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Abstract
Breast cancer is the second leading cause of cancer-related deaths among women and 90% of these mortalities can be attrib-
uted to progression to metastatic disease. In particular, triple negative breast cancer (TNBC) is extremely aggressive and 
frequently metastasizes to multiple organs. As TNBCs are categorized by their lack of hormone receptors, these tumors are 
very heterogeneous and are immune to most targeted therapies. Metabolic changes are observed in the majority of TNBC 
and a large proportion upregulate enzymes within the serine synthesis pathway, including phosphoserine aminotransferase 
1 (PSAT1). In this report, we investigate the role of PSAT1 in migration and invasion potential in a subset of TNBC cell 
types. We found that the expression of PSAT1 increases with TNBC clinical grade. We also demonstrate that suppression of 
PSAT1 or phosphoglycerate dehydrogenase (PHGDH) does not negatively impact cell proliferation in TNBC cells that are 
not dependent on de novo serine synthesis. However, we observed that suppression of PSAT1 specifically alters the F-actin 
cytoskeletal arrangement and morphology in these TNBC cell lines. In addition, suppression of PSAT1 inhibits motility 
and migration in these TNBC cell lines, which is not recapitulated upon loss of PHGDH. PSAT1 silencing also reduced the 
number of lung tumor nodules in a model of experimental metastasis; yet did not decrease anchorage-independent growth. 
Together, these results suggest that PSAT1 functions to drive migratory potential in promoting metastasis in select TNBC 
cells independent of its role in serine synthesis.

Keywords  Triple negative breast cancer · PSAT1 · Serine synthesis · Metastasis

Abbreviations
TNBC	� Triple negative breast cancer
SSP	� Serine synthesis pathway
PSAT1	� Phosphoserine aminotransferase 1
PHGDH	� Phosphoglycerate dehydrogenase

Introduction

Breast cancer is the most prevalent cancer diagnosis and 
the second leading cause of cancer-related deaths among 
women. Metastatic disease is responsible for over 90% of 
breast cancer related mortalities [1], which culminates in 
an overall survival rate of 22% for metastatic patients [2]. 
Metastasis or advanced recurrent disease affects approxi-
mately 30% of patients and is clinically challenging as thera-
pies are often directed at prolonging survival without com-
promising quality of life [3]. Metastasis can arise from all 
breast cancer subtypes [4] but triple negative breast cancer 
(TNBC) is considered the most aggressive as it correlates 
with poorer overall survival in both early stage and meta-
static disease [5]. Separate from hormone receptor posi-
tive breast cancers, TNBC is characterized by the lack of 
estrogen receptor-α (ERα), progesterone receptor (PR), and 
human epidermal growth factor receptor 2 (HER2) expres-
sion [5].
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Despite the inherent heterogeneity of TNBC tumors, 70% 
of TNBCs upregulate the expression of enzymes within the 
serine synthesis pathway (SSP) [6]. The SSP is a glycolytic 
shunt that is responsible for converting 3-phosphoglycerate 
into serine through a series of three reactions. The first reac-
tion, and rate-limiting step, is catalyzed by phosphoglycerate 
dehydrogenase (PHGDH) and converts 3-phosphoglycerate 
into 3-phosphohydroxypyruvate. The second enzyme, phos-
phoserine aminotransferase (PSAT1), couples the conver-
sion of glutamate to α-ketoglutarate with the production of 
3-phosphoserine. Phosphoserine phosphatase (PSPH) then 
dephosphorylates 3-phosphoserine into serine. Most of the 
previous work involving the SSP and TNBC has focused on 
a role for PHGDH. Select primary TNBCs and TNBC cell 
lines have been previously designated as “serine-dependent” 
or reliant on the cellular production of serine. These cells 
harbor genetic amplifications of PHGDH or have extremely 
high PHGDH expression, within which PHGDH silencing 
causes a significant decrease in proliferation due to loss of 
alpha-ketoglutarate production through PSAT1 [6]. How-
ever, these gene amplifications of PHGDH only account for 
6% of primary tumors and 18% of breast cancer cell lines 
[6]. “Serine synthesis-independent” TNBC cell lines do not 
harbor genetic amplifications of PHGDH and loss of SSP 
enzymes yields no anti-proliferative effect in the presence 
of exogenous serine. Yet, many of these cell types demon-
strate elevated expression of the SSP enzymes compared to 
normal breast tissue, particularly PSAT1, suggesting that 
these enzymes may have additional functions in TNBC pro-
gression [6, 7].

While PSAT1 is not expressed in normal mammary tis-
sue [8], it is elevated in several breast cancer subtypes as 
well as in several other aggressive malignancies including 
colon cancer, nasopharyngeal carcinoma, human esophageal 
squamous cell carcinoma, and non-small cell lung cancer 
[7, 9–13]. Control of PSAT1 expression is driven by several 
oncogenic pathways and is differently regulated throughout 
cell-cycle progression [9, 14–19]. Increased PSAT1 expres-
sion has been correlated with multiple tumorigenic char-
acteristics, including metastasis and chemoresistance, and 
is correlated with poorer patient prognosis [9, 11–13, 20].

Based on previous reports detailing the requirement for 
SSP enzymes in “serine synthesis-dependent” TNBC prolif-
eration coupled with PSAT1’s elevated expression in “serine 
synthesis-independent” TNBC cells, we examined PSAT1’s 
potential contribution to other TNBC features, particularly 
in migration and invasion. In this report, we demonstrate 
that PSAT1 expression increases with TNBC grade and that 
selective suppression of PSAT1 inhibits the motility and 
migration of TNBC cells and reduces lung micro-metastases 
without affecting proliferation. Importantly, loss of PHGDH 
in “serine synthesis-independent” cells did not phenocopy 
PSAT1 silencing, suggesting that these effects are specific 

to PSAT1 in these cell types. Together, these data indicate 
that PSAT1 plays a role in driving cell migration for the 
metastatic potential of TNBC.

Materials and methods

Immunohistochemistry

PSAT1 expression was determined in a panel of commer-
cially available tissue microarrays (TMA) that contained de-
identified TNBC tumor core sections with provided clinical 
characteristics, such as grade and histological status of the 
estrogen and progesterone receptors and HER2 (US Bio-
max, BR487, BR243, BR1503, and BR1504). TMAs were 
dewaxed and rehydrated using a series of xylene and etha-
nol washes. Tissues were then blocked with 5% goat serum 
and incubated with 1:100 dilution of anti-PSAT1 antibody 
(ProteinTech) for 16 h at 4°. Sections were subsequently 
incubated with 1:1000-fold dilution of HRP-conjugated 
anti-rabbit antibody. PSAT1 was detected using DAB stain 
(Vector Laboratories), counterstained with hematoxylin, and 
image was digitally captured using AperioScope digital slide 
scanner.

Analysis of PSAT1 staining in TNBC sections (ER-, PR-, 
and HER2-staining as defined by the provided histological 
analysis accompanying each TMA) was performed using 
Aperio ImageScope software with the positive pixel count 
algorithm. Areas of analysis excluded stromal tissue in the 
tumor samples and was defined to ductal epithelial in the 
normal breast tissue sections. Comparison of relative PSAT1 
levels between normal, grade 1, grade 2, and grade 3 TNBC 
tissues was determined by dividing the positive pixel count 
by total pixels (sum of positive and negative) as determined 
by the software.

Cell culture

MDA-MB-231 and HCC1806 were obtained from ATCC. 
MDA-MB-231 cells were cultured in IMEM supplemented 
with 5% FBS and gentamicin and HCC1806 cells were cul-
tured in RPMI-1640 medium supplemented with 10% FBS 
and gentamicin. All cells were incubated at 37° in 5% CO2.

shRNA and siRNA transfections

PSAT1 siRNA and scrambled negative control siRNA 
were purchased from Ambion. PHGDH siRNA and non-
targeting control pool siRNA were purchased from Dhar-
macon. PSAT1 shRNA, PHGDH shRNA, and Control 
shRNA were purchased from Sigma. For transient suppres-
sion, siRNAs were transfected into either MDA-MB-231 or 
HCC1806 cells using RNAiMax Lipofectamine or Polyplus 
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INTERFERin systems according to manufacturer’s protocol. 
ShRNAs were transfected into cells using the Polyplus jet-
PRIME reagent according to manufacturer’s protocol and 
clonal selection for gene silencing was performed using 
puromycin. The sequences for all siRNA and shRNA species 
are as follows: PSAT1 RNAi: 5′-CCC​UAA​ACU​UGG​GAG​
UUA​Utt-3′, negative control RNAi: Silencer Select Nega-
tive Control No. 2 cat#4390846, PHGDH RNAi: 5′-CGA​
CAG​GUU​GCU​GAA​UGA​-3′, non-targeting pool RNAis: 
5′-UGG​UUU​ACA​UGU​CGA​CUA​A-3′, 5′-UGG​UUU​ACA​
UGU​UGU​GUA​-3′, 5′-UGG​UUU​ACA​UGU​UUU​CUG​A-3′, 
5′-UGG​UUU​ACA​UGU​UUU​CCU​A-3′, PSAT1 shRNA: 
5′-CCG​GGC​ACT​CAG​TGT​TGT​TAG​AGA​TCT​CGA​GAT​
CTC​TAA​CAA​CAC​TGA​GTG​CTT​TTTG-3′, PHGDH 
shRNA: 5′- CCG​GCT​TCG​ATG​AAG​GAC​GGC​AAA​TCT​
CGA​GAT​TTG​CCG​TCC​TTC​ATC​GAA​GTT​TTTG-3′, Con-
trol shRNA: 5′- CCG​GCA​ACA​AGA​TGA​AGA​GCA​CCA​
ACT​CGA​GTT​GGT​GCT​CTT​CAT​CTT​GTT​GTT​TTT-3′.

Immunoblot assays

Whole-cell lysates were prepared in IP Lysis Buffer (Pierce) 
containing protease and phosphatase inhibitors. Proteins 
were separated on 10% SDS-polyacrylamide gels and trans-
ferred to PVDF. Membranes were blocked with 5% non-fat 
dry milk in TBS-T and subsequently probed with 1:1000-
fold dilution of anti-PSAT1 (Proteintech, 10501-1-AP) or 
anti-PHGDH (Sigma HPA021241) antibodies for 16 h at 4°. 
Washed membranes were then incubated with 1:5000 dilu-
tion of HRP-conjugated anti-rabbit or anti-mouse secondary 
antibodies. Protein detection was done by exposure to ECL 
Prime chemiluminescent reagent (GE Healthcare). Protein 
loading was assessed using anti-β-actin antibody (Sigma, 
A2228).

Cell proliferation

For shRNA silencing, MDA-MB-231 (50,000) cells with 
or without stable knock-down of PSAT1 or PHGHD were 
seeded in triplicate in a 12-well (Corning) plate. Cell pro-
liferation was assessed by counting of trypan blue excluded 
cells 24 and 48-h post-seeding. For siRNA suppression, 
MDA-MB-231 (50,000) or HCC1806 (30,000) were seeded 
in 12-well or 24-well (Corning) plate respectively, 24-h post-
transfection. Cells were then counted via trypan blue exclu-
sion 24 or 48-h post-seeding.

Wound healing assay

MDA-MB-231 or HCC1806 cells were seeded at 200,000 
cells per well in a 12-well (Corning) plate. Cells were 
either seeded directly (stable shRNA suppression) or 
24-hours post siRNA transfection. Scratch in the confluent 

monolayer was generated with a sterile 200 μL pipette tip. 
Images were taken at 0 h and 24 h time intervals and % 
wound healing was quantified using ImageJ.

Migration and invasion assays

For migration assays, MDA-MB-231 and HCC1806 cells 
were serum starved for 24 h and then plated (25,000 and 
50,000 respectively) into Boyden chambers in serum-free 
medium. Serum-containing medium was placed in each 
well to serve as the chemoattractant. At 24 h, inserts were 
fixed with 100% methanol for 10 min and non-migrated 
cell were removed with a cotton swab. The inserts were 
then washed with PBS and stained with crystal violet. 
Images were captured via an EVOS microscope and mul-
tiple ×4 fields were analyzed with ImageJ.

For invasion assays, MDA-MB-231 cells were serum 
starved for a period of 24 h and then plated (50,000) into 
Corning Biocoat Matrigel Invasion Chambers (Corning) 
following rehydration according to manufacturer’s proto-
col. The cells were allowed to invade for 24 h at which 
point the inserts were fixed with 100% methanol for 10 
min and non-invasive cells and remaining matrigel layer 
were removed via cotton swab. The inserts were then 
washed with PBS and stained with crystal violet. Images 
were captured via an EVOS microscope and multiple ×4 
fields were analyzed with ImageJ.

Quantitative‑real time polymerase‑chain reaction

MDA-MB-231 or HCC1806 cells were collected and total 
RNA was isolated using the RNeasy Mini Kit (Qiagen). 
One microgram of RNA was converted to cDNA using 
the High-Capacity RNA-to-cDNA kit (appliedbiosystems) 
according to the manufacture’s protocol. Samples were 
then analyzed for qPCR via the TaqMan Fast Advanced 
(appliedbiosystems) system with human probes for PSAT1 
(Hs00795278_mH), PHGDH (Hs00198333_m1), and 
ACTB (Hs01060665_g1).

Anchorage‑independent growth

A bottom layer of 0.6% noble agar in complete medium 
was prepared in 6 cm dishes. MDA-MB-231 cells were 
seeded at 50,000 cells per dish in a 0.3% agar solution. 
Cell colonies were refreshed with 0.25% agar/medium 
solution every 3–5 days during the 21-day assay. Images 
were captured via a Nikon digital camera (DXM1200F) 
attached to a Nikon (SMZ1500) microscope.
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Actin cytoskeleton staining

MDA-MB-231 (30,000) or HCC1806 (60,000) cells were 
plated in Lab-Tek II Chamber slides (154526) either directly 
or following transfection with siRNA species. Forty-eight 
hours after plating, cells were fixed with 3.7% formaldehyde 
solution. The cells were then permeabilized with 0.1% Tri-
ton X-100 in PBS before staining with phalloidin (Thermo 
Fisher) and DAPI (Thermo Fisher) following manufacturer’s 
protocol. Cellular staining was visualized using an Olym-
pus FV-3000 confocal microscope equipped with Fluoview 
software (Olympus America Inc.) under ×40 magnification.

Animal model for experimental metastasis

The in vivo study was approved by the University of Louis-
ville’s Institutional Animal Care and Use Committee. The 
experimental in vivo metastasis model was performed as 
previously established for MDA-MB-231 cells [21]. Briefly, 
MDA-MB-231 cells with or without PSAT1 silencing were 
collected, washed, and resuspended in PBS at a concentra-
tion of 1 × 106/mL. One hundred microliters of cell suspen-
sion were intravenously injected into the tail vein of athymic 
nude mice (Charles River), n = 5, shControl; n = 7, shPSAT1. 
Lung tissue was resected 8 weeks post-injection, formalin 
fixed, and embedded in paraffin. FFPE lung tissue was sec-
tioned and stained with hematoxylin and eosin to detect 
MDA-MB-231 foci in the lungs. Images were captured using 
AperioScope digital slide scanner and micro-metastatic foci 
were counted from three separate image fields (under ×4 
magnification) across individual tissue sections from each 
animal.

Statistical analysis

Statistical analysis of all studies was performed with 
Graph Pad Prism software using either analysis of variance 
(ANOVA) with multiple comparisons test or unpaired t test. 
Number of replicates for each experimental condition and p 
values for all results are indicated in their respective figure 
legends.

Results

PSAT1 expression increases with TNBC grade

In support of the clinical relevance of the serine synthetic 
pathway in TNBC, we performed immunohistochemistry 
analysis of breast tissue samples from normal tissue, or at 
varying grades of TNBC. Similar to previous reports [8], we 
found that normal breast tissues express low levels of PSAT1 
compared to TNBC (Fig. 1). Quantitation of PSAT1 staining 

revealed a trend towards elevated levels in grade 1 tumor 
tissue that is significantly increased in higher grades within 
these TNBC tissues (Fig. 1). These results demonstrate that 
PSAT1 is expressed in breast tumor tissue, suggesting that 
PSAT1 has a potential role in the progression of TNBC.

Suppression of PSAT1 inhibits migration 
and invasion of select TNBC cell types 
without affecting cell proliferation

Prior studies have established the SSP as a crucial pathway 
in cancer progression, including TNBC [6, 20]. However, 
most of this work has focused on a subset of TNBC des-
ignated as “serine-synthesis dependent” in which suppres-
sion of any of the SSP enzymes causes a significant prolif-
erative defect. However, there are cell lines in which serine 
synthesis is dispensable for cell proliferation; yet they still 
upregulate SSP enzymes when compared to normal breast 
tissue [6]. This increased expression of SSP enzymes, 
namely PSAT1, in these serine synthesis-independent cell 
lines suggests that they may promote tumorigenic properties 
beyond enhanced proliferation. Based on this, we sought to 
determine if there was a metastatic role for PSAT1 in two 
defined serine synthesis-independent TNBC cell models, 
MDA-MB-231 and HCC1806 [6]. We first found differen-
tial expression of PHGDH and PSAT1 in both cell types. 
While MDA-MB-231 cells predominantly expressed PSAT1 
compared to low level of PHGDH, HCC1806 cells exhibited 
similar levels of both SSP enzymes (Supplementary Fig. 1).

Consistent with previous reports [7], we found that loss 
of PSAT1, via either stable shRNA or transient siRNA 
silencing, did not negatively affect cell proliferation 
(Fig. 2a, b, Supplemental Fig. 2a, b). Alteration in cell 
morphology, in part due to changes in actin cytoskeleton 
rearrangement, can directly influence the motile capabil-
ity of tumor cells. To examine whether loss of PSAT1 
affected cytoskeleton structure and cell morphology, we 
performed phalloidin staining to visualize the F-actin 
cytoskeleton structure. Upon suppression of PSAT1, 
MDA-MB-231 cells exhibited changes in both F-actin 
cytoskeleton arrangement and overall cell morphology 
compared to control cells (Fig. 2c). In particular, there 
was a reduction in the spindle-shaped morphology nor-
mally observed in these TNBC cells and a disruption in 
the actin stress fibers (Fig. 2c). These results suggest that 
PSAT1 may be important for maintenance of cell mor-
phology and may contribute to other tumorigenic prop-
erties in the MDA-MB-231 cells, particularly cell motil-
ity. To determine the relevance of PSAT1 loss on this 
cellular function, we examined the migratory ability of 
MDA-MB-231 cells, by both wound healing and Boyden 
chamber transwell assays. Both stable and transient sup-
pression of PSAT1 significantly decreased motility of 
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MDA-MB-231 cells by > 50% in both experimental pro-
cedures (Fig. 2d, e, Supplemental Fig. 2c, d). We next 
investigated the invasive potential of these cells using 
matrigel coated transwells and found that suppression of 
PSAT1 also significantly inhibited MDA-MB-231 cell 
invasiveness (Fig. 2f).

To determine if these results were unique to these 
cells or extend to other serine synthesis independent cell 
systems, we examined the effects of PSAT1 suppression 
on HCC1806 cells that exhibit comparable PSAT1 and 
PHGDH expression (Supplemental Fig. 1). Similar to the 
MDA-MB-231 cells, we observed no proliferative defect 
upon transient loss of PSAT1 (Fig. 3a, b). In addition, 
changes in HCC1806 actin stress fibers and cell morphol-
ogy as seen with phalloidin staining was also compara-
ble to the MDA-MB-231 cells upon PSAT1 suppression, 
wherein cells exhibited loss of elongated stress fibers 
(Fig. 3c). Consistent with these findings, the migratory 
ability of these cells was also significantly inhibited in 
both the wound healing (Fig. 3d) and Boyden chamber 
migration assays (Fig.  3e) upon PSAT1 suppression. 
Taken together, these results suggest that while PSAT1 
silencing does not adversely affect the proliferative capac-
ity, PSAT1 loss does significantly inhibit the motility and 
invasion potential of serine synthesis-independent TNBC 
cells.

Suppression of PHGDH does not phenocopy the loss 
of PSAT1 on migratory ability

Given the differential levels of PHGDH between these cell 
lines, this data suggests that the function of PSAT1 in con-
tributing to motility may be separate from its primary role 
in serine synthesis. To more directly examine this, we tested 
both MDA-MB-231 (low PHGDH) and HCC1806 (similar 
PHGDH expression to PSAT1) under both stable and tran-
sient suppression of PHGDH within the in vitro motility and 
migration assays. As PHGDH catalyzes the rate-limiting step 
in cellular serine production, suppression of this enzyme 
will underscore the relevance of the SSP for the inhibitory 
effects we observe. Similar to previous studies, we found no 
significant effect on proliferation upon loss of PHGDH in 
the MDA-MB-231 cells (Fig. 4a, b, Supplemental Fig. 3a, 
b). Unlike our studies with PSAT1 silencing, PHGDH sup-
pression did not affect the cell morphology or the F-actin 
cytoskeletal structure as observed by phalloidin staining 
(Supplemental Fig. 3c). We also observed no significant 
inhibition in either the wound healing (Fig. 4c, Supplemen-
tal Fig. 3d) or Boyden chamber migration assays (Fig. 4d, 
Supplemental Fig. 3e), contrary to our PSAT1 studies.

Alternatively, we also investigated PHGDH function in 
the HCC1806 cells to demonstrate that these effects are 
not dependent simply on the dysregulation of the serine 

Fig. 1   PSAT1 expression 
increases with TNBC grade. 
a Formalin-fixed paraffin 
embedded tissue sections were 
examined by immunohistologi-
cal staining for PSAT1. Shown 
are two independent repre-
sentative images (×20) from 
either normal breast tissue or 
from different grades of TNBC 
from TMA core sections. b 
Quantitation of PSAT1 stain-
ing demonstrates a significant 
increase in expression in higher 
TNBC grade. Relative levels of 
PSAT1 was determined from 
multiple independent TMA 
sections from normal breast tis-
sue (n = 7), or grade 1 (n = 11), 
grade 2 (n = 14), and grade 3 
(n = 14) TNBC. Quantifica-
tion is demonstrated as relative 
level (positive/total pixel) of 
PSAT1 expression and shown 
are mean ± SEM. *p < 0.01, 
**p < 0.005, ***p < 0.0001

PSAT1

Normal Grade 1 Grade 2 Grade 3 

Normal 1 2 3
0.0

0.2

0.4

0.6

R
el

at
iv

e 
Le

ve
l

(P
os

iti
ve

 / 
To

ta
l P

ix
el

s)

Grade

***

***

*
**

A

B



192	 Clinical & Experimental Metastasis (2020) 37:187–197

1 3

synthesis pathway. Similar to MDA-MB-231 cells, sup-
pression of PHGDH did not affect HCC1806 proliferation 
(Fig. 5a, b), F-actin cytoskeletal arrangement compared to 
control cells (Fig. 5c), nor inhibit the migratory ability of 
these cells as observed in wound healing (Fig. 5d) or Boyden 
chamber migration (Fig. 5e). These results demonstrate that 
suppression of PHGDH does not phenocopy the effects on 
cell morphology, motility, and migration that are observed 
upon PSAT1 silencing. This suggests that promotion of the 
metastatic characteristics, such as migration and invasion, 
seen in these serine synthesis-independent TNBC is selec-
tive for PSAT1, which may be driven through a function 
unrelated to its role in de novo serine production.

Suppression of PSAT1 inhibits experimental 
metastasis

To further investigate the potential role of PSAT1 in TNBC 
progression, we utilized an established mouse model of 
experimental metastasis entailing TNBC lung nodule for-
mation after tail-vein injection (Fig. 6a) [21]. Sixty days 
post-injection, we found a significant decrease in the num-
ber of micro-metastatic foci from MDA-MB-231 cells lack-
ing PSAT1 compared to mice injected with control cells 
(Fig. 6b, c). To ensure that the decrease observed was not 
due to a loss of anchorage-independent growth, we exam-
ined both control and PSAT1 silenced cells for the ability 
to grow in soft agar. We found that loss of PSAT1 does not 
affect soft-agar colony formation of these cells (Supplemen-
tal Fig. 4), supporting that loss of PSAT1 suppresses the 
experimental metastasis of TNBC.

Discussion

In this report, we demonstrate that PSAT1 expression 
increases in higher grades of TNBC. Through our func-
tional studies employing various suppression approaches 

in multiple cell systems, our data now highlights PSAT1 
as a new driver of migration, invasion, and experimental 
metastasis through influencing F-actin cytoskeleton rear-
rangement and cell morphology in serine synthesis inde-
pendent TNBC. Unlike PHGDH, no genetic amplifications 
have been observed for PSAT1 [6]; yet elevated levels are 
presumably the result of oncogenic pathways that promote 
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expression of downstream effectors, such as PSAT1, that 
are required for TNBC progression and metastasis [9, 19].

Multiple studies have previously demonstrated that acti-
vating transcription factor 4 (ATF4) can control PSAT1 
expression. ATF4 has been shown to regulate PSAT1 in 
several different cancer types, including breast cancer [9, 

16, 22, 23]. Importantly, in all tumors examined, ATF4 
activation increases expression of not only PSAT1 but also 
enzymes within the entire serine synthesis pathway, includ-
ing PHGDH and PSPH. As this is not selective for PSAT1 
expression, as we have found in the MDA-MB-231 cells, 
this suggests other regulatory mechanism(s) in TNBC that 
may be directly controlling PSAT1. Within breast can-
cer, the transcription factors TAZ/YAP have been shown 
to have higher activity in basal breast cancer subtype and 
to selectively induce expression of PSAT1 in TNBC, spe-
cifically in the MDA-MB-231 cell line [19]. TAZ expres-
sion is activated by the overexpression of the transcription 
factors Twist and Snail [24]. This increased TAZ/YAP 
expression/activity has been correlated with high histologi-
cal grade breast cancer [24] as well as the promotion of 
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oncogenic transformation, enhancing tumorigenic proper-
ties, induction of cancer stem cell-like activity and resist-
ance to breast cancer drug therapies [25]. TAZ/YAP have 
also been linked to increased metastatic capability in breast 

cancer [26]. In addition, PSAT1 has also been shown to be 
induced by mTOR and be under the regulation of the PI3K/
Akt/mTOR pathway in breast cancer [27]. This pathway has 
been demonstrated to increase as breast cancer progresses 
with the highest expression levels correlating with higher 
grade mammary tumors [28]. The PI3K/Akt/mTOR path-
way has also been highly associated with metastasis [28]. 
Taken together, multiple pro-tumorigenic pathways converge 
to increase PSAT1 expression that functions to promote the 
migration and invasion potential of TNBC.

We now show that suppression of PSAT1 in two defined 
serine synthesis-independent TNBC cell lines does not affect 
cell proliferation, yet, there is a significant reduction in the 
cell migration and invasive properties due, in part, to altera-
tions in F-actin cytoskeletal rearrangement and cell mor-
phology. Despite substantial PHGDH expression in a rep-
resentative cell type (HCC1806), these morphological and 
migration defects seem to be selective for PSAT1 as PHGDH 
suppression did not phenocopy loss of PSAT1. Further, 
PSAT1 contribution to experimental metastatic activity was 
observed as protein suppression significantly inhibits lung 
micro-metastasis formation without disrupting anchorage-
independent growth of these cells. As the tail-vein injection 
experimental model is limited in its assessment of the entire 
metastatic cascade, particularly tumor cell escape from a 
primary tumor, future examination of effects of PSAT1 loss 
in metastatic potential from primary orthotopic tumors will 
be necessary to fully assess its function in TNBC metastasis. 
Yet, these results suggest that PSAT1 may have an alternate 
function in contributing to TNBC metastasis that is separate 
from its role in serine synthesis.

It is important to note that these studies were carried out 
in TNBC cell types that have been designated as independent 
of de novo serine synthesis. While expressing SSP enzymes, 
there is little to no metabolic flux in these cells, thereby 
necessitating a requirement for external serine for cell pro-
liferation. Conversely, it is well documented that there are 
TNBC cell lines and patient tumors that are designated as 
serine synthesis-dependent. This subset exhibits extremely 
high expression of PHGDH primarily due to genetic ampli-
fications. This drives increased flux through the SSP and 
allows for growth in serine lacking conditions. Yet, even 
in serine complete conditions, suppression of PHGDH or 
PSAT1 causes a significant reduction in cell proliferation 
in vitro due to disruptions in glutaminolysis and nucleotide 
production [6, 9]. In addition, suppression of PHGDH, or the 
use of PHGDH inhibitors, have been shown to have a detri-
mental effect on the growth of these tumors in vivo [6, 29].

While serine synthesis-dependent tumor cells are sensi-
tive to PHGDH inhibitors, these compounds had no effect on 
serine synthesis-independent cell types [29] and furthermore 
did not affect serine flux within this subset [6]. Consistent 
with these results, suppression of PSAT1 or PHGDH also 
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did not affect the proliferative capacity in the MDA-MB-231 
cells in our studies [6, 7]. Conversely, others have also dem-
onstrated that overexpression of PSAT1 in other independent 
cell types was able to increase proliferation and metastatic 
capability [9]. Whether these effects were directly due to 
increased de novo serine synthesis is unclear but supports a 
role for PSAT1 in promoting cell metastasis. These previous 
findings coupled with our results demonstrating the inhibi-
tory effects upon suppression of PSAT1 indicate a selective 
role for PSAT1 and not a result of dysregulation of de novo 
serine production.

While these results suggest an activity for PSAT1 
apart from serine synthesis, its pro-migratory and inva-
sion function(s) in these cell types is unclear. There have 
been several mechanisms proposed for non-canonical 
functions of PSAT1. For example, in esophageal cancer, 
PSAT1 acts upstream of Akt that controls downstream tar-
gets of GSK-3β and Snail, which work to promote tumor 
progression and enhance metastatic characteristics [11]. 
In non-small cell lung cancer, it has been suggested that 
PSAT1 inhibits the degradation of cyclin D1, which leads 
to an alteration in the Rb-E2F pathway [13]. However, 
despite these potential non-canonical activities of PSAT1, 
decreased PSAT1 generally resulted in loss of cell prolif-
eration. This is not evident in our systems and suggests 
another yet unknown function. Alternatively, Yang et al. 
postulates that TAZ/YAP’s regulation of PSAT1 is driven 
by a need to generate α-ketoglutarate in order to feed into 

the TCA. They found that the serine-independent MDA-
MB-231 cell line exhibits a high level of TAZ/YAP and 
is designated as glutamine dependent [19]. This obser-
vation from Yang et al. combined with the implications 
of TAZ/YAP in metastasis indicates that this might be a 
mechanism in which PSAT1 is contributing to the meta-
static characteristics of TNBC. In addition, the observed 
disruption in actin fibers upon suppression of PSAT1 indi-
cates that PSAT1 may contribute particularly to metastatic 
potential by maintenance of cytoskeleton structure in pro-
moting cell motility.

Given the extent of PSAT1 expression across TNBC, 
even within subsets not dependent on de novo serine 
synthesis, suggests that it may serve an alternate func-
tion. These studies support a non-canonical role as loss 
of PHGDH did not phenocopy PSAT1 suppression. Con-
tinued work will be necessary to define whether PSAT1 
functions in a similar manner in additional TNBC cell 
types and the mechanisms by which PSAT1 supports 
TNBC metastasis. Yet, despite the uncertainty of these 
mechanism, we believe that PSAT1 is an appealing poten-
tial therapeutic target for TNBC patients; particularly in 
suppressing metastatic spread.
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