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Abstract: Activating transcription factor 4 (ATF4) is a crucial mediator of the integrated stress response and a nega-
tive regulator of RET tyrosine kinase receptor in medullary thyroid carcinoma (MTC). However, the impact of genomic
abnormalities in the ATF4 locus on MTC pathogenesis and response to tyrosine kinase inhibitor therapy remains un-
known. Here, we evaluated ATF4 copy number variation and protein levels, with overall survival and response to TKls
in a clinical cohort of fifty-nine sporadic primary MTC. We assessed the somatic RETV®*8T mutation by sequencing,
ATF4 copy number by a real-time polymerase chain reaction, and ATF4 protein levels using immunohistochemistry.
This MTC cohort comprised 45 (76%) stage IV patients with a median follow-up of 100 months (interquartile range:
58-134 months). Somatic RET?T was present in 23/57 (40%) tumors. Mono-allelic (36%; 21/59) and bi-allelic
(5%; 3/59) loss of ATF4 was identified and was associated with low ATF4 protein expression (0-20%). Kaplan-Meier
curves highlight low ATF4 protein or ATF4 loss alone had a significant negative impact on median survival com-
pared to high protein expression (P<0.001) or diploid ATF4 (P=0.011), respectively. The combination of somatic
RET918T and low ATF4 protein levels further decreased overall survival. Both allelic loss and protein reduction were
associated with worse overall survival (HR=3.79, 4.06 +RET"®*¥T and HR=10.64, 11.66 +RET"®8" respectively).
Additionally, all 4 of the 11 patients treated with TKls with a progressive disease by RECIST had low tumor ATF4
protein, with the two partial responder’s tumors having high ATF4 protein. These findings suggest that ATF4 may
predict response to tyrosine kinase inhibitors, serve as a prognostic marker for personalized care, and a therapeutic
target in MTC.
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Introduction ture, thereby switching on the enzymatic func-
tion and altering RET’s substrate specificity [9].

MTC originates from the calcitonin secreting

parafollicular cells (C-cells) in the thyroid gland
accounting for 3-7% of all thyroid cancer [1].
Despite the low frequency, MTC causes a dis-
proportionate number of thyroid cancer dea-
ths. Somatic RET activating mutations are ob-
served in 30-45% of sporadic MTC [2]. Overall
10-year survival for MTC patients with stage IV
is 21% [3, 4]. Fifty-75% of MTC patients have
metastatic disease involving local lymph nodes
and 10-15% with the lung, liver, bone, and
brain at the time of diagnosis [5, 6]. Oncogenic
RET proteins activate a complex network of sig-
nal transduction pathways, including the Raf/
MEK/ERK cascade and phosphatidylinositol-3
kinase (PISBK/AKT) pathway [7, 8]. The M918T
mutation modifies the kinase domain struc-

Our previous report demonstrated that acti-
vated RET interacts with and phosphorylates
ATF4, leading to ATF4 degradation and inhibi-
tion of ATF4 transcriptional activity [10]. Ecto-
pic expression of ATF4 in MTC cells decreased
cell survival, inhibited ERK activation, AKT, and
mTOR signaling pathways, and causes ubiqui-
tin-mediated degradation of RET [11]. More-
over, ATF4 knockdown decreased sensitivity to
tyrosine kinase inhibitor (TKI)-induced apopto-
sis [11]. Atf4 heterozygote and knockout mice
develop C-cell hyperplasia, a precursor lesion
linked to hereditary MTC development [11]. The
RET expression was increased in parafollicular
C cells of the Atf4 heterozygote thyroid gland
compared to wild-type mice that may mediate
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the proliferation of parafollicular C cells and
develop C-cell hyperplasia [11].

ATF4 is a key mediator of the integrated stress
response and apoptosis inducer under exces-
sive oxidative stress [12]. We have shown that
TKls activates ATF4 and promote apoptotic cell
death by induction of proapoptotic genes. The
combination of eeyarestation, an inducer of
ATF4 with TKis, led to a synergistic increase of
oxidative stress and cell death [13]. Small mol-
ecule ONC201 increases the mRNA expression
of ATF4 and inhibits tumor growth in mice [14].

Karyotyping and chromosomal-based compar-
ative genomic hybridization (CGH) studies dem-
onstrated various chromosomal alterations in
MTC [15-22]. These studies revealed allelic
loss to be more prevalent than allelic gains,
and allelic loss was most frequent in four loci-
7936.1, 12p13.31, 13g12.11, 19p13.3, and
large chromosomal losses involved 22 and 1p
[23]. Chromosome 22 is a common region of
loss of heterozygosity in many cancers and is
the locus of ATF4 [24-30]. However, the impact
of genomic abnormalities in the ATF4 locus on
pathogenesis and response to therapy in MTC
remains unknown. This study aims to investi-
gate the copy number variation of ATF4 and
whether the loss of function of ATF4 is associ-
ated with poor overall survival and predicts
response to TKl-induced cell death.

Materials and methods
MTC patients and clinical data

We performed a retrospective study of 59 pa-
tients with MTC who underwent surgery bet-
ween 1986 to 2015 at The University of Texas
MD Anderson Cancer Center with approval
from the Institutional Review Board. A patholo-
gist confirmed all diagnoses at the institution.
The primary tumor’s pathology variables in-
cluded tumor size (greatest dimension) and
extrathyroidal extension, including macroscop-
ic involvement based on the surgeon’s opera-
tive report. TNM staging was based on the
American Joint Committee on Cancer 7" edi-
tion staging criteria [31]. Nodal status was as-
signed as NX if no lymph nodes were removed
at surgery. RET germline mutation (exon 16)
status was determined by sequencing. Disease
status was censored at the last evaluation or
time of death. Overall survival was measured
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from the date of diagnosis, defined as the date
of initial surgery, until death from any cause. Of
these 59 patients, the 11 patients who were
treated with a TKI or a combination of different
TKls (e.g., sunitinib, vandetanib, cabozantinib)
were analyzed for the response to treatment.
Response Evaluation Criteria In Solid Tumors
(RECIST) criteria were used to determine radio-
graphic tumor response rate. Progressive dis-
ease (PD) was defined as the following: a >20%
increase in the sum of diameters of target
lesions and an absolute increase of at least 5
mm relative to the smallest such sum mea-
sured; the appearance of 1 or more new le-
sions; and/or unequivocal progression of non-
target lesions. Stable disease (SD) was defin-
ed as neither sufficient shrinkage to qualify as
a partial response nor sufficient increase to
qualify as progression disease, relative to the
smallest sum of diameters measured. Partial
response (PR) was defined as at least a 30%
decrease in the sum of the longest diameters
of target lesions, compared with the baseline
sum of diameters.

Patients who were treated with TKls also under-
went biochemical analysis for tumor biomark-
ers calcitonin at the time of diagnosis, during
treatment, and through the follow-up period. A
>50% decrease from baseline (pre-treatment)
calcitonin levels was defined as a partial res-
ponse (PR), and a 20%-50% change from base-
line was defined as stable disease (SD).

Copy number analysis

Genomic DNA was extracted from paraffin-em-
bedded tissue following macrodissection to
contain at least 80% tumor using the QlAamp
DNA FFPE tissue kit (QIAGEN) according to
the manufacturer’s instructions. DNA quality
(260:280 ratio) and concentration were as-
sessed by NanoDrop (ND-100 spectropho-
tometer, Thermo Fisher Scientific) and then
diluted to generate a uniform DNA concentra-
tion (5 ng/ul per replicate/reaction). We used
a TagMan-based copy number assay specific
for ATF4 (NCBI location: Chr 22: 39519709-
3952268; assay gene location: exon 2; cyto-
band: 22q13.1; assay reference genome loca-
tion: Chr 22: 39521668 on NCBI build
GRCh38.2) (assay ID: Hs01046325_cn, Life
Technologies). We used the copy number
assay human RNAase-P (Life Technologies,
#4401631) as a reference. Briefly, each 20-pl
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reaction mixture was run in a 96-well plate
with four replicates per sample, each contain-
ing five ul of DNA sample at five ng/ml, ten pl
of Tagman master, one microliter of copy num-
ber assay for ATF4, and one ul of reference
assay RNAase-P. The real-time polymerase
chain reaction system’s program was 10 min-
utes of polymerase activation at 95°C, followed
by 40 cycles at 95°C for 15 seconds and 60°C
for 1 minute. We verified that amplification
curves for the reference assay (VIC signal) and
the copy number assay (FAM signal) have a dis-
tinct, linear amplification phase. The data were
imported to CopyCaller Software V2.0 (Life
Technologies) for comparative Ct (delta-delta
Ct) relative quantification analysis of the real-
time data. The comparative CT (delta-delta CT)
method first calculates the difference (delta
CT) between the threshold cycles of the target
and reference assay. Then, the method com-
pares the delta CT values of the test samples
to a calibrator sample that contains a known
number of copies of the target sequence (hu-
man genomic DNA, male and female (Catalog
#G1521, G1571, Promega). The analysis para-
meters for VIC-CT detection threshold were set
to 32 cycles, and the calibrator sample copy
number was set at two. The calculated and
predicted copy number is shown.

Immunohistochemistry

Sequential sections from formalin-fixed, paraf-
fin-embedded tissue blocks were fixed to
charged slides. After deparaffinization, slides
were treated with citrate buffer solution, and
endogenous peroxidases were inactivated in a
solution of 3% hydrogen peroxidase (Sigma-
Aldrich) for 15 minutes and incubated for 1
hour with blocking buffer (Avidin/Biotin Block-
ing Kit, Vector Laboratories). Tumor samples
were stained with ATF4 antibody (ab23760,
Abcam, dilution 1:100) for 1 hour at room tem-
perature, followed by rabbit horseradish per-
oxidase-conjugated secondary antibody and
peroxidase substrate (Vector Laboratories) for
detection. ATF expression was evaluated as a
percent of tumor cells with positive nuclear
expression. An ATF4 score of less than 20% of
nuclei positive for ATF4 was considered low
ATF4 expression, regardless of intensity. After
a review of the slides and observation of a
breakpoint in the expression pattern, the
threshold was determined. The images were
taken with a Leica microscope at 20x and 40x%
magnification.
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Statistical analysis

Categorical variables were summarized by fre-
quencies and percentages and compared bet-
ween groups using Fisher exact tests; continu-
ous variables were summarized using means,
standard deviations, medians, and ranges and
compared between groups by 2-sample t-tests
or analysis of variance if more than two sub-
groups were compared. Unadjusted survival
distributions were estimated by the Kaplan-
Meier method and compared using the log-
rank test. Cox proportional hazards regression
models were used to evaluate the associ-
ations between overall survival and covariates
of interest. Multivariable Cox regression mod-
els were fitted for covariate of interests (ATF4
protein, copy number, and combination with
RET mutation), adjusting age and N stage (with
a p-value less than 0.1 in univariable analy-
sis). The proportional hazards (PH) assump-
tions were checked with Schoenfeld Resi-
duals, and no PH violation was observed.
Firth's penalized Cox regression models were
fitted when there was no observed death
event for a covariate-defined subgroup. All
statistical analyses were performed using R
version 3.6.3, including R packages of sur-
vival (URL: https://CRAN.R-project.org/pack-
age=survival) and coxphf (https://CRAN.R-pro-
ject.org/package=coxphf). All statistical tests
used a significance level of 5%.

Results
Patient characteristics

The median age at diagnosis was 52 years
(range 23-73 years). Twenty-six (44%) were
male, and 33 (56%) were female. Forty-five
(76%) patients were stage IV. Twenty-four (41%)
patients presented with distant metastasis at
diagnosis. The median follow-up time was 100
months (interquartile range 58-134 months).
All patients were clinically verified as non-
hereditary through genetic testing. Twenty-
three (40%) of the sporadic MTCs in this cohort
showed a somatic RETV®18T mutation (Table 1).

Allelic loss of ATF4 in medullary thyroid carci-
noma

Previously, using array-based CGH in MTC
patients, we found losses at 22g13.1, to
which ATF4 maps (Start: 38,246,515; Stop:
38,248,637) in 40% of sporadic MTCs and
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Table 1. Summary of patient and tumor characteristics overall and by ATF4 copy number

ATF4 gene copy number

Variable N Overall 0 copy (ON) 1 copy (IN) 2 copies (2N)  p-value
(n=3) (n=21) (n=35)
Age, median (range), years 59 52 (23-73) 38 (34-40) 54 (28-73) 52 (23-72) 0.199
Sex, N (%) 59 0.414
Female 33 (56) 1(33) 10 (48) 22 (63)
Male 26 (44) 2 (67) 11 (52) 13 (37)
RETY918T mutation, N (%) 57 0.811
Positive 23 (40) 1(33) 10 (48) 12 (36)
Negative 34 (60) 2 (67) 11 (52) 21 (64)
pT category, N (%) 57 0.599
T1 13 (23) 0(0) 3 (15) 10 (29)
T2 12 (21) 0(0) 4 (20) 8 (24)
T3 16 (28) 1(33) 6 (30) 9 (26)
T4a 16 (28) 2 (67) 7 (35) 7 (21)
pN category, N (%) 57 0.853
NO 13 (23) 0(0) 4 (19) 9 (27)
N1/N1a 9 (16) 0 (0) 4 (19) 5 (15)
Nib 35 (61) 3 (100) 13 (62) 19 (58)
M category, N (%) 59 0.742
MO 35 (59) 1(33) 13 (62) 21 (60)
M1 24 (41) 2 (67) 8(38) 14 (40)
Extrathyroidal invasion, N (%) 45 0.258
No 27 (60) 2 (67) 6 (43) 19 (68)
Yes 18 (40) 1(33) 8 (57) 9(32)
Distant metastases, N (%) 52 0.466
No 28 (54) 1(33) 8 (44) 19 (61)
Yes 24 (46) 2 (67) 10 (56) 12 (39)
Stage, N (%)* 59 0.571
| 5 (8) 1(33) 0(0) 4(11)
Il 4(7) 0(0) 1(5) 3(9)
1l 5(8) 0(0) 2 (10) 3(9)
IVa 16 (27) 0(0) 6 (29) 10 (29)
IVe 29 (49) 2 (67) 12 (57) 15 (43)

N = total number per variable; “AJCC 7™ edition.

accompanied by RETM918T mutations [23]. We
examined 59 MTC cases for ATF4 copy num-
ber variation to validate the CGH data, using
real-time quantitative polymerase chain reac-
tion (Figure 1A). Of the 59 patients, 3 (5%)
showed bi-allelic loss of ATF4 (ON), and 21
(35%) showed mono-allelic loss of ATF4 (1N)
with the remaining 35 tumors consistent with
diploid genotype (2N) (Figure 1; Table 1). There
were no cases with ambiguous results or with
amplification. Clinicopathologic factors, includ-
ing age at diagnosis, sex, TNM stage, and
somatic RETV8T mutation status, did not sig-
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nificantly differ between cases with or without
ATF4 allelic loss (Table 1).

ATF4 allelic loss is associated with low ATF4
protein levels and poor overall survival of MTC
patients

To determine whether somatic ATF4 gene copy
loss at the chromosomal level is associated
with decreased ATF4 protein levels, we ana-
lyzed ATF4 protein expression in the tumors
using immunohistochemical analysis. We ob-
served that 33 (56%) of the analyzed MTCs

Am J Cancer Res 2021;11(6):3227-3239



ATF4 loss in medullary thyroid carcinoma

A 2.5 4
—
| 2™ 2.0
EZ
58 -
22 15
29
Q 1.0
8 (&)
0.5 1
0.0 -
D RS DA D 00D E R R R AR D RN AP AP AR R AD AN AL AR AP PP A AR AR D D P P P D R RSP S DD P PPN PP
Patient number
3.0 1
—
8o
EL 201
c3
2t
oo
0.0 -
L 2l 2 i L W

"B EH DA D PNT RIS S DB AP PP D AP D PRSPl aB AP P aD P PR P N PP PP S PP

Patient number

B 1copy 2 copies 2.5 copies
"3‘:.“?."\!:-- % n;;ﬁ?:‘ "‘. 2 '-.{{‘ ;‘r*‘-."-;" <0 ?:

g Wy W "?’_, '!!"L_'; ".'\:ﬁ.-:?-;a:: ey
< . ol Py ¥ ~ et -
g 7 B2 - Gy A ?“; - ...\_..‘:’
p RS
= ‘
®
(=2}
@
z Ton

.9 Ygd

- YN - - pt ‘F.hlg

. ‘*;'Z';”;"_A; N B TRy ‘;;arg,;;‘-'g-.'.'ijt ™ _c.““_"' ,:_'
5 Rearet e OV v LN RE
£ e M - 304" SN Rhv s ? M
g !
(8]
)
2
@
o
a

Figure 1. Somatic ATF4 copy number loss associated with decreased protein levels in primary medullary thyroid carcinomas (MTC). A. Copy number variation
analysis of MTC tumors using real-time polymerase chain reaction and CopyCaller Software V2.0 (n=59). The top plot displays the calculated copy number of each
sample, and bars indicate the minimum and maximum copy number (CN) calculated for the sample replicate group. The bottom plot displays the predicted copy
number. B. Immunohistochemical analysis of ATF4, Hematoxylin, and eosin staining in primary MTCs. The representative of ATF4 staining of primary tumors with
0 copy, one copy loss, two copies, a case with 2.5 ATF4 copies, and corresponding H&E staining. A negative control (spleen tissue) and positive control (normal
thyroid) for ATF4 are shown.
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Table 2. Summary of characteristics overall and by ATF4 protein levels

Variable N Overall High (n=26) Low (n=33) p-value
Age (range), years 59 52 (23-73) 52 (23-70) 53 (28-73) 0.862
Sex, N (%) 59 1.000
Female 33 (56) 15 (58) 18 (55)
Male 26 (44) 11 (42) 15 (45)
RETV918T mutation, N (%) 57 0.786
Positive 23 (40) 11 (44) 12 (38)
Negative 34 (60) 14 (56) 20 (62)
pT category, N (%) 57 0.036
T1 13 (23) 8(32) 5 (16)
T2 12 (21) 8(32) 4 (12)
T3 16 (28) 6 (24) 10 (31)
T4a 16 (28) 3(12) 13 (41)
pN category, N (%) 57 0.644
NO 13 (23) 7 (29) 6 (18)
N1/N1a 9 (16) 3(12) 6 (18)
N1b 35 (61) 14 (58) 21 (64)
M category, N (%) 59 0.795
MO 35 (59) 16 (62) 19 (58)
M1 24 (41) 10 (38) 14 (42)
Extrathyroidal invasion, N (%) 45 0.371
No 27 (60) 13 (68) 14 (54)
Yes 18 (40) 6 (32) 12 (46)
Distant metastases, N (%) 52 0.269
No 28 (54) 14 (64) 14 (47)
Yes 24 (46) 8 (36) 16 (53)
Stage, N (%)™ 59 0.504
| 5 (8) 3(12) 2 (6)
Il 4(7) 3(12) 1(3)
1 5(8) 2(8) 3(9)
IVa 16 (27) 8 (31) 8 (24)
IVe 29 (49) 10 (38) 19 (58)

N = total number per variable; “AJCC 7" edition.

(n=59) had low ATF4 protein expression, defin-
ed as less than 20% nuclear staining (Figure
1B; Table 2). Among cases with low ATF4 pro-
tein levels, 9 of the 33 patients (27%) had
retained diploid ATF4 (2 copies). To investigate
the functional role of ATF4 through allelic loss
and/or decreased ATF4 protein expression in
MTC, we correlated these factors with pati-
ents’ overall survival. We found that MTC
patients whose tumor samples had somatic
ATF4 loss (1 or 2 copy loss) had markedly wor-
se overall survival than patients whose tumors
had normal copy numbers of ATF4 (HR=3.26
[95% Cl: 1.25-8.54]; P=0.016) in univariable
Cox analysis (Figure 2A; Table 3). In the multi-
variable Cox analysis adjusting age and N
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stage, patients with somatic ATF4 loss also
showed worse 0S (HR=2.24, 95% CI: 0.91-
6.15), although results were not statistically
significant (P=0.08). The median overall sur-
vival time was 111.3 months (95% CI: 84.9
months-not reached) in patients whose tu-
mors with chromosomal loss of ATF4 (1N or
ON) but was not reached in patients whose
tumors had two copies of ATF4 (P=0.011,
Figure 2A). Similarly, patients whose tumors
had low or no ATF4 protein expression had
markedly worse overall survival than patients
whose tumors had high ATF4 expression
(HR=6.21 [95% CI: 1.81-21.28]; P=0.004) in
univariable Cox analysis (Figure 2B; Table 3).
These results were confirmed by the multivari-

Am J Cancer Res 2021;11(6):3227-3239
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Figure 2. Overall survival (OS) of MTC patients with ATF4 loss. A. Overall survival based on somatic ATF4 copy hum-
ber normal (2N) versus loss (0 or 1 copy). Log-rank test, *P=0.011. The median OS for patients with ATF4 copy num-
ber loss was 111.3 months (95% Cl: 84.9 months to not reached), 2N: 2 copies of ATF4). B. Overall survival based
on ATF4 protein levels (High >20% nuclear expression; Low, <20% nuclear expression) in primary tumors by immu-
nohistochemical analysis. Log-rank test, **P<0.001. The median OS time for low ATF4 protein was 111.3 months
(95% CI: 84.9 months to not reached). C. Overall survival of MTC patients according to somatic ATF4 copy number
in combination with somatic RETV98T mutation status (RET"®¢ negative for RETV9T mutation vs. RETV®8T present;
ATF4 loss (only one or no copies of ATF4). The median OS time for ATF42N/RET"¢ was not reached; the median OS
for ATF4 loss/RET"9'8T was 87.7 (95% Cl: 84.9-Not reached); the median OS for ATF4 loss /RET™¢, was 111.3 (95%
Cl: 74.6-Not reached); the median OS time for ATF4 2N/RETV918T was 143.7 (95% CI: 107.5-Not reached)). Log-rank
test, P=0.098. D. Overall survival based on ATF4 protein levels and somatic RETV9T mutation status. ATF4-High/
RET"¢, median OS time was not reached; the median 0S time for ATF4-High/RET'98T was 143.7 (95% CI: 107.5-Not
reached); the median OS time for low/RETY98T was 87.7 (95% CI: 31.4-Not reached) and the median OS time for
low/RET™€ was 113.3 (95% Cl: 74.6-Not reached); Log-rank test, *P=0.01.

able Cox analysis adjusting age and N stage (HR=4.06 [95% CI 1.07-15.41]; P=0.040) or
(HR=4.03 [95% Cl: 1.42-15.45]; P=0.007). The ATF4 protein loss (HR=11.66 [Cl 1.47-92.29];
median overall survival time for low ATF4 pro- P=0.02) were observed to be a significant pre-
tein was 111.3 months (95% Cl: 84.9 months- dictor of the outcome in univariable Cox analy-
not reached), and the median overall survi- sis (Table 3). The multivariable Cox analysis,
val was not reached for high ATF4 (P<0.001, adjusting age and N stage, also showed signifi-
Figure 2B). cance when low ATF4 protein levels were com-

bined with RET“®'T mutation (HR=5.80 [CI
RETVI8T mutation and ATF4 loss 1.29-54.93]; P=0.019). Notably, in univariable

analysis, RET"18T mutation alone was not as-
Thirty-three of the 59 (56%) MTCs had a loss sociated with worse survival in this cohort
of ATF4 protein, of which twelve had a concur- (HR=1.49 [CI 0.62-3.61]; P=0.376) (Table 3).
rent RETV'8" mutation (Table 2). The combina- Grouping patients by the ATF copy number and
tion of RET**T mutation and ATF4 copy loss RETV918T status, the median overall survival
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Table 3. Univariable and multivariable Cox analysis of overall survival by clinical and tumor character-
istics

Prognostic Factor N Events HR 95% Cl p-value
Age

<52 (ref) 30 10 - - -

>52 29 10 1.39 (0.56, 3.47) 0.478
Sex

Female (ref) 33 9 - - -

Male 26 11 0.93 (0.35, 2.44) 0.883
ATF4 protein

High (ref) 26 3 - - -

Low 33 17 6.21 (1.81, 21.28) 0.004
ATF4 copy number

2N (ref) 35 6 - - -

Loss, ON/1N 24 14 3.26 (1.25, 8.54) 0.016
RET918T mutation

Negative (ref) 34 9 - - -

Positive 23 11 1.49 (0.62, 3.61) 0.376
pT category

T2 (ref) 13 2 - - -

T2 12 2 0.57 (0.08, 4.14) 0.581

T3 16 5 1.51 (0.29, 7.92) 0.626

T4a 16 10 2.54 (0.53, 12.08) 0.242
pN category

NO (ref) 13 0 - - -

N1 44 20 11.52 (1.57, 1467.52) 0.009
M category

MO (ref) 35 8 - - -

M1 24 12 1.50 (0.59, 3.84) 0.395
Extrathyroidal invasion

No (ref) 27 6 - - i

Yes 18 6 1.26 (0.40, 3.96) 0.692
Stage”

| (ref) 5 2 - - -

Il 4 0 0.12 (0.00, 1.49) 0.103

1l 5 1 0.57 (0.05, 4.31) 0.578

IVa 16 4 0.24 (0.05, 1.51) 0.120

IVe 29 13 0.56 (0.16, 2.91) 0.437
ATF4 protein/RET mutation status*

High/negative (ref) 14 1 - - -

High/M918T 11 2 2.97 (0.26, 33.17) 0.378

Low/negative 20 8 10.64 (1.30, 87.10) 0.027

Low/M918T 12 9 11.66 (1.47,92.29) 0.020
ATF4 copy number/RET mutation status*

2N/negative (ref) 21 3 - - -

2N/M918T 12 3 1.68 (0.33, 8.47) 0.528

ON or 1N/negative 13 6 3.79 (0.93, 15.45) 0.063

ON or 1N/M918T 11 8 4.06 (1.07, 15.41) 0.040

ON: homozygous deletion, 1N: one copy, 2N: diploid, Low: <20% expression, High: >20% expression, HR: hazard ratio, MO18T:
RETM98T present, negative: absent RETV918T mutation, Ref: reference; ~AJCC 7' edition; *RET mutation status specifically for
M918T.
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Table 4. ATF4 expression may predict response to tyrosine kinase inhibitor (TKI) therapy. ATF4 protein
level and response rate to TKI according to serum calcitonin levels and RECIST criteria are shown

Total Response according to calcitonin levels  Response according to RECIST criteria

Variable
(n=11) PR (n=5) SD(n=2) PD(n=4) p-value PR (n=2) SD (n=5) PD (n=4) p-value
ATF4 protein, N (%) 0.018 0.05
High 4(37) 4(80) 0 0 2(100) 2(40) 0(0)
Low 7(63) 1(20) 2 (100) 4 (100) 0 (0) 3(60) 4 (100)

RET mutation, N (%)
M918T negative 9 (82) 5(100) 2 (100) 2 (50) 0.127 2(100) 5 (100) 2(50) 0.117
M918T positive 2 (18) 0 0 2 (50) 0 (0) 0(0) 2 (50)

N: total number per variable, PR: partial response, SD: stable disease, PD: progressive disease.

was determined (Table 3). The median overall
survival time of MTC patients with two ATF4
copies or high ATF4 expression but no RETV98T
was not reached but was 143.7 months [95%
Cl: 107.5-Not reached] in those with two ATF4
copies and RETV®18T mutation, and was 111.3
months [95% CI: 74.6-Not reached] in those
with low ATF4 protein expression and no
RETV18T (Figure 2C, 2D). The median overall
survival of patients with both ATF4 allelic loss
(AN or ON) and a somatic RETV®18T mutation
was 87.7 months [95% Cl: 84.9-NA] (P=0.098)
(Figure 2C). The median overall survival of
patients with both ATF4 low protein expression
and a somatic RETM9*T mutation was 87.7
months [95% Cl: 31.4-Not reached] (P=0.01)
(Figure 2D).

ATF4 loss and response to TKls

To determine whether the degree of ATF4 pro-
tein loss contributes to adverse outcomes af-
ter TKI treatment in MTC patients, we analyzed
the response to TKIs according to RECIST crite-
ria and tumor biomarker levels. In this cohort,
11 patients were treated with TKIs, including
cabozantinib (n=4), vandetanib (n=4), sunitinib
(n=1), cabozantinib combined with sorafenib
(n=1), and sunitinib combined with pazopanib
(n=1). Four patients showed high ATF4 protein
levels in their tumors, and 7 showed low tumor
ATF4 levels. Based on serum calcitonin levels,
5 of the 11 patients had a PR, 2 had SD, and 4
had PD (Table 4). According to the RECIST crite-
ria of the tumor by imaging, two patients had a
PR, 5 had SD, and 4 had PD (Table 4). Three of
the five patients who showed a PR by calcitonin
levels were considered to have SD according to
RECIST criteria (Table 4). Of the five patients
with PR according to calcitonin levels, four
tumors expressed high ATF4 by immunohisto-
chemistry analysis, and one tumor showed low
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ATF4 expression. All four patients with PD by
rising calcitonin levels had tumors with low
ATF4 protein levels (P=0.018; Table 4). Of the
two patients with PR according to RECIST crite-
ria, both had high tumor ATF4 protein levels,
and among the five patients with SD according
to RECIST, two had high tumor ATF4 protein,
and three had low tumor ATF4 protein levels by
immunohistochemical analysis (Table 4). All
four patients with PD, according to RECIST, had
low ATF4 levels (P=0.05) (Table 4). Somatic
RET mutation status was not significantly asso-
ciated with response to TKls (Table 4). These
results suggest that low ATF4 protein levels
may predict resistance to TKls, and RETVSET
mutation status is non-contributory.

Discussion

In this study, we demonstrated genomic loss of
ATF4 occurs in a large fraction of primary MTC
tumors (24/59, 41%) and that ATF4 loss was
associated with shorter overall survival of MTC
patients. The combination of low ATF4 protein
levels with a somatic RETV®*8T mutation further
decreased overall survival. We observed a high
degree of overlap between mono-allelic ATF4
loss and loss of ATF4 protein expression;
However, a subset of MTC tumors showed loss
of ATF4 protein despite the presence of normal
copy numbers of ATF4 (9/33, 27%), suggesting
an additional mechanism of ATF4 inactivation,
such as RET-mediated degradation of ATF4, as
previously described [10, 11, 32].

While RET has been known as a critical driver
of tumorigenesis in MTC, altered in ~60% of
sporadic tumors, identification of other tumori-
genesis drivers is warranted. Frequent loss of
heterozygosity on the long arm of chromosome
22 occurs in various cancers, including thyroid,
breast, colon, ovary, pancreatic, oral cavity,
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stomach, liver, and lung cancer [24-30]. Se-
veral candidate tumor suppressor genes have
been identified in this region, including NF2
(22913), BIK (22913.3), and EP300 (22q13)
[30, 33, 34]. An analysis of NF2 allelic loss
localized on chromosome 22q13.1 showed a
high rate of loss of heterozygosity (44%) [35].
In our study, the incidence of ATF4 allelic loss
(40%) is higher than the reported incidence of
loss of chromosome 22q13.1 regions that con-
tain ATF4 (range 20-35%) in MTC that could be
related to the higher number of advanced
cases analyzed in this study [15, 16, 20-23,
36-38]. Our findings demonstrate that geno-
mic and protein loss of ATF4 contributes to the
pathogenesis of MTC. The role of ATF4 allelic
loss in MTC tumorigenesis is further support-
ed by mouse knockout of ATF4, showing that
one copy loss of ATF4 in mice causes C-cell
hyperplasia, a precancerous lesion that pre-
cedes the development of MTC, through incre-
ased expression of RET in parafollicular C cells
[11]. Our previous and current clinical study
suggests that decreased ATF4 expression con-
tributes to tumorigenesis and is associated
with a more aggressive form of MTC, support-
ing a tumor suppressor role of ATF4.

In recent years, the US Food and Drug Admi-
nistration approved the multi-kinase inhibitors
vandetanib, and cabozantinib, and specific RET
inhibitor selpercatinib to treat advanced MTC
[39-42]. However, biomarkers of response and
resistance mechanisms are needed to opti-
mize treatment decisions and improve clini-
cal outcomes. During this time, studies have
shown that ATF4 is a master regulator of the
cellular stress response, regulating the expres-
sion of a large number of target genes involved
in signaling pathways, including cell survival/
apoptosis, oxidative stress, autophagy, transla-
tion, and inflammation [43-45]. Previous stud-
ies from our laboratory indicated that overex-
pression of ATF4 in MTC cells induces apopto-
sis and that the shRNA knockdown of ATF4
causes resistance to TKI-induced cell death
[11]. Furthermore, the induction of ATF4 in
combination with TKIs induced irresolvable oxi-
dative stress, leading to cell death [13]. Our
current cohort included a subset of MTC pati-
ents treated with TKIs. We retrospectively ana-
lyzed responses to treatment according to
ATF4 genomic status and at the protein level.
Despite the small number of patients, we
found that MTCs with low ATF4 protein expres-
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sion tended to respond poorly to TKls. While
the numbers were too small to fully evaluate
the association with the presence or absence
of RETY®18T studies on TKI resistance have
confirmed that RETV®T alteration is not near
the TKI binding domain and this mutation
would not be predicted to contribute to TKI
resistance [46]. Equally important is the obser-
vation that intact ATF4 protein expression cor-
related with response to TKI therapy by both
RECIST and serum calcitonin biomarkers. A
stable disease response to TKIs is clinically
advantageous in these advanced patients who
are not placed on systemic therapy until tumor
progression. While correlations are overall sur-
vival and TKI response were identified at both
the genomic and protein levels for ATF4, pro-
tein evaluation identified a higher number of
ATF4 altered cases. This higher number of
tumors with low ATF4 protein levels is likely
due to other mechanisms such as ATF4 protein
degradation. This finding is advantageous as
the immunohistochemical analysis is a rapid
modality available in clinical laboratories and
readily applicable to formalin-fixed paraffin-
embedded archival clinical material over ge-
nomic allelic evaluation. ATF4 protein expres-
sion by immunohistochemistry has the poten-
tial to be integrated as part of clinical trials to
allow for further validation of our findings as a
predictive marker for response to TKIs.

Given the small number of patients included
in the study, particularly when analyzing the
response to TKI therapy, these findings should
be considered exploratory in nature but essen-
tial to pursue because defining TKI's resistan-
ce pathways allows the development of target-
ed cancer therapies. Building upon historic
genomic observations, the recognition of ATF4
as a critical factor in MTC pathogenesis along-
side RET has the promise of further patient
prognostication and biomarker potential for
personalizing patient care for MTC patients th-
at can be therapeutically targeted.
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