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Three-dimensional (3D) cell culture is well documented to regain
intrinsic metabolic properties and to better mimic the in vivo situation
than two-dimensional (2D) cell culture. Particularly, proline metabo-
lism is critical for tumorigenesis since pyrroline-5-carboxylate (P5C)
reductase (PYCR/P5CR) is highly expressed in various tumors and its
enzymatic activity is essential for in vitro 3D tumor cell growth and
in vivo tumorigenesis. PYCR converts the P5C intermediate to proline
as a biosynthesis pathway, whereas proline dehydrogenase (PRODH)
breaks down proline to P5C as a degradation pathway. Intriguingly,
expressions of proline biosynthesis PYCR gene and proline degrada-
tion PRODH gene are up-regulated directly by c-Myc oncoprotein and
p53 tumor suppressor, respectively, suggesting that the proline-P5C
metabolic axis is a key checkpoint for tumor cell growth. Here, we
report a metabolic reprogramming of 3D tumor cell growth by onco-
genic Kaposi’s sarcoma-associated herpesvirus (KSHV), an etiological
agent of Kaposi’s sarcoma and primary effusion lymphoma. Metab-
olomic analyses revealed that KSHV infection increased nonessential
amino acid metabolites, specifically proline, in 3D culture, not in 2D
culture. Strikingly, the KSHV K1 oncoprotein interacted with and ac-
tivated PYCR enzyme, increasing intracellular proline concentration.
Consequently, the K1-PYCR interaction promoted tumor cell growth
in 3D spheroid culture and tumorigenesis in nude mice. In contrast,
depletion of PYCR expression markedly abrogated K1-induced tumor
cell growth in 3D culture, not in 2D culture. This study demonstrates
that an increase of proline biosynthesis induced by K1-PYCR interac-
tion is critical for KSHV-mediated transformation in in vitro 3D culture
condition and in vivo tumorigenesis.

cancer metabolism | proline metabolism | pyrroline-5-carboxylate reductase
(PYCR) | Kaposi’s sarcoma-associated herpesvirus (KSHV) | K1

Cells are often statically cultured as monolayers on flat sur-
faces, and these conditions do not faithfully reflect the bi-

ological situation in vivo given that proper tissue architecture and
cell–cell contacts are often lost in such two-dimensional (2D) cell
culture. Three-dimensional (3D) cell culture is well documented
to regain intrinsic properties and to better mimic the in vivo
physiologic environment than 2D cell culture (1, 2). Intriguingly,
proline metabolism has been recently identified as one of the
metabolic pathways that is regulated differently in 3D cell culture
than 2D cell culture (3). Proline is one of the nonessential amino
acids that shows emerging roles in stress response, cell sur-
vival, aging, and development in many different organisms (4–6).
Proline protects cells against reactive oxygen species (ROS)
like hydrogen peroxide, tert-butyl hydroperoxide, and carcinogenic
oxidative stress inducer (7). Proline depletion reduces clonogenic
potential of cancer cells with unresolved endoplasmic reticulum
stress, therefore proving the importance of proline in cancer cell
growth (8). Furthermore, proline and hydroxyproline are major
components of collagen that constitute the scaffold of the tumor
microenvironment. Indeed, global metabolic profiling demon-
strates a crucial role of proline and hydroxyproline metabolism in

hepatocellular carcinoma (HCC) (9). A recent study has also
identified that collagen-derived proline is metabolized to fuel the
tricarboxylic acid (TCA) cycle and contribute to cancer cell sur-
vival under restrictive nutrient conditions (10). This indicates that
proline metabolism is critical for 3D tumor formation.
Pyrroline-5-carboxylate (P5C) is a central intermediate that is

synthesized from glutamate by P5C synthase (P5CS) and then
converted to proline by P5C reductase (PYCR/P5CR). The deg-
radation step from proline to P5C is catalyzed by proline de-
hydrogenase (PRODH). Overexpression of PRODH in HEK293
cells resulted in a sixfold lower intracellular proline content and
decreased cell survival relative to vector-alone transfected HEK293
cells (7). Indeed, the ProDH has been identified as a tumor sup-
pressor p53-induced gene 6 (PIG6) (11). In contrast, overexpression
of the proline biosynthetic enzymes P5CS and PYCR in HEK293
cells resulted in a twofold higher proline content, significantly lower
ROS levels, and increased cell survival relative to vector-alone
transfected HEK293 cells (7). Correspondingly, c-Myc oncogene
markedly up-regulates PYCR expression, whereas it suppresses
ProDH expression (12, 13). Thus, the proline metabolic axis can
serve as a scaffold on which the oncogene and tumor suppressor are
tightly integrated, suggesting that proline metabolism may be a
good target for adjunctive cancer therapy.

Significance

While understanding metabolic change of tumor cells is crucial
to improve cancer therapy, current 2D cell culture condition may
not fully recapitulate in vivo metabolic environment of tumors.
Our metabolomics analysis demonstrates that proline metabo-
lism is critical for the KSHV-transformed cell growth in 3D cul-
ture, not in 2D culture. Specifically, the KSHV K1 oncoprotein
activates PYCR proline biosynthesis enzyme, increasing intra-
cellular proline concentration for tumor cell growth in in vitro 3D
spheroid culture and in vivo tumorigenesis. This study describes
an oncogenic strategy of KSHV to enhance proline synthesis for
virus-induced transformation, adding the proline metabolic path-
way as a potential target for KS treatment.
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Tumor cells alter cellular metabolism to achieve survival and
growth advantages in an unfavorable environment (14). Metabolic
reprogramming has been explored for its contribution to cancer
cell growth in addition to the initial identification of the Warburg
effect where cancer cells increase glycolysis and lactate fermen-
tation. However, the impact of oncogenic viruses on metabolic
phenotype is less well understood. Kaposi’s sarcoma-associated
herpesvirus (KSHV) is an etiologic agent of Kaposi’s sarcoma
(KS) and primary effusion lymphoma (PEL). As an oncogenic
virus, KSHV induces angiogenesis, proliferation, and metabolic
reprogramming. Previous studies showed that KSHV infection
targets metabolic regulators such as HIF1α and AMPK in addition
to affecting metabolic pathways like glycolysis and lipogenesis (15–
19). However, cell types and culture conditions as well as testing
model systems can drastically affect tumor virus-induced meta-
bolic phenotypes (20).
Similar to other herpesvirus, KSHV undergoes latent or lytic

phase upon infection, and both latent and lytic gene products
contribute to viral transformation (21). One of the lytic onco-
proteins is a type I transmembrane glycoprotein called K1, encoded
by the first open reading frame (ORF) in the KSHV genome
(22). K1 has an extracellular domain that demonstrates a regional
homology with the Ig family and an immunoreceptor tyrosine-
based activation motif (ITAM) in the cytoplasmic domain. The
phosphorylated ITAM of K1 subsequently interacts with cellular
Src homology 2 (SH2)-containing signaling proteins Lyn, Syk, p85,
PLCγ2, RasGAP, Vav, SHIP 1/2, and Grab2 (23), which increases
intracellular tyrosine phosphorylation, calcium mobilization, and
transcription factor activity (24, 25). Consequently, K1 expression
inhibits apoptosis, promotes cell survival, and produces in-
flammatory cytokines and proangiogenic factors (26, 27).
In this study, we performed the unbiased metabolomics analysis

of KSHV-infected cells in 3D culture to better mimic the in vivo
environment than standard 2D culture. Therefore, we identified
that proline amino acid metabolism was one of the most signifi-
cantly altered metabolic pathways of KSHV-infected cells in 3D
culture. Moreover, we discovered that the KSHV K1 oncoprotein
interacted with host PYCR and enhanced its enzyme activity via
its carboxyl (C)-terminal ITAM-independent manner, increasing
intracellular proline concentration, and promoting 3D cell growth
as well as in vivo tumorigenesis. This study describes an oncogenic
strategy of KSHV to enhance proline synthesis for virus-induced
pathogenesis, adding the proline metabolic pathway as a potential
target for KS treatment.

Results
KSHV Induces Nonessential Amino Acid Metabolism in 3D Cell Culture.
To study the KSHV-mediated metabolic reprogramming, we cul-
tured telomerase-immortalized microvascular endothelial (TIME)
cells and MCF10A nontumorigenic epithelial cells in 2D monolayer
or in 3Dmatrigel culture. While KSHV-infected TIME orMCF10A
cells proliferated similarly to the uninfected cells in 2D culture (Fig.
1 A and C), KSHV-infected TIME cells formed larger spheroids
than uninfected TIME cells (Fig. 1B). It is well known that MCF10A
cells in 3D culture are able to form growth-arrested and hollow
lumen containing polarized acini and it is a good model to analyze
the tumorigenesis and oncogenicity (28). For example, MCF10A
cells expressing human papillomavirus E7 form larger acini and
result in excessive proliferation within acini instead of growth arrest
(29). KSHV-infected MCF10A cells in 3D culture also showed
hyperproliferation and filling of the luminal space within acini
compared to uninfected cells in 3D culture (Fig. 1D). To elucidate
metabolic changes, we performed liquid chromatography-mass
spectrometric analysis (LC-MS) and detected 176 metabolites in
TIME cells, and 165 metabolites in MCF10A cells (SI Appendix,
Fig. S1A). Principal component analysis (PCA) plots showed that
there were more obvious distinctions between uninfected cells and
KSHV-infected cells in 3D culture than in 2D culture, indicating

intracellular metabolism of KSHV-infected cells is considerably
altered in 3D culture compared to that in 2D culture (SI Appendix,
Fig. S1B). The KSHV-induced metabolites were analyzed using
Metaboanalyst 4.0 to identify metabolic pathways that were al-
tered by the virus infection only in 3D culture. The metabolic
pathways with impact >0.15 and P value <0.05 were considered to
be significantly influenced pathways in TIME and MCF10A cells
(SI Appendix, Tables S1 and S2). Among these pathways, non-
essential amino acid metabolic pathways, including alanine, as-
partate, and glutamate metabolisms and arginine and proline
metabolisms, were commonly induced by KSHV infection of both
TIME and MCF10A cells in 3D culture (Fig. 1E). Taken together,
targeted metabolomics analysis shows that nonessential amino
acid metabolism is significantly altered by KSHV in 3D culture.

KSHV K1 Binds to Proline Synthesis Enzyme PYCR via Its C-Terminal
ITAM-Independent Manner. As cancer cells demand higher proline
level compared to normal cells, metastatic cancer cells induce de
novo proline synthesis (30). For instance, not only is PYCR
transcriptionally up-regulated by c-MYC oncogene (12), but its
gene copy is also amplified in many types of cancers, suggesting
that the PYCR expression is an unfavorable prognostic marker of
various cancers (SI Appendix, Fig. S2 A and B) (31). Further-
more, proline metabolism is differently regulated in 3D culture
from 2D culture and critically contributes to tumor cell growth in
3D culture but not in 2D culture (3). During the study of which
KSHV induced nonessential amino acid metabolisms in 3D
culture, we coincidentally identified the robust interaction be-
tween KSHV K1 oncoprotein and host PYCR. Bacterially pu-
rified GST fusion protein containing the K1 cytoplasmic region
[GST-K1(C)] was mixed with lysates of human Burkitt lym-
phoma BJAB cells, followed by GST pull-down (GST-PD) and
mass spectrometry analysis. This showed that K1 strongly bound
to endogenous PYCR1 and PYCR2 through its cytoplasmic
domain (Fig. 2A and SI Appendix, Table S3). To further confirm
the interaction, HEK293T cells were transfected with expression
vectors of full-length K1 (K1), the cytoplasmic domain truncated
mutant (ΔC) or the TYA, TYD, TYE, or TYF mutants carrying
the replacements of three tyrosine residues with alanine, aspar-
tate, glutamate, or phenylalanine, respectively. Cell lysates were
used for immunoprecipitation (IP) with an anti-K1 antibody that
reacted with its amino (N)-terminal extracellular domain. This
showed that K1 wild type (WT) and all tyrosine residue mutants
(TYA, TYD, TYE, or TYF), but not the cytoplasmic domain
truncated K1 ΔC mutant, interacted with endogenous PYCR1
and PYCR2 (Fig. 2B). GST fusions containing a series of the
truncated cytoplasmic domain revealed that the cytoplasmic 24
amino acids of K1 were sufficient to interact with endogenous
PYCR1 and PYCR2 (SI Appendix, Fig. S3A). A series of GST-
PYCR2 truncation mutants also showed that the NAD(P)H-
binding and dimerization domains, but not the C-terminal
short region, of PYCR2 were required for K1 binding (SI Ap-
pendix, Fig. S3B).
GST-K1(C) and His-tagged PYCR2 (His-PYCR2) protein were

bacterially purified for in vitro binding to demonstrate the direct
interaction. Unphosphorylated GST-K1(C) was purified from
Escherichia coli BL21 strain, and tyrosine-phosphorylated GST-
K1(C)pY was purified from E. coli TKX1 strain carrying pro-
miscuous protein tyrosine kinase. Immunoblotting analysis showed
that over 90% of GST-K1(C)pY protein purified from TKX1 strain
underwent tyrosine phosphorylation (SI Appendix, Fig. S3 C,
Upper). Either GST-K1(C) or GST-K1(C)pY directly interacted with
His-PYCR2 in vitro at an equivalent level (SI Appendix, Fig. S3 C,
Lower). Upon viral lytic reactivation, K1 interaction with endog-
enous PYCR1 and PYCR2 was readily detected in iSLK-BAC16
KSHV WT cells, but not in iSLK-BAC16 KSHV ΔK1 (K1 de-
letion mutant virus) cells (Fig. 2C). All subtypes of K1, including A
(North America), B (Africa), C (Europe and Asia), and D (Pacific
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island) KSHV subtypes, based on their geographic sequence vari-
ation, bound endogenous PYCR1 and PYCR2 at similar levels (SI
Appendix, Fig. S3D) (32). In contrast, other ITAM-containing her-
pesviral oncoproteins, Epstein-Barr virus (EBV) latent membrane
protein 2 (LMP2) and Rhesus monkey rhadinovirus (RRV) R1,
showed no interaction with PYCR1/2 (SI Appendix, Fig. S3E).
As it has been reported that a majority of PYCR1/2 were

detected in mitochondria, we analyzed the subcellular location of
K1 and PYCR complex. A majority of K1 localizes at the plasma
membrane, but it is also detected in the cytosol (33, 34). Indeed,
the subcellular fractionations showed that while half of K1 was
localized in the plasma membrane fractions, the other half of K1
was detected in the mitochondrial fractions where PYCR1 and
PYCR2 were primarily localized (SI Appendix, Fig. S4A). Con-
focal analysis further showed four different subtypes of K1 also
colocalizing with PYCR2 at the mitochondria (Fig. 2D and SI
Appendix, Fig. S4B). Collectively, these results demonstrate the
specific interaction of KSHV K1 and cellular PYCR1/2 at the
mitochondria.

K1 Enhances PYCR Enzyme Activity and Proline Synthesis. To exam-
ine the role of K1 in PYCR enzymatic activity, His-tagged PYCR2
was copurified with GST or GST-K1(C) in E. coli and subjected to
in vitro enzyme assay with P5C substrate. PYCR enzymatic activity
was monitored by measuring the reduction of NADH (Fig. 2 E and
F). This showed that the presence with K1 WT considerably

increased PYCR2 enzymatic activity—decreasing KM = 4.419 to
KM = 1.065 (Fig. 2G). Furthermore, the proline-mediated feed-
back inhibition or ATP-mediated competitive inhibition of PYCR2
enzymatic activity was considerably lower in the presence of GST-
K1 than in the presence of GST (Fig. 2H). These results suggest
that K1 interaction not only enhances PYCR2 enzymatic activity
but also renders PYCR2 less sensitive to proline- or ATP-mediated
inhibition. Finally, LC-MS indeed showed that K1 expression sig-
nificantly increased intracellular proline the most with marginally
significant changes in other amino acid levels (Fig. 2I).
Given that KSHV infection induced the proline metabolism

pathway in 3D cell culture, we investigated the possibility that K1-
PYCR interaction regulates proline metabolism in KSHV-infected
cells. Although K1 is significantly expressed in lytic phase, a low
level of K1 mRNA has been detected in latently infected cells
and Kaposi’s sarcoma (35, 36). We wanted to determine the
expression of K1 in KSHV-infected cells in 2D and 3D culture.
Interestingly, we found higher expression of K1 transcript in
TIME and MCF10A 3D culture than 2D culture (SI Appendix,
Fig. S5 A and B). Next, to evaluate the effect of K1 on proline
metabolism in KSHV-infected cells, we utilized TIME cells in-
fected by KSHV mutant lacking cytoplasmic domain of K1
(KSHV K1 ΔC). Metabolomics analysis revealed that most me-
tabolites in the proline metabolism pathway that were induced by
KSHVWT were significantly decreased in KSHV K1 ΔC-infected

Fig. 1. KSHV induces nonessential amino acid metabolism in 3D culture conditions. (A) Proliferation rate of uninfected or KSHV-infected TIME cells in 2D
monolayer. Proliferation was measured by counting the cell numbers. Data are presented as the mean ± SEM. (B) Representative pictures (Left) and size
quantification (Right) of 3D spheroids of uninfected or KSHV-infected TIME cells cultured in ultralow attachment condition with 4% Matrigel for 8 d. (Scale
bars: 100 μm.) Data are presented as the mean ± SEM *P < 0.05, by Student’s t test. (C) Proliferation rate of uninfected or KSHV-infected MCF10A cells in 2D
monolayer. Proliferation was measured by counting the cell numbers. Data are presented as the mean ± SEM. (D) Representative images of uninfected or
KSHV-infected MCF10A cells cultured on Matrigel for 14 d. Acini were stained with the nuclei counterstained with Hoechst 33342 (blue) and Ki67 antibody
(red). GFP signal was from the BAC16 KSHV genome. (Scale bars: 100 μm, Left.) Quantitation of Ki67 positive cells in acini as box-and-whisker plot. The number
of biological replicates for each experiment was n ≥ 3 (Right). *P < 0.05, by Student’s t test. (E) Scatterplots of KSHV-induced metabolic pathways in TIME cells
and MCF10A cells. KSHV-induced metabolic pathways in TIME and MCF10A cell types are annotated in the graph. Node color is based on its P value, and the
node size is based on pathway impact score.
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cells in 3D culture (SI Appendix, Fig. S6). These data indicate that
K1 interacts with and activates PYCR activity to increase intracellular
proline synthesis.

K1 Enhances Cell Growth in 3D Spheroid Culture in a PYCR Binding-
Dependent Manner. Previous studies have shown that PYCR-
deficient cells proliferate normally in 2D monolayer culture
in vitro, but they show impaired growth in 3D spheroid culture
and fail to develop tumors in vivo (3). This suggests that 3D
spheroid cultures are more physiologically relevant than 2D
monolayer cultures, as they more closely represent the metabolic

changes, microenvironments, cell-to-cell interactions, and bi-
ological processes that occur in vivo. Given that KSHV specifi-
cally alters proline metabolism in 3D cell culture and K1
enhances proline synthesis by interacting with PYCR, we tested
whether K1 expression affected the growth of red fluorescence
protein (RFP)-positive TIME (R-TIME) cells in 3D spheroidal
culture conditions. R-TIME cells expressing empty vector
(mock), K1 WT, K1 ΔC, or K1 TYF were cultured in 2D
monolayer or cocultured with human foreskin fibroblasts (HFF)
in 3D spheroid conditions (SI Appendix, Fig. S7A). While none
of the R-TIME cells showed growth difference in 2D monolayer

Fig. 2. K1 interacts with and enhances PYCR enzyme activity. (A) Purification of K1(C) binding proteins. Arrowheads denote the bands that were excised and
subjected to MS-based analysis for protein identification. (B) A series of K1 expression constructs (Left) were transfected into HEK293 cells and cell extracts were
immunoprecipitated with an anti-K1 antibody, followed by immunoblotting with the indicated antibodies (Right). (C) iSLK-BAC16 KSHV WT and iSLK-BAC16 ΔK1
(ΔK1) cells were stimulated with doxycyline (Dox, 1 μg/mL) and sodium butyrate (NaB, 1 mM) to induce viral reactivation. Cell extracts were immunoprecipitated
with an anti-K1 antibody, followed by immunoblotting with the indicated antibodies. (D) Representative confocal fluorescence images of K1. HeLa cells expressing
K1 were stained with anti-K1 and anti-mitofilin antibodies. Merged images show K1 (green), mitofilin (red), and nucleus (blue). (Scale bars: 10 μm.) (E) Purification
of recombinant PYCR2 complex from E. coli. The arrowhead indicates the His-PYCR2 and the asterisks indicate GST and GST-K1. As a control, the purified
recombinant GST protein was added to His-PYCR2. (F) PYCR2 enzymatic reaction. (G) Enzyme activity plots of purified His-PYCR2 with GST or GST-K1. Right graph
shows Michaelis–Menten model for His-PYCR2 enzyme activity with GST or GST-K1. Data are presented as the mean ± SD. (H) Enzyme activity plots of purified His-
PYCR2 with GST or GST-K1 in presence of proline and ATP. Data are presented as the mean ± SD. (I) MS-based metabolomics analysis of intracellular amino acids.
HEK293T cells were collected 48 h after transfection with mock or K1 expression vector, and the amounts of intracellular amino acid were determined by LC-MS
(n = 5). Log2 fold change values (K1/mock) data are presented as the mean ± SEM. **P < 0.01 and ***P < 0.001, by Student’s t test.
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conditions (SI Appendix, Fig. S7B), R-TIME cells expressing K1
WT or K1 TYF displayed considerably enhanced growth in 3D
spheroid conditions compared to R-TIME cells expressing vec-
tor or K1 ΔC (Fig. 3A). Besides 3D spheroid culture, we used
bioprinted 3D hydrogel scaffolds that were fabricated as orga-
nized hollow vessel-like structures where endothelial cells were
guided to grow into 3D vascular network (SI Appendix, Fig. S8A).
Overtime, the endothelial cells extended lumen-like structure
lining within the hollow microchannels of the scaffold and con-
tinuously grew along the hollow microchannels of scaffold,

recapitulating in vivo endothelial structures (SI Appendix, Fig.
S8B). When R-TIME cells were seeded into 3D-printed hydrogel
scaffolds, all R-TIME cells grew into 3D vascular lumen-like
structures. However, R-TIME-K1 or R-TIME-K1 TYF cells
grew much faster and more extensively along the hollow scaffold
and denser into the hollows of scaffold than R-TIME vector or
R-TIME K1 ΔC cells. The average volumes of R-TIME K1 or R-
TIME K1 TYF cells inside the hollow microchannels were 1.5-
fold higher than those of R-TIME vector or R-TIME K1 ΔC
cells (Fig. 3B).

Fig. 3. K1 promotes cell growth in 3D spheroid culture system. (A) Representative pictures and size quantification of 3D spheroids of mock-, K1 WT-, or
mutant-expressing TIME and HFF cells cocultured in ultralow attachment condition. (Scale bars: 200 μm.) *P < 0.05, by one-way ANOVA. (B) A 3D confocal
microscopy image of R-TIME-cultured hydrogel scaffold. Bottom shows the average of total fluorescence intensity at day 9 normalized to day 2 (seeding
amount). *P < 0.05 and **P < 0.01, by one-way ANOVA. The 3D reconstruction and analysis of fluorescence intensity from multiple z-series images were
performed using ImageJ. (C) Representative pictures and size quantification of 3D spheroids of mock-, K1 WT-, or mutant-expressing MCF10A cells. (D) MDA-
MB-231 cells cultured in ultralow attachment condition. (Scale bars: 200 μm.) *P < 0.05; **P < 0.01; ****P = 0.0001, by one-way ANOVA. (E) ATP production of
MCF10A cells expressing mock, K1 WT, or mutant. *P < 0.05, by one-way ANOVA. (F) Representative pictures (Upper) and size quantification (Lower) of 3D
spheroids of uninfected, KSHV WT-infected, or KSHV K1 ΔC-infected or KSHV K1 TYF-infected TIME cells cultured in Matrigel for 12 d. (Scale bars: 100 μm.)
The number of biological replicates for each experiment was n ≥ 3. **P = 0.0001, by one-way ANOVA. (G) Representative images of uninfected, KSHV WT-
infected, or KSHV K1 ΔC-infected or KSHV K1 TYF-infected MCF10A cells cultured on Matrigel for 21 d. (Upper) Acini were stained with the nuclei coun-
terstained with Hoechst 33342 (blue) and Ki67 antibody (red). GFP is from the BAC16 KSHV genome. (Scale bars: 100 μm.) (Lower) Quantification of Ki67
positive cells in acini. The number of biological replicates for each experiment was n ≥ 3. **P < 0.01 and ****P = 0.0001; ns, not significant, by one-way
ANOVA.
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As PYCR has been extensively characterized in epithelial cells
(37) and epithelial cells are the primary cell type for KSHV in-
fection (38), we included nontumorigenic MCF10A and tumor-
igenic MDA-MB-231 epithelial cells expressing vector, K1 WT,
K1 ΔC, or K1 TYF for growth transformation in 3D culture. As
seen with R-TIME cells, MCF10A or MDA-MB-231 cells
expressing vector, K1 WT, or its mutant showed no growth dif-
ference in 2D monolayer cultures (SI Appendix, Fig. S7 C–F). In
contrast, K1 WT- or K1 TYF-expressing MCF10A or MDA-MB-
231 cells displayed considerably larger spheroids in 3D cells
cultures than vector- or K1 ΔC-expressing MCF10A or MDA-
MB-231 cells (Fig. 3 C and D). The enhanced spheroid growth
was also evidenced by higher ATP production in MCF10A cells
expressing K1 or K1 TYF than in MCF10A cells expressing
vector or K1 ΔC (Fig. 3E). To further investigate K1 activity in
the context of viral genome, we examined the 3D spheroid and
acini formation of KSHV-infected TIME and MCF10A cells.
KSHV WT- or KSHV K1 TYF-infected TIME cells showed la-
ger spheroids formation in 3D matrigel culture than uninfected
or KSHV K1 ΔC-infected TIME cells (Fig. 3F). Similarly, KSHV
WT- or KSHV K1 TYF-infected MCF10A cells showed en-
hanced proliferation in 3D matrigel culture than uninfected or
KSHV K1 ΔC-infected MCF10A cells (Fig. 3G). KSHV K1 ΔC-
infected MCF10A acini are also larger in size compared to un-
infected acini, but retain a low proliferation rate. It suggests
other oncogenic factors than K1 might contribute to elicit dis-
tinct morphological phenotypes in KSHV-infected MCF10A
acini. These results collectively demonstrate that expression of
K1 WT or K1 TYF mutant individually or in the context of viral
genome leads to enhanced growth in 3D culture conditions.
It has been well studied that proline is stored as collagen in

extracellular matrix (39). To investigate the role of K1-induced
proline production in collagen synthesis, the collagen accumula-
tion was examined in 3D spheroids. We found that K1- and K1
TYF-expressing spheroids induced higher accumulation of collagen
type I compared to vector or K1 ΔC-expressing spheroids (Fig. 4 A
and B). Proline has also been shown to modulate the intracellular
redox environment and protect mammalian cells by reducing ROS.
When intracellular ROS level was measured by CellROX staining,
K1- and K1 TYF-expressing spheroids showed detectably reduced
ROS levels compared to vector or K1 ΔC-expressing spheroids
(Fig. 4C). These results suggest a potential role of K1-induced
proline production in the regulation of collagen synthesis and
ROS homeostasis in 3D culture conditions.
To test a direct role of PYCR in K1- or K1 TYF-induced

growth transformation of R-TIME cells in 3D spheroid cultures,

we depleted expression of PYCR1 and PYCR2 by their specific
shRNAs (SI Appendix, Fig. S7G). This showed that depletion of
the PYCR1/2 expression abrogated 3D spheroid growth of R-
TIME K1 or R-TIME K1 TYF cells, whereas R-TIME vector
or R-TIMEK1ΔC cells showed only slightly reduced growth upon
depletion of the PYCR1/2 expression (Fig. 5A). On the other hand,
depletion of the PYCR1/2 expression led to no detectable effect on
the growth of R-TIME cells in 2D culture conditions (SI Appendix,
Fig. S7H). Next, we aimed to identify the functions of PYCR in
the context of KSHV infection; thus, we depleted expression of
PYCR1 and PYCR2 in KSHV-infected TIME cells (SI Appendix,
Fig. S7I). Decreasing PYCR1 and PYCR2 expression significantly
reduced the number of foci and the size of spheroids in low-
density culture and 3D culture of KSHV-infected TIME cells
(Fig. 5 B and C). Finally, as KSHV efficiently transformed primary
rat embryonic metanephric mesenchymal precursor (MM) cells
(40), KSHV-transformed MM (KMM) cells efficiently formed a
number of foci and spheroids in low-density culture and 3D cul-
ture, respectively. However, the shRNA-mediated depletion of
PYCR1 or PYCR2 expression (SI Appendix, Fig. S7J) drastically
depleted the foci and spheroid-forming activity of KMM cells in
low-density culture and 3D culture (Fig. 5 D–F). These results
indicate that PYCR1 and PYCR2 play a critical role in K1-
induced growth transformation in 3D culture.

K1-Induced Proline Metabolism within In Vivo Tumors. As MDA-
MB-231 cells are tumorigenic in nude mice, MDA-MB-231 cells
expressing vector, K1 WT, K1 ΔC, or K1 TYF were s.c. injected into
nude mice, followed by measuring tumor development, volume,
weight, and metabolites. The results showed that K1 WT- or K1
TYF-expressing MDA-MB-231 cells formed significantly larger tu-
mors in volume and weight compared to vector- or K1ΔC-expressing
MDA-MB-231 cells in nude mice (Fig. 6 A–C). The metabolomics
profile of each tumor revealed that the levels of nonessential amino
acids, including proline, glycine, and arginine, were significantly ele-
vated in K1 WT- or K1 TYF-induced tumors as compared to those
in vector- or K1 ΔC-induced tumors, indicating the contribution of
K1-mediated proline biosynthesis activity to the tumorigenesis in vivo
(SI Appendix, Fig. S9). As aggressive tumors rely on glycine and ar-
ginine for their growth (41, 42), K1 WT and K1 TYF tumors may
also increase glycine and arginine pools along with proline for their
growth. Additionally, glycine can be derived from increased collagen
deposit due to enhanced proline metabolism, since glycine is one of
the components of collagen along with proline and hydroxyl proline.
Metabolite analysis of the proline synthesis pathway also revealed
that intratumor proline and glutamate-γ-semialdehyde (GSA) levels

Fig. 4. K1 induces collagen synthesis and reduces ROS in 3D spheroids. (A) Representative confocal image of collagen I (red) and K1 (green) immunofluo-
rescence on mock-, K1 WT-, or mutant-expressing TIME and HFF cell cocultured spheroids in ultralow attachment condition. Nuclei were stained with Hoechst
33342 (blue). (Scale bars: 10 μm.) (B) Quantification of collagen I signal intensity in 3D spheroids. Collagen intensity of spheroids was divided by areas of
spheroids. Data are mean ± SEM. **P < 0.01 and ****P = 0.0001, by one-way ANOVA. (C) Intracellular ROS level in mock-, K1 WT-, or mutant-expressing TREX
293T cell spheroids. a.u., arbitrary units. Data are mean ± SEM. *P < 0.05; ns, not significant, by one-way ANOVA.
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were markedly higher in K1- or K1 TYF-induced tumors than in
vector- or K1 ΔC-induced tumors (Fig. 6D). As GSA is a non-
enzymatically interconvertible form of P5C, K1-induced proline
synthesis and subsequent proline catabolism appeared to contribute
to the increase of in vivo tumor formation. Thus, these results
demonstrate that K1-induced growth transformation is evident only
in 3D spheroid culture and in vivo tumor formation, but not in 2D
monolayer culture.

Discussion
Metabolic reprogramming plays a major role in cancer cell
growth, maintenance, and metastasis. Therefore, a better un-
derstanding of metabolic changes in cancer cells may contribute
to the therapy targeting tumor metabolism. However, in vitro
cancer metabolism is not only readily affected by cell types and
culture conditions, but also fundamentally different from in vivo

cancer metabolism (43). While 2D monolayer cells are exposed
to abundant and even amounts of nutrients, in vivo tumors ex-
pose gradients in nutrient, oxygen, and pressure, which eventu-
ally leads to differences in cell proliferation rate within tumors
(44). Besides the biological gradient, 2D monolayer cells interact
with both plastic surface of culture dish and nearby equivalent
cells, but the microenviroment of in vivo tumors consists of ex-
tracellular matrix and heterogeneous stromal cells that release a
number of signals, nutrients, and metabolic wastes (45). These
characteristics ultimately generate different metabolic pheno-
types and drug responses (46). In fact, culturing KSHV-infected
cells in 3D conditions has been shown to carry different gene
expression profiles compared to those in 2D conditions (47). To
minimize the difference between in vitro and in vivo tumor
metabolic phenotype, we conducted untargeted metabolomics of
KSHV-infected cells in a 3D culture model that better represents

Fig. 5. PCYR expression and interaction are essential for K1-mediated transformation. (A) Representative pictures of mock-, K1 WT-, or mutant-expressing
TIME cells treated with scramble shRNA (scramble) or PYCR-specific shRNA (shPYCR1/2) in ultralow attachment condition. Right graph shows size quantifi-
cation of the spheroids. (Scale bars: 200 μm.) *P < 0.05, by two-way ANOVA. (B) Scramble- or shPYCR-treated KSHV-infected TIME cells were subjected to low-
density culture (1,500 cells per six-well plates) for clonogenic assay. Representative pictures for colony growth are shown (Upper). Quantification of the
number of colonies is shown (Lower). Data are presented as the mean ± SD. ****P < 0.0001, by Student’s t test. (C) Representative pictures and size
quantification of 3D spheroids of scramble- or shPYCR-treated KSHV-infected TIME cells cultured in ultralow attachment condition with 4% Matrigel. (Scale
bars: 100 μm.) Data are presented as the mean ± SEM. ****P < 0.0001, by Student’s t test. (D) Scramble- or shPYCR-treated KMM cells were subjected to low-
density culture (1,000 cells per six-well plates) for clonogenic assay. Representative pictures for colony growth are shown (Upper). Quantification of the
number of colonies is shown (Lower). Data are presented as the mean ± SD. ****P = 0.0001, by one-way ANOVA. (E) Representative pictures and size
quantification of 3D spheroids of scramble control- or shPYCR-treated KMM cells cultured in ultralow attachment condition. (Scale bars: 400 μm.) Data are
presented as the mean ± SEM. ****P = 0.0001, by one-way ANOVA. (F) Intracellular ATP levels of scramble control or shPYCR KMM cells are seeded in ul-
tralow attachment condition. Intracellular ATP levels were measured as an indicator of cell viability using CellTiter-Glo reagents after 4 d of shRNA treatment.
Data are presented as the mean ± SD. The number of biological replicates for each experiment was n ≥ 3. ****P = 0.0001, by one-way ANOVA.
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the physical microenviroment of tumors than 2D monolayer
culture. KSHV latent infection has been previously shown to be
associated with the increases of glucose and glutamine uptake,
lactic acid production, and fatty acid synthesis in 2D culture (18,
48, 49). However, metabolic reprogramming of KSHV-infected
cells has not been studied in 3D culture. We found that alanine,
aspartate, and glutamate metabolism, and arginine and proline
metabolism, were highly up-regulated in both KSHV-infected
TIME and MCF10A cells compared to uninfected TIME and
MCF10A cells when they were grown in 3D culture. This sug-
gests that those nonessential amino acids play specific roles in
KSHV-infected cell growth in 3D culture conditions but not in
2D culture conditions.
The proline biosynthesis pathway includes P5C as an in-

termediate synthesized from glutamine or ornithine. P5C is
converted to proline by PYCR while producing NAD(P)+.
The proline catabolism pathway is initiated by PRODH with

formation FADH2 that serves as a substrate of the electron
transport chain. Overexpression of PRODH generates ROS and
induces apoptosis (50), while knockdown of PYCR decreases
cancer cell growth and proliferation (51). There are three iso-
forms of PYCR in human: PYCR1 and PYCR2 are very similar
(84% similarity) and localized in mitochondria, whereas PYCRL
has a 45% similarity with the other two forms and cytosol lo-
calization. Among isoforms of PYCR, PYCR1 has been studied
as the most overexpressed metabolic enzyme in cancer (52), but
expression level of both PYCR1 and PYCR2 are high in various
types of cancers according to the Human Protein Atlas data-
base (https://www.proteinatlas.org). Indeed, recent studies have
shown that PYCR1 and PCYR2 both protect cells from oxidative
stress and support tumorigenesis (53, 54). Moreover, cells that
lack PYCR proliferate normally in 2D monolayer culture, while
showing impaired growth in 3D spheroid culture and failing to
develop tumors in vivo (3, 51), indicating that PYCR-mediated

Fig. 6. Proline metabolic differences between in vivo tumors. (A) MDA-MB-231 cells (1 × 106 cells) expressing mock, K1 WT, or mutants were injected s.c. into
nude mice (n = 9 to 10). Tumor volume was plotted as indicated. Data are presented as the mean ± SEM. **P < 0.01 and ****P = 0.0001, by two-way ANOVA.
At 11 d after injection, xenograft tumors were (B) harvested and (C) weighed. Data are presented as the mean ± SEM. *P < 0.05 and **P < 0.01, by one-way
ANOVA. (D) Metabolite abundance of proline metabolism pathway in mock-, K1 WT-, or mutant-expressing MDA-MB-231 tumors measured by LC-MS. Levels
of metabolites are related to proline synthesis. Data are presented as mean ± SEM. *P < 0.05 and **P < 0.01, by one-way ANOVA.
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proline metabolism is critical for tumorigenesis. Indeed, expres-
sions of the proline biosynthesis PYCR gene and proline degrada-
tion ProDH gene are up-regulated directly by c-Myc oncoprotein
and p53 tumor suppressor (11, 13), respectively. This collectively
demonstrates that the proline-P5C metabolic axis is a key check-
point for tumor cell growth and a potential target for adjunctive
cancer therapy (55).
We identified the proline synthesis enzyme PYCR1/2 as the K1-

binding protein in an ITAM-independent manner. Consequently, K1
interaction not only activated PYCR activity to increase intracellular
proline synthesis, but also renders PYCR less sensitive to proline- or
ATP-mediated inhibition. The proline metabolism pathway is in-
volved in supporting ATP production, protein, and nucleotide syn-
thesis, anaplerosis, and redox homeostasis in cancer cells (3, 12, 56).
Especially, proline functions as a stress scavenger under conditions of
metabolic, oxidative, and nutrient stresses that are similar to intrinsic
properties of the tumor environment (57). Indeed, the disruption of
the proline synthesis pathway in cancer cells prevents 3D spheroid
formation and tumorigenesis in nude mice, while PYCR-deficient
cells proliferate normally in 2D monolayer culture (3, 51). We also
observed that K1-PYCR interaction enhanced in vitro 3D spheroidal
growth and in vivo tumorigenesis, while it had no effect on cell
growth in in vitro 2D culture. Thus, our study further emphasizes the
difference of tumor metabolisms between 3D conditions and 2D
conditions, and the importance of proline metabolism in 3D condi-
tions that reflects actual metabolic challenges of KSHV-induced
tumor cells.
Proline metabolism is critically important for tumor metastasis

since PYCR is highly overexpressed in various metastasized tumors.
There are several host proteins, DJ-1, ORAOV1, and Kindlin-2
that carry oncogenic characters that have also been shown to co-
operate with PYCR to promote cancer cell survival (53, 58, 59).
This study shows that KSHVK1 is a viral oncoprotein that interacts
with and activates PYCR enzyme activity, which ultimately en-
hances cell growth in 3D spheroid culture as well as tumorigenesis
in nude mice. This suggests that K1 and PYCR interaction may be
a potential therapeutic target against KSHV-derived tumorigenesis.

Materials and Methods
Cell Lines. Cells were maintained at 37 °C in a humidified incubator with 5%
CO2. HEK293T, iSLK, HeLa, TIME, HFF, MCF10A, and MDA-MB-231 cell lines
were purchased from ATCC. MM and KMM cells were kindly provided by
Shou-Jiang Gao, University of Pittsburgh, Pittsburgh, PA. HEK293T, iSLK,
HeLa, HFF, MM, KMM, and MDA-MB-231 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Seradigm), and 1% penicillin/streptomycin (Gibco). For KMM
cells, 250 μg/mL of hygromycin was used to maintain the KSHV genome. iSLK
cells were cultured in the presence of 1 μg/mL of puromycin and 250 μg/mL
of G418. BAC16, BAC16 ΔK1, BAC16 K1ΔC, and BAC16 K1 TYF were in-
troduced into iSLK cells via transfection with Fugene HD reagent (Roche)
and then selected with 200 μg/mL of hygromycin (Invitrogen). TIME cells
were cultured in VascuLife vascular endothelial growth factor endothelial
medium (LIFELINE). TIME cells infected with KSHV were selected and main-
tained with 10 μg/mL of hygromycin. MCF10A cells were cultured in DMEM-
F12 supplemented with 5% horse serum (Thermo Fisher), EGF 20 ng/mL
(Peprotech), insulin 10 μg/mL (Sigma), hydrocortisone 0.5 mg/mL (Sigma),
cholera toxin 100 ng/mL (Sigma), and 1% penicillin/streptomycin (Gibco). MCF10A
cells infected with KSHV were selected and maintained with 100 μg/mL of
hygromycin.

Mice.All experiments were approved and done according to the guidelines of
the Institutional Animal Care and Use Committee at the University of
Southern California. NCr nude mice were purchased from Taconic. Tumors
were initiated by s.c. injection of K1 and K1mutants expressingMDA-MB-231
cells (1 × 106 cells) expressing K1 or K1 mutants into the flank of NCr nude
mice. Mice were killed after 11 d after the injection of tumor cells.

Plasmids. The constructs encoding GST-K1(C) and a series of GST-PYCR
truncates for GST pull-down were generated in pEBG vector to fuse GST
to the N-terminal of the K1 cytoplasmic domain and PYCR truncates. For
in vitro PYCR enzyme assay, full-length PYCR2 was introduced to the MCS1

site of pRSFDuet-1 vector (Novagen) and GST or GST-K1(C) was introduced to
the MCS2 site after removing S-tag from the MCS2 site. The full-length of K1,
K1 ΔC, and K1 TYF constructs were made in pCDH-hygro vector. K1 TYF
mutant was obtained by site-directed mutagenesis with traditional PCR. For
knockdown of PYCR1 and PYCR2, shRNAs that target human PYCR1 (5′-TGT-
CCTTGAGCTGGCCTGG-3), human PYCR2 (5′-CCATGCCAGCTTAAGGACAAT-3),
rat PYCR1 (5′-CATTGAGGACAGGCACATTGT-3), rat PYCR2 (5′-CTGTCGGCTC-
ACAAGATAATA-3), or scrambled sequence were introduced into pLKO vectors.

Protein Expression and Purification. GST fusion proteins were purified from
either E. coli strain BL21 or TKX1 transformed with pGEX-K1(C) plasmid.
Protein expression was induced by adding 0.25 mM isopropyl-β-D-1-thio-
galactopyranoside (IPTG) at 37 °C and cells were further incubated for 4 h.
Cell pellets were resuspended in binding buffer (20 mM Hepes [pH 7.4],
100 mM NaCl, 1% Nonidet P-40, protease inhibitors), lysed by adding lyso-
zyme, followed by sonication. Lysate was cleared by centrifugation and then
applied to GST4B beads (GE Healthcare) at 4 °C for 2 h. GST4B beads were
washed four times with binding buffer, and the proteins associated with the
beads were eluted by 10 mM glutathione. Recombinant His-PYCR2 protein
was purified from E. coli strain BL21 transformed with pRSFDuet-PYCR2 plas-
mid. The protein expression was induced by the addition of 0.25 mM IPTG at
37 °C and cells were further incubated for 4 h. Cell pellets were resuspended in
binding buffer (50 mM NaH2PO4 [pH 7.4], 0.5 M NaCl, 10 mM imidazole), lysed
by adding lysozyme, followed by sonication. Lysates were cleared by centri-
fugation. The cleared lysate was applied to Ni-NTA agarose beads (Life Tech-
nologies) for 4 °C for 4 h. Ni-NTA agarose beads were washed four times with
wash buffer (50 mM NaH2PO4 [pH 7.4], 0.5 M NaCl, 20 mM imidazole), and
the proteins associated with the beads were eluted by elution buffer
(50 mM NaH2PO4 [pH 7.4], 0.5 M NaCl, 250 mM imidazole).

GST Pull-Down Assay. GST fusion proteins purified from either E. coli strain
BL21 or mammalian cell (BJAB, HEK293T) lysates were incubated with GST4B
beads (GE Healthcare) in binding buffer (20 mM Hepes [pH 7.4], 100 mM
NaCl, 1% Nonidet P-40, protease inhibitors) at 4 °C for 2 h. GST4B beads
were then washed four times with binding buffer, and the proteins associ-
ated with the beads were analyzed by SDS/PAGE and subjected to Coomassie
blue staining, Western blot assay and peptide sequencing was performed at
the Harvard University mass spectrometry facility.

Immunoprecipitation and Western Blotting. For immunoprecipitation, cells
were harvested 48 h after polyethylenimine (PEI) transfection and lysed in
RIPA buffer (500 mM Tris·HCl, 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 1 mM EDTA, protease inhibitor). Cell extracts were precleared
with protein A/G agarose for 1 h at 4 °C and subsequently incubated with
anti-K1 (3H4) (24) for 4 h at 4 °C, followed by incubation with protein A/G
agarose (Thermo Fisher) for 1 h at 4 °C. Immunoprecipitates were washed
with RIPA lysis buffer and resuspended in SDS sample buffer, boiled at 95 °C,
resolved on SDS/PAGE gels, and transferred onto polyvinylidene difluoride
(PVDF) membranes. Antibody concentrations were as follows: anti-K1(3H4),
1:1,000; anti-PYCR1 (Abcam), 1:1,000; anti-phosphotyrosine antibody (Milli-
pore), 1:1,000; anti-PYCR2 (LSBio), 1:2,000; anti-GST (Santa Cruz), 1:1,000;
anti-mitofilin (Proteintech), 1:1,000; anti-β-actin (Santa Cruz), 1:1,000; anti-
histone H3 (Santa Cruz), 1:1,000; and secondary antibodies, affinity-purified
with horseradish peroxidase conjugate, 1:5,000. Images were developed
with ECL reagent (Thermo Scientific) and imaged on a Bio-Rad ChemiDoc-Touch.

Subcellular Membrane Fractionation. HEK293T cell lines were grown in 5 ×
15 cm tissue culture plates and transfected with empty vector (mock) or full-
length K1 (K1) using PEI. At 48 h after transfection, the medium was aspi-
rated, and cells were washed twice with phosphate-buffered saline (PBS).
Cells were scraped in cold fractionation buffer (0.25 M sucrose, 1 mM EDTA,
1 mM EGTA, 10 mM KCl, 1.5 mM MgCl2, 20 mM Hepes [pH 7.4], protease
inhibitor, 1 mM dithiothreitol [DTT]). Cells were then homogenized by
passing through a 25-gauge syringe 10 times. After incubation on ice for 20
min, the homogenate was spun at 3,000 × g for 10 min at 4 °C, and the
supernatant were transferred into a fresh tube. The nuclear pellet was
washed with fractionation buffer again. The pellet was dispersed with a
pipette and passed through a 25-gauge syringe 10 more times, and the
nuclear pellet was resuspended in nuclear buffer (standard lysis buffer with
10% glycerol and 0.1% SDS added). Supernatant was centrifuged at
8,000 rpm (10,000 × g) and the supernatant was used as cytosolic and
membrane fraction. For mitochondrial fraction, the saved pellet was resus-
pended in the nuclear buffer as above. For membrane fraction, the super-
natant was centrifuged in an ultracentrifuge at 40,000 rpm (100,000 × g) for
1 h. A total of 400 μL of the fractionation buffer was added to this pellet,
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resuspended by passing through a 25-gauge syringe as above, and then
recentrifuged for 45 min. The resulting membrane pellet was resuspended in
the same buffer as the nuclei and mitochondria.

Cell Culture in 3D Spheroid. To generate 3D spheroid, MCF10A or MDA-MB-231
or TIME cells with 4% Matrigel (Corning) or TIME and HFF cell coculture (1:1
ratio) or TREX 293T cells were seeded at 3 × 104 cells per six-well ultralow at-
tachment plates (Corning). Spheroid areas were measured by Fiji software. Cell
viability was measured using CellTiter-Glo reagents (Promega). To detect in-
tracellular ROS, spheroids were incubated with CellROX Green Reagent (Life
Technologies) for 30 min and fluorescence was measured using a plate reader
(Molecular Device). The ROS amount was normalized as to number of viable
cells (luminescent value from CellTiter-Glo). For 3D spheroid culture of MCF10A
cell on Matrigel, 5,000 MCF10A cells were resuspended in assay medium
(DMEM-F12 supplemented with 2% horse serum, 10 μg/mL insulin, 100 ng/mL
cholera toxin, 0.5 μg/mL hydrocortisone, 50 U/mL penicillin, 50 μg/mL strepto-
mycin, 5 ng/mL EGF, and 2% Matrigel) and seeded on an eight-chamber slide
coated with Matrigel. Cultures were fed every 3 to 4 d with assay medium.

Immunofluorescence. HeLa cells were plated on coverslips overnight and trans-
fectedwith full-length K1 by using FugeneHD. At 48 h after transfection, cells were
stained with MitoTracker Deep Red FM (100 nM) for 45 min. The 3D spheroid of
MCF10A cells on Matrigel were cultured in eight-well chamber slides for immu-
nofluoresence. TREx293 cell spheroidsobtainedby culturing inultralowattachment
plates (Corning) were collected and transferred to 1.5-mL tubes for further staining
procedures. After washing with PBS, cells were fixed using 4% paraformaldehyde
and permeabilized with 0.25% Triton X-100. After blocking with 10% goat serum
in PBS, cells were stained with anti-K1(2H5) (24), anti-Flag, anti-PYCR2, anti-Ki67
(Thermo Fisher), anti-collagen I (Genetex), and anti-mitofilin diluted in 1% BSA-
PBS for 2 h. Appropriate fluorescence-conjugated secondary antibodies from goat
were incubated for 1 h. DNA was stained with 1 μg/mL Hoechst 33342 and cov-
erslips were mounted with Fluoromount-G (Thermo Scientific) mounting media.
Stained spheroids were transferred to μ-Dish 35 mm (ibidi) for imaging. Cells and
spheroids were examined under a Nikon Eclipse Ti confocal microscope.

PYCR In Vitro Enzyme Assay. Recombinant purified His-PYCR and GST/GST-K1(C)
were dialyzed in enzyme reaction buffer (300mMTris, pH 8.0 containing 0.01%
Brij 35) and used for in vitro enzyme assay. Enzymatic assays were measured by
continuous monitoring of NADH consumption (Sigma) at 340 nm in the con-
version reaction of Δ1-Pyrroline-5-carboxylic acid (P5C, Angene International
Limited) to proline by a FiterMax F5 plate reader (Molecular Devices).

Metabolite Extraction and LC-MS Analysis. Transfected HEK293T cells, TIME,
MCF10 2D cultured cells, or collected 3D spheroid cells were washed twice with
cold PBS and fixed in 80%methanol (Fisher Chemical, LC-MS grade) precooled in
dry ice. Cells were detached by scraping and then transferred to a 2-mL screw cap
tube. For tumors, 1 mL of 80% methanol per 100 mg of tumor was added right
after isolation, then homogenized with TissueLyser II (QIAGEN). Lysate of cells or
tumors was quantified by bicinchoninic acid (BCA) assay and pelleted by centri-
fugation (12,000 rpm for 10 min at 4 °C). The supernatant was transferred into a
new 2-mL screw cap tube and dried using a vacuum concentrator. Dried me-
tabolites were resuspended in acetonitrile/methanol/water (40:40:20). Before
applying LC-MS, metabolites were mixed with acetonitrile containing 0.2% folic
acid solution and spun down at 12,000 rpm for 10 min at 4 °C. The supernatant
was injected into Agilent Accurate Mass 6230 time-of-flight (TOF) coupled with
Agilent 1290 LC system. Detected ions were deemed metabolites on the basis of
unique accurate mass-retention time identifiers for masses exhibiting the
expected distribution of accompanying isotopologues. The abundance of me-
tabolites was extracted using Agilent Qualitative Analysis B.07.00 and Profinder
B.08.00 software (Agilent Technologies) with a mass tolerance of <0.005 Da.
Metabolism pathway analyses were carried out using Metaboanalyst 4.0 (https://
www.metaboanalyst.ca/).

Lentivirus Induction and Making Stable Cell Lines. Lentiviruses were produced
in HEK293T cells using the pCDH-hygro system or pLKO shRNA systemwith PEI

transfection. MCF10A, TIME, MM, and KMM cells were infected with lenti-
viruses containing 8 μg/mL polybrene. The inoculum was exchanged for fresh
media after a 4-h incubation. To make stable cell lines, MCF10A cells were
selected using 100 μg/mL of hygromycin, and TIME cells were selected using
20 μg/mL of hygromycin. We generated MCF10A and TIME cells expressing
K1, K1 ΔC, K1 TYF, as well as control cells expressing empty pCDH-hygro
vector (System Biosciences) by lentivirus transduction.

Quantitative RT-qPCR. RNA was isolated using TRIzol reagent (Invitrogen),
according to manufacturer’s instructions. Total RNA used for cDNA synthesis
was obtained using iScript (Bio-Rad), according to manufacturer’s instruc-
tions. RT-qPCR using SyberGreen (Bio-Rad) was performed on CFX96 Real
Time PCR (Bio-Rad), according to manufacturer’s instructions. Samples were
run in triplicate and normalized to the housekeeping gene, beta-actin.
Relative expression was calculated using the ΔΔCT method. Primer se-
quences are found in SI Appendix, Table S3.

Three-Dimensional Printing of the Hydrogel Scaffolds. The 3D-printed hydro-
gel scaffolds were designed to feature the shape of a hexagonal prism (di-
agonal length: 3 mm; height: 3 mm) consisting of parallel microchannels
(diameter: 150 μm) to study the 3D growth and vascular formation of seeded
endothelial cells. The prepolymer solution for 3D printing was prepared by
dissolving and mixing 10% poly(ethylene glycol) diacrylate (vol/vol), 7.5% gelatin
methacrylate (wt/vol), and 0.25% lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(wt/vol) in sterile PBS. The hydrogel scaffolds were 3D printed using a digital
light processing (DLP)-based rapid bioprinter described in previously pub-
lished work (60). Briefly, the 3D bioprinter consists of the following major
components: 1) a UV LED light source (365 nm) for photopolymerization;
2) a digital micromirror array device (DMD) for modulating the optical
patterns projected to the fabrication plane for selective photopolymerization;
3) projection optics for projecting the optical patterns from the DMD chip to
the fabrication plane; 4) a motorized stage; and 5) a computer controlling the
light source, the DMD chip, and the motorized stage. The DMD chip is com-
posed of ∼2 million micromirrors (1,920 × 1,080) which can be controlled by
user-defined computer-aided design (CAD) models to produce 3D scaffolds with
customized geometries and dimensions. DLP-based bioprinters print by projec-
ting an entire plane of the optical pattern to the prepolymer without scanning
line-by-line or drop-by-drop like in conventional nozzle-based bioprinters, which
significantly reduces the printing time. Thus, a total time of 0.6 s was needed to
print a single hydrogel scaffold used in this study. In addition, by focusing the
UV light with the proper projection optics, microscale printing resolution can
be achieved. To print the hydrogel scaffolds, the prepolymer solution was
loaded into the fabrication stage and exposed to the UV optical pattern de-
rived from the 3D CAD design. The 3D-printed hydrogel scaffolds were trans-
ferred to a 24-well plate and rinsed with PBS. The 1.5 × 105 R-TIME cells were
loaded to the hydrogel scaffold and the vascular formation was tracked by RFP.

Quantification and Statistical Analysis. The statistical tests were calculated
using GraphPad Prism 6. Details of the specific statistical analysis are indicated
in the figure legends.

Data and Software Availability. PYCR1 and PYCR2 gene expression data in
various type cancers were obtained from The Cancer Genome Atlas data-
bank, through the cBioportal web-based utility (cbioportal.org/) (61, 62).
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