * indicating the primary transition used to
quantify each metabolite. Identities of metabolites were confirmed
by presence of signal at both MRM transitions and by comparing to
the retention times of pure standards. Data were analyzed using
Analyst software v1.6.2 (SCIEX). Relative metabolite levels were
quantified from raw peak areas corrected by d3-SAM or d4-SAH peak
area factors and normalized to the packed cell volume.
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Measurement of amino acid representation in proteins

Cellular lysates and ECM extracts were generated as described
above. Acid hydrolysis was performed by incubating 200 pg cellular
and ECM proteins in 1 ml 18% HCI containing 100 uM [U-'3C,
U-'°N] labeled amino acid mix (Cambridge Isotope Laboratories) for
16 h at 100°C. Samples were cooled to room temperature and centri-
fuged at 20,000 g for 20 min. 500 pl supernatant was dried in a
vacuum evaporator (Genevac EZ-2 Elite) for 2 h. Samples were
prepared for GC-MS analysis as described above. Integrated peak
areas of the unlabeled and fully labeled form of each amino acid
were extracted, and their ratio was calculated. The sum of these
ratios was calculated, and individual ratios were normalized to this
sum to determine the percent representation of amino acids in
proteins. Cysteine and tryptophan are acid-labile and were not
detected. We also did not detect methionine in acid hydrolysates.

Proteomic analysis of stable isotope-labeled ECM

Confluent NIH-3T3 cells were cultured for 4 days on gelatin-coated
plates in the presence of 50 puM ascorbate in DMEM without t-
glutamine supplemented with 2 mM unlabeled ['*C] L-glutamine or
2 mM [U-13C] L-glutamine and 10% dialyzed FBS, and medium
was replaced after 2 days. ECM was extracted and subjected to
SDS-PAGE as described above. Proteins were visualized by
SimplyBlue SafeStain (Thermo Scientific) according to the manu-
facturer’s instructions, and bands corresponding to collagen I were
excised, enzymatically digested in situ with trypsin (Shevchenko
et al, 2006), and desalted (Rappsilber et al, 2007). The purified
peptides were diluted to 0.1% formic acid and analyzed by high-
resolution LC-MS/MS in data-dependent mode. We used a Thermo
Q Exactive Plus Orbitrap mass spectrometer coupled to a Waters
nanoACQUITY system (with a 100-pm-inner diameter x 10-cm-long
C18 column (1.7 pm BEH130; Waters)) configured with a
180 pm x 2 c¢m trap column. Trapping was performed at 15 pl/min
buffer A for 1 min and peptide elution with a 50% linear
acetonitrile gradient over 120 min. MS data were collected in data-
dependent acquisition mode. Full scan MS1 spectra were acquired
over 400-1,600 m/z at a resolution of 70,000 (m/z 400) with auto-
matic gain control (AGC) at 1 x 10° ions. The top 10 most intense
precursor ions were selected for HCD fragmentation performed at
normalized collision energy (NCE) 27 with target ion accumulation
value of 5 x 10(4). MS/MS spectra were collected with a resolution
of 17,500. Protein/peptide identifications from the LC-MS/MS data
were performed using the Mascot search engine (Matrix Science,
version 2.6.1.100; www.matrixscience.com) with the SwissProt
mouse database (downloaded 20170705). The search parameters
were as follows: (i) two missed cleavage tryptic sites were allowed;
(ii) precursor ion mass tolerance = 10 ppm; (iii) fragment ion mass
tolerance = 0.08 Da; and (iv) carbamidomethyl of cysteine was
specified in Mascot as a fixed modification; and (v) deamidation of
asparagine and glutamine, oxidation of methionine, acetyl of the
N-terminus, and S,T,Y phosphor were specified in Mascot as vari-
able modifications. Two peptides minimum and protein FDR
threshold at 1%. Peptides corresponding to collagen I o-1 chain
(CO1A1) were evaluated for their incorporation of the [**C] isotope
from the samples cultured in the presence of ['2C] or [U-'3C]
L-glutamine. Thermo Xcalibur version 2.2 and ICIS integration
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algorithm were used to detect and integrate the area of each peak
in the isotopomer.

Analysis of gene expression datasets and patient data

Processed gene expression datasets GSE112827, GSE110147, and
GSE32537 were downloaded from Gene Expression Omnibus (GEO).
Samples were assigned to groups and compared using GEOquery
and limma packages from the Bioconductor project in R studio
(www.r-project.org). P-values were adjusted for multiple compar-
ison testing with the Benjamini and Hochberg false discovery rate
method. Available clinical data for GSE32537 were correlated to
individual gene expression profiles using Pearson’s correlation anal-
ysis. Patients were grouped into low or high expressers according to
the gene expression level being within the first or fourth quartile of
the gene expression range.

Statistics

A Student t-test with Welch’s correction was applied to compare
one variable between two groups. One-way ANOVA was applied to
compare one variable between three or more groups and corrected
for multiple comparisons using the Holm-Sidak method. Two-way
ANOVA was applied to compare two independent variables between
two groups and corrected for multiple comparisons using the Holm—
Sidak method. Pearson’s correlation was applied to analyze correla-
tion between data from two groups. P-values in gene expression
datasets were calculated by moderate t-statistics and corrected for
multiple comparisons with the Benjamini and Hochberg false
discovery rate method with FDR < 1%. Statistical analysis was done
using GraphPad Prism 7 software and R (v3.5.3). Graphs show the
mean + SD with individual datapoints, unless indicated otherwise.
Results are representative of at least two independent experiments.

Expanded View for this article is available online.
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