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Introduction

DNA amplification is one of the most frequent molecular alter-
ations observed in human cancer (1-4). In genomic amplification
events, focal chromosomal regions are present in more than 2
copies per cell, resulting in increased expression of genes with-
in these amplified regions. These amplification events typically
provide selective growth advantages to cells through increased
expression of specific oncogenes (5-7) that act to promote growth
and/or survival pathways. In addition to the biological impor-
tance of these amplification events, there is evidence indicating
that gene amplification can provide potential targets for cancer
chemotherapy. For example, ERBB2 amplification serves as a
valuable target for treatment of breast cancers with the monoclo-
nal antibody trastuzumab (8, 9).

In the alveolar subtype of rhabdomyosarcoma (RMS), charac-
teristic 2;13 or 1;13 chromosomal translocations generate PAX3-
FOXO1 or PAX7-FOXOL1 fusions. In addition to these fusions,
DNA amplification events occur in a sizable subset of fusion-pos-
itive (FP) RMS tumors (10-13). One common amplification event
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The 12q13-q14 chromosomal region is recurrently amplified in 25% of fusion-positive (FP) rhabdomyosarcoma (RMS) cases
and is associated with a poor prognosis. To identify amplified oncogenes in FP RMS, we compared the size, gene composition,
and expression of 12q13-q14 amplicons in FP RMS with those of other cancer categories (glioblastoma multiforme, lung
adenocarcinoma, and liposarcoma) in which 12q13-q14 amplification frequently occurs. We uncovered a 0.2 Mb region that is
commonly amplified across these cancers and includes CDK4 and 6 other genes that are overexpressed in amplicon-positive
samples. Additionally, we identified a 0.5 Mb segment that is only recurrently amplified in FP RMS and includes 4 genes that
are overexpressed in amplicon-positive RMS. Among these genes, only serine hydroxymethyltransferase 2 (SHMT2) was
overexpressed at the protein level in an amplicon-positive RMS cell line. SHMT2 knockdown in amplicon-positive RMS cells
suppressed growth, transformation, and tumorigenesis, whereas overexpression in amplicon-negative RMS cells promoted these
phenotypes. High SHMT2 expression reduced sensitivity of FP RMS cells to SHIN1, a direct SHMT2 inhibitor, but sensitized cells
to pemetrexed, an inhibitor of the folate cycle. In conclusion, our study demonstrates that SHMT2 contributes to tumorigenesis
in FP RMS and that SHMT2 amplification predicts differential response to drugs targeting this metabolic pathway.

in FP RMS involves the 12q13-q14 chromosomal region and occurs
preferentially in the PAX3-FOXO1-positive subset. In these FP
RMS cases, this amplicon recurrently involves a region spanning
more than 20 genes and is associated with a poor outcome (10,
11). A similar 12q13-q14 amplicon has also been found in other
tumor categories, such as carcinomas (including lung adenocar-
cinoma [LUAD]), sarcomas (including liposarcoma [LPS]), and
brain tumors (including glioblastoma multiforme [GBM]) (14, 15).
In past studies, the oncogenic effect of this 12q13-q14 amplicon
has usually been attributed to increased copy number and over-
expression of CDK4, a gene within this amplified region encoding
a cyclin-dependent kinase that promotes G, to S phase cell-cycle
progression. However, the role of other coamplified genes in the
12q13-q14 region has not been well studied.

Inthis manuscript, we provide furtherinsightinto the 12q13-q14
amplicon in FP RMS by comparing copy number and gene expres-
sion involving the 12q13-q14 chromosomal region across several
cancer types using high-resolution SNP array and RNA-Seq data.
This focused analysis allowed comparison and identification of the
amplified regions that are common among these multiple tumor
categories. Furthermore, our analysis also identified a segment
of the 12q13-q14 region that is uniquely and recurrently amplified
in FP RMS tumors. Based on these findings, we focused on serine
hydroxymethyltransferase 2 (SHMT2), a gene within this unique
region that exhibits high expression levels in both FP RMS tumors
and cell lines harboring this amplicon. Using RMS cell models,
we investigate the role of SHMT2 as an oncogenic driver and as a
potential target for treatment of amplicon-positive FP RMS.
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mn
an o tion for each cancer type. We divided
the chromosomal regions of interest
into multiple segments, where the seg-
Results ment length was chosen to provide a sufficient number of probes
Initial analysis of the 12q13-q14 region. In an initial low-resolution  to reliably determine the copy number of each segment and detect
view of chromosome 12 copy number, amplicon-positive and ampl-  statistically relevant differences in copy number between ampli-
icon-negative samples were identified in each tumor category using  con-positive and amplicon-negative samples. The overall region
the criteria described in Methods (Figure 1). We focused on focal ~ under analysis was chosen such that copy number changes in ampli-
amplification events in the 12q13-q14 chromosomal region in the FP  fied cases returned back to baseline within the outermost segments
RMS, GBM, LUAD, and dedifferentiated LPS (DDLPS) categories.  of the region or at least were consistently scored as not significantly
The frequency of 12q13-q14 amplification in each tumor type was  amplified based on the filtering criteria described below.
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Table 1. Categorization of the number of samples based on copy number status in each tumor type

Amplicon Tumor type Amplicon-positive Amplicon-negative
12q13-q14 FP RMS 9 19
12q13-q14 GBM 25 100
12q13-q14 LUAD 25 337
12q13-q14 DDLPS 45 2
12q13-q14 MLPS 1 16

Low gain Whole chromosome gain Total Platform
0 0 28 Omni 2.5M
12 13 150 SNP 6.0
46 68 476 SNP 6.0
2 1 50 SNP6.0
3 4 24 SNP 6.0

To examine amplification within the 12q13-q14 region in the
4 cancer categories, a 6 Mb region from 56 Mb to 62 Mb was split
into 60 segments, each measuring 100 kb in length (Figure 2).
Box plots were used to visualize the distribution of copy number
calls in each genomic segment in each of the tumor categories.
Each box plot showed the variation of probe median data at each
genomic segment in either amplified or nonamplified cases and
thereby permitted visualization of the differences in copy num-
ber between the 2 groups. Statistical analyses of these differences
then allowed for determination of which intervals had a statisti-
cally significant difference in copy number between amplified and
nonamplified cases and thus delineated a high-confidence region
of amplification for each tumor category.

Our analysis of the 12q13-q14 amplification in FP RMS, GBM,
LUAD, and DDLPS revealed high-confidence regions of amplifi-
cation ranging from 0.5 Mb in GBM to 1.6 Mb in LUAD, as sum-
marized in Figure 3A. These high-confidence regions of ampli-
fication in each tumor category show a substantial separation
between the median copy number of amplicon-positive samples
and that of amplicon-negative samples, confirming the significant
copy number gains in these tumors (Figure 2). Of note, there were
2 high-confidence regions of amplification in LUAD that were
separated by a small (0.1 Mb) intervening nonamplified region
(Figure 2 and Figure 3A). In our comparison of these amplification
events, we observed an overlap of 0.2 Mb across the 4 tumor cat-
egories (Figure 3A), which spanned from 58.0 Mb to 58.2 Mb and
contained 15 genes (DTX3, ARHGEF25, SLC26A10, B4GALNT],
089, AGAP2-AS1, AGAP2, TSPAN31, CDK4, MARCHY9, CYP27B1,
METTL1, EEF1IAKMT3, TSFM, and AVIL). In addition, there was
a 0.1 Mb region of amplification common to GBM and RMS and
a 0.2 Mb region of amplification common to GBM, DDLPS, and
LUAD. Finally, our results demonstrate that the amplicons in
DDLPS and LUAD extended further distally, while the amplicon
in FP RMS extended further proximally. In particular, there was a
0.5 Mb amplified region that was specific to FP RMS and a 0.9 Mb
amplified region that was specific to LUAD. Though copy number
in most tumors returned to background levels near the endpoints
of the 6 Mb region, a subset of tumors demonstrated copy num-
ber changes in these regions. For example, a subset of LUAD cases
showed copy number gains on either side of the demarcated com-
mon amplified region, as suggested by our initial low-resolution
analysis of these cases (Figure 1). This finding is reflected in the
wide distribution of probe median values above O in the ampli-
con-positive box plots and provides evidence of intertumor het-
erogeneity (Figure 2). In contrast, we observed that GBM was the
only tumor category in which a deletion event followed the ampli-
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fication event (Figure 1). This feature is demonstrated by the wide
distribution of probe median values below O in the amplicon box
plots and extends distally from the amplified region to beyond the
end of the analyzed region (Figure 2).

Expression of genes in the amplified region. To study the associ-
ation of amplification and expression of genes in this region, we
analyzed RNA-Seq data to determine whether genes contained
in the amplification region are overexpressed in amplified cases.
We analyzed 48 genes in and around the 12q13-q14 amplicons
for differential gene expression between amplified and nonam-
plified samples. As with copy number analysis, box plots were
used to visualize the distribution of normalized gene expression
between amplified and nonamplified cases for each gene with-
in each tumor category (Figure 3B and Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI1138022DS1). The results show that 14 genes
in FP RMS, 18 genes in GBM, 15 genes in LUAD, and 15 genes in
DDLPS were significantly overexpressed in amplified samples.
Of note, 0S9, TSPAN31, CDK4, CYP27B1, METTL1, EEF1AK-
MT3, and TSFM were overexpressed in amplicon-positive sam-
ples in all 4 cancer categories and contained within the 0.2 Mb
commonly amplified region. Two genes (CTDSP2 and ATP23)
were preferentially overexpressed in amplified cases of GBM,
LUAD, and LPS and contained within the region specifically
amplified in these 3 tumor categories. Furthermore, there were
4 genes (NEMP1, NAB2, SHMT?2, and R3HDM?2) that were dif-
ferentially expressed only in amplified FP RMS and map to the
FP RMS-specific amplified region. In subsequent experiments,
we focused on understanding the biological significance of
amplification and altered expression of these genes within this
0.5 Mb RMS-specific region.

The 12q13-q14 amplicon and its overexpressed genes in RMS cell
lines. We first sought to identify cell line models that are rele-
vant to 12q13-q14 amplicon-positive FP RMS. We screened for
the 12q13-q14 amplicon in a panel of 11 RMS cell lines, includ-
ing 3 fusion negative (FN) (Rh6, RD, SMS-CTR), 1 PAX7-FOXO1
positive (CW9019), and 7 PAX3-FOXO1 positive (Rh3, MP4,
NIH-RMS-097, Rh5, Rh28, Rh30, and Rh41), by quantifying the
relative copy number of CDK4 and SHMT2 compared with con-
trol centromeric chromosome 12-specific regions. Only genom-
ic DNA from Rh30 cells exhibited significantly higher CDK4
and SHMT2 copy numbers, which were 7-fold and 8-fold higher,
respectively, than the corresponding copy numbers in the oth-
er RMS cell lines (Figure 4A). This finding is corroborated by
our previous in situ hybridization study showing that CDK4 is
specifically amplified in Rh30 cells (16). These results therefore
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Figure 2. Location of the
12q13-q14 amplicon across
tumor types. A 6 Mb region was
split into 100 kb intervals and
analyzed for significant differ-
ences in copy number between
amplicon-positive samples (gray)
and amplicon-negative samples
(white). The regions indicated
with black rectangles represent
high-confidence regions of
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indicate that Rh30 harbors the 12q13-q14 amplicon and consti-
tutes a relevant FP RMS cell model for this amplicon.

We next investigated mRNA expression of NEMP1, NAB2,
SHMT2, and R3HDM2 in these RMS cell lines. SHMT2 and
NAB2 showed significantly higher mRNA expression in Rh30
compared with the amplicon-negative RMS lines (Figure 4B),
whereas NEMP1 and R3HDM?2 did not exhibit increased expres-
sionin Rh30 cells. For the 2 genes overexpressed in Rh30 cells at
the RNA level, further analysis of protein expression found that
only SHMT?2 had a consistently higher protein expression level
in Rh30 than in the amplicon-negative RMS cell lines (Figure
4C). Based on these findings, we proceeded to focus on SHMT2
and investigated the potential role of this protein in regulating
the oncogenic phenotype of FP RMS.

Correlative studies of SHMT2 expression in FP RMS. We fur-
ther studied the relationship between SHMT2 amplification
and expression in 13 patient-derived xenograft (PDX) samples
propagated from FP RMS tumors. Our quantitative PCR (qPCR)
assay of genomic DNA from these PDX samples showed that 3
of these samples have more than a 2-fold increase in SHMT2
copy number (Figure 5A), indicating the presence of SHMT2
amplification in these tumors. We then examined RNA and
protein expression of SHMT?2 in these samples. The SHMT2
mRNA levels were significantly higher in the 3 SHMT2-ampli-
fied tumors compared with the nonamplified samples (Figure
5B). Similarly, Western blotting showed that the SHMT2 pro-
tein levels were also significantly higher in the SHMT2-ampli-
fied tumors (Figure 5, C and D). These data indicate that high

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)C1138022
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Figure 3. Distribution of 12q13-q14 amplicons across cancer types and expression in FP RMS. (A) Summary of the sizes, distributions, and expression
consequences of 12q13-q14 amplicons in each tumor type. The large colored rectangles correspond to the high-confidence regions of amplification, which
are the genomic regions that are significantly and highly amplified in amplicon-positive samples, as described in Figure 2. Genes that are significantly and
highly overexpressed in amplicon-positive samples were determined as described in Figure 3B and are shown as small colored rectangles. Gray bars indi-
cate that there was insufficient RNA-Seq data for the corresponding genes. (B) Expression levels of genes from the 12q13-q14 region in FP RMS tumors.
Genes in and around the 12q13-q14 amplified region were analyzed for significant differences in gene-expression levels between amplicon-positive (gray)
and amplicon-negative (white) samples. Genes that had Bonferroni's corrected P values < 0.05 and fold changes > 2.0 are indicated with black rectangles.

SHMT2 mRNA and protein expression are associated with
amplification in FP RMS tumor samples.

To investigate the impact of SHMT2 expression on patient
survival, we utilized a published data set of expression microar-
ray and outcome data from 34 FP RMS patients (17). These
patients were stratified into “low” and “high” SHMT?2 expres-
sion based on the median expression levels of SHMT2 mRNA
(Supplemental Figure 2). In this FP RMS patient cohort, high
expression of SHMT2 was significantly correlated with worse
survival (P = 0.021). This result is consistent with our previous
finding that amplification of the 12q13-q14 chromosomal region
is associated with a poor outcome in FP RMS (11).

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)CI138022

Knockdown of SHMT2 suppresses cell growth and tumor formation.
The SHMT?2 protein is a mitochondrial serine hydroxymethyltrans-
ferase that functions in the synthesis of glycine and serine and in
1-carbon metabolism to provide building blocks for the synthesis of
nucleotides, polyamines, amino acids, creatine, and phospholipids
(18). To examine the biological role of SHMT2 in FP RMS oncogen-
esis, we first employed shRNA expression constructs to specifically
reduce SHMT2 expression in amplicon-positive Rh30 cells. Two
independent shRNAs efficiently inhibited the expression of SHMT2
at both mRNA (Figure 6A) and protein (Figure 6B) levels, while not
significantly affecting the expression of SHMT1, which encodes a
related cytoplasmic protein (Figure 6B). To determine whether the
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shRNA-mediated knockdown of SHMT?2 results in suppression
of SHMT2 functional activity, we measured the cellular level of
NADPH, which is one of the products of the 1-carbon metabolism
process (19). This experiment demonstrated that cellular levels of
NADPH were significantly reduced in SHMT2-knockdown Rh30
cells (Figure 6C), indicating that decreased SHMT2 expression
mediated by the shRNAs effectively suppresses SHMT2 function.

We next employed a series of in vitro and in vivo assays to study
the oncogenic role of SHMT2 in FP RMS. Both shRNAs suppressed
Rh30 cell growth and proliferation compared with the control vec-
tor, as measured by real-time monitoring of cell growth (Figure 6D)
and clonogenic assays (Figure 6E and Supplemental Figure 3A). Fur-
thermore, a role for SHMT?2 in FP RMS oncogenesis is shown by our
finding of SHMT2 knockdown leading to a strong reduction in focus

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)C1138022
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(B) SHMT2 mRNA expression. Tumors are categorized into 2 groups based on the SHMT2 copy number: amplification negative (5JHBR1, SJHBR4, CHAMP1,
HOUGHTON1E, HOUGHTON3E, HOUGHTONGE, TIMO1165, J000099761, J000099873 and POBRMS041) with a copy number less than 2 and amplification positive
(11-CHAMP3, HOUGHTON4E, and 13-POBRMS052) with a copy number greater than 2. A distribution plot shows relative mRNA expression quantified by qRT-
PCR in the 2 groups. GAPDH was used for normalization of RNA-expression data. Each point represents the mean expression value of 3 technical replicates of
each tumor. (C) SHMT2 protein expression. Protein expression of PAX3-FOX01 (P3F), FOX01, SHMT2, and GAPDH (loading control) was assessed in PDX tumors
by immunoblotting. (D) Quantitation of SHMT2 protein level. Protein bands were inverted and quantified by Image]. Relative protein levels were expressed as a
ratio of the band intensities of SHMT2 and GAPDH. Distribution plot shows the relative SHMT2 protein levels in the 2 groups. Statistical analysis of expression
differences between the 2 groups in B and D was performed using Student’s t test (2 tailed, nonparamettric, and nonpairing) in Prism 8.

formation of Rh30 cells (Figure 6F and Supplemental Figure 3B) and
a slower growth of xenograft tumors in mice (Figure 6, G and H, and
Supplemental Figure 4A). Further analysis revealed that, among the
5 tumors that developed from shRNA-expressing cells (Figure 6G),
3 exhibited strong growth suppression while 2 displayed either more
modest (tumor 1) or no obvious (tumor 5) effect (Supplemental Fig-
ure 4A). Quantification of mRNA expression in these tumors showed
that tumors 2 to 5 still exhibited significant suppression of SHMT2
expression (>70% knockdown), whereas tumor 1 had much less
SHMT? suppression (~32%) compared with control tumors (Sup-
plemental Figure 4B). While this finding explains the larger size of
tumor 1, it remains unclear why the reduced SHMT2 expression in
tumor 5 did not suppress tumor growth.

Although SHMT1 and SHMT?2 localize and function in differ-
ent cellular compartments, these 2 proteins have similar enzymatic
activity (20). We determined whether increased SHMT1 expression
could compensate for the loss of SHMT2 expression by overex-
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pressing SHMT1 in Rh30 cells with depleted SHMT2 (Supplemen-
tal Figure 5A). In assays of cell growth, SHMT1 overexpression did
not rescue the suppressive phenotype resulting from SHMT?2 loss
in Rh30 cells (Supplemental Figure 5B). This finding is consistent
with previous reports that expression of SHMT2, but not SHMT]1,
is important for cell growth and proliferation of lymphoma (21, 22),
hepatocellular carcinoma (23), and colorectal cancer cells (24).

To further understand the biological effect of SHMT2, we
asked whether SHMT2 s also required for growth of other FP RMS
cells that do not harbor the 12q13-q14 amplicon and express low
levels of SHMT2. In experiments similar to those described above,
we observed a growth-suppressive effect of shRNA-mediated
decreases of SHMT2 expression in Rh41 (Supplemental Figure
6) and Rh5 (Supplemental Figure 7) cells measured by real-time
growth and clonogenic and focus formation assays. These results
are consistent with the premise that SHMT?2 is generally required
for FP RMS cell growth regardless of the SHMT?2 expression level.
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Figure 6. Effect of SHMT2 knockdown on Rh30 cell growth and transformation. (A) Quantitation of SHMT2 mRNA expression by gRT-PCR in control and
SHMT2 shRNA-expressing Rh30 cells. GAPDH was used for normalization. Data are represented as mean + SD of 3 replicates. (B) Western blot analysis of
SHMT1 and SHMT2 expression in control or shRNA-expressing cells. GAPDH was used as loading control. (C) Measurement of NADPH cellular levels in con-
trol and shRNA-expressing cells. Data are represented as mean + SD of 3 replicates. (D) IncuCyte growth assay. Data are represented as mean confluence
+ SEM of 4 different wells. (E) Clonogenic assay: 360 cells were seeded in 6 cm dishes, cultured for 3 weeks, then fixed and stained with Giemsa. (F) Focus
formation assay: 500 cells were cocultured with 2 x 10° NIH 3T3 fibroblasts in 6-well dishes for 3 weeks, then fixed and stained with Giemsa. (G) Intramus-
cular xenograft tumor formation of Rh30 cells. All tumors (5 mice per group) were excised when the largest tumor reached the maximum size permitted.
(H) Xenograft tumor growth. Tumor sizes were measured twice weekly, and tumor volume was calculated as (width? xlength)/2. Data are shown as mean
volume + SD of 4 mice per group. For A and C, Dunnett’s multiple comparisons test was used for statistical analysis. *P < 0.0001 (A); *P < 0.01(C). For D,
ANOVA tests (corrected for multiple comparisons using the Sidak-Bonferroni method) were performed for the last 6 time points. *P < 0.05, adjusted. For
H, Student’s t test (2 tailed, type 2) was used for statistical analysis. *P < 0.05. Experiments in A, B, D, E, and F were repeated at least 3 times, and repre-
sentative data are shown. Results shown in G and H were derived from separate independent experiments.

:

Overexpression of SHM T2 stimulates cell growth and tumor forma-
tion. We next investigated the effect of SHMT2 overexpression on
growth and proliferation of Rh41 and Rh5, 2 FP RMS cell lines that
express relatively low SHMT?2 levels compared with Rh30 cells (Fig-
ure 4C). Transduction of a SHMT2 cDNA expression construct into
these cell lines resulted in increased SHMT?2 expression, which was
still lower than the level in Rh30 cells (Figure 7A and Supplemental
Figure 9A). To confirm that the exogenously expressed protein was
functional, we again monitored NADPH levels as a downstream
readout of SHM T2 activity. Rh41 cells expressing increased SHMT2
levels had a significantly higher cellular level of NADPH, as com-
pared with control cells expressing an empty vector, indicating that
the overexpressed SHMT2 protein was enzymatically active (Figure
7B). Using a real-time cell growth assay, we found that SHMT2 over-

expression promoted growth and proliferation of Rh41 (Figure 7C)
and Rh5 (Supplemental Figure 9B) cells. Furthermore, the increase
in SHMT?2 expression enhanced clonogenic growth and focus for-
mation of Rh41 (Figure 7, D and E, and Supplemental Figure 8, A
and B) and Rh5 (Supplemental Figure 9, C-F) cells. To extend these
findings to in vivo tumorigenesis, we performed orthotopic injec-
tions of Rh41 cells into mice and found that SHMT2-overexpressing
Rh41 cells formed tumors earlier than control Rh41 cells and that
these tumors were larger in size (Figure 7, F and G). These data indi-
cate that increased SHMT2 expression promotes cell growth, onco-
genic transformation, and tumorigenesis.

High SHMT2-expressing RMS cells are less sensitive to the
SHMT inhibitor SHINI. Since our data indicate that SHMT?2 has
a growth-stimulating effect in FP RMS cell models, we explored

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)C1138022
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Figure 7. Effect of SHMT2 overexpression on Rh41 cell growth and transformation. (A) SHMT2 protein expression in control or SHMT2-expressing Rh41

Days after injection

cells. Rh30 cells were used for comparison, and GAPDH was used as a loading control. Expression was quantified as described in Figure 5. (B) Measurement
of NADPH levels in control or SHMT2-expressing Rh41 cells. Total unfiltered protein concentrations were used for normalization. Data represent mean + SD of
3 replicates. Student'’s t test was used for statistical analysis. (C) IncuCyte growth assay. Data are represented as mean + SEM of 4 different wells. Multiple t
tests (corrected for multiple comparisons using the Sidak-Bonferroni method) were performed for the last 6 time points to assess the significance in growth

differences. *P < 0.05, adjusted. (D) Clonogenic assay. 360 cells were seeded in 6 cm dishes, cultured for 3 weeks, then fixed and stained with Giemsa. (E)

Focus formation assay: 500 cells were cocultured with 2 x 10° NIH 3T3 fibroblasts for 4 weeks, then fixed and stained with Giemsa. (F) Intramuscular xeno-
graft tumor formation of control or SHMT2-expressing Rh41 cells. All tumors (4 mice per group) were excised when the largest tumor reached the maximum
size permitted. (G) Xenograft tumor growth in mice. Tumors (7 mice per group) were measured twice weekly, and data are expressed as mean volume + SD.
Student’s t test was performed to determine the significance of growth differences between the groups. *P < 0.05. Experiments shown in A, C, D, and E were
repeated at least 3 times, and representative data are shown. Results shown in F and G were derived from separate independent experiments.

the possibility of targeting SHMT?2 using small-molecule inhibi-
tors. We first examined the effect of SHINI, a recently reported
small molecule that specifically binds to and inhibits SHMT enzy-
matic activity through a single enantiomer-enzyme interaction
(21). A real-time growth assay of Rh30 cells treated with various
concentrations of SHINI revealed a growth-suppressive effect at
SHINI concentrations higher than 12.5 uM (Figure 8A); the IC,  of
SHIN1 in Rh30 cells was determined to be 71 pM. In a comparison
of the effect on multiple FP RMS cell lines, the SHIN1 IC, | was 3-
to 5-fold higher in Rh30 cells than in FP RMS cell lines without
SHMT?2 amplification (Figure 8B). Based on these findings, we
reasoned that the SHMT2 expression levels in RMS cells might
influence their sensitivity to the inhibitor.

To test the hypothesis that SHMT?2 levels affect suscepti-
bility to SHIN1, we compared the effect of SHIN1 on Rh30 cells
expressing a SHMT2 shRNA or control construct. At the concen-
tration of 10 uM, SHIN1 had no effect on control Rh30 cells, but
exhibited a strong inhibitory effect on SHMT2-depleted cells; this

effect was further magnified at a higher dose of SHIN1 (50 pM;
Figure 8C). Overall, the SHIN1 IC, in SHMT2-depleted Rh30
cells was reduced significantly compared with that in the control
cells (26 vs. 71 uM; Figure 8D). Similar results were obtained when
depleting SHMT2 in Rh41 and Rh5 cells (Figure 8D). To further
understand the connection between the SHMT2 expression lev-
el and response to SHIN1, we examined the SHIN1 IC_ s in Rh41
and Rh5 cells transduced with an empty or SHMT2 expression
vector. In conjunction with the increase in SHMT2 expression in
these cells (Figure 7A and Supplemental Figure 9A), we observed
a modest increase in SHINI IC_, in cells transduced with the
SHMT?2 expression construct (Figure 8E). The combined findings
in SHMT2-depleted and SHMT2-augmented cells clearly indicate
that the SHMT?2 expression level inversely affects the sensitivity
of RMS cells to SHIN1. We propose that this inverse relationship
results from the use of a drug that directly targets SHMT2 and sug-
gest that this direct targeting approach is not suitable for treating
12q13-q14 amplicon-positive FP RMS tumors.

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)CI138022
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Figure 8. Effect of SHMT2 inhibitors on RMS cell growth. (A) IncuCyte assay of SHIN1 effect on cell growth. Rh30 cells were treated with indicated SHIN1
concentrations. Data are represented as mean confluence values + SEM of 4 well replicates. (B) ICSEI of SHIN1in RMS cell lines. Cells (4 wells per dose) were
treated with control (DMSOQ) or 2-fold serial dilutions of SHIN1 (from 1.56 to 100 uM). Mean confluence values at 96 hours were used to calculate IC,. (C)
Effect of SHINT on growth of SHMT2 shRNA-expressing Rh30 cells. Assay was performed as described for A. (D) IC., of SHINTin Rh30, Rh41, and Rh5 cells
expressing control or SHMT2 shRNA. Assay was performed as described in B. (E) IC,, of SHINTin Rh41 and Rh5 cells expressing control or SHMT2 construct.
Assay was performed as described for B. (F) IC,, of PEM in RMS cell lines. Assay was performed as described for B with PEM concentrations ranging from
50 to 6400 nM. (G) Effect of PEM on growth of control or SHMT2 shRNA-expressing Rh30 cells. Cells were treated with indicated PEM concentrations, and
growth was monitored as described for A. (H) IC,; of PEM in control or SHMT2 shRNA-expressing Rh30 cells. Assay was performed as described for F. (1)
IC,, of PEM in Rh41 and Rh5 cells expressing control or SHMT2 construct. Assay was performed as described for F. Experiments shown in A, C, and G were
repeated at least 3 times, and ANOVA tests (corrected for multiple comparisons) were performed for the last 6 time points. *P < 0.05, adjusted (A and G);
*P < 0.05 compared with EV-control (C); **P < 0.05 compared with sh1-control (C).

High SHMT2-expressing RMS cells are more sensitive to the folate
inhibitor pemetrexed. Since changes in SHMT2 expression inversely
affect the efficacy of a direct-acting inhibitor, we then considered
whether an indirect-acting inhibitor might be more efficacious.
SHMT?2 catalyzes the reversible conversion of serine and tetra-
hydrofolate (THF) to glycine and 5,10-methylene-THEF, providing
1-carbon units (also referred to as methyl groups) for the folate
cycle. Since SHM T2 ultimately regulates the production of folate
metabolites, we asked whether SHMT2 expression in FP RMS
cells might influence cellular sensitivity to folate inhibitors. We
first measured the IC, | of the folate inhibitor pemetrexed (PEM),
which is an FDA-approved drug for treatment of non-small lung
cell carcinoma (NSCLC), in our FP RMS cell lines. In contrast to

the effect observed with SHIN1 treatment, Rh30 cells were much
more sensitive to PEM compared with the other FP RMS lines.
In particular, the IC,  for PEM in Rh30 cells was 87 nM, whereas
the IC, | ranged from 6- to 50-fold higher in the 12q13-q14 ampl-
icon-negative FP RMS cell lines (Figure 8F). To corroborate this
finding, we also examined the drug sensitivity of an FP RMS line
(RMSO052) that we recently developed from a SHMT2-amplified
PDX tumor (Figure 5). Similarly to Rh30, RMS052 cells expressed
a high level of SHMT?2 protein compared with nonamplified FP
RMS cell lines (Supplemental Figure 10A). Subsequent drug-treat-
ment studies revealed that RMS052 cells were similar to Rh30 in
showing a high sensitivity to PEM compared with the other FP
RMS lines (Supplemental Figure 10B).

J Clin Invest. 2021;131(15):e138022 https://doi.org/10.1172/)C1138022
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To further elucidate the relationship between SHMT?2 expres-
sion and cellular response to PEM, we compared the effect of PEM
onRh30 cellsexpressing control or SHMT2 shRNA. Though growth
of control Rh30 cells was significantly affected by treatment with
100 or 200 nM of PEM, growth of SHMT2-depleted Rh30 cells
was not significantly affected by these doses of PEM (Figure 8G).
In further studies, we found that these cells had a much higher
PEM IC,  compared with control cells (Figure 8H). To further sub-
stantiate this finding, we compared the PEM responsiveness of
Rh41 or Rh5 cells transduced with a control or SHMT2-expression
construct and found that SHMT2 expression enhanced sensitivity
of Rh41 or Rh5 cells to PEM (Figure 81I). These data indicate that
RMS cells expressing higher levels of SHMT?2 are more sensitive
to PEM, suggesting that an approach, such as this folate inhibitor,
that targets events downstream of SHMT2 may be useful for treat-
ment of 12q13-q14 amplicon-positive FP RMS tumors.

Since PEM is an approved drug to treat NSCLC patients, we
also compared the relative sensitivity of FP RMS and NSCLC can-
cer cells to this folate inhibitor. Western blotting analysis (Sup-
plemental Figure 11A) revealed that Rh30 expresses significantly
higher levels of SHMT?2 protein than Rh41 and 6 NSCLC (A549,
NCI-H3122, NCI-H226, NCI-H460, NCI-H1299 and NCI-H1993)
cell lines that were previously reported to be sensitive to PEM (25).
The small cell lung cancer cell line (NCI-H69) was used as a con-
trol cell line that is not sensitive to PEM (26). Drug-treatment stud-
ies showed that Rh30 cells were at least 3.7-fold more sensitive to
PEM when compared with PEM-sensitive lung cancer cell lines
(Supplemental Figure 11B). These data suggest that SHMT2-am-
plified RMS tumors may be more sensitive than NSCLC tumors
(without SHMT?2 amplification) to PEM treatment and thus the
PEM doses currently used for treatment of NSCLC patients may
be effective in the treatment of SHMT2-amplified RMS tumors.

Discussion

In this study, we performed high-resolution genomic and expres-
sion analyses to compare the genomic content and expression
correlates of 12q13-q14 amplification events in RMS with the
corresponding findings in GBM, LUAD, and LPS. Our statistical
approach identified “high-confidence” amplicons in the 12q13-q14
region along with genes that are significantly overexpressed in
amplicon-positive samples. In comparison with amplification
studies that identify a minimal common amplified region, the
current statistical approach is less influenced by outliers and gen-
erally identifies a larger region that is amplified in many, but not
all, cases. It should be noted that the endpoints of the high-con-
fidence amplicon and the overexpressed genes can be affected
by the selected fold-change or P value cutoffs; this issue may be
at least partly responsible for situations in which the high-con-
fidence amplified region does not fully correspond to the set of
high-confidence overexpressed genes. In our previous study of
the 12q13-q14 amplicon in FP RMS, a lower resolution Affymetrix
GeneChip 250K array data set was used to define a 0.55 Mb mini-
mal common amplified region that contained 27 genes, including
CDK4 (11); this minimal common region closely overlaps our cur-
rent 0.8 Mb high-confidence amplified region. These concordant
results for the 12q13-q14 amplicon in FP RMS in 2 independent
studies indicate that the smaller number of RMS cases compared
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with other tumor categories studied and differences in microar-
rays utilized did not adversely affect our copy number results.

Overexpressed oncogenes are critical factors that confer
growth advantage to tumor cells harboring focal DNA amplifica-
tions. Our data indicate that CDK4, which encodes a cyclin-de-
pendent kinase that promotes cell-cycle progression, is consis-
tently amplified and overexpressed across multiple tumor types
with 12q13-q14 amplification. In studies of amplification of the
17q21 genomic region in breast carcinoma and other tumor types,
the ERBB2 oncogene has similarly been shown to play a central
role (27-31). However, in addition to ERBB2, the consistent coam-
plification and overexpression of additional genes from the 1721
region has prompted investigation of other potential oncogenes in
this region, such as GRB7, that have functional significance when
overexpressed and may provide additional selective pressure on
the amplification process (32-36). We propose that coamplified
genes may also be relevant as additional drivers in 12q13-ql4
amplification and that such coamplified genes may vary among
different tumor types. In the current study, we present SHMT2 as
an example of such a critical coamplified driver that is recurrently
amplified in FP RMS, but not in the other 3 tumor types. However,
we acknowledge that there may be additional oncogenic drivers in
the 12q13-q14 amplicon in FP RMS. In the available FP RMS cell
line with the 12q13-q14 amplicon, SHMT2 was the only gene in
the FP RMS-specific amplified region that exhibited differential
expression relative to the amplicon-negative cell lines.

Although our approach establishes high-confidence amplified
regions within the GBM, LUAD, or LPS categories, there may be
cases in these categories with amplicons that extend beyond this
high-confidence region to include SHMT2. The recent identifica-
tion of SHMT?2 amplification in some lung cancer cases (37) illus-
trates such a possibility. As described above, these SHMT2-con-
taining amplicons also exist in The Cancer Genome Atlas (TCGA)
lung cancer data set used in our analysis, but were not sufficiently
common to be included in the high-confidence amplified region.
Finally, it should be noted that SHMT2 amplification has recent-
ly been reported in lymphoma (22) and overexpression has been
reported in several other cancer types (21, 23, 24), but the relation-
ship to DNA copy number changes has not been determined.

One-carbon metabolism is essential for cell proliferation,
as it functions to supply precursors for multiple cellular process-
es, including nucleotide synthesis, methylation, and reductive
metabolism (18, 38). In this process, SHMT2 together with SHMT1
plays a critical role in generating 1-carbon units from glycine and
serine. Depletion of these enzymes would be expected to lead to a
detrimental outcome on cell growth. Indeed, growth suppression
by SHMT2 knockdown has been shown in several cellular con-
texts (21, 23, 24). Our study demonstrates that SHMT2 inhibition
results in such an effect in FP RMS cells. Although SHMT1 and
SHMT?2 exert similar functional activity, SHMT?2 appears to play a
more dominant role in regulating cell growth, as shown in several
studies in which knockdown of SHMT2, but not SHMT1, signifi-
cantly inhibits cell growth and oncogenic transformation (21, 23,
24). In accordance with this premise, we show in this study that
growth suppression resulting from SHMT2 depletion cannot be
rescued by overexpression of SHMT1 in Rh30 cells. Furthermore,
we identified a substantial subset of FP RMS tumors that contain
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a 12q13-q14 amplicon including the SHMT2 gene. The resulting
increased SHMT2 expression in these FP RMS tumors leads to
increased output of 1-carbon units and is hypothesized to confer
growth advantage to these tumor cells. Our finding that ampli-
con-negative FP RMS cells with engineered expression of SHMT2
gain a growth advantage both in vitro and in vivo provides further
evidence to support this hypothesis. We therefore propose that
SHMT? is an oncogenic driver in these amplicon-positive RMS
tumors and is a potential target for cancer treatment.

Our findings show an inverse relationship between SHMT2
expression and sensitivity to SHINI1. This resistance may be
explained by the mechanism by which SHIN1 exerts its inhibitory
effect. SHIN1 binds SHMT1 and SHMT?2 through a single direct
enantiomer-enzyme interaction and results in an enantioselective
enzyme inhibition (21). Therefore, higher SHMT2 levels require
more SHIN1 molecules to adequately occupy and efficiently sup-
press the target protein. We speculate that patients with tumors
expressing high SHMT?2 levels are likely to be relatively resistant
to direct inhibitors such as SHIN1 and require high doses, which
may give rise to more side effects due to suppression of SHMT
activity in normal cells. This inverse relationship of protein expres-
sion and sensitivity to a direct inhibitor of this protein has been
previously described in RMS cells with CDK4 amplification (16),
breast cancer cells with CDK6 amplification (39), and leukemia
cells with BCR-ABL amplification (40, 41). Although our data
show that low SHMT2-expressing FP RMS cell lines are more sen-
sitive to SHIN1, it remains to be studied whether patients with low
SHMT2-expressing tumors would benefit from treatment with a
direct SHMT?2 inhibitor such as SHIN1.

Based on our finding of relative resistance to direct SHMT2
inhibitors in high SHMT2-expressing RMS tumors, we explored
indirect approaches to targeting the SHMT?2 pathway. In partic-
ular, the 1-carbon units generated by SHMT? are utilized in the
downstream folate cycle, which can be suppressed by a number
of inhibitors (42). In contrast to the ineffectiveness of SHIN1 in
directly targeting high SHMT2-expressing cells, the folate inhibi-
tor PEM is able to effectively treat FP RMS cells with high SHMT2
levels. This result suggests that signals downstream of SHMT2
can be rate limiting and thus 12q13-ql4-amplified FP RMS cases
may be particularly susceptible to drugs, such as folate inhibitors,
that target these downstream steps. Based on previous findings
that cancer cells adapt their downstream metabolic processes
to increased SHMT?2 expression to support rapid proliferation
(43), we speculate that FP RMS cells develop “addiction” to high
SHMT?2 expression levels, rendering them more susceptible to
the folate inhibitor. Targeting the folate cycle has been used for
treatment of various cancers, and complete response has been
documented in some subsets of patients (44); however, the
tumor characteristics underlying this response to folate inhibitors
remain unknown. A single clinical study included 8 RMS patients
and reported no beneficial effects of PEM (45). However, given
that 20%-30% of RMS tumors are FP and that 25% of FP tumors
have 12q13-q14 amplification (11), it is likely that none of the
recruited patients had a FP RMS tumor with SHMT2 amplifica-
tion. We propose that SHMT2 amplification and overexpression
constitute one molecular marker of increased susceptibility to
these drugs. Moreover, clinical application of folate inhibitors is
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often limited by side effects (42, 46) resulting from the inhibition
of the folate cycle in normal proliferating cells. As shown in our
studies of FP RMS and NSCLC cell lines, we predict that high-
er responsiveness of FP RMS tumors containing the 12q13-q14
amplicon to the folate inhibitor will allow for lower doses of
these drugs to be used, thus decreasing side effects and enabling
patients to better tolerate chemotherapy.

Methods

Copy number analysis. For copy number analysis, FP RMS samples
were previously genotyped on Illumina Omni 2.5M arrays (10);
GBM, LUAD, and LPS were previously genotyped on the Affymetrix
SNP Array 6.0; and raw probe-level data from TCGA were retrieved
from the Genomic Data Commons (GDC) legacy archive (https://
portal.gdc.cancer.gov/legacy-archive/search/f). Samples with both
copy number and RNA-Seq data were chosen for subsequent analy-
ses. Regions with copy number changes were identified using Nexus
Biodiscovery 8.0 software, and data were GC corrected and seg-
mented using the SNP-FASST2 algorithm, as previously described
(10). Data were compared against the human reference genome
NCBI Build 37, and copy number changes were plotted using probe
level log relative ratios. High-gain and low-gain thresholds were set
to 0.7 and 0.4, respectively. A sample was considered amplicon pos-
itive if copy number calls in the 12q13-q14 region passed the high-
gain threshold (Table 1). Samples that contained copy number calls
between 0.1 and 0.4 in these regions were inconclusive and there-
fore omitted from subsequent analyses. Additionally, samples that
had copy number gain in 50% or more of the chromosomal arm,
which by definition is not a focal amplification event, were included
in the whole-chromosome gain category. The remaining samples,
which had no copy number gains in the regions of interest, were
classified as amplicon negative. Copy number changes were quanti-
tatively examined by extracting probe median values, which corre-
sponded to the median value of the probes in the segment. The data
were interrogated to require at least 1.4-fold change in probe-medi-
an ratio relative to nonamplified cases.

Gene-expression analysis. RNA-Seq was previously performed on
the Illumina HiSeq2000 system, and the corresponding RNA-Seq
data were obtained from the GDC for all tumor types except RMS,
which was obtained from the OncoGenomics database (https://pob.
abcce.nciferf.gov/cgibin/JK). The data derived from RMS tumors were
previously analyzed using the TopHat pipeline, and fragments per
kilobase of transcript per million mapped reads (FPKM) values, which
were log, transformed, were used for downstream differential gene
analysis. RNA-Seq data derived from the remaining tumor types were
previously analyzed using the SeqWare pipeline, where gene expres-
sion estimates were obtained using the RNA-Seq by expectation max-
imization (RSEM) algorithm (47, 48). RSEM-normalized data were
further log, transformed for our downstream gene-expression analy-
sis. Genes in the 12q13-q14 region were analyzed for differential gene
expression between amplicon-positive and amplicon-negative sam-
ples with a 2.0 fold change cutoff.

PDX tumors. Thirteen PDX tumors were obtained from St. Jude
Children’s Research Hospital (Memphis, Tennessee, USA), Champi-
ons Oncology, Jackson Laboratory, Peter Houghton (UT Health San
Antonio, San Antonio, Texas, USA), and Christine Heske (National
Cancer Institute, Bethesda, Maryland, USA).
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Table 2. Primers and shRNA target sequences

Gene Primer sequences for qPCR of genomic DNA

D1223 Forward: AGTAAGTTCTTTGTGTTGCCTC
Reverse: ACTGTTTCAAAACTGCTCTC
Forward: TGGATGAAATTGAGCTGCTG
Reverse: AGCCCATCCATACTCACTGG
(DK4 Forward: GATCACGGGCCTTGTACACT
Reverse: TTGTTGCTGCAGGCTCATAC

Primer sequences for qRT-PCR
Forward: TGATTAGCAGAGAGGCCACA
Reverse: AGTCACCCAGGTGGAGAATG

NAB2 Forward: AGTAGGAAAGCAGGTTGGCG
Reverse: GACCCTGCAGCCCAGAC

SHMT2

NEMP1

SHMT2 Forward: TTGCTTCCCCAGTCTGAGTC
Reverse: ACTTCTCTTTGTTTTGGGCG

R3HDM2 Forward: CTGTCTGTGCTGCTCTGGC
Reverse: GGACCGAGATGATAACCAGG

GAPDH Forward: ACATCAAGAAGGTGGTGAAGCAG
Reverse: CAAAGGTGGAGGAGTGGGTGTC
shRNA target sequences

sh1 CCGGAGAGTTGTGGACTTTAT

sh2 ACAAGTACTCGGAGGGTTATC

Primers for cloning SHMT2 ORF

Forward: ATGCAGATCTACGATGCTGTACTTCTCTTTGTTTTGG
Reverse: TCATCTCGAGTCAATGCTCATCAAAACCAGG

Survival analysis. A published data set of RMS outcome and
expression microarray data (17) was downloaded from ArrayExpress
(E-TABM-1202). The expression array data were normalized and
log, transformed with GCRMA methods (R package: gcrma). Probe
set 214095 _at was used to quantify SHMT2 mRNA expression in the
PAX3-FOXO1-positive RMS tumors in the data set. SHM T2 expression
levels were categorized as low and high when expression was below
and above the median, respectively. Association between SHMT2
expression and overall survival in patients with PAX3-FOXO1-positive
RMS was analyzed using the survival package in R* (49).

Cell culture, constructs, and viral transduction. The sources of RMS
cell lines and culture conditions were previously described (16). The
RMSO052 cell line was established from the PDX tumor (POBRMS052)
provided by Christine Heske. Lung cancer cell lines were obtained
from the DTP/DCTD Tumor Repository of the National Cancer Insti-
tute (Frederick, Maryland, USA). For growth assays, dialyzed FBS
(MilliporeSigma, F0392) was used. All cell lines were verified by STR
profiling and were tested every 3 months and confirmed negative for
mycoplasma infection.

All control (SHC002) and SHMT2 (TRCN0O000034804 and
TRCNO0000234656) lentiviral sShRNA constructs were obtained from
MilliporeSigma; target sequences are provided in Table 2. For ectopic
expression of SHMT2, the open reading frame was amplified from
Rh30 cDNA using the primers described in Table 2, cloned into a ret-
roviral pMSCV expression vector, and verified by sequencing. Produc-
tion of amphitropic retroviruses and lentiviruses and viral transduc-
tion were performed as previously described (50, 51).
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Measurement of cellular NADPH. Cells were seeded in full-growth
medium overnight and refreshed with assay medium for 48 hours
before being harvested for NADPH measurement using the NADP/
NADPH Quantification Kit (MAKO38, MilliporeSigma). Cells were
detached from culture dishes in cold PBS using a cell scraper, pel-
leted by centrifugation at 500g for 5 minutes, and lysed in NADPH/
NAD lysis buffer. Lysates were deproteinized by filtering through 10
kDa cutoff Centricon filters (Amicon Ultra-0.5). NADPH levels were
measured at 450 nm absorbance according to the manufacturer’s
instructions. The protein concentration of the unfiltered lysate was
used for normalization.

Cell growth and tumorigenesis assays. Real-time growth was mea-
sured on the IncuCyte S3 system (Essen BioScience), which quanti-
fies cell confluence over a period up to 96 hours in culture. Briefly,
1000 cells were plated per well in 100 pl complete growth medium
in 96-well, clear-bottom plates. After 24 hours, growth medium was
refreshed or replaced with 200 pl medium containing inhibitor or
DMSO (control). Assay plates were imaged in the IncuCyte S3 system,
under phase contrast, 4x magnification with automatic recording
every 6 hours. Data were analyzed using IncuCyte software, which
quantifies cell confluence values (and standard errors for multiple
well replicates) at each time point. All IncuCyte assays were per-
formed with replicates of 3 to 6 wells.

For clonogenic assays, 360 to 500 cells were seeded in 6 cm dishes
and growth medium was refreshed every 3 days. The dishes were fixed
with methanol and stained with Giemsa solution (MilliporeSigma) after
3 weeks of culture. Assays were performed in triplicate. For focus for-
mation assays, 500-1000 cells were cocultured with 2 x 10° NIH 3T3
fibroblasts in 6 cm dishes for 3 weeks (Rh30) or 4 to 5 weeks (Rh41 and
Rh5) before being fixed with methanol and stained with Giemsa.

For tumor engraftment in mice, 10° cells were injected intramuscu-
larly into the gastrocnemius muscle of 6-week-old female mice (NOD.
SCID/NCr strain 560, Charles River/NCI Research Models and Services)
and tumor monitoring was performed as previously described (52).

Detection of the 12q13-q14 amplicons in cell lines by gPCR. Genomic
DNA from RMS cell lines was extracted using the DNeasy Extraction
Kit (QIAGEN), and qPCR was performed using the PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific) on the Viia7 Real-Time
PCR System (Applied BioSystems). Specific oligonucleotide primers
(synthesized by Eurofins Scientific USA) for CDK4 and SHMT2 were
selected to generate 150 to 200 bp products, and the chromosome
12-specific centromeric amplicon (D12Z3; ref. 53) was used as a refer-
ence nonamplified region (Table 2). CDK4 and SHMT?2 relative copy
number was calculated by the 2-AACt method, and normalized for the
value in RD cells, which is not amplified in the 12q13-q14 region (16).

RNA- and protein-expression assays. Total RNA was extracted using
TRIzol (Invitrogen), and cDNA was synthesized from random hexam-
ers with the iScript cDNA Synthesis Kit (Bio-Rad), following the man-
ufacturers’ instructions. qPCR was performed with oligonucleotide
primers (synthesized by Eurofins Scientific USA; Table 2).

Western blotting and signal detection were performed as previous-
ly described (54). Membranes were incubated overnight with antibod-
ies against SHMT1 (1:1000, catalog 80715, Cell Signaling Technology),
SHMT2 (1:1000, catalog 12762, Cell Signaling Technology), NAB2
(1:200, catalog sc-23867, Santa Cruz Biotechnology Inc.), and GAPDH
(1:200, catalog sc-47724, Santa Cruz Biotechnology Inc.). Quantification
of protein band intensity was performed using Image] software (NIH).
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IC,,, measurements of SHINI and PEM. To measure drug sensitiv-
ity, 10° cells were seeded in clear-bottomed 96-well plates in 100 pl
growth medium before being treated in assay medium with control
(DMSO) or 2-fold serial dilutions of SHIN1 (AOB36697, AOBIOUS) or
PEM (HY-10820, MedChemExpress). DMSO was adjusted to 0.064%
as the final concentration in all wells. The assay was performed in
4-well replicates for each treatment. Cell growth was monitored by
confluence using the IncuCyte system. Mean confluence values at 96
hours of culture were used to calculate IC,  using the Quest Graph IC_,
Calculator as previously described (55).

Study approval. Allanimal studies were approved by the NCI-Bethes-
da Animal Care and Use Commiittee (Bethesda, Maryland, USA).

Statistics. Partek Genomics Suite, version 6.6, was used to per-
form nonparametric Mann-Whitney U tests to determine statistical
differences of copy number and gene-expression changes between
amplicon-positive and amplicon-negative samples. Correction for
multiple testing was performed with Bonferroni’s correction meth-
od (adjusted P < 0.05). For IncuCyte assays, to determine the signif-
icance of growth differences at multiple intervals between various
cell culture growth conditions, multiple ¢ tests (for 2 conditions) or
ANOVA tests (> 2 conditions) with correction for multiple compar-
isons using the Siddk-Bonferroni method were performed in Prism
8. The P values pertain to the last 6 time points of the growth curve.
In other assays, Student’s ¢ test (2 tailed and type 2) was used. Data
are presented as the mean * SD or SEM, as indicated. In all tests,
P < 0.05 was considered statistically significant. For Kaplan-Meier
survival estimates of the association between gene expression and
overall survival, log-rank statistic testing was performed using the
survival package in R*.
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